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GENERATION OF Q-SWITCHED AND SOLITON MODE-LOCKED PULSES
WITH 8-HYDROXYQUINOLINO CADMIUM CHLORIDE HYDRATE AND
CHROMIUM ALUMINUM CARBIDE SATURABLE ABSORBER
ABSTRACT

This thesis describes the fabrication of new saturable absorber (SA) devices based on
8-Hydroxyquinolino cadmium chloride hydrate (8-HQCdCI;H>O) and chromium
aluminum carbide (Cr2AIC) materials and test them in a ring-cavity Erbium-doped fiber
laser (EDFL) for Q-switching and mode-locking applications. This study aims to develop
an efficient and low-cost Q-switched and mode-locked fiber lasers operating in the
nanosecond and picosecond regime, respectively using the newly developed SAs. The
SAs are fabricated first using mechanical exfoliation and thin film methods, their
physical, chemical, and optical characteristics are then investigated. The modulation
depth of the exfoliated 8-HQCdCI,H>0O on scotch tape, 8-HQCACI,H>O thin film and
Cr2AIC thin film are obtained at 11 %, 18 % and 3.2 %, respectively, indicating their
suitability for Q-switching and mode-locking applications. Subsequently, the ring cavity
is constructed using an Erbium-doped fiber as the gain medium, and the prepared SA is
integrated and optimized into the laser cavity for Q-switched nanosecond and soliton
pulse generations. Much time is then spent trying to optimize the cavity and utilize the
8-HQCdCI,H>0 and Cr,AlC SAs successfully. The nanosecond pulse generation was
successfully realized using the 8-HQCdACI>H20O or Cr, AIC film as SA. The Q-switched
laser produced 726 ns pulses with a repetition rate of 150 kHz at pump power of 167 mW
with 8-HQCdCLH>O thin film. By optimizing EDFL cavity, mode-locked pulse train
operating in 1.5 um region with a pulse width within picosecond to femtosecond regime
was successfully realized using the newly developed 8-HQCdCI,H>0O and Cr2AlC SAs.
These SAs successfully used to demonstrate different mode locked pulses in different

EDFL cavities. For instance, femtosecond soliton pulses were obtained in the 33 m EDFL

il



cavity. The laser produced a soliton pulse with the full width at half-maximum (FWHM)
of 950 fs at a repetition rate of 5.6 MHz. These fiber lasers have many potential
applications in various fields including biomedical imaging, material processing, and

optical communication.

Keywords: Q-switching, mode-locking, organic saturable absorber, MAX phases
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PENJANAAN DENYUT SUIS-Q DAN SELAKAN-MOD SOLITON DENGAN
PENYERAP BOLEH TEPU 8-HYDROXYQUINOLINO CADMIUM
CHLORIDE HYDRATE AND CHROMIUM ALUMINUM CARBIDE
ABSTRAK

Tesis ini menerangkan fabrikasi peranti penyerap boleh tepu baru (SA) berdasarkan
bahan 8-Hydroxyquinolino Cadmium Chloride Hydrate (8-HQCdCI2H>O) dan
Chromium Aluminum Carbide (Cr2AIC) dan mengujinya dalam kaviti cincin laser
gentian Erbium-doped (EDFL) untuk aplikasi suis-Q dan selakan-mod. Kajian ini
bertujuan untuk membangunkan laser gentian suis-Q dan selakan-mod yang cekap dan
kos rendah yang beroperasi dalam rejim nanodetic dan picosecond, masing-masing
menggunakan SA yang baru dibangunkan. SA dibuat terlebih dahulu menggunakan
kaedah pengelupasan mekanikal dan saput nipis, ciri fizikal, kimia, dan sifat optik
kemudian disiasat. Kedalaman modulasi 8-HQCdCIbH>O yang terkelupas pada pita
scotch, saput nipis 8-HQCACI,H,O dan saput nipis CroAIC diperoleh masing-masing
pada 11%, 18% dan 3.2%, menunjukkan kesesuaian mereka untuk aplikasi suis-Q dan
selakan-mod. Seterusnya, kaviti cincin dibina menggunakan gentian Erbium-doped
sebagai medium penguatan, dan SA yang disiapkan disatukan dan dioptimumkan ke
dalam kaviti laser untuk penjanaan denyutan nanosecond dan suis-Q soliton. Banyak
masa kemudian dihabiskan untuk mengoptimumkan kaviti dan memanfaatkan 8-
HQCdCI,H,0O dan Cr,AIC SA dengan jayanya. Penjanaan denyut nanodetic berjaya
direalisasikan menggunakan saput 8-HQCdCI:H>O atau Cr2AIC sebagai SA. Laser suis-
Q menghasilkan denyutan 726 ns dengan kadar pengulangan 150 kHz pada kuasa pam
167 mW dengan saput nipis 8-HQCdACI,H»0O. Dengan mengoptimumkan kaviti EDFL,
denyut tren selakan-mod yang beroperasi di kawasan 1.5 um dengan lebar denyut dalam
rejim picosecond hingga femtosecond berjaya direalisasikan menggunakan 8-

HQCdACI2H>0 dan Cr2AlC SA yang baru dibangunkan. SA ini berjaya digunakan untuk



menunjukkan perbezaan denyut selakan-mod dalam kaviti EDFL yang berbeza. Sebagai
contoh, denyutan soliton femtosecond diperoleh dalam kaviti EDFL 33 m. Laser
menghasilkan denyut soliton dengan full width at half-maximum (FWHM) 950 fs pada
kadar pengulangan 5.6 MHz. Laser gentian ini mempunyai banyak aplikasi yang
berpotensi dalam berbagai bidang termasuk pengimejan bioperubatan, pemprosesan

bahan, dan komunikasi optik.

Kata Kunci: Suis-Q, Selakan-mod, Penyerap boleh tepu organik, Fasa MAX
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CHAPTER 1: INTRODUCTION

1.1 Background and Motivation

Over the years, countless efforts have been made by scientists around the world to
produce a reliable and powerful laser for a multitude of industrial applications (Addanki
et al., 2018; Dubey et al., 2008). In the past few decades, the laser-produced is in the form
of a bulk solid-state laser (Keller, 2003). However, the limitations of this laser bring the
research on another type of laser, which uses an optical fiber doped with rare-earth
material as a gain medium. This type of laser is referred to fiber laser. The progress of
optical communication has arisen a series of research works in fiber lasers and amplifiers
(Al-Azzawi et al., 2019; Giles et al., 1991; Saglamyurek et al., 2015). The communication
bandwidth ranging from 1.3 to 1.6-pm can be accomplished by implementing several
rare-earth ions as the active medium in silica glasses as host materials (Desurvire et al.,
1991). For instance, an erbium (Er**)-doped fiber operates in 1.55-um region. To date,
fiber laser has been widely used in a variety of disciplines, including biomedical imaging,
material processing, and optical communication (Keller, 2003; Okhotnikov et al., 2004;
Wise et al., 2008) due to their advantages of good beam quality, short-pulses, and high
peak power. They may be accomplished by utilizing a neodymium-, erbium-, and
thulium-doped fiber as such gain medium to operate in a wavelength region of 1000 nm,
1550 nm, and 2000 nm, respectively (Mary et al., 2014; Shi et al., 2014). The widely
investigated fiber laser is erbium-doped fiber laser (EDFL) as it produces pulses at a 1.55
um regime. This type of laser is suitable for various applications including

telecommunication systems.

Pulsed lasers are required in certain applications including telecommunications and
medicine (Clowes, 2008; Nishizawa, 2014; O'Mahony et al., 2001). For instance, Q-
switched pulses got much attention in medicine and material processing due to its

potential for generating a pulse within microsecond to nanosecond width (Al-Hiti et al.,



2021). Besides, Q-switching is capable to produce pulses that have high energy (Salam
et al., 2019). The mode-locking technique had a role in the generation of pulses with
picosecond to femtosecond width (Keller, 2003). Also, mode-locked pulses are useful to
the optical communications for transmitting the pulses over long distances. Q-switched
and mode-locked pulses can be generated from fiber lasers using either active or passive
techniques. The active techniques have many limitations such as bulky, requiring
alignment-dependent set up, and expensive maintenance operation. These limitations can
be overcoming by the deployment of passive techniques based on saturable absorber
(SA). The passive techniques have several advantages like cost-effective, simplicity in

the design, flexible configuration, and compactness (Guoyu et al., 2015).

In the past years, several types of SA have been reported for generating Q-switched
and mode-locked pulses inside the fiber laser cavity, such as, semiconductor saturable
absorber mirrors (SESAM) (Zhang et al., 2010), graphene (Zhang et al., 2009), carbon
nanotube (CNT) (Set et al., 2004), and black phosphorus (BP) (Ismail et al., 2016).
SESAMs have precise control of the wavelength and a fast recovery time, which are vital
for producing ultra-short pulses (Keller et al., 1996). However, SESAMs require
complicated fabrication procedure, which is costly. Graphene and CNTs have also been
well-known as SAs because of their outstanding physical and chemical features. They
have advantages in terms of broad operating bandwidth and low fabrication cost (Li et
al., 2014; Wang et al., 2015; Zhang et al., 2009). But these SAs also exhibit some
drawbacks which limits their applications. Graphene has a low modulation depth per
layer, while CNT has a spectral range response that is impacted by its nanotubes diameter
(Al-Hiti et al., 2020). BP-based SA has a wide range of the spectrum but it has a relatively
lower damage threshold and its pulsing performance also degrades with time, as this
material reacts with oxygen present in the environment (Chen et al., 2015). In recent

years, another 2D nanomaterial, including transition metal dichalcogenide (TMD) and



topological insulators (TI) have also been reported as SA to generate lasers in various
regions. TMD such as WS, (Mao et al., 2015; Yang et al., 2019), SnS, (Niu et al., 2018),
and MoSe> (Liu et al., 2018) has excellent absorption properties. However, it is suffering
from low optical damage tolerance and difficult process manufacture. Topological
Insulators (TI) such as Bismuth telluride (Bi>Tes) (Lee et al., 2014), Bismuth selenide
(Bi2Se3) (Yu et al., 2014) and Antimony telluride (SboTes) (Al-Masoodi et al., 2018)
based SAs are difficult to fabricate as they require high temperatures for fabrication (Ali

etal., 2013).

On the other hand, organic materials have also attracted much interest in recent years
for various electronic and photonics applications since they have ultrafast nonlinear
response and wide spectral tunability (Al-Hiti et al., 2020; Li et al., 2019). Moreover, they
are advantageous in terms of low fabrication cost (Ji et al., 2020), good electrical
conductivity (Sheberla et al., 2014), mechanical flexibility (Park et al., 2015) and thermal
stability (Zhao et al., 2006). The organic materials have good electrical properties which
make them suitable for the applications in various electronic devices such as photovoltaic
in the solar panel (Spalatu et al., 2017), organic light-emitting diode (OLED) (Meftah et
al., 2020; Puniredd et al., 2013), and field-effect transistor (FET) (Sun et al., 2017). For
instance, 8-Hydroxyquinolino cadmium chloride hydrate (8-HQCdACI:H20) is widely
used in electronic devices (Shahedi et al., 2017). Also, the 8-HQCdCI>H>O has excellent
properties that make it useful for different applications, these characteristics include good
conductivity (Salyulev et al., 2016), thermal stability (Baraker et al., 2018), reliability
(Gurnani et al., 2003) and simple fabrication (Fung et al., 2012). Nowadays, various
research studies have also been reported on MAX phases material due to their excellent
optical capabilities such as a large effective nonlinear absorption coefficient (Ahmad et

al., 2019), a fast optical-switching capability (Lee et al., 2019) and a high optical damage



tolerance (Jafry et al., 2020). This makes the MAX phases to be a preferable material for

SA application, in comparison to other 2D-based materials.

This research work aims to investigate the potential of 8-HQCdCI>2H»O as organic thin-
film SA and chromium aluminum carbide (Cr2AIC) as a MAX phases thin-film SA to

generate nanosecond Q-switched and soliton ultrashort pulses in EDFL cavity.

1.2 Research Objectives

The aim of this work is to develop efficient and low-cost Q-switched and mode-locked
fiber lasers operating in the nanosecond and picosecond regime, respectively using two
types of SA materials: 8-HQCACI;H2O and Cr;AlC. Several objectives have been

outlined to guide the research direction toward achieving the aim:

1. To fabricate and characterize new passive SAs based on two different materials:
8-HQCdCL>H:0 and Cr,AlC.

2. To design and optimize EDFL cavity to generate Q-switched pulse train in 1.5 pm
region with a pulse width in nanosecond regime using the newly developed 8-
HQCdACI;H20 and Cr;AlC SAs.

3. To design and optimize EDFL cavity to generate mode-locked pulse train in 1.5
um region with a pulse width within picosecond to femtosecond regime using the

newly developed 8-HQCACI:H>O and Cr,AlC SAs.

1.3 Thesis Organization and Structure

This thesis is structured in 6 main chapters, in which a comprehensive study on Q-
switched and mode-locked pulse generations by using the newly developed SAs is
presented. This introductory chapter presents a background, motivation, and objectives
of this study. Chapter 2 is intended to present the overview of fiber laser technologies and

provides detail explanation on erbium-doped fiber laser (EDFL) technology, theory of



laser oscillation, laser configuration and pulse generations via Q-switching and mode-
locking approaches. This chapter also presents a brief literature review on saturable

absorber (SA) development and highlights the important parameters for output pulses.

In chapter 3, three types of SAs are successfully developed based on two different
materials: 8-HQCdCIH>0O and Cr,AIC, which belong to the organic and MAX Phases
family, respectively as a based material. The 8-HQCdCI,H>O SA is prepared based on
mechanical exfoliation and drop-casting technique (thin film) while CrAIC is only
prepared in form of thin film. PVA is used as a host polymer in the fabrication of thin
film. The physical and optical characterizations of these SAs are also described in this

chapter.

Chapter 4 aims to demonstrate the generation of nanosecond Q-switched pulses in
EDFL cavity using the newly developed SAs. The Q-switched pulses with a duration of
726 ns and 780 ns are achieved with the use of 8-HQCdCIl>,H>O and Cr,AlC thin film,
respectively. Chapter 5 demonstrates the generation of soliton mode-locked pulses in an
EDFL cavity using the newly developed passive SAs. The effect of cavity length on the
pulse generation is also investigated in this chapter. Chapter 6 concludes the thesis and
summarizes the findings of the research investigation. The future direction of this research

work is also discussed in this chapter.



CHAPTER 2: LITERATURE REVIEW

2.1 Fiber Laser Overview

Lasers have become widely used in a variety of disciplines, including materials
processing, telecommunications, metrology, medicine, and fundamental science. Pulsed
lasers are critical for variety of medical applications including nonlinear confocal
microscopy (Cutruneo et al., 2012). The confocal microscopy is realized by using various
nonlinear optical processes, such as two-photon absorption, coherent anti-Stokes Raman
scattering (CARS), second harmonic generation, etc (Prasad et al., 2007). These nonlinear
processes only occur in high intensity focal points, which can only be realized by making
use of short pulses to generate high peak powers with low average power to prevent
damaging the samples (Prasad et al., 2007). This allows for precise localization of
nonlinear signals produced in the sample, ideal for confocal microscopy. Pulsed lasers

can also be used to replace surgical knives in medical application (Clowes, 2008).

Conventionally, the solid-state lasers were used to generate short and ultrashort pulses
based on Q-switching and Kerr-lens mode-locking, respectively. However, these lasers
are limited in real-world applications due to their cooling requirements, size, cost and
need for precise alignment of bulk optical components (Sennaroglu, 2017). As an
alternative route, various fiber lasers have been proposed and demonstrated in recent
years to generate high energy Q-switched and ultra-short pulses. The fiber laser uses
doped-optical fiber as a laser medium and thus has many benefits over solid-state lasers
counterparts. For instance, the waveguide feature of optical fiber allows for perfect
overlap of the pump and signal in the gain medium, allowing entirely alignment-free
lasers with no free space components to be built. In addition, the large ratio of the surface
area to the volume of the fiber eliminates the need for water cooling of the laser medium.

Finally, the properties of single-mode fiber provide exceptional beam quality (Shi et al.,



2014). Practically, fiber lasers aim to be less costly than solid-state lasers, allowing laser

technology to be used more extensively, particularly outside of specialized laboratories.

Despite the various benefits of optical fiber, the performance of pulsed fiber lasers has
fallen behind that of solid-state lasers due to the tight confinement of powerful pulses in
the fiber's core. Various schemes have been proposed and demonstrated to increase the
performance of fiber lasers through Q-switching or mode-locking techniques. The pulse
generations can be realized by two different schemes: passive and active. The active
scheme uses a complicated acoustic-optic modulator to regulate the loss inside the laser
cavity (Chen et al., 2015). Otherwise, the passive scheme generally includes a thin-film
saturable absorber (SA) made from functional materials. It also has basic features such as
simplicity, flexibility, and compactness (Keller, 2003). This thesis intends to improve

high-performance Q-switched and mode-locked fiber lasers utilizing novel SA devices.

2.2 Theory of Erbium-Doped Fiber laser

The rare-earth doped fibers were initially employed as a gain medium in optical
amplifiers and lasers in the early 1960s when Snitzer et al. created and demonstrated the
first glass laser using neodymium (Nd**) doped glass (Snitzer, 1966). Snitzer realized that
the waveguiding structure of the glass can be used to generate laser with high power
density where the light is constrained to a narrow core zone. Since then, several
advancements in optical fiber manufacturing have been accomplished, including the
reduction of transmission loss at the region of 1550 nm and the development of single-
mode fibers. Payne et al. has capitalized this work to report for the first time the potential
for trivalent erbium (Er**) as a dopant for optical amplification and lasing in silica fibers
in 1987 (Mears et al., 1987). Many issues related to the silica of erbium-doped fiber (EDF)
fabrication, such as the distribution and solubility of rare-earth ions inside the silica fiber

core, were also resolved in the 1990s. For instance, the incorporation of chemicals



compounds such as AlbOs, Si-O-, GeOy, and P»Os to the core fiber can enhance the
solubility of Erbium ions in silica. This leads to the development of highly doped EDF
without any clustering effects. Today, EDFs have been widely used as gain medium in
both optical amplifier for optical communications and fiber lasers for industrial

applications (Desurvire, 1994).

In 1917, Albert Einstein proposed the theory of light amplification for the first time.
He mentioned the amplification process can be realized by stimulated emission (Gould,
1959). Figure 2.1 explains the laser principle, which involves three main processes:
absorption, spontaneous and stimulated emission. The laser is generated due to the
interaction between the light and the atom. The absorption process transports the ions
from a low energy level (i.e., ground state) into a high energy level (i.e., excited state) by
absorbing the incident photons. The excited state level has a short lifetime and thus these
ions only stay briefly in the high energy level. They fall into the lower energy level to
emit the photon, and this process is referred to spontaneous emission. The emitted photons
have the same energy with the difference between two energy level. These ions in the
excited state can also be stimulated to drop into the lower energy level by the incident
photons, providing the incident photon energy is equivalent to the energy difference
between the two levels. This process is referred to a stimulated emission (Siegman, 1986).
The process of duplicating photons will increase the number of photons between the
ground state and excited state. This process can be translated to the increase the intensity

of light or amplification.
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Figure 2.1: The absorption, spontaneous emission, and stimulated emission
processes inside the active material (Siegman, 1986)

Figure 2.2 depicts the atomic energy band structure of erbium, especially the energy
levels important for optical amplification utilizing the Er**. The energy levels are
broadening due to the Stark splitting effect (Zulkipli et al., 2020), which leads to a
relatively broad emission bandwidth. Atomic vibrations produce this energy variation.
When 974 nm pump photons are fed into an EDF, Er** will be excited from the ground
state to the excited state level. The excited ions on excited state will rapidly decay to
metastable level through nonradioactive emission. These ions on the metastable level
eventually return to ground state through spontaneous emission, which produces photons
in the wavelength band of 1520 nm — 1570 nm .As the spontaneous emission propagates
through the EDF, it will be amplified, especially when the pump laser intensity is
increased to generate an amplified spontaneous emission (ASE). The ASE operates in a
wide wavelength range from 1520 to 1570nm. The diagram simply depicts the most
important transitions in this thesis. The transitions that are non-shown include pump
photon absorption at 1480 nm, excited-state absorption (ESA), and the absorption of the

multi-photon; the latter two happen naturally and are a source of noise in the laser cavity.
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Figure 2.2: Energy level diagram of Er** ions in EDF (Ngo, 2010)

When pump laser power is high enough that the population inversion is achieved
between the excited state and metastable level of EDF, the input laser signal (within a
wavelength region between 1520 and 1570 nm) passing through the fiber is then be
amplified. Thus, optical amplifier can be constructed using the EDF and 974 nm pump
laser. This amplifier is referred to erbium-doped fiber amplifier (EDFA), which is
extensively diffused in optical communication system. If the EDF and pump laser are
integrated into a closed ring or linear cavity, erbium-doped fiber laser (EDFL) can be

realized.

23 Theory of Laser Oscillation

As the pump radiation is absorbed along the length of the EDF in a laser cavity,
spontaneous emission in 1550 nm region begins to happen, which then causes stimulated
emission in the same wavelength region. The stimulated emission process creates
coherent signal photons to increase the amount of light (or gain) in the 1550 nm band.
Similarly, the amount of coherent light also reduces (or loss) in the 1550 nm band through
various processes including scattering, absorption, etc. The general requirement for the

lasing to happen when the gain saturation higher than cavity losses. It is worthy to
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mention that the amount of gain is depended on the population inversion of the Er** ions
in the gain medium. The level of population inversion is determined by the amount of

pump power.

Here, a simple mathematical analysis of the laser oscillation is presented. At first, we
consider the case of the unpumped laser cavity. The population inversion is not possible
without the pump radiation since the majority of the Er** ions are populated in the ground
state. Without the population inversion, no stimulated emission or gain will take place,
the laser cavity only exhibits optical loss (via absorption and scattering). As the input
light intensity /, is launched into a fiber or laser cavity, the light intensity inside the fiber,

I will decrease along the fiber length according to the following equation:
I =le (2.1)

where a is the fiber loss, x is the distance along the fiber. This indicates that the light

intensity decays exponentially as it travels along the unpumped fiber.

If the EDF is pumped by 974 nm laser diode, the population inversion is achieved to
provide gain. As with the loss, the gain generated by the stimulated emission is defined
by B. The net change of signal or net gain can then be calculated by taking the difference
between the gain and loss or B - a. With pumping, the light intensity inside the fiber, I,,

is given by:
I, = IyeF~x (2.2)

Assuming that the length of EDF is similar to cavity length, a singular value for x can
be used. This assumption is not always true, and it leads to the creation of two new

variables, ¢; and ), representing the total cavity and pumped EDF lengths, respectively.
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Assuming that B is constant and o remains unsaturated throughout the EDF length, the

above equation for [, can be simplified as:
I, = IyePtr=a (2.3)
The net gain is defined as the ratio of I, to /, and is given as:

G =2 = ePltr=ate (2.4)

Io

In practise, measuring this gain value is complicated due to the difficulty to obtaining
I, (the intensity of light coupled into the EDF). The laser's output light intensity can be
measured significantly more easily. It is easier to compare the light intensity that exiting
the unpumped EDF, [, with the intensity of light exiting the pumped EDF, I,. I, is given

by the following equation:
I, = Iye=%% (2.5)

and the gross gain, g is given by the following equation:

g=2=efl (2.6)

u

Equation 2.6 indicates the level of the gain that a single pass of signal light through
the EDF component may achieve. For lasing to occur, a feedback mechanism is required

in the cavity.

24 Laser Configuration

One of the main laser elements is a feedback mechanism or laser resonator. It functions
to return part of the photons which was created inside the gain medium, back for further
amplification. The laser resonator can be formed based on either linear or ring cavity. The

linear cavity employs two reflectors on the both ends of the active gain medium to provide

12



the feedback mechanism and allows each photon to pass many times through the gain
medium, so enough amplification will result. One of the reflectors only partially reflects
the radiations while allowing the other part to be transmitted out as a laser output. Figure
2.3 shows the typical configuration of a ring cavity of erbium-doped fiber laser (EDFL),
where the EDF's output is linked back to the EDF's input to form a continuous fiber loop.
It uses a wavelength division multiplexer (WDM) to launch the pump radiation to the
EDF by using a laser diode placed outside the laser cavity. The fiber coupler is an optical
component that divides the light beam from one arm into two distinct arms. In a ring
EDFL, it is used as a feed mechanism while tapping out the laser from the cavity. Some
of the more common splitting ratios are 90/10, 80/20 and 50/50. For instance the 90/10
coupler utilized as the feedback technique, 90% of the pulsating light within the EDFL
cavity is sent back into the cavity's beginning, passing via the WDM, and then back into
the EDF. However, for laser output assessment, 10% of the laser output from the ring
resonator will be directed outside of the cavity. An optical isolator ensures unidirectional
operation of the cavity. In this thesis, all the laser setups are designed based on the ring

configuration.

Figure 2.3: A typical EDFL setup with a ring configuration (Bao et al., 2009)
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2.5 Pulse Generation in Fiber Laser

Fiber laser generates continuous wave (CW) output in which the intensity of light
constants in time, in a normal setup. However, in some applications such as medical
requires a pulse type of laser which has a higher peak power. The first pulse laser
operation was generated in 1966 by Nd:glass laser (Stetser et al., 1966). The Q-switching
and mode-locking techniques are being used to produce the pulsed laser. The mechanism

of both techniques will be explained in this section.

2.5.1 Q-switching

Q-switching refers to one of the pulsing laser techniques used to produce short-pulse
in the range between microseconds to nanoseconds. It generates the pulses by modulating
the Q factor inside the laser cavity. The Q factor has important role in the laser cavity, it
is defined as the ratio of stored energy to the dissipated energy for each oscillation cycle.

It is given in the following equation:

energy stored in resonator

Q = 2m X 2.7)

energy loss per resonator cycle

Consequently, the higher Q-factor, the greater the potential energy produced by the
resonator. Typical Q-factor values are highly positive; however, not all the stored energy
gets converted into laser output during each resonator cycle, and of the percentage that
does, a certain amount is lost before it can escape the cavity as useable light. By varying
the Q-factor, the energy output of the laser can also be varied. In Q-switching, the Q-
factor is varied via modulating the cavity loss, and thus the energy output cavity (Bollig
et al., 1995; Spiihler et al., 1999; Wang, 1963). Q-switching can be realized by either

active or passive techniques.

In the case active Q-switching, an active Q-switch is inserted into the laser cavity to

modulate the cavity losses by the externally controlled variable attenuator. An acousto-
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optic switch or fast shutter is normally used as active Q-switcher device (Catella, 2009;
Cole et al., 2017). A passive Q-switching is realized by modulating the loss of the cavity
without utilize an external controller devices. In both cases, the cavity losses are
modulated such that the overall loss is changed between values greater than and less than
the cavity gain. The gain inside the laser cavity is provided by a gain medium such as
EDF, which is pumped by a laser diode. If the loss inside the cavity is higher than the
gain, lasing cannot occur, and the laser is effectively ‘off’. However, as the loss is reduced
to be less than the gain, the lasing occurs and the laser is ‘turns on’, So, the Q-switcher
effectively acts as an ‘on/off” switch for the laser cavity by modulating the Q-factor or

cavity losses appropriately.

Figure 2.4 explains the passively Q-switched laser's pulse formation. Initially, the
cavity loss is higher than the cavity gain, due to the incorporation of SA device. The
cavity gain is provided by the energy from the pump source and the SA creates the high-
loss state. At this state, the energy from the pump source is stored in the gain medium as
the pump power increases. The maximum potential amount of stored energy is generally
limited by the available pump energy. Then, the cavity is switched to a low-loss state due
to the saturation of the SA, causing the energy stored in the gain medium to be released.
When the loss is suddenly dropped, spontaneous emission noise from the gain medium is
allowed to oscillate and amplify in the cavity. This amplification of the noise increases
the intra-cavity light power and saturates the gain. Once gain saturation is reached, the
intra-cavity power decreases as the remaining energy stored in the gain medium is
extracted. The process is then repeated as the cavity is switched back to high-loss state
and the energy stored in the gain medium is allowed to refill to high level. In summary,
the high-loss state allows more energy to be stored in the gain medium than during CW

operation, the sudden drop to a low-loss state rapidly depletes the stored energy faster
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than the pump can replenish it, and this rapid depletion of stored energy generates a large

spike in light output, or a pulse.

Figure 2.4: Temporal relationship of gain and loss in the laser cavity and
resultant pulse in a passively Q-switched laser (Quimby, 2006)

The passive modulation of the cavity losses required for pulse generation is normally
obtained using the SA device. The two qualities needed for a material to be a good SA is
a large absorption cross section overlapping the laser wavelength and a bleaching effect
under higher optical powers. Saturable absorbers are generally easier to integrate into a
laser cavity than any active means of Q-switching and require no controlling electronics.
Many materials have been used for Q-switching operation in the past, including carbon
nanotubes and graphene thin films. The thin film's saturation rises before the active gain
medium's saturation when the active medium's energy reaches the sufficient degree of
saturation to form an emitted pulse, as well as the cavity losses modulated by thin-film
(Degiorgio et al., 1967; Degnan, 1995; Li et al., 2005). Hence, it is possible to control the
generation of pulse repetition rate and pulse width that is dependent entirely on the
changing of laser pump power (Pirzio et al., 2020). The Q-switching will produce pulse
width in the range between microseconds and nanoseconds and repetition rate in kHz (Al-

Hiti et al., 2021).
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252 Mode-locking

Mode-locking is one of the laser pulsing techniques used in fiber lasers to produce an
ultra-short pulse in the picosecond and femtosecond range (Fermann et al., 1990; Mayer
et al., 2017; Tang et al., 2008). It refers to the generation of pulses by constructive
interference when many longitudinal modes oscillate in the phase in a laser resonator.
Figure 2.5 shows the ultra-short pulse formation via the mode-locking mechanism.
Without mode-locking, the phase of longitudinal modes is random. This results in a
random intensity distribution and no pulse is formed as shown in Figure 2.5 (a). If these
modes are locked in phase and added up, the intensity gets localized at positions where
all the modes have a maximum and destructively interfere elsewhere as shown in Figure
2.5 (b). All the longitudinal modes satisfy the standing wave condition mA = 2L, where
m is a positive integer and L the length of the cavity. The frequency spacing is determined

by adding half a wavelength (m — m + 1) and is given by:

Av == (2.8)

Every round-trip time, the coherent interruption of many longitudinal modes scattered
over a broad-spectrum and this results in an ultra-short pulse creation. The number of
longitudinal modes that can be locked is proportional to the bandwidth gain of the active
laser medium, Av,;. The number of modes oscillating in the cavity increases with pumping
power (Weiner, 2011). At sufficiently strong pumping, the total number of longitudinal

modes are given by:

Av
Niot = 2 29)
and the shortest pulse width is estimated to be:
1
Tiin = — (2.10)

Avg
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Figure 2.5: Short pulse formation through longitudinal interference, (a)
random phase, (b) in phase (Ngo, 2010)

There are several techniques for locking the longitudinal modes of an oscillator and
producing ultra-short pulses. It is generally divided into passive and active techniques. In
the active technique, an external optical modulator is used to activate the mode-locking
operation. The acousto-optic modulator based on the diffraction of light by acoustic wave
is normally employed to modulate the resonator losses in exact synchronism with the
resonator round-trips (Fermann et al., 1997). Another technique is to use an electro-optic
effect, where the refractive index is linear to an applied electric field to get as many of
the longitudinal modes lasing in a phase synchronous fashion (Hofer et al., 1990; Zhang

et al., 2009).
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On the other hand, the passive mode-locking can be achieved by inserting a SA with
suitable properties into the laser cavity. In the passive mode-locked case, the mode-locked
operation is activated by place the small piece of thin-film SA inside the laser cavity. In
this case, the thin film saturation rises after the active gain medium's saturation, where
the active medium's energy reaches the sufficient degree of saturation to form emitted
ultra-short pulses, also the cavity losses modulated by the thin-film (Solodyankin et al.,
2008; Zhang et al., 2011). The pulse will hit the SA every moment, it temporarily reduces
the cavity loss due to the saturation of absorption as shown in Figure 2.6. In the steady
state, the gain of the laser can be saturated to a level which is just sufficient for
compensating the losses for the circulating pulse. Any light of lower intensity which hits
the SA at other times will experience higher losses. This allows the SA to suppress weaker
pulses, as well as to constantly attenuate the leading and trailing wing of the circulating
pulse. Therefore, the SA also function to decrease the pulse duration of the mode-locked

pulse.

Figure 2.6: Pulse generation mechanism via passive mode-locking (Keller, 2003)
Compared with an active technique, the passive mode-locking tends to generate much
shorter pulses, due to the use of SA that can modulate resonator losses considerably faster

than any electrical and electronic modulator. The SA also functions to reduce the duration
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of circulating pulses. On the other hand, group velocity dispersion (GVD), is a property
of dispersive media (e.g. in the context of fiber laser) that is commonly used to assess
how the medium will impact the width of an optical pulse flowing through it. The GVD
is usually defined as a derivative with respect to wavelength. GVD has several important
effects, such as dispersive temporal broadening or squeeze of the ultra-short pulses.
Besides GVD, the nonlinear effect also plays an important role in the mode-locked pulse
generation (Walmsley et al., 2001). For instance, additional fiber length is normally added
into the laser cavity to increase nonlinearity so that it can balance the total cavity
dispersion and generates very interesting pulses such as soliton (Lau et al., 2019; Nady et
al., 2019). Concerning the soliton, the spectral shape and temporal of ultra-short pulses
will be changed during transmission through a fiber because of the self-phase modulation
(SPM) resulted from the Kerr effect and chromatic dispersion. However, the effects of
dispersion and nonlinearity can perfectly cancel each other, except for a constant phase
delay per unit propagation distance, preserving the temporal and spectral form of the
ultra-short pulses even over long optical fiber (Hasegawa et al., 1973; Shabat et al., 1972).
Consequently, the soliton phenomenon will be observed for light propagating in optical
fiber (Mollenauer et al., 1980), where the pulse temporal shape has to be that of an

unchipped pulse.
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2.6 Saturable Absorber

Saturable absorber (SA) is the type of optical thin-film that used to generate a pulse
laser through the laser intensity-dependent. It highly absorbs lower intensity light, and the
absorption reduces at a higher intensity of light, and thus promoting pulses generation in
a laser cavity. The device is deployed inside a laser cavity to initiate the self-starting and
stable short-pulse operation via Q-switching and mode-locking mechanism (Keller, 2003;
Zhang et al., 2014). The linear absorption, recovery time and nonlinear absorptions,
damage threshold are the main parameters of SAs (Zhang et al., 2014). The linear
absorption determines the operating wavelength region of the SA, and it must be
coincided with the gain bandwidth of the corresponding lasing medium. Recovery time
sets a limit on the switching speed of the device that can affect the duration of the
achievable pulses. The saturation intensity and modulation depth of the SA are obtained
from the nonlinear absorption curve. The required light intensity in the SA device to
saturate the absorption of the material is referred to saturation intensity, whereas the
modulation depth is defined as the maximum possible change of absorption. These
parameters are controlling pulse dynamics. The damage threshold is the maximum light
intensity that a device can tolerate before damage occurs. In choosing a suitable SAs,
other characteristics such as environmental stability and the ease and cost of fabrication

are also crucial.

To date, different types of SAs with different parameters have been studied and
employed to achieve Q-switched and mode-locked lasers. The first SA was introduced in
1965 (Mocker et al., 1965), where the Rhodamine based organic dye was incorporated in
a laser cavity to achieve mode-locking pulses with a duration of 10 ns. Figure 2.7
summarizes the historical evolution of the SA technologies (Woodward et al., 2015).
After the initial demonstrations of dyes based mode-locked pulses generation, there are

not many developments on SA research until the semiconductor saturable absorber mirror
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(SESAM) was proposed in the early 1990s (Keller et al., 1992; Keller et al., 1996). Then,
SESAMs have quickly become a highly successful technology especially for mode-
locking applications due to their many advantages (Okhotnikov et al., 2004). However,
SESAMs are costly to fabricate and present only a narrow operating bandwidth. Also,
they have a long recovery time and a low damage threshold. These limitations lead
research into exploring alternative SAs based on nanomaterials such as carbon nanotubes
(Kataura et al., 1999; Margulis et al., 1998) in the late 1990s. The CNTs have attracted
considerable attention due to its excellent nonlinear optical characteristic, low cost, and
easy fabrication. The first mode-locked fiber laser based on CNTs was demonstrated in
2004 (Set et al., 2004). CNTs exhibited great performance in the applications of ultra-
short pulse generation compared to SESAMs (Cheng et al., 2020). However, CNT suffers
from its variable nanotube size, which in turn affects its operation bandwidth, band gap
and absorption efficiency (Al-Hiti et al., 2021; Chernysheva et al., 2017; Reich et al.,

2008; Set et al., 2004).

Figure 2.7: SA development stages in fiber laser (Woodward et al., 2015)
The two-dimensional (2D) materials have also received much attention laser

applications due to their optical and electronic properties (Ge et al., 2018; Guo et al.,
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2019; Li et al., 2020; Liu et al., 2017; Wang, 2017; Zhao et al., 2019). In addition, they
have tunable structures that made them to be investigated widely in the ultra-short pulse
generation. Graphene (Zhang et al., 2009), black phosphorus (BP) (Ismail et al., 2016)
and transition metal dichalcogenides (TMDs) (Niu et al., 2018; Nizamani et al., 2021;
Yang et al., 2019) have shown great potential in comparison with SESAMs and CNTs.
These materials have a fast recovery time and wide spectral range (Ma et al., 2019), but
they suffer from small modulation depth (Bao et al., 2009; Wang et al., 2016) and low
band gap (between 0 eV to 1.5 eV) (Jiang et al., 2020; Luo et al., 2016). The graphene
and BP also have low damage threshold (Al-Masoodi et al., 2016; Lau et al., 2017; Li et
al., 2016). BP is hydrophilic material and thus it also suffers from rapid damage when

exposed to water or oxygen.

Tables 2.1 and 2.2 compare the performance of these materials for applications in Q-
switching and mode-locking, respectively. These materials were prepared as thin film
using a common technique. The highest pulse energy of 531 nJ was achieved in a Q-
switched laser, which was configured using multi-walled CNT (MWCNT) SA as shown
in Table 2.1 (Ahmed et al., 2015). The high pulse energy is essential for applications in
communication engineering, sensing devices, and material processing. The maximum
repetition rate of 114.8 kHz was achieved from graphene material (Apandi et al., 2019).
The width of the smallest pulse of 2.41 ps was also produced from graphene based SA

in a Q-switched laser cavity (Ren et al., 2019).

As shown in Table 2.2, the highest repetition rate of 17.7 MHz was achieved in a
mode-locked fiber laser using a single-walled CNT (SWCNT) (Markom et al., 2017). The
ultra-short pulse with duration of 570 fs was also realized using BP SA (Ahmed et al.,
2016). For mode-locking, the highest pulse energy of 74 nJ was recorded with MoS, SA

(Wang, 2017). It is shown in Tables 2.1 and 2.2 that the same material may produce
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different results if the fabrication methods are different. The mode-locking performance

is strongly depended on the fabrication method of SA and cavity design.

Table 2.3 compares the absorption performances including saturable absorption,

saturable intensity, non-saturable intensity, and linear absorption for various 2D

nanomaterials. For saturable intensity and non-saturable intensity, the MoS> and MoTe»

show significant progress in contrast with others. MoS, shows the highest saturable

absorption of 11.3 % in comparison with other SAs as shown in Table 2.3 (Ahmed et al.,

2016). On the other hand, the BP (Chen et al., 2015), reported a considerably high

saturable absorption of 8.1 %.

Table 2.1: Q-switching performance for various SA’s materials

No. SAs Wavelength | Rept. Pulse Pulse Ref.
(nm) rate width | energy
(kHz) (us) (nJ)
1. | Graphene 1561.13 67.8 6.02 206 (Zuikafly et al.,
2018)
2. | Graphene 1562.30 114.8 3.69 30.64 (Apandi et al.,
2019)
3. | Graphene 1530 39.85 2.41 N/A (Ren et al.,
2019)
4. | MWCNT 1534.5 48.22 8.3 99.75 (Azooz et al.,
2015)
5. | MWCNT 1533.6 33.62 4.2 531.0 (Ahmed et al.,
2015)
6. | MWCNT 1568.6 47 4.6 102.1 | (Mohammed et
al., 2016)
7. | SWCNT 1533.6 33.33 8 291 (Ahmed et al.,
2015)
8. | SWCNT 1560.76 41.78 4.73 N/A (Xu et al.,
2014)
9. BP 1562.35 44.72 9.8 81.5 (Razak et al.,
2017)
10 BP 1552.9 4433 7.04 134 (Ahmed et al.,
2017)
11. MoS> 1551.4 38.43 5.02 141.3 (Ahmed et al.,
2017)
12. WSz 1559.8 104.1 9.6 123.2 (Razak et al.,
2017)
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Table 2.2: Mode-locking performance for various SA’s materials

No. | Thin-film | Wavelength | Rept. | Pulse Pulse Ref.
SA (nm) Rate | Width | Energy
(MHz) (nJ)
1. | Graphene 1562 1.85 | 2.24ps 0.86 (Hammadi et al.,
2018)
2. | Graphene 1557.7 11 820 fs 0.42 (Ahmed et al.,
2017)
3. | Graphene 1565 1.79 0.756 - (Bao et al., 2009)
ps
4. | SWCNT 1533.6 15.3 1.8 ps 0.28 (Ahmed et al.,
2014)
5. | SWCNT 1564.2 17.7 | 0.77 ps 51.4 (Markom et al.,
2017)
6. | MWCNT 1550 4.54 | 1.28 ps - (Cheng et al.,
2013)
7. BP 1562 5426 | 1.23 ps - (Mao et al., 2018)
8. BP 1560.7 6.88 | 570 fs 0.74 (Ahmed et al.,
2016)
9. BP 1571.45 596 | 0.946 - (Chen et al.,
ps 2015)
10. MoS» 1598.94 17.1 | 0.83 ps 74 (Ahmed et al.,
2016)
11. | MoTe: 1559 1.8 | 2.46 ps - (Wang, 2017)
Table 2.3: SA absorption properties for various materials
No. SAs Linear Saturable | Saturable Non- Ref.
absorption | absorption | intensity | Saturable
(%) (MW/cm?) | absorption
(%)
1. | Graphene - 6.1 21 47 (Ahmed et
al., 2017;
Hammadi et
al., 2018)
2. | Graphene - 6.2% 0.61 33.5 (Bao et al.,
2009)
3. BP 60 % 0.3 - - (Mao et al.,
2018)
4. BP - 8.1 6.55 - (Chen et al.,
2015)
5. BP - 7 0.20 58 (Ahmed et
al., 2017)
6. MoS: - 8.6 100 8.2 (Ahmed et
al., 2017)
7. MoS> 35% 11.3 23.5 23.0 (Ahmed et
al., 2016)
9. MoTe; - 1.46 3.5 51 (Wang,
2017)
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2.7 Pulsed Laser Importance Parameters
271 Repetition Rate

Repetition rate, f.., is defined as the number of pulses emitted from the laser cavity
per second. Figure 2.8 (a) shows the typical pulse train of a mode-locked laser, which

indicates that a pulse repetition rate can be calculated by using the following equation:

frep = /AL (2.7)

where At represents the pulse period. The Q-switching approach may produce pulses with
repetition rate in kHz regime while mode-locking generates pulses in MHz regime. The
repetition rate of a Q-switched laser varies with pump power while a mode-locked laser
has a fixed repetition rate, which is determined by a cavity length. The increase of cavity
length reduces the repetition rate. Figure 2.8 (b) shows the typical frequency spectrum
captured by a radio frequency spectrum analyser by using the fast photodetector. The
pulse train's repetition rate was represented by the first fundamental frequency peak. The
signal-to-noise ratio (SNR) representing the first fundamental peak refers to the
difference in the intensity between a peak and the signal floor of a spectrum. The optimal

SNR should be higher than 30 dB that represents the stability of the pulse.

Figure 2.8: Output pulse train from a mode-locked laser in (a) time domain, and
(b) frequency domain. Inset of (a) shows a typical autocorrelator trace.
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2.7.2 Pulse Width

Pulse width is defined as t, is based on the full width at half-maximum (FWHM) of
the optical power against the time, as shown in the inset of Figure 2.8 (a). The pulse width
of the laser is depended on the pulsing techniques. For instance, the Q-switching generates
pulse width in the range of microsecond and nanosecond while mode-locked pulses are
in a range from few picoseconds to femtoseconds regime. The shape of the pulse could
be designed by a bell-shaped function, where the outline of pulse shape either Gaussian
or Hyperbolic secant (sech?) function. The Gaussian pulse shape is usually generated by
the normal dispersion regime, while sech? by anomalous dispersion regime, a well-known

working regime for soliton laser.

The product of the pulse width and spectral bandwidth is known as the time-bandwidth
product (TBP). The TBP value is calculated by using the FWHM value for width and the
bandwidth. Typically, the value of TBP is higher than 0.3, also, it is depended on the
shape of the pulse and precision in defining the pulse width and bandwidth, where the

laser cavity that generated ultra-short pulses have a large bandwidth.

The pulse width that generated from the laser cavity can be examined by using
photodiode in combination with oscilloscope, where can observe the pulses which have
width between microsecond and nanosecond. To measure ultra-short pulses, an

autocorrelator can be used.

273 Pulse Energy

The pulse energy is defined as E,, and it represents the total energy that available in

the pulse. Mathematically the pulse energy can be computed using the following equation:

Po

Ep

2.8)

frep
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where the P, represents the average output power. Usually, the energy generated from the
laser cavity depends on the characteristics of the laser cavity and laser pulsing techniques.
In addition, the range of pulse energy between millijoules to picojoules. The pulse energy
of mode-locked operation usually in the range of the nanojoules and picojoules due to the

high repetition rate from the laser cavity.

2.7.4 Output Power

The pulse's average output power P, is created by the laser cavity's output. The output
power will be affected by the design of the laser, where the mode-locked cavity generates
lower output power in comparison with the Q-switched laser. This is due to the additional
length of the cavity that degrades the laser performance. However, the estimation of
output power is totally different with peak power, where peak power P, represent the

pulse energy divided by pulse width as shown in the following equation:

B,=0.882 (2.9)
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CHAPTER 3: PREPARATION AND CHARACTERIZATION OF

SATURABLE ABSORBER

3.1 Introduction

Saturable absorber (SA) is a kind of optical thin-film that used to adjust the Q-factor
of the cavity to generate the pulse laser. (Salam et al., 2019). SAs' absorption levels are
varied and depending on their characteristics, such as spectral range. (Ismail et al., 2016),
saturation fluence (Salam et al., 2019), linear absorption (Jafry et al., 2021), and nonlinear
absorption (Baharom et al., 2019). SAs are frequently utilized in the generation of passive
pulse lasers because of their advantages as compact, inexpensive, versatile, and simple in
design. (Keller, 2003). SAs mostly consists of the elements and the compounds of the
Boron and Carbon groups. Many of nanomaterials had fabricated as SA, such as,
transition metal dichalcogenides (TMDs), black phosphorus (BP), graphene, and carbon
nanotube (CNT). Graphene-based SAs have a broad spectrum absorption. However, it
has a small modulation depth and low damage threshold. (Dong et al., 2012). CNT-based
SAs are simply fabricated and inexpensive (Hasan et al., 2009; Li et al., 2014). However,
they have a narrow band absorption which is significantly impacted by the nanotube
diameter. (Wang et al., 2015). BP-based SAs, typically have a large bandwidth spectrum.
However, they suffer from small modulation depth, also low optical threshold, and
complicated fabrication procedures. (Chen et al., 2015). SAs of the TMD materials
compounds such as Ws; (Mao et al., 2015; Yang et al., 2019), SnS> (Niu et al., 2018), and
MoSe; (Liu et al.,, 2018), they showed to have excellent absorption properties.
Nevertheless, they are restricted via low damage tolerance threshold, and an intricate
manufacturing process. Therefore, many works have been devoted in the recent years to
explore new materials as SA. This chapter presents the fabrication and characterization
of three types of SA devices based on two different materials: 8-Hydroxyquinolino

cadmium chloride hydrate (8-HQCdCI>H>0) and chromium aluminum carbide (Cr2AIC).
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3.2 Exfoliated 8-HQCdCL:H20 over Scotch Tape

Organic materials have also attracted much interest in recent years for various
electronic and photonics applications since they have an ultrafast nonlinear response and
wide spectral tunability (Al-Hiti et al., 2020; Li et al., 2019). Moreover, they have
excellent qualities such as low fabrication cost (Ji et al., 2020), good electrical
conductivity (Sheberla et al., 2014), mechanical flexibility (Park et al., 2015) and thermal
stability (Zhao et al., 2006). The organic materials have good electrical properties which
make them suitable for the applications in various electronic devices such as photovoltaic
in the solar panel (Spalatu et al., 2017), organic light-emitting diode (OLED) (Meftah et
al., 2020; Puniredd et al., 2013), and field-effect transistor (FET) (Sun et al., 2017). For
instance, 8-Hydroxyquinolino cadmium chloride hydrate (8-HQCdACI,H20) is widely
used in electronic devices (Shahedi et al., 2017). Also, the 8-HQCdCI,H>O has excellent
properties that make it useful for different applications, these characteristics include good
conductivity (Salyulev et al., 2016), thermal stability (Baraker et al., 2018), reliability
(Gurnani et al., 2003) and simple fabrication (Fung et al., 2012). In this thesis, the
generation of passively Q-switched and mode-locked pulses at 1.5 pum region using the
newly developed 8-HQCACIH,O based SA. The SA is fabricated by two different
techniques: mechanical exfoliation and drop-casting. This section discusses the
fabrication and characterization of 8-HQCdCI,H>O SA, which was obtained through the

mechanical exfoliation technique.

3.2.1 Preparation of the SA Device

The 8-HQCACI>H,0 SA was prepared by mechanical exfoliation because it is a simple
and authoritative method formerly utilized for materials such as BP (Chen et al., 2015),
graphene (Chang et al., 2010) and TI (Sotor et al., 2014). The fabricating started by adding
50 mg of 8-Hydroxyquinolino (8-HQ) powder into 5 ml of methanol to produce solution

A, and 50 mg of cadmium chloride hydrate (CdCl2H20) powder into 2.5 ml of methanol
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to produce solution B. Subsequently, both solution A and B were left for 10 hours stirring
separately. After that, the solutions were combined and stirred for about 7 hours to form
mixture C (i.e. 8-HQCdACI,H>0). Then, solution C was poured into the petri dish to dry
under normal room temperature for about 3 days to form the 8-HQCdCI,H>O powder.
The preparation of the 8-HQCdCLH,O powder is shown in Figure 3.1 (a). The 8-
HQCdCI>H>O powder was then exfoliated by utilizing scotch tape. The scotch tape was
folded and pressed persistently to form evenly distributed 8-HQCdCI,H>O powder over
it. Finally, a small piece of 8-HQCdCLH>O over scotch tape was inserted onto fiber

ferrule to form SA, as illustrated in Figure 3.1 (b).

Figure 3.1: SA fabrication procedure, (a) material fabrication process, and (b)
mechanical exfoliation of SA.
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33 Physical and Chemical Characterization

The exfoliated 8-HQCACI2H20 had examined by using the energy-dispersive X-ray
spectroscopy (EDX), then it was scanned by scanning electron microscopy (SEM). SEM
determined the structural mapping of the materials, while EDX revealed the elemental
constituent of the materials. Figure 3.2 (a) shows the SEM image, which indicates the
uniform distribution of 8-HQCACIH>0O molecules. Figure 3.2 (b) shows the chemical
elements of our SA analyzed by the EDX. The exfoliated 8-HQCdCI,H>O consists of
carbon (C), nitrogen (N), oxygen (O), chloride (Cl), and cadmium (Cd) elements as
tabulated in the inset of Figure 3.2 (b). As seen, 38.28 weight % of carbon was detected
whereas nitrogen 4.26 weight %. Both elements are originated from the scotch tape. The
content of oxygen, chloride and cadmium element was 6.22, 17.93 and 33.31 weight %,

respectively. Hence, it confirmed the elemental distribution of the 8-HQCdCI>H,O SA.
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Figure 3.2: The physical and chemical characteristics of the 8-HQCdCl:H20
over scotch tape, (a) SEM image, and (b) EDX analysis

3.3.1 Optical Characterization

The two main analyses that determine the optical properties of the SA devices are
linear absorption and nonlinear optical response. By illuminating the SA material with a
laser source at a broad wavelength, one may detect the working wavelength of such
material. This work investigates the absorption of material in the near-infrared region,
specifically the 1.55 um region. The availability of an optical spectrum analyzer (OSA)
that covers from 1.2 to 1.6 um region gives the ability to probe material’s absorption at
this regime. A good saturable absorber needs to own sufficient normal absorption at the
working wavelength, while also providing the nonlinear absorption in the same region.
The latter is normally determined by using a Z-scan technique, which provides a useful
understanding of the material’s optical properties such as nonlinear index (Kerr
nonlinearity) and nonlinear absorption coefficient (Gu et al., 2006). However, due to the
limited equipment in the working wavelength of 1.55 pm regime, this method can be

replaced with a balanced-twin detector technique. This homemade method allows the
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detection of a few important parameters in pulsed laser generation which are saturable

absorption, non-saturable absorption, and saturation intensity.

Concerning the linear absorption, a white light source (WLS) (YOKOGAWA, ANDO
AQ-4303B) with a wavelength range between 700 nm and 1700 nm was employed to
carry out the linear absorption test. Two patch cord of single mode fiber (SMF) were used
for linear absorption. The first patch cord of SMF was a reference and connected between
the WLS and OSA. The second patch cord of SMF, is linked between the input of SMF
to the WLS, and the output of SMF was connected to an OSA. In addition, the second
SMF contain the FC/PC connector to carry the 8-HQCdCI2H20 SA. The broadband light
was launched from the WLS passed through the FC/PC that contain the 8-HQCdCl,H>O
SA to reach the OSA with a 1nm resolution and a video bandwidth (VBW) of 10 Hz, as
shown in Figure 3.3 (a). The result is shown in Figure 3.3 (b), where the linear absorption
recorded at a wavelength range between 1200 nm and 1600 nm. It indicates the linear

absorption of 2.1 dB at 1550 nm wavelength.
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Figure 3.3: Linear absorption measurement, (a) experimental setup, (b) the
obtained result

Next, the nonlinear absorption of the SA device was measured by using a balanced
twin-detector measurement. A mode locked erbium-doped fiber laser with a pulse width
of 3.0 ps, corresponds to the repetition rate of 1.9 MHz was constructed as laser source.
The center wavelength of the mode locked EDFL was captured at 1559 nm. The mode
locked EDFL was converged to an erbium-doped fiber amplifier (EDFA), which was then
connected to an optical attenuator. The intensity of the signal was controlled by rotating
the knob at the attenuator. The laser output power of the attenuator is split by an optical
coupler (OC) of 50/50. The 50% of the laser was launched to the 8-HQCdCIl,H»O SA for
the evaluation of the absorption properties, and another 50% of the laser output was kept
as a reference. The signal was measured using an optical power meter. The data were

recorded and fitted using the following equation:

a (D) =75+ s (3.1

(1+7)
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where oy represents modulation depth or saturable absorption, I is the intensity-
dependent input, I is the saturation intensity, and a,, is the nonsaturable absorption. The
experimental setup for measuring the nonlinear optical response was depicted in Figure
3.4 (a). The nonlinear absorption curve obtained is shown in Figure 3.4 (b). It indicates
that the 8-HQCdCI2H,O SA exhibits a non-saturable absorption of 78 %, saturable
absorption of 11 %, and saturable intensity of 2 MW/cm?. High non-saturable absorption
is attributed to the rough morphology of the exfoliated 8-HQCdCI:H:0 tape as well as

the impurity.

The optical absorbance spectrum of the 8-HQCdCI>H»O tape is also measured at UV
and visible wavelength range as shown in Figure 3.5. The peak spotted at 470 nm could
correspond to the 8-HQCACI>H>O absorption. The optical band gap was calculated using
formula (ahv)n = B(hv — Eg) as B is a constant relative to the material, 4v is the photon
energy and n equals 2 for direct transition. While Alpha () is the absorption coefficient
which was calculated from the Beer-Lambert’s law as a(v) = 2.303 x Abs(4)/d as d is the
thickness of the thin film. The band gap is estimated at 2.6 eV by extrapolation at the

horizontal axis of the linear region of (ahv)? against hv, see the inset of Figure 3.5.
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Figure 3.4: Measurement of the nonlinear optical response, (a) experimental
arrangement, (b) results.

Figure 3.5: The absorption spectrum in UV and visible range. Inset shows the
estimation of the optical bandgap for the 8-HQCdCI:H20 SA.

34 8-HQCdCI:H:20 PVA Thin-Film

The fabrication of 8-HQCdCI>H>O thin-film SA is presented in this section. It uses
polyvinyl alcohol (PVA) compound as a host polymer due to several advantages such as
high flexible thin-film forming ability and excellent physical properties and chemical

resistance (Wu et al., 2015). The first step in the fabrication process of 8-HQCdCI,H>O
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thin-film is to add 50 mg of 8-Hydroxyquinolino powder into 5 ml of methanol to prepare
solution A. Then, 50 mg of CdCIoH,0 powder was added into 2.5 ml of methanol to make
solution B. Both solutions A and B are left separately for 10 hours stirring. Subsequently,
the solution A was mixed with solution B and stirred for about 7 hours to prepare solution
C. On the other hand, PVA solution was prepared by adding 1 g of PVA into 100 ml of
distilled water, and the solution was stirred for about an hour. Finally, 2.5 ml of PVA
solution was thoroughly mixed with solution C through both stirring and sonicating
processes. The mixed solution was then left to dry under normal room temperature for
twenty-four hours to allow the forming of 8-HQCdCI2H,O PVA thin film. The whole
preparation process is summarized as illustrated in Figure 3.6. The trinocular compound
microscope (AmScope) was used to measure the thickness of the prepared 8-
HQCdACI;H20 PVA thin-film. Thickness of thin film was about 60 pm and the same thin

film has been used for Q-switched and mode-locked pulse generation experiments.

Figure 3.6: Procedures in preparing 8-HQCdCI:H20 PVA thin-film
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To find out the structure of 8-HQCACI,H>O thin film, it is characterized by SEM.
Figure 3.7 (a) shows the SEM image, which indicates the uniform distribution of 8-
HQCdCI2H>0 molecules along with the polymer. As seen, the size of 8-HQCdCl2H>O
particles varies from 200 to 300 nm. Figure 3.7 (b) shows the chemical elements of our
thin film analyzed by the EDX. The thin film consists of carbon (C), oxygen (O),
cadmium (Cd), chloride (Cl), and silicon (Si) elements. The result indicates that the
materials utilized are pure since no other elementary peaks are detected. The chemical
composition and molecule structure of thin film investigated by Perkin Elmer Spectrum
400 Fourier Transform Infrared Spectroscopy (FTIR), and the spectrum obtained based
on transmission mode is shown in Figure 3.7 (¢). The FTIR spectrum was obtained within

the range of wavenumber from 4000 to 500 cm

. There is a strong absorption between
the two points of 3000-3600 cm™!, which peaks at 3325.99 ¢m™!. This is due to the
symmetrical stretching of N-H from the intramolecular hydrogen bonds (Shukla et al.,
2003). The stretching peaks of C—H, C=H, C=C, C-H, and C-O were observed at 2937.99,
1732.38, 1498.87, 1297.78, and 1023.93 cm-1, respectively (Coates, 2006; Hamdalla et
al., 2016; Lei et al., 2017). Nitrogen bonds assign to various forms as N=N and N-O were
found at 1576.72 and 1515.55 cm™! (Nandiyanto et al., 2019). The fingerprint region of
FTIR is between 500 and 1500 cm ™' for the 8-HQCdCI,H,O while the heavier elements

are detected between 780 and 400 cm™'. The peaks of 639.23 and 543.76 cm™! represent

the bond of O-Cl in the thin-film (Ezema, 2005).
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Figure 3.7: Characterization of 8-HQCdCIL2H2O thin film, (a) SEM image, (b)
EDX profile, and (c) FTIR analysis
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The linear absorption of the 8-HQCdCI,H>O PVA thin-film was then evaluated by
launching a broadband light from a WLS into the prepared film and recorded the output
spectrum by OSA as described in Figure 3.3 (a). Figure 3.8 (a) shows the experimental
result. The linear absorption of about 4 dB was observed at 1540 nm wavelength. Nearly
the same material absorption could be observed in L-band. The nonlinear absorption was
also measured using the experimental arrangement of Figure 3.4 (a) for the prepared 8-
HQCdCI>H>O thin film. It used a mode-locked laser pulse source with a 3.6 MHz of
repetition rate, 1.02 ps of pulse width, and 1562 nm of wavelength, respectively. Figure
3.8 (b) shows the nonlinear absorption curve, which was obtained by launching the light
source into the prepared 8-HQCdACI:H,O PVA film. It indicates that the 8-HQCdCI,H,O
film exhibits a saturable absorption, non-saturable absorption, and saturable intensity of
18 %, 70 %, and 0.1 MW/cm?, respectively. The low saturation intensity of the SA allows

the laser to self-starts at low optical intensity.
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Figure 3.8: 8-HQCdCIL2H:20 PVA film absorption properties, (a) linear
absorption, and (b) nonlinear absorption

3.5 Chromium Aluminum Carbide Thin Film

MAX phases compounds are hexagonal carbides and nitrides (Tallman et al., 2013).
They consist of a single element of an early transition metal (i.e. that represents M), an
element of group A (i.e. chemical elements of groups 13—14) and an X that represents
either carbon or nitrogen to form the MAX compound (Gonzalez-Julian et al., 2016).
MAX phases have a mixture of chemical (Schneider et al., 2004), electrical (Tian et al.,
2006), and mechanical properties (Li et al., 2011) of ceramic and metal under different
circumstances (Tian et al., 2007). They have a good electrical and thermal conductivity
(Xiao et al., 2011), a good thermal shock resistance and a high damage threshold due to

their electronic structure and chemical bonding (Gonzalez-Julian et al., 2018).

Nowadays, various research studies have reported MAX phases as SAs due to their
excellent compatibilities in laser applications (Jafry et al., 2020; Kwon et al., 2021). The
optical capabilities of MAX phases such as a large effective nonlinear absorption
coefficient (Ahmad et al., 2019), a fast optical-switching capability (Lee et al., 2019) and

a high optical damage tolerance (Jafry et al., 2020) make it a preferable SA, in comparison
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to other 2D-based materials. In this work, the chromium aluminum carbide (Cr,AlC) from
the MAX phases family is chosen as the main compound for a SA, due to its excellent
mechanical and chemical properties, such as enhanced ductility and durability (Al-
Khazrajy et al., 2015). Lee et al. reported that CroAlC oxidized only at the extreme
temperatures of above 1300 °C (Lee et al., 2007). The Cr2AlC compounds have attractive
characteristics as they contain both metals and ceramics, which made the Cr2AIC to have
high hardness (Barsoum, 2000) and the heat stability (Drulis et al., 2006). Cr2AlIC also
has excellent electrical resistivity resulting the material to be an good electrical conductor
at high temperatures (Gorshkov et al., 2019). One of the objectives of this thesis is to
experimentally demonstrate the process of generation of the mode-locked and the Q-
switched laser pulses by a new SA based on CroAIC-PVA. This section presents the

preparation process and characterization of CroAIC film SA.

In this work, The PV A was utilized as a host polymer due to its various benefits, such
as chemical resistance, outstanding physical properties, and high flexibility (Wu et al.,
2015). The Cr2AlC nano-powder was obtained from Laizhou Kai Kai Ceramic Materials
Company Ltd which has a purity above 98 % with a particle size of 200 nm. The whole
preparation process of Cr2AlC film SA is shown in Figure 3.9. Initially, PVA solution
was prepared by dissolving 1 g of PVA powder in 100 ml of deionized (DI) water, then
they were left stirring for 1 hour at 500 RPM using a magnetic stirrer. Then, 50 mg of
Cr2AIC powder was added into 8 ml of final PVA solution for 2 hours stirring at 800 rpm
under normal room temperature to obtain a solution mixture. Eventually, the mixture was
poured into a petri dish and placed under normal room temperature to dry for seven days.
A tiny piece of Cr2AlC PVA thin-film was cut, then placed between two FC/PCs to form

an optical SA device in the fiber laser.
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Figure 3.9: Cr2AIC SA fabrication steps

Figure 3.10 describes the morphological and elemental characterization of Cr,AlC
particles in the host of PVA. The surface of Cr2AIC thin film had scanned using a SEM
and then analyzed using an EDX. Figure 3.10 (a) describes the Cr2AlC particles dispersed
throughout the polymer. Also, the SEM image was acquired with a 1 nm of resolution.
The surface examination with the EDX had performed to confirm the existence of Cr,AlC
molecules in the thin film. Figure 3.10 (b) shows several peaks with 53.43% weight of
carbon (C), 23.99% weight of oxygen (O), 8.05% weight of aluminum (Al) and weight
of 14.52% chromium (Cr). The EDX analysis also proved that the material used is pure

because no other elementary peaks were detected.
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Figure 3.10: Characterization of Cr2AlC, (a) SEM image, and (b) EDX analysis

The Cr,AlIC film was also examined for nonlinear and linear absorption characteristics
as shown in Figure 3.11. The linear absorption of CroAlC was obtained by launching a
light source to the thin-film and then the wavelength data were recorded by an OSA, see
Figure 3.11 (a). The linear absorption was realized at 12 dB with a wavelength of 1555

nm and a wavelength regulation of 1 nm. The properties of nonlinear absorption of
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Cr2AIC PVA thin-film was obtained by amplifying mode-locked pulse laser in the EDFA
and sent to the attenuator as described in section 3.2, see Figure 3.4 (a). The attenuator
output was split by 50/50 optical coupler, 50% output of SA film, and other 50% output
reference. The mode-locked pulse laser parameter recorded a pulse width of 2.5 ps, the
repetition rate of 1.88 MHz, and wavelength 1558 nm. Figure 3.11 (b) demonstrates the
findings of the nonlinear absorption for Cr>AIC film that achieved 40 MW/cm? of
saturable intensity, 3.2% saturable absorption, and 28.4% non-saturable absorption. The
optical absorbance spectrum of the Cr2AIC in UV and visible range is shown in Figure
3.11 (c). It shows the peak spotted at 388 nm could correspond to the Cr2AlC. The optical
band gap was calculated using formula (ahv)n = B(hv — Eg) as B is a constant relative to
the material, 4v is the photon energy and n equals 2 for direct transition. While Alpha (a)
is the absorption coefficient which was calculated from the Beer-Lambert’s law as a(v)
=2.303 x Abs(4)/d as d is the thickness of the thin film. The band gap is estimated at 2.76
eV by extrapolation at the horizontal axis of the linear region of (ahv)’ against hv, see

Figure 3.11 (d).
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Figure 3.11: The absorption characterizations of Crz2AIlC film, (a) linear
absorption, (b) non-linear absorption, (¢) absorption spectrum in UV and visible
range, and (d) optical band gap of Cr2AIC
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3.6 Summary

The three different types of SAs were successfully developed based on two different
materials: 8-HQCdCIH20 and Cr2AlIC, which belong to the organic and MAX phases
family, respectively as a based material. 8-HQCdCI2H20 SA was prepared based on two
methods: mechanical exfoliation and drop-casting while the Cr2AlC also was prepared by
drop-casting. The PVA was used as a host polymer in preparing the thin films. These SAs
were also successfully characterized in terms of physical and chemical characteristics as
well as linear and nonlinear absorption properties. The exfoliated 8-HQCdCI:H20 on
scotch tape, 8-HQCACI,HO thin film, and Cr,AIC thin film have a saturable absorption
or modulation depth of 11 %, 18 %, and 3.2 %, respectively, and thus suitable for Q-
switching and mode-locking applications. The linear absorption of exfoliated 8-
HQCdCI:H20, 8-HQCACI:H,O PVA, and Cr,AlC PVA of 2.1 dB, 4 dB, and 12 dB,

respectively.

48



CHAPTER 4: NANOSECOND Q-SWITCHED PULSES GENERATION

4.1 Introduction

The generation of short-pulse laser technology has been getting a high demand in the
medical and optoelectronics applications due to their promising advantages (Pile, 2013).
This type of laser pulsing generation could achieve through a Q-switching technique. This
technique can be classified into passive and active schemes. The passive scheme is
realized by placing a saturable absorber (SA) device in the laser cavity and it has several
advantages like cost-effectiveness, simplicity in the design, flexible configuration, and
compactness (Guoyu et al., 2015; Rahman et al., 2019). The addition of external driven
modulators makes active schemes more complex, resulting in high cost (Al-Hiti et al.,

2019; Samsamnun et al., 2020).

To date, several types of SAs have reported for generating passive Q-switching pulses
from a fiber laser cavity, such as such as semiconductor saturable absorber mirrors
(SESAMs) (Zhang et al., 2010), graphene (Haris et al., 2020; Jiang et al., 2013), carbon
nanotubes (CNTs) (Harun et al., 2012; Set et al., 2004), and black phosphorous (BP)
(Ismail et al., 2016). Graphene, CNT, and BP are the most attractive materials for
optoelectronic applications due to their excellent conductive properties (Fei et al., 2014;
Huang et al., 2011; Kang et al., 2010; Sun et al., 2012). Besides, they have a wide spectral
response bandwidth (Heo et al., 2019; Ma et al., 2020; Su et al., 2016), and low
manufacturing cost, making them distinguished from other SAs (Ahmad et al., 2016; Qin
et al., 2015) while they have a fast recovery time as well (Jung et al., 2012; Salam et al.,
2020; Wang et al., 2015). Nonetheless, these SAs face disadvantages that made their
popularity limited. As SESAMs required complex fabrication, restricted bandwidth
tuning, and high cost (Salam et al., 2019; Yusoff et al., 2019). Graphene has a low optical

saturation absorption per layer (Baharom et al., 2019), and low modulation depth (R.
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Rosdin et al., 2019). CNT has its response spectral range depending on the chirality and
diameter of the nanoparticles (Chen et al., 2016). BP also lacks in few properties such as
low damage threshold (Han et al., 2019), complex fabrication process (Wang et al., 2019),

and it does not have ample purity and less-uniformity (Latiff et al., 2017).

Transition metal dichalcogenides (TMDs) are another family of transition metals that
have received great attention from many authors due to ultrahigh multi-electron transfer
and high electrical conductivity such as vanadium Diselenide (VSez) (Ahmad et al.,
2021), niobium disulfide (NbS) (Li et al., 2020), and WxNbu-xSez (Li et al., 2021).
However, they have some defects as low damage threshold (Mao et al., 2017; Pan et al.,

2020).

On the other hand, the latest studies aimed at manufacturing organic materials as a Q-
switching to be used as a high-performance thin-film SA in various fiber laser cavities
(Salam et al., 2019; Salam et al., 2019; Samsamnun et al., 2020; Soboh et al., 2020). It
has advantages as the ultrafast nonlinear optical response (Yang et al., 2013), wide
spectral tunability (Clark et al., 2010), low fabrication cost (Salam et al., 2019), good
electrical conductivity (Sheberla et al., 2014) and thermal stability (Dalton et al., 2007).
The presence of electrical properties in the organic materials motivated the technology
field to utilized materials in the different electronic device applications, such as,
photovoltaic in the solar panel (Spalatu et al., 2017), organic light-emitting diode (OLED)
for manufacture the screens of television and mobile phones (Meftah et al., 2020;
Puniredd et al., 2013), also field-effect transistor (Yefet et al., 2013), that use as electronic
elements for manufacturing radio-frequency identification (RFID) (Isyanto et al., 2017,
Ren et al., 2017). Organic materials contribute in the pharmacological applications field
where it treats anti-cancer (Xu et al., 2015), severe acute respiratory syndrome

coronavirus 2 (SARS-CoV-2) (Liu et al., 2020) and anti-HIV (Al-Busafi et al., 2014).
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MAX phases compounds are hexagonal carbides and nitrides (Tallman et al., 2013).
They consist of a single element of an early transition metal (i.e. that represents M), an
element of group A (i.e. chemical elements of groups 13—14), and an X that represents
either carbon or nitrogen to form the MAX compound (Gonzalez-Julian et al., 2016).
MAX phases have a mixture of chemical (Schneider et al., 2004), electrical (Tian et al.,
2006), and mechanical properties (Li et al., 2011) of ceramic and metal under different
circumstances (Tian et al., 2007). They have good electrical and thermal conductivity
(Hettinger et al., 2005; Xiao et al., 2011), good thermal shock resistance and, a high
damage threshold due to their electronic structure and chemical bonding (Gonzalez-Julian
etal., 2018). The stimulus behind using the MAX phases as a SA is due to several research
studies reported about its capabilities in laser applications, such as a large effective
nonlinear absorption coefficient (Ahmad et al., 2019), a fast optical-switching capability
(Lee et al., 2019), a high optical damage tolerance (Jafry et al., 2020), and an excellent
damage threshold makes it a preferable SA, in comparison to other 2D-based materials.
In addition, the MAX phases show a contribution for generating Q-switched and mode-
locked pulses that have a pulse with the smallest width and a high rate of pulse repetition

(Jafry et al., 2020; Kwon et al., 2021).

In chapter 3, the fabrication and characterization of three types of SA devices were
successfully demonstrated based on two different materials: 8-Hydroxyquinolino
cadmium chloride hydrate (§-HQCdCIl,H>0O) and chromium aluminum carbide (Cr2AIC).
The 8-HQCACL:H20 and CrAIC were chosen for our study due to their similar
characteristics include good electrical conductivity (Pan et al., 2008; Salyulev et al., 2016;
Zhou et al., 2009), thermal stability (Baraker et al., 2018; Drulis et al., 2006; Shahedi et
al., 2017), reliability (Gurnani et al., 2003; Liu et al., 2018), mechanical flexibility (Jomaa
et al., 2020; Tian et al., 2007), and simple fabrication (Fung et al., 2012; Kindeel et al.,

2013; Taet al., 2021). Besides that, the 8-HQCdCI>H>O as organic material is considered
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to be environmental friendly (Grabowski et al., 2011). The Cr,AIC has ductility and
durability (Al-Khazrajy et al., 2015). It has a high chemical attack resistance and high-
temperature oxidation in the air (Lee et al., 2007). The Cr,AIC compound have attractive
characteristics as containing metals and ceramics, which made the Cr2AlC have high
hardness (Barsoum, 2000), and high purity (Ge et al., 2019). It has excellent electrical
resistivity resulting material is an electrical conductor at high temperature (Gorshkov et
al., 2019). This chapter aims to demonstrate the generation of nanosecond Q-switched

pulses using the newly developed SAs.

4.2 Exfoliated 8-HQCdCI:H20 SA for Generating Q-Switching Pulses

In this section, the generation of passively Q-switched pulses is demonstrated in 1.5
um region using the newly developed 8-HQCdCI2H20 based SA. The SA was fabricated
by a mechanical exfoliation technique as described in the previous chapter. Figure 4.1
shows an experimental setup of Q-switched pulses generation. A 1 m length of erbium-
doped fiber (EDF) was used as a gain medium with ion absorption of 23 dB/m at 980 nm.
The EDF has core diameter, cladding diameter, and numerical aperture of 4 pm, 125 pm,
and 0.16, respectively. A continuous wave (CW) of laser diode (LD) operating at the
wavelength of 980 nm was used to pump the gain medium through the wavelength
division multiplexer (WDM). The previously prepared transparent tape with the
exfoliated 8-HQCdACIH,0O was inserted into the laser cavity between two fiber ferrules
to form pulses of Q-switching. The isolator (ISO) was used to maintain the light
propagation in one direction into the ring cavity. In this study, the Q-switching
performance was investigated based two different output couplers (OCs). The 50/50 and
95/05 OC were used to extract 50% and 5% of the lasing output for analysis
measurements and remaining 50% and 95 % were connected to WDM for feedback. The
total cavity length was about 3 m for both arrangements. The output laser was measured

by using an optical spectrum analyzer (OSA) (MS9710C), while optical power meter
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(OPM) (Thorlabs: PM100D) was used to measure the average output power. The
temporal behavior of generated Q-switched pulses and laser stability were analyzed
utilizing a 350 MHz digital oscilloscope (GWINSTEK: GDS-3352), and a 7.8 GHz radio
frequency spectrum analyzer (RFSA) (Anritsu: MS2683A), respectively. Both RFSA and

oscilloscope were connected via a fast photo-detector (Thorlabs: DET01CFC).

Figure 4.1: Experimental setup of Q-switched EDFL using the 8-HQCdCI12H:0
tape as SA

4.2.1  Q-switching Performance Using 50/50 OC

At first, a CW emission was generated at a pump power of 10 mW. Stable Q-switched
EDFL operation was recorded at a pump power of 50 mW. Figure 4.2 (a) compares the
pulse trains of the Q-switched EDFL at five different input LD powers from 50 mW to
167 mW. The pulse train observed that the pulse repetition frequency increases with an
increment of input LD pump power. By using the oscilloscope, the pulse width was
recorded to be 4.007 us, 3.026 pus, 2.817 us, 2.484 and 2.076 ps, and with the repetition
rate of 74.36 kHz, 93.46 kHz, 106.4 kHz, 117.2 kHz and 136 kHz, respectively. The

output spectra were taken using an OSA at different input LD powers of 50 mW, 75 mW,
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127 mW, 152 mW, and 167 mW, see Figure 4.2 (b). The optical spectra pulses have
central wavelengths of 1530.74 nm, 1530.49 nm, 1530.74 nm, 1530.49 nm and 1530.49
nm, with 3 dB bandwidths of 2.516 nm, 3.52 nm, 3 nm, 3.522 nm, and 4 nm, respectively

which indicate that the Q-switched EDFL operation has high stability.

Figure 4.2: Exfoliated 8-HQCdCI2:H20 SA EDFL operation using 50/50 OC, (a)
typical pulse trains, and (b) optical spectra at a different pump power

Figure 4.3 (a) shows the repetition rate and pulse duration with respect to incident
pump power. As expected, the pulse rate incremented linearly from 74 kHz to 136 kHz
while the pulse width dropped from 4.007 ps to 2.076 pus as pump power varies from 50
mW to 167 mW, respectively. Figure 4.3 (b) gives the average output power and pulse
energy versus pump power. Maximum average output power and pulse energy were

observed to be 23.4 mW and 172 nJ, at the maximum input power of 167 mW. The slope
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efficiency of the laser is calculated to be around 14 %. Figure 4.3 (c) shows the RF
spectrum of Q-switched EDFL operation at 167 mW pump power. At the repetition rate
of 136 kHz, the signal-to-noise ratio (SNR) was 81 dB with a span around 2000 kHz. The
RF spectrum has a resolution bandwidth (RBW) and video bandwidth (VBW) of 1 kHz

and 100 Hz, respectively, which indicating that the laser was highly stable.
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Figure 4.3: Exfoliated 8-HQCdCI:H20 SA Q-switched performance using 50/50
OC, (a) pulse repetition rate and pulse width versus input pump power, (b) output
power and pulse energy versus input pump power, and (¢) RF spectrum at a
repetition rate of 136 kHz

422  Q-switched Performance Using 95/05 OC

In this setup, the OC was changed from 50/50 to 95/05 OC in the laser cavity. The
pulse width was reduced, and the pulse repetition rate was increased, impacting both the
average output power and pulse energy. Also, the threshold and maximum input power
for producing the Q-switched were 101 mW to 167 mW, respectively. Figure 4.4 (a)
shows the temporal characteristics at 101 mW, 122 mW, 142 mW, and 167 mW pump
power. The different pulse trains are taken in the time domain using an oscilloscope and
it shows pulse intensity. The different repetition rates were achieved to be at 145 kHz,
155 kHz, 163 kHz, and 173 kHz with the pulse widths of 2.4 ps, 2.1 ps, 1.88 ps and 1.66
us at the pump powers of 101-167 mW. Figure 4.4 (b) compares the output spectra of the
Q-switched EDFL at different pump powers of 101 mW, 122 mW, 142 mW, and 167 mW

with center wavelengths of 1530.74 nm, 1530.74 nm, 1530.49 nm, and 1530.49 nm.

The repetition rate and pulse width against pump power are shown in Figure 4.5 (a).

The repetition rate increased from 145 kHz to 173 kHz and pulse width was decreased
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from 2.4 ps to 1.66 us, as pump power was incremented at the same range. The pulse
repetition rate improved as compared to the other experiment with a 50/50 coupler, since
the change in OC resulted in a shorter time for pulse to travel in the cavity. Also, the SA
saturation became faster as compared to the 50/50 OC cavity, resulting in a shorter pulse
duration keeping a 95 % of input power to oscillate in the laser cavity. The average output
power was decreased in comparison to the previous setup because it extracted 5 % of used
power and keeping the rest into the cavity. This setup realized average output power from
1.04 mW to 1.8 mW, see Figure 4.5 (b). While pulse energy is produced from 7 nJ to 10
nJ which is less than the previous setup. Figure 4.5 (¢) shows the RF spectrum, which
was measured to analyze Q-switched EDFL operation stability in the range of 2000 kHz
with 1 kHz of RBW and 100 Hz of VBW. The SNR for Q-switched laser is at 75 dB

which corresponding to the repetition rate of 173 kHz.

Figure 4.4: Exfoliated 8-HQCdCI:H20 SA EDFL operation using 95/05 OC, (a)
typical pulse trains, and (b) The optical spectra at a different pump power
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Figure 4.5: Exfoliated 8-HQCdCL2:H20 SA Q-switched performance using 95/05
OC, (a) the pulse repetition rate and pulse width against input pump power, (b)
output power and pulse energy versus input pump power, and (c) RF spectrum at
a repetition rate of 173 kHz
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The impact of changing the output ratio of the couplers used in EDFL is highlighted
in this work. Our findings suggest that a 95/5 coupler with 95% of output set to feedback
is best suitable to get a shorter pulse width. Much shorter pulses having low pulse energy
can be achieved by lowering the output ratio of coupler. However, on the other hand, a
very high output power of around 23.5 mW is extracted using a 50/50 coupler which

resulted in the pulse energy of 172 nlJ.

4.3 8-HQCdCIL:H20 Thin Film as Q-switcher for Generating Nanosecond
Pulses

In the preceding section, the Q-switched EDFL operation was successfully achieved
utilizing the mechanically exfoliated 8-HQCdCI;H20O as a SA. However, the shortest
pulse width was only attainable at 1.66 ps. In this study, the Q-switched EDFL operation
is experimentally explained to generate a much shorter pulse by using the similar 8-
HQCdCI:H20 material, but it was prepared based on drop-casting approach. The 8-
HQCdCI>H>0 was embedded in polyvinyl alcohol (PVA) to fabricate the thin-film, which
has then employed in the Q-switched EDFL cavity for passively generating nanosecond
pulses. 8-HQCdACI2H:0 was elected to be apart from our thin-film, since it is widely used
in applications of electrical and electronic devices (Shahedi et al., 2017). It has excellent
solubility in the water and good conductivity (Salyulev et al., 2016), also it is used for
electroplating and photocopying (Hebboul, 2018; Prakash et al., 2013). Moreover, it has
high thermal stability for the formation of the thin-film in the optoelectronic applications
(Baraker et al., 2018). The cavity design of the nanosecond Q-switched EDFL is like
Figure 4.1 except for the OC ratio. A 10 dB OC was used to extract 10% of the lasing
output for analysis while allowing the remaining 90% to oscillate in the cavity. The
prepared 8-HQCACI,H>O PVA thin-film was inserted between two fiber ferrules via an
adaptor to form a fiber-compatible SA. It was incorporated in the EDFL cavity for

nanoseconds pulse generation.
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The Q-switched laser operation in the EDFL was obtained within the pump power
range of 101 mW to 167 mW. It generates nanosecond pulse train with a varying
repetition rate and pulse width. The repetition rate increased from 123 kHz to 150 kHz
and pulse width decreased from 976 ns to 726 ns when the pump power was raised from
101 mW to 167 mW as shown in Figure 4.6 (a). In the same magnitudes of laser pump
power, as illustrated in Figure 4.6 (b), the pulse energy and output power increased from
3.6 nJ to 4.5 nJ and 0.44 mW to 0.7 mW, respectively. The laser's optical-to-optical
efficiency is estimated to be around 0.41 %. Compared to the previous laser with

exfoliated 8-HQCACI,H>O, this value is smaller due to the higher linear absorption.

Figure 4.6: Performance of the nanosecond Q-switched EDFL with 8-
HQCdCIL:H:20 SA, (a) pulse width and pulse repetition against pump power, and
(b) pulse energy and output power against pump power
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Figure 4.7 (a) shows the typical oscilloscope trace for the Q-switched laser, which was
captured in the range of 200 ps at the highest pumping power of 167 mW. As seen, the
laser's temporal performance has been stable with a pulse width of 726 ns, corresponding
to the highest frequency of 150 kHz. The enlarged image shows two pulses measured of
a full-width half-maximum of 726 ns, and the distance between peak to peak of 8.9 pus.
Figure 4.7 (b) displays the frequency with a SNR of 72 dB determined in the span of 3000
kHz. The RF spectrum has a resolution bandwidth RBW and VBW of 3 kHz and 100 Hz,
respectively. The first peak shows a frequency of 150 kHz which is in good alignment

with the oscilloscope trace.
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Figure 4.7: The temporal characteristics of the nanosecond Q-switched EDFL
with 8-HQCdCL:H20 SA, (a) typical pulse train, and (b) frequency spectrum

Figure 4.8 shows the output spectra of the EDFL, which operates in Q-switching and
CW regime as it was configured with and without SA. Without the SA, the optical
spectrum of the EDFL cavity operated at the center wavelength of 1566 nm with 1.2 nm,
3 dB bandwidth and power intensity of —2 dBm. However, the spectrum of EDFL shifted
to the shorter wavelength when the SA inserted into the cavity due to the increase in
cavity loss. The operating wavelength centered at 1530 nm with 3 dB bandwidth of 1.6

nm, and power intensity of —6 dBm, as depicted in Figure 4.8.

Figure 4.8: The output spectra of the EDFL with and without the deployment of
8-HQCdCI1:H20 SA inside the cavity
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4.4 Cr2AIC Thin Film for Generating Nanosecond Q-Switched Pulses

In this section, a thin-film SA from the MAX phases compounds was utilized to create
nanosecond Q-switched laser pulse. In the fabrication steps of the SA film, the Cr,AlC
powder is mixed with PVA solution before being dried to create the Cr2AIC thin-film.
The manufacturing steps and characterization of Cr2AlC thin film had done described in
the previous chapter. A tiny piece of Cr2AIC PV A thin film was surrounded by two EDFL
laser cavity fiber ferrules, as shown in Figure 4.1, to generate a Q-switching pulse in the
wavelength range of 1531 nm. Like the previous 8-HQCdCI>H»O thin film-based laser, a
10 dB OC (90/10) was used. It lets 10% of the laser light will be released out of the cavity
for laser pulse performance analysis, and 90% laser will keep circulating inside the EDFL
cavity. The length of the total ring cavity is 3 m. The Cr>AIC film saturation rise before
the active medium saturation, where the saturation occurs when the gain medium energy
reaches a level adequate. During that period, the CroAIC thin-film modulates the cavity
loss, then will allow the passive Q-switching operation achieved and then generate
nanosecond pulses. It is worthy to note that the proposed experimental setup does not
include any polarization controller (PC). The self-started Q-switched laser pulses
appeared just by the insertion and adjustment of CrrAlC thin-film between the fiber
ferrules. However, the addition of PC only contributed to intra-cavity loss. This reduced
the Q-switched laser performance by generating wider pulses and lower average output

power. Thus, the PC was excluded from our experimental setup.

The Q-switching pulses appeared at the input pump power of 117 mW and they
remained available until the input pump power was increased into 167 mW. Figure 4.9
(a) shows the relationship between pulse width, repetition rate with laser pump power.
The pulse width dropped from 995 to 780 ns, and the repetition rate increased from 108
to 132 kHz, as the pump power rises gradually from 117 mW to 167 mW. The very short

pulse may be predicted when the additional reductions in the overall length of the cavity
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and increasing the modulation depth of the SA. With the enhancement of the preparation

procedure of SA, the depth of modulation may be improved.

Figure 4.9 (b) shows the oscilloscope pulse train for an interval of 100 us for the
shorter pulse width with the highest repetition rate were 780 ns and 132 kHz, repecively,
as well as, the distance between pulse to pulse was 7.7 us, at 167 mW of the maximal
laser input power. Figure 4.9 (¢) shows the pulse energy and output power increased from
7nJ to 9 nJ and 0.79 mW to 1.134 mW, respectively, in the same laser pump power range.
Based on the relation between the output power and pump power, the optical efficiency
is calculated to be around 0.67 %. This value is slightly higher than the previous laser
with 8-HQCACIL>H;O thin film. Figure 4.9 (d) shows the SNR that obtained by the RFSA
over the span of 2000 kHz was 67 dB, where the first peak corresponds to 132 kHz of
repetition rate with a maximum input laser pump power of 167 mW. The Cr2AIC thin-
film has been replaced with only PVA thin film to avoid the potential of pulse generation
using only PVA or any nonlinear polarization rotation (NPR) action within the cavity.
Then, the pump power raised to the LD's maximum sustainable limit. In the case of only
PVA thin film, there were no pulses were observed through the oscilloscope throughout
the whole range of pump power. It also demonstrates that Q-switching operation cannot

be accomplished using a pure PVA thin film or cavity phase self-modulation.

Figure 4.9 (e) exhibits the EDFL spectra of CW laser and Q-switch operations. In
the spectrum of CW laser, the wavelength observers at 1566 nm with a 3 dB bandwidth
of 1.6 nm, and spectrum intensity of -5 dBm. However, the spectrum of the Q-switch
operations shifts to a shorter wavelength of 1531 nm with a 3 dB bandwidth of 2.8 nm
and power intensity of -19 dBm. The spectrum shifted to the shorter wavelength because
of the loss introduced by adding the SA in EDFL. It is worthy to note that the pulse laser

began to fade once the laser input pump power reached 167 mW, because of over-
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saturation of the CrAlC thin-film resulted from higher input pump power. However,
when the pump power was reduced to 167 mW, the Q-switched nanosecond pulses
returned and indicating that SA did not burn. Therefore, it can be deduced that the damage
threshold of the Cr2AlC SA is higher than 200 mW pump power. Nevertheless, the laser's
optical efficiency can be improved, because of small output coupler ratio released 10%,
and 90% of laser continue circulating in laser cavity. In addition, the intra-cavity loss

restricted optical efficiency and output power.
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Figure 4.9: The nanosecond Q-switching performance with Cr2AIC thin-film
SA, (a) repetition rate and pulse width against pump power, (b) pulse energy and
output power against pump power, (c) typical pulse train, (d) radio frequency
spectrum, and (e) EDFL spectra with and without SA
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Table 4.1 shows a comparison of Cr2AIC SA Q-switching performance with prior SAs
based on a range of different materials (Ahmad et al., 2017; Ahmed et al., 2017; Al-Hayali
et al., 2017; Chen et al., 2016; Chen et al., 2015; Jafry et al., 2020; Lee et al., 2019; Liu
etal., 2020; Liu et al., 2013; Liu et al., 2019). The elements that were utilized to compare
CrAlC SA performance are listed in Table 4.1 as: saturation intensity, modulation depth,
repetition rate, pulse energy, pulse width, operating wavelength (1), maximum pump
power, output power, and SNR. The proposed Cr2AIC SA demonstrated the performance
of the Q-switched laser generated in the region of 1.5-micron. The Q-switched laser by
our proposed SA showed a relatively high SNR of about 67 dB, which proves that the
lasing was stable. Among only few nanoseconds pulse Q-switched lasers reported in
literature, our results showed some outstanding performance of the new SA. Previously,
Liu et al. have reported Q-switched EDFL having a very short pulse width of about 583
ns by using tungsten ditelluride (WTe2) as a SA. However, the shortest pulse width of
583 ns was achieved at a very high pump power of 630 mW. The increase of such a high
pump power in EDFL ring cavity can either damage the SA or the LD in a long run. On
the other hand, the output power of Q-switched laser was achieved to be higher than
molybdenum disulfide (MoS3), titantum aluminium carbide (Ti2AIC) and Si-PVA based
SA. The corresponding pulse energy of 9 nJ was achieved in our work, related to the fact
that the maximum repetition rate was achieved to be 132 kHz, producing a very narrow
pulse width of 780 ns. It is also worthy to note that a high energy pulse is expected to be
realized by the proposed SA through pulse-shaping technique (Gao et al., 2019). In
addition, adjusting the coupling ratio and further improving the EDFL cavity loss might
enhance the output power, which will directly increase the pulse energy and the pulse

peak power.
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Table 4.1: Performance comparison with various SA materials

SA | Mod. Sat. Max | Rep. | Pulse | Pulse | Output A Ref.
Dep. | Intensity | pump | rate | width | energy | Power | (nm)
(Y0) power | (kHz) | (ps) (nJ) (mW)
(mW)
CNT - - 209.6 | 70.4 4.5 81.3 5.7 1563 | (Liu et
al.,
2013)
BP 7 0.20 170 443 7.04 134 5.94 1553 | (Ahm
MW/cm? ed et
al.,
2017)
MoS, | 2.15 129.4 170 414 13.5 184.7 0.71 1560 | (Chen
MW/cm? et al.,
2015)
WSe; | 3.5 103.9 300 49.6 3.1 33.2 1.23 1560 | (Chen
MW/cm? et al.,
2016)
TizAl 2 1.69 94 112 3.93 75 8.4 1560 | (Jafry
C MW/cm? etal.,
2020)
Ti;Al | 6.3 31.2 74 27.4 4.88 22.58 0.62 1560 | (Lee
C MW/cm? etal.,
2019)
AL O; - - 330 81 2.8 56.7 4.5 1560 | (Al-
Hayali
et al.,
2017)
WTe; | 31.06 0.515 630 240 0.58 | 58.625 14.07 1531 | (Liu et
MW/cm? al.,
2019)
MoS, | 7.7 0.002 45.6 25.3 33 90 2.27 1562 | (Ahm
MW/cm? ad et
al.,
2017)
Si- 20.1 5.78 164 58.7 2.32 - 0.89 1567 | (Liuet
PVA MW/cm? al.,
2020)
Cr:Al 2 100 167 132 0.78 9 1.134 1531 | This
C MW/cm? work
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4.5 Summary

The generation of nanosecond Q-switched pulses had successfully achieved in the
EDFL cavity using the newly developed SAs. At first, the exfoliated 8-HQCdCIH>O SA
was experimentally demonstrated to produce different Q-switched EDFL pulses in two
different experimental setups. A high-performance and stable Q-switched operation was
realized in both setups. First, the Q-switched fiber laser produce pulses by a 50/50 OC,
with the EDFL cavity to generate the high pulse energy of 172 nJ, at the highest output
power of 23.4 mW. Then, after modifying the 50/50 OC to 95/05 OC, the width of pulses
was dropped to 1.66 us, then the repetition rate pulses rose to 173 kHz. The 8-
HQCdCI:H>O SA using mechanical exfoliation showed good results as a passive Q-
switcher in the EDFL, but the lowest pulse width cannot reach nanosecond regime.
Nevertheless, the nanosecond pulse generation was successfully realized using the 8-
HQCdACLH2O film as SA. At the maximum input pump power of 167 mW, the Q-
switched laser produced pulses at a repetition rate of 150 kHz with pulse width of 726 ns.
This work also demonstrated the MAX phases compound (Cr2AlC), which is utilized as
a SA thin-film to generate the nanosecond Q-switched pulses The obtained results
demonstrate that CroAIC film can generate a very short laser pulse, where it produced a
780 ns of pulse width, with 132 kHz of repetition rate of the pulse at 167 mW of the
maximal laser input power. As well as, the high pulse energy reported 9 nJ and the highest

output power reached 1.134 mW.
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CHAPTER 5: ULTRA-SHORT PULSE GENERATION VIA MODE-

LOCKING

5.1 Introduction

Fiber lasers have been extensively applied in different fields such as biomedical
imaging, material processing, and optical communication (Keller, 2003; Okhotnikov et
al., 2004; Wise et al., 2008) due to their advantages of good beam quality, short-pulses,
and high peak power. A passively mode-locked laser is the most common technology that
has been used to produce ultra-short pulse emission in fiber lasers based on saturable
absorbers (SAs) (Ahmed et al., 2017) due to its unique characteristics such as ease of use

and cheapness.

In recent years, SA has played a significant role in the development of pulsed lasers.
The semiconductor saturable absorber mirrors (SESAMs) have been used as SA to
produce pulse lasers in the laser cavity (Zhang et al., 2010). The SESAM has shown great
progress for generating ultra-short pulses due to its precise control of absorption
wavelength (Keller et al., 1996). However, SESAM's popularity has dwindled as a result

of its limited operating bandwidth (Al-Hiti et al., 2020).

The two-dimensional (2D) materials have received much attention in nonlinear optics
and ultra-short pulse laser applications due to their optical and electronic properties (Ge
et al., 2018; Guo et al., 2019; Li et al., 2020; Liu et al., 2017; Wang, 2017; Zhao et al.,
2019). In addition, 2D materials have tunable structures that made them to be investigated
widely in the ultra-short pulse laser applications. 2D materials are the dominating
materials that were employed in the laser cavity as thin-film based SAs. Graphene (Zhang
et al., 2009), black phosphorus (BP) (Ismail et al., 2016) and transition metal
dichalcogenides (TMDs) (Niu et al., 2018; Nizamani et al., 2021; Yang et al., 2019) have

shown great potential in comparison with SESAMs. TMDs (Su et al., 2016), BP (Wang
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etal., 2015) and graphene (Xing et al., 2010; Zhang et al., 2009) have a fast recovery time
and wide spectral range (Ma et al., 2019), but they suffer from small modulation depth
(Bao et al., 2009; Chen et al., 2015; Wang et al., 2016; Zhang et al., 2019) and low band
gap (between 0 eV to 1.5 eV) (Jiang et al., 2020; Luo et al., 2016; Mak et al., 2010; Sotor
et al., 2015). The BP and graphene also have low damage threshold (Al-Hiti et al., 2020;
Al-Masoodi et al., 2016; Hammadi et al., 2018; Lau et al., 2017; Li et al., 2016; Luo et
al., 2010). Over recent years, carbon nanotubes (CNTs) had distinguished properties that
made their popularity grown in innovative electronics and photonic applications (Scardaci
et al.,, 2007; Yamashita, 2011). In addition, CNTs exhibited great performance in the
applications of ultra-short pulse generation compared to SESAMs (Cheng et al., 2020).
However, CNT suffers from its variable nanotube size, which in turn affects its operation
bandwidth, band gap and absorption efficiency (Al-Hiti et al., 2021; Chernysheva et al.,

2017; Reich et al., 2008; Set et al., 2004).

Recently, organic materials were fabricated and deployed in different applications
because they have ultrafast nonlinear activity and wide spectral tenability (Al-Hiti et al.,
2020; Li et al., 2019). Moreover, they have excellent properties such as low fabrication
cost (Ji et al., 2020), good electrical conductivity (Sheberla et al., 2014), mechanical
flexibility (Park et al., 2015), thermal stability (Zhao et al., 2006), and light-weight
(Heiber et al., 2019). On other side, MAX phases materials reported numerous
capabilities in fiber laser applications, including a large effective nonlinear absorption
coefficient. (Ahmad et al., 2019), a fast optical Q-switching capability (Lee et al., 2019),
a high optical damage tolerance (Jafry et al., 2020) and an excellent damage tolerance

threshold, hence, it is a preferable SA when compared to other 2D-based materials..

In this work, the organic thin film developed and fabricated based on 8-

Hydroxyquinolino cadmium chloride hydrate (8-HQCdCIbH20), and chromium

71



aluminum carbide (Cr2AIC) had fabricated as MAX phases thin-film. The generations of
soliton mode-locked pulses in an erbium-doped fiber laser (EDFL) cavity were
demonstrated using the newly developed passive SAs. The 8-HQCdCI:H>O with good
solubility in an organic solvent is selected to be a part of our SA research since it was
widely deployed in electrical and electronic fields (Shahedi et al., 2017), and
electroplating and photocopying (Hebboul, 2018; Prakash et al., 2013). CrAIC
considered as one of the good materials to resist high temperatures and contains good
oxidation (Go et al., 2019; Sokol et al., 2019). Also, it is characterized by high elastic
stiffness and lightweight (5.24 g/cm?®). In addition, the CroAIC has physical, chemical and
optical properties comparable to graphene and TMDs (Gonzalez-Julian et al., 2016;
Gorshkov et al., 2019; Malic et al., 2013; Voiry et al., 2013; Wen et al., 2017; Xue et al.,

2014).

5.2 Mode-locked Erbium-Doped Fiber Laser With 8-HQCdCI2H20 Thin Film
SA

5.2.1 Laser configuration

Figure 5.1 shows the proposed EDFL cavity used to achieve mode-locked pulse
generation using the newly developed 8-HQCACI>H>O thin film as a SA. A 980 nm laser
diode is used to pump an erbium-doped fiber (EDF) inside the ring resonator consisting
of an optical isolator, SA device and output coupler (OC) via a wavelength division
multiplexing (WDM). The cavity length was about 3 m without the additional single-
mode fiber (SMF). The EDF used is 1 m long which has ion absorption of 23 dB/m at
980 nm, with group velocity dispersion (GVD) of 27.6 ps*km. The 10% output was
extracted using 90/10 OC. A small piece of 8-HQCdCI2H>O thin-film was placed inside
the cavity as an SA. The radio frequency spectrum analyzer (RFSA) (Anritsu: MS2683A)
having bandwidth of 7.8 GHz, and oscilloscope (GWINSTEK: GDS-3352) having 350

MHz bandwidth were connected via a fast photodetector of (Thorlabs: DETO1CFC).
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Optical power meter (OPM) (Thorlabs: PM100D) was used to report the average output
power. OSA (MS9710C), Oscilloscope and RFSA were used to measure the output of

laser wavelength, the resulting pulse train, and radio-frequency spectrum, respectively.

The mode-locked EDFL operation was achieved by incorporating three different
lengths of SMF with GVD of -21.7 ps*>/km. The length of EDFL cavity was extended with
the addition of 30 m, 50 m, and 100 m SMF to design three different cases of mode locked
EDFL cavity. The total length of each case for mode-locked EDFL cavity becomes 33 m,
53 m, and 103 m, with group delay dispersion (GDD) of -0.6802 ps?, -1.1142 ps? and -
2.1992 ps?, respectively. The addition of SMF also increased the cavity nonlinearity,
which functions to the balance the nonlinearity and dispersion factors of the cavity and

assists in soliton pulse generation.

Figure 5.1: Laser cavity configuration for mode-locked pulse generation with 8-
HQCdCI2H20 thin-film as SA

5.2.2 Mode-locking Performance with 8-HQCdCI2H20 Thin Film as SA

By incorporating the prepared SA and increasing the cavity length with addition of 30
m, 50 m, and 100 m of SMF to original length of EDFL cavity, the pulses of the mode-
locked appeared when the LD power was in the range of 91-167 mW. Figure 5.2 (a) shows
the width of pulses that measured separately from EDFL cavity at the oscilloscope for

each length of 33 m, 53 m, and 103 m were 46 ns, 48 ns, and 52 ns, respectively. As well
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as the period of pulse-to-pulse recorded were 177 ns, 277 ns and 525 ns, which matches
very well to the cavity length of 33 m, 53 m, and 103 m, respectively. Figure 5.2 (b)
shows the pulse repetition rate obtained over RFSA for each length in the span of 100
MHz. The repetition rates were observed to be 5.6 MHz, 3.6 MHz, and 1.9 MHz, with
signal-to-noise ratio (SNR) of 83 dB, 85 dB, and 70 dB at a maximum input pump power
of 167 mW. The repetition rate corresponds well with the oscilloscope measurement of

Figure 5.2 (a). The high SNR indicates the stability of the pulse train.
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Figure 5.2: The oscilloscope and RFSA characteristics, (a) typical pulse train,
and (b) RF spectrum at different cavities lengths

Figure 5.3 (a) shows the relationship between the average output power of the mode-
locked laser and input pump power at three different EDFL cavities. The power linearly
increased with the pump power and a slope efficiency of 4.3 %, 3.4 %, and 3.2 % was
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obtained for EDFL cavities of 33 m, 53 m, and 103 m, respectively. It shows that the laser
efficiency slightly reduced with the increase of SMF length in the cavity. This is due to

the SMF which induces additional loss and degrades the efficiency of the laser.

Figure 5.3 (b) shows the pulse energy in the same range of input pump power for three
different cavities. The pulses held energies were 1.3 nJ, 1.6 nJ, and 3 nJ at maximum
output powers of 7 mW, 5.6 mW, and 5.1 mW, where were obtained with laser cavities
of 33 m, 53 m, and 103 m, respectively. The highest energy was obtained with 103 m
long cavity due to the inverse correlation between pulse energy with a high pulse
repetition rate that generated from the effects increment of SMF length in the EDFL
cavity (Salam et al., 2019). As the pump power was increased above 167 mW to the
maximum pump power of 200 mW, the mode-locked pulses disappear for all cases of
different EDFL lengths, and the CW laser operation was retained. Later, the laser pump
power was reduced to 167 mW, and the mode-locked operation was restored without any
damages or burn on the SA. We believe the damage threshold of the 8-HQCdCI,H>O thin-

film is beyond our operating regime of 200 mW pump power.
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Figure 5.3: Mode-locked performance based on different cavities lengths, (a)
Pulse output, and (b) pulse energy against input pump power for different EDFL
cavities

Figures 5.4 (a), (b) and (c) describe the output spectra obtained from the EDFL cavities
of 33 m, 53 m, and 103 m, respectively, as it was measured by OSA within a range
between 1515 nm and 1600 nm. The pump power was fixed at 167 mW in the experiment.
The output spectrum with no SA is also included in the figures for comparison purpose.
It is observed that the EDFL operates at 1565 nm regardless of cavity lengths. As shown
in Figure 5.4 (a), with the incorporation of SA, the EDFL operated at the center of
wavelength 1562 nm, with -8 dBm intensity of peak power, and spectral bandwidth of 3
dB of 6.03 nm when the cavity length is fixed at 33 m. Figure 5.4 (b) indicates the
operating wavelength of EDFL with 53 m length at center of 1564 nm, with 3 dB spectral
bandwidth of 6 nm and intensity of -4 dBm. In Figure 5.4 (c), the wavelength is 1555 nm,
at 3 dB spectrum bandwidth of 12.8 nm and power intensity of -4 dBm of EDFL cavity
with 103 m. The Kelly sidebands were verified over the OSA and appeared in the case of
EDFL cavity with 33 m. This indicates the mode-locked laser operated in soliton regime.
However, in the case of cavity 53 m, the Kelly sidebands were less prominent due to the

increment in the SMF length, which increase the GDD further from zero. However, the
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Kelly sidebands were disappeared, and the 3 dB spectral width was broadened with
further increase of SMF length to 100 m. This forced the mode-locked laser to generate
stretched pulses due to the large GDD in the EDFL cavity. The increased GDD resulted
in an imbalance in the nonlinearity and dispersion generates from the EDFL cavity (Ismail

etal., 2016).
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Figure 5.4: Optical spectra from the mode-locked EDFL configured with
additional SMF of (a) 33 m, (b) 53 m, and (c) 103 m. The output spectra without
the SA are also included as a comparison

Figure 5.5 compares the autocorrelation traces obtained from the mode locked EDFLs
configured with different SMF lengths, at a maximum input pump power of 167 mW.
The autocorrelation trace has a full width at half-maximum (FWHM) of 950 fs, 1.02 ps,
and 1.53 ps for EDFL cavities of 33 m, 53 m, and 103 m, as shown in Figures 5.5 (a), (b)
and (c), respectively. The time-bandwidth product (TBP) was calculated mathematically,
and it is obtained that the TBP for all cavities are approximately 0.644, which indicates
the mode-locked pulse was slightly chirped. The EDFL having total cavity length of 33
m generated the optimum results with a sharp appearance of Kelly sidebands achieving
shortest pulse width of 950 fs. Also, the stability performance of the mode-locked EDFL
configured with 33 m of cavity length was also examined by operating the mode-locked
operations for 180 minutes and recorded the cavity spectrum every 30 minutes. The
samples of soliton Kelly sidebands kept the same wavelengths and optical intensities
throughout the process of the mode-locked stability evolution. Figure 5.6 describes the
spectra samples obtained from 33 m cavity mode-locked that demonstrates first order had

intensities of —14 dBm and —14 dBm (at 1558.41 nm and 1567.97 nm), the second-order
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had intensities of —26.82 dBm and —29.50 dBm (at 1556.4 nm and 1570.48 nm), and the
third-order had intensities of —32.55 dBm and —34 dBm (at 1554.38 nm and 1571.99 nm),
and the forth-order had intensities of —42.55 dBm and —42.74 dBm (at 1552.87 nm and

1573.50 nm), respectively.
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Figure 5.5: Autocorrelator trace of the mode-locked pulses with the addition of
(a) 33 m, (b) 53 m, and (c) 103 m long SMF inside the EDFL cavity

Figure 5.6: Spectrum stability of EDFL of 33 m cavity length
The performance comparisons of 8-HQCdCI2H>O-based mode-locked erbium-doped
fiber laser with other SAs are shown in Table 5.1. (Ahmed et al., 2017; Ahmed et al.,
2014; Al-Hiti et al., 2020; Al-Hiti et al., 2020; Al-Hiti et al., 2019; Baharom et al., 2019;
Hammadi et al., 2018; Mao et al., 2018; Nady et al., 2017; Nady et al., 2018; Salam et al.,

2019; Samsamnun et al., 2020; Yan et al., 2017; Zhang et al., 2018; Zulkipli et al., 2020).
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By comparison, the SNR of the 8-HQCdCI,H>O film SA is impressive and has a good
performance by using casting method due to high stability for mode-locking laser with
different cavity lengths. Besides, the repetition rate and pulse width can be compared with

other SAs which have also good performance.

Table 5.1: Performance comparison of proposed mode locked EDFL with other

SAs
SA Cavity | Mod. | Saturation Rep. Pulse | SNR Ref.
Material | length | depth | intensity rate width
Graphene | 105m | 6.1% 21 343MH | 2.24 | 52dB | (Hammadi
(film) MW/cm2 z ps etal., 2018)
Graphene | 173 m | 5.9% 21 11 MHz | 820 fs | 45dB | (Ahmed et
(film) MW/cm? al., 2017)
CNT 8.4 m - - 15.3 1.8 ps - (Ahmed et
(film) MHz al., 2014)
BP (film) | 31.8 m | 0.3 % - 5.426 1.23 | 50dB | (Mao et al.,
MHz ps 2018)
Flrpic 60m | 12.8 5.5 3.43 120 | 38.3 (Salam et
(film) % MW/cm? MHz ns dB al., 2019)
WS: 4248 | 15.1 157.6 487kHz | 1.49 | 71.8 | (Yanetal,
m % MW/cm? ps dB 2017)
PtSe2 87m | 490- | 0.34-1.23 23.3 1.02 | 61 dB | (Zhanget
1.11 GW/cm? MHz ps al., 2018)
%
Lu20s3 202.5 | 10 % 72 0.97 2.12 | 61 dB | (Baharom et
(film) m MW/cm? MHz ps al., 2019)
V203 20lm | 7% 71 1 MHz | 3.14 - (Nady et al.,
(film) MW/cm? ps 2018)
Ho:03 11.7m | 45% 140 17.1 0.65 | 75dB | (Al-Hiti et
(film) MW/cm? MHz ps al., 2019)
NiO 2025 | 39% 0.04 0.96 0.95 - (Nady et al.,
m MW/cm? MHz ps 2017)
P;HT 1135 | 11 % 80.45 1.838 2.62 | 55.23 | (Samsamnu
(film) m MW/cm? MHz ps dB netal.,
2020)
Eu203 113.5 | 20% 10 1.8 MHz | 3.51 | 70dB | (Zulkipli et
(film) m MW/cm? ps al., 2020)
WOs3 102.5 | 20% 0.04 1.85 2.69 | 53dB | (Al-Hitiet
(film) m MW/cm? MHz ps al., 2020)
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Table 5.1: continued

SA Cavity | Mod. | Saturation | Rep. Pulse | SNR Ref.
Material | length | depth | intensity rate width
Turmeric | 52.5m | 23 % 0.16 3383 | 920fs | 77 | (Al-Hitiet
MW/ecm? | MHz dB | al,2020)
8- 103m | 18% 0.1 1.9 1.53 70
HQCdCl MW/cm? | MHz ps dB
2H20 53m | 18% 0.1 3.6 1.02ps | 85 | This work
(film) MW/cm? MHz dB
33m | 18% 0.1 5.6 950 fs 83
MW/cm? MHz dB

5.3 Mode-locked Erbium-Doped Fiber Laser with Cr2AIC Thin Film SA

In this section, passively mode locked EDFL pulses generations were demonstrated
using Cr2AlC thin film as SA for operation at the 1.5 um region. The Cr2AIC film
prepared by a drop-casting approach was inserted between two FC/PCs to produce two
mode-locked laser pulses at a central wavelength of 1558 nm and 1559 nm. Among two
mode locked fiber lasers produced in this work, highest repetition rate was obtained at
1.88 MHz corresponding to the cavity length of 103 m. The SA fabrication process was
simple and cheap as described in the Chapter 3. This the first demonstration of CroAIC

MAX phases as SA in EDFL which operates at 1.5-um wavelength.

5.3.1 Laser Configuration of the Mode-locked Laser with Cr2AlC Thin Film SA

The proposed laser cavity for the mode-locked EDFL cavity is illustrated in Figure
5.7. A 980 nm pump source and a piece of 1 m heavily EDF were connected into the laser
cavity as a gain medium through 980/1550 nm WDM. The EDF with ion absorption of
23 dB/m at 980 nm, core diameter of 4 um, cladding diameter of 125 um, and numerical
aperture of 0.16 was used as a gain medium. ISO was utilized to force the unidirectional
operation into the laser cavity. While an 80:20 OC was used to let 20% extract out and

retains the other 80% into the cavity.
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Two different additional lengths of SMF were integrated with the laser cavity to create
two different states of mode-locked EDFL operation with the lengths of 100 m and 200
m. The GVD values of the SMF, WDM, and EDF are -21.7 ps?/km, -48.5 ps®/km and
27.6 ps*/km, respectively. The total lengths of the cavities were 103 m and 203 m with
the total cavity dispersion of -2.19 ps? and -4.36 ps?, respectively. However, the Q-
switched operation cannot be observed in these experiments using this cavity
arrangement. By significantly reducing the cavity length, the Q-switching operation can

realize as described in the previous chapter.

Figure 5.7: Laser cavity configuration of the passively mode locked EDFL using
Cr2AIC film SA.

5.3.2 Mode-locked Laser Performance with Cr2AlC Thin Film SA

In this work, both cavities (with length of 103 m and 203 m) generated the continuous
wave (CW) laser at a threshold pump power of 10 mW, then the pump power was
increased between the 121.69 to 167 mW, mode-locked pulses were produced. Figure 5.8
(a) depicts a regular pulse train consisting of the two mode-locked operations, which were
measured separately by an oscilloscope at the highest input laser pump power of 167 mW.
It describes the 535 ns and 999 ns of the pulse period, this corresponds to the repetition

rate of 1.88 MHz and 1 MHz at cavity lengths of 103 m and 203 m, respectively, see
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Figure 5.8 (b). Figure 5.8 (c) shows the output spectra of the two mode locked EDFL
operations obtained from cavity lengths of 103 m and 203 m with a resolution of 0.07 nm.
They show lasing spectra centered at 1558 nm and 1559 nm with 3-dB bandwidth of 2.4
nm and 0.8 nm. Both spectra showed Kelly sidebands, which indicated the lasers operated
in soliton regime. However, the Kelly sidebands are less prominent in 203 m cavity due
to excessive nonlinearity caused via long cavity length and high pump power
(Samsamnun et al., 2019). While the non-SA wavelength spectrum was centered at 1561
nm with 3-dB bandwidth of 1.2 nm. The laser operation wavelength could be tuned by
incorporating tunable filter inside the cavity. However, the filter may also destroy the
soliton pulses if the spectral bandwidth is wider than the filter bandwidth. In our
experiment, the wavelength is shifted when we changed the cavity length (203 m to 103

m), due to the variation in cavity loss and the dispersion characteristics.

Initially, the oscilloscope reveals pulse widths of 179 ns and 345 ns for two mode
locked EDFL operations. Despite the limitations of oscilloscope resolution, and made
these pulse durations are not actual. Therefore, the autocorrelation (Alnair Labs Hac-200)
was utilized to precisely evaluate the FWHM with high precision for two mode-locked
EDFL operations, as shown in Figure 5.8 (d) and Figure 5.8 (e). The FWHM of the two
mode-locked operations were about 2.5 ps and 4.45 ps with cavity lengths of 103 m and
203 m. Also, the TBP was estimated at 0.741 and 0.439 for 103 m and 203 m cavity
lengths which are higher than the transform-limited prediction of 0.315. This indicated

the generated pulses are slightly chirped.
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Figure 5.8: The oscilloscope, optical spectra, and autocorrelator characteristics
of two mode locked EDFL operations, (a) pulse train, (b) pulse period, (c) output
spectra, (d) FWHM using 103 m cavity length, and (¢) FWHM using 203 m cavity

length
The mode-locked fiber lasers were also analyzed by the RFSA, see Figure 5.9 (a). The
SNR of two mode-locked EDFLs was achieved using cavity lengths of 103 m and 203 m
at 70 dB and 73 dB which corresponded to repetition rates of 1.88 MHz and 1 MHz. As
compared to other previous works (Hammadi et al., 2018; Salam et al., 2019), the SNR
obtained is significantly higher which indicates the high stability of our mode-locked
lasers. Figure 5.9 (b) shows the linear relationships for two different cavity lengths

between the reported of the average output power, with pulse energy, against the laser
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pump power. In 103 m cavity length, the pulse energy and average output power were
increased from 1.25 nJ to 1.60 nJ and 2.35 mW to 3.02 mW at a pump power of 121.69
mW to 167 mW, respectively. While in 203 m cavity length, the average output power
and pulse energy were decreased compared to the previous experiment due to the increase
in the cavity length resulting in a high power loss inside the cavity. Hence, the average
output power and pulse energy have increased from 0.62 nJ to 0.91 nJ and 0.62 mW to
0.91 mW at the same range of pump power. We believe the damage threshold of our
proposed thin-film SA is beyond our operating regime of 185 mW pump power because,
when the pump power was increased to maximum and then reduced back to 167 mW, the

mode-locking was regained, assuring that the SA was not burnt.
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Figure 5.9: The mode-locked performance using two different cavity lengths, (a)

RF spectrum, and (b) pulse energy and average output power against various
pump power.
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Nonlinear polarization evolution (NPE) can also produce passively mode-locked lasers
(Hofer et al., 1992; Matsas et al., 1992). In order to validate that only the proposed SA
was responsible for the generation of pulsed laser. The proposed SA has removed from
the laser cavity, then, cleaned the fiber ferrules and tuned the laser pump power at all the
possible ranges. However, there was no pulse formed without the SA in EDFL cavity.
Further, by replacing the SA with a pure PVA thin film could also not produce any traces
of pulses in the laser cavity. Thus, the cavity of mode-locked laser was produced only by

Cr2AlC-thin film SA in our experimental setup.

Figure 5.10 shows the long-term evaluation of spectra generated by using cavity
lengths of 103 m and 203 m. All the wavelength spectrum samples of two mode locked
EDFL operations have been taken every 60 minutes within 6 hours. It was observed that
all spectrum samples are identical, and this proves the two mode locked EDFL operations
were in a stable state for 6 hours. Figure 5.10 (a) shows the long-term evaluation of spectra
samples of 103 m cavity length. The first order Kelly sidebands were maintained at the
intensities of —8.49 dBm and —10.07 dBm (at 1556.3 nm and 1560 nm). For the second
order, the intensities of —29.05 dBm and —30.01 dBm were maintained at 1555 nm and
1561 nm, while the intensity of third-order Kelly side bands were maintained at —34.84
dBm (1554.7 nm) and —37.02 dBm (1561.8 nm). Figure 5.10 (b) shows the long-term
evaluation of mode-locked EDFL using cavity length of 203 m that generated output
spectra with intensities of —20.96 dBm and —19.43 dBm (at 1557 nm and 1560 nm). In
addition, the mode-locked operation worked continuously for three days without any
interruptions during that time. Eventually, the new Cr2AIC thin film has a high resistance

for long term illumination.
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Figure 5.10: Long-term evaluation of two different mode locked EDFL
operations at maximum pump power 167 mW, (a) output spectra based on 103 m
cavity length, and (b) output spectra based on 203 m cavity length

Table 5.2 shows the comparison of the proposed Cr2AlC thin-film performance with
other mode-locked using different nanomaterials (Ahmed et al., 2014; Ahmed et al., 2017;
Al-Hiti et al., 2020; Al-Hiti et al., 2020; Al-Hiti et al., 2019; Baharom et al., 2019;
Hammadi et al., 2018; Mao et al., 2018; Nady et al., 2017; Nady et al., 2018; Salam et al.,
2019; Samsamnun et al., 2020; Zulkipli et al., 2020). The repetition rate, pulse width,
SNR, and modulation depth of CroAIC thin-film could be compared with other SAs based

on outcomes of different laser cavities lengths.
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Table 5.2: Performance comparison of proposed SA film with other

nanomaterials-based SAs

SAs Cavity | Mod. Sat. Rept. | Pulse | SNR Ref.
lengths | Depth | intensity Rate | Width
(MW/cm?)
Graphene | 105m | 6.1 % 21 343 2.24 |52 dB | (Hamma
MHz ps dietal.,
2018)
Graphene | 173 m | 5.9 % 21 11 820 fs | 45dB | (Ahmed
MHz et al.,
2017)
CNT 8.4 m - - 15.3 1.8 ps - (Ahmed
MHz et al.,
2014)
BP 31.8m | 0.3% - 5.426 1.23 | 50dB | (Mao et
MHz ps al.,
2018)
Flrpic 60m | 12.8% 5.5 3.43 | 120ns | 38.3 | (Salam
MHz dB et al.,
2019)
Lu203 202.5 10 % 72 0.97 2.12 | 61 dB | (Baharo
m MHz ps m et al.,
2019)
V203 201 m 7% 71 1 MHz | 3.14 - (Nady et
ps al.,
2018)
Ho203 11.7m | 45% 140 17.1 0.65 | 75dB | (Al-Hiti
MHz ps et al.,
2019)
NiO 202.5 39 % 0.04 0.96 0.95 - (Nady et
m MHz ps al.,
2017)
P;HT 113.5 11 % 80.45 1.838 | 2.62 | 55.23 | (Samsa
(film) m MHz ps dB | mnun et
al.,
2020)
Eu203 113.5 20% 10 1.8 3.51 | 70dB | (Zulkipli
m MHz ps et al.,
2020)
WOs3 102.5 | 20% 0.04 1.85 2.69 | 53dB | (Al-Hiti
m MHz ps et al.,
2020)
Turmeric | 52.5m | 23 % 0.16 3.83 | 920fs | 77dB | (Al-Hiti
MHz et al.,

2020)
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Table 5.2: continued

SAs Cavity | Mod. Sat. Rept. | Pulse | SNR Ref.
length | Depth intensity | Rate | Width
S (MW/cm?)
8- 33m 18 % 0.1 56 | 9501fs | 83 dB This
HQCdC MHz Work
1:H20

Cr2AIC | 103m | 32% 40 1.88 | 2.5ps | 70dB This
MHz Work

Cr2AIC | 203m | 32% 40 1 445 |73dB

MHz ps
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5.4 Summary

Ultra-short soliton pulses were successfully generated in EDFL cavity using two types
of organic SAs. At first, the thin-film of 8-HQCdCLH,O was experimentally
demonstrated to produce different mode locked pulses in three different EDFL cavities.
At the maximum input pump power of 167 mW, the 33 m EDFL cavity produced a soliton
pulse with the FWHM of 950 fs with a repetition rate of 5.6 MHz, the presence of Kelly
sidebands was verified by OSA. However, the 53 m and 103 m of EDFL cavities were
recorded FWHM 1.02 ps and 1.53 ps, with a repetition rate of 3.6 MHz and 1.9 MHz,
respectively. The passive mode-locked operation EDFL was successfully achieved by
utilizing the Cr,AIC MAX phases as a SA thin film. In 203 cavity length, the output
pulses were reported the repetition rate of pulse was 1 MHz, then the 3 dB bandwidth of
0.8 nm, at the center wavelength of 1559 nm. The pulse energy and FWHM were also
reported as 0.91 nJ and 4.45 ps, respectively. Then, the length of the cavity decreased to
be 103 m and produced 1.88 MHz of pulse of repetition rate, and 2.5 ps of FWHM of the

pulse.
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CHAPTER 6: CONCLUSION AND FUTURE WORK

6.1 Conclusion

Fiber laser technology became widely available in many applications, from industry,
communications, and medicine to material science. The generated pulses from a fiber
laser could be designed to have ultra-short pulse width and reasonably high pulse energy.
In addition, the fiber lasers are advantageous in terms of low-cost setup, flexibility in
design, modular setup, and compactness, thus they are suitable for a wide range of
applications. Most of the research works on fiber laser have focused on developing new
saturable absorbers (SAs) for generating Q-switched and mode-locked fiber lasers. This
thesis describes the applications and fabrications of the new SAs for operations of Q-
switching and mode-locking. It aims to develop efficient and low-cost Q-switched and
mode-locked fiber lasers operating in the nanosecond and picosecond regime,
respectively using two types of SA materials: 8-HQCdCI;H>O and CrAlC. Three

objectives have been outlined to achieve the aim.

The first objective is to fabricate and characterize new passive SAs based on two
different materials: 8-Hydroxyquinolino cadmium chloride hydrate (8-HQCdCI>H»O)
and chromium aluminum carbide (Cr2AlC). 8-HQCdCI>H>0 and Cr2AlC is belong to the
organic and MAX phases family, respectively. In chapter 3, three types of SAs were
successfully developed based on both materials as a based material. 8-HQCdCIl,H,O SA
was prepared based on two methods: mechanical exfoliation and thin film while CroAIC
was only prepared in form of thin film. The PVA was used as a host polymer in preparing
8-HQCdCIL2H:0 and Cr2AlC thin films. These SAs were also successfully characterized
in terms of physical and chemical characteristics as well as linear and nonlinear
absorption properties. Based on twin-detector measuring technique, the modulation depth

of the exfoliated 8-HQCdCI2H20 on scotch tape, 8-HQCACI2H2O thin film and Cr2AIC
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thin film are obtained at 11 %, 18 % and 3.2 %, respectively. This indicates all the SAs
are suitable for use in generating Q-switched and mode-locked pulses in erbium-doped

fiber laser (EDFL) cavity.

The second objective is to design and optimize an EDFL cavity to generate Q-switched
pulse train in 1.5 um region with a pulse width in nanosecond regime using the newly
developed 8-HQCACLLH>O and CrAlC SAs as a Q-switcher. The generation of Q-
switched pulses in the EDFL cavity was successfully validated for all proposed SAs. The
exfoliated 8-HQCACIH,O SA was experimentally demonstrated to produce pulses by a
50/50 output coupler (OC), with the EDFL cavity to generate the high pulse energy of
172 nJ, at the highest output power of 23.4 mW. After changing the 50/50 OC to 95/05
OC, the width of pulses was dropped to 1.66 ps, then the repetition rate pulses rose to 173
kHz. This SA showed good results as a passive Q-switcher, but the lowest pulse width
cannot reach nanosecond regime. Nevertheless, the nanosecond pulse generation was
successfully realized using the 8-HQCACI2H>O film as SA. The Q-switched laser
produced 726 ns pulses with a repetition rate of 150 kHz at pump power of 167 mW. The
nanosecond pulses were also successfully generated by using Cr2AIC thin film as a Q-
switcher. The Cr2AIC based EDFL produced 780 ns pulse with repetition rate of 132 kHz,
also the pulse energy was 9 nJ, and the output power was 1.134 mW, at 167 mW of the

maximum laser pump power.

The third or final objective is to design and optimize EDFL cavity for generating
mode-locked pulse train in 1.5 um region with a pulse width within picosecond to
femtosecond regime using the newly developed 8-HQCACI2H>O and Cr2AIC SAs. In this
work, ultrashort soliton pulses were successfully generated in EDFL cavity using both
SAs. The developed 8-HQCACI;H2O thin film was successfully used to demonstrate

different mode-locked pulses in three different EDFL cavities. For instance, femtosecond
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soliton pulses were obtained in the 33 m EDFL cavity. The laser produced a soliton pulse
with the full width at half-maximum (FWHM) of 950 fs at a repetition rate of 5.6 MHz.
The passive mode-locked operation of EDFL was successfully achieved by utilizing
CrAlC MAX phases as a mode-locker based on 2 different cavities. For instance, in the
203 m cavity, the generated pulses have a | MHz of repetition rate of the pulse, and 1559
nm of wavelength at a 3 dB bandwidth of 0.8 nm, where pulse width was 4.45 ps, and
0.91 nJ of the maximum attainable pulse energy. In conclusion, all objectives have been
achieved and the Q-switching and mode-locking results are summarized in Tables 6.1 and

6.2, respectively.

Table 6.1: Summary of Q-switching results with the proposed SAs

SA Max | Rep | Pulse | Energy | Output A SNR | OC
pump | rate | width | (nJ) Power | (nm) | (dB)
power | (kHz) (mW)
(mW)
8- 167 136 | 2.076 172 23.4 15304 | 81 50/50
HQCdCI us 9
:H20
8- 167 173 1.66 10 1.8 15304 | 75 95/05
HQCdCI us 9
:H20
8- 167 150 726 4.5 0.7 1530 72 | 90/10
HQCdCI ns
:H20
PVA
Cr2AIC 167 132 780 9 1.134 1531 67 | 90/10
PVA ns

Table 6.2: Summary of mode-locking results with the proposed SAs-PVA.

SAs Cavity | Mod. Sat. Rep Pulse E, Output A
lengths | Dep. | intensity Rate Widh | (nJ) | Power (nm)
(mW)
8- 103m | 18% 0.1 1.9 1.53 ps 3 5.1 1555
HQC MW/cm? | MHz
dCLLH
20
8- 53 m 18 % 0.1 3.6 1.02ps | 1.6 5.6 1564
HQC MW/cm? | MHz
dCLLH
20
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Table 6.2: continued

SAs Cavity | Mod. Sat. Rep. | Pulse E, Output A
lengths | Dep. | intensity | Rate | Widh | (nJ) Power (nm)
(mW)
8- 33m 18 % 0.1 5.6 950 fs 1.3 7 1562
HQCd MW/cm? | MHz
CLH,
0)
CrAl | 103m | 3.2% 40 1.88 2.5 1.6 3.02 1558
C MW/cm? | MHz ps
Cr2Al | 203m | 3.2% 40 1 4.45 0.91 0.91 1559
C MW/cm? | MHz ps

6.2

Research Contributions

The main contributions of this research work are:

1.

Two SA’s thin film were successfully developed using the drop-casting method
in conjunction of polyvinyl alcohol (PVA) as a host polymer: 8-HQCdCI;H>O and
Cr2AIC thin-film. The 8-HQCdCI2H20 SA was also successful realized based on
mechanical exfoliation method.

The nanosecond pulse generation was successfully demonstrated using the 8-
HQCACLH2O film as SA for the first time via a Q-switching method. At the
maximum input pump power of 167 mW, the Q-switched laser produced pulses
at a repetition rate of 150 kHz with pulse width of 726 ns.

Generation of nanosecond Q-switched pulses was demonstrated for the first time
using a CroAIC as a SA. The SA successfully produces shorter pulses, where the
pulse width was 780 ns and the repetition rate of the pulse of 132 kHz at the
highest input laser power of 167 mW,

Ultra-short soliton pulses were successfully generated in EDFL cavity using 8-
HQCdACIL2H»0. By fixing the cavity length at 33 m, the EDFL produced a soliton
pulse with the full width at half-maximum (FWHM) of 950 fs with a repetition

rate of 5.6 MHz at the pump power of 167 mW.
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5. The passive mode-locked operation EDFL has successfully been achieved by
utilizing the Cr2AlC thin film as a SA. At 103 cavity length, the laser produced
soliton mode-locked pulse train operating at repetition rate of 1.88 MHz with a

pulse duration of 2.5 ps.

6.3 Future Work

This section introduces many interesting future work directions. The future work must
find new fabrication methods for thin-film SA of 8-HQCdJCI;H20 and Cr,AlC to enhance
the absorption properties. Further work also needs to explore the ability of 8-
HQCdCI>H>0 and Cr,AlC in other wavelength regions such as 1, 2, and 3.5 microns for
generating short and ultra-short pulses. The new SAs should also be prepared by
depositing 8-HQCACI,H>O or CrAIC onto D-shape fiber to increase the interaction
length between materials and oscillating laser. A Q-switching and mode-locking
operation with better performance could also be achieved using this technique. The
performance of the passive Q-switching and mode-locked operations can also be realized
and improved by using other types of materials such as MXenes as thin-film PVA SA.
New SAs with a high tolerance threshold and excellent saturation absorption could be
continuously explored. Another point for future work is to explore the multi-wavelength
pulsed fiber laser by adding some new components such as photonic crystal fiber (PCF)
in the setup of the laser cavity. Furthermore, ultrafast fiber lasers will be striving to
generate shorter pulse width, higher peak power and pulse energy. The ultra-fast fiber
laser era is constantly progressing and preserve an excellent capacity for applications in

optoelectronics, optical sensors, communications, etc.
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