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Resumen

Los laseres ultrarrapidos en fibra constituyen una de las fuentes de luz mas utilizadas
actualmente debido a su fiabilidad y flexibilidad, convirtiéndose en la pieza clave de
multiples aplicaciones, como las comunicaciones 6pticas, el procesamiento de mate-
riales o la espectroscopia. Entre ellos, los laseres en fibra anclado en modos basados
en el uso de absorbentes saturables demuestran caracteristicas superiores de esta-
bilidad, simplicidad y bajo coste, capaces de emitir pulsos ultracortos con potencias
extremadamente altas en un amplio rango espectral. En las tultimas décadas, se
han probado varios absorbentes saturables, donde los materiales de semiconductor
destacan por su amplia profundidad de modulacion, su elevada absorcién no lineal y
su baja intensidad de saturacién. Sin embargo, presentan algunas limitaciones como
un estrecho ancho de banda y un bajo umbral de dano. Por tanto, en este trabajo
se propone el uso de un semiconductor de InN en un laser todo en fibra anclado en
modos para la generacion de laseres ultrarrapidos de alta potencia en la region del
infrarrojo cercano. Esta configuracién ha demostrado trenes de pulsos Gaussianos
en el rango de los femtosegundos mediante un sistema sencillo y de bajo coste.

El objetivo de esta tesis es optimizar las caracteristicas de un laser de fibra
anclado en modos basado en un absorbente saturable de InN, y desarrollar un nove-
doso dispositivo espectroscopico para aplicaciones de deteccion. Primeramente, se
estudia la mejora de las propiedades del absorbente saturable de semiconductor me-
diante un mayor control del dopaje residual asi como del crecimiento de material,
demostrando el maximo comportamiento no lineal para este tipo de absorbentes sat-
urables en un laser en fibra. También se discute como estas caracteristicas podrian
mejorarse mediante el desarrollo de un nuevo diseno de laser totalmente en fibra,
capaz de contrarrestar las limitaciones actuales de ruido y pérdidas de inserciéon
dentro de la cavidad laser. De este modo, se demuestra la duracién de pulso mas
corta y la maxima potencia éptica, conservando una configuracion sencilla, lo que
allana el camino hacia el desarrollo de sistemas laser comerciales en aplicaciones de
alta potencia.

A continuacion, se introducen nuevas aplicaciones potenciales del sistema laser
de fibra: en la deteccién de gases, mediante la generacion de supercontinuo del pulso
laser ultrarrdpido en fibras monomodo capaces de cubrir espectros de absorcion méas
amplios; y en la caracterizacion de moléculas biolégicas mediante el uso de una nove-
dosa estructura espectroscopica SF-CARS conectada a la fuente laser totalmente en
fibra. Ademds, se exponen las implicaciones del chirp-matching en el rendimiento
de la medicién de la absorcion, y el impacto de la dispersion y los efectos no lineales
generados por diferentes fibras épticas en la compresiéon y el ensanchamiento de los
pulsos de fibra ultrarrapidos. La configuracién laser propuesta supera la maxima
resolucion medible y la cobertura espectral, las limitaciones mas importantes a las
que se enfrenta la espectroscopia moderna.

Finalmente, se resumen los objetivos alcanzados en esta tesis, evaluando el poten-
cial de las aplicaciones propuestas, asi como futuras lineas de investigacién basadas
en dichos hallazgos.



Abstract

Ultrafast fiber lasers are currently a very predominant research field due to their
advantageous properties of reliability, compactness and flexibility, which have be-
come the key to multiple applications, such as optical communications, material
processing, spectroscopy, etc. Among them, mode-locked fiber lasers incorporating
saturable absorbers demonstrate superior characteristics of simplicity, low cost and
stability, capable of emitting short pulses in the femtosecond range with extremely
high optical powers in a wide spectral range. In the last decades, several saturable
absorbers have been tested, with semiconductor materials standing out due to their
extensive modulation depth, high nonlinear saturable absorption, and low satura-
tion intensity. However, some limitations such as a narrow working bandwidth and
a low damage threshold level are also present. In this sense, we propose in this work
the use of an InN semiconductor saturable absorber in a polarization independent
mode-locked ring fiber laser for ultrafast high power laser generation in the near-
infrared region. This configuration has proven to generate femtosecond trains of
Gaussian pulses in a desirably simple implementation.

In this work, we aimed to optimize the laser performance of a mode-locked fiber
laser based on an InN saturable absorber, and develop a novel spectroscopic device
for sensing applications. We report the improvement of the semiconductor saturable
absorber properties by a higher control of the residual doping as well as the material
deposition during the fabrication process, demonstrating the maximum nonlinear
behavior and damage threshold achieved by this type of saturable absorber in a
ring fiber laser. We also discuss how these characteristics might be increased by
developing a new all-fiber laser design to counteract the current limitations of noise
and insertion losses within the laser cavity. In doing so, we demonstrate the shortest
pulse duration and maximum optical power, while retaining a simple set-up, paving
the way toward commercial laser systems in high power applications.

Afterwards, we develop potential applications employing the fiber laser system:
in gas sensing, by exploiting the supercontinuum generation of the ultrafast laser
pulse in standard single-mode fibers capable of covering the broadest absorption
spectra of the sample under study; and in the characterization of biological molecules
by using a novel SF-CARS spectroscopic structure embedded in the all-fiber laser
source. We discuss the implications of chirp-matching on the performance of the
absorption measurement, and the impact of dispersion and nonlinear effects gener-
ated by different optical fibers in the compression and broadening of ultrafast fiber
pulses. The proposed laser configuration overcomes two of modern spectroscopy’s
most significant limitations: maximum resolution and spectral coverage.

The objectives achieved in this thesis are finally summarized, evaluating the via-
bility of the proposed applications, as well as commenting on open lines of research
originating from the findings.
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1.1. MOTIVATION

1.1 Motivation

In the last decades, the importance of developing detection systems capable of mea-
suring live and direct molecules has grown considerably along with the progress
of technology, as industrial settings become more complex while emitting harmful
exhaust fumes. Having access to this information can prove to be essential to the
modern world, since it can provide us with information regarding physical processes,
thus enabling us to predict and react to specific situations. In addition to moni-
toring and studying natural phenomena, these spectroscopic measurements can also
be used to prevent industrial system failures such as gas exposure, thus enhancing
prevention and safety techniques. Also, these devices contribute to improving pro-
ductivity, security, and sustainability in the context of a multitude of applications,
enabling the development of smart technologies for security and control purposes.
Nevertheless, molecular sensing devices can be considered the cornerstone of envi-
ronmental monitoring of exhaust fumes which contribute to the greenhouse effect
on our planet as well as becoming the main cause of breast diseases and cancer that
affect modern society. In addition to physics and chemistry, optical spectroscopy
has also been employed in other fields, such as medicine, to provide an accurate
diagnosis.

In order to be able to distinguish between different molecules, and thus dis-
criminate the damaging compounds, a considerable amount of research effort has
been focused on developing techniques for sensing and measuring physical parame-
ters while covering the maximum range for a single measurement. Fast acquisition
performances are of great importance due to the rapid biological processes related
to living materia. In order to obtain high spatial and temporal resolution in the
imaging system, spectroscopic devices require reliable and stable light sources that
can reach high power levels. As such, ultrashort laser sources are the ideal solution
to fulfill this requirement.

During the last few decades, laser sources capable of producing ultrafast optical
pulses have advanced considerably since they were introduced as essential tools for
a multitude of industrial, military, and medical applications. Due to their inherent
properties, including low costs, environmental robustness, and alignment-free oper-
ation, ultrafast fiber laser technologies have recently drawn considerable attention.
A growing number of sophisticated sensing techniques have been developed using
optical fibers. With the inherent qualities of fused silica, optical fibers have become
a popular alternative to traditional electrical wires and are used in a wide range
of engineering applications. Optical fibers offer many advantages over traditional
sensors, such as immunity to electromagnetic interference, small dimensions, and
functionality in difficult-to-reach locations. Fiber lasers with broad spectral band-
widths and high optical powers are a promising candidate to study fast molecular
dynamics, because of their advantages in high optical resolution and fast acquisition
rates, while producing high-quality, strong pulses in the picosecond and femtosecond
range due to their malleability and stability.

Mode-locked all-fiber laser sources based on passive saturable absorbers, are
considered the simplest and most effective laser technology to monitor complex and
large ranges of absorption spectra of molecules, providing a reliable and stable ultra-
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fast train of pulses. Semiconductor saturable absorbers are one of the most potential
materials for ultrashort pulse generation, due to their characteristics of high modula-
tion depth and saturation intensity. Semiconductor saturable absorbers are therefore
widely implemented in optical mode-locked fiber lasers, with emissions varying from
the ultraviolet to the infrared region. However, the lack of semiconductors with
ideal saturable absorber properties, such as thermal and electrical resistance, high
saturable absorption, low saturation fluence and high modulation depth, for reliable
ultrashort pulse emission is still a challenging task.

In order to counteract these limitations, a semiconductor saturable absorber
belonging to the IIl-nitride group is employed. The proposed InN semiconductor
material demonstrates superior properties with higher modulation depth and sat-
urable absorption coefficients, thermal and electrical stability; and a higher damage
threshold level. These properties permit its use in fiber lasers with a mode-locking
configuration, assessing the limitations of optical power and time duration for ultra-
short pulse generation, accomplishing the industrial requirements, as demonstrated
in the previous thesis developed in the Photonics Engineering Group of Alcala [184].
This system’s potential is not fully optimized so far, where emerging applications
could benefit from the development and use of highly-powered lasers. A few im-
provements are still needed for the laser system in terms of stability and ultra-short
pulse duration performance, considering the high resolution requirements of recent
sensing applications. This statement becomes the starting point of this thesis.

On this matter, the objectives of this thesis are to improve the laser performance
of the InN-based mode-locked fiber laser system, particularly in what concerns the
saturable absorber and the fiber laser design, envisioning the forthcoming challenges
of resolution and spectral coverage of spectroscopic devices, as well as exploiting the
capabilities of ultrafast fiber laser sources for sensing and high powered applications.

1.2 Objectives

Based on the above motivation, the research project developed for this thesis had
the following set of objectives:

e Development of algorithms and methods to address and overcome current lim-
itations of fiber-based passive laser ring cavities for sensing applications.

e Devise methods for the optimization of the laser structure based on their
quality of performance.

e Analyze the viability of these methods in a laboratory setting.

e Identify and develop new sensing methods tailored to meet specific application
needs.

This work has been accomplished in the framework of the following research
projects:



1.3.

STRUCTURE OF THE THESIS

Community of Madrid projects: SINFOTON (52013/MIT-2790) and SINFO-
TON2 by AEI/FEDER funds (S2018/NMT-4326).

Ministerio de Ciencia, Innovacién y Universidades projects: ANOMALOS
(TEC2015-71127-C2-2-R), ECOSYSTEM (RT12018-097957-B-C31).

Alcald University projects: Solar simulator AAA class for characterization of
electrical devices.

University of Arizona: Stimulated Raman Spectroscopy (SRS) for microbe ID
(IDSEP160030).

University of Alcala grant for PhD: FPI-2018 (November 2018-November 2020).
Spanish government grant for PhD: FPU-2019 (November 2020-April 2023).

1.3 Structure of the thesis

The present dissertation has been structured according to the objectives enumerated
above.

e Chapter 2: “Fundamentals of optical fibers”

In the next chapter, we briefly introduce the fundamentals of fiber optics
technology. It presents the basics of light propagation in fiber waveguides, as
well as the description of intrinsic phenomena such as attenuation, dispersion
and nonlinear effects present in optical fibers. In addition, a summary of the
soliton formalism involved in laser generation is introduced.

Chapter 3: “Light-matter interaction”

A brief review of the working principles of the main optical effects based on
light-matter interaction is presented. We focus in particular on the predomi-
nant nonlinear phenomena which are required to understand the exposition of
the following chapters. Also, the fundamental theory of Raman scattering is
summarized, together with some of the spectroscopy techniques employed in
this thesis.

Chapter 4: “Ultrafast fiber lasers”

Chapter 4 introduces passively mode-locked ultrafast fiber lasers to the reader,
going from a short introduction of the underlying principles behind ultrashort
pulse generation in mode-locked fiber lasers, to a review of the state-of-the-art
focused on the most relevant passive saturable absorbers (SAs) with the aim
of devising a femtosecond fiber laser, employing a semiconductor saturable
absorber mirror (SESAM) as the passive element. An overview of the main
characteristics of the employed InN material as SA is then presented, before
starting to describe the experimental laser configuration used in this thesis.
Finally, an in-depth simulation of the laser system has been performed, de-
noting its limitations and improvements. This chapter covers the fundamental
topics necessary to understand the following chapters.
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e Chapter 5: “Optimization of ultrafast InN based fiber laser”

In this chapter, we propose a set of strategies and optimization techniques
to mitigate the limitations of the ultrafast fiber laser system. Specifically,
we demonstrate the optimization of the InN semiconductor characteristics,
using improved mechanical and fabrication processes, showing as well how
these materials can improve the ultrafast laser performance when applied in
all-fiber configurations. This chapter corresponds to the work that led to the
publication of references [153,160,167].

e Chapter 6: “Sensing applications of ultrafast InN based fiber lasers”

In chapter 6, we explore potential applications of the systems reported in Chap-
ter 5, based on performing highly-sensitive absorption measurements with ul-
trafast fiber lasers. We demonstrate the detection of gas concentration with
supercontinuum laser sources in optical fibers. A preliminary demonstration of
molecular detection for biomedical sensing applications is also explored. The
results here obtained were published in references [171,174].

e Chapter 7: “Conclusions”

The main conclusions of the work developed over the doctoral program are
summarized in this chapter, as well as the possible future open-lines of research.
Finally, a list of the work published by the author is included.

e Bibliography and appendices

The references cited in this document have been listed in order of their ap-
pearance in the bibliography.
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2.1. INTRODUCTION TO OPTICAL FIBERS

This introductory chapter provides an overview of the characteristics of optical
fibers, which are essential for developing fiber lasers as discussed in later chapters.
In Section 2.1 a historical view of the fiber’s background and its main characteristics
is introduced. Section 2.2 briefly introduces the theoretical principles behind optical
fiber technology, explaining the fundamentals of light propagation through the fiber,
while Section 2.2.2 presents a description of the relevant phenomena that affect light
along fiber propagation. Finally, a brief explanation of the soliton development will
be described in Section 2.4. This chapter sets the basis for the following chapters,
including the principles of fiber lasers as well as the work presented in this Ph.D.
Thesis.

2.1 Introduction to optical fibers

In the last decades, optical fibers have become the principal technology in optical
communications thanks to their advantageous properties compared to electrical ca-
bles, such as low losses, high data rate operation and electromagnetic immunity.
Nowadays, optical fibers combined with optical lasers have led to a new era of
communications, where almost every long-distance communication system relies on
optical fiber cables.

2.1.1 Historical context

Light has been used as a communication tool over the last two centuries. Most
ancient civilizations used simple systems, such as fire signals or mirrors to transfer
elemental information. Light and optics became popular in ancient Greece, where
philosophers such as Pythagoras, Euclid, and Aristotle developed theories on the
nature of light [1-3].

In the following centuries, better communication systems arose with the develop-
ment of the telephone in the late XIX century and the creation of coaxial cables [4].
However, despite the increase in communication capacity, their use was limited to
mobile and short communication links. In order to solve these problems, coher-
ent electromagnetic radiation sources at radio frequencies were first applied in 1897
with the invention of the radio communication system [5]. These electromagnetic
sources, although capable of travelling long distances, are also limited in the amount
of information transmitted at each frequency.

In 1960, the first laser system was discovered [6], yielding monochromatic, coher-
ent, and highly directional radiation sources at optical frequencies with high-power
levels, along with the discovery of new optical effects such as harmonic generation [7]
and frequency mixing [8]. Hence, new optical systems were rapidly developed in the
following years [9]. The invention of optical fibers as an optical communication sys-
tem in 1966 by Kao and Hackmann [10], was viewed as a replacement for electrical
wires, since fibers were able to convey information over larger distances. However,
initial tests demonstrated high attenuation and splicing issues in the fiber cables.
Ever since, the transmission and distance capabilities of optical fibers have increased
exponentially until these days, with attenuation levels as low as 0.1484 dB/km in
the wavelength window of 1570 nm, while covering distances of hundreds of kilome-
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ters [11,12]. As a result, data transmission using optical fibers is now ubiquitous
throughout the world’s telecommunications network and used for many applications,
including optical sensing, imaging, and other fields.

2.1.2 Optical properties of fibers

The use of optical carrier waves guided along optical fibers for communication is an
extremely attractive technique due to its numerous outstanding advantages over con-
ventional electrical communication systems. In addition, optical fibers are generally
manufactured by optical components with lifetimes of 20-30 years with very small
diameters and high tensile strengths, allowing bends and twists without damage.
Therefore, optical fibers are also superior in relation to handling, transportation,
storage and installation compared to electrical wires, as well as in maintenance
time and costs. Furthermore, optical fibers, which are commonly fabricated from
glass, are electrical insulators, and thus unaffected by external electrical noise and
crosstalk (negligible optical interference between fibers since optical fibers do not
radiate to the external surroundings). Finally, and as it was mentioned before, op-
tical fibers with low attenuation (< 0.15dB/km) and superior information-carrying
capacity (50000-bandwidth improvement over coaxial cables) have replaced copper
cables in long-haul telecommunication applications. The fundamental principles of
optical fibers resulting in these enhanced performance capabilities are described in
the following sections.

Optical fibers are essentially cylindrical threads of glass that confine light within
their core, enabling its transmission over large distances with low propagation losses
and immunity to external electromagnetic disturbances. Usually, these waveguides
are composed of an internal glass tube (core, n;) with dimensions ranging from 5
pm to 50 pm, and covered by a glass cylinder (cladding, ny) with different refractive
index and a diameter of hundreds of ym. An additional polymer jacket is used for
external protection (with an extension double to the cladding), preventing the fiber
from moisture and abrasion [13]. In order to guide light waves, these threads are
engineered based on the total internal reflection principle [14], i.e., the refractive
index ng of the cladding layer is slightly lower than the core refractive index n;.
Typically, optical fibers are made of fused silica (Si09) glass due to its low cost
and low propagation losses. The addition of specific dopants to the silica glass
during the fabrication process, increases the core refractive index (e.g. Germanium
oxide) or decreases the cladding refractive index (e.g. Fluor oxide). In addition, by
doping the waveguides with other ions such as rare-earths, optical fibers can also
be used as powerful fiber amplifiers [15], as we will explain in Chapter 4, enabling
the transmission of weak signals without additional external electro-optical devices,
hence increasing their transmission capacity compared to electrical cables.

In the last decades, significant progress has been made in the fabrication of
customized optical fibers with different materials, shapes, and sizes, which play an
important role in multiple applications, such as optical communications, material
processing, or biomedical sensing. The production of application-specific optical
fibers requires numerous technological processes, tailored to their specific use [16].
An optical fiber is characterized by two main parameters: the transverse refractive
index profile and the number of modes.
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e Depending on the relative core-cladding index difference, different types of

guiding structures can be constructed. The most common configuration, known
as the step-index profile, is based on the introduction of a well-defined interface
between the core and cladding refractive indices. Other configurations, such
as graded-index profiles, have a gradual increase of the core refractive index
from the boundaries of the core (matching the value of the cladding refractive
index) to the center, providing lower propagation losses. Therefore, more so-
phisticated refractive index profiles yield better transmission capabilities. A
diagram of the two fiber configurations is depicted in Fig. 2.1.

However, guiding is not always achieved by single core-cladding optical fiber
configurations. Some special structures, such as hollow core fibers [17], mul-
ticore fibers [18], or geometrically asymmetric refractive index profiles based
on the introduction of high birefringence or nonlinear properties within the
guiding region [19], have been successfully applied for, e.g., fiber sensing appli-
cations [20]. Nevertheless, most of the fibers applied in the telecommunication
infrastructure are based on standard step-index silica glass optical fibers due
to their simplicity and low manufacturing cost.

In this work, we will be centered on the use of standard optical fibers, though
some of these microstructured fibers may be used in this thesis for certain
applications, as we will see in Chapter 6.

Rt ~ ,
- (vE=g-
; - | % Cladding )

Figure 2.1: Schematic of refractive index profiles (left) in standard multimode
optical fibers and its corresponding propagation modes (right), (a) with a step-
index structure (top), (b) with a graded-index architecture (bottom). Reproduced
figure from [12].

e An important characteristic of optical fibers is the number of modes supported

by the fiber core, which may be described as a function of the V' parameter:

2
V= Tﬂa\/n% —n3, (2.1)

where A is the optical wavelength of the transmitted light and a represents
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the core radius of the optical fiber. The transverse modes of the fiber con-
stitute an optical distribution of the electromagnetic field transmitted along
the propagation direction’s perpendicular plane, as seen in Figs. 2.1 and 2.2.
For single-mode operation, step-index fibers require 0 < V' < 2.405, which for
usual refractive index differences implies a core radius a of less than bum. In
comparison to single-mode fibers (SMF), multimode fibers enable the propa-
gation of hundreds of modes through large cores, with typical values of 25-30
pm core radius.

The term optical fiber in this text, unless otherwise specified, is referred to as
single-mode fiber since nonlinear effects are generally associated with them.
We will mostly use standard SMFs over this thesis.

For different refractive-index profiles, different transversal mode distributions
can be obtained (see Fig. 2.1). The main property that characterizes the
transversal distribution profile is the mode-field diameter. Since we are em-
ploying standard step-index single-mode optical fibers, a single fundamental
Gaussian mode distribution can be approximated [21]. In this case, the mode-
field diameter (MFD) corresponds to the distance between the 1/e amplitude
field points in relation to the maximum field within the mode distribution,
as depicted in Fig. 2.2. The spot size wy, defined as the half-width of the
transversal mode, can be measured as wy = MFD/2. It must be noticed that
the MFD in most refractive index profiles does not coincide with the fiber core
diameter (in the case of SMFs, the MFD value is slightly larger than the core

diameter).
r ? r Coating r
'\ % MFD-= 20, l
-l Cladding B )
C==! Core |- --- { moI X
R R E,
/ g TEo/e

Figure 2.2: Visual representation of the transversal Gaussian mode distribution
(right) for a standard step-index single-mode optical fiber (left). E(r) corresponds
to the electric field amplitude, Fy is the maximum value of the amplitude, and wy
is the half-width of the Gaussian mode measured when the electromagnetic field
decays at 1/e. Reproduced figure from [12].

In the following section, we will introduce a brief description of the fundamentals
of light propagation in the optical fiber, and an analysis of the phenomena that affect
light within the optical fiber, laying the foundations for the following chapters and
the work developed in this thesis.

2.2 Propagation of light in silica fibers

For single-mode optical fibers, in which a single fundamental mode propagates
through a core size comparable to the guided wavelength, the analysis of the wave
evolution must be studied according to electromagnetic theory.

11
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2.2.1 Maxwell equations

Despite being a fundamental constant of the universe, the speed of light will vary
with the optical density of the propagation medium. For a given medium, this
“optical density” is quantified through its refractive index and associated with the
speed of light as (n = ¢/v,, where v, refers to the propagation velocity within the
medium). The refractive index is traditionally interpreted as an oscillator model
of bound charges, whose stored electromagnetic radiation is emitted at the same
frequency as the input light but with a certain delay.

As with many other electromagnetic phenomena, light can be understood as
an electromagnetic wave whose propagation can be described by Maxwell’s equa-
tions [22]. In the case of dielectric media, i.e., in the absence of free charges (zero
conductivity), the propagation of electromagnetic waves is governed by two coupled
vector relationships, which can be expressed by an electric field F, a magnetic field
H, and their corresponding flux electric and magnetic densities D and B respectively,
in the form:

!

V-D=0, (2.2a)
V-H=0, (2.2b)
Lo OB

E=—-— 2.2
V x TR (2.2¢)
. - 0D

H="—. 2.2
V x T (2.2d)

The propagation of light in optical fibers can be represented as the superposition
of incident light with all the optical fields produced by the medium. Material polar-
ization is the result of the generation of a dipole moment created by the separation
of positive and negative charges due to the application of an external field. There-
fore, the relation between the flux electric and magnetic densities and the applied
external fields can be written as,

D=¢cyE+P=¢cE | (2.3a)

B=puH~+M=yuH | (2.3b)

where P and M are the electric and magnetic polarizations, the latter of which is
equal to zero in the case of dielectric media such as in optical fibers. The refractive
index is determined by a material’s response to a transient electromagnetic field and
related by the electrical permittivity € and magnetic permeability p of the material;

n=,/—L& (2.4)

€0 Mo

Therefore, the propagation velocity of the electromagnetic wave in the optical

— 1
fiber can be defined as v, = N
In order to obtain a solution of the electric field, D and B can be substituted
into Eq. (2.2c) and Eq. (2.2d) giving:

12
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- - o OE
VXxVxFE= _MEW , (253)
- - - o*H

However, by applying the divergence conditions (V XV x 1 =V(V- 1) — V)

on Eq. (2.5a) and Eq. (2.5b), where the divergence, V- ¢ can be neglected because
of the absence of free charges, we can obtain the nondispersive wave equations of
the propagation of light in optical fibers:

1 0%

—»2—»
==L 2.
V= 26)

where ¢ may refer to both the Eor H electromagnetic fields. This equation, also
known as the Helmholtz equation, describes the propagation of light through opti-
cal fibers. Since the electric component of the electromagnetic field dominates in
most light-matter interactions, the propagation in optical fibers will henceforth be
described in terms of E for sake of brevity [23].

By expressing Eq. (2.6) in polar coordinates and applying separation of vari-
ables, the basic solution of the wave equation can be represented as a sinusoidal
monochromatic, uniform, plane wave with a certain frequency (v or w = 27v), or
wavelength (associated with the frequency by A = v,/v) and a propagation direction

given by the wavevector k (related to |k| = 27/\ = w/c):

1 -
E(rt) = 5{14(77, t) F(r) e'breotte®) 4 el (2.7)

The solution of Eq. (2.7) represents the real electric field generated by a radiation
source that propagates in an optical fiber, being A(7,t) the electric pulse envelope
(amplitude) and F(r) is the mode distribution in the optical fiber, represented by
the Bessel function, and ¢(t) is the optical phase in the time domain. The “c.c.”
term corresponds to the complex conjugate of the electric field. As it was mentioned
before, a good approximation for the fundamental fiber mode function is a Gaussian
distribution (see Fig. 2.2) in the form:

F(r) ~ e (%) (2.8)

where w corresponds to the half-width of the mode distribution.

For simplicity, the complex conjugate term is omitted, since only the real part
of the electric field has a physical meaning:

E(7,t) = Re{A(F, i(kr—wotte(t) I} = A(7,t) cos (kr —wt + w(t)) . (2.9)

Nevertheless, the parameter measured in this thesis is the intensity, determined
by the quadratic module of the amplitude of the electric field I(t) ~ |A|* and

13
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detected by an optical photodiode. The optical intensity can be defined therefore
as the power per unit area and is expressed in W /cm? units.

The Fourier transform (FT) of the electric field allows for a representation of
this field in the frequency domain which can be written as,

—+00

Flw) = / Bty e dt . (2.10)

Therefore, we can define a spectral electric field with a wavevector k(w)
E(r,w) = {A(w)F(r) e[i”k(‘”)ﬂ} : (2.11)

where 7 is the direction of propagation, and A(w) is the amplitude of the spectral
electric field. The factor nk(w) is known as the wavenumber constant (/3), which for
narrowband optical fields can be expressed in terms of a Taylor expansion around
the central frequency wy [24]:

B(w) =n(w)ko = Po + P1(w —wo) + %(w —wo)? + ..., (2.12)

being m and integer, denoting the order of the Taylor expansion. The parameters
Bo, 1 and P2 provide information about the phase and group velocity (v, and vy,
respectively) as it will be explained in the next section.

Analogously to the temporal domain, the amplitude of the pulse in the frequency
domain (A) is related to the spectral intensity I(w). The amplitude of the electric
field can be represented in terms of the spectral carrier envelope with the inverse
Fourier transform:

I

=5 A(F,w — wy) el 7t @0ty (2.13)

—0o0

For a complete explanation of the mathematical assumptions, see [24].

2.2.2 Linear effects in optical fibers
We will derive the main effects involved in the propagation of optical waveforms

within optical fibers in this section. Initially, a first-order approximation of the fiber
response is assumed, analyzing the fiber losses and chromatic dispersion effects.

2.2.2.1 Fiber losses

In a first-order approximation, the polarization of the material can be written as a
function of the electric field as [23]:

Pi = 8025@7’ Ej (214)

v
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where i, j are the Cartesian coordinates x, y and z, and yj; is the electric susceptibility
tensor, which is related to the permittivity of the dielectric material by the relation:

lfx=—=¢, (2.15)
€0

being ¢, the medium’s relative permittivity. This electric susceptibility is a complex
parameter, which is usually employed in the frequency domain. The separation
of the electric susceptibility into its real and imaginary components, denotes two
physical quantities, the refractive index (n) and the attenuation («) of the optical
pulse in the dielectric medium:

n(w) =1+ % Re [x(w)] , (2.16a)
a(w) = % Im [x(w)] . (2.16b)

Attenuation describes the transmission loss of the optical intensity of light when
propagating through an optical medium. Fiber losses originate from multiple phys-
ical mechanisms, which can be derived from intrinsic phenomena, such as material
absorption or scattering, or from extrinsic lossy events like material impurities within
the optical fiber or mechanical defects (microbending losses, mode coupling radiation
losses or splicing losses, among others).

The global effect of fiber losses (usually expressed in dB/km units) can be repre-
sented as a logarithm relationship between the input power P, and the transmitted
optical power Pp, at a given distance L [25],

—-10 P
agp = Tlog <F§> . (2.17)

The origin of the material absorption losses stems from the material composition
and fabrication process of the optical fiber, or from impurities within the fused silica
glass.

In the first case, since the attenuation parameter changes in terms of the res-
onance frequencies of the material, two major absorption bands corresponding to
the ultraviolet region and the far infrared region can be measured, leading to the
generation of a low absorption window that covers a spectral range from 0.8 and up
to 1.7 pm [11].

On the other hand, the extrinsic losses are related to material impurities, dom-
inated by the absorption of water (OH™ ion) in the silica glass. The absorption
peaks of water are centered at 0.72, 0.95 and 1.4 pm, creating narrow windows of
low attenuation around 1.3 and 1.5 ym wavelengths [26].

Within the low absorption bands, the predominant intrinsic loss mechanism in
optical fibers is Rayleigh scattering, created by small inhomogeneities of the refrac-
tive index. This causes part of the beam to diverge in other propagation directions
from the initial one. Due to its 1/A* dependency, this intrinsic process dominates at
the low-wavelength absorption window, and particularly at short wavelengths [27].
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Therefore, the total attenuation in the optical fiber is minimized for light at
around 1.55 pum with a total attenuation value of 0.2 dB/km, as shown in Fig. 2.3.
Therefore, optical pulses generated in the near-infrared region will be the only ones
considered for this dissertation.
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Figure 2.3: Attenuation spectrum of a single-mode optical fiber, with the corre-
sponding absorption and scattering loss mechanisms [11].

2.2.2.2 Chromatic dispersion

The phenomenon of chromatic dispersion refers to the interplay of light with bound
electrons in the dielectric material (optical fiber) causing the dependency of the
refractive index with the optical frequency [28]. A monochromatic lightwave prop-
agating along an optical fiber travels at a phase velocity (v,). However, light is
generally composed of a combination of multiple plane waves, what is called a wave
packet. The velocity of propagation of the wave packet (optical pulse), is designated
as group velocity vy(w). The phase and group velocities of an optical pulse travelling
in an optical fiber are almost coincident with a value of v = 2 - 108m/s, and can be
extracted from the zero and first-order terms in Eq. (2.12),

Uplwn) = T~ = = =

ko) nlw) B’

(2.18a)

dw c 1

In Fig. 2.4 (a), a schematic representation of the phase and group velocities of
two different pulses is depicted. It must be noted that even if each of the wavepackets
has a different phase velocity (Av,), the group velocity coincides in accordance with
the above explanation.

As mentioned before, chromatic dispersion refers to the variation of v, with the
optical frequency, a phenomenon that generates the broadening (or potentially also
compression) of the travelling pulse in the optical fiber. This term, also known as
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Group Delay Dispersion (GDD), is related to the group velocity as:

g = _d (l) 1 [2 dn(w) dwl (2.19)

Cdw  dw Uy c dw dw?

Nevertheless, in most literature, chromatic dispersion is represented per unit
length, referred to as Group Velocity Dispersion (GVD) in units of s?/m.

In practice, it is also common to express the dispersion effect as a function of
the dispersion parameter D in units of s/m?, connected to the GVD coefficient by

the following equation:

2me

The frequency value where the dispersion coefficient vanishes is known as the
zero-dispersion wavelength (Ap). In SMF optical fibers, this value is close to 1.3 pm.
However, changes in the refractive index profile in optical fibers generate a shift of
the zero-dispersion wavelength in the vicinity of 1.55 pum, creating the well-known
dispersion-shifted fibers (DSF'). Another example are dispersion-compensating fibers
(DCF), in which the zero-dispersion wavelength is higher than 1.6 pum, thus the (s,
exhibits a large positive value.
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Figure 2.4: Dispersion effect on a Gaussian 250 fs optical pulse propagating in
a 5 m SMF, (a) representation of the phase (v,) and group velocities (v,) in two
different wavepackets, (b) broadening effect of the second-order chromatic dispersion
coefficient 3y = —20 ps?/km.

Depending on the sign of the dispersion parameter, two different regimes can be
defined. For optical wavelengths such that A < A\p or 85 > 0, the medium has what
is called normal dispersion, that is low frequencies (red-shifted) travel faster in an
optical fiber than high frequency (blue-shifted) components. On the other hand, if
the wavelength of the light exceeds that of zero-dispersion (A > Ap), the medium
displays anomalous dispersion or the dispersion coefficient becomes negative 5, < 0,
i.e., red-shifted components travel slower than blue-shifted ones [24]. An optical
pulse can be widened or shortened while propagating through the optical fiber,
depending on the sign of the GVD coefficient and its own frequency chirp. The most
common optical fibers that present normal and anomalous dispersion at 1.55 ym are,
respectively, the erbium-doped fiber (EDF) and the single-mode fiber (SMF), which
will be described in Chapter 4. The effect of GVD in a 250 fs Gaussian optical
pulse propagating through 5 m of SMF with a second-order dispersion coefficient of
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By = —20ps?/m is shown in Fig. 2.4 (b), corresponding to a dispersion coefficient of
D = 17 ps/nmkm.

2.3 Nonlinear propagation of light in silica fibers

In the following section, a complete discussion of the nonlinear effects that affect
the propagation of pulses within optical fibers is presented.

2.3.1 Nonlinear optical effects

As explained in the latter section, polarization depends on the electric field by the
expression defined in Eq. (2.14). The polarization parameter is proportional to the
electric field under the assumption of low optical intensities [29]. However, when
the optical intensity of the input electric field is too high, nonlinear effects appear
and the polarization vector can no longer be considered linear. Hence, the total
polarization of a system must be expressed as [30]:

() = 50/ XV - E(t —t')dt .
+ 50// t t” E(t . t/)E(t - t”)dt/ dt”
+ &0 / // t t” t///) . E(t — tl)E(t . Zf”)E(t . t”’)dt/ dt" di" 4

Each \* corresponds to the i-order susceptibility tensor; y(V) is the first-order elec-
tric susceptibility, which is related to the linear refractive index, and second-order
susceptibility x(® leads to some nonlinear effects, such as second harmonic genera-
tion (SHG), among others. The third-order susceptibility x® is related to nonlinear
effects such as third harmonic generation (THG) and Kerr effect [24]. As a result of
the symmetry of fused silica materials, the second-order term is equal to zero [31]
and hence, only third-order effects should be considered.

Therefore, an expression for the linear and nonlinear terms of the polarization
vector can be obtained as a function of the first and third order susceptibilities [30]
P = P;, + Py, where:

+oo
P e [ X0 — ) EE et ar (2.222)
PNL(Fv t) = &0 X(g) E(ﬁ t)E(Fa t)E(ﬁ t) : <222b)

Note that, in a first approximation, the Kerr third-order susceptibility effect has
been considered instantaneous.

The total polarization of the material propagating for instance in the x direction
of the optical fiber can be expressed as [29]:

m . 3B s
PO =&0 | Xgz + T Xerze EO = E&0Xeff EO ) (223>

18



CHAPTER 2. FUNDAMENTALS OF OPTICAL FIBERS

where XSQ and X)((i)xx are the first and third order x-direction component suscepti-

bilities, respectively, and y.g is the effective susceptibility of the dielectric material.
From this equation, it will be derived its main consequences, i.e. the Kerr effect and
the nonlinear phase modulation in optical fibers.

2.3.1.1 Kerr effect

The phenomenon of Kerr effect refers to the nonlinear dependence of the refractive
index on the incident optical intensity for high-power optical pulses. Thus, the
refractive index can be expressed from the material susceptibility e as [29]:

3| Eo|? 3| Eo|®
n2 =1+ Xeff = 1+ Xg(nl) + %X&?xw = n(Q) <1 + LT?X;?zz) (224)

where |Fy|? corresponds to the intensity of the optical pulse and ng is the linear term

of the refractive index (ng = 1+ chl)). Using a first-order Taylor expansion, assuming
that the index dependency with intensity is small, Eq. (2.24) can be expressed as a

function of the optical intensity:
n=mnyg+nsl, (2.25)

where ny is the nonlinear term of the refractive index, being ny << ng and equal to
SX;?M /8ng. The parameter n, is also known as the Kerr coefficient [32]. Particularly,
the Kerr coefficient for single-mode fused silica fibers has a value of ny = 2 - 1072 m?
WL, which becomes of particular importance in high-power optical pulses and/or
long fiber distances [24].

2.3.1.2 Phase modulation and nonlinear spectral broadening

The nonlinear dependency of the refractive index leads to the generation of a tem-
poral phase-shift of an optical pulse along its propagation through the optical fiber.
Two different phenomena can be distinguished, self-phase modulation, and cross-
phase modulation, as described below.

e The intensity dependence of the refractive index produces a self-induced tem-
poral phase-shift in the optical wave [33]. This nonlinear effect, named as
Self-Phase Modulation (SPM), can be expressed as a function of the nonlinear
refractive index by:

o=—n(I)L=(ng+nsl) kgL, (2.26)

where L is the fiber length and & the wavenumber. Therefore, the phase-shift
can be expressed as a small perturbation of the refractive index (An = nyl)
as follows:

(2.27)

In Eq. (2.27), the optical intensity has been substituted by the expression
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I = P/A.s; being P the incident power and A.sy is the area of the transversal
mode distribution. By assuming a Gaussian mode distribution propagating
through the optical fiber (see Fig. 2.2), the nonlinear coefficient of the phase-
modulation term is:

A(p _ NoWo Leff . 477,2Leff

= = 2.28
P~Leff CAeff )\0w2 ’ ( )

v

being w the beam radius of the mode distribution, and wg the angular fre-
quency of the optical pulse and L.ss the effective length of the interaction
region defined by mw?/\ for the case of Gaussian beams with a typical value
of 80 pum? for SMF propagation at 1.55 mum.

Therefore, the expression of the electric field of an optical pulse with SPM
while propagating in a SMF fiber is [24],
E(L,t) = Ey(0,t) eliene L0l (2.29)

being Fy(0,t) the electric field amplitude at the origin.

Due to the nonlinear dependency of the refractive index, the temporal phase
of the optical pulse can be expanded into its nonlinear terms [34]:

e(t) = r(t) +onc(t) , (2.30)
1 2 1 3
= o + o1t + 59@275 + ggogt + ..., (2.31)

where ¢; is the i-th order of the optical pulse’s nonlinear temporal phase.
The zeroth-order of the temporal phase is related to the phase of the central
frequency wy of the optical pulse. The linear variation of the phase with time,
1, can be related to the instantaneous frequency of the optical pulse as:

9

5 (2.32)

Winst = Wo + Aw = wy —

Thus, a change in frequency Aw can be understood as a variation of the
phase as a function of time. This implies that, depending on the sign of the
linear phase coefficient, a frequency shift to shorter or larger frequencies can
be introduced.

Substituting this frequency variation in Eq. (2.27), it can be obtained an ex-
pression for the frequency change as a function of the nonlinear refractive index
and thus related to the optical intensity.

2oL dl

A .
S VR

(2.33)

Finally, the quadratic term of the temporal phase s, is connected to the vari-
ation of the instantaneous frequency with time. This effect is usually referred
to as linear chirp. For a positive increase of wy,s with time, a positive chirp is
introduced, while in the opposite case, a negative chirp is generated. A nega-
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tive Gaussian chirped pulse with a temporal width of 250 fs and a nonlinear
phase (chirp parameter) of p; = 400rad/fs® has been plotted in Fig. 2.5 (a).

In summary, the SPM effect introduces a modification (broadening) of the
pulse spectrum due to the time dependence of the nonlinear phase-shift [34].
An example of pulse broadening in 5-m of SMF with a 250 fs Gaussian optical
pulse due to the effect of SPM with a nonlinear coefficient of v = 1.3 W 1km ™!

is depicted in Fig. 2.5(b).
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Figure 2.5: SPM-induced broadening of an initially unchirped 250 fs Gaussian pulse
with a SPM parameter of v = 1.3 W~'m™! while propagating through 5 m of SMF.

e Cross-Phase Modulation (XPM) refers to the nonlinear phase-shift generated
in a pulse due to the interaction with other co-propagating pulses with differ-
ent wavelengths, directions or polarizations within an optical fiber [35]. The
variation of the intensity of one of the pulses, modulates the refractive index
of the fiber (Kerr effect), generating a phase modulation on the overlapping
optical fields. Analogously to SPM, this phase modulation can be understood
as a crosstalk mechanism between channels, creating a frequency modulation
and thus, a spectral broadening in the optical pulse. However, in contrast
with electric crosstalk, no energy transfer is produced between co-propagating
channels. The XPM effect becomes stronger with an increase in the number of
channels or a reduction in the channel spacing. Nevertheless, in most practical
cases, this effect is weakened since overlapping of optical pulses with different
wavelengths or polarizations cannot be maintained for long fiber distances due
to the group velocity mismatch [36].

2.3.1.3 Modulation Instability

Modulation Instability (MI) is a nonlinear process that leads to phase and ampli-
tude modulation of an optical beam due to the interplay of both dispersion and
nonlinear effects [37]. In the context of optical fibers [38], small variations of the
incident intensity generate a variation of the refractive index (Kerr effect), leading
to a time-varying nonlinear phase-shift, and thus producing a frequency chirp on
the optical perturbation as explained in the previous section. This introduces a
red-shift of the leading edge of the perturbation, whereas the trailing edge is shifted
towards the blue-components of the optical spectrum [39]. In anomalous dispersion,
this effect reinforces the perturbation (leading and trailing edge tend to meet) and
therefore the effect increases exponentially (the negative chirp stretches the optical
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pulse, generating an instability of the steady state). In the case of normal disper-
sion (3 > 0), a temporal broadening of the optical pulse is produced due to the
generation of a positive chirp, hence leading to a reduction of the perturbation. In
other words, MI only exists in anomalous dispersion. This phenomenon underlies
the working principle of ultrashort pulsed laser generation in single-mode optical
fibers developed and studied in this dissertation.

2.3.2 NLSE

The equation described in Eq. (2.6) corresponds to the general representation of the
wave equation. Nevertheless, the propagation of optical pulses with a width below
10 ns and intensities >10 GW /cm? in optical fibers is influenced by dispersion and
nonlinear effects, thus affecting their spectrum and shape [40]. Taking into account
the nonlinear component of the polarization vector, the wave equation is written as:

0’P,  9%Px;
o2 o2

2 M , (2.34)

where Pp, and Py, correspond to the linear and nonlinear polarization components.
Therefore, transforming Eq. (2.34) to the frequency domain [31]:

V2E + (n(w)ko)? E + k2 Py (w) =0, (2.35)

where 131\; 1(w) corresponds to the nonlinear polarization parameter in the frequency
domain. The factor n(w)ky and the wavenumber constant 5 are no longer linear
parameters but include both the dispersion and nonlinear effects as:

Bw) =Bw)+AB, (2.36)

where the term Ap represents the fiber losses and nonlinearities of the optical
pulse [24]. By substituting Eq. (2.11) into Eq. (2.35), we can obtain the nonlin-
ear amplitude of the electric field in the temporal domain [24]:

0A(z,t)

0z

0A(z,t) 2& D?A(z,t)

= b 2 o

+ iIABA(z, 1), (2.37)
For the sake of simplicity, the wavenumber is expanded up to m = 2. It must be
noticed that higher-order dispersion and nonlinear coefficients should be treated as
small perturbations of the Py, component, which are negligible in a first-order ap-
proximation [31]. Taking these effects into consideration, Eq. (2.37) can be expanded
as:

0A(z,t) DA(z,t)  [a0%A(z,t)  « ,

= S b — Az, t) = iy AP Az, 2.38
being (5, and s the first and second-order dispersion coefficients, a corresponds to
the fiber losses, and 7 is the nonlinear coefficient of the optical fiber and related
to the Kerr effect explained in section 2.3.1.2. The |A|? term represents the optical
power of the pulse, which is assumed to be normalized for this equation. Eq. (2.38),

22
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also known as the nonlinear Schrédinger equation (NLSE), represents the optical
pulse propagation in a single-mode optical fiber by taking into consideration fiber
losses, nonlinearities and dispersion effects. As it will be discussed in Chapter 4, if
the optical fiber has a gain medium [24], Eq. (2.37) must include a gain coefficient
term (g) as @ = a — g. However, these effects can be counteracted, so a stable pulse
can be obtained, as explained in the next section.

2.4 Solitons

The term soliton, mentioned for the first time in 1965 [41], refers to the formation
of a particular optical wave by nonlinear dispersion compensation, in which the
spectral broadening induced by the nonlinear chirp in SPM balances the temporal
broadening generated by the GDD. When acting independently, these broadening
effects reduce the propagation distance of the optical pulse. However, the balance
of these phenomena at a critical pulse intensity enables the propagation of optical
waves over large distances without any distortion of their temporal or spectral shape.
This feature becomes important in the application field of high-speed optical fiber
communications [42].

Optical soliton propagation can be theoretically described by the NLSE obtained
in Eq. (2.38). In order to study these soliton waves, it is useful to normalize the
NLSE equation by introducing some variables [24],

A z T
U:—’ = -, T===,
Vax : Lp Ty

where T is connected to the time vector and group velocity as T' = t — z/v,, Tj
corresponds to the temporal width of the optical pulse, P, is the peak power, z is
the propagation direction, and Lp is the dispersion length and defined by T¢/|3a].
Using these parameters, Eq. (2.38) can be expressed as,

(2.39)

0*U

oU 10°U
2 012

Za_f_

~ N?|UPU . (2.40)

This equation constitutes the NLSE equation for soliton propagation in the anoma-
lous dispersion regime (assuming sgn () = —1) as for SMF optical fibers [43]. The
N parameter is referred to as the soliton order and can be expressed by:

LD o 'YPO T02
LNL |/32| ’

N? = (2.41)

where Ly, = (fyPO)_1 is the nonlinear length. The N parameter can be suppressed on
the previous equation by substituting the amplitude of the electric field by u = N U,

Ou 1 0%

It must be noted that the N parameter determines the importance of the SPM or
GVD effects in the pulse propagation along the optical fiber: for values N > 1, the
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SPM effect dominates, while dispersion governs for N <« 1. Nevertheless, for N = 1,
pulse evolution is equally affected by the SPM and GVD effects, corresponding to
the first-order soliton [44]. This optical wave can also be called the fundamental
soliton since the shape of the optical pulse remains stable during its propagation,
unaffected after a collision with another soliton. On the other hand, a higher-order
solitons integer (N > 1), exhibit a periodic (or breathing) evolution as the pulse
propagates along the optical fiber, i.e., the pulse is stretched in time until it is
divided in separate pulses, and then recombined with its original shape for a length
of zo [24],

T T¢

= 3T (2.43)

20

An example of a higher-order (N = 2) soliton propagation in SMF with a disper-
sion and nonlinear coefficients of 3y = —1ps?/km and v = TW~'km™! over a soliton
period zq is represented in Fig. 2.6.
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Figure 2.6: Temporal evolution of a 250 fs, second-order soliton propagat-
ing through a SMF fiber over a soliton period (z) with v=1W='km™! and
B2 = —1ps? /km for the nonlinear and dispersion coefficients, respectively.

The NLSE equation of soliton propagation can give multiple solutions, deter-
mined by the dispersive and nonlinear properties of the optical fibers. In its simplest
form (N=1), a hyperbolic secant pulse can be obtained as an analytical solution to
Eq. (2.40).

U(z,t) = \/Pysech <T 75—3)) ¢l e (2.44)
2

The number of solitons propagating through an optical fiber may depend on the
initial’s pulse shape (Gaussian, sech?; etc.) and its intensity [30].

Due to the presence of periodic disturbances related to the optical fiber losses
or its dispersion and nonlinear coefficients during the propagation of solitons, a co-
propagating dispersive wave can be generated, where the soliton ejects any excess
energy. Consequently, narrow peaks appear in the optical spectrum, known as Kelly
sidebands, which provide information about the chromatic dispersion of the opti-
cal fiber. These sidebands are also associated with the minimum pulse duration
achievable by the soliton pulse. When the energy of the optical pulse is increased,
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Kelly sidebands become more perceptible. However, since strong Kelly sidebands
may lead to unstable soliton generation. Dispersion compensation or pulse energy
reduction can be introduced to mitigate this effect.

However, when the dispersion or nonlinear properties of the optical fiber are mod-
ified, other kinds of solitons can be obtained, such as dark solitons [45], dispersion-
managed solitons [46] or dissipative solitons [47]. The next section introduces the
fundamentals of dispersion-managed solitons, laying the foundations for the ultrafast
fiber lasers employed in this work that will be considered in the following chapters.

2.4.1 Dispersion-managed solitons

The technique of dispersion management is usually employed in the deployment of
fiber-optic communication systems. This technique consists of the introduction of
fibers with different dispersion parameters, whose net sum leads to a low average
GVD coefficient in the optical system, compared to its local and independent values.
For instance, two different types of fibers with an opposite sign of the dispersion
parameter, (such as EDF and SMF), can be employed to reduce the total dispersion
coefficient. The optical solutions of the NLSE equation for this type of systems, have
a pulse-like periodic shape, that presents some characteristics different from those
described in fundamental solitons. In dispersion-managed solitons, the amplitude
and phase oscillate periodically, while the frequency varies within the optical pulse,
generating chirped-pulses. Besides, the optical shape is similar to a Gaussian pro-
file instead of the sech? distribution characteristic of fundamental solitons [24, 46].
Hence, dispersion management is a very useful technique for the generation of ul-
trafast pulses in fiber laser cavities. An example of a dispersion-managed fiber laser
resonator will be studied in Chapter 4.

2.4.2 Higher-order effects

For ultrashort pulses with a temporal width below 1 ps and high optical intensities,
higher-order dispersion and nonlinear effects must be considered. Among them,
third-order dispersion (TOD), self-steeping and Raman scattering will be taken into
account in this work.

Although the second-order pulse-broadening factor of the dispersion parameter
dominates in the case of ultrashort pulses, it is required to add the third-order term
(B3), also known as TOD, for specific configurations. The third-order dispersion
is related to the asymmetric oscillation structure that occurs at the edges of the
optical pulse. Hence, when 3 > 0, the oscillations occur at the trailing edge of
the pulse, while in the opposite case, the leading edge of the optical pulse devel-
ops the oscillations [28]. This term becomes the dominant factor when the optical
wavelength of the pulse nearly coincides with the zero-dispersion wavelength of the
optical fiber. In Fig. 2.4 is represented the effect of TOD with a dispersion coeffi-
cient of B3 = 0.1ps®/km in 5 m of SMF on a 250 fs Gaussian pulse, where we can
observe the oscillations on the trailing edge of the optical wave.

On the other hand, in the case of higher-order nonlinear effects, self-steeping [48],
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is a nonlinear process that generates an asymmetry in the spectral broadening of
ultrashort pulses produced by the SPM due to the dependency of the group velocity
with the optical intensity. In this sense, the frequency components at the center
of the pulse travel at a lower speed than those located at the wings of the optical
pulse. Thus, the optical pulse’s peak is shifted towards its trailing edge, generating
an asymmetric pulse as it propagates through the optical fiber. Furthermore, self-
steeping can also introduce a modification on the spectral width of the SPM-induced
pulse, i.e., the blue-side of the optical pulse suffers a larger spectral broadening
than the red-side due to the asymmetry of the pulse shape, creating a non-uniform
distribution of the optical intensity. In addition, intrapulse Raman scattering (Tg)
[49,50], is a phenomenon in which the blue components of the optical pulse transfer
energy to the redder part of the spectra. A typical value of Tr~3 fs is measured for
optical pulses propagating in SMF fibers centered at 1.55 pum [51].
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Figure 2.7: Higher-order dispersion effect on a Gaussian 250 fs optical pulse prop-
agating in a 5 m SMF with a positive TOD contribution 83 = 0.1 ps®/km.

The NLSE equation can be expanded to include losses, TOD, self-steeping and
Raman scattering, denoted as the Generalized Nonlinear Schréodinger Eq. (GNLSE),
where a constant and linear polarization along the propagation through the optical
fiber is assumed for simplification.
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This equation has been employed in the simulation of the optical pulse and its
propagation through the fiber laser cavity, as it will be described in Chapter 4.

P
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Light-matter interaction
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3.1. LINEAR OPTICAL EFFECTS

Over the past few decades, optical fibers have played an increasingly important
role in the generation of sophisticated sensing techniques. Because of the inherent
qualities of fused silica, optical fibers have become a popular alternative to tra-
ditional electric wires and are employed in multiple engineering applications. In
comparison with traditional sensors, optical fibers have many attractive features,
such as immunity to electromagnetic interference, small dimensions, and the ability
to be placed in difficult-to-reach areas. Optical fibers are one of the most attractive
devices to measure the linear and nonlinear effects of optical materials. Nonlinear
phenomena soon gained increasing popularity as a powerful method of character-
izing photonic materials as well as finding applications in numerous fields, with a
significant impact on industrial applications and information technology [52]. Mea-
surement of nonlinear effects such as high-harmonic generation or FWM is essential
for molecular identification, as well as the basic mechanism of autocorrelation mea-
surements, among others.

In order to fully comprehend this progress and potential future applications,
the linear and nonlinear effects in optical materials must be explored in more de-
tail. Therefore, this chapter presents a description of the basic physical principles
of light-matter interaction, essential for the analysis and characterization of molec-
ular properties. Practical considerations are highlighted in order to illustrate the
utility of these effects and demonstrate some of their applications. Finally, selected
applications of nonlinear material effects are discussed, setting up the foundations
of ultrafast fibers lasers presented in Chapter 4.

This chapter is organized as follows. In the next section, we introduce several
basic theoretical concepts related to the structure of matter and its linear optical
properties when interacting with light. Section 3.2 is dedicated to an overview of
the nonlinear effects essential for the complete characterization of molecules, and for
the understanding of the working principles of lasers, explained in Chapter 4, and
the basis for molecular detection systems described in Chapter 6.

3.1 Linear optical effects

Matter is composed of electric charges, which interact with light. Electromagnetic
fields stimulate atoms, molecules and solids, causing them to vibrate and emit light.
Due to its energy level configuration, determined by quantum electrodynamics,
matter exhibits different behaviors depending on its structure (atoms, molecules,
or solids) [53]. An individual molecule can be recognized by the vibrations of its
molecular bonds, producing its signature, or fingerprint. Whereas in solids, atoms or
groups of atoms are gathered in a regular and periodic crystalline structure, whose
energy levels can be described by the band theory [54]. In this thesis, we are only
going to focus on semiconductors, due to their inherent properties in laser configura-
tions, as it will be explained in Chapter 4. In the case of semiconductors, electrons
are located in a fundamental energy band, denoted as the valence band. When the
electrons interact with light, constituted by the photons, they “jump” to an upper
energy level, named as conduction band, as depicted in Fig. 3.1. These two bands are
separated by a forbidden band, known as energy bandgap (E,), which constitutes
the principal parameter for the material identification. At 0 K temperature, the va-
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lence band in semiconductors is fully occupied, whereas no electrons can be found in
the conduction band. However, as the temperature rises, the probability of electron
transitions from the valence band to the conduction band increases. Depending
on the bandgap structure, different semiconductors can be described [34]. When
the maximum point of the valence band and the minimum value of the conduction
band are centered at the same position in reciprocal space, the semiconductor is
said to have a direct optical band gap. In this case, only photons can be involved
in the optical transition of electrons between the valence and conduction bands (see
Fig. 3.1 (a)). On the other hand, if the relative positions of the maximum and
minimum values of the conduction and valence bands respectively are not coinci-
dent, the semiconductor presents an indirect bandgap structure, as represented in
Fig. 3.1 (b). The optical transitions of indirect materials can only be explained by
the introduction of the phonon particles [54]. Nevertheless, in this thesis, we are
only going to focus on direct bandgap semiconductors.
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Figure 3.1: Diagram of the energy levels of semiconductors with (a) direct bandgap
structure, and (b) indirect bandgap structure.

The properties of an optical wave propagating through an optical medium (power,
frequency, phase, etc.) can be modulated due to the interaction with the charges of
the material. This modulation is determined by the type of material and the energy
level structure. The characteristics of the medium can be obtained and interpreted
by measuring this modulation [34].

As it was explained in Chapter 2, linear optical effects can be represented by
a linear dependency of the electric field with the polarization vector. The velocity
of the pulse, while propagating through a medium, is slower than in vacuum due
to the refractive index of the medium (n). Nevertheless, this refractive index is a
complex parameter, whose dependence on the optical wavelength can explain most
of the linear optical effects of materials.

3.1.1 Transmission, reflection and absorption
When light interacts with matter, a fraction of the incident light intensity passes
through the material without any alteration, this is known as optical transmittance

and denoted as T'(\). Nevertheless, two more linear effects can occur within the
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medium, where part of the optical intensity can be deviated in another direction
within the incident medium, creating the reflectance of the incident light R()\), or
it can be absorbed A()\) by the medium [55]. Nevertheless, transmission, reflection
and absorption are optical parametric processes, that is the energy and phase of the
propagation wave are conserved. Thus, an expression connecting the transmittance,
reflectance and absorbance can be described in:

T(A) + RN + AN =1. (3.1)

As it was mentioned before, the refractive index can be expressed as a complex
coefficient which depends on the optical wavelength as,

n(A) =n\) —ik(A), (3.2)
where () is the extinction coefficient, and related to the absorption of the medium,
denoted as a(A),

a\) =4 ——= . (3.3)

Thus, the electric field of Eq. (2.9) can be expressed as a function of the complex
refractive index and propagating in the z direction as,

_ 27Kz

E(t) = Eye™ "% ¢l@t=h2) (3.4)

where Fj is the amplitude of the electric field, and k the propagation vector (in this
case along the z direction). Therefore, the optical intensity of the propagating pulse
is attenuated in terms of the absorption coefficient and the distance covered by the
optical wave within the medium. This effect can be expressed by the Beer-Lambert’s

equation as,
Ip(\) = Ipe @MW (3.5)

where [y and I, correspond to the input and output optical intensities respectively
and L is the material thickness. Taking into account this equation, the transmission
parameter can be expressed as the decay of the intensity as a function of distance
as T~I/Ty. These processes are the basis of most optical effects in solids as it will
be explained in the next sections.

3.1.2 Optical transitions

In this section, an overview of the principal quantum transitions of direct semi-
conductors is described, with a special emphasis on the absorption and emission
processes, responsible for the operation of modern photonic devices, such as optical
amplifiers and laser diodes.

During light-matter interaction, a photon can be absorbed by the medium, im-
parting energy to the electrons, thus generating the excitation of electrons in the
valence band. In order to excite electrons from the valence band to the conduction
band, only external electromagnetic fields with an energy greater than the forbidden
band can interact with the medium, hv > E; [56]. On the contrary, the medium is
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said to be transparent to the spectral region of the incident electromagnetic field.

The excitation of an electron from the valence band to the conduction band by
the absorption of a photon generates an empty state in the valence band, known as
a hole, creating what is called an electron-hole pair, and then altering the electrical
properties of the semiconductor (Fig. 3.2(a)). After a time delay known as relax-
ation time (7), the electron tends to decay to its fundamental state, leading to the
recombination of the electron-hole pair in the valence band. This mechanism is re-
sponsible for the operation of most photodetectors. The relaxation can be produced
by different transition processes [57].
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Figure 3.2: Photon absorption and nonradiative recombinations in semiconductors,
(a) after the absorption of a photon, (b) the electron losses its accumulated energy
by thermalization, emitting a phonon, in free-carrier transitions, or (c) an electron
and a hole are trapped in an energy level within the forbidden band due to defects
in the medium leading to impurities transitions.

e The energy of an incident photon can be transferred to free electrons or to
lattice vibrations, creating phonons and thus giving some energy to the crys-
tal lattice, leading to an increase of the material’s temperature. An example
of this is the thermalization process, which results in the relaxation of the
electron to the bottom of the energy band. In addition, the recombination
of the electron-hole pair can be generated by the emission of phonons by an
acceptor/donor center trap. These traps, located at energy levels within the
forbidden band, are associated with defects and impurities of the semiconduc-
tor medium. These processes are known as nonradiative recombinations [34].
A schematic figure for these processes can be found in Fig. 3.2(b) and (c).

e On the contrary, radiative recombinations refer to the processes in which the
energy released by the electron can take the form of a photon with an en-
ergy hv. This desexcitation process of the electron-hole pair is better known
as spontaneous emission, constituting the main working principle of light-
emitting diodes. However, after the excitation of the electron by an incident
photon to the upper energy state, the electron-hole pair may be induced to
emit another photon. When the material is pumped by a photon with certain
energy above the forbidden bandgap, with a specific frequency, propagation
direction and polarization, it stimulates the relaxation of a previously excited
electron, releasing a duplicate photon with the same properties as the inci-
dent one. This process, known as stimulated emission, is the phenomenon
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that describes the operation of lasers and amplifiers, as it will be discussed
in Chapter 4. A representation of a radiative recombination process based on
spontaneous emission is depicted in Fig. 3.3 (a), whereas radiative processes
such as stimulated emission are shown in Fig. 3.3 (b).
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Figure 3.3: Radiative recombinations in semiconductors by (a) spontaneous emis-
sion, (b) stimulated emission.

3.2 Nonlinear optical effects

In the following pages, some nonlinear effects in optical materials related to vari-
ations of absorption or refractive index are explained. Although nonlinear optical
effects can be found in any material, each material exhibits them at a given power
level. This is ascertained by the nonlinear coefficients of the material, which depend
on its internal structure and composition. In the last chapter, we saw how the non-
linear response of a material, under the influence of an intense external source, can
induce an anharmonic motion of the bound electrons [58]. This can be translated
into a nonlinear dependency of the polarization with respect to the incident electric
field due to the nonlinear susceptibilities. These processes can be classified as second
or third order nonlinear effects, depending on whether second-order susceptibility
or third order susceptibility is present.

3.2.1 Second harmonic generation (SHG)

The second-order susceptibility is negligible in an isotropic medium, as it was in the
case of optical fibers. Nevertheless, this effect becomes important for the study of
biological samples.

Sum-frequency generation (SFG) [31], is a second order nonlinear optical process
founded on the generation of a photon at frequency w3 due to the annihilation of two
incident photons described by the frequencies w; and ws. This effect is a parametric
process, in which the total energy is conserved,

h(.x.)g = hwl + hw2 . (36)

Second-harmonic generation (SHG) discovered by Franken et al. in 1961 [59], is
a special case of SFG, in which w; = wy. In this sense, by considering an incident
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electric field propagating at frequency wp, and from Eq. (2.20), we find that the
second-order contribution of the nonlinear polarization vector can be expressed as:

P® (t) = eo x? EE = %60 x? E E; + 41160 P E2 it (3.7)
where the first component, independent of time, is related to the nonlinear effect
of optical rectification [60], generating a steady polarization in the optical material.
Whereas, the second term, with an optical frequency of 2wy, corresponds to the
second-harmonic generation. As a consequence, two electric fields are measured after
the interaction with the medium oscillating at frequencies wy and 2wy respectively.
Hence, the total second-harmonic intensity will be a superposition of all these waves.
This principle holds well for short lengths. Nevertheless, for long distances, due
to the difference in the respective refractive indices, the fundamental and second
harmonic waves will propagate at different speeds. Thus, the output intensity would
be maximum for constructive interference, i.e. the two waves arrive in phase. This
condition is known as phase matching [24]. The net distance at which the phase
matching condition is fulfilled is the coherence length, which can be described by:

Leon = 7/ Ak (3.8)

where Ak corresponds to the phase mismatch parameter, and related to the dif-
ference between the corresponding wavevectors of the fundamental and second har-
monic waves. Thus, for optimum efficiency, the phase mismatch between the funda-
mental and second harmonic waves should be equal to zero. A figure denoting the
phase-matching (a) and non-phase matching (b) conditions is shown in Fig. 3.4.
(a)
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Figure 3.4: SHG generation of a nonlinear optical material with (a) phase matching
condition, and (b) non-phase matching.

SHG was employed for the first time in 1982 as a spectroscopic technique to
probe the adsorption of molecular monolayers in optical surfaces [61]. Thus, SHG
can be used in material science as a microscopy technique for the characteriza-
tion of nanostructured materials, revealing information about the orientation of
molecules, and the symmetry of material surfaces and interfaces, i.e., discriminat-
ing non-centrosymetric crystals and determining their structural purity [62]. In the
medical field, SHG is employed to measure the presence of collagen cells, which de-
termine the structure of many tissues such as skin, arteries, bones, etc., becoming
the main structural protein in mammals [63]. SHG can also be used in multiple in-
dustrial applications, such as in the generation of 532 nm green lasers from 1064 nm
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laser sources. Furthermore, SHG constitutes the basic principle in the operation of
autocorrelation systems, applied for measuring the widths of ultrashort pulses [64].

These applications employ optical materials such as lithium iodate or Barium Borate
(BBO) [65].

3.2.2 Third harmonic generation (THG)

The interaction between electromagnetic fields in nonlinear mediums may become
relevant in high intensity and long distance configurations. Similarly to SHG, three
photons can interact between them, creating a fourth photon with an optical fre-
quency three times greater than the incident one. Therefore, a similar expansion for
the third order polarization vector can be obtained,

- .- o~ 1 s
PP (t)=ex® EEE = geo x® EgEz el*ot 4 50 YO E3eieot 1 (3.9)

The first term in the expansion is related to the nonlinear component of the re-
fractive index and the corresponding Kerr effect, as explained in Eq. (2.25). Whereas
the second term describes an electric field at frequency 3wy, and related to the third
harmonic generation (THG).

THG was discovered in 1965 by Maker et al. from a direct third order nonlinear
effect generated in a crystalline material [66]. Nevertheless, this process is difficult
to be found in nature due to the small x® parameter in optical media. Thus,

frequency tripling is usually constructed as a combination of y?) processes such as
SHG and SFG.

A special case of THG is four-wave mixing (FWM) [67]. In this third order
nonlinear process, three different frequencies generate a fourth frequency component,
described by the following relation wy = w; + wy + w3. In order to accomplish the
phase matching condition, the relation between the wavevectors should be [68],

Ak =1hs +ky —k — k. (3.10)

In molecular microscopy, THG allows the study of 3D biological samples, detect-
ing their heterogeneities and interfaces [69]. Furthermore, due to the dependency
of the nonlinear refractive index on the y©® parameter, THG is also employed for
the detection of refractive index mismatches within the interface of the biological
specimen [70]. In the medical field, THG detects the hemoglobin protein, enabling
the characterization of blood vessels and the blood flow velocity, and thus the de-
tection of the heart rate and the pulse velocity curve in small arteries, essential in
the prevention of heart diseases [71]. FWM also finds applications in the industrial
field as the basic process for optical phase conjugation, parametric amplification, or
in supercontinuum generation, as it will be described in Chapter 6. Besides, FWM
is responsible for the generation of ultraviolet 355-nm light by frequency tripling of
a laser source with 1064 nm, as employed in microresonators based on frequency
comb generation, such as Nd:YAG or Nd:YVO4 lasers [72]. Optical materials such
as BBO or lithium triborate (LBO) can be used for THG.
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3.2.3 Nonlinear absorption effects

As it was mentioned before, third order nonlinearity plays an important role in
optoelectronics. FWM has found applications in any media from liquids, gases or
solids [73-75], including semiconductors [76], molecules and polymers [77], nanos-
tructured materials [78], and graphene [79]. Distinguishing between the real and the
imaginary part of the third order nonlinear coefficient x®, may lead to applications
such as supercontinuum generation, pulse compression, and soliton generation, as
well as pulsewidth measurement and spectroscopy, among others. Both of these
factors are crucial to determining the behavior of optoelectronic devices.

For the real part of the susceptibility, and following the Eq. (2.24), the nonlinear
refractive index can be described as a function of the third order susceptibility,
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ny =1+ xM + x® (3.11)

By using the Taylor expansion, (1 + x% + V)2 x ng (14+x"*/2n?), the nonlinear
refractive index can be expressed as [31],

3

= Re [y®] . 3.12
4ndeyc C[X ] ( )

no

When high intensity beams propagate through a nonlinear material, the induced
refractive index changes lead to self-focusing or defocusing effects [80]. In this pro-
cess, the strong wave alters the optical characteristics of the material in such a way
that the optical wave is focused or de-focused within the optical medium depending
on the sign of ny. In the case of ny >0, if the intensity of the optical beam is maxi-
mum at the focal point, the variation of the refractive index becomes greater at the
center of the optical beam, while decaying on the periphery, causing the beam to be
concentrated in the material, and modifying its propagation direction via the ma-
terial medium’s nonlinear response. Thus, the material behaves as a graded-index
medium, introducing a nonuniform phase-shift, and thereby generating a curvature
on the optical wavefront. Thereby, the optical medium can act as a positive lens,
whose focal length depends on the value of the incident power. As the wave travels
through the medium, the intensity of the self-focused region increases until defocus-
ing effects or medium damage interrupt this process. The self-focusing condition
occurs for incident powers greater than the critical power, defined by [81],

2
For = 47722 ng (3.13)

where ¢ is a constant determined by the initial spatial distribution of the optical
beam.

When the self-focusing effect is compensated by the optical diffraction, the op-
tical beam propagates with a constant diameter within the medium. This effect,
known as self-trapping, is essential in multiple applications in the laser field, such as
Kerr-lens mode-locking, parametric generation, and self-compression of ultrashort
laser pulses [82,83]. However, for P > P,., the polichromatic optical beam is de-

35



3.2. NONLINEAR OPTICAL EFFECTS

composed in multiple components, yielding to the break-up of the incident wave.
This process is associated with the generation of imperfections within the optical
medium due to the FWM effect.

Analogously to the nonlinear refractive index defined in Eq. (2.24), the imaginary
part of the third order susceptibility is related to the absorption coefficient, which
can be written in the form,

all)=ap + as I, (3.14)

where g is related to the losses introduced by the impurities of the material (as
explained in Section 2.2.2.1), and «s corresponds to the nonlinear absorption coef-
ficient which can be expressed as,

3

Qg = —5——
Andec

Im [\®)] . (3.15)

Thus, an increase in the absorption parameter with the incident light intensity,
leads to a positive value of the nonlinear absorption coefficient s > 0. The nonlinear
refractive index no and the nonlinear absorption coefficient s, are the two main
parameters required to determine the third order nonlinear optical parameters of
materials.

Just like the case of nonlinear refractive index, intense monochromatic radiations
from an electromagnetic light source can induce a change in the transmission of
the material and thus in its absorption properties. Optical manifestations of this
phenomenon include the increase of the photons to be absorbed by the material
(TPA), or the reduction of the absorption of the material (SA), among others.
These effects have resulted in numerous scientific and technological applications
within multiple areas, such as nonlinear spectroscopy and optical limiting [84]. A
more detailed explanation of these two processes is given below.

e If the intensity of light (photon density) is high enough, the probability of an
electron absorbing more than one photon before going to the excited state can
be significantly increased. In its simplest form, two photons can be absorbed
simultaneously from an incident radiation field generating the transition from
the fundamental level to an upper energy state in an optical medium. This
process, known as two-photon absorption (TPA), can be generated by either
two photons from the same electric field with equal frequency w, or by two
different optical fields described by the frequencies w; and ws respectively. The
bandgap of the optical material must therefore be lower than the sum of the
incident frequencies. An example of this is shown in Fig. 3.5(a).

Therefore, the optical absorption of the material and thus the number of
photons absorbed depend on the instantaneous optical intensity. Following
Eq. (3.5) and Eq. (3.14), the total absorption of the medium can be described
by the nonlinear absorption, related to the square of the optical intensity as,

dl

(k:—%l—aﬂ% (3.16)

where z is the propagation direction. By assuming the beam to be linearly
polarized and a centrosymmetric medium, we can integrate Eq. (3.16) as a
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function of the material thickness L,

e~ 0 L

I(L) = I, ,
( ) 01 + Ojg[gLeff

(3.17)

being L.ss the length of the material related exclusively to the absorption
losses contribution and defined as,

(1= ety

&%)

Less = (3.18)

From Eq. (3.18), three different cases can be studied. In most light-matter
interaction scenarios where oy > 0, the total length of the material L, is
usually greater than the effective length. However, for very thick materials
(L — 00), the effective length of the material can be simplified to Lesr = 1/ .
Finally, for lossless materials ap = 0 (materials with such a small value of linear
absorption that can be considered negligible), the effective length is equal to
the total length L of the material.

However, these equations can be generalized if an arbitrary number of photons
is absorbed [84]. During this process, referred to as multiphoton absorption,
n photons are absorbed from a single electric field or multiple electric fields
simultaneously. Multiphoton microscopy (MPM) is a technique that has been
used to image living, intact biological tissues from the molecular level to the
whole organism [85]. MPM offers many advantages over similar optical imag-
ing techniques, such as better penetration depth and lower photodamage, when
imaging living tissues over long periods of time with minimal invasion. As a
perfect technology for imaging living and intact tissues, MPM has been rapidly
adopted by researchers, resulting in a proliferation of commercially available

systems.
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Figure 3.5: Direct bandgap semiconductor nonlinear absorption effects with (a)
two-photon absorption (TPA) or (b) saturable absorption (SA).

e On the other hand, in certain materials such as semiconductors, the absorption
coefficient can be reduced or even saturated when pumped with high incident
powers [84]. The photons of the incident electric field excite the electrons in
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the ground state to upper energy levels, thereby depleting the fundamental
state. Thus, most of the electrons from the valence band are excited in a time
period shorter than the spontaneous decay time, leading to the saturation of
the conduction band (the system cannot absorb as much incident light as it
could at low intensity). The energy redistribution of the electron population
generates a reduction of the subsequent absorption processes, and thus produc-
ing an increase in the optical transmission of the high-intensity beam through
the material. The net change of the absorption coefficient with the incident
intensity will then have a negative value A« < 0. This effect is called saturable
absorption. Fig. 3.5 (b) shows a diagram of the absorption saturation process
in a direct bandgap semiconductor.

The absorption rate a([) is in this case determined by the incident optical

intensity [ as follows,
Qo

N—_ %
o(l) = 5 Y 1)1

where [, corresponds to the saturation intensity. This parameter is related
to the absorption probability rate, and the lifetime of the excited state.

(3.19)

Nevertheless, in most literature, the optical absorption of the medium can be
represented as a function of the optical fluence, related to the intensity I(t) in
a certain period of time ¢ as,

F = /tl(t) dt . (3.20)

Substituting this equation in Eq. (3.19) we obtain the absorption as,

&%)

N=_ %
o(I) 1 + F/Fu

(3.21)

where Fj,; can be approximated to I, - AT being A7 the FWHM temporal
duration of the optical pulse.

Analogously to Eq. (3.16) and Eq. (3.19), the intensity decay (optical loss)
of the medium can be defined in terms of the nonlinear absorption coefficient
and the material thickness by the Lambert’s law as,

dl 010]
—=——. 22
dZ ]_ + I/Isat (3 )

Therefore, the intensity distribution will permit us to obtain an approxima-
tion of the saturation intensity/fluence of the material. A further detailed
discussion of the saturable absorption and intensity distribution can be found
in Chapter 4.

Thus, through the redistribution of population due to intense laser fields, inter-
esting interactions can be induced, such as absorption, stimulated emission, and the
creation of free carriers in complex molecular systems. The processes of TPA, which
constitutes a special case of reverse saturable absorption (RSA), and SA, have led
to the development of multiple applications in science and technology [86], and are
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especially employed as spectroscopic tools [84]. In 1967, Giuliano and Hess demon-
strated, for the first time, the spectroscopic properties of complex molecules in terms
of saturable absorption [87]. Since then, a considerable interest in using saturable
absorption started to emerge as a high-resolution nonlinear tool for the study of the
structure of matter in spectroscopic devices.

Furthermore, these properties introduce the theoretical principles of self-pulsation
behind semiconductor optical fiber laser technology, where saturable absorption con-
stitutes the crucial effect at the basis of passive Q-switching and mode-locked ring
cavities [88].

3.2.4 Stimulated Raman scattering

During the propagation of light, direct interactions between the incident light and
the guiding medium result in the scattering phenomenon. Since most optical ma-
terials present small inhomogeneities of the refractive index, known as scattering
centers, light can be reflected in multiple directions. These scattering phenomena
are essential for the complete understanding of fiber optic technology, since optical
scattering not only corresponds to the main loss mechanism in optical fibers, but
also can be employed in sensing applications. Optical scattering can be divided
into two different processes, elastic (Rayleigh and Mie) and inelastic (Brillouin and
Raman) scattering [89].

In elastic processes, the energy of the incident photon during the interaction be-
tween the incident light and the material is conserved, thus no change in the optical
frequency nor electronic transitions is observed. In the presence of a transient elec-
tric field, the medium vibrates into a ground state, as well as emitting a secondary
wave proportional to the power of the incident wave. Elastic scattering processes
can be categorized depending on the size of the defect that causes the optical effect.
The elastic process is said to present Rayleigh scattering if the radius of the defect is
lower than A/15, otherwise the material has Mie scattering. This latter effect, neg-
ligible in most optical fibers and wavelength independent, is usually attributed to
defects generated during the fabrication process. Contrary to this, Rayleigh scatter-
ing is the dominant scattering interaction in fiber optics, with a strong wavelength
dependency (following a 1/A* relation), due to its contribution to the attenuation
of light within the telecommunication band.

If the lightwave transfers energy to the surrounding material after the interaction,
the scattering process is said to be inelastic. In this sense, a photon is absorbed by
the material under the excitation of an incident electric field, leading to a transition
to a high energy state. The desexcitation of the photon is produced to a lower energy
level excluding the fundamental state, thus the energy of the emitted photon (fws)
does not coincide with the energy’s excitation photon (hw,). When the lower state
has larger energy than the ground state, the emitted photon has a longer wavelength
than the excitation photon, creating a phonon with a frequency determined by the
difference between the two energy levels (Aw, — fuwy). This is known as Stokes
shifted scattering. On the other hand, if the incident photon absorbs energy from
a thermally-active photon, thus increasing its energy from the fundamental state to
an upper energy level (vibrational state), and emitting a shorter-wavelength light
than compared to the incident light, while annihilating the phonon, resulting in
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anti-Stokes shifted scattering with energy hw,. A representation of the energetic
transitions for each case is depicted in Fig. 3.6(a). The difference between the
incident and emitted light can be used to determine the relative positions of the
energy levels in the material. Depending on the type of phonon employed in the
inelastic process, two different scattering effects can be distinguished, Raman (optic)
and Brillouin (acoustic) [31].
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Figure 3.6: Stokes and Anti-Stokes energetic transitions due to inelastic scattering
phenomena and (b) schematic spectrum of scattering effects produced by elastic and
inelastic processes.

The generation or destruction of an acoustic phonon, i.e. a pressure wave, during
the energy transfer of the interaction between the optical material and the photon,
is referred to as Brillouin scattering. Acoustic phonons are produced due to the
creation of electrostrictions in the medium, and thus generating refractive index
changes related to photoelasticity. The frequency of the produced acoustic phonons
is typically 11GHz for silica, with a peak power as high as half the intensity of
the incident pulse. In addition, Brillouin scattering can only occur in the opposite
direction from the pump light (counterpropagating).

On the other hand, the interaction results in Raman scattering when the en-
ergy transfer between the photon and the material creates or annihilates an optical
phonon (molecular vibrational or rotational modes). In this case, optical phonons
are related to the polarization changes in the material medium. Optical phonons
are centered around 13 THz with a peak power 100 times smaller than in Brillouin
scattering. However, as opposed to Brillouin scattering, Raman can propagate in a
copropagating or counterpropagating direction with respect to the excitation. Due
to their intrinsic dependence on the current material state, both phenomena can be
used for sensing applications [89]. A visual representation of the spectrum produced
by the different scattering phenomena is represented in Fig. 3.6(b).
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The scattering effects in optical fibers are typically spontaneous, but the effects
can also be stimulated if the light power is high enough to alter the local properties
of the material. Since molecular vibrational information is specific to the chemical
bonds and symmetry of molecules, Raman scattering will only be considered in this
thesis for spectroscopic applications [90].

Spontaneous Raman scattering is a very weak second-order radiative process,
that requires a long integration time. However, a high intensity optical wave can
excite molecular vibrations, thus causing molecules to emit reduced energy photons
(a Stokes wave), to which most of the pump energy is transferred. This interaction
is known as stimulated Raman scattering (SRS) [91]. A schematic representation of
the spontaneous and stimulated Raman processes is depicted in Fig. 3.7.

Due to the phonon population dependency of the anti-Stokes signal, the energy
transfer from the pump beam to the Stokes beam is more efficient than in the anti-
Stokes scattering. Therefore, in SRS, two excitation fields are employed, denoted as
pump, with a frequency of w,, and the Stokes beam centered at w,. The pump beam
generates the excitation of the vibrational mode, while the Stokes beam stimulates
the emission of a second photon with frequency w,. When the frequency difference
wp — w, is resonant with a Raman active molecular vibration, this transition is
resonantly enhanced (see Fig. 3.7(b)).

Since SRS is a third order nonlinear effect, four simultaneous coherent Raman
processes will occur, namely stimulated Raman gain (SRG) at frequency ws, stimu-
lated Raman loss (SRL) with a frequency of w,, coherent Stokes Raman scattering
at the frequency (ws; —w,) 4+ ws, and coherent anti-Stokes Raman scattering (CARS)
with the new frequency of w, + (w, —ws), as shown in Fig. 3.7(b). In SRG and SRL,
due to the energy transition between the incident optical wave and the molecular
vibrational mode, the Stokes beam experiences an intensity gain, while the pump
beam has an intensity loss. On the other side, due to the FWM process, a new
frequency component is generated apart from the input beams, where the CARS
signal is accompanied by a nonresonant signal generated by electronic contributions
to the FWM process.

Therefore, the interaction between the pump (in continuous-wave (CW) condi-
tions) and the Stokes beam can be described by [30]:

dl w

d—;:w—pgp]pls — oy, (3.23)
dl

7 =grlyls — asl;, (3.24)

where [, and I, are the pump and Stokes optical intensities respectively, gr is the
Raman gain coefficient, and «, and «; the corresponding medium loss coefficients
of pump and Stokes waves.

By assuming that the intensity of the pump beam is greater than the Stokes
intensity, an expression of the Stokes pulse as a function of the pump intensity and
effective length (see Eq. (3.18)), can be obtained as,

I, (L) = I,(0) e9r (O Lesrp—as L (3.25)
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Thus, the Stokes beam can be enhanced if g I,(0) Lesrp, > a5 L, whose max-
imum value would be for a frequency shift of 13 THz, which corresponds to the
maximum value of gg.
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Figure 3.7: Comparison of the spontaneous (left) and stimulated Raman scattering
processes (right) in terms of electronic energetic transitions.

In molecular spectroscopy, both SRS and coherent Raman spectroscopy are
widely employed in various applications from a wide variety of fields, such as in
material composition analysis, in the study of molecular conformational structures,
as a non-invasive label-free imaging in living tissue, or in ultrafast microscopy [92].
Among its properties, SRS provides background free nonresonant spectral signals
that are nearly identical to those obtained from spontaneous Raman spectroscopy.
Moreover, the SRS is linearly dependent on the molecular concentration under in-
vestigation within the sample, while CARS signals are proportional to the square
of sample concentration. In this thesis, an example of a CARS spectroscopic sys-
tem has been constructed for the analysis of living cells, as it will be discussed in
Chapter 6.

-
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4.1. INTRODUCTION TO FIBER LASERS

Ultrafast fiber laser technologies have recently attracted extensive attention ow-
ing to their inherent properties, including low cost, environmental robustness and
alignment-free operation. Due to their flexibility and stability, these sources can pro-
duce high-quality, powerful pulses in the picosecond and femtosecond ranges. Aside
from the reliability and sensitivity that optical measurements offer, fiber lasers have
other specific advantages. The most advantageous properties of optical fiber lasers
are their simplicity and reduced costs in fabrication, installation and maintenance,
while being immune to external electromagnetic interference. Nonetheless, the most
interesting features are the optical tunability of the laser frequency and power con-
sumption, enabling remote and high performance sensing capabilities.

In the following chapter, we will review the state-of-the-art in optical fiber lasers,
emphasizing on mode-locked ultrafast fiber lasers, and especially on the employment
of saturable absorbers as the passive element for ultrafast pulse generation. We will
conclude with an in-depth description of the laser source developed in this work,
based on an InN-based ultrafast mode-locked fiber laser.

4.1 Introduction to fiber lasers

Lasers have revolutionized the way we study and explore light. Prior to the 1950s,
only incoherent light sources were available. Nowadays, the laser can generate
monochromatic, coherent, and highly directional radiation. With the advent of
optical fibers, optical lasers soon replaced electrical systems as the most promising
alternative due to their inherent properties in communication systems.

4.1.1 Fundamentals of fiber lasers

The optical laser is a device that amplifies light due to the stimulated emission
process. This amplification, in conjunction with an optical cavity, provides the
formation of a standing electromagnetic wave that may generate a monochromatic
and highly coherent output light.

In general, most fiber laser cavities, also known as resonator cavities, are consti-
tuted by a power supply (pump), normally an external diode light source that pumps
a gain medium. The central frequency of the laser is dictated by the operating range
of the gain medium. Optical fibers can be used as the gain medium when doped
by rare-earth ions such as erbium (Er), neodymium (Nd) and ytterbium (Yt) [93].
Nevertheless, with the discovery of other dopants such as holmium, samarium and
thulium, fiber lasers can nowadays operate in a wide wavelength range from 0.4 to
4 pm. Among them, Er-doped fiber lasers have been extensively investigated since
these lasers are capable of generating optical pulses in the optical communications
range (C-band window) at 1.55 pum, which coincides with the region with the lowest
attenuation in optical fibers (see Fig. 2.3) [34]. Finally, an optical feedback (prop-
agation material) is necessary to reintroduce part of the emitted light of the laser
again into the laser cavity. Optical fibers can also be employed as optical feedback
by using fiber couplers (the output power is determined by the power coupling ra-
tio [94]). Laser cavity schemes based only on optical fibers are known as all-fiber
cavities. A schematic representation of a laser oscillator is shown in Fig. 4.1.
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Figure 4.1: Basic components of a laser oscillator.

Lasers operate in what is called continuous wave mode (CW) when they emit
monochromatic plane waves with a constant amplitude. As a result, the associated
spectrum in the Fourier domain may correspond to an approximate Dirac-delta peak
centered at frequency wy. This type of laser source is employed in multiple appli-
cations in the telecommunication field, playing an important role in laser printers,
optical disc drives, and was introduced as the basis for the development of internet
technology [95].

However, lasers can sometimes be operated in a pulsed mode, since the optical
peak power can be greatly increased by reducing the optical pulse duration [96].
Pulsed lasers can produce optical pulses with durations as little as a few femtosec-
onds, which can be compressed up to the attosecond regime. Thus, optical lasers
operating in the high-power regime, must be performed in pulsed mode since CW
operation cannot be maintained.

As compared to CW operation, the energy of pulsed lasers is stored within
the optical resonator in the form of light, and released periodically by an optical
modulator. This mechanism can be understood as an on-off operation process of
the laser itself, in which the energy is collected in the off-time while otherwise the
energy is permitted to escape. The on-off duration time will be designated by
means of an internal modulation process, which can be produced by four different
methods [34,97].

e A direct approach to internal modulation is by controlling the laser pump
intensity. This method, known as gain switching, consists of turning the pump
laser periodically on and off for short periods of time designated by an external
electrical current. In these periods, the loss coefficient is smaller than the gain
coefficient during on-times, thus emitting laser light. A schematic figure of the
gain switching mechanism has been depicted in Fig. 4.2 (a).

e On the contrary, Q-switching is related to the modulation of the optical losses
of the resonator cavity, where no light is emitted by the laser when the optical
resonator’s losses are increased (the energy is accumulated within the cavity
during the off-times and released when the losses are reduced). In Fig. 4.2 (b),
it is represented as the gain-loss balance that occurs in a Q-switching laser.

e A special case of Q-switching, known as cavity dumping, consists of the alter-
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ation of the transmittance of the optical mirrors in a free-space configuration
of the laser cavity. During a period of time, photons are collected in the cavity
without the possibility of escaping, thus increasing the optical power inside
the laser cavity. Afterwards, one of the mirrors is “removed”, liberating the
accumulated photons during the on-times. This process can be understood as
the opposite case of gain switching as plotted in Fig. 4.2 (c).

However, the most important modulation method for the generation of ultra-
short laser pulses is known as mode-locking. This process consists of coupling
the longitudinal modes of a laser inside a resonator cavity by locking together
their optical phases. The coupling of the oscillating waves can be performed
by modulating the losses of the resonator cavity. Thus, the constructive inter-
ference of multiple longitudinal modes generates a periodic train of ultrashort
pulses with timewidths in the range of picoseconds and femtoseconds. An ex-
tensive description of the mode-locking regime will be discussed in the next
section.

(b) (©
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Figure 4.2: Representation of different ultrashort pulse generation mechanisms: (a)
gain switching, (b) Q-switching and (c) cavity dumping [97].

4.1.2 Generation of ultrashort pulses in fiber lasers

The principal characteristics that define an ultrafast pulse are listed below [1,12].

e Within a resonator cavity, the number of standing optical waves is determined

by the length of the optical cavity (L). Therefore, there exists an integer num-
ber (m) of optical frequencies (v) spanning the region between the fiber ends,

which can be defined as
2nLuv,,

C

(4.1)

m =

where n is the refractive index of the medium. When the temporal phase of
these frequencies is a multiple of 27 (due to the boundary conditions), the
standing waves are known as longitudinal modes, separated by a constant
frequency difference defined by,

(4.2)

vE = onL ’

where vr is the free spectral range.
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The electric field of the output signal propagating in the z direction within an
optical medium will be defined as a combination of the longitudinal modes,

E(z,t) =) By e’ mmt2lva) (4.3)

where Ej,, is the amplitude of the signal for each longitudinal mode with
frequency v,,. This frequency v, can be expressed as a function of the central
frequency of the optical pulse as,

Um = Vo + mup, . (4.4)

Therefore, for m = 0, the frequency of the mode coincides with the central fre-
quency of the pulse. From this point, the term optical frequency will be related
to the optical pulse’s central frequency, which coincides with the longitudinal
frequency with maximum electrical amplitude, unless otherwise specified for
simplification purposes.

At the output of the laser cavity, since all the longitudinal modes have the
same phase at the output, a pulse train of ultrashort waves is obtained, whose
temporal spacing between consecutive pulses can be defined by a measurable
parameter known as repetition period T,.,. As a result, the pulse period is
inversely related to the number of emitted pulses per second, defining the
frequency of the output pulse train f,., = 1/7}.,. Note that f,.., and vp are
usually related.

In optical fiber lasers, the repetition rate can be controlled by the length of the
fiber laser cavity. The distance between consecutive pulses in time typically
coincides with the roundtrip period of light when propagating through the
total fiber resonator length, hence f,.,~vp. However, if the energy inside the
laser cavity is high enough, multiple pulses may be present within the cavity
with equal spacing. This is known as harmonic generation. Fiber lasers may
present a wide range of repetition frequencies, varying from 1 to 100 MHz for
typical laser cavities.

As it was mentioned before, the temporal pulsewidth of ultrashort pulses, also
known as pulse duration (A7), is defined as the time duration of the temporal
intensity of an optical pulse at a half width full maximum (FWHM). Generally,
ultrashort pulses have temporal durations in the range of ps or fs.

Within this dissertation, a Gaussian distribution will be considered as the tem-
poral pulse profile (Ey) of an ultrafast pulse. Thus, the Gaussian pulse shape,
defined by the envelope of the amplitude of the optical pulse is represented
as [24],

AGauss 6( ] )2

_— 27TGauss s
\% 2m TGauss

where Agauss 18 the amplitude of the Gaussian electric field and 7gqyss is the
temporal duration of the optical pulse when the amplitude decays 1/e, and
related to the FWHM with the relation,

EO,Gauss (t) = (45)

AT
TGauss — = ———
¢ 2v/2In 2
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The principal properties of a Gaussian pulse in the temporal domain have been
represented in Fig. 4.3 (a).

Analogously to the time width, the spectral bandwidth (A)) denotes the
FWHM of the optical spectrum of the pulse obtained from the expression
of the electric field in the frequency domain, as explained in Eq. (2.10). This
parameter is usually measured in nm and related to the frequency bandwidth
as A\ = cAv/(v?). For tranform-limited pulses, the linewidth of the optical
pulse is related to the time duration by the expression Av =~ Ti and to the
number of modes by Av = Amvp. ’

In ultrafast fiber lasers, an important parameter that denotes the quality and
stability of ultrashort pulses is the time-bandwidth product (TBP). The TBP
value can be obtained as a product of both the time and frequency FWHM
variables as,

AT-Av > K (4.7)

where k represents the quality of the optical pulse, and related to the minimum
optical width achievable for a specific pulse. The pulse is said to be the in
transform-limited condition if TBP is equal to k, otherwise, the pulse is chirped
(closely linked to dispersion and nonlinear broadening effects). For Gaussian
pulses, the TBP value can be as low as 0.44 [98].
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Figure 4.3: Schematic representation of the main characteristics of ultrashort
pulses, where t,., refers to the repetition rate, P, and P, are the average and
peak powers and Ar is the temporal pulsewidth at FWHM.

e The average power circulating in one roundtrip in the resonator cavity is simply

the pulse energy averaged over a given period of time. The pulse energy can
be defined as the total energy within a single pulse. Whereas the maximum
power of the optical pulse, denoted as peak power, can be related to the pulse
energy by the pulse duration as,

Ppeak = — ; (48)
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The peak power can also be expressed in terms of the average power. Never-
theless, this relationship should be corrected by a constant factor C, related to
the pulse shape. Most common pulse profiles are square, solitonic or Gaussian
pulses with a C value of 1, 0.88 and 0.94 respectively [99], hence:

Pavg
Jrep AT

Ppeak =C (49)

Experimentally, both the energy and peak power cannot be obtained with
a direct measurement, but can be estimated from the average power, pulse
duration and repetition rate with the corresponding pulse shape correction
factor.

4.2 Passive mode-locked fiber lasers

In the following pages, in order to contextualize the topic of this thesis, we will
provide an overview of passively mode-locked fiber lasers. Firstly, we will describe
in detail the mechanism of mode-locking, focusing mainly on the passive approxi-
mation, and specifically on the use of saturable absorbers as internal modulators.
An in-depth description of the state-of-the-art semiconductor saturable absorbers is
presented, since it is the mode-locking approach adopted in this work.

4.2.1 Mode-locking technique

In order to describe the mechanism of passive mode-locking, a single pulse will be
assumed to be circulating within the resonator cavity for simplification purposes.
During the mode-locking process, a pulse is initiated by a weak modulation of the
circulating radiation in the resonator cavity that is synchronized with the roundtrip
time. At each roundtrip, the optical pulse hits the saturable absorber, saturating its
absorption and thus reducing the optical losses in a short period of time equivalent
to the temporal pulse duration. The optical losses of the laser cavity are reduced to
a level below the optical gain provided by amplification sources such as rare-earth
doped optical fibers, permitting the transmission of the incident light. In contrast,
any incident light with a lower intensity that interacts with the saturable absorber at
different times, is not sufficient to compensate for the reduced losses. In this way, the
saturable absorber not only suppresses additional pulses of light propagating through
the laser cavity, but also attenuates the CW background components within the
resonator. Consequently, the saturable absorber may also attenuate the leading and
trailing wings of the optical pulse, since these components have a weaker intensity
than those frequencies placed at the center of the optical pulse. As a result, the
saturable absorber tends to shorten the pulse duration, which can be compensated
by other effects such as chromatic dispersion and nonlinear effects that may lengthen
the pulse when propagating through the optical fiber resonator cavity [100]. The
temporal evolution of an optical pulse in a passively mode-locked laser is depicted
in Fig. 4.4. The intensity modulation of the saturable absorber is represented as
the balance between the losses and gain contributions within the resonator cavity,
represented in grey and red lines respectively.
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Figure 4.4: Pulse generation (blue line) by the gain-losses compensation (red and
grey lines) mechanism, generated by a saturable absorber in a passive mode-locked
laser cavity.

The dynamics of the laser cavity are dominated by the gain coefficient, as it
can be seen in Fig. 4.4. As above described, the gain is saturated when the optical
power of the laser cavity is greater than a certain average power. Therefore, the
gain coefficient as a function of the incident power can be expressed as,

9(T) = o™ (4.10)

where the gain at small signal is represented by g¢o, P(T") is the average power
denoted by the pulse energy and the roundtrip time as P(T") = E,(T)/Tg, and Py
is the saturation power of the gain medium.

However, after the interaction with the incident light, the SA has a certain re-
covery time. The absorption of a SA decreases, becoming saturated, as the intensity
of the incident light increases. This absorption is then restored from saturation to
its original level by intraband desexcitation processes, such as thermal relaxation,
with a time duration of tens or hundreds of femtoseconds, followed by a recombi-
nation process, which lasts from a few hundred to thousands of picoseconds. The
time duration of these two processes represents the recovery time of the saturable
absorber, which can be divided into two categories. When the saturable absorber
recovery time is shorter than the time duration of the optical pulse, it is considered
a fast absorber [101]. However, when the recovery time is comparable or greater, it
is considered a slow absorber [102].

In general, mode-locked fiber lasers start in a CW mode after switching on the
pump source, with noise fluctuations of the laser power working as a seed for the
mode-locking process. The generation of ultrashort pulses can also be initiated
with an additional process, such as vibrating mirrors or nonlinear effects in opti-
cal components. It is known as self-starting mode locking when the laser begins
generating pulses automatically after switching on the laser [103]. Self-starting is
usually achieved by passive mode-locking systems, where slow saturable absorbers
are found to be more suitable than fast saturable absorbers. At the output, a sin-
gle pulse remains within the laser cavity and is stabilized by the SA. Nevertheless,
multiple effects such as chromatic dispersion or parasitic intracavity reflections may
inhibit the self-starting process [104]. Therefore, a careful design of the laser cav-
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ity, preventing undesired reflections within the resonator, must be considered for
high-quality, reliable and stable fiber lasers.

4.2.2 Saturable absorbers

4.2.2.1 Characteristics of saturable absorbers

The main properties that characterize a saturable absorber have been represented
in Fig. 4.5, which can be classified in [105]:

e Linear transmission (7};,): A low-powered optical pulse is attenuated after
the propagation through a SA because of its linear absorption parameter.
This intrinsic loss is known as linear losses and can be presented both in
transmission (77;,) or reflection configurations ( Ry, ).

e Nonlinear transmission (7,,): for high pulse energy fluences, the saturable
absorber is bleached, reaching a maximum transmission or reflection value

(Ts or Ryys).

e Modulation depth (MD): The maximum change of the transmission or reflec-
tion achievable by the SA is defined as the modulation depth related to the
linear and nonlinear transmission as MD=T,,, — T};,.
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Figure 4.5: Properties of a saturable absorber in reflection configuration [105].

e Recovery time: The average decay time described by the desexcitation of the
bound electrons from the excited to the ground state is denoted as recovery
time (Tyec).

e Saturation fluence (Fy,;): The amount of energy required to saturate the SA
with a saturation value of 1/e is called saturation fluence. The saturation
intensity (/4 ), defined as the saturation fluence divided by the mode area, is
a frequency-dependent inherent property of the optical material which varies
with the penetration depth in the SA. The mode-locking regime will be there-
fore stabilized when the SA is considered as fully saturated (optical bleaching).
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e Damage threshold: The maximum level of SA operation above which the
material may incur damage is indicated as damage threshold. This parameter
can be expressed in terms of optical intensities or fluences.

4.2.2.2 Classification of saturable absorbers

Generally, the longitudinal modes within a laser cavity oscillate independently, with
uncoupled phase. Thus, a resonator cavity can be understood as a conjunction of
independent lasers emitting individual light waves with slightly different frequencies
and with unfixed phases that change randomly due to the thermal fluctuations of
the material that generates the laser radiation. The interference of these modes can
generate a near-constant output intensity, whose amplitude may vary depending on
the number of modes.

However, if a large number m of longitudinal modes is coupled together oscillating
with a fixed phase, the laser will no longer emit a random constant output intensity
but an intense pulse of light. The oscillating waves within the laser cavity will
interfere constructively with each other, producing a giant number of photons being
reflected back and forth in the resonator. When the optical gain of the resonator is
greater than the optical losses, the photons are allowed to escape in the form of a
giant narrow pulse with a spectral width of Av. Each of these pulses is emitted with
a repetition period of ¢,., dependent on the cavity length L and as a (sub)-multiple
of the time taken by the light to make a complete roundtrip around the resonator.
In these conditions, the laser is said to be working in the fundamental mode-locking
regime when only one pulse at a time is propagating through the laser cavity [106].

By employing an active or passive modulator located inside the laser cavity, it
is possible to lock the phase of the longitudinal modes.

e Active mode locking consists of the use of an amplitude or phase modulator,
usually in the form of an electro-optic or acousto-optic modulator, which mod-
ulates the losses of the resonator and is synchronized with the cavity roundtrip
time. The most common active ML technique modulates the optical field with
a sinusoidal amplitude. This modulation can be interpreted as a light shutter
(switch), changing the attenuation of the output light intensity. The laser
emits light radiation when the shutter is opened (maxima of the sinusoidal
modulation signal), while enclosing it when the shutter is closed (minimum
values of the sinusoidal). The emission of optical pulses will be achieved when
the inverse of the roundtrip time coincides with the frequency of the modu-
lator. Any other field distribution will be partially or totally blocked by the
optical switch. Mode-locked laser emission will only occur when the modes
are equally phase-shifted [107].

e On the contrary, passive mode-locking refers to those techniques that do not
require external modulation to generate ultrashort pulses, e.g., nonlinear de-
vices that modulate the losses of the light within the laser cavity. These
optical devices, known as saturable absorbers (SA), vary their transmission as
a function of the incident intensity of the optical pulse, as it was explained in
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Chapter 3. In passive mode-locking, the wings of the optical pulse are atten-
uated by the saturable absorber, corresponding to the components with low
intensity, but permits the transmission of the high-intensity components at the
peak of the pulse. The pulse duration is determined by the saturable absorber,
the amplification source, the cavity dispersion and the optical nonlinearities
within the laser cavity [108]. Shorter pulses (with a temporal duration below
1 ps) can be generated with this mechanism compared to active mode-locking.

Two basic types of saturable absorbers can be categorized depending on their
mechanism. Real SAs are based on optical materials that exhibit a nonlinear
decrease of the absorption coefficient with increasing light intensity. On the
contrary, artificial SAs do not rely on saturable absorption but introduce a
reduction of optical losses as the incident intensity increases.

— Among artificial passive mode-locking devices, a particularly simple so-
lution consists of the use of a nonlinear amplifying loop mirror (NALM),
with a figure-of-eight fiber laser set-up [109]. This mechanism is based on
the interference of two counter-propagating pulses with different phases
due to the location of the amplification stage within the laser cavity. The
phase of the interfering pulses will be matched at the pulse peak and
non-matched in the wings, leading to a reduction in the pulse duration at
the output. An optical pulse with a time duration as short as 300 fs and
in the pJ energy range can be obtained by this method [110]. Further
dispersion and nonlinear compensation yield pulse durations below 50 fs
and 0.5 nJ [111].

In addition to NALM, another kind of artificial saturable absorber is the
nonlinear polarization rotator (NPR). In this technique, the transmit-
tance of a polarized pulse varies as a function of the SPM and XPM
effects, while propagating through the optical fiber and multiple optical
polarizers by tuning their transfer function, and thus narrowing its pulse
duration, simulating the effect of a saturable absorber. By adjusting the
net dispersion of the optical cavity, a pulse as short as 77 fs and 70 pJ can
be obtained [112]. However, polarization states can be modified due to
environmental external fluctuations, for instance temperature variations,
leading to unstable laser pulses. Additional devices such as Kerr lens,
nonlinear mirrors or nonlinear fibers can also be employed as artificial

SAs.

— Natural saturable absorbers have been employed for pulse generation
since the invention of the laser itself. Optical dyes and colored glass filters
were used for the first time in 1964 for CW mode-locking laser opera-
tion [113]. Nevertheless, the achievement of high-power ultrashort pulses
remained challenging until the development of semiconductor saturable
absorbers in 1990 [114]. Because of their inherent properties (low satu-
ration intensity, for instance), semiconductor saturable absorbers quickly
became the most relevant technology for generating ultrafast mode-locked
high-energy pulses from fiber lasers. However, they also have some limi-
tations, such as a high cost of fabrication and narrow operating band-
widths. Novel materials for SA applications are being developed to
address these limitations. Among them, nanomaterials are of particu-

23



4.2. PASSIVE MODE-LOCKED FIBER LASERS

lar interest such as multiquantum dots and multiquantum well (MQW)
heterostructures [115, 116] or carbon nanotube (CNT) quantum wires
have demonstrated ultrashort pulse generation with a time width as low
as T4fs [117]. Most recently, 2D materials such as topological insula-
tors [118], transition dichalcogenides [119], and black phosphorus [120],
have drawn the attention of researchers due to their advantages, including
controllable bandgap energy and ease of fabrication. An overview of the
most important natural saturable absorbers that have been discovered
since their invention in 1964 is represented in Fig. 4.6.
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Figure 4.6: Historical evolution of natural saturable absorbers since its discovery
in 1964 to the present day [121].

In the next section, semiconductor saturable absorbers will be introduced, since
they are the basis of the fiber laser employed in this work.

4.2.2.3 Semiconductor saturable absorbers

Most of the semiconductor materials used as SAs for ultrashort pulse generation
in mode-locked fiber lasers correspond to the III and IV columns of the periodic
table. The combination of an element in column III, for instance aluminum (Al),
gallium (Ga) or indium (In), with other elements belonging to column V| including
nitrogen (N), phosphorus (P), arsenic (As) or antimony (Sb) yields semiconduc-
tor materials that can be used as light sources, such as in light-emitting diodes or
lasers, or as optical detectors [34]. Among the binary semiconductors, gallium ar-
senide (GaAs), was the first to be used in photonic devices as a saturable absorber
in a passive mode-locked titanium-sapphire laser. Throughout the past few years,
[II-nitride research has gained a great deal of attention thanks to the wide range
of possible applications of these semiconductors; where aluminum-nitride (AIN) is
commonly used as a saturable absorber in lasers emitting in the mid-ultraviolet re-
gion. Another possibility would be gallium-nitride (GaN) which is usually found as
the basic component in some electronic devices due to its high temperature resis-
tance. Finally, indium-nitride (InN) can be developed for lasers emitting at longer
wavelengths (near-infrared region) due to its lower bandgap value [122,123].

A complete classification of the semiconductor materials has been represented
in Fig. 4.7 in terms of bandgap energy, wavelength and lattice constant (constant
distance between unit cells in a crystal lattice).
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Figure 4.7: Classification of the III-V binary semiconductor compounds as a func-
tion of the bandgap energy, the emission wavelength, and its lattice constant [124].

With regard to this thesis, a novel non-commercial semiconductor saturable ab-
sorber based on InN has been developed and tested. A full explanation of the
fabrication methods of InN, as well as its structural and optical characteristics, can
be found in the next section.

4.3 InN as SESAM

In this section, a brief description of the growth principles, characteristics and appli-
cations of the fabrication technology for thin-film deposition of I1I-nitrides employed
in this thesis is introduced, i.e., molecular beam epitaxy. Subsequently, a full expla-
nation of the structural and optical characteristics of IIl-nitrides and especially on
InN materials will be discussed.

4.3.1 Growth of III-nitrides

Multiple deposition techniques for material formation can be found in the liter-
ature, which are classified into four different categories as evaporation methods,
glow-discharge technologies or gas and liquid-phase chemical processes [125]. The
selection of the growth technique can have a significant impact on the properties of
thin films. Among them, it is highlighted the technique of plasma-assisted molecu-
lar beam epitaxy (PAMBE), due to its advantages in the generation of high-quality
crystals with greater control of dopant concentration as well as the material layer
thickness. These properties are essential for the development of binary III-nitrides
with bulk or heterostructure composition. A general overview of the deposition of
[IT-nitrides using PAMBE is given in this section for InN thin films which have been
used in the course of this thesis within ultrafast passive mode-locked fiber lasers.

Plasma-assisted molecular beam epitaxy (PAMBE) is based on the fabrication of
single-crystal epitaxial films in a highly-controlled vacuum environment with a pres-
sure of up to 10~""mBar. The III-group semiconductor elements (e.g. Al, Ga, In)
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are introduced in the vacuum chamber from effusion cells. The excitation and disso-
ciation of the Ny molecules produced by a radio frequency plasma process, generate
an atomic flux that interacts with the evaporated metal elements or molecules. The
evaporated atoms of N and III-group metals are deposited epitaxially on a heated
substrate. The composition, thickness, and dopant concentration of each layer can
be controlled by the use of shutters within the vacuum chamber. Furthermore, mate-
rial parameters such as growth rate, mobility or atomic flux arriving at the substrate
may lead to different growth regimes, including Frank-Van der Merwe [126], based
on a uniform layer growth, Volmer-Weber [127] or a pyramidal construction and
Stranski-Krastanow [128], which consists of a combination of the latter two. Among
them, the method of Frank-Van der Merwe is important due to its use in the fabri-
cation of bulk and MQWs structures. Due to the low temperature requirement for
InN epitaxial deposition, the PAMBE technique has been employed for the fabrica-
tion of the InN-based SESAMs used in this thesis. The MBE InN samples studied
in this work were grown by Dr. Eva Monroy in the INAC-SP2M laboratories in
CEA-Grenoble.

4.3.2 Structural properties

Semiconductor materials are widely known for their highly symmetric and simple
atomic arrangements. The crystal structure is determined and thus classified by the
symmetry of these arrangements.

In relation to the crystalline lattice structure, the binary I1I-group of semiconduc-
tor nitrides AIN, GaN and InN can have three different structural phases, including
a-phase, or wurtzite, based on a hexagonal close-packed lattice (HCP), whereas [-
phase and y-phase, also known as zinc-blende and rock-salt structures, are described
by a face-centered cubic lattice morphology. Among them, IIl-nitrides are usually
found in the wurtzite structure, since it is the most thermodynamically stable phase
at room temperature. However, group-III nitrides can also occur in the zinc-blende
structure and less frequently in the rocksalt structure, which is only achieved at
extremely high pressures. This thesis will focus only on wurtzite nitrides.

The lattice structure of nitrides can be characterized by three different parame-
ters that describe its hexagonal morphology: the length of the hexagonal base side,
defined in Fig. 4.8 as a, the height of the hexagonal prism denoted as ¢, and the dis-
tance between the nitrogen-metal atoms indicated by the parameter u. Depending
on the nature of the metal element in the nitride compound, the nitride structure
may present some deviations from their ideal hexagonal morphology, characterized
by the relations u/c = 0.375 and ¢/a = 1.633. The hexagonal structure of an ideal
wurtzite crystal is depicted in Fig. 4.8 (a). Among the binary IIl-nitride group,
InN presents the most approximate values to the ideal case with a u/c = 0.377 and
¢/a = 1.612 ratios [129].

The hexagonal structure can be described by the projection of four crystallo-
graphic directions, based on the Miller notation. The lattice cell is therefore con-
stituted by the parameters above defined and represented as a3, as, az, ¢, where the
vectors aj, a3, and a3 denote the basal plane (hkl), and ¢ the height of the hexagonal
prism, perpendicular to the basal plane and indicated with the Miller-Bravais nota-
tion [130]. These basal vectors can be related with the equation a3 = — (a3 + a3),
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while the height ¢ is connected to the base by the interplanar distance dp; as,

1 _4h2+k2—|—hk‘ N [?
dz,, 3 a? 2’

(4.11)

The wurtzite structure can be decomposed into two HCP sublattices (tetrahe-
drons) separated by the ratio 3/8¢ in the direction [0001], as represented in Fig. 4.8.
In the Hermann-Mauguin notation, this structure is denoted as a dihexagonal-
pyramidal crystal (6mm type) with a hexagonal symmetry, which will be important
for nonlinear behavior as it will be explained in the next section. In general, binary
nitrides are grown in the [0001] direction leading to advantageous properties, and
thermal and chemical stability.

[0001]

Figure 4.8: Hexagonal symmetry of wurtzite structures. (a) Principal lattice pa-
rameters of wurtzite structures with hexagonal morphology, and (b) Spontaneous
polarization effect within a small section of the wurtzite structure due to the elec-
tronegativity properties of tetragonal structures. In this case, metal polarity is
shown with the metal compounds on top of the bilayer along the growth direc-
tion [129].

4.3.2.1 Polarization properties of III-group nitrides

Due to the absence of inversion symmetry along the c-axis in uniaxial anistropic
materials, wurtzite possesses two different polarity configurations. This polarity
configuration will be determined by the difference in the electronegativity parameters
between the metal and nitrogen elements that constitute the hexagonal material. In
each tetrahedron, nitrogen atoms attract the electrons from the metal atoms due
to their higher electronegativity (3.0) than the atoms Al, Ga or In (1.6-1.8), thus
inducing an electrostatic dipole. The sum of each tetrahedron polarity generates
a macroscopic dipole defining a spontaneous polarization vector denoted as Pjy,.
An example of the electronegative tendency of wurtzite structures is represented
in Fig. 4.8 (b). Depending on the growth direction, two different material polarity
structures can be defined, named as metal-polarity (or positive) when the material
grows in the [0001] planar direction with the Al, Ga or In face at the top of the
bilayer. On the contrary, the material is said to have nitrogen polarity, that is
negative polarity, when N atoms are located at the top of the bilayer in the [000-1]
axis. The direction of the spontaneous polarization vector will therefore be from
the metal to the N-atoms surface, coinciding with the direction from the least to
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the most electronegative atom of the material. This spontaneous polarization is
found to be -0.034 C/m?, -0.090 C/m? and -0.042 C/m? for GaN, AIN and InN
materials [131].

The growth process in which the crystal film is deposited on a lattice-matched
crystal substrate with the same material is known as homoepitaxial deposition.
However, due to the absence of II1I-group nitrides as suitable substrates, the growth
of nitride layers is predominantly heteroepitaxial on substrates with similar thermal
properties such as sapphire (Al;O3), silicon carbide (SiC), or silicon (Si), among
others.

However, heteroepitaxial growth induces strain effects throughout the layer dur-
ing the growth process due to the lattice mismatch of the different materials. The
mechanical stress applied to the tetrahedrons (o;;) may induce a distortion in the
total dipole, leading to a strain of the hexagonal structure (¢;;) and thus the ap-
pearance of a piezoelectric polarization component P,..

Nevertheless, as the growth of the nitride material on a substrate with a different
lattice constant is generally made in the [0001] axis, the stress is zero in this direction
(0., = 0), introducing a uniform in-plane stress in the x-y axis (0., = 0,,). Thus,
deformations are only induced in three directions, i.e., along the ¢ direction (&,,),
as well as along the perpendicular plane (0001) (44, €y,). Furthermore, because of
the wurtzite morphology of nitrides, the piezoelectric polarization vector will only
affect the c-axis direction, defined as,

ﬁpi =2¢€., €31 —€E:2€33 (4.12)

where e;; are the piezoelectric coefficients related to the corresponding stress direc-
tions within the hexagonal structure. Therefore, the strain directions ., and €.,
can be represented as a function of the lattice parameters as:
fpp = 200 (4.13a)
Qg
C—C(C

(4.13b)

€22 =

Co
where a,c correspond to the lattice parameters of the material under mechanical
stress, and ag, ¢y are related to the ones in the relaxed state with a value of 3.545

A and 5.703 A, respectively.

In the case of binary III-group nitrides, the e3; and e33 parameters have a value
of -0.50 and 1.79 C/m? for AIN, -0.35 and 1.27 C/m? for GaN, and -0.57 and 0.97
C/m? for InN respectively [131].

The sum of the spontaneous and piezoelectric polarizations defines the total
polarization P, of the material, and thus the generation of an internal electric
field, related to the polarization vector by the equation described in Eq. (2.38).

The InN semiconductors employed in this thesis as SAs for ultrafast pulse gener-
ation in a mode-locked fiber laser demonstrate polarization independence when the
incident pump is launched in the z direction. The spontaneous polarization can be
screened as it is produced at the interfaces of the material, whereas the piezoelectric
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polarization becomes the dominant factor in nitride-strained nanostructures.

The structural characterization of InN semiconductor materials has been con-
ducted in previous theses of our group [132,133] by atomic force microscopy (AFM)
and field-emission scanning electron microscopy (FESEM) techniques.

Therefore, a sapphire layer, which is also described by a hexagonal structure, has
been employed as the material substrate. In this thesis, an InN material deposited on
a GaN-on-sapphire template has been used as the semiconductor saturable absorber.
The sapphire material has a refractive index lower than the InN semiconductor, and
it is transparent in the near-infrared range.

4.3.2.2 Bandgap structure of binary III-nitrides

The bandgap energy structure of semiconductors can be classified depending on the
energy level. In this case, the band with higher energy corresponds to the conduction
band, while the lower energy band, known as the valence band, is separated into
the heavy-hole (HH), the light-hole (LH) and the split-off hole or crystal field band
(CH) states, respectively.

A direct optical band gap is present in all wurtzite binary IIl-nitrides (AIN,
GaN, InN). Therefore, the maximum value of the valence band coincides with the
minimum point of the conduction band centered in the Brillouin zone (I point). A
schematic representation of the bandgap structure of InN and GaN compounds is
depicted in Fig. 4.9.

@ ——— (b ~
- 6

Energy [eV]
Energy [eV]

Figure 4.9: Energy bandgap structure of a wurtzite InN and GaN semiconductor
materials centered in the Brillouin zone I' [134].

Nevertheless, the bandgap energy structure of semiconductors can be varied
by an external perturbation, such as temperature, as demonstrated by Varshni et
al. [135]. At high temperatures, the shift in the relative positions of the valence
and conduction bands increases linearly with the temperature. Whereas at low
temperatures, the dilatation of the band structure follows a nonlinear dependency.
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The energy bandgap of the binary I1I-group semiconductor materials varies from
the ultraviolet region, 6.2 eV or 200 nm in the case of AIN, to the infrared region, 0.65
eV or 1900 pum corresponding to the InN compound. However, the bandgap energy
of InN semiconductors has been a matter of controversy in the last decades due to
its wide range of values under different growth processes. A direct bandgap energy
value of 1.9 eV was measured for an InN semiconductor grown by RF-sputtering on
a glass substrate at room temperature [136]. Soon afterward, Davydov et al. found a
0.9 eV bandgap energy in high-quality InN polycrystalline films [137]. Nevertheless,
in the last few years, molecular beam-epitaxy (MBE) has enabled the generation
of good-quality InN crystals, resulting in an optical band gap energy of only 0.64
eV at room temperature [138]. Therefore, larger bandgap energy structures in the
range of 1.6 to 1.9 eV can be related to poor-quality crystalline layers and higher
free carrier concentrations, which may lead to the appearance of the Burstein-Moss
effect, associated with the presence of dopants within the layers of the material, as
it will be explained in Chapter 5.

In relation to electronic properties, such as the concentration of carriers and mo-
bility, these determine the performance and efficiency of IIl-nitrides-based devices.
The mobility of carriers in semiconductors is affected by several factors, including
temperature, electrical field, material quality and doping concentration. In this
sense, the mobility of carriers within the semiconductor is low when the lattice
mismatch between the semiconductor and substrate layers is large.

As for the thermal and chemical properties, III-nitrides have a high melting
point, chemical stability and mechanical strength due to the strong chemical bond-
ing between the atoms of the material. Moreover, the strong bonding of III-nitrides
makes them resistant to electrical degradation caused by high electrical currents and
radiation damage. Thus, IIl-nitride-based devices are capable of working in hostile
environments, due to their high thermal resistance and good thermal conductiv-
ity properties. The principal thermal and electrical properties of binary IIl-group
nitrides are listed in Table 4.1.

Properties AIN GaN InN

Bandgap energy (eV) 6.20 3.39 0.65

Thermal conductivity (Wem™'K™!) 2.0 1.3 0.8
Melting point (°C) >3000 >2500 >1100

Effective electron mass (m,) 0.48 0.2 0.06

Electron mobility (cm?V~1s™!) 300(T) 1000(T) 14000(T)
/426(E)  /900(E) /3980(E)
Electron concentration (cm™?) <10'  ~10'7 >10%7

Table 4.1: Thermal and electrical properties of wurtzite I1I-nitrides AIN, GaN and
InN [139]. The (T) and (E) notation of the electron mobility correspond to the
theoretical and experimental values for each compound.

4.3.3 Optical properties

In order to determine the optical characteristics of an IIl-nitride device, several
factors must be taken into account, including the refractive index, absorption and
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transmission coefficients of the materials. Depending on the value of the optical
intensity of the incident light source, it can be differentiated between linear and
nonlinear optical properties.

4.3.3.1 Linear characteristics

In relation to the linear transmission and reflection properties, the material can
be characterized by the measurement of the collected energy from a light source
after passing through the sample. Usually, the light source consists of a white
lamp emitting from the ultraviolet to the near-infrared region, thus the transmission
behavior of the material can be studied for the whole spectral range. The optical
power is collected by an optical lens and focused on a photodetector, from which the
data is analyzed. A Sellmeier approximation can be used to estimate the real part
of the refractive index from the transmittance measurements [140]. The refractive
indices of binary IIl-nitrides are found to be ng = 2.16 for AIN, ny = 2.36 for GaN
and ny = 2.95 for InN when illuminated by a laser source with an optical wavelength
centered at 1.55 pum [141]. Some preliminary results of the transmission coefficient
in InN semiconductors have been carried out in [142].

On the other hand, the linear absorption coefficient ag can be estimated from the
linear transmission coefficient as ag(A)=In[T'(\)]/l, being [ the layer thickness of the
material [143]. Depending on the incident energy, the total absorption coefficient

can be expressed as,
Qo

= - o(Bo.cs5— E/AE)

a(E) , (4.14)
where E ¢ is the effective bandgap energy of the IIl-nitride and AE corresponds
to the absorption edge broadening. Thus, from the measurement of the linear trans-
mission and absorption coefficients, the value of the bandgap energy of the material
can be estimated.

Through the representation of the magnitude («£)™, being n a constant param-
eter that depends on the structure of the material (n = 1/2 for direct bandgap
structures and n = 1 for indirect structures), in terms of the incident energy FE, it
can also be determined the bandgap energy of the semiconductor. In this represen-
tation, also known as Tauc’s plot [144], the crossing point between the linear fit of
the (aF)™ curve and the x-axis £ will correspond to the approximate experimental
bandgap energy value of the material.

In the case of InN semiconductor materials, Jimenez et al. [145], measured an
energy bandgap of 0.8 eV (when excited with a laser source at 1.55 ym) and a linear
absorption coefficient of oy = 1.4 - 10* cm ™! with the material used in this thesis.

4.3.3.2 Nonlinear characteristics

When the optical intensity of the incident light source is high enough, nonlinear
effects govern the transmission and absorption processes of materials. Due to the
6 mm type hexagonal wurtzite structure of IIl-nitrides mentioned in the previous
section, the second-order nonlinear effects generated when impinging in the z direc-
tion within the material can be considered negligible [31]. Therefore, in this case, the
study of the nonlinear properties of III-nitrides is based on the measurement of the
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nonlinear refractive index (ng) and nonlinear absorption (ay) parameters, related to
the third-order susceptibility y).

To do this, a high-power radiation source is focused on the material sample by
an optical lens. The sample is translated in the z-axis propagation direction in order
to obtain the maximum intensity transmission value, which coincides with the focal
point of the lens. The output energy is collected by another lens and collimated on
a photodetector. The transmission curve in terms of the position of the sample in
the propagation direction z measured by this technique, known as z-scan, can be
approximated by the equation,

1 OzgloLeff

T(2) =1 — —_ 220%elf
(2) 2v/2 1+ a2

(4.15)

where x is the ratio of the position of the sample z and the focal point 2y, while Ly
is the effective thickness of the material defined in Eq. (3.18). If the transmission
curve decreases as the sample is moved along the z-direction, i.e., a valley is obtained
at the focal point (as > 0), the material is said to have reverse saturable absorption
(RSA), whereas if the transmission increases when the sample is moved closer to
the focal point with a peak at its center (ay < 0) the material presents saturable
absorption (SA).

In the case of binary IIl-nitrides, a TPA behavior was observed for bulk AIN
with a nonlinear absorption coefficient of ag = 13 ¢cm/GW and ny = —1.9 - 10713
cm?/GW when illuminated with a light source centered at 355 nm (3.5 eV) at room
temperature [146]. For GaN semiconductors, TPA processes were also measured
at room temperature with a nonlinear absorption value of ap = 1500 cm/GW and
ng = —2.9-107'? cm?/GW for an incident wavelength of 362 nm (3.42 eV) [147].
Nevertheless, these materials do not exhibit significant nonlinear behavior in the
infrared region. Regarding InN materials, the nonlinear absorption coefficient was
found to be of @y = —3500 cm/GW and ny = —2.5 - 107! em?/GW for a bulk
wurtzite InN structure when excited with a 1.55 um laser source, thus demonstrat-
ing a large SA performance [148]. Therefore, InN materials demonstrate relatively
large nonlinear effects over other semiconductor devices when excited with a light
source near their bandgap energy, thus becoming the perfect candidate as saturable
absorbers in ultrafast pulse generation in fiber lasers.

This process can also be repeated as the intensity of the light source increases
(a figure with the transmission value for each incident power can be obtained).
From this image, the main parameters of a saturable absorber material can be
calculated, i.e., the linear and nonlinear transmission losses, the maximum change in
transmittance, also known as modulation depth, as well as the saturation fluence and
the maximum bearable optical intensity (damage threshold) characteristics, defined
previously in Fig. 4.5. The transmission variation as a function of the incident
fluence can be expressed in terms of these coefficients by the equation [149]:

L [1+ G (eF/For — 1)

T(F)=T,,
( ) F/Fsat

e~ F/Frat (4.16)

In terms of modulation depth and saturation fluence, AIN and GaN semicon-
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ductors do not demonstrate high nonlinear effects: less than 4% for GaN materials,
whereas a 15% maximum transmission change and a saturation intensity of 0.27
pJ/em? in GaN/AIN MQWs at 1.55 ym have been measured in [150].

An extensive study of the optical properties of InN wurtzite semiconductors was
carried out in previous studies [142], where a linear and non-saturable transmission
of Ty, = 28% and T, = 45% were measured with a saturation fluence of Fi,; =
315uJ /cm?. Therefore, these materials constitute the perfect candidate for saturable
absorption in mode-locked fiber lasers at the 1.55 pum.

4.4 InN-based ultrafast mode-locked fiber laser

In this section, an overview of the laser configuration used in this work will first
be presented. The optical properties, including time duration and optical power,
are also discussed. Finally, numerical simulations of the laser cavity are developed,
denoting the advantages and disadvantages of InN-based mode-locked fiber lasers
and the introduction of possible solutions for the enhancement of the fiber laser
cavity and its optical properties.

4.4.1 Experimental set-up

An experimental ring fiber laser cavity was constructed with the aforementioned
InN saturable absorbers in reflection configuration for mode-locked operation. To
do this, an optical aluminium mirror has been placed on the bottom face of the InN
sample, creating what is called a SESAM device. To do this, an ATC ORION-3-HV
sputtering chamber was used, and placed in Grupo de Ingeneiria Foténica (GRIFO)
facilities at Universidad de Alcald in Madrid. These Al-mirrors are approximately
300 nm thick, and have been deposited at a deposition rate of 240-250 nm /h, at room
temperature with a flux of Ar of 2sccm. The power applied to the Al target during
deposition was 75 W, and the chamber pressure was maintained at 5 mTorr. The
SESAM is constituted by a 1 gm InN thin layer deposited on a GaN-on-sapphire
template of 4 um/350 pum thickness, by a PAMBE technique whose fabrication
characteristics can be summarized in a growth temperature and growth rate of 450
°C and 280 nm/h respectively with nitrogen interruptions every 5 min. The reflection
of the aluminum layer was measured to be ~ 96%, whereas the linear transmission of
the InN sample was calculated at 23% for an incident source centered at 1.56 pm, as
shown in the inset of Fig. 4.10. In relation to the absorption, it has been measured
at a value of ap = 1.4- 10* em™! and ay = —3.5- 10° ¢cm/GW for the linear and
nonlinear coefficients. In this case, the saturable and non-saturable transmission
coefficients are 27.8% and 44.5%, corresponding to a modulation depth (MD) of
16.7%, whereas the maximum nonlinear change, calculated as T,s/T}n, is set to
160%. A figure of the SESAM sample nonlinear transmission features is represented
in Fig. 4.10.

The resonator cavity comprises an on-off operation gain medium, based on an
off-the-shelf Er-doped fiber amplifier (EDFA Accelink TV-series), operating at a
constant and non-adjustable saturation output power of 24 dBm during the on-
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Figure 4.10: Experimental nonlinear optical transmission of the InN-based SESAM
sample SO as a function of the incident fluence (black dots). The red line represents
the nonlinear fit of the transmission curve described by Eq. (4.16) obtaining the
principal optical characteristics of a saturable absorber, i.e., the linear (7};,) and
non-saturable transmission (7),s), modulation depth (MD) and saturation fluence
(Fsat). The inset figure shows the linear transmission of the InN sample under
the excitation of a light source with a variable wavelength from 350 to 3000 nm,
obtaining a 23% when illuminated at 1550 nm.

times. The amplification operation is introduced along 16 m of EDF with a group
velocity dispersion coefficient of GVD=0.016 ps?/m similar to the one reported in
reference [151], generating a total dispersion of 0.256 ps®. This value is an estimation
taken from similar EDF samples as the ones used in the EDFA, since the gain
medium is a commercial EDFA, and the company has not provided the authors
with the real value.

The rest of the optical cavity is constituted by 22 m of SMF, with an estimated
GVD coefficient of +18 ps/nmkm which at 1560 nm corresponds to a dispersion of
-0.021 ps?/m, corresponding to a total dispersion of -0.462 ps®. The net dispersion
coefficient of the laser cavity, with a total length of 38 m, can be calculated as
the sum of the EDF and SMF dispersion coefficients, with a value of -0.206 ps?
(working in the anomalous regime), since the InN SESAM dispersion effect can be
considered as negligible. This can be explained by the enormous difference in length
between the fibers (tens of meters) and the saturable absorber, which in this case
has a thickness of 1 pum, i.e., a difference of 7 orders of magnitude. Note that in this
case, the vast majority of the transmission through the semiconductor is made in
a single round-trip, i.e., the multiple internal reflections within the bulk structure
are relatively small in comparison with the direct single-pass transmission. This is
also evidenced by the relatively small Fabry-Pérot oscillating spectral features in the
transmission measurement in the inset of Fig. 4.10, denoting the small dispersion
coefficient of the saturable absorber.
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Once the gain medium is switched on, a CW noisy and random power radiation
is sent to the SESAM, propagating through standard single-mode fiber (SMF28).
Thus, a self-starting operation is generated by the saturable absorber, leading to the
emission of an ultrashort 1.56 pum optical pulse train. When the radiation source
impinges on the SESAM sample in the z-axis propagation direction, no polarization
dependency is observable because of the wurtzite morphology of the InN material,
thus no polarization controller has been included within the laser cavity.

As it was mentioned in Chapter 2, the laser does not emit pure soliton pulses, but
should be considered as a dispersion-managed soliton laser with a low net anoma-
lous dispersion. The optical pulse is stretched and compressed temporally (opti-
cal breathing) as it propagates through each optical fiber, passing from normal to
anomalous dispersion regions. Thus, after multiple round-trips a stable pulse train
is emitted. The complete laser set-up of the resonator cavity is plotted in Fig. 4.11.
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Figure 4.11: Reflective fiber laser set-up based on the use of an EDFA amplification
system and SMF optical fibers, controlled by an isolator and variable attenuator,
where the SESAM-InN sample is located in reflection configuration [152].

4.4.2 Optical characteristics of the InN-based ML-fiber laser

In order to measure the optical characteristics of the fiber laser, a 70/30 optical fiber
coupler is introduced within the laser cavity, in which a 30% of the optical power
is extracted, whereas the remaining 70% of the optical power is recirculated for the
purpose of maximizing the mode-locking operation within the resonator cavity [142].

e Transversal mode: In Chapter 2, the transversal mode profile of an optical
pulse propagating through an optical fiber was described by a Gaussian dis-
tribution (see Fig. 2.2). In this case, a knife-edge technique has been used for
the characterization of the spatial intensity distribution at the output of the
passively mode-locked fiber laser in terms of the beam waist and the Rayleigh
distance. An experimental value of wg = 8.5 pm and zr = 223.2 um have been
obtained for the beam waist and the Rayleigh distance, respectively.

e Repetition rate: As explained in Section 4.1, a train of pulses is generated at
the output of a passively mode-locked laser, with a time separation between
consecutive pulses given the cavity round-trip time.
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The repetition period 7., can be measured by the use of a photodetector
connected to an oscilloscope. In this case, we employ an optical 100 MHz-
photodetector (PDB410CAC, Thorlabs) and an oscilloscope with an optical
bandwidth of 4 GHz (Keysight Technologies MSO9404A) with 40 GSa/s. An
experimental figure of the time period of a fiber laser cavity with a length of
38 m is depicted in Fig. 4.12. A time interval of 178.5 ns has been estimated
between consecutive pulses, operating in the fundamental mode.

Nevertheless, this repetition rate can also be obtained by using an electrical
spectrum analyzer (ESA) but in the frequency domain (fe,). In our case, a
repetition rate of 5.6 MHz was estimated for a 38 m fiber laser cavity with a
32 GHz RF-spectrum analyzer (Agilent N9010A).

; 1785 ns

100 ns/div

Figure 4.12: Oscilloscope trace for a fundamental mode-locked fiber laser cavity
with a 178.5 ns (5.6 MHz) repetition rate [153].

e Optical spectrum: The spectrum of an ultrafast pulse can be obtained by
connecting an optical spectrum analyzer (OSA) to the output port of the
laser. In this work, we use a Yokogawa AQ-6215B device to measure all the
experimental pulse spectra. An example of the spectrum is represented in
Fig. 4.13(a). The optical spectrum can be adjusted to a Gaussian pulse shape,
typical of strongly dispersion-managed cavities. By applying a Gaussian fitting
curve (red line) to the experimental data (solid black dots), the FWHM of the
optical pulse can be determined. In this case, a 3 dB bandwidth of 19.2 nm
has been measured centered at 1564 nm. It must be noted the absence of
Kelly-sidebands in the optical spectrum, denoting the distance from the pure
soliton laser operation [46]. Furthermore, the spectrum does not present any
visible noise from the EDFA.

e Pulse duration: the fiber laser output is driven to the autocorrelator (AC)
for the characterization of the temporal width of the emitted ultrafast pulse.
As explained in Chapter 2, the autocorrelation device is based on the SHG
principle, measuring what is called the ACF [154].

Nevertheless, in 1993 Rick Trebino et al. [154], discovered a new technique
capable of measuring both the amplitude and phase of the optical pulse. This
device, known as frequency-resolved optical gating (FROG), gives a complete
description of the incident electric field, thus the chirp parameter of the optical
pulse can also be determined. With this method, the quality of the laser pulse
can be monitored continuously [155].
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Figure 4.13: Optical spectrum (a) and autocorrelation (b) traces for a passively
mode-locked fiber laser using a 1 pm InN SESAM sample as saturable absorber.
The red lines correspond to the Gaussian fit curves to the experimental data (black

dots).

In this thesis, a commercial APE Mini PulseCheck autocorrelator is employed
for the characterization of the pulse duration in the temporal domain of the
mode-locked fiber laser with a temporal resolution as low as 5 fs and a delay
resolution of 0.05 fs. The autocorrelation trace of the 38 m fiber laser cavity
output laser pulse is depicted in Fig. 4.13(b). A Gaussian fit has been applied
to the autocorrelation traces, represented with a solid red line. Therefore, the
temporal duration of the optical pulse (7,) can be obtained by the FWHM
measurement of the ACF (74¢) multiplied by a constant corrector parameter,
whose value depends on the shape of the pulse profile [156]. In the case of
Gaussian pulses, this factor corresponds to 74¢/7, = 0.707, whereas for sech?
pulses it varies to 74¢/7, = 0.648. In this sense, the temporal pulsewidth
has been measured to be 268.7 fs calculated from the Gaussian fitting curve
of Fig. 4.13(b). It is worth noting that no pedestal has been observed in the
autocorrelation function, analogous to the absence of Kelly sidebands in the
optical spectrum. This feature is usually found in optical lasers operating
in the pure soliton mode and associated to a sech? pulse profile. Therefore,
the Gaussian shape indicates the dispersion-managed operation of this mode-
locked fiber laser. Furthermore, no secondary peaks are observed in the ACF
pulse profile.

As discussed in Section 4.1, the TBP parameter can be calculated from the
product of the temporal and spectral pulsewidth (in the frequency domain) as
described in Eq. (4.7), with a value of 0.445, working close to the Gaussian
range for the transform-limited condition (0.44).

e Average power: In order to measure the power of a train of pulses at the
output of the fiber laser, a power-meter (Thorlabs, PM100USB) is connected
to the output port. As it was mentioned before, the peak power and pulse
energy are estimated from the average power, repetition rate and pulsewidth
in the temporal domain. In this sense, an average power of 28 mW has been
measured at the output of the laser cavity, which corresponds to 24 kW and 4.5
nJ for the peak power and pulse energy respectively, based on the repetition
rate and temporal pulsewidth previously measured.
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Therefore, taking into account the 70/30 fiber coupler within the laser cavity,
the average power hitting the saturable absorber material scales up to 70
mW. This implies an optical fluence of 9 mJ/cm? within the InN layer. No
optical damage has been observed for the maximum gain provided by the
EDFA medium (24 dBm) in the SESAM sample. Accordingly, these results
indicate that InN can be utilized for high-energy applications more effectively
than popular materials working at 1.5 pum, such as InGaAs SESAMs, whose
damage thresholds are below the 2 mJ/cm? range.

4.4.3 Numerical simulations

In this section, some simulations related to the ring fiber laser cavity have been
performed in MATLAB®) in order to study the stability of the pulse within the
resonator, as well as its limitations and possible improvements. To do this, we will
firstly introduce the simulation of an ultrafast Gaussian optical pulse and its spec-
tral representation. In a 2"¢ section, the propagation of the optical pulse through
an optical fiber is explained by the split-step Fourier method. Afterwards, a com-
plete simulation of the laser cavity is performed incorporating the simulation of the
saturable absorber. Finally, we study the stability of the pulse while propagating
through the resonator.

e Gaussian Pulse

An ultrashort pulse comprises only a few cycles of a sine wave. Our expression
for an ultrashort pulse will be the product of a sine wave and a pulse envelope
function, which in this case will take the form of a Gaussian shape, as above
described. Therefore, to simulate the Gaussian pulse envelope, we will follow
the equation represented in Eq. (4.5), whereas the complete electric field can

be expressed with:
t—t

E(t) = 1/ppeake(Tu§ss) eiwot (4.17)

where t(y corresponds to the initial time, usually centered in zero, and wy is the
central angular frequency of the pulse. In this case, a wavelength of 1560 nm
is assumed, which implies an angular frequency of 1.2-10'% rad/s. Moreover,
the pulse duration 7gayss is related to the FWHM by Eq. (4.6).

In order to simulate the complete Gaussian electric field, it is necessary to
describe a time window (7") big enough to achieve the desired resolution. This
time window will depend on the number of points (N) and the time separation
between them (dt), following the Nyquist-Shannon theorem. Nevertheless,
this also implies processing a huge number of data, which will derive in time-
consuming computational systems.

Consequently, the electric field must be defined both in the temporal and
frequency domains. To do this, the MATLAB program has a software packet
based on the FT algorithm, named as fast Fourier transform (FFT), setting
the number of points N as a power of 2. As a result, it is usually employed a
number of points in the range of 23 to 216,
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An example of a Gaussian pulse with a peak power of 30kW and a temporal
duration of 270 fs has been represented in Fig. 4.14(a) by 2! points in a
time window of 10 ps. This pulse has also been represented in the frequency
domain/wavelength range after applying the FFT function in the MATLAB
code (b) and (c).
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Figure 4.14: Simulation of an ultrafast 30 kW-Gaussian pulse with a pulsewidth of
270 fs represented by a time window of 10 ps with 2'? points and a time spacing of
dt = 0.0917 ps (a) and its representation in the frequency domain (b) and wavelength
region (c) when applying the FFT algorithm centered at 192 THz and 1.56 pum,
respectively. Every figure has been normalized for simplification.

¢ Fiber Propagation

As mentioned in Chapter 2, the optical pulse suffers from dispersion and non-
linear effects while propagating through the optical fiber. In Fig. 2.4(c) and
Fig. 2.5, a simulation of the evolution of an optical pulse within an optical
fiber with a total distance of 5 km under the effect of dispersion and SPM
respectively, were performed independently. Nevertheless, this is not the case
in real experiments, where both the dispersion and SPM are present within the
optical fiber all at once. In this respect, the propagation of the optical pulse
inside the optical fiber can be simulated by employing the split-step Fourier
method, which takes the form:

0A fs
= (D+N) 4 418
being z the propagation direction, A the amplitude of the electric field, and

D and N are the differential dispersion and nonlinear operators,

s ifh O Bs O3 (a+g)
Pt eom T 2 (4190)
- D 9| AJ?
N:Z"}/ (‘A’2A+ZST08_T (’A‘QA) —TRT()A T ) . (419b)

In the split-step algorithm, an approximate solution can be obtained when
applying the dispersion and nonlinear effects independently when the optical
pulse propagates over a small length h as,

69



4.4. INN-BASED ULTRAFAST MODE-LOCKED FIBER LASER

Az + b, T) ~ D) U NE ((3D) A, Y (4.20)

This equation is also known as the symmetrized split-step Fourier method.
In this case, the optical fiber is divided into individual segments with the
same size and equally spaced h, where the pulse is first propagated through
a dispersive fiber with length h/2, whose effect is described in the frequency
domain. Afterwards, the inverse fast Fourier transform (IFFT) is applied
to change back to the temporal domain, where the optical pulse propagates
under the SPM nonlinear effect over a distance h. Finally, the electric field
is represented again in the frequency domain by the FFT, where the pulse
propagates through the remaining h/2 dispersive fiber. The split-step Fourier
method has become the key element for the description of pulse propagation
in optical fibers due to its fast execution and accuracy.

z=0

DISP DISP

Figure 4.15: Diagram of the symmetrized split-step Fourier method

In our case, it has been simulated the propagation of an ultrafast pulse through
the optical fibers employed in our laser configuration, i.e. SMF and EDF. As
shown in Fig. 4.16(a)-(b), the 1550 nm optical pulse suffers from different ef-
fects along its propagation due to the variation of the dispersion and nonlinear
coefficients for each fiber.

- The propagation through the SMF is governed by the dispersion of the
optical pulse, as shown in Fig. 4.16(a). In this case, an unchirped optical
pulse with 270 fs of temporal duration at FWHM and a peak power of
2.5 kW at the input of the optical fiber has been simulated. The pulse
evolution is studied along a fiber length of 10 m, where the pulse demon-
strates a breathing behavior. Due to the dispersion and SPM coefficients,
the pulse is stretched in time, reaching a quasi-stable soliton operation
mode. At the output, the optical pulse is characterized by a 4.26 kW
peak power and a pulse duration of 106.8 fs.

- On the other hand, in order to simulate the amplification process along
the EDF fiber, a gain factor ¢ has been incorporated into the split-step
Fourier code for each step with a value of 1-10® km~! and P,,;=10> W.
Consequently, a 270 fs optical pulse with a 2.5 kW of peak power has
been programmed to travel along 16 m of normal dispersion EDF. The
soliton-like pulse evolves into a gain-guided pulse, whose output profile
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can be approximated to a Gaussian shape. For this simulation, a 26.5
kW optical pulse with a pulsewidth of 121.2 fs has been measured at the
output of the optical fiber.
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Figure 4.16: Simulation of pulse propagation through the different fibers used in
the proposed laser set-up (a) SMF and (b) EDF.

¢ Ring Fiber Resonator Cavity

Once we have studied how the dispersion and nonlinear effects affect an ul-
trafast laser pulse while propagating through an optical fiber, a complete ring
fiber laser is going to be simulated. In order to reproduce the experimental
set-up, the simulation is divided in a EDF+SMF+SESAM-+SMF fiber config-
uration. For simplicity, an initial Gaussian pulse has been assumed to circulate
inside the resonator fiber laser cavity.

The fiber configuration is as follows: firstly, a Gaussian optical pulse of 270 fs
centered at 1560 nm and with a peak power of 2.5 kW propagates through 16
m of EDF. To simulate the optical gain, it has been applied Eq. (4.10) with
a small signal gain coefficient of gy = 1-10% km™! and a saturation power of
P,ot = 10> W. As explained in Eq. (4.19a), the optical gain has been incorpo-
rated along the fiber loss coefficient o during the dispersion split-step segment.
To reproduce the optical fiber coupler, the pulse is separated into two arms,
where 30% of the pulse corresponds to the cavity laser output, whereas 70%
is re-circulated inside the resonator. At the output, the optical pulse pre-
serves its Gaussian shape with a pulsewidth of 120 fs and a peak power of
~ 80 kW in the case of the 70% port, and 30 kW for the 30% case. The
optical pulse enclosed within the laser cavity (70%) is propagated through 12
m of SMF, recovering its initial temporal width due to the dispersion coeffi-
cient. Afterwards, the SA absorption effect has been simulated. Despite the
reflection configuration of the experimental set-up, the saturable absorption
effect has been simulated in transmission for simplification purposes. A nor-
malized linear transmission 1j;,, = 0.27 and saturable transmission T,,, = 0.45
coefficients have been applied along with a modulation depth of 0.18 and a
saturation power of Py (SA) = 0.3 W. The electric field of the optical pulse
when transmitted through the saturable absorber is,
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where Fgyr and Pgyp correspond to the electric field and optical power of
the pulse after the propagation through the previous SMF fiber.

The optical power of the pulse is reduced due to the high absorption coefficient
of the SA | introducing a fiber loss of 27 dB (including coupling losses). Thus,
the 2.5 kW optical pulse propagates through 10 m of SMF, without experi-
encing any nonlinear effect due to the low optical power, reaching again the
EDF fiber. The evolution of the optical pulse in the temporal domain while
travelling through each segment of fiber has been plotted in Fig. 4.17.
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Figure 4.17: Evolution of a 270 fs Gaussian pulse with a peak power of 2.5 kW in a
ring fiber laser cavity composed by 16 m of EDF, 12 m of SMF, a passive saturable
absorber and a second section of 10 m of SMF.

Nevertheless, it must be noticed that the coupling between different fibers
(EDF and SMF principally) is not perfect, hence an optical loss has to be
taken into account. A transmission coefficient ratio (fraction of unity) of 0.7
(0.3 of attenuation) between each fiber connection has been incorporated in
the MATLAB code. Furthermore, since the SA is located in a free-air con-
figuration, an additional optical loss of 0.3 is inserted before and after the
saturable absorption effect.

After the first propagation, multiple roundtrips can be done to study the sta-
bility of the simulated solution in terms of peak power and optical pulsewidth.
In this sense, to reproduce the cavity roundtrip, a for-loop is added to the
resonator MATLAB code. For each roundtrip, the optical pulse propagates
through the EDF+SMF+SESAM-+SMF fiber configuration. The evolution
of the optical pulse at the output of the 30% coupler port is depicted in
Fig. 4.18(a) for 10 roundtrips. On the other hand, the 70% is sent back
to the laser cavity, where the peak power of the output pulse is measured,
represented in Fig. 4.18(b) along with its temporal width Fig. 4.18(c).
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Figure 4.18: Stability of the simulated fiber ring laser cavity: (a) Output pulse
(30% coupler port) stability simulation for 10 roundtrips of the laser cavity, (b)
Simulation of the stability of the optical pulse inside the laser cavity (70 % coupler
port) for 10 roundtrips, (c) Peak power balance in 10 roundtrips for the 70% laser
pulse (cavity pulse), and (d) Output laser pulsewidth (30% port) balance in 10
roundtrips.

4.5 Conclusions

In conclusion, an introduction to the fiber laser theory and mode-locked lasers has
been presented in this chapter. Furthermore, a complete explanation of the sat-
urable absorber properties applied in passively mode-locked fiber lasers has been
discussed. Among semiconductor saturable absorbers, InN materials have demon-
strated huge advantages due to their polarization independence, related to their
wurtzite structure, the thermal and chemical stability, high-quality crystal lattice
when constructed by PAMBE fabrication processes, and its direct bandgap struc-
ture, which makes InN a good candidate for applications in the C-band range (emis-
sion wavelength centered in 1.5 pm). Moreover, results on the optical characteristics
of an InN sample have been obtained. In this case, a bulk wurtzite 1 ym InN layer
deposited on a 4 pm GaN-on-sapphire layer with a 0.8 eV bandgap has been char-
acterized, demonstrating a huge nonlinear behavior (ae=-3500 cm/GW and 17% of
modulation depth).

This InN semiconductor material has been used as a SESAM in an experimental
38 m ring fiber laser cavity, enabling the self-starting operation mode-locking process
and emitting an ultrafast laser pulse centered at 1564 nm with 5.6 MHz repetition
rate. The temporal profile can be approximated to a Gaussian shape, with a pulse
duration of 268.7 fs, while in the frequency domain a 19.2 nm bandwidth is obtained
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(TBP=0.445). The maximum optical power achievable by this resonator cavity is
28 mW of average power, equivalent to a peak power of 24 kW and an energy of 4.5
nJ.

Finally, a simulation of the ring fiber laser cavity has been performed in or-
der to reproduce the experimental values and to evaluate possible improvements.
In this sense, a Gaussian 270 fs optical pulse with a peak power of 30 kW cen-
tered at 1560 nm is constructed by a MATLAB home-made software. The prop-
agation of the optical pulse within each segment of the ring fiber laser cavity
EDF+SMF+SESAM+SMEF has been performed by a split-step algorithm, where
the peak power and pulsewidth are analyzed at the output of the fiber resonator.
Furthermore, the optical pulse’s stability for 10 roundtrips has been studied. A good
approximation of the experimental values has been obtained, as well as the stability
of the optical pulse in terms of peak power and pulsewidth. The simulated optical
peak power at the 30% port coincides with the experimental peak power measured
at the output of the fiber laser. As mentioned before, a 28 mW average power (24
kW of peak power) has been obtained. By taking into account the optical losses
experienced by the optical pulse after propagating through the fiber laser cavity and
the attenuation introduced between the fiber end facets (0.3 ratio), the simulated
peak power inside the laser cavity corresponds to 52.5 kW, close to the real value
(56 kW according to estimations).

Nevertheless, ultrashort pulses generated by these fiber lasers are restricted to
a few hundred of kW of peak power and tens of fs as temporal pulse duration,
limiting its use in industrial applications. Therefore, as demonstrated by these
results, the optical pulse can be enhanced in terms of peak power and temporal
pulsewidth by reducing the optical losses within the laser cavity introduced by both
the saturable absorber and the laser configuration system. Keeping this idea in
mind, in this work we proposed two main improvements for this ring fiber laser
cavity: (i) the enhancement of the InN samples by an increase of the crystal quality
due to the reduction of the Burstein-Moss effect (carrier concentration), and (ii) the
substitution of the SESAM in a free-air configuration by an all-fiber ring resonator
cavity, eliminating the insertion losses generated due to the reflections introduced
by the optical lenses and its back reflections. These improvements will be explained
in the next chapter.
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In optical radiation sensing, the development of reliable ultrafast fiber laser tech-
nology based on passively saturable absorbers presents a very challenging task. In
addition, achieving ultrashort emission is even more demanding since, on top of the
lack of saturable absorbers with ideal electrical and optical properties, it should
be added the need to address high-power reliable laser sources which can be em-
ployed in a wide variety of applications. Despite the existence of a wide variety
of III-group semiconductor materials as saturable absorbers with high nonlinear
properties, other parameters such as temperature resistance, chemical stability, or
electrical resistance should be accomplished for the generation of highly-stable high-
power ultrafast mode-locked fiber lasers.

With the growing interest in developing semiconductor materials with enhanced
crystal structures and optimized fabrication techniques, the monitoring of material
deposition is now considered to be fundamental in the pursuit of that goal. The
introduction of highly-controlled fabrication mechanisms, along with a careful se-
lection of the structure of the material during the deposition process, has enabled
the development of high-quality semiconductor saturable absorbers with the appro-
priate characteristics (temperature, chemical and electrical resistance, or nonlinear
behavior, among others) and thus the improvement of laser sources in relation to
the pulsewidth and optical power.

In this chapter, we propose a method to enhance the optical characteristics of the
InN-based semiconductor materials employed in this thesis as saturable absorbers
in an Er-doped mode-locked fiber laser in terms of their material content structure
and better control of their deposition parameters. The core idea of the system is
the use of a buffer layer deposited between the InN layer and the GaN-on-sapphire
template. The closer lattice constant of this buffer layer, in comparison to the
sapphire substrate, implies the fabrication of a higher quality crystal structure due
to the reduction of defects on the material surface, as it will be explained in Section
5.1.1. On the other hand, higher control of the fabrication process introduced in
Section 5.1.2 translates into a lessening of the carrier concentration, which leads to a
higher nonlinear behavior in the saturable absorber material. Then, we extend the
demonstration of the improvement of the optical properties of the semiconductor
material by testing its characteristics as a saturable absorber in our ring fiber laser
resonator cavity in relation to the output peak power and temporal pulsewidth.

Nevertheless, despite the design of the saturable absorber structure, the intro-
duction of this material within the laser cavity is also a challenge for the develop-
ment of more reliable and efficient ultrafast laser sources. Particularly, saturable
absorbers located in open-air configurations have demonstrated high losses, which
can be detrimental to the formation of high-power ultrashort pulses. The ongoing
race to mitigate these effects has led to all-fiber laser configurations, where several
methods have been proposed and attempted. Therefore, in section 5.2 we present
the design, proof-of-concept, of the first passive mode-locked all-fiber laser system
based on an InN as SESAM, capable of generating sub-100 fs, 70 kW pulses cen-
tered in the near-infrared region (1560 nm). We first demonstrate the concept by
analyzing the losses introduced by the all-fiber device and comparing them to those
obtained by the free-air configuration, described in Chapter 4. Then we extend the
demonstration with the incorporation of the enhanced InN semiconductor samples
mentioned before, showing the high potential of the fiber laser for high-power ap-
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plications. Finally, we demonstrate that this concept can be further explored to
achieve ultra-high-power levels (in the order of MW) by the development of long
all-fiber laser cavities in section 5.3.

5.1 Improvement of InN semiconductors

The fabrication of high-quality semiconductor materials is not an easy task. Among
all ITI-nitrides, growth technology for InN has been the most challenging due to the
lack of lattice-matching substrates and the thermal decomposition of InN of about
470 °C. Tts optical properties are adversely affected by these effects, resulting in
what are called material defects. As a general rule, a defect is any distortion in
an otherwise perfect crystal. During the fabrication process, all crystals present
imperfections in some way or another. Defects can be classified depending on their
structure and symmetry, which can be categorized into two main groups, point
defects, whose imperfection occurs in a specific location within the crystal lattice,
or line/area defect, which affects an extended lattice site. Point defects can in turn
be classified into intrinsic and extrinsic distortions:

e Intrinsic defects also known as native defects, refer to the presence or absence of
certain atoms in the perfect crystal structure. In this sense, these distortions
can be summarized in lattice vacancy, which consists of a missing atom in
the crystal structure, and the interstitial defect, where an atom is positioned
between two lattice sites [157].

e On the other hand, extrinsic defects are related to the introduction of foreign
atoms in the crystal, referred to as impurities. For a compound semiconductor,
such as in GaN, the sites of the atoms can be swapped, that is the atom of Ga
can occupy the site of a N atom or backwards. This effect would change the
properties of the material, as it will be explained later.

Nevertheless, point defects can also be agglomerated into clusters, generating
extended defects. The most important line defects are dislocations, which consist of
the misalignment of a series of atoms from their perfect lattice sites, generally related
to thermal and mechanical stress. A particular example of lattice dislocations is
grain boundaries, in which two contiguous crystalline areas or grains with different
orientations are not well-matched up. Grain boundary defects are of particular
importance at the interfaces of different materials, such as between the thin film
semiconductor sample and its substrate (with different lattice constants), giving rise
to lattice strains. These effects are normally produced during the growth process
and are the preferred sites for corrosion and precipitation generation. Nevertheless,
these dislocations can be relaxed by expanding the film laterally, creating what is
called misfit dislocations. If the dislocation is misplaced on the surface, then it
is known as threading dislocation, very common in InN bulk thin films grown on
sapphire substrates.

In this work, we will focus on dopants, since they are the predominant defect
in bulk InN semiconductor thin films. The semiconductor is said to be intrinsic
or undoped (not to be misled by intrinsic or native defects), when its structure
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does not present dopant species. On the contrary, a semiconductor is extrinsic or
doped when dopant atoms are included. Atomic dopants change the free electron
and hole concentration of a semiconductor, either by acting as donors or acceptors.
The excess of valence electrons in donor atoms provides an increase in the free
electron concentration (charge carrier density represented by the parameter ng) of
the intrinsic semiconductor, leading to a n-type semiconductor material. Whereas, a
p-type semiconductor is generated due to the absorption of electrons by the acceptor
atom from the intrinsic semiconductor valence band, producing an increase of the
free hole carrier concentration py. Thus, the energy position of the Fermi level of an
extrinsic semiconductor can be varied depending on the excess of electron or hole
concentration. In the case of n-doped semiconductors, the Fermi level is closer to
the conduction band, while in p-type materials, the Fermi level is below the intrinsic
semiconductor level, getting closer to the valence band. The doping concentration
may vary between 10 cm™ to 10'® ¢cm™ in most semiconductors depending on the
growth parameters such as temperature, dopant species, and growth rate, among
others, during the fabrication procedure. Therefore, these parameters can be tailored
to generate the desired properties of the semiconductor and thus the perfect device
for any specific application.

However, if the concentration of dopants is high enough, generally with a carrier
concentration above 10'® em™3, the doped semiconductor acts more like a conduc-
tor material, generating what is called a degenerate semiconductor. Thus, when
the concentration of electrons is higher than the conduction band edge density of
states, then the Fermi level is pushed inside the conduction band and thus changing
the energy band structure of the semiconductor material. This effect, known as
Burstein-Moss, generates an apparent shift in the energy bandgap, which can be
represented with the equation E, + AE, where E, is the intrinsic bandgap energy
and AF corresponds to the Burstein-Moss shift. This implies an increase in the
apparent bandgap energy of the semiconductor, which can be measured by trans-
mission measurements (see Chapter 4). An example of the Burstein-Moss effect
occurs in InN semiconductor materials due to the addition of oxygen and hydrogen
dopants within the interlayers or nitrogen vacancies generated during the fabrication
process [158]. In this sense, a bandgap energy between 0.7 eV to 1.9 eV has been
measured, corresponding to a carrier concentration that goes from 107 cm™2 for
high-quality InN crystals grown by PAMBE techniques to up to 10*' cm™3, more
common in InN films grown by sputtering deposition. Therefore, as the carrier con-
centration increases inside the semiconductor material, a stronger Burstein-Moss
shift is produced.

It has become increasingly apparent that understanding defects at a fundamental
level is essential for the development of efficient, high-quality, and reliable optoelec-
tronic devices. An example of this is to improve the efficiency of light-emitting diodes
and solar cells, particularly in those based on novel materials, where I1I-nitrides con-
tinue to be a target for a great deal of researchers. A deeper understanding of point
and line defects at an atomic level has been accomplished by combining advances
in thin-film growth, microscopy, spectroscopy, and computational modeling. This
significant increase in knowledge is enabling engineers to develop new functionali-
ties for semiconductors, leading to higher crystal qualities, and better electrical and
optical properties such as chemical stability, temperature resistance, and electrical
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carrier mobility. In the next sections, a full study of the improvement of the material
properties will be carried out in order to obtain high-quality InN semiconductors,
as well as the effect of these improvements on laser performance when applied as
saturable absorbers.

5.1.1 Introduction of a buffer layer

In the past decades, nitride semiconductors of group III (GaN, AIN and InN) have
attracted considerable attention, as they may be considered among the most im-
portant high-tech materials for electronic and optoelectronic devices due to their
use in a wide variety of applications such as lasers, sensors, solar cells or terahertz
emitters. Among them, InN has demonstrated outstanding electrical properties,
including high electron mobility (12:10% cm?/Vs), large saturation velocities (10
cm/s), and small effective mass, essential characteristics in high-speed electronic
devices. Besides, InN semiconductor materials possess a low growth/synthesis tem-
perature, which along with its narrow bandgap energy of 0.7 eV is compatible with
the development of near-infrared light sources. However, in comparison to other
[II-group semiconductors (such as GaN), the doping effect is an essential factor in
InN, where these parameters can be limited by high residual electron concentrations
within the non-intentionally doped material, as well as the carrier accumulation in
the layer surface.

The lack of suitable substrates fundamentally limits the ability to produce intrin-
sic InN epilayers. Common substrates, including Si, GaN, SiC, and sapphire, have
a very large lattice constant mismatch compared to InN, which ranges from 7, 11,
14, and 27%, respectively [159]. Large lattice mismatches result in large amounts of
defects. These defects act as donors, resulting in high background electron concen-
trations, which, in turn, reduces the carrier mobility of the material. Furthermore,
several factors affect the carrier mobility of a semiconductor, including temperature,
electric field, doping concentration, and even the material quality of the semicon-
ductor. However, major progress has been made in addressing these challenges in
recent years. By using a buffer layer during nucleation, the strain is reduced, which
improves carrier mobility.

In our case, InN epitaxial layers grown on sapphire substrates demonstrate high
quality when they are grown by MBE at a relatively low cost. Nevertheless, due
to the large lattice mismatch between InN and sapphire materials, an intermediate
buffer layer should be introduced in order to reduce the density of structural defects
and thus improve the film quality. In this sense, by including an AIN or GaN buffer
layer to the substrate surface it has been demonstrated the improvement of the
electrical and structural properties.

In order to demonstrate the improvement of the electrical and optical properties
of the InN semiconductor, an InN-based buffer layer is introduced between the InN
layer and the GaN-on-sapphire substrate during the fabrication process (sample S07).
A second InN semiconductor without the buffer layer is also presented (sample S0)
for comparison purposes. The fabrication of both samples has been performed under
similar conditions. The semiconductor material consists of an InN thin film with
a thickness of 1-um deposited on a 4-um GaN-on-sapphire layer by the PAMBE
technique at a 450°C temperature and at a nitrogen growth rate of 280 nm/h. In
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relation to sample SO’, the InN buffer layer consists of a heterostructure constituted
by 11 periods of InN/Ing;GaNg 3 with a width of 4.5 nm and 7 nm respectively, as
shown in Fig. 5.1(a), obtained by the dark-field transmission electron microscopy
(TEM) technique. A figure of the surface morphology of each sample by atomic force
microscopy (AFM) in a region of 1pm x 2um is represented in Fig. 5.1 (b) and (c). In
the case of sample SO, that is, without the buffer layer, the semiconductor presents
visible pits on its surface which constitute the surface terminations of extended
defects with a pyramid inverted structure mostly created by threading dislocations
and with a density of 2-10% cm™2. Whereas for the InN sample with the buffer layer
(sample S0’), a smooth surface with atomic terraces is observed, with a root-mean-
square roughness which has been reduced from 2 nm in the case of SO to 0.5 nm for
sample S0’. These results demonstrate a reduction of the defect density and thus
an improvement of the structural quality.

After the characterization of the morphology of the samples, a complete study
of the optical properties of the semiconductors has been carried out.

4 nm

Onm

Figure 5.1: Structural morphology of InN layers, (a) TEM image of the InN layer
(bright area) deposited on an InN/InGaN heterostructure (dark area), and AFM
figures of surface structure for samples (b) SO without GaN buffer layer, and (c)
SO0’with the GaN-on-sapphire buffer layer [160].

e Optical Characterization

— Linear transmission:

As explained in Chapter 4, the optical transmittance spectrum as a func-
tion of the incident wavelength T'(\) of the InN samples has been mea-
sured by an optical spectrum analyzer (OSA) using a white lamp as the
radiation source as shown in the inset of Fig. 5.2. From this figure,
a redshift of the linear transmission of the InN sample with the buffer

80



CHAPTER 5. OPTIMIZATION OF ULTRAFAST INN BASED FIBER LASER

layer (sample S0’) compared to the semiconductor without the InN/In-
GaN buffer layer (S0) is observed. From this measurement, the linear
absorption coefficient has been calculated by employing the equation a=
-In[T(A)]/1 (neglecting the reflection losses), where [ is the layer thickness
(1 pm in this case), and T'(\) the linear transmission at 1.55 pm, which
corresponds to 23% for sample SO and 9% for SO’, respectively. Thus, a
higher linear absorption coefficient at 1.55 pum operation wavelength is
obtained, where sample SO demonstrates cp=1.4-10*cm™!, whereas the
absorption of S0” is ap=2-10*cm™1.
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Figure 5.2: Representation of the bandgap energy measurement by the Tauc’s
fit calculation of the InN sample without the buffer layer (SO) and with the GaN
template (S0’). The linear transmittance of the InN samples as a function of the
incident wavelength is represented at the inset, where the black thick line represents
sample SO whereas the blue line constitutes sample S0’ [160].

Furthermore, a Tauc’s plot has been performed where the linear absorp-
tion for each InN sample is represented as a function of the incident energy
(E). The value of the exponent of the (aF)? term is related to the nature
of the electronic transition of the material, which in this case denotes the
direct bandgap energy structure of InN materials. The optical bandgap
or the absorption edge energy can be determined by extrapolating the
linear fit of the squared absorption curves towards the energy baseline,
denoted by dashed red lines in Fig. 5.2. In this sense, a bandgap value
of By ~ 0.8¢V and ~ 0.77¢V has been estimated for samples SO and S0’
respectively. The relation between the energy bandgap and the carrier
concentration by the curve obtained by J. Wu et al. in [143], gives an
estimation of 10 cm™3 for sample SO, and 4-10'® cm ™3 for sample SO’
This decrease in the carrier concentration of the InN material with the
buffer layer is explained due to the reduction of the defect density within
the semiconductor.

— Nonlinear transmission:

The nonlinear transmission measurements were performed by the Z-scan
technique, as explained in Chapter 4. In this sense, a 250 fs laser source
with a repetition rate of 5 MHz defined by a maximum peak power of 40
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kW has been employed in order to stimulate the samples and to study
their nonlinear behavior. The InN samples are located in a free-air trans-
lation stage, remotely controlled by a Labview program. A 3-cm optical
lens has been used to increase the incident intensity on the sample sur-
face. Furthermore, a collimator lens collects the output signal after the
transmission through the semiconductor sample and measured by a Ge-
photodetector (Thorlabs, SMO5PD6A).

The nonlinear behavior of the InN samples has been studied in two steps
(i) by measuring the nonlinear transmission response of the material while
varying the z-position of the sample with respect to the focal point of the
optical lens (Z-scan technique) as represented in Fig. 5.3. This procedure
allows us to obtain an estimation of the nonlinear absorption coefficient
ay for each sample following the expression described in Eq. (4.15). In the

case of sample SO, the nonlinear absorption coefficient is ay = —3.5 - 103
cm/GW, while SO’ demonstrates an as coefficient of ap = —13.5 - 103
cm/GW, extracted from the measurements of nonlinear transmission of
Fig. 5.4 (a).
Detector A
SMF

)
L
@ Attenuator

Detector B

Figure 5.3: Schematic representation of the experimental Z-scan technique: the 1%
of the output fiber laser pulse is characterized by photodetector A, whereas the 99%
of the output power is sent to a free-air focusing set-up in order to characterize the
transmission of the InN semiconductors SO and S0’ [153].

(ii) Next, the optical intensity of the incident pulse impinging the mate-
rial sample at the focus is varied from 0 to the maximum optical power
of 40 kW provided by the laser source in order to obtain the saturable
absorber main characteristics, i.e., saturable and non-saturable transmit-
tance (1};, and T, respectively), the modulation depth (MD), defined as
MD = T,s — Tj;, and the saturation fluence (F,;). The transmission of
the InN samples SO and S0’ as a function of the optical fluence is repre-
sented in Fig. 5.4 (b). The SA parameters are estimated following the
equation defined in Eq. (4.16). In this sense, the transmission results of
the sample without the buffer layer (S0) are the ones above described in
Chapter 4, where a linear transmission of 28% and a non-saturable trans-
mittance of 45% is obtained compared to the 13% and 40% of the sample
with the InN/InGaN MQW buffer (S0’). Thus, the MD is estimated in
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17% for SO and 27% for SO’. Accordingly, the change of the modulation
depth parameter can be explained by the drastic reduction of the linear
transmission in the sample with the buffer layer, which translates into
an increase in material efficiency. In relation to the saturation fluence, a
value of 900 pJ/cm? is obtained for sample SO, whereas SO’ demonstrated
a slightly higher saturation fluence of 1015 pJ/cm? as it can be appreci-
ated in Fig. 5.4 (b). These properties make sample S0” an ideal candidate
for implementation as saturable absorbers in ultrafast laser sources.
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Figure 5.4: Nonlinear transmittance of the InN semiconductor without the buffer
layer SO represented with black squares, and the InN sample SO’ in blue circles in
relation to the focal distance by the Z-scan technique (a), and as a function of the
incident fluence when centered at the focal point (b). The nonlinear transmission
fit curve has also been plotted as a solid line for both samples [160].

e Laser performance

In this way, samples SO and SO” were placed within a fiber ring laser cavity to
test their performance as a saturable absorber. The resonator cavity compo-
nents are the same as those described in Chapter 4. The ring laser consists
of 40 m of optical fiber formed by a commercial EDFA system (Accelink, TV
Series) which is employed as the amplification device with a maximum gain
of 24 dBm. Furthermore, the backward optical power of the light inside the
resonator is controlled by an isolator device after its transmission through the
saturable absorber, placed in a free space region. The rest of the resonator
cavity is based on SMF, constituted by a fiber optical coupler of 70/30, where
70 % of the radiation is recirculated, whereas the 30 % is launched out of the
ring resonator as the ultrafast laser source. As described in previous chap-
ters, the resonator (indicated in Fig. 5.5 with blue dashed lines) consists of a
dispersion-managed cavity with a net dispersion coefficient of -0.26 ps? (cor-
responding to a SMF dispersion of -0.52 ps? for a 25 m-length, and 0.26 ps?
for the 16 m of EDF), thus operating in the anomalous dispersion regime. In
relation to the SA, the intensity of incident light is increased onto the surface
of the material by the use of two 3-cm focal achromatic lenses. The emitted

light is collected with a collimator and launched with a microscope objective
(see Fig. 5.5).
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Figure 5.5: Experimental laser set-up for the characterization of the InN semicon-
ductor with the GaN-on-sapphire substrate: a ring fiber resonator of 40 m consti-
tuted by SMF and an EDFA system generates an ultrafast pulse measured at the
30% output port and characterized by an AC, OSA and power-meter devices [160].

An additional optical fiber coupler with a ratio of 99/1 has been incorpo-
rated at the 30% laser output to monitor not only the main properties of the
resonator cavity, such as repetition rate and average power, but also to char-
acterize the ultrafast laser pulse in terms of temporal duration and its optical
spectrum as shown in Fig. 5.5. In this sense, an electrical spectrum analyzer
(Agilent Technologies, model N9010A) has been connected to the 1% port,
measuring a 5.25 MHz repetition rate. So, the repetition rate of the exper-
imental laser set-up coincides with the value predicted by the cavity length
measurement. It can also be confirmed the absence of higher-order harmonic
generation, as shown in Fig. 5.6. Furthermore, a signal-to-noise ratio (SNR) of
45 dB has been observed during the ESA measurement due to the maximum
dynamic range available of the balanced detector (PDB410CAC, Thorlabs).
The laser demonstrates high-quality and good stability.
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Figure 5.6: Electrical spectrum of the output laser with the InN layer grown on a
GaN buffer template as saturable absorber, displaying a 5.25 MHz repetition rate
with 45 dB of SNR [160].

Additionally, the optical spectrum and temporal width of the output laser
have been studied by a Yokogawa AQ-6315B and an autocorrelator APE Mini
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Accelink (AC in Fig. 5.5), respectively. The laser properties are therefore ana-
lyzed in terms of the power inside the resonator, i.e., the variation of the energy
applied to the SA by an InGaAs-based power meter (Thorlabs, PM100USB),
represented in Fig. 5.5 as PM. In order to compare these results, both samples
S0 and SO’ have been investigated.

— In the case of the InN sample with the buffer layer of GaN-on-sapphire
substrate (S0’), a mode-locking operation mode has been accomplished
for the laser set-up described in Fig. 5.5. A maximum average power
of 30.6 mW is obtained at maximum pump power of the EDFA system.
With respect to the optical spectrum and pulse duration, a spectral width
of 21.8 nm and a pulsewidth of 220 fs is obtained from the OSA and AC
experimental traces, as represented in Fig. 5.7(a) and (b). At maximum
average power, the optical pulse presents a peak power of 26.5 kW, cor-
responding to an optical energy of 5.8 nJ. Moreover, the calculated TBP
value shown in Fig. 5.7(c), is 0.407 at maximum power, which implies
that the optical pulse is somewhat chirped.
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Figure 5.7: Output laser pulse characterization of the InN/InGaN SA at a maxi-
mum P,, = 30.6 mW using a 70/30 OC in the laser set-up by the measurement of
the (a) AC trace showing a temporal pulse duration of 220 fs, and (b) the spectrum
obtaining a value of 21.8 nm. The green dashed line represents the optical spectrum
of sample SO demonstrating its incapacity to reach the mode-locking operation us-
ing the same laser set-up. The red solid line in both figures symbolizes the sech?
fit of the pulse profile. An analysis of the variation of the output peak power and
TBP value has been represented in (c) in terms of the average power inside the
resonator [160].

— On the other hand, the saturable absorber without the buffer layer (S0)
does not demonstrate mode-locking operation when performed with the
laser set-up of Fig. 5.5. The InN SA shown in Fig. 5.7(b) only reached
the transition stage where both mode-locking and CW are present. The
mode-locking regime was only possible to obtain if the 70/30 optical fiber
coupler of the laser set-up was substituted by a 90/10 fiber coupler. At
the maximum average power of 10.3 mW, the SA demonstrates a spectral
width of 17.1 nm and a temporal pulsewidth of 250 fs [145]. Therefore,
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the TBP value is 0.363, demonstrating a slightly chirped output pulse
compared to the transform-limited situation (0.315). These values imply
that the maximum peak power and optical energy available for this type of
SA and laser configuration, correspond to 7.95 kW and 2 nJ respectively.

It must be noted that a maximum average power of 30.6 mW at the output
of the laser system implies an optical power inside the cavity above 70 mW,
corresponding to a maximum fluence of 9 mJ/cm? onto the InN thin film. Nev-
ertheless, the SA has not exhibited any optical damage, demonstrating that
the InN semiconductor material would be appropriate for high-power applica-
tions, usually employed in electrical devices operating at 1.55 um. A complete

description of the optical parameters for each sample has been collected in
Table 5.1.

Sample | ag (cm/GW)  Fiy (pJ/cm?)  Ppear (kW) 7 (f8)
S0 (90/10) | -3.5 - 107 900 7.95 550
S0" (70/30) | -13.5 - 103 1015 26.5 220

Table 5.1: Experimental values of the optical properties of the InN semiconductor
samples SO and SO’ when applied as saturable absorbers in a transmission fiber laser
configuration system. The 90/10 and 70/30 refer to the fiber coupler used to obtain
the mode-locking operation for each sample.

e Discussion of experimental results

In this study, due to the introduction of a change in the material structure,
in this case, an implementation of an intermediate layer connected to the InN
material and the GaN substrate, it has been achieved a lessening of the residual
doping and thus, the associated Burstein-Moss effect. The reduction of the
defect density by the decrease of dopant inside the crystal lattice, has enabled
the generation of a high-quality InN sample with a superior morphology and
surface quality during the fabrication process. As a consequence of this fact,
the optical properties of the saturable absorber have been largely improved
with respect to the latest results [142], such as a higher nonlinear absorption
parameter and higher nonlinear response (increase in the modulation depth).

Furthermore, this new structure has enabled the improvement of an ultrafast
fiber laser source. Not only the temporal duration of the output optical pulse
has been reduced, but also it has allowed getting more energetic pulses due
to the higher nonlinear transmission change of the sample, as explained by
H. A. Haus [102]. Also, a higher absorption coefficient in the linear regime
has been measured, leading to higher optical peak powers. In sample SO’ the
peak power and pulse energy is three times greater than the ones obtained in
sample SO. An explanation for this can be found in the fact that the residual
doping effect of the InN/GaN layers decreases during its growth process.

The incapacity of sample SO to generate mode-locking operation with this laser
set-up can be explained due to its lower linear absorption coefficient compared
to sample SO’. On the contrary, sample SO’ has a larger absorption parameter
which compels the saturable absorber to operate in the nonlinear regime under
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the effect of high peak powers inside the laser resonator cavity while hindering
the propagation of the CW mode, thus starting the mode-locking operation
regime. These results make sample S0’ a better candidate for ultrafast laser
generation in the C-band window.

In comparison to other semiconductor materials, such as InGaAs or graphene
which show ultra-broadband absorption properties, InN samples demonstrate
broader bandwidth operation and higher modulation depth. In recent years,
2D-materials have been developed, including carbon nanotubes with high non-
saturable losses and controllable bandwidth depending on the size of the nan-
otube, topological insulators, with a broadband saturable absorption coeffi-
cient except for its lower modulation depth, black phosphorus whose bandgap
can be modulated but limited in terms of modulation depth and polarization
effects, and transition metal dichalcogenides which are restricted to the 1-2 eV
bandgap energy operation. However, these materials also have a low damage
threshold level, commonly under the value of 2 mJ/cm?, limiting the maxi-
mum power emitted by the laser system based on these semiconductors and
giving InN samples a great advantage when applied in high energy industrial
applications. Additionally, fiber lasers using a saturable absorber based on
InN do not require any polarization-controlling element within the resonator
cavity, due to the polarization independence property of the semiconductor
samples. As compared with fiber lasers which use nonlinear polarization ro-
tators, or other semiconductor-based saturable absorbers, this feature makes
InN clearly superior.

In conclusion, we demonstrate an improvement in the saturable absorber’s prop-
erties of the semiconductor samples due to the InN saturable absorber’s performance
variation in terms of its residual doping concentration. This reduction has not only
permitted obtaining a larger nonlinear transmission change at 1.55 pym and a higher
modulation depth of 30%, but also has demonstrated ultrashort laser behavior when
inserted in a fiber laser resonator cavity for mode-locked operation. In this sense,
the peak power and pulse energy grew by a 3-fold improvement compared to previ-
ous results, with an ultrafast pulse of 220 fs with a 26.5 kW of peak power and a
high energy of 5.8 nJ.

Nevertheless, as it was mentioned before, in this thesis we have also improved the
laser performance of these samples by better controlling the carrier concentration
during the deposition process, as it will be explained in the following section.

5.1.2 Deposition control

Among the materials employed as saturable absorbers, semiconductor elements
demonstrate a small saturation intensity as well as a moderate modulation depth,
which makes them an appropriate SA for commercial optical lasers. Nevertheless,
these materials also have a narrow working bandwidth and a low damage threshold
level, limiting their use for some industrial applications. Furthermore, structural
defects such as vacancies, grain boundaries, and impurities are commonly present in
semiconductor SAs, deteriorating their crystal quality. As a result, improving crys-
tal quality can be an advantageous step toward enhancing the optical properties of
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the crystal, such as the absorption band, modulation depth, or saturation intensity.
Since the crystal structure of the saturable absorber is critical to the implementation
of high-power ultrafast pulsed lasers, the main material defects created during the
deposition process should be addressed by new fabrication processes.

Indium nitride (InN) has shown outstanding advantages over other semiconduc-
tor SAs because of the bandgap energy range (0.65-0.9 V) and the ability to extend
emission wavelengths from the infrared to the ultraviolet region when alloyed with
AIN or GaN. Nevertheless, these materials can be easily n-doped during the fabrica-
tion process due to the presence of common impurities such as oxygen or hydrogen
atoms. The background electron concentration can be reduced from 10%° cm™3
(usual value of highly doped InN semiconductors) to 1017 ecm™ for planar struc-
tures (or 10" cm™ in the case of nanowires) by the improvement of the epitaxial
growth process by the PAMBE mechanism. Consequently, at room temperature, the
absorption edge energy falls to 0.7 eV, where the operation wavelength is extended
into the infrared region.

Therefore, we report an enhancement of the crystal quality of the InN layers
which implies a reduction of the free carrier concentration during the fabrication
process. Better control of the material deposition method leads to an improvement
of the saturable absorber’s properties of the InN material, such as a higher nonlinear
optical response and a higher absorption behavior. Afterward, we study the effect
of this improvement on the performance of the InN semiconductor as a saturable
absorber. This section reflects the results of the work published in [153].

Firstly, we will characterize the material structure of the InN semiconductors
employed in this section. The fabrication of the InN epitaxial layers was performed
by the PAMBE technique and deposited on a GaN-on-sapphire substrate. Compared
to previous fabrication parameters, a 450°C growth temperature and a 290 nm/h
nitrogen growth rate have been fixed for this case. To prevent the accumulation of
In droplets on the surface of the sample, the indium flux was interrupted every 10
minutes during the growth deposition, thereby consuming any excess of In. There
are two samples in our study, each of which has a different thickness of InN: sample
S1 and sample S2, with respective InN thicknesses of 360 nm and 780 nm. The
substrate template has a common structure in both samples, made up of GaN-on-
sapphire with a thickness of 4 ym/350 ym. Any buffer layer has been incorporated
during the fabrication process, as opposed to former studies. Therefore, in order
to evaluate the variation of the saturable absorber’s properties of the newly InN
samples, the aforesaid 1 pym-thick InN samples SO and SO’ have been incorporated
here for evaluation. The growth rate of the reference samples is set to 280 nm /h with
In growth interruptions every 5 minutes under nitrogen deposition, demonstrating
a higher residual doping concentration as it will be explained later on. Therefore,
a reduction of the defect density is expected, leading to an enhancement of the
structural quality and crystal morphology (smooth surface with fewer threading
dislocations).

Once the morphology of the samples is characterized, the optical properties of
the newly semiconductors are investigated. We will follow the same structure as
in the previous section: the semiconductor transmission behavior is first studied
in both the linear and nonlinear regimes. Afterwards, the evaluation of the InN
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samples as saturable absorbers in a mode-locked ring fiber laser cavity is studied.
These results are discussed in a final section and compared to the prior InN-based
S0 and SO’ structures.

e Optical Characterization

— Linear transmission results

The linear transmission of the samples under study is analyzed by a
white lamp emitting in a spectral bandwidth from 500 nm to 2500 nm as
represented at the inset of Fig. 5.8. At 1560 nm (operation wavelength
of the optical fiber laser), the linear transmission has been measured
to be of 16% for sample S1 and 3% for sample S2, compared to the
23% and 9% of reference samples SO and SO’. In this case, sample S2
demonstrates a redshift of the bandgap energy, which can be explained
by the variation of its fabrication parameters. Nevertheless, sample S1,
although showing the same tendency as sample S2 for wavelengths greater
than 1750 nm, a slow transmission growth behavior can be observed for
incident wavelengths ranging from 500 nm to 1500 nm, in contrast with
previous semiconductors SO and SO’ which have an abrupt increase of
transmission in the 1500 nm wavelength region. This difference may be
explained due to the thinner InN layer of sample S1.
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Figure 5.8: Bandgap energy calculation by the Tauc’s plot in direct electronic
transitions for the reference samples SO and SO’, represented with a black line and
green line, respectively, compared to S1 (blue line), and S2 (red line). the operation
wavelength of the laser is indicated by a vertical dashed line. The transmission of
each sample as a function of the incident wavelength is shown at the inset [153].

The linear absorption coefficient of the samples can be calculated by tak-
ing into account the transmission measurements at 1560 nm and its InN
layer thickness as explained in Chapter 4. For the case of the newly sam-
ples, the linear absorption has been estimated in ag=4-10* cm~! either
for S1 and S2, compared to the ap=1.4-10* cm~! and op=2-10* cm~! for
S0 and SO’ respectively. This change in the saturable absorption can be
explained by the redshift of the bandgap which has been enhanced by a
better control of the fabrication conditions.
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The linear absorption of the material samples has been represented in
relation to the energy of the incident light in Fig. 5.8. The bandgap energy
estimation is performed by the Tauc’s plot, i.e., extrapolation of the linear
part of the absorption curves by the energy baseline, represented with a
black line in Fig. 5.8. The bandgap energies are calculated as 0.69 eV and
0.67 eV for samples S1 and S2, in comparison to the 0.8 eV of sample
SO and 0.77 eV for the case of SO’. S1 and S2 show a lower bandgap
energy, indicating reduced Burstein—Moss effects. Moreover, the growth
conditions related to N deposition intervals were better controlled, leading
to a reduction of the free carrier concentration, estimated from the energy
bandgap calculated in [143]. A carrier concentration of <10'® ¢cm™ has
been estimated for samples S1 and S2 in comparison with the 4-5 x 10'8
ecm™3 for sample SO’ and over 10 cm™ for SO. This decrease of the
carrier concentration also implies the improvement of the crystal quality.

— Nonlinear transmission results

(1) In order to measure the nonlinear transmission of the InN samples, the
open-aperture Z-scan technique is used. A 40 kW ultrafast mode-locked
fiber laser with a temporal width of 250 fs operating at 1560 nm excites
the semiconductors which are located in a free-air translation stage as
shown in Fig. 5.3. The incident light is focused on the semiconductor
surface by a 3-cm optical lens, demonstrating a maximum energy flu-
ence of 7 mJ/cm? obtained from a beam waist of 8.5 um and a Rayleigh
distance of 223.2 um, characterized by the knife-edge technique as ex-
plained in Chapter 4. To control possible fiber laser oscillations, the
reference optical output power of the fiber laser is measured by a power-
meter (Detector A, Thorlabs PM100USB) while the transmitted light is
measured by a Ge photodetector (Detector B, Thorlabs SMO5PDG6A).
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Figure 5.9: Nonlinear transmission measurement of the InN semiconductor refer-
ence samples SO and SO’, (represented in black dots and green dots respectively),
S1 (blue dots) and S2 (red dots), (a) in terms of the focal distance at maximum
fluence, and (b) by varying the incident pulse fluence at 1560 nm [153].

The nonlinear transmission of each InN as a function of the sample posi-
tion z is shown in Fig. 5.9(a). For the case of maximum incident power
(40 kW implies a fluence of 7 mJ/cm? in the material surface), the maxi-
mum nonlinear change AT, calculated as the ratio between the nonlinear
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and linear transmission of the material sample, (T,s/T}in)-100(%), has
been measured in 241% for sample S1 and 715% for S2, which implies a
5-fold improvement with respect to previous results for SO respectively as
depicted in Fig. 5.9(a). The reduced transmission change of sample S1
compared to previous reference samples, can be explained by the smaller
InN layer thickness and the higher linear transmission coefficient mea-
sured at 1560 nm.

(ii) Furthermore, an estimation of the intensity-dependent nonlinear ab-
sorption coefficient ay for each sample at the maximum light intensity
regime (focal position of the semiconductor sample in the Z-scan con-
figuration) can be performed by fitting these curves to the equation de-
scribed in Eq. (4.15). The nonlinear saturable absorption coefficients for
samples SO, SO’, S1 and S2, obtained by this procedure are cy=-3.5-103,
e=-13.5-10%, ap=-3-10* and ay=-2.7-10* cm/GW respectively. A higher
nonlinear absorption response was obtained for samples S1 and S2 com-
pared to reference samples SO and SO’. This implies a relation between
the nonlinear absorption (as) and the difference between the excitation
wavelength and the bandgap energy.

(iii) Once the nonlinear transmission as a function of the z position is
characterized, we will focus on the variation of the maximum nonlinear
transmission value (at focal point) with the fluence of the impinging opti-
cal pulse, plotted in Fig. 5.9(b). These nonlinear transmission coefficients
are listed in Table 5.2.

Sample | Fioy (nJ/em?)  Tin (%) Tns () AT (%)
SO 357.2 278 445 160
S0’ 383.8 127 433 340
S1 756.6 164 396 241
52 831.5 2.81 20.1 715

Table 5.2: Comparison of the nonlinear optical parameters of the different InN semi-
conductor samples obtained from the experimental fitting of the intensity-dependent
nonlinear transmission measurements.

In the case of maximum incident fluence, the linear transmission coeffi-
cient is estimated in 16.4% for S1 and 2.8% for sample S2 compared to
the 27.8% and 12.7% of samples SO and SO’ respectively. Whereas the
non-saturable transmittance has been measured to be of 39.6% and 20.1%
for samples S1 and S2 respectively, in comparison to the 44.5% and 43.3%
of samples SO and SO’. These results imply that the modulation depth,
is set to 23% for S1 and 17% for S2, while SO and SO’ have modulation
depths of 17% and 30% respectively. In relation to the optical fluence,
samples S1 and S2 demonstrate to have a higher saturation fluence.

e Laser performance

To test their performance as saturable absorbers, samples S0’, S1 and S2
were placed within a fiber ring laser cavity in reflection configuration. The
optical resonator proposed here consists of a mode-locked fiber laser, which
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is composed by 16 m of erbium-doped fiber inside an EDFA amplifier with a
maximum gain of 24 dBm and a GVD of 0.016 ps®/m. The rest of the fiber
laser cavity is based on 22 m of SMF, with a GVD coefficient of -0.021 ps?/m,
and constituted by a VOA attenuator, an isolator (ISO), and a 70/30 optical
fiber coupler, where 70% of the optical power is integrated again inside the
laser cavity. An additional fiber circulator device is incorporated into the laser
cavity, since the saturable absorber is located in a free-space region in reflection
configuration. To do this, a thick aluminum layer has been deposited on the
InN thin film by using the radio-frequency sputtering technique, in order to
create the SESAM device. In this study, an ATC ORION-3-HV sputtering
chamber was used, placed in Grupo de Ingenieria Foténica (GRIFO) facilities
at the University of Alcald in Spain. These Al-mirrors are approximately 300
nm thick, with a deposition rate of 240-250 nm/h, and were grown at room
temperature with a flux of Ar of 2 sccm. The power applied to the Al target
during deposition was 75 W, and the chamber pressure during growth was
maintained at 5 mTorr [132,133]. A 3-cm optical lens is inserted in front of
the saturable absorber either to focus the maximum light of the fiber laser
into the InN sample surface and to collect its back-reflection and sent it back
to the optical fiber resonator cavity. The complete description of this laser
set-up can be found in Fig. 5.10. The SESAM samples are placed so that the
[0001] crystal lattice direction of the InN layer is parallel to the propagation
direction z. By doing this, no polarization effects have been observed inside the
resonator cavity, due to the polarization independence of wurtzite structures,
such as the case of the InN samples, when illuminated along its z-axis. The
net dispersion coefficient of the laser cavity corresponds to -0.21 ps?, where the
dispersion of the EDF and SMF optical fibers predominate over the dispersion
generated by the saturable absorber (less than 0.0001 ps?), due to the low
layer thickness of the InN samples. As a consequence, the laser cavity is said
to operate in the anomalous dispersion regime.

EDFA

Attenuator

ISO

Al R Sample

Figure 5.10: Ultrafast mode-locked fiber laser set-up using InN bulk as saturable
absorber in a reflection configuration. The laser cavity is composed by an EDFA
amplifier, an isolator (ISO) and a VOA attenuator, and a 70/30 fiber coupler based
on standard SMF. The SESAM is placed in the z-axis propagation direction within
the laser cavity and whose structure is represented at the inset [153].
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The laser performance generated by the mode-locked fiber resonator cavity
based on the InN SESAM as saturable absorber is characterized by the 30%
port of the optical fiber coupler. In this sense, highly-stable stretched Gaussian
pulses have been measured at the output of the mode-locked fiber laser system,
as expected in dispersion-managed cavities. The repetition rate of this train
of pulses is measured by an oscilloscope (Keysight Technologies MS09404A),
with a 4GHz bandwidth and a sample rate of 40 GSa/s, and an optical 20
GHz-photodetector (PDB410CAC, Thorlabs). It must be noted that due to
the power limitation of the fiber photodetector (optical damage for average
powers over 20 mW), an additional 99/1 fiber coupler has been inserted at
the end of the 30% port. In this case, a repetition rate of 5.6 MHz was
measured, corresponding to 178.5 ns between consecutive pulses. Therefore,
the laser cavity operates in the fundamental mode, since the repetition rate
value coincides with the experimental 38 m length of the laser cavity. Further
information about the repetition rate can be obtained by the 32 GHz RF ESA
(Agilent N9010A) in terms of the SNR, with a value of >45 dB. In the RF-
spectrum, the output signal shows no side peaks between consecutive pulses,
demonstrating the mode-locking stability of the laser cavity.

Besides, the autocorrelation trace and the optical spectrum have been char-
acterized for each InN semiconductor sample in terms of the output power of
the laser cavity. In this case, the variation of the optical power of the fiber
resonator is modulated by the VOA device inside the cavity. While the gain
level of the EDFA system remains unchanged, the optical losses introduced by
the VOA, change the output laser power from 10 mW to the maximum power
achievable by this set-up of 31.6 mW. For comparison purposes, samples S0,
S1 and S2 are studied in relation to their spectrum and autocorrelation traces
as depicted in Fig. 5.11(a) and (b).

— Firstly, we analyze the autocorrelation and spectrum of the reference sam-
ple SO. The mode-locked fiber laser has an average power of 31.2 mW
(72.8 mW inside the resonator cavity), corresponding to a maximum out-
put peak power of 22.3 kW and pulse energy of 5.2 nJ. In relation to the
pulse duration and optical spectrum, sample SO’ demonstrates a FWHM
of 166.2 fs in the temporal domain, whereas a 3 dB bandwidth of 22.6 nm
is measured in the frequency domain, with a central wavelength of 1560
nm. These results have been obtained by applying a Gaussian fit to the
experimental values and represented as a solid line in Fig. 5.11(a). The
relation between the autocorrelation (74¢) and the output pulse (Tpuise)
has also been included in the autocorrelation figures for each sample. The
corresponding TBP value has been calculated at 0.453, very close to the
transform-limited condition for Gaussian pulses (0.445).

— By using sample S1, an intracavity average power of 35 mW was needed
to accomplish the mode-locking operation. For the maximum intracav-
ity pump power of 73.7 mW achievable by the resonator cavity, that is,
with minimum attenuation of the VOA device, the output power of the
fiber laser is 31.6 mW, corresponding to a peak power of 25.5 kW and a
pulse energy of 5.6 nJ. The pulse duration of the output pulse is therefore
calculated as the FWHM of the fitted autocorrelation curve to a Gaus-
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sian pulse profile. In this case, a pulse duration of 156.3 fs is obtained
taking into account the Gaussian transformation parameter from the AC
pulsewidth of 74c = 221 fs, as explained in Chapter 4 [156]. On the other
hand, a 3 dB bandwidth of 26.4 nm has been measured in the optical spec-
trum of sample S1 and at a central wavelength of 1564 nm. Therefore,
the TBP value, measured as the product of the FWHM in the temporal
and frequency domain, corresponds to 0.49. In other words, the optical
pulses are slightly chirped, far from the transform-limited condition. The
optical spectrum of the fiber laser does not exhibit Kelly sidebands, which
indicates that intracavity nonlinearity and dispersion are weak.
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Figure 5.11: Optical laser characterization of the mode-locked fiber resonator cavity
by using samples SO (green dots), S1 (blue dots) and S2 (red dots) in terms of the
(a) autocorrelation trace and (b) the optical spectrum, fitted to a Gaussian profile
and represented with a solid line for each case [153]. The figure of the ASE of the
EDFA has been included in the spectrum (gray solid line) for comparison purposes.

— In the case of sample S2, highly-stable mode-locking operation was ob-

tained for a minimum value of 38.5 mW for the intracavity pump power.
By reducing the optical losses introduced by the VOA device to the mini-
mum, a maximum output intracavity pump power of 70 mW is measured.
In this way, we measured a maximum output average power of 30 mW,
which implies a 28.2 kW of peak power and 5.4 nJ of pulse energy. In
terms of the pulse duration, it has been calculated that the pulse duration
of the autocorrelation function fitted to a Gaussian pulse profile is 134.4
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fs (Tpuise = Tac x 0.707 = 134.4 fs and the corresponding autocorrelation
duration 74 = 190 fs), while the optical bandwidth at 3 dB decay is 40
nm, with an optical wavelength centered at 1569 nm. Moreover, the TBP
value is of 0.62, denoting a more chirped pulse than for the case of S1 at
the output of the mode-locked laser cavity.

e Discussion of experimental results

In conclusion, due to the introduction of a change in the growth process, higher
quality conditions have been achieved, leading to a reduction of the residual
doping and thus, the associated Burstein-Moss effect. As mentioned in the
material characterization section, the key to controlling the growth conditions
is to have consistent time intervals for the N depositions during the fabrication
process. As a consequence of this fact, the optical properties of the saturable
absorber have been largely improved with respect to the latest results, thus
comparing samples S1 and S2 with samples from previous works SO and S0’.

With regards to the nonlinear behavior, due to the decreasing carrier concen-
tration of the sample, and therefore, the reduction of the Burstein-Moss effect,
a redshift in the bandgap energy, i.e., a displacement of the operating wave-
length is produced. Furthermore, a higher nonlinear absorption coefficient has
been measured because of the improved growth conditions, which have enabled
a higher nonlinear response of the semiconductor saturable absorbers at high
incident optical powers. Therefore, this increase in the nonlinear behavior of
the sample may induce high-order nonlinearities that generate a displacement
in wavelength and pulse chirping. As it is shown in Fig. 5.9(b), these materials
tolerate high incident fluence, since any sign of optical damage has been ob-
served at the maximum intracavity fluence of 10.5 mJ/cm?, which corresponds
to 31.6 mW of average power at the laser output and a 73.7 mW within the
resonator cavity. Due to the peak power limitation of the laser cavity, we were
unable to measure the damage threshold in our experimental set-up. A re-
cent study by our group has shown that this type of passive mode-locked laser
can achieve the highest value of incident energy fluence (1 TW/cm?) without
damaging the bulk InN saturable absorber [161]. In contrast, the absorption
saturation of samples S1 and S2 requires a higher optical fluence, expanding
the operating energy range and demonstrating the feasibility of InN semicon-
ductors in high-power industrial applications in the C-band operation, such as
surface micromachining or biophotonic imaging, among others.

Furthermore, these new materials have enabled the improvement of an ultra-
fast fiber laser source. Not only the temporal duration of the output optical
pulse has been reduced, 134.4 fs compared to the 166.2 fs obtained for reference
sample SO, but also it has allowed getting broader spectra, ranging from 22.6
nm for SO, to up to 40 nm for sample S2. Moreover, as shown in Fig. 5.11(b),
for sample S1 (1564 nm) as well as for S2 (1569 nm), it is observed a redshift of
the central wavelength compared to the reference sample SO (1560 nm). This
effect can be explained by both the influence of the bandgap redshift and the
EDFA gain spectrum signal, whose figure has been included in the spectrum
of sample SO in Fig. 5.11(b), as a result of better control of the fabrication
conditions. The correlation between the pulse duration and optical bandwidth
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between samples S1 and S2 can be associated with the variation of the effective
length (for S1 is 190 nm, whereas for S2 this value increases to 239 nm).

In addition, more energetic pulses have been measured due to the higher trans-
mission change of the sample, in conjunction with a smaller absorption coeffi-
cient in the linear regime, leading to higher optical peak powers (28.2 kW and
5.4 nJ in comparison to the 22.3 kW and 5.2 nJ in S0’). Therefore, higher-
order nonlinear effects are also likely to be induced by the enhanced nonlinear
response, causing chirped pulses, and thus the spectral shift towards longer
wavelengths generated in samples S1 and S2 as demonstrated in Fig. 5.11.

Over the last few decades, new types of saturable absorbers have been investi-
gated with enhanced properties such as ease of fabrication, compactness and
high efficiency in pulse laser generation. Among them, two-dimensional (2D)
materials have attracted much attention in multiple applications, including
nonlinear optics, optoelectronics and biomedicine, due to their morphological
structure (composed of a few layers of atoms disposed in a single direction) and
optical properties. These 2D materials can be categorized as graphene, topo-
logical insulators (TIs), transition metal dichalcogenides (TMDs), and black
phosphorus, commonly used for ultrafast laser generation. Furthermore, MX-
ene, bismuthene or antimonene have recently been studied for laser operation
because of their broad bandwidths and ultrafast recoveries. Accordingly, the
characteristics of the modified InN based SAs of this work have been compared
to some 2D materials employed in this type of mode-locked laser Er-doped
configurations, as shown in Table 5.3.

As compared to black phosphorus [120], bismuthene [162], or graphene [163],
this work yielded the shortest pulsewidth in a dispersion-managed resonator.
However, the modulation depth of TIs, BPs and bismuthene saturable ab-
sorbers is still lower than those reported for other 2D materials. Further-
more, InN-based saturable absorbers demonstrate a high modulation depth
and similar saturation intensities in the high-power operation range compared
to graphene or MXene among others. In addition, the peak power at the
output of the laser cavity obtained by the InN material was more than nine
times greater than that of 2D materials, with a value of 28.2 kW and 5.4 nJ.
In comparison to previous work [160], the nonlinear absorption has increased
by two times, while the temporal width of the modified SA lowered to the
shortest pulse duration achievable by our laser set-up. Consequently, these
materials have proven to be more efficient than any other saturable absorber
for ultrashort generation in the high-power regime.

Among other semiconductor materials, InN-based SESAMs have shown superior
properties including fabrication ease, crystal quality, robustness, as well as a higher
peak power. This study indicates that InN may be considered as the appropriate
choice for the development of SAs in the telecommunications spectrum.

However, further study is required in order to determine the best InN semicon-
ductor structure along with the appropriate fabrication parameters which may lead
to the ideal mode-locked ultrafast laser operation regime.
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N AN 7. MD Lo P
SA (m)  (om)  (fs) (%) (MW/em?) (kW) | eF
Graphene | 1545 48 88 11 2x 103 0.57 | [163]
TI-BiySes 1557.5 4.3 660 3.9 12 0.22 [118]
TMD-WSes | 1557.4 25.8 163.5 21.9 15.4 1.79 [164]
TMD-MoS, | 1560 244 154 1912 1361 112 | [165]
BP 1555 40 102 10 15 0.49 [120]
MXene 1555 22.2 159 24 39.1 x 103 2.6 [166]
Bismuthene 1561 14.4 193 5.6 48.2 3.28 [162]
InN 1562 226 166.2 30.6 1.6 x 103 22.3 [160]
InN 1569 40 1344 17.3 4.4 x 103 28.2 [153]

Table 5.3: Comparison of the optical parameters for the laser performance em-
ploying the 2D materials as SA with the ones obtained for the InN semiconductor
SESAM samples. The I, parameter represents the saturation intensity, while P,
is the peak power of the optical pulse [153].

5.2 Improvement of the laser system

In the last sections, we talked about the limitations of the semiconductor saturable
absorbers characteristics, such as high modulation depth, fast recovery times and
strong nonlinear behavior, during its fabrication process, including robustness, crys-
tal quality and residual doping. These properties are essential for the development
of efficient and stable ultrafast lasers, required in the vast majority of industrial
applications. Nevertheless, saturable absorbers have also demonstrated low-power
tolerance, with damage threshold levels in the range of 2 mJ/cm? of incident flu-
ence. This property is of particular importance in many industrial fields, such as
telecommunications, medicine, or military applications. Therefore, the fabrication
of promising saturable absorbers with superior characteristics is still a longstanding
goal.

Even though InN semiconductor saturable absorbers are presumed to have a
high damage threshold level (we couldn’t characterize this property due to the lim-
itation of the maximum power achievable by the amplifier laser source), multiple
noise components are incorporated in the output laser signal. As a result of using
free space optics for the SESAM configuration, the resonator cavity system showed
significant insertion losses, estimated at 8.5 dB, and a consequent laser performance
degradation. In this sense, we firstly propose the use of InN thin films as SESAMs
in an all-fiber laser device by introducing a graded-index lens (GRIN) as the cou-
pling device between the SA and the optical fiber laser system. This configuration
enables the reduction of the insertion losses not only introduced by the SA but also
eliminates external noise sources related to the free space performance of previous
set-ups. Therefore, by keeping the pulse duration and average power of the intracav-
ity laser pulse constant, while lowering the repetition rate (f.p), i.e., a longer ring
fiber resonator cavity implies a longer distance between consecutive pulses (¢,.,) in
the output laser train, the peak power can be enhanced.
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In the next sections, we will discuss the results obtained for the proposed solu-
tions. Firstly, an introduction to better laser performance through the reduction of
laser cavity insertion losses is presented. Afterwards, a stable high-power ultrafast

laser source is generated by employing the later low-loss laser cavity. These results
have also been published in [167].

5.2.1 All-fiber configuration

New fabrication techniques for all-fiber systems have been developed in recent years
due to the demand for robust, high-power ultrashort fiber lasers. These methods
involve depositing the SA onto the optical fiber, for instance by gluing the SA with
a composite material (polyvinyl alcohol or polymetyl methacrylate) between two
fiber ends and linking them with a fiber connector. This method, known as butt-
coupling, is usually employed in commercial systems due to its simplicity, but is
however limited in terms of optical power because of the low damage threshold of
the corresponding coupling device. In order to counteract these limitations, new
coupling devices based on the evanescent-wave theory were carried out. In this case,
the saturable absorber is located on the sidewalks of the optical fiber, such as in
side-polished fibers, tapered fibers, and in cladding-etched fibers [168-170]. The
main property of these types of fibers is that the core-cladding structure is modified
so that part of the optical waveform propagating through the optical fiber interacts
with the SA. Even so, this type of fibers generates nonlinear polarization rotation
effects within the resonator, thereby decreasing the output energy achievable by the
laser system.

In this section, which presents the results published in [167], we propose to use
an InN SESAM, paired with a GRIN lens in an all-fiber alignment-free laser device
to reduce the insertion losses of SA. By eliminating the optical path in air, the
resultant solid assembly minimizes the reflection losses generated at the interfaces
and reduces the aberrations caused by the optical elements, ultimately leading to an
increase in ultrafast laser performance. A full explanation of the laser configuration,
as well as the coupling device assembly, will be explained in the following section.
Next, the experimental results of the laser performance after the introduction of the
GRIN-to-SA in the all-fiber resonator cavity are discussed.

e Laser set-up

As it was mentioned before, a GRIN-rod lens was introduced between the
SESAM and the optical fiber end, in order to decrease the insertion losses
generated by the free-space configuration of previous laser set-ups. An off-the-
shelf lens (GRIN2315, Thorlabs) GRIN lens have been used, with 0.245 mm of
focal distance, due to the sapphire and InN width of the sample under study
(0.3 mm with a refractive index of 1.7), and with a standard 100 nm spectral
response around the wavelength of the laser (in this case 1550 nm). With a
reflectance of 10% from 380 to 2000 nm and total polarization preservation,
the GRIN lens is suitable for industrial applications. The semiconductor sat-
urable absorber consists of an InN epitaxial layer deposited by the PAMBE
technique on a commercial GaN-on-sapphire substrate with 450°C and 290
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nm/h as the growth temperature and growth rate parameters respectively. In
this study, three different InN samples with thicknesses of 1 pum (reference
sample S0), 360 nm (sample S1), and 780 nm (sample S2) have been analyzed
for the purpose of comparing the laser characteristics of the improved coupling
device in the all-fiber set-up. The SESAM device, based on a 300 nm-thick
aluminum layer deposited on the InN film by RF-sputtering at room temper-
ature, showed singular nonlinear characteristics within the telecommunication
region, as demonstrated in latter studies. Both the InN-based device and the
fiber facet are directly glued to the GRIN lens faces by a UV-curing optical
transparent cement (NOAGS8, Thorlabs). The complete coupling device design
and its components can be seen in Fig. 5.12.

(a) (b)
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GRIN lens Fiber

Fiber Collimator
/

Ferrule with |
GRIN lens
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Figure 5.12: (a) Schematic structure of the GRIN-to-SESAM coupling device em-
ployed in the all-fiber laser set-up [167]. (b) Photograph of the experimental all-fiber
GRIN-to-SESAM coupling device.

When compared to the aforementioned methods, the GRIN lens coupled with
the InN SESAM showed a low insertion loss, a high damage threshold, and
polarization insensitivity. (i) The introduction of the GRIN lens increases the
robustness of the fiber laser system, since any alignment would be necessary
to achieve the mode-locking operation. (ii) Furthermore, the efficiency of the
fiber laser is enhanced due to the decrease of the internal and external loss
sources, such as the reflections of the optical lenses in the free-air configuration
and the ones introduced by the SA. (iii) The high-damage threshold level of
the InN semiconductors described in this work, allows their implementation
inside an all-fiber laser cavity, which will enable them to obtain higher optical
output powers than those reported in previous studies [153,160]. In this sense,
all-fiber laser assemblies based on InN may be used in industrial settings in
the telecommunication region owing to these results.

On the other hand, the fiber laser set-up comprises a ring-fiber laser cavity
with the InN SESAM coupling device in reflective mode. The fiber cavity is
based on 16 m of EDF (net dispersion coefficient of 0.256 ps? at 1550 nm)
as part of an EDFA amplification system (24 dBm of maximum gain), and
25 m of SMF (corresponding to -0.462 ps?), guaranteeing the stability and
resistance to vibrations as well as with other perturbations. Additional optical
fiber elements such as an isolator (ISO), a circulator (connected to the fiber
coupling GRIN-to-SESAM device) and an optical coupler of 70/30 based on
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conventional SMF are also included within the resonator cavity, as represented
in Fig. 5.13. The total dispersion of the laser cavity has a value of -0.21 ps?,
thus operating in the anomalous dispersion regime, albeit with dispersion-
managed behavior.
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Figure 5.13: Schematic chart of the all-fiber Er-doped laser set-up in reflection
configuration using the coupling with GRIN lens [167].

Under normal-incidence illumination, the polarization independent wurtzite
structure of the saturable absorber rendered the polarization controller unnec-
essary. Consequently, polarization preservation ensured that any losses were
introduced by the GRIN lens. It must be noted that in order to preserve the
maximum energy inside the laser cavity provided by the EDFA amplification
device, all the fiber connections have been fused, minimizing the internal losses.
Nevertheless, a higher probability of burning the optical fibers of the resonator
is observed according to the reduction of losses and the increase of the optical
power propagating through the all-fiber laser cavity using the GRIN lens.

Laser characterization

Optical characterization of the laser output has also been carried out by using
a RF-spectrum analyzer (Agilent N9010A) with an optical bandwidth of 32
GHz, and a 4 GHz oscilloscope (Keysight Technologies MSO9404A). As shown
in Fig. 5.14(a), the resonator cavity has a time interval of 200 ns, according
to the ring fiber laser cavity’s optical round trip (41 m), thus operating in
the fundamental mode (higher harmonic generation has not been observed for
this configuration). Moreover, a broadband RF-spectrum of the pulse train
has also been measured with 180 Hz of resolution bandwidth and 1001 data
points, demonstrating a stable repetition rate of 5 MHz in the fiber cavity
(Fig. 5.14(b)). In this case, the 14th harmonic of the electrical spectrum was
measured with a SNR of 42 dB with a 20 Hz resolution bandwidth and a
step of 10 kHz, and a 1% of the laser pulse for the purpose of preventing any
optical damage to the detector. As it can be extracted from Fig. 5.14(b), the
background level with and without signal on the detector coincides. Besides,
most of the energy of the output signal of the laser pulse train is located within
the optical pulse (the integral area underlying the optical spectrum), since no
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pedestal is observed in the experimental RF-spectrum, hence confirming that
the SNR is at least 42 dB. Furthermore, measurement of 1 GHz-span of the
pulse train RF-spectrum (inset of Fig. 5.14(b)) has been added in order to
demonstrate the absence of parasitic disturbances, proving the quality of the
mode-locking stability.
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Figure 5.14: Optical characterization of the output laser pulse in terms of (a)
repetition rate of the mode-locked pulse train measured by an oscilloscope, and (b)
measurement of the SNR by the ESA device [167].

In relation to the laser steadiness, continuous monitoring of the average power
at the output of the laser cavity over time was conducted to demonstrate the
stability of the all-fiber assembly, as shown in Fig. 5.15. A total of 60 hours
of monitoring were devoted to the stability measurement of the output laser
pulse with a time interval of 1 min. According to Fig. 5.15, an average power
of 30 mW was measured, with a slight increase in optical power of 0.042 mW.
A picture of the optical spectrum of the pulse at the beginning and at the end
of the monitoring measurement is included in the inset. From these results,
we can conclude that the stability of the fiber laser cavity system, as well as
the SA device, are suitable for long-time use without any optical damage, an
indispensable characteristic in high-power industrial applications.

Figure 5.15: Analysis of the stability of the output pulse in the fiber laser cavity
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in terms of its average power as a function of time [167].
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In addition, an analysis of the temporal evolution of the optical pulse at
the output of the 30% optical coupler port of the ring fiber resonator cavity
was performed by an optical 1.5 GHz-photodetector (Thorlabs FPD310-FC-
NIR), an optical spectrum analyzer (Yokogawa AQ-6215B), and a commer-
cial autocorrelator (APE Mini PulseCheck). Consequently, an analysis of the
pulsewidth and optical output power of each of the InN semiconductor mate-
rials is performed. These samples, named as SO, S1 and S2, are incorporated
in this laser configuration in reflection configuration for comparison purposes.
The mode-locking operation of the all-fiber laser system was characterized in

all cases when the resonator cavity was pumped by the maximum gain achiev-
able by the EDFA system.

— The autocorrelation and optical spectrum of the reference sample SO are
firstly analyzed, represented in Fig. 5.16(a) and (b) with green dots. In
this case, a temporal pulse duration of 226 fs is measured in the auto-
correlation trace after applying a Gaussian fitting function (black line),
leading to a pulsewifth of 160 fs, as represented in Fig. 5.16(a). Whereas
for the optical spectrum, a FWHM of 20.4 nm at 3 dB decay is observed
in the frequency domain, with the pulse centered at the wavelength of
1564 nm. Thus, the TBP for sample SO is estimated at 0.445, which co-
incides with the theoretical value of the transform-limited condition for
Gaussian pulses (0.44). In relation to the optical power, for the maxi-
mum intracavity pump power of the all-fiber system, an average power
of 40 mW was measured, which in conjunction with the pulse duration
corresponds to a peak power of 50 kW and a pulse energy of 8 nJ.

— Whereas in the case of the introduction of the enhanced InN semiconduc-
tor S1 (see Section 5.1.2), the pulse duration in the temporal domain has
been reduced to 94 fs in the output pulse (corresponding to a pulsewidth
of 134 fs in the autocorrelation trace) obtained by a Gaussian fit. On the
other hand, the optical bandwidth of the output pulse increased to 39.4
nm measured at FWHM in the optical spectrum with a central wave-
length of 1570 nm. In this case, the TBP value was measured at 0.46,
thus denoting that the optical pulse is slightly chirped compared to the
transform-limited situation. Moreover, the average power of the output
laser pulse is 35 mW, which implies a peak power and a pulse energy
of 74.4 kW and 7 nJ respectively. The reduction of the average power
can be explained by the increase in linear absorption introduced by these
semiconductors (S1 and S2) compared to the reference sample S0.

— Finally, by inserting sample S2 into the all-fiber laser system, the pulse
duration of the autocorrelation trace measured at the output of the res-
onator cavity was 131 fs (Gaussian fit), whereas the optical pulsewidth
in the temporal domain was 92 fs, the minimum pulsewidth obtained
with this semiconductor so far. The 3 dB bandwidth of the optical spec-
trum has been calculated at 42 nm, which corresponds to the maximum
bandwidth achievable by the semiconductors described in this work. The
central wavelength of the optical pulse performed by sample S2 is shifted
to 1576 nm, as shown in Fig. 5.16(b). Therefore, a TBP value of 0.46 is
obtained, demonstrating a higher chirped behavior compared to previous
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samples SO and S1. In terms of optical power, at the maximum pump-
ing level, the average power of the resonator was 30 mW for the case of
sample S2, while the peak power and pulse energy were 65.2 kW and 6
nJ, respectively.
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Figure 5.16: Fiber laser performance of the GRIN-to-SESAM InN devices of the
sample SO (green dots), sample S1 (blue dots) and sample S2 (red dots) represented
as a function of the temporal duration measured from the autocorrelation function
(a), and the optical bandwidth obtained from its corresponding spectrum (b) after
applying a Gaussian fit (solid black line) [167].

e Discussion of experimental results

The presented results, published in [167], successfully demonstrated the en-
hancement of the laser execution by employing an elemental fiber coupling
device based on a GRIN-rod lens in conjunction with an InN SESAM in a
passively mode-locked all-fiber laser system operating in the telecom region.
In addition to ensuring a compact, turnkey and alignment-free design, this
coupling element also provides a highly stable optical femtosecond pulse train.
In spite of the clearly stretched pulse patterns in the generated spectrum, the
estimated overall dispersion is consistent with mode-locked soliton operation.
An exact amplifier dispersion value cannot be determined experimentally due
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to the lack of information provided by the company. Furthermore, the self-
starting operation has been enhanced due to the all-fiber configuration, where
the fiber ends are spliced in order to reduce possible back-reflections within
the resonator, which may be detrimental to the optical power.

Until now, the laser performance of InN-based saturable absorbers, both in the
transmission and reflection configuration, has been limited in terms of optical
power and pulsewidth because of the fiber coupling and the insertion losses
introduced by the semiconductor material. Nevertheless, the elimination of
the defocusing behavior and the optical aberrations generated by free-space
configurations, measured as an 8.5 dB loss in previous laser configurations (see
Section 5.1), leads to the lessening of the insertion losses introduced within the
laser cavity to a total value of 5 dB. As a consequence, the nonlinear trans-
mission response of the saturable absorber increases since a higher intensity
is circulating within the resonator. Due to the decrease of the linear losses
within the laser cavity, an improvement of the optical fluence on the SA el-
ement is expected. If a larger power in the resonator is achieved, a higher
absorption saturation is also obtained in the saturable absorber. Also, a de-
crease in the coupling losses to the SA may imply effectively a lower saturation
fluence and therefore an increase in the stability of the optical laser in the res-
onator. Through this reduction of insertion losses by a factor of 3.5 dB, it is
possible to generate 90-fs ultrafast pulses, which corresponds to a reduction of
the 40% when compared to the air configuration (a temporal width of 220 fs
was obtained for the transmission configuration, while a 134 fs was measured
in reflective mode). The variation of the optical pulsewidth of the different
samples is related to the improvement of the nonlinear absorption coefficient,
calculated as ay =-3.5-10% for reference sample SO, ap, =-3-10* in the case of
S1, and ap =-2.7-10* cm/GW for sample S2, and thus to the decrease in the
residual carrier concentrated associated to the Burstein-Moss effect (see Sec-
tion 5.1.1). By adding the GRIN coupling device, there is an enhanced pulse
focus on the InN-based active layer, resulting in a larger induced nonlinear
effect. As a result, the pulse’s temporal width is shortened while its stability
is preserved.

In addition, the optical spectrum bandwidth of the output pulse has increased
by a 35 % in comparison to latter sections, with a FWHM of 40 nm. The
absence of pulse deformation in the optical spectrum figure, usually associated
with optical pulse breaking, reveals the quality of the output pulse as well as
the stability of the mode-locking operation within the laser cavity. Due to
the bandgap energy difference between reference sample SO and the improved
InN semiconductors S1 and S2, a redshift in wavelengths can be appreciated,
ranging from 1564 nm to 1576 nm. Furthermore, the increase of the nonlinear
behavior of the SA within the laser cavity may generate an increase in the
pulse chirping.

Due to the enhanced laser performance, the intensity impinging on the sat-
urable absorber increases, leading to higher nonlinear behavior, and thus a
shorter pulse (time duration) with a higher optical peak power. The maxi-
mum power achievable for the all-fiber configuration has been measured in 40
mW and up to 7 nJ of pulse energy without the need for additional ampli-
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fication. This translates into a threefold increase in peak power and energy
due to the pulse compression, where 74 kW and 8 nJ have been obtained in
this work, while only 28 kW and 5.4 nJ in pulse peak power and pulse energy
respectively, were measured in the air configuration set-up. A comparison of
these results is listed in Table 5.4.

TAC (fS) AN (nm) Ppeak (kW)
Air  GRIN | Air GRIN | Air GRIN
S0 190 160 19 20.4 24 20
S1 156.3 94 264 394 | 255 744
52 134.4 92 40 42 28.2 652

Samples

Table 5.4: Autocorrelation temporal duration and spectral bandwidth measured
by using samples S0, S1 and S2 for free-space configuration (Air) [153] compared to
all-fiber laser system founded on a GRIN lens (GRIN) for a reflection configuration
laser cavity as well as the corresponding peak powers [167].

An Er-doped fiber laser ring cavity with a pulse duration of 92 fs has been
found to be among the shortest pulse durations that can be acquired by a sat-
urable absorber without additional post-amplification. An interesting feature
of these semiconductors is their high peak pulse energy emission as well as their
ability to withstand high temperatures, since a higher damage threshold level
has been measured than those reported for two-dimensional semiconductors.
From these results, it appears that the InN SA coupling device is uniquely
effective over other laser-related devices when it comes to generating ultra-
short pulses and enhancing laser stability. However, the increase of the optical
fluence (and hence the temperature) on the material surface would lead to an
enhancement of the nonlinear transmission change of the SA and thus to a
better laser performance in terms of pulse duration and optical power as seen
along this chapter. To do this, a longer all-fiber resonator cavity has been
proposed for high-power ultrafast mode-locking laser development.

5.2.2 High-power ultrafast all-fiber laser

Ultrafast high-power mode-locked fiber lasers can be applied in a tremendous num-
ber of applications, such as in laser micromachining, material processing, surgery
or electronics among others. However, these lasers are restricted in terms of peak
power and pulse energy with a maximum value of a few hundred of kW and tens of
nJ respectively. Following the line proposed by Gallazzi et al. [171], the peak power
of the output laser pulse can be increased by changing the repetition rate (fye,) of
the resonator cavity. The easiest way would be by incrementing the length of the
SMEF' optical fiber in the ring fiber cavity that has been employed in this thesis.
It must be noted that the dispersion-managed condition of the fiber laser cavity
will no longer be supported because of the increase of the dispersion coefficient of
the SMF optical fiber. Therefore, extended optical pulses with a temporal width of
nanoseconds are expected in this type of configurations. Different optical fibers such
as PCF, or UN3 can also be employed for the expansion of the pulse. Nevertheless,
these fibers are not compatible with low-cost ring fiber laser fabrication, as well as
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the instabilities associated with high-power propagation. Therefore, we will focus
on using SMF optical fibers for simplicity.

In this framework, we here expose preliminary results of high-power ultrafast
pulse generation, increasing the length of the SMF optical fiber to the laser set-up
presented in Fig. 5.12, constituted by an all-fiber laser configuration with the InN
based SESAM coupled to a GRIN-to-fiber optical device for loss reduction.

e Laser set-up

In this case, a VOA has been incorporated after the SESAM to control the
power inside the resonator cavity. Furthermore, a SMF fiber span is connected
between the VOA and the EDFA amplification device for the reduction of the
repetition rate. The rest of the fiber components are the same as the ones used
in the previous sections, based on standard SMF and EDF fiber with a total
net distance of 50 m (5.2 MHz of repetition rate) for the original laser cavity.
Four different lengths of SMF fiber have been tested as the additional fiber
span: 200 m (total cavity length of 250 m), 500 m (550 m long cavity), 1 km
(1.05 km total cavity length) and 4 km (4.05 km of total length), respectively.
The laser set-up has been plotted in Fig. 5.17. As it was mentioned before,
due to the addition of the SMF, the laser will no longer work as a dispersion-
managed cavity, but in the anomalous dispersion regime with a dispersion
coefficient greater than -0.6 ps?. As demonstrated in previous section 5.2.1,
the minimum pulsewidth was measured for sample S2, with a value of 92 fs
and a spectral width of 42 nm for the all-fiber laser configuration with the InN
SESAM connected to the fiber end by a GRIN device. As a consequence, we
will employ sample S2 as the InN semiconductor SESAM to be compared to
the latest results.

SESAM

(——

GRIN

5
VOA ;l\
70 30 ,
Q:5| I OUTPUT

EDFA ISO

Figure 5.17: Set-up of the expanded GRIN-to-fiber laser by the addition of a SMF
fiber span of 200 m, 500 m, 1km and 4 km respectively. A VOA device is inserted
between the SESAM and fiber span to control higher-harmonic generation.

e Experimental results

The stability of the output laser pulse has been characterized at 1560 nm
in terms of temporal pulsewidth, by the measurement of the autocorrelation
traces by the autocorrelator, and the spectral width at FWHM by the OSA
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device. In addition, it has been evaluated the output average power as well
as the SNR of the output signal by the RF spectrum, and the repetition rate
by the ESA. Higher harmonics have been observed during the experimental
measurements, nevertheless, in this work, we will focus on the fundamental
mode for comparison purposes. No damage threshold has been observed in
the saturable absorber during these measurements. However, we did notice
an increase in temperature in the GRIN-to-fiber coupling device, where the
UV-curing optical adhesive started to melt for cavities longer than 500 m, and
thus produced the misalignment of the coupling device. To avoid this, we
inserted a mechanical device consisting of a thermal semiconductor cooling re-
frigerator located on the other side of the SESAM sample to redirect the excess
temperature to the external environment (see Fig. 5.12(b)). All the following
measurements have been performed with the cooling refrigerator allowing to
measure output laser pulses for longer cavities (up to 4 km).

— Firstly, an additional fiber span of 200 m has been incorporated into the
original fiber laser cavity, measuring an intracavity average power of 24
mW when pumped at maximum by the EDFA amplification system. The
laser pulse is stabilized in the 2nd-order harmonic mode. Therefore, in
order to accomplish the fundamental stage, the intracavity power must
be reduced by the VOA fiber device. The fundamental mode is locked by
the fiber laser system when the average power at the output of the laser
cavity is reduced to 22 mW (corresponding to an intracavity power of 51.3
mW), leading to an optical pulse with a FWHM of 173 fs in the temporal
domain. In relation to the spectral domain, the FWHM is measured at
20.7 nm centered at 1559.4 nm. Therefore, the TBP value corresponds to
0.442, which is very close to the transform-limited condition of Gaussian
pulses. Taking into account these results and the repetition rate (800
kHz), the peak power and pulse energy are calculated as 159 kW and
27.5 nJ, respectively. It is worth noting that the maximum peak power
and optical fluence impinging on the surface of the saturable absorber
would be equivalent to 371 kW and 56 mJ/cm?. However, any sign of
damage is observed on the semiconductor material. A comparison of the
autocorrelation and optical spectra for each case has been represented in
Fig. 5.18 (a) and (b).

— Subsequently, we increased the length of the resonator cavity by adding
500 m of SMF as the fiber span. When locked to the fundamental mode,
related to a repetition rate of 363 kHz, the output Gaussian pulse has a
temporal duration of 176 fs and 21 nm in the spectrum with a central
wavelength of 1558 nm, and a TBP value of 0.457, therefore, a higher
dispersion contribution is generated when a longer SMF optical fiber is
inserted, moving away from the transform-limited situation. The average
power has been measured at 20.4 mW for the fundamental mode (and an
intracavity power of 47.6 mW), which implies a peak power of 319.3 kW
and a pulse energy of 56.2 nJ at the output of the fiber laser, whereas
a peak power of 745 kW and an energy of 131 nJ (115.4 mJ/cm?) is
obtained inside the resonator cavity.

— In the case of 1 km of fiber span, the fundamental mode is locked in the
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resonator fiber laser cavity with a repetition rate of 191.8 kHz, and emit-
ting trains of pulses with an average power of 16.5 mW. When adjusted to
Gaussian shape, the pulsewidth of the optical pulse can be measured at
180 fs and 21 nm, centered at 1556.5 nm. These results imply a chirped
pulse with a TBP value of 0.468 due to the increase of the SMF fiber
inside the laser cavity, and thus to the increase of the dispersion effect.
The peak power at the output of the laser cavity is measured in 478 kW,
while the intracavity peak power is 1.1 MW. On the other hand, the en-
ergy of the laser pulse is calculated as 86 nJ, whereas within the resonator

cavity, the energy per pulse is 200 nJ, which corresponds to an optical
fluence of 176.9 mJ/cm?.
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Figure 5.18: Characterization of the output laser pulse in terms of pulse duration
and spectral width by representing the autocorrelation traces (a) and spectrum (b)
for each fiber span added to the fiber laser cavity. The repetition rate measured by
the RF spectrum is also represented in (c).

— Finally, if we insert a fiber span of 4 km in the laser cavity, a train of pulses

of 13.5 mW of average power is emitted at a repetition rate of only 50
kHz. The temporal duration increases to 248 fs, while the FWHM of the
spectrum is measured in 20.5 nm with a central wavelength of 1544.4 nm.
A chirped pulse with a TBP value of 0.639 is generated as a consequence
of the high dispersion coefficient of the SMF optical fiber within the laser
cavity. At the output of the laser cavity, we measured a peak power of
1.08 MW and a pulse energy of 270 nJ. This entails an intracavity peak
power of 2.52 MW and an energy of 630 nJ, leading to an optical fluence
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of 55 mJ/cm?. Still, no damage is observed in the saturable absorber.
A comparison of the autocorrelation and optical spectra, as well as the
peak power and TBP for each fiber span, is shown in Table 5.5.

Length | frep (kHz) A7 (fs) AX (nm) TBP P, (kW)
Original 5200 92 42 0.46 65.2
+200 m 800 173 20.7 0.442 159
+500 m 363 176 21 0.457 319.3
+1 km 192 180 21 0.468 478
+4 km 50 248 20.5 0.639 1080

Table 5.5: Comparison of the output laser characteristics for different fiber spans
in the all-fiber laser cavity using the GRIN lens.

e Discussion of results

The presented results demonstrated the increase of the peak power by elongat-
ing the fiber length of the laser cavity, leading to a reduction of the repetition
rate while maintaining the temporal duration within the femtosecond range.

As it can be observed from the experimental measurements, the temporal
duration of the output laser pulse increases as it was expected and according
to the simulations proposed in Chapter 4, due to the dispersion coefficient of
the SMF optical fiber, which increments the value of the GVD coefficient of the
laser cavity, thus the dispersion-managed condition is no longer fulfilled. In
comparison to the original laser cavity, with a length of 50 m and a repetition
rate of 5.2 MHz, where the minimum temporal duration was measured for the
fundamental mode with a value of 92 fs (represented for comparison purposes
in Fig. 5.18(a), the pulsewidth increases to 170-180 fs, which is maintained
from 200 m to 1 km, while this value reaches its maximum when a fiber span
of 4 km is incorporated (248 fs). This suggests that between 1 km and 4 km,
the dispersion coefficient is sufficiently high as to deteriorate the quasi-soliton
behavior of the optical pulse propagation through the laser cavity. This leads
to a high anomalous dispersion coefficient, which destroys the optical pulse
(pulse-breaking). This effect can be seen in the autocorrelation trace of the
optical pulse for the case of 4 km (Fig. 5.18(a)), where two side-lobes are
present, related to the generation of a second pulse.

This effect can also be observed in the spectral domain. When comparing the
fundamental mode spectrum of each laser pulse with different lengths of fiber
spans, it can be observed that the pulse becomes narrower as the length of
the cavity increases, compared to the original case, where a spectral width
of 42 nm was measured. In this sense, the FWHM of the optical spectrum
was reduced to ~20 nm due to the addition of the fiber spans, related to the
dispersion coefficient of these fibers. However, it can also be seen that as we
increase the length of the laser cavity, a higher contribution of the continuous
component, related to the ASE of the optical fiber amplifier, is measured in the
optical spectrum, noticeable for the 1 km and 4 km, as depicted in Fig. 5.18 (b)
with a solid arrow. Furthermore, the central wavelength of the output pulse
is shifted towards shorter wavelengths, due to the increase of the dispersion
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effects within the SMF optical fiber as we increase its length, thus getting
closer to the main peak of the ASE signal (1530 nm), as it can be observed in
Fig. 5.18(b). These two effects on the spectral domain generate a higher chirp
in the optical pulse, measuring a value of TBP of 0.442 for 200 m to 0.639
at 4 km, distancing from the transform-limited case as a consequence of the
increment on the dispersion within the laser cavity. This is also related to the
fact that an increase in the length of the SMF fiber within the laser cavity,
along with the increase in the dispersion coefficient, also enhances the losses
introduced in the resonator, thus increasing the background noise level.

It should be noticed that only the fundamental mode is measured for compari-
son purposes, denoting the stability of the fiber laser. In this case, the average
power is reduced from 25 mW for the original laser cavity (50 m and 5.2 MHz),
to 13.5 mW for the laser cavity with an additional fiber span of 4 km. This
effect can also be noticed in Fig. 5.18(c), where the SNR of the output laser
pulse is measured by an ESA system, while comparing the repetition rate for
each addition of fiber span, measured with 20 Hz of resolution bandwidth and
a span of 10 kHz. From this measurement, it is remarkable how the SNR
decreases from 50 dB (for 200 m) to 30 dB (for 4 km) as the length of the fiber
span increases, approaching the background noise level.

In relation to the peak power, it has been possible to increase the value from
the original case, with a peak power of ~ 65 kW, reaching its maximum value
of 1.08 MW for the 4 km-long cavity at the output of the ring fiber resonator
cavity within an optical pulse of less than 250 fs of temporal duration.

5.3 Conclusions

In conclusion, the improvement of either the saturable absorber’s properties of the
InN semiconductors, as well as the high-power ultrafast laser performance has been
successfully demonstrated along this chapter.

Introduction of buffer layer

In relation to the saturable absorber, we firstly enhanced the optical and electrical
characteristics by the reduction of the carrier concentration. The insertion of a
buffer layer based on an InN/InGaN heterostructure located within the InN thin
film and the GaN-on-sapphire substrate, permits not only to reduce of the lattice
mismatch between these two components, but also the residual doping concentration
in the InN semiconductor. The reduction of the defect density, observable on the
material surface, and thus the structural quality, entailed a decrease of the energy
bandgap (redshifted), strongly associated with the material carrier concentration.
The main impact of the new structure has been a vast increase in the modulation
depth due to a higher nonlinear response, and as a consequence of the reduction of
the residual doping in the sample. The InN material with the heterostructure buffer
layer enhances its performance as saturable absorber in mode-locking fiber laser
exhibiting a three times greater optical power when implemented in a fiber laser
cavity and a reduction of the output pulsewidth (166 fs in the temporal domain and
a spectral bandwidth of 22 nm) due to the enhanced nonlinear properties of the
optical material.
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Deposition control

Subsequently, the crystal quality of the SA was increased by a careful selection of
the growth parameters during the material deposition process. By adjusting the time
interval of the N layer exposure, essential in the PAMBE fabrication technique, the
residual doping concentration can be better controlled and thus the Burstein-Moss
effect. The SA characteristics of the InN based semiconductor are largely improved.
A redshift of the bandgap energy has been generated, which can be explained by
the lowering of the carrier concentration of the SA. In addition, the improvement
of the growth conditions has generated a higher nonlinear response, due to the
higher nonlinear absorption coefficient. With regard to the laser performance, these
layers have demonstrated to develop shorter pulses with a time duration of 134 fs
and broader bandwidths with a maximum value of 42 nm. In addition, this effect
introduces a shift in the output pulse wavelength as well as a higher pulse chirp.
As for the optical power, the effect of the higher nonlinear transmission change
along with the smaller absorption parameter of the enhanced InN, has produced
more energetic pulses, and nine times greater than those reported for the best 2D
material performance.

GRIN-to-SESAM coupling device

The introduction of an all-fiber laser system operating in the C-band wavelength
region has permitted to decrease in the intracavity insertion losses associated with
the reflections and optical aberrations generated in free-space configurations. The
all-fiber laser system is composed of an InN layer together with a GRIN lens in a
simple and solid coupling device. The reduction of the linear losses has increased
the optical power recirculating within the laser cavity, and thus the optical fluence
traveling through the SA material. This effect has been translated into a higher
nonlinear response (T,s/77;,-100(%)=700%). In relation to the laser performance,
the use of an all-fiber laser set-up generates an ultrafast train of pulses with a
temporal pulsewidth as short as 90 fs, which corresponds among the shortest pulse
durations viable for this type of semiconductors in mode-locked fiber laser systems.
The use of this fiber coupling device for the saturable absorber in a passively mode-
locked fiber laser in reflection configuration has enabled to obtain higher optical
powers at the output of the resonator, with an improvement of 2 nJ with respect to
free-space configurations.

High-power all-fiber mode-locked laser cavity

Finally, we employed these enhanced InN-based saturable absorbers inserted in
an all-fiber laser cavity by a GRIN-to-fiber coupling device for the development
of ultrafast pulse generation with high-power levels. In this case, the increase of
the optical power has been conducted by the reduction of the repetition rate of
the all-fiber laser system, by the increase of the fiber length of the laser cavity. For
simplicity, we elongated the SMF portion of the laser cavity with different fiber spans
from 200 m to 4 km. This permitted to reduce the repetition rate by 100 times, from
5.2 MHz from the original laser cavity to 50 kHz for the case of 4 km, while obtaining
trains of Gaussian pulses with a temporal duration from 92 fs in its original set-up,
to <250 fs, keeping the pulse in the femtosecond range. Whereas in the spectral
domain, the FWHM of the optical pulse has been measured with a stable value
of ~20 nm centered in the 1550 nm operation band for all the added fiber spans,
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denoting the stability of the fiber laser system. The use of long fiber laser cavities
with the InN SESAM coupling device has enabled to obtain pulses with optical peak
powers ranging from hundreds of kW to 1 MW, without damaging the InN SESAM.
Nevertheless, some noise contributions have been measured for cavities longer than
1.05 km, reducing the average power of the output laser pulse, while enhancing
the CW components of the ASE signal, deteriorating the laser performance in the
spectral domain due to the increment of the dispersion coefficient within the laser
cavity.
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Sensing applications of ultrafast
InN based fiber lasers
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6.1. GAS SENSING

High-power optical fiber laser sources are essential in a wide variety of industrial
applications, such as in the material field with laser micromachining or material
processing, and in the telecommunications field with the development of long-haul
transoceanic fiber cables. Nevertheless, the greatest impact has occurred in the
environmental and medical field, such as in the monitoring of the evolution of global
warming or the detection and prevention of diseases, reducing the time of diagnosis
while providing highly accurate results [172,173].

In general, diagnostic devices are based on the detection and characterization of
specific molecules by reliable and stable light sources, capable of reaching high-power
levels (higher incident powers imply a longer penetration depth and higher SNR) as
well as a short pulse duration in order to obtain high spatial and temporal resolution
in the imaging system. However, the penetration depth and the reduced size of the
biomolecules under study are still a difficult task in most imaging devices. Thus,
highly accurate and sensitive modern optical detection techniques must be developed
so that biomolecules with low concentration can be mapped more easily in living
samples.

In this chapter, we propose the use of our laser system for spectroscopic appli-
cations as a diagnostic device for the evaluation of biological samples. In this sense,
we report a first estimation of the absorption measurement capability of the laser
system of a gas sample in Section 6.1, leading to the results published in [171]. Af-
terwards, we propose a modified design of the fiber laser set-up for CARS imaging
to enable direct real-time measurements of biological samples in Section 6.2. In
this case, an assessment of the laser performance and the imaging capabilities of
the complete system have been conducted by simulations, whose findings have been
submitted for publication [174].

6.1 Gas sensing

In relation to the environmental field, global warming has become an important
concern. Detection and quantification of gases such as carbon dioxide and methane
using laser-based trace-gas sensors have attracted a great deal of attention because
they introduce a low-cost, high-performance, and highly accurate technological ap-
proach that contributes to monitoring air pollution with a view to reducing global
warming, while guaranteeing a secure and safe society. As gas quality requirements
become more stringent, the use of gas detection systems has become increasingly
important for safety and environmental monitoring. Laser-based trace-gas sensor
technology is notable for its high sensitivity in comparison to other sensor technolo-
gies [175].

The principle of laser-based trace-gas sensor technology is based on the detec-
tion of the output energy of an optical source after the interaction with the gas
molecules. By absorbing the power of the incident light at a specific wavelength,
the gas molecule starts to vibrate. These vibrations can be seen in the spectrum
of the output light as a dip in a specific wavelength, measuring what is called the
absorption line of the gas molecule. By changing the optical wavelength of the in-
cident pulse, different absorption lines of the gas molecule can be measured. Based
on the wavelength position and depth of the dip, we can determine the type and
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concentration of the gas under study. Many relevant gas absorption lines related
to exhaust fumes fall within this region such as carbon monoxide, carbon dioxide,
methane, hydrogen sulfide, and acetylene [176]. Therefore, the use of a broadband
spectral laser source is essential for detecting multiple absorption lines at the same
time.

As a result of the expansion of the telecommunications industry, fiber-optic com-
ponents are readily available for the NIR, making it possible to establish fiber lasers
as a primary source [177]. In this sense, mode-locked fiber lasers are the preferred
approach due to their cost-effectiveness and compactness, where erbium-doped fiber
lasers provide an advantage over other laser sources due to their tunability from 1520
to 1580 nm. Furthermore, passive fiber lasers based on saturable absorbers have
noteworthy properties due to their thermal and chemical stability as well as their
insensitivity to external perturbations. In this work, we presented an InN-based
semiconductor material as the saturable absorber used in an Er-doped ring fiber
laser cavity for mode-locking operation, obtaining highly stable ultrashort pulses,
having a broad absorption capacity, and being capable of supporting high incident
powers, demonstrating its thermal stability. These characteristics of the InN-based
fiber laser system make it a preferred option for spectroscopic purposes.

In this section, we propose the first application of our laser set-up, centered on gas
spectroscopy. To do this, supercontinuum generation has been incorporated at the
output of the scheme in order to achieve a broad spectral bandwidth. We present
a preliminary demonstration of this gas sensing application by the measurement
of hydrogen cyanide (H'2C' N) and carbon monoxide with a pressure of 5 Torr
(H'2C0), and with 150 Torr (H'3C"'®0) contained in a closed cell.

6.1.1 Supercontinuum generation

In order to measure a broad spectral region, a broad spectral bandwidth signal is
demanded. The wider the spectral bandwidth of the incident pulse, the wider the
absorption spectrum coverage for a single measurement. To do this, supercontinuum
generation (SC) is the most common spectral broadening procedure performed in
sensing application systems involving ultrashort pulses. In this section, we will

briefly introduce the theory of supercontinuum generation and its use in optical
fibers.

The concept of supercontinuum generation has continuously attracted scientific
and technological attention since it was first discovered in the early years of nonlinear
optics [178]. Supercontinuum light provides ultra-broadband radiation, due to the
propagation of intense laser pulses through a nonlinear medium. The adaptability
of its spectral bandwidth is one of the greatest advantages of SC sources. The use of
their full bandwidth has been demonstrated to be invaluable in applications such as
frequency comb metrology, high-capacity multi-wavelength encoding of information,
the generation of short pulses of light, and optical sensing and imaging systems.

Multiple materials have been tested for supercontinuum generation, such as a
bulk glass of borosilicate [179], nevertheless, the most useful light source is produced
within an optical fiber, due to its small effective area (permitting the preservation
of the spatial coherence properties of the incident light) and with a considerable
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interaction length. The optical properties of the output supercontinuum signal can
be controlled depending on the pulse duration, the central frequency and the optical
power of the pumping laser source; a shorter incoming pulse will generate a broader
frequency extent, while an increase in the incident power implies an enhancement of
the broadening factor in the supercontinuum generation. In the case of propagating
through an optical fiber, a longer propagation length will increase the SC process.
Multiple nonlinear processes, related to the third order susceptibility, such as dis-
persion, SPM, FWM or SRS, can explain the generation of supercontinuum laser
sources in optical fibers [180]. As shown in Chapter 2, the sign of the second-order
dispersion coefficient is fundamental to determining the broadening mechanism of
the optical pulse while propagating through an optical fiber.

e For 55 > 0 (normal dispersion regime) SPM is the dominant effect. In the
case of femtosecond pulses, SPM and FWM generate the spectral broadening
of the initial unchirped pulse, thus introducing a certain chirp in the output
signal. Nevertheless, an additional effect based on SRS is also present.

e On the other hand, in the anomalous dispersion regime (S < 0), two differ-
ent scenarios can be produced, the soliton fission regime and the modulation
instability regime.

- For ultrashort pulses with time durations in the femtosecond range, the
incident pulse propagates along the optical fiber as a higher-order soliton. This
pulse is initially broadened and compressed due to the breathing behavior
as a consequence of the dispersion and nonlinear coefficients of the optical
fiber. Nevertheless, the presence of higher-order dispersion coefficients and
SRS effects leads to the break-up of fundamental solitons (soliton fission), and
the pulse broadening towards longer wavelengths due to SRS. This process
is known as Raman soliton self-frequency shift. The effects of higher-order
dispersion result in the resonant transfer of energy to shorter wavelengths for
each newly formed soliton, and the effects of inelastic light scattering within the
bandwidth of each soliton lead to an increasing frequency shift. An example
of this regime has been accomplished by Ranka et al. [181], where a 100 fs
optical pulse in the nanojoule energy region centered at 770 nm, was sent into
75 cm of a photonic crystal fiber (PCF), generating a SC signal spanning from
400 nm to 1500 nm.

- In contrast to soliton fission, the breakup of picosecond or longer duration
pulses in the pumping laser source is generated due to modulation instability
(MI) and FWM processes. This phenomenon causes frequency sidebands in the
spectrum (Stokes and anti-Stokes), evolving into fundamental optical solitons
[182], which subsequently suffer Raman self-frequency shift. An example of a
SC generation simulation generated by modulation stability with a temporal
duration of 360 fs and a spectral broadening of more than 200 nm has been
developed, as shown in Fig. 6.1, by propagating a 250 fs-Gaussian pulse with
a peak power of 5 kW through 10 m of SMF based on the code of [183]. The
temporal shift of the optical pulse is due to the definition of the temporal
window in the simulation code.
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Figure 6.1: Simulation of SC generation of an initial Gaussian pulse with a temporal
width of 250 fs and a peak power of 5 kW (red dashed line) propagating through 10
m of SMF. A temporal duration of 360 fs and a spectral broadening of more than
200 nm has been obtained at the output.

6.1.2 Experimental set-up

The laser source has been assembled at instituto de Optica Daza de Valdés (IO-
CSIC) research group, with a similar scheme to the previously-described mode-
locking fiber laser used in this thesis. The resonator consists of a ring fiber laser
cavity based on SMF, with an EDFA system as the gain medium device and an InN
semiconductor material as the saturable absorber. Nonetheless, the SA has been
placed in an open-air configuration to simplify the laser set-up [161]. Nevertheless,
in order to achieve the appropriate conditions for soliton formation inside the res-
onator cavity and the temporal and spectral properties demanded for spectroscopic
purposes, a reel of 1 km of SMF fiber has been inserted between the SESAM device
and the amplification medium [171]. The suitable properties of the initial pulse for
SC generation were set so that an ultrafast Gaussian pulse of ~ 240 fs and 25 nm in
the spectral domain with a central wavelength of 1560 nm was achieved in the laser
cavity with a total distance of 1.05 km (and thus 196 kHz of repetition rate) oper-
ating in the anomalous dispersion regime. In order to obtain the maximum output
power, a VOA device was also inserted within the laser cavity, capable of control-
ling the transition between the fundamental mode (maximum energy per pulse in
the oscillator) and higher harmonics (see Chapter 5). Therefore, an ultrashort laser
pulse with an average power of 30.5 mW was measured at the output of the laser
cavity, corresponding to a peak power of 650 kW and a maximum energy of 155 nJ.

Subsequently, another SMF fiber is placed at the output of the laser for SC
generation. This fiber is a 2.3 km reel of standard SMF. An analysis of the pulse
compression, as well as the maximum power at the output of the broadening fiber,
was characterized by an autocorrelator (APE Mini PulseCheck), an OSA device
(Yokogawa AQ-6215B) and a power-meter (PM100USB, Thorlabs) respectively af-
ter traveling through the 2.3 km-SMF. The optical pulse has been compressed to
~100 fs, whose profile has been modified to a Lorentzian shape with a pedestal ob-
servable in the autocorrelation function, which can be explained due to the nonlinear
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compression of the output soliton pulse of the laser cavity, as shown in Fig. 6.2(a). In
the frequency domain, a spectral broadening of more than 200 nm was achieved, ex-
panding the spectral coverage to the red side of the spectral region (see Fig. 6.2(b)).
The optical power of the SC pulse was measured in 12.5 mW.
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Figure 6.2: Supercontinuum generation characterization at the output of 2.3 km of
SMF in terms of (a) autocorrelation function and (b) optical spectrum, represented
by a solid black line, when pumped with an ultrafast 240 fs-laser source and a peak
power of 650 kW, plotted with a solid grey line [171].

Now that we have demonstrated that a SC generation can be achieved by this
laser set-up, a spectroscopic gas station has been developed, capable of analyzing
different samples in the NIR spectral region.

6.1.3 Preliminary results

The detection set-up consists of inserting the gas sample between the laser source and
the optical photodetector. In its easiest form, the gas sample is located in-line with
the laser source in a free-air open-path configuration, characteristic of gas remote
sensing applications. The gas is distributed over a certain distance (L) known as
optical path. Nevertheless, the intensity attenuation and external contributions of
the open-air scheme limit its use to several meters. This laser set-up can be reduced
by inserting mirrors located at the sides of a gas cell. The incident light enters the
gas cell, where it is reflected multiple times, thus increasing the effective optical
path length, named as multipath cell, to hundreds of meters. Compared to the
single long-path cell, this method enables an increase in sensitivity, while retaining
a simple optical design.

Therefore, in order to obtain the maximum sensitivity in the spectroscopic device
and the easiest configuration in a lab environment, a multipath gas cell has been
incorporated at the end of the SC generation stage generated by the SMF. The
first scheme, although indispensable for remote sensing, has not been used due to
lab space limitations. In this sense, the gas cell consists of a ~19 cm-long glass
tube with two aluminum mirrors, creating 5 internal reflections, corresponding to
an effective total length of 80 cm. The gas cell contains a mixture of H2C*N with
a pressure of 5 Torr, and two different samples of carbon monoxide, (**C*0 and
BC160), with a pressure of 150 Torr. These gases have their absorption lines in the
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wavelength region between 1500 nm and 1650 nm, therefore the developed SC laser
source is suitable for this task. For the purpose of reducing the insertion losses and
optical attenuation introduced by the open-path free-air configuration, the gas cell
has been configured with fiber optic connectors at the entrance and the output of
the gas cell. A 99/1 fiber coupler has been added between the output of the SC
generation SMF and the gas cell in order to avoid optical damage due to the high
peak power levels achieved by this laser set-up.

The absorption spectrum is measured at the output of the gas cell in transmission
configuration and analyzed by an OSA device (Yokogawa AQ-6215B) with a spectral
bandwidth ranging from 1500 nm to 1750 nm with an integration time of 2s and
a spectral power density much higher than those obtained from LED devices (12.5
mW of average power in 200 nm spectral bandwidth leading to 2.5 nWm compared
to 2mW in 120 nm of an IR 1550 nm thorlabs LED with a power spectral density
of 0.24 nWm). It must be noted that the spectral function is measured up to 1750
nm due to the limited range of the OSA device. Therefore, the spectral broadening
of the output pulse is presumed to be wider. Nevertheless, since we are interested
in measuring the HCN and CO gas molecules, we will focus on the spectral range
between 1500 and 1650 nm. The optical spectrum measured at the output of the
resonator cavity, after the interaction between the gas molecules and the SC pulse,
is depicted in Fig. 6.3.

Logarithimic Spectrum (5 dB/div)
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Figure 6.3: Optical spectrum of the SC pulse after the interaction with the
H2CHUN, 12C160) and 3C60), gas molecules. The absorption lines of the corre-
sponding gas molecule can be observed superimposed on the output pulse measured
at the end of the gas cell [171]. The integration of the OSA device is set to 2s.

Since we are measuring in the NIR region, the energetic transitions that are going
to be characterized are the vibro-rotational transitions. The vibrational transitions
are generated due to the absorption of the energy of the incident pulse and the
excitation of the molecule to an upper state (Av = 1). Nevertheless, this vibrational
transition is also composed of rotational transitions divided into branches (R, Q and
P), denoted as AJ = 1, 0 or -1 respectively, which depend on the spin of the molecule
under study. In this case, both the R and P branches are observable for each of the
gas samples, in contrast to branch Q, less common in gas molecules. Firstly, the
absorption lines of the H'2C'N compound can be characterized between 1520 nm
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and 1555 nm, as shown in Fig. 6.4(a). In the case of carbon monoxide, the R and P
branches are measured from 1560 nm to 1595 nm for 2C1°O, plotted in Fig. 6.4(b),
while for 13O0, these lines are observable in the 1595 nm to 1630 nm spectral
region, as represented in Fig. 6.4(c). These results show a great similarity with the
absorption spectra of each of the gas molecules compared to previous calibrations
from published literature [184,185].
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Figure 6.4: Optical spectrum after baseline subtraction of the absorption lines of
(a) H2CMN, (b) 2C'00, and (c) ¥*C'%0 measured by the in-house SC pulse [171].

6.1.4 Discussion of results

In our work [171], it has been demonstrated the applicability of an ultrashort mode-
locked fiber laser with an InN semiconductor as SESAM, for SC generation in the
NIR region. These measurements have been conducted in the 10-CSIC facilities,
with a similar laser source as the one described in previous chapters. Nevertheless,
for simplification purposes, it has been used in the laser set-up with the SA in
open-air configuration, since a higher control of the higher harmonic generation
is obtained. The properties of the saturable absorber, such as high modulation
depth, high nonlinear behavior and a high damage threshold level, has permitted
to develop ultrafast Gaussian pulses with a temporal duration as short as 240 fs
and a broad initial bandwidth of 25 nm, propagating through a ring fiber resonator
cavity based on low-cost SMF with a total length of 1.05 km. The dispersion and
nonlinear coefficients of the off-the-shelf components of the laser cavity, enable the
propagation of dispersion-managed solitons. Furthermore, a highly stable pulse has
been obtained with a repetition rate of 196 kHz, with an average power of 30.5
mW, which corresponds to a peak power of 650 kW and an energy per pulse of 155
nJ. At the output, an ultra-stable SC pulse with an average power of 12.5 mW,
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and a maximum measured spectral broadening of >200 nm has been obtained when
propagated through 2.3 km of SMF.

The properties of the fiber laser cavity based on an InN SESAM along with the
SC generation achieved in SMF propagation, have permitted to develop a simple
and low-cost spectroscopic device. The SC generation signal has been utilized as
the incident pulse for gas absorption in a sensing device. The incorporation of a gas
cell with fiber connectors at the entrance permits the reduction of the insertion losses
and external distortions, characteristic of open-air gas detection configurations. The
all-fiber connection leads to a lessening of the attenuation losses generated in the
links, thus a higher power is introduced within the gas cell. As a consequence,
the absorption is measured with higher sensitivities. Preliminary results have been
obtained with this sensing set-up, studying and analyzing the absorption lines of a
mixture of gases, composed of molecules of HCN and CO at different pressures. The
experimental measurements have demonstrated that the SC spectral bandwidth is
wide enough to measure the absorption lines of each compound, and even capable
of identifying the corresponding vibro-rotational energy transitions.

6.2 Biomedical sensing

The analysis and identification of the different components of a biomolecule become
of great importance in the medical field, specifically in the detection and prevention
of diseases. The light beams employed in spectroscopic imaging techniques should
accomplish certain principles, including enough energy to excite the sample, while
reaching a sufficient penetration depth without performing any molecular damage
to the sample, as well as a certain recording speed should be accomplished in order
to measure the in vivo biological processes of the living cell.

In recent years, the number of optical detection systems designed for biological
imaging has grown as laser technology has become less expensive, more compact,
and more reliable [186]. Despite their robustness and high sensitivity, the vast ma-
jority of these systems demonstrate a relatively narrow spectral coverage. Moreover,
detection over a large spectrum often requires a long time due to the complexity
of the acquisition device. Due to this, a single system can only detect a limited
number of molecules. New approaches, such as the use of broadband optical pulses
that record large spectral bandwidths at one time, have been investigated to address
this problem [187], expanding their spectrum region from the ultraviolet to the far
infrared range, via nonlinear conversion due to the high peak intensities of their
ultrafast pulses.

In the last decades, new high-speed vibrational imaging techniques have emerged,
with improved characteristics in terms of resolution, sensitivity and penetration
depth. In relation to this, coherent anti-Stokes Raman scattering (CARS) spec-
troscopy stands out due to its ultra high-speed acquisition rate as low as 3.5 ms per
pixel capable of real-time imaging of small molecules with micromolar concentration.

In this work, we propose the use of an ultrafast fiber laser system as the ex-
citation source in a spectroscopic device for biological imaging as the one used in
previous chapters. To do this, the laser pulse shall be temporally compressed (spec-

121



6.2. BIOMEDICAL SENSING

trally expanded) in order to achieve the broadest possible pulse in the frequency
domain, which will be used to cover the maximum molecular spectral range in one
measurement. Therefore, in the next section, we will explain the main techniques
for pulse compression in the femtosecond range. Subsequently, we describe the laser
set-up used in this work to accomplish the required characteristics for biological
spectroscopy, which have also been validated by numerical simulations carried out
with a MATLAB software.

6.2.1 Pulse compression for high-power laser systems

Nonlinear pulse compression can be achieved in optical fibers by the correct selection
of the dispersion and nonlinear optical properties of the fiber to obtain the minimum
temporal duration at the output after propagation of an initial chirped or unchirped
pulse. Nonlinear pulse compression in fiber optics can be grouped into two main
categories, depending on the configuration and optical elements employed, based on
the use of soliton-effect compressors or with grating-fibers.

e In relation to soliton-effect compressors, the input pulse propagates through
an optical fiber in the anomalous dispersion regime, where the nonlinear ef-
fect of SPM increases the optical bandwidth, creating a chirped pulse at the
output with a larger temporal duration as the one measured at the entrance.
Subsequently, the chirp parameter is counteracted by the dispersion coefficient
of the optical fiber, and thus the pulse duration is strongly reduced [188]. The
length of the optical fiber is suitably chosen for the required characteristics at
the output. The maximum pulse compression will depend on the initial peak
power (and thus on the soliton order N). However, the compressed pulse has a
lower pulse quality since only a fraction of the input energy is conserved, leav-
ing the remainder as a broad pedestal. A solution can be achieved by using the
dispersion management method, so that the average GVD is relatively small,
but the value of 3 is high. An example of this pulse compression method has
been observed in the temporal evolution of the optical pulse while travelling
through the ring fiber laser cavity used in this work, as described in Chapter 4.

e By contrast, in grating-fiber compressors, the input pulse is initially broadened
in the spectral domain by propagating it in a normal dispersion fiber, leading
to a positively chirped output pulse. Then, the optical pulse is sent through
a grating pair (prism pair, a chirped mirror or diffraction grating, among
others), compressing it temporally due to the anomalous GVD coefficient (each
frequency suffers a different phase-shift, i.e., the trailing edge catches up the
leading edge of the pulse).

Depending on the desired compression, the dispersion coefficient GDD intro-
duced by the grating pair can be controlled by the length between the two
elements as,

~3/2
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Therefore, the amount of dispersion introduced by the grating pair depends on
its characteristics, including the grating pair distance L, the number of lines per
length in the grating pair (period A) and the diffraction order m = 0, +1+2, ...,
which depends on the type of configuration (positive values for transmission
configuration and negative for reflection), and the number of passes (1 for
single pass, 2 for double pass, etc.). Furthermore, we can observe from this
equation how the dispersion depends on the incident wavelength as well as
the angle of incidence (6;) of the optical pulse. In general, the manufacturer
specifies the appropriate angle of incidence in order to obtain the maximum
transmission /reflection through the grating pair, commonly around 30°. The
grating separation required to compress the incident pulse will depend on
the amount of positive chirp to compensate. In this sense, for femtosecond
pulses, L, ~10 cm or less, whereas for longer pulses, the distance becomes
impractically large (>10 m).

Nevertheless, the grating pair compressor system presents some disadvantages,
such as spatial dispersion and diffraction losses [189]. The cross-section of the
incident beam diverges when passing through the grating pair, varying from a
Gaussian shape to a more elliptical form. This deformation becomes important
as the separation between the gratings increases. Nonetheless, this effect can
be minimized by sending back the optical beam through the grating pair, that
is, a double-pass configuration. In this double-pass configuration, the beam
is recollimated into its original cross-section form, while doubling the GDD
coefficient, which reduces the grating separation by a factor of 2.

The design of the all-fiber spectroscopy laser source is explained in the next
section. In this work, we have employed both the soliton and the grating pair
scheme for pulse compression in order to achieve the required characteristics in the
optical pulse for spectroscopic devices.

6.2.2 Design of the “all-fiber” spectroscopy laser source

The objective of this section is to create a laser system capable of analyzing different
biological samples at different optical wavelengths with enough resolution, while
reaching the maximum penetration depth achievable without loss of energy due to
scattering or other external disturbances. To do so, a spectroscopic device based on
CARS spectroscopy has been designed for the real-time identification of molecules
by studying their chemical bonds (vibrational frequencies).

Raman’s spectra can be divided into two areas based on the wavenumber of the
vibrational transitions involved: the low wavenumber region or fingerprint, which
varies from 800 to 1800 cm™' (5 um-15 um), and the high wavenumber or lipid
region, which varies from 2800 to 3800 cm™! (2.5 ym-3.5 pum). Together, the finger-
print and lipid regions provide a more accurate biochemical analysis of the sample
composition.

In terms of detection, the Raman scattered light is typically collected by a spec-
trograph. Nevertheless, higher resolution detection systems based on interferometers
for Fourier Transform (FT) detection can also be incorporated. Multiple schemes

123



6.2. BIOMEDICAL SENSING

have been proposed for measuring both the fingerprint and the lipid region at the
same time. In its simplest form, an InGaAs detector, which operates in the spectral
region from 0.9 ym to 1.7 um, can be applied for measuring the fingerprint region.
Preliminary results of the analysis of biological samples such as polystyrene and
polyethylene microspheres by a CARS spectroscopic device have been obtained [190].
Nevertheless, only a small portion of the lipid region can be registered with this pho-
todetector with low resolution.

An alternative relies on using two separate laser sources with different wave-
lengths, centered in the fingerprint and lipid regions, respectively. This type of laser
set-ups allows for obtaining greater resolutions due to temporal synchronization in
the sample plane (nonlinear Raman spectroscopy). Each of the wavelengths is trans-
mitted through the sample under study, whose backscattered light is collected by a
charge-coupled device (CCD). An example of this scheme is employed by our collab-
orators in the UltraFast Laser (UFL) group in James C. Wyant of Optical Sciences
from the University of Arizona (Tucson, United States of America), which consists
of an all-fiber laser system emitting pulses at 1550 nm, and generating the two
wavelengths by nonlinear processes. The development and study of the biological
samples by the spectroscopic device, as well as the construction of the laser set-up,
have been performed in the University of Arizona facilities.

e Laser cavity:

In order to generate the ultrafast pulse, a ring fiber resonator cavity based
on mode-locked generation is employed. The laser cavity consists of 15 m of
SMF', where a single-mode telecom-grade 980 nm diode pump laser signal is in-
serted within the resonator by 1 m of 980/1550 nm WDM fiber coupler device
(Corning). The signal is amplified by an Er-doped fiber (Liekki) with a length
of 2 m, where a fiber optical isolator is added to ensure unidirectional oper-
ation within the laser cavity. The mode-locking operation is achieved by the
SA, based on a SWCNT-polymer composite (single-wall carbon-nanotubes),
embedded in the optical fiber in a tapered-fiber form. This type of SA has
been characterized in previous works by the UFL group [191,192]. The mode-
locking operation is optimized by a polarization fiber controller, since in this
case the SA is polarization dependent. The mode-locking operation is initial-
ized when the pump power is above 90 mW, where the slow SA begins the
self-starting operation mode. The net dispersion coefficient of the ring fiber
resonator cavity is -0.1 ps?, thus the laser works in the anomalous dispersion
regime. The laser cavity set-up is plotted in Fig. 6.5 delimited by red dashed
lines.

At the maximum pump power of 260 mW, the resonator cavity output power,
measured by a universal fiber optic detector (818-1S-1, Newport), is 4 mW
in the form of a train of Gaussian pulses separated by a repetition rate of 14
MHz and a SNR of 70 dB. The output pulse duration was measured in ~1
ps measured by an autocorrelator (FR-103XL, Femtochrome Research Inc.)
and visualized by an oscilloscope (TDS1002, Tektronix), corresponding to a
peak power of 40 W and an energy per pulse of 40 pJ. In the spectral domain,
the output pulse, measured by an OSA (MS9710B, Anritsu), is centered at
1561 nm with a maximum bandwidth of 4 nm. It must be noted that in this
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case, no Kelly sidebands are observable in the fundamental harmonic optical
spectrum, due to the dispersion management in the laser cavity.
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Figure 6.5: Representation of the all-fiber laser scheme for its application as the
main laser source in the spectroscopic device based on the CARS technique. Two
different branches have been defined for this purpose, named as 1 ym arm and the
1550 nm arm, where multiple types of fibers, such as SMF, HNLF, PM980 and
UNS3, are employed to acquire the required pulse’s characteristics for high-quality
spectroscopic images.

e Dual-comb formation:

As explained in Chapter 3, the spectroscopic device is based on nonlinear
Raman effects, in which two narrowband pulses (pump and stokes beams) are
used. Therefore, we need to create two separate pulses at different wavelengths.
In this work, we propose to use the above-described laser source, to generate
the two wavelengths through two different laser arms, as depicted in Fig. 6.5,
named as the 1 pym arm and the 1550 nm arm. The output laser signal is
divided by a 70/30 fiber coupler, where the 30% of the output laser cavity
power corresponds to the 1 pym arm, whereas the remaining 70 % of optical
power is sent to the 1550 nm arm.

— In the case of the upper arm, which will correspond to the excitation
source centered at 1 pum, the output 1550 nm laser cavity signal is ampli-
fied by a 7 m-long EDFA (Coractive EDF-1.900), with a maximum gain of
18 dB, expanding the output pulse laser to 38 nm of spectral bandwidth
and 500 fs in the temporal domain, with a maximum average power of
100 mW. Then, the pulse is split into two arms by a 90/10 fiber coupler
for monitoring purposes. The 90 mW power pulse is spliced to 1.5 m of
SMF for soliton compression of the up-chirped pulse. At this point, we
will use the above-described SC generation method to create the 1um
seed pulse. To achieve this, we insert a HNLF (OFS) at the output of the
SMF with a total length of 5 cm and a dispersion coefficient of 6.3-10~%7
s?/m and 33=5.7-107%? s3/m as the TOD value, whereas in the case of
nonlinear properties, the SPM coefficient is y=23-1072 W~!/m~!. Nev-
ertheless, a ~20% total loss is generated between the SMF and HNLF
due to the optical fiber splice (due to the difference in the fiber diame-
ter). The 1 pum output pulse generated in the broadening fiber due to
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SC generation is amplified by a lab-built Ytterbium-doped fiber ampli-
fier (YDFA, Yb1200-12/125DC-PM, Liekki), controlled by a laser diode
driver (Model 5700-30, Newport) and a Modular Temperature Controller
(Model 8000, Newport) with a maximum power supply of 17 A (DLM8-
75, Sorensen), obtaining a maximum average power of 100 mW for the 1
pm pulse. Polarization fiber controllers and polarization-maintaining op-
tical fibers (PM) have been added to the laser set-up in order to optimize
the maximum optical power generated in the 1 pym arm, as well as to
maintain the stability of the mode-locking train of pulses. At the output
of the amplification stage, a PM980 (PANDA PM-980, Corning) optical
fiber is included in order to compensate the optical chirp generated by
the HNLF and the YDFA.

Nevertheless, as it was mentioned in Section 6.2.1, it is essential to obtain
an optical pulse with a broad spectral bandwidth as to measure the max-
imum absorption peaks of the sample under study in a single measure-
ment. In this sense, we propose the incorporation of a pulse compression
scheme based on a grating pair (Edmund Optics), located at the output
of the 1 ym arm, as denoted in Fig. 6.5.

Pulse compression scheme:

A representation of the laser pulse compression scheme is given in Fig. 6.6.
At the output of the PM980, the fiber laser pulse is transmitted in free-
space through an optical isolator (F1-1060-3SC, Isolite) in order to pro-
tect the resonator cavity from backward laser signal. Then, the optical
pulse is dechirped by a reflective grating pair, denoted as G; and Gb.
In order to compensate for the beam deformation effects of the grat-
ing pair, a double-pass configuration has been applied by introducing a
highly-reflective Ag mirror (Ms). The output pulse is then reflected by
a dichroic mirror (M), and introduced back again in an optical fiber for
spectral broadening purposes. It is possible to separate the path of the
compressed pulse from that of the input pulse by slightly tilting the re-
flecting mirror M, so that the mirror M is out of the incident pulse path,
and thus avoid additional optical power losses in the pulse compression
stage. The addition of half-wave plates (P, and P), is included in the
compression scheme in order to control the polarization state of the 1 ym
pulse.

Once the 1 pm pulse is compressed temporally to its minimum value, in
this case 80 fs, the optical pulse is sent through a broadening UN3 fiber

(SCF-UN-3/125-25-PM, CorActive), which broadens the pulse spectrally
up to 250 nm, while having a temporal width of 8 ps.

— On the other hand, the other branch of the laser set-up, described as the
1550 nm arm, is composed by an EDFA, similar to the one employed in
the 1 pm arm, which amplifies the 1550 nm output laser cavity pulse up to
70 mW of average power. Furthermore, a delay-line (DL, F-VDL-1-3-FA-
P, Newport) and a fiber coupled acousto-optic modulator (AOM, TEM-
200-25-20-2FP, Brimrose) have been incorporated into the 1550 nm arm,
since both devices are indispensable to perform the CARS measurement.
In addition to this, a UN3 broadening fiber is included at the end of the
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amplifying EDFA device in order to obtain the appropriate characteristics
required to achieve the maximum resolution in the spectroscopic device,
as it will be explained below.
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Figure 6.6: Pulse compression scheme of the 1 ym arm based on a grating pair
configuration in reflection mode.

e Imaging components:

The imaging configuration is represented in Fig. 6.7, where the CARS signal
is analyzed by the use of dichroic mirrors (DM, PBS513) in kinematic fluores-
cence filter cubes (DFM1, Thorlabs), which separates spatially both the pump
and Stokes pulses, and microscope objectives to focus on the sample, whereas
the anti-Stokes pulse centered in the visible range is measured by photomul-
tiplier modules (PMT, H10720-20, Hamamatsu). The experimental data is
amplified and analyzed by a lock-in device (Zurich Instruments) and recorded
by a digitizer, both controlled by a LabVIEW(®) software program.
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Figure 6.7: Schematic of the spectroscopic imaging system for the study of the
biological samples [193].
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In order to demonstrate that this above-described system is capable of obtaining
a better resolution and spectral coverage than those obtained in previous results [190,
193], we developed a complete simulation code. The purpose of the present section is
to develop a quantitative interpretation tool for the time-resolved coherent Raman
scattering experiments by analyzing the relationship between pump and Stokes beam
pulse bandwidths with respect to spectral resolution and spectral coverage with a
complete simulation code done in MATLAB®), as well as to provide an insight
on how the laser set-up can be improved. Finally, we employed this code for our
particular laser system based on an InN semiconductor as SESAM, by using the
optical pulses obtained in Chapter 5.

6.2.3 Numerical simulations

Coherent anti-Stokes Raman scattering (CARS) is the most recognized method in
molecular spectroscopy due to its inherent characteristics such as high sensitivity
and three-dimensional imaging capabilities.

CARS was firstly introduced in 2004 by Hellerer et al. [194]. It consists of the en-
hancement of the anti-Stokes (AS) signal when the difference between the pump and
Stokes frequencies coincides with a Raman resonance of the sample under study. In
order to obtain higher energy while retaining the desired spectral resolution, (defined
as the ability to distinguish two close lying resonances), along with a high-speed ac-
quisition, a linear chirp on the optical pulses is introduced. To do this, a dispersive
medium, such as prisms, spatial modulators, or dispersion gratings, among others, is
incorporated into the laser set-up, adapting the temporal and spectral pulsewidths
of both pump and Stokes pulses. When the chirp of the pump and the Stokes pulses
coincides, the laser is said to be in the chirp-matching condition, enhancing the
resolution. This technique is known as spectral-focusing (SF). A schematic repre-
sentation of a SF-CARS spectroscopy fiber laser is represented in Fig. 6.8. Initially,
each pulse (pump at the top and Stokes at the bottom) is unchirped. After the
propagation through a nonlinear medium, these chirps are modified in such a way
as to coincide temporally and spatially in the focal plane of the sample under study
(cross-correlation of the two pulses).

Parameters of SF-CARS spectroscopy:

e Previously, we discussed that the difference between the frequency components
of the pump and Stokes electric fields, denoted as a single narrowed instanta-
neous frequency difference (IFD), is tuned around a single Raman coherence
frequency wgr. As the chirp rates for the Stokes pulses and pump pulses be-
come closer, the bandwidth of the beating signal (cross-correlation) of these
pulses becomes narrower. So, by achieving the chirp-matching condition, a
constant IFD value is ensured across the whole pulsewidth, optimizing the
CARS spectral resolution. Each of the Raman frequencies of the molecule
under study can be analyzed by changing the temporal overlap between the
pump and Stokes pulses, thus varying the IFD value with time, represented
hereafter as €2, as denoted in Fig. 6.8.
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Figure 6.8: SF-CARS spectroscopy fiber laser scheme, showing the chirp-matching
evolution.

e The spectral resolution of SF-CARS can be described as the bandwidth of this
temporal interaction, which depends on the bandwidth of each chirped pump
and Stokes pulses, as well as by the similarity of the chirps. The spectral
resolution is maximum when the chirp of the pump and Stokes pulses are
made to coincide. In the case of Gaussian pulses, an approximate equation
of the spectral resolution (Av represented in cm™' units) can be obtained in
the chirp-matching case as described in [195], and simplified so that it only
depends on the width of the pump (7,) and Stokes (75) pulses as,

2 n2

T2+ 17?) (6.2)

Fig. 6.9(a) shows an example of the maximum spectral resolution of the cross-
correlation of the two Gaussian pulses with 7,=8 ps and 7,=4 ps. Three
different time delays are shown in the indent of Fig. 6.9(a) for the overlapping
of the pump pulse (blue line) and Stokes pulse (orange dashed line).

e The anti-Stokes signal is characterized by w, + (w, — ws). Therefore, the
spectral range (Awag), i.e., the range of vibrational frequencies that can be
assessed by the CARS system, can be obtained from the AS intensity signal
width over time. This intensity can be approximated to Iag(t) oc I2(t) - Is(t),
when scanning at different time delays.

In order to evaluate all these parameters, we represent both the pulse duration
and spectral width of the pump and Stokes pulses in a spectrogram, as depicted
in Fig. 6.9 (b), which provides a better understanding of the influence of pulse
widths, interactions, and chirp on the spectral resolution of the CARS system. The
spectrogram consists of a time-frequency map representation of the instantaneous
frequencies of the optical pulses as a function of time, where the chirp is obtained
as the slope of the signal trace. In this sense, the optical pulse is said to be up-
chirped if the instantaneous frequency increases with time. The chirp-matching
condition is therefore easily checked in this figure by comparing the pump and
Stokes chirp slopes. Furthermore, the TBP value can be easily obtained from this
figure, measured as the area of each of the ellipses (product of the temporal and
frequency widths).
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Figure 6.9: (a) Estimation of the spectral resolution of the anti-Stokes signal result-
ing from the cross-correlation between two Gaussian pulses at maximum interplay
(t=0). The inset shows the evolution of the Gaussian pump (blue line) with 8 ps of
pulse duration and Stokes (orange dashed line) pulse with a pulsewidth of 4 ps over-
lapping for three different time delays (pre-interaction, maximum interaction, and
post-interaction). (b) IFD and spectral coverage calculation by the representation
of Gaussian ultrashort pump and Stokes pulses with linear chirp in a time-frequency
configuration, where the region under study is represented by a green dashed line
at each time delay [174].

The IFD value, expressed as 2 in Fig. 6.9(b), is calculated at each time delay as
the pump-Stokes frequency difference, which remains constant throughout the pulse
duration of the interaction, but increases as one of the pulses is delayed in time.
Two different regimes can be differentiated depending on the sign of the delay. The
introduced delay is considered positive when the pump beam arrives before the
Stokes beam, leading to a smaller IFD as the delay increases. Whereas, if the delay
is negative, the IFD becomes larger as a function of delay time. An example of a
positive delay is represented in Fig. 6.9(b). The easiest way to measure the spectral
coverage of the CARS signal is by obtaining the maximum and minimum frequency
differences over time, which mainly depends on the bandwidth of the pump and
Stokes beams. It must be noted that since only a few frequencies of the pump and
Stokes overlap in time, the excitation is restricted to the region around the Ra-
man resonance frequency at each time delay, defined by what is called amplitude
shaping, plotted in Fig. 6.9(b) with green-dashed lines. The out-of-resonance fre-
quencies become part of the background noise. In order to reduce and eliminate the
background noise, multiple techniques have been developed in recent years such as

polarization-sensitive detection, Epi-CARS spectroscopy, or frequency modulation
CARS [196,197].

In the case of higher-order nonlinear contributions, the chirp is no longer linear,
leading to a non-constant IFD value that changes over the pulse duration. This
implies a reduction of the CARS signal intensity (thus deteriorating the spectral
coverage) and a decreased spectral resolution of the spectroscopic device. A similar
result can also be attained when the pulses are not chirp-matched, in which different
slopes generate different IFD values in time and less output intensity.
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Raman spectrogram:

The relation between the bandwidth of the pump and Stokes pulses and the
spectral resolution is nontrivial. A small change in the chirp parameters as a result
of spurious dispersion can deteriorate the spectral resolution.

This study attempts to find the optimal operating point of widely used com-
mercially available fiber lasers by varying their pulse widths, energy, and chirp pa-
rameters. To do this, we developed a set of equations for the description of the AS
signal obtained from the interaction of two pulses at frequencies centered at w, for
the pump and w, for the Stokes beam, as well as linear and nonlinear effects such
as GVD, TOD or SPM, among others, by the generalized nonlinear Schrédinger
equation (GNLSE). For an adequate description of the CARS signal, the Matlab
code implemented in the model has been performed in the time domain with 2!
nodes in the computational grid with a temporal step of 15 fs. Moreover, Fourier
transforms and matrix calculations have been included in the simulation to speed
up the CARS field calculation. The code analyzes the resolution and coverage of
CARS systems and gives the user a clear idea of their limitations. The simulation
procedure can be listed in the following steps:

i A time-frequency representation of the pump and Stokes beams (spectrogram)
is used to check the condition of chirp-matching, and also to account for possi-
ble nonlinear effects of GVD and TOD on the pulse shape that could adversely
affect coverage and resolution.

ii Subsequently, we calculate the I[FD value at each time delay between the pump
and Stokes pulses. Additionally, the intensities of the AS and Raman signals
are calculated during the pulse overlap, obtaining what is called the CARS
spectrum and Raman spectrogram, which will be defined in the next section.

iii Finally, the spectral coverage and spectral resolution are obtained at each time
delay.

In the spectrogram, we firstly represent the simulated optical pulse in the tem-
poral (I(t)) and frequency domain (I(v)), whose size is determined by the number of
points (n) introduced in the simulation code. Therefore, the spectrogram is created
as a I(v,t) intensity matrix for each pulse. When a certain delay is introduced in
the Stokes beam, the AS signal would therefore be measured as the difference in
frequency between the pump and Stokes matrices. In order to accelerate the simu-
lation, a single frequency value of the pump beam v; is selected instead of the whole
matrix, calculating the output AS beam as the difference of the intensity vectors
between the pump I(r;) with respect to all frequency vectors of the Stokes beam
I(v; j), which will be equivalent to introducing a delay in that frequency vector of
the Stokes beam.

The IFD value would be calculated in the same way by the difference of the
); and ; values of the pump and Stokes beams at each time delay, respectively.
A scheme with the corresponding steps for the intensity calculation is shown in
Fig. 6.10(a).
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Figure 6.10: Diagram with the steps required to run the MATLAB CARS simu-
lation code (a) Calculation of the IFD between the pump (up) and Stokes (down)
pulse at each time delay. (b) the Raman spectrogram is developed by analyzing the
anti-Stokes signal intensity in terms of time delay and the IFD. A colorbar function
is used to differentiate between clusters at different IFD frequencies. The spectral
coverage limits are indicated by a green and orange line, respectively [174].

In order to analyze and plot all these values, we collect AS signal intensities
with similar IFD values, measuring the average intensity and representing it as a
function of the IFD value and the corresponding time delay, generating what we call
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the Raman spectrogram. An example of this schematic representation is shown in
Fig. 6.10(b). From this representation, the spectral coverage and spectral resolution
can be easily calculated. The spectral coverage is derived as the minimum (£2;)
and maximum (£22) limits, where the maximum value of the intensity in the Raman
spectrogram decays to its half value (FWHM of the AS signal), as represented in
Fig. 6.10(b) with an orange and green line respectively. This figure may also give us
information on the time delay region of interest, where the two pulses fully overlap.
The spectral resolution, on the other hand, can be measured as the FWHM of the
cross-correlation function of the AS beam at each time delay, generating a resolution
vector that varies during the pump and Stokes pulse overlap (region of coincidence).
Therefore, the spectral resolution will be defined over the same region limits as the
one described for the spectral coverage.

6.2.3.1 CARS simulation of the laser set-up

We first validated this Matlab code by simulating the optical pulses of the fiber laser
set-up of Fig. 6.5 (using the GNLSE). In this case, the 1560 nm incident beam is
elongated by SC generation, where the pump beam is now centered at 1040 nm.
The pump beam duration is 13.4 ps (in the AC trace), with a spectral bandwidth
of ~288 nm, whereas the Stokes beam has a pulse width of 1 ps, and a bandwidth
of 47 nm in the spectral domain. These results give a chirp parameter of C' = 5.9
and C' = 5.8 respectively, therefore the chirp-matching condition is still fulfilled,
essential for SF-CARS. The spectrograms of each of the pulses are represented in
Fig. 6.11(a), where the slope of the pump beam (up) is parallel to the slope of the
Stokes beam (down), that is, they have the same chirp value. At this point, two
different scenarios can be presented.

1) In the first case, we will consider the 1040 nm beam as the pump pulse, whereas
the one centered at 1560 nm is the Stokes beam. The two pulses are made to
interact temporally and spatially on the sample surface under study, where a
CARS signal is generated and measured by the photodetector. In relation to
the Raman spectrogram obtained from these simulated results, the region that
can be accessed with this new configuration is from 1905 cm™! to 3650 cm™!,
as shown in Fig. 6.11(b), thus extending the lipid region absorption spectra
to lower wavenumbers (and therefore approximating the fingerprint region)
in comparison to previous results, which were only centered in the lipid re-
gion. In relation to the resolution, a Gaussian cross-correlation signal with a
FWHM of 25 cm™! has been measured, centered in the 3000 cm™! wavenum-
ber region, demonstrating a constant behavior along the region of interest (see
Fig. 6.11(c)). However, due to the use of pulses with higher intensities (and
therefore higher contributions of nonlinear components), a small percentage
of nonlinear chirp to the pump beam in the form of a tail at higher frequen-
cies is introduced, as shown in the Fig. 6.11(a). This nonlinear contribution
may be related to the dispersion compensation in the pulse compression stage
generated by the grating pair. If the optical pulse is not fully dechirped dur-
ing pulse compression, an additional contribution of dispersion appears in the
spectral bandwidth leading to some distortions in the optical pulse. Therefore,
a balance between high intensity pulses, and the nonlinear effects generated
during the pulse compression must be taken into account.
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Figure 6.11: CARS simulated results of the laser set-up, (a) Pump (up) and Stokes
(down) beams centered at 1040 nm and 1560 nm respectively, with a parallel slope
and a chirp value of C=5.8. (b) Raman spectrogram of the pump-Stokes pulse
interaction centered in the lipid region and with a spectral coverage ranging from
1900 cm™! to 3650 cm™!, and (c) Spectral resolution calculation from the cross-
correlation function with a mean value of 25 cm™!. (d) whereas in the case of the
pump and virtual Stokes pulses (where the pump beam has been divided into two
parts and made to interact with each other), a Raman spectrogram centered in the
fingerprint region is obtained with a spectral coverage from 230 cm™! to 1650 cm!~,
and (e) the corresponding simulated spectral coverage with a minimum value of 7
cm ™t
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2) On the other hand, in order to expand the spectral coverage of the spectro-
scopic fiber laser device, a novel approach for the measurement of the finger-
print region may be introduced. In this case, only the pump beam (centered
at 1040 nm) is employed. An open-space dichroic mirror centered at 1 pm,
separates the pump beam into two subsequent pulses, i.e., the Stokes pulse
(lower-frequency part of the initial pump beam) interacts with the pump beam
(higher-frequency part of the initial pump beam). The corresponding Raman
spectrogram is depicted in Fig. 6.11(d), where a spectral coverage spanning
from 230 ecm ™! to 1645 cm ™! is obtained in the time-delay region of interest of
0.7 ps to 8 ps. These new pulses are made to interact, generating a Gaussian
CARS signal centered at 550 cm™!. The spectral resolution has a minimum
value of 7 ecm™! along this region, shown in Fig. 6.11(e). The asymmetric spec-
tral resolution function can be explained from the spectrogram of the pump
pulse. Any gap between the pulses is observable in the spectrogram, generat-
ing an overlap of the red components of the Stokes beam with the blue ones
of the pump pulse. Thus the first values of the IFD are close to zero, whereas
the rest of them increase as the time delay rises while tightening the spectral
resolution function.

The improvement of the spectral resolution, in this case, can be explained
since we are using the same beam both as the pump and Stokes pulses, thus
the chirp-matching condition is fully accomplished, whereas when both arms
of the laser set-up are employed, a small difference in the chirp value leads to
small mismatches on the CARS signal and hence a lessening of the spectral
resolution.

These results are comparable to similar configurations described in the litera-
ture [198], and open the path to the development of all-fiber laser CARS systems
operating both in the fingerprint and lipid region (C-H vibrational resonances). In
order to measure experimental biological samples with this configuration, further
improvements should be made in terms of dispersion compensation and pulse com-
pression of the pump beam.

6.2.3.2 CARS simulation with the InN-based fiber laser set-up

In the following section, we simulate the CARS signal generated by the ultrashort
laser pulses of Chapter 5.2. To demonstrate the applicability of this spectroscopic
device, we have verified its potential to analyze some biological samples.

In comparison to previous cases, the simulation has been carried out from the
experimental results generated by the all-fiber laser resonator cavity based on the
use of InN as SESAM. The ultrafast output laser pulse, with a temporal duration of
92 fs and a spectral bandwidth of 42 nm, represented in Fig. 5.15, has been employed
as the initial propagation pulse in this simulation code. This pulse will propagate
through different types of fibers in order to obtain the corresponding pump (1 pm)
and Stokes (1550 nm) pulses necessary for CARS spectroscopy. It must be noted
that in this case, due to the change in the temporal duration and repetition rate,
a higher peak power and energy per pulse are obtained. The laser set-up employed
for the generation of the pump and Stokes pulses has been represented in Fig. 6.12.
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Figure 6.12: Experimental laser set-up of the CARS spectroscopic device based on
the use of the InN SESAM all-fiber laser cavity for the generation of the pump and
Stokes pulses.

e 1 um arm: As abovementioned, the expansion of the 1550 nm output laser
pulse towards lower wavelengths can be generated by the use of a HNLF with
the same dispersion and nonlinear properties as in Section 6.2.2, with a total
length of 4.5 cm. Subsequently, a filter and an amplifier YDFA have been
employed to construct the pump beam centered at 1 ym. Additionally, a 1.8
m SMF is inserted with a dispersion coefficient of (£,=2.26-1072% s*/m and
(33=31.9-10"*2 §3/m as the TOD parameter, whereas the SPM coefficient is
set to v=4.2-1072 W—m~!. At the output, a temporal duration of 6.7 ps and
a spectral bandwidth of 42 nm centered at 1020 nm can be obtained from the
FWHM Gaussian approximation of the AC and spectrum figures represented
in Fig. 6.13(a) and (b), respectively. It must be noted that the introduction of
broadening fibers such as SMF leads to the insertion of a certain value of chirp
in the pump beam, which can be approximated to C' = 1.9. This fact can also
be demonstrated by the appearance of a certain slope when the pump beam is
represented in the down part of the time/frequency figure of the spectrogram
(see Fig. 6.13(c)). In terms of the output power, the pump pulse is 25 mW,
which corresponds to a peak power and pulse energy of 0.7 kW and 4 nJ.

e 1550 nm arm: In contrast, for the 1550 nm optical pulse generation, a SMF
fiber with a total length of 2.3 m and with a dispersion and SPM coeffi-
cient of £,=-2.21-1072% s?/m and y=1.09-10"3 W—1m™? respectively, has been
employed as the broadening fiber, following the same principle as the one
described in Section 6.1. In addition, in order to obtain the same chirp pa-
rameter as the one defined for the pump pulse, a second broadening fiber has
been incorporated into the Stokes arm, consisting of 1 m of PM980 fiber, with
a GVD of 2.6-1072% s?/m and TOD of 39.2-10~** §* /m, while the SPM value is
of v=>5.04-10"3 W~'m~!. In this sense, a temporal duration of 12 ps and 188
nm of spectral width centered at 1568 nm have been measured for the Stokes
beam as depicted in Fig. 6.13(a) and (b). In order to fulfill the chirp-matching
condition, the C' parameter was set to 1.9 as well, as shown in the upper part
of the spectrogram of Fig. 6.13(c). The average power set for the Stokes beam
is of 20 mW, which implies a peak power of 0.3 kW and 3.3 nJ as pulse energy.

Once the chirp-matching condition has been fulfilled, the pump and Stokes beams
are made to interact spatially and temporally so a CARS signal can be generated. As
explained in the previous section, two different regimes can be measured depending
on the use of a single beam, in this case the pump beam, corresponding to the

136



CHAPTER 6. SENSING APPLICATIONS OF ULTRAFAST INN BASED FIBER LASERS

fingerprint region, or the employment of the two laser pulses, pump and Stokes
beams, leading to a CARS signal centered in the lipid region.
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Figure 6.13: Pump and Stokes pulses simulation after the propagation through
compressive and broadening fibers based on the experimental results obtained from

Chapter 5.2 in the temporal domain (a) and in the frequency domain (b).

The

chirp-matching condition is evaluated by the representation of the 3D spectrogram
figure (c) of the pump (down) and Stokes (up) pulses.

1) In the case of the fingerprint region, the lipid region is measured by using both

the pump and Stokes pulses, represented in Fig. 6.14(b). In this case, the full
pump beam has been used to interact with the Stokes beam, leading to a CARS
signal centered at 3000 cm~!. The spectral coverage is measured from 1450
cm! to 4350 cm~! with a main value of spectral coverage of 25 cm™! as depicted
in Fig. 6.14(b). The resolution decreases to 3 cm™' in the region of interest
(10 to 27 ps of temporal delay). Furthermore, the reduction of the lower limit
of the spectral coverage to 1400 cm™!, in conjunction with the one obtained
with the pump beam in the fingerprint region, implies that this system can
cover from 180 to 4350 cm~! without any gap in a single measurement and
with enough resolution as to distinguish between consecutive absorption lines.
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Figure 6.14: Simulation of CARS spectroscopy based on the experimental output
laser pulses of Section 5.2 covering both the fingerprint (a) and lipid (b) regions,
where the resolution (upper row), CARS signal (2nd row) and Raman spectrogram
(lower row) are depicted for each spectral region, with the spectral bandwidth de-
noted with green dashed lines. The measurement of the absorption spectrum of
polystyrene and polyethylene has also been simulated in (c).
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2) On the other hand, the pump beam is separated by a dichroic mirror centered
at 1020 nm, generating two subsequent pump pulses. These two pulses are
made to interact, generating a Raman response centered at 800 cm™! with
a spectral resolution as low as 3 cm™!. The spectral coverage, denoted with
green dashed lines in Fig. 6.14(a), covers from 180 cm™! to 1330 cm™?, thus
expanding the region to lower wavenumbers in comparison to previous results.
The spectral coverage can also be corroborated by the representation of the
Raman spectrogram. The increment of the spectral resolution in the region
of interaction (5-12 ps of temporal delay) may be explained due to the non-
linear tail of the 1550 nm beam observable in the Stokes spectrogram (see
Fig. 6.13(c)). To demonstrate the viability of this configuration, a Raman
spectrum of polystyrene and polyethylene has been synthetically developed,
plotted in Fig. 6.14(c).

6.2.3.3 Discussion of results

In conclusion, we have been able to simulate the complete spectroscopic system
consisting of a dual-comb fiber laser source based on a carbon-nanotube saturable
absorber in a ring fiber laser cavity. A pump beam with 13.4 ps and 80 THz (288
nm) for the pulse duration and spectral width has been measured, whereas 1 ps and
5.8 THz (46 nm) is achieved for the Stokes beam, leading to a spectral coverage
from 1900 cm™! to 3650 cm™!, thus expanding the absorption spectrum towards
the fingerprint region of biomolecules with a resolution of 25 cm™! in average. Fur-
thermore, a new technique for the expansion of the region under study has been
proposed based on the use of a dichroic mirror in the spectroscopic set-up for split-
ting the pump beam by its half into two subsequent pulses which interact between
them, spanning the spectral coverage from 230 cm™" to 1645 cm~!. Thus, most of
the fingerprint and lipid region of the biological spectra can be measured with high
accuracy by using this type of laser set-up. Nevertheless, the complexity and cost of
the spectroscopic scheme with the fibers used, have encouraged us to find of other
alternatives, preserving the resolution and spectral coverage properties.

As a consequence, in this work we propose the introduction of the InN based
all-fiber mode-locking laser system, and thus the employment of an ultrafast pulse
with a time duration of less than 100 fs in the temporal domain, and a spectral
bandwidth of more than 40 nm as the excitation source. The simulations of the 6.7
ps and 12.8 THz (42 nm) pump beam and the 12 ps and 23 THz (188 nm) Stokes
beam demonstrated a resolution as low as 3 cm™* and 2 cm™! for the fingerprint
and lipid region with a spectral coverage ranging from 180 cm™! to 4350 cm™!.
These increments, in comparison to the previous results, denote the improvements
achieved by this system in terms of dispersion and nonlinear contributions, due to the
reduction of broadening and compression pulse stages (free-space grating pair), and
also the elimination of polarization controllers due to the polarization independence
of the InN SESAM. Moreover, a reduction of optical losses is achieved since the laser
system is based on an all-fiber laser scheme, eliminating all the reflections introduced
by the optical lenses in the free space configuration. These results demonstrate that
this type of all-fiber laser configuration has promising potential as a laser source for
Raman spectroscopy devices for sensing applications. This work paves the way for
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experimental validation in a future line of research.

6.3 Conclusions

In this chapter, a first demonstration of a gas-trace spectroscopic device based on an
all-fiber laser source centered in the C-band with an InN semiconductor as SESAM
is presented. This technology provides reliable and highly accurate sensing measure-
ments by means of pulse compression and supercontinuum generation generated by
off-the-shelf and low-cost fiber components such as SMF and HNLF among others.
The development of supercontinuum pulses allows extracting the absorption lines of
gas compounds such as HCN or CO through a simple gas cell located in an all-fiber
resonator system, reducing the attenuation losses generated in open-space config-
urations. In terms of spectral resolution and spectral range, this proof of concept
demonstration has shown a spectral resolution of 20 pm (OSA resolution) over a
bandwidth that covers from 1520 nm to 1630 nm.

Additionally, a new Raman spectroscopic device has been proposed based on
the SF-CARS technique able to measure both the fingerprint and lipid region of
biomolecules thanks to a dual-band disposition of the all-fiber laser source. The use
of supercontinuum generation and compression stages, can enable spectral resolu-
tions of less than 25 cm™! while covering spectral regions ranging from 180 cm™!
to 4350 cm ™! when applying a laser source with InN semiconductors as SESAM.
The robustness and sensitivity of the proposed spectroscopic device has been found
suitable for the characterization of different compounds in a single measurement.
In addition, since the majority of current spectroscopic devices are developed using
open-air configurations, the use of all-fiber laser systems opens a new path of spec-
troscopy by exploiting ultrafast pulse propagation in optical fibers. Nevertheless,
further research is needed to understand the CARS signal intensity dependency on
the pump and Stokes pulses, in order to potentially improve the measurement ca-
pability of future spectroscopic devices. In addition, the variation of the spectral
resolution over the time delay (as a consequence of the variations of the pump and
Stokes pulses in both the temporal and spectral domain) may contribute to dis-
continuities in the absorption measurement, which shall be evaluated for potential
performance effects.
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This last chapter summarizes the results derived from this work, providing some
general conclusions related to the topic of this thesis. In this chapter, we also provide
future perspectives on possible research directions for this thesis, as well as some
ideas that have arisen while it was being developed.

7.1 Conclusions and main contributions

The research work can be summarized as the improvement of ultrafast mode-locking
InN-based fiber lasers centered in the C-band of the spectrum, by presenting and
testing new InN saturable absorbers based on highly accurate fabrication processes,
that can potentially enhance not only the properties of the semiconductor material
but also its laser performance. Subsequently, we improved the laser system by devel-
oping an all-fiber configuration with a handcrafted InN GRIN-to-SESAM coupling
device. Furthermore, the fiber laser has potential applications in gas sensing and
biomedical sensing, which we have validated.

This work began by presenting the fundamentals of light propagation in optical
fibers and soliton generation required for a complete understanding of the pulsed-
laser systems studied in this thesis. We also provided a full description of the effects
of light-matter interaction, going from linear to other nonlinear phenomena com-
monly found in high-powered light pulses propagating in optical fibers, with a focus
on saturable absorption, laying the foundations for the generation of mode-locked
fiber lasers. Then, we included the state-of-the-art of ultrafast fiber lasers, focus-
ing mainly on mode-locked fiber lasers. An in-depth description of the fiber laser
employed in this thesis based on the use of InN saturable absorbers as the passive
element was also presented after this introduction. The final section summarizes
the sources of error in ultrafast passive mode-locked fiber lasers in terms of stability,
optical power and time duration, and the strategies developed to counteract them.

The research work undertaken during the doctoral program is reported in chap-
ters 5 and 6. In Chapter 5 we presented the main focus of the research, where we
improved the fiber laser in terms of pulse duration and peak power. In the first
work we presented, we focused on the enhancement of the InN saturable absorbers
by considering the reduction of the residual doping concentration by the addition of
a buffer layer, generating a decrease of dopants within the crystal lattice, and thus
the defect density due to the Burstein-Moss effect. These effects reduce the energy
bandgap of the material, approximating its emission to the operational wavelength
(bandgap of the undoped material), enabling the fabrication of InN samples with
higher quality and superior properties. A higher absorption and nonlinear response
permitted obtaining the minimum pulsewidth and highest peak power achievable by
this type of laser system. A simple method to reach the highest saturable absorber
performance was then proposed, by adequately controlling the material deposition
during the fabrication process, enhancing the nonlinear properties of the saturable
absorber and thus improving the ultrashort laser pulse generation with a temporal
duration as low as 134 fs and a peak power of 28 kW.

As part of our second work, we evaluated and discussed the current limits of
the maximum peak power achievable by the fiber laser system. As an improvement,
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we eliminated the free-space optical path where the InN sample was located by
inserting the first proof-of-concept InN-based GRIN-to-fiber coupling device, ensur-
ing a higher laser performance due to the reduction of the insertion losses. This
alignment-free, compact, and turnkey laser design enhances the SESAM behavior,
enabling the shortest pulse duration (92 fs) and highest peak power (74 kW) of this
type of laser scheme. Finally, we examined the implications of insertion losses in fur-
ther detail and ultrashort pulse laser generation during this chapter. We observed
that by increasing the fiber length within the laser cavity, and thus reducing the
repetition rate, a peak power of 1 MW at the output of the laser system is obtained
while preserving the temporal duration of the optical pulse. A better control of the
dispersion effects and noise components may improve the stability of the fiber laser
system.

In Chapter 6, we demonstrated the potential of this type of fiber laser for rapid,
highly accurate sensing applications. This involved specific alteration of the laser
scheme, either by changing the optical fiber, the fiber laser set-up, or by developing
application specific post-processing stages.

We were able to measure the absorption lines of HCN and CO molecules in a
gas cell through the use of the fiber laser cavity based on the InN SESAM. We
quantified this absorption spectrum by developing the supercontinuum generation
of the ultrafast pulse produced at the output of the laser cavity, by propagating it
through standard single-mode optical fibers, generating a temporal duration of 70 fs
and more than 200 nm in the spectral domain. We were able to measure the vibro-
rotational energy transitions of each compound with only 1 second of measurement.
The results were developed in the IO-CSIC facilities and confirmed by comparison
with the HITRAN database.

We also demonstrated measurements of Raman spectroscopy of biological sam-
ples in Chapter 6 by using a mode-locking fiber laser system. For that purpose, we
developed an all-fiber dual comb laser as the light source for the Raman spectro-
scopic device, consisting of a 1 ym pulse and a 1550 nm pulse. Additional broadening
and compression stages, such as optical fibers and grating pairs respectively, were
introduced for the generation of chirp pulses, essential in SF-CARS spectroscopy.
This proof-of-concept laser scheme was developed in the University of Arizona labo-
ratories, where an initial test of this assembly was evaluated by a Matlab simulation
of the Raman absorption of biomolecules such as polystyrene and polyethylene with
a resolution of 25 cm™! and a spectral coverage of 2600-3450 cm™!.

Finally, we reported estimations of the Raman response of biomolecules using
the InN-based all-fiber laser as the initial laser source in the spectroscopic device.
With this, a resolution below 25 cm™! and a spectral coverage ranging from 180
cm~! to 4350 cm~! were obtained, denoting the feasibility of this laser system for
spectrocopic applications.

Likewise, the results in this thesis were both published in scientific journals
and discussed at appropriate conferences, fulfilling all the objectives initially set
at the start of the doctoral work. Overall, the presented results carry important
achievements in laser technology, and also in the field of spectroscopic fiber sensing.
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7.2 Future perspectives

This dissertation offers clear paths for further exploration and investigation. As a
result, the following open lines of research for improving the performance of the fiber
laser have been identified:

e The improvements in residual doping and reduction of defect concentration
within the InN thin film suggested in this thesis heavily impact the saturable
absorber properties of the semiconductor. Additionally, the variation of the
InN thickness demonstrated higher non-saturable absorption, enhancing the
output laser performance. As such, there is a trade-off between the layer
thickness and the maximum optical fluence tolerated by the material. While
improved InN semiconductors with a layer thickness as low as 360 nm demon-
strated a saturation fluence of 800 uJ/cm?, the saturable absorber damage
threshold level is still unreachable, motivating the study of the relation be-
tween the layer thickness and the maximum optical fluence.

e The selection of the material for the InN substrate is detrimental to the defect
concentration of the semiconductor, and thus to the development of a high
quality saturable absorber. Furthermore, the operation wavelength of the
saturable absorber is influenced by the bandgap energy of the active material.
The use of a material based on the ternary InGaN grown on GaN substrates as
saturable absorber in the fiber laser cavity may change the emission wavelength
towards the 1 um range, essential in spectroscopic applications.

e Following the analysis of the fiber laser resonator cavity simulation, a future
perspective is to develop an algorithm capable of evaluating the laser perfor-
mance of the InN semiconductor taking into account its saturable absorber
properties, closely related to the deposition control and fabrication process, as
described in the previous chapters of this work.

e In relation to the development of the all-fiber based laser using a GRIN-to-
SESAM coupling device, it would be interesting to evaluate the limitations of
the UV-cured glue deposited in terms of thermal and strain resistance as well
as the maximum power attainable by the fiber coupling device. Having this
information would help in understanding the practical challenges of coupling
devices in a proper in-field installation, validating the proposed laser system.

e The possibility to retrieve higher nonlinear absorption behavior from the InN
semiconductor that generates an ultrafast laser performance by a simple, butt-
coupling device opens the path for the development of new mechanical designs,
enabling the tunability of the resonator cavity laser performance over different
optical wavelengths, while correcting as well the intracavity insertion losses
generated by the InN-to-GRIN device. The fiber laser community can benefit
from these achievements, since the adaptable coupling device may enhance
the optical power by several orders of magnitude, compared to other laser
configurations, which could open the door for many high-power applications
using standard optical fibers.
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Conversely, the work presented in Chapter 6 opens the door to future perspectives
for spectroscopic applications. In particular, we identify the following ideas for future
research:

e In this thesis, we presented a first exploration of the gas sensing application of
the InN-based fiber laser by using supercontinuum generation with standard
SMF's and a maximum spectral bandwidth of 200 nm. The evident next step
would be to evaluate the potential of the proposed broadening stage by using
other fibers, such as HNLF or PCF among others, for applications where wider
spectral bandwidths may affect the absorption region under study.

e With regard to the biological sensing application based on the Raman spectro-
scopic CARS technique, once we have conducted the numerical model for the
simulation of the laser system, validating its feasibility and utility, a complete
experimental development of the spectroscopic set-up must be implemented.
A complete characterization of the temporal and spectral pulses, as well as
its chirp values by a FROG device, is also demanded. As such, there is an
implicit need for the generation of the 1 pym beam based on the use of the
SC produced by highly nonlinear optical fibers, where a spectral bandwidth
of more than 300 nm is still under study, in addition to the fulfillment of the
chirp-matching condition with the 1550 nm pulse, by a careful selection of the
dispersion and nonlinear effects essential for the spectral focusing technique.
This is a key step in fully demonstrating the concept of CARS spectroscopic
biological sensing employing all-fiber laser systems as light sources.

e Considering the resolution and spectral coverage, as well as the optical power
provided in CARS systems based on ultrafast fiber laser generation, the mea-
surements can be optimized by additional processing techniques. In this sense,
we see the potential of developing an intelligent algorithm capable of correcting
the sources of noise and mitigation strategies in the corresponding absorption
region of interest.

e The presented results for CARS spectroscopy generated by the implementation
of InN-based all-fiber technology is still in its early stages. Future develop-
ments may be able to improve resolutions and spectral coverages in similar
structures, by selecting the appropriate fibers (dispersion and nonlinear ef-
fect contributions) and geometry (fiber length, resonator cavity, and central
wavelengths). Additionally, the presented solution should be characterized
experimentally to validate the proposed laser system. The improvements in
sensitivity and spectral absorption range generated by the proposed system in
this work due to the use of shorter pulses as excitation sources in the spec-
troscopic device may reduce the number of optical fibers and amplifiers in the
fiber laser system, reducing its complexity and cost, desirable for commercial
development.

e In the last few years, there has been a growing interest in the characteriza-
tion of biomolecules by a non-invasive diagnostic tool able to measure in vivo
processes for real-time monitoring with high accuracy and sensitivity. The
SF-CARS technique in conjunction with an ultrafast fiber laser source could
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represent a good solution for tracking molecular variations in biological sam-
ples, indispensable for disease diagnosis. Further experiments with the pro-
posed fiber laser spectroscopic system with tunable optical wavelengths and
resolution optimization should be tested in other spectral ranges to validate
its use for real-time in vivo biological imaging.
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