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ELECTRO-DEPOSITED TRANSITION METAL DICHALCOGENIDES
ABSORBERS FOR PRODUCING Q-SWITCHED AND MODE-LOCKED
FIBER LASERS
ABSTRACT

This PhD research work will use two-dimensional (2D) materials especially transition
metal dichalcogenides (TMD) such as MoS,, MoSe> and MoTe> as saturable absorber
(SA) to passively generate Q-switched and Mode-locked fiber lasers. Previously, the
above mentioned TMDs based SAs were prepared using conventional methods including
liquid-phase exfoliation, PVA film, drop-cast technique and mechanical exfoliation. In
this research, a new method is being proposed to fabricate the mentioned TMDs and this
method involves the technique of electro-deposition. This method has been applied in
other research field but has not been utilized in the specific domain of Q-switched and
mode-locked fiber laser. The advantage of this electro-deposition method is that it can
produce a more homogeneous and more stable SA for the generation of the Q-switched
and mode-locked fiber laser. The fabricated SAs will be used in the designated
experiment setup to achieve Q-switched and mode-locked fiber laser by sandwiching the
SAs in between two fiber ferrules. Furthermore, the characterization of the fabricated SAs
is performed using field emission scanning electron microscope (FESEM), electron
dispersion spectroscopy (EDS) and X-ray diffraction (XRD) to check the surface
morphology of the SAs and to confirm the presence of 2D TMD materials in the
fabricated SA. Moreover, the linear absorption and modulation depth are also presented
for each of the fabricated SAs. Finally, this research will analyze the Q-switched and
mode-locked performance of the system using the fabricated SAs. Ultrashort pulse fiber
lasers operating at 1.55- and 2-micron regions with various performances are successfully
achieved in this work. For instance, the prepared MoS: thin film exhibits the saturable

absorption characteristic of 3.4%, when this MoS> SA was introduced into an Erbium-
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doped fiber laser (EDFL) cavity, a stable Q-switched pulse at 1559.4 nm was achieved
by adjusting the pump power above the threshold of 51.67 mW. The pulse has a maximum
repetition frequency of 89.89 kHz, minimum pulse width of 4.75 ps and maximum pulse
energy of 15.03 nJ at 105.27 mW pump power. Mode-locked pulse is also obtained at
1560.8 nm when the cavity length was extended to 106 m. The repetition frequency and
pulse width of the mode-locked pulse were 1.88 MHz and 1.47 ps respectively. To the
best of our knowledge, this is the first time that Q-switched and mode-locked pulses have

been obtained in a fiber laser based on this new electrodeposition method.

Keywords: Q-switching, Mode-locking, Saturable absorber, transition metal

dichalcogenides (TMDs)
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PERALIHAN LOGAM DICHALCOGENIDE DIELEKTRO DEPOSITKAN
SEBAGAI PENYERAP BOLEH TEPU (SA) UNTUK MENGHASILKAN LASER
GENTIAN SUIS Q DAN MOD TERKUNCI
ABSTRAK

Penyelidikan ini tertumpu kepada bahan dua dimensi (2D) terutamanya peralihan
logam dichalcogenide (TMD) seperti MoS»>, MoSe> and MoTe; sebagai penyerap boleh
tepu (SA) untuk menghasilkan laser gentian denyut ultra-pendek. Bahan dua dimensi
(2D) yang dinyatakan di atas adalah calon yang menjanjikan untuk menunjukkan laser
gentian suis-Q dan mod-terkunci. Akan tetapi, cara penyediaan penyerap boleh tepu (SA)
di atas adalah menggunakan kaedah konvensional di mana ia menggunakan filem PVA,
pengelupasan fasa cecair, teknik drop cast dan pengelupasan mekanikal. Kaedah ini
adalah antara cara yang paling mudah untuk menyediakan SA kerana ia tidak rumit dan
mudah untuk dihasilkan. Dalam penyelidikan ini, kami mencadangkan kaedah baru untuk
menghasilkan TMD ini menggunakan teknik pemendapan elektro. Kaedah ini telah
digunakan dalam bidang penyelidikan lain tetapi tidak dalam bidang laser gentian suis-Q
dan mod-terkunci. Kelebihan kaedah pemendapan elektro ini boleh menghasilkan
penyerap tepu (SAs) yang lebih homogen dan lebih stabil untuk penjanaan laser gentian
suis-Q dan mod-terkunci. SA yang disediakan akan digunakan dalam persediaan
eksperimen yang ditetapkan untuk mencapai laser gentian suis-Q dan mod-terkunci
dengan mengapit SA di antara dua ferrule gentian. Tambahan lagi, kami juga melakukan
pencirian SA yang dihasilkan dengan menggunakan mikroskop pengimbasan pancaran
medan elektron (FESAM), kespektroskopan serakan elektron (EDS) dan Pemencaran
Sinar-X (XRD) untuk memeriksa morfologi permukaan SA dan juga untuk mengesahkan
kehadiran bahan TMD 2D dalam SA yang dihasilkan. Selain itu, penyerapan linear dan
kedalaman modulasi juga dibentangkan untuk setiap SA yang difabrikasi. Akhir sekali,

penyelidikan ini akan menganalisis prestasi suis-Q dan mod-terkunci melalui SA yang



dihasilkan. Perbandingan prestasi akan dijalankan dan dibincangkan dalam bab
berikutnya. Laser gentian nadi ultrapendek yang beroperasi pada kawasan 1.55 dan 2
mikron dengan pelbagai prestasi berjaya dicapai dalam kerja ini. Contohnya, filem nipis
MoS: yang disediakan mempamerkan ciri penyerapan tepu sebanyak 3.4% dan apabila
penyerap boleh tepu MoS» ini dimasukkan ke dalam rongga laser gentian doped Erbium
(EDFL), denyutan suis-Q yang stabil di gelombang 1559.4 nm telah dicapai pada kuasa
pam melebihi ambang 51.67 mW. Ia mempunyai deretan denyut pada kadar ulangan
maksimum 89.89 kHz, lebar denyut minimum 4.75 ps dan tenaga denyut maksimum
15.03 nJ pada kuasa pam 105.27 mW. Kami juga memperolehi mod-terkunci pada 1560.8
nm apabila panjang rongga dilanjutkan kepada 106 m. Kadar pengulangan dan lebar
denyut bagi mod terkunci masing-masing ialah 1.88 MHz dan 1.47 ps. Untuk
pengetahuan terbaik kami, ini adalah kali pertama denyut suis-Q dan mod-terkunci
diperolehi dalam laser gentian berdasarkan kaedah elektrodeposisi baru ini.

Kata kunci: suis-Q, mod-terkunci, penyerap boleh tepu (SA) , peralihan logam

dichalcogenide (TMD)
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CHAPTER 1: INTRODUCTION

1.1 Background

In year 2023, the Nobel Prize in Physics has been awarded to Pierre Agostine, Ferenc
Krausz and Anne L’Huillier for their contributions in creating ultrafast pulses of light that
can give a snapshot of changes within atoms (Agostini & DiMauro, 2004). The ultra-short
pulse lasers are very useful for various applications and they can be generated via mode-
locking technique. This mode-locking laser generates a coherent phase of train pules with
a repetition rate in a range of MHz and a pulse width in a range of nanoseconds to
picoseconds even to femtoseconds. Mode-locking refers to the requirement of phase-
locking many different frequency modes of a laser cavity in order to produce a pulse train
of extremely short duration rather than a continuous-wave (CW) of light. The advantage
and usefulness of this mode-locked is that its capability to generate immense peak power.
Due to these high pulse energy, thus it has wide variety of application ranging from micro-
machining metals (Gattass & Mazur, 2008), eye surgery (Mamalis, 2011), terahertz-wave
generation (Stehr et al., 2010), optical imaging (Tang et al., 2009) and supercontinuum
generation (Sobon et al., 2014). Due to plenty of new findings on technologies that
utilized mode-locked lasers (Fermann & Hartl, 2013; Hasan et al., 2009), it is clear that

these fiber lasers will be regarded as invaluable tools for future technologies development.

This thesis deals with developments of new fabrication method for saturable absorbers
(SAs) and the demonstrations of passive Q-switched and mode-locked fiber lasers
operating in a range from 1.5- to 2-micron region using transition metal dichalcogenides
(TMDs) materials. These fiber lasers have received great attention lately due to their low
cost, low power consumption, long term robustness, and ease of long-distance
transmission through a standard single mode fiber. This thesis only concentrates on 2D
materials SAs especially on transition metal dichalcogenides (TMD) such as MoS,,

MoTe, and MoSe: as SA to generate passive Q-switched and mode-locked fiber lasers.



The reason is due to the advantages where this SAs is cheap, compact in nature, easy
fabrication method and high compatibility with the fiber lasers system. In this work, a
newly developed SA thin film is inserted in a laser cavity to generate mode-locking pulses
trains as described in Figure 1.1. The function of this SA is to convert CW laser into an

ultrashort pulse laser with high peak power.

Figure 1.1: Conversion of CW laser to pulsed laser using a passive SA device
(Zhang, 2019)

1.2 History of Laser

The first conceptual laser building block was established in 1916 by Albert Einstein
where he proposed photons can be used to stimulate the emission of identical photons
from excited atoms (Straumann & Ziirich, 2013). In 1951, Townes conceptually
suggested that stimulated emission at microwave frequencies can be used to oscillate in
a resonant cavity to produce coherent output. Townes and Gordon successfully
demonstrated the first microwave maser, directing excited ammonia molecules into a
resonant cavity in 1954 which this resonant cavity oscillates at 24 GHz (Gordon et al.,
1954). In 1957, Gould designed the well-known Fabry-Perot resonator (resonators
mirrors) and the first word “LASER” was triggered from this design (Hecht, 2010). In
1958, Townes and Schawlow managed to publish a more details proposal about this

optical maser (Schawlow & Townes, 2002). The first laser was successfully demonstrated



by Maiman in 1960 at Hughes Research Labs. The ruby laser was constructed by focusing
intense pump light into the ruby rod located inside the coil of a photographic flash-lamp
and enclosing the assembly in a reflective cylinder (Maiman, 1960). Since then, lasers
had gained a rich and complex history over the half-century. The first CW laser was
successfully demonstrated at Bell Telephone Labs through the first gas laser constructed

from a helium-neon gas (Javan et al., 1961).

In 1961, Snitzer demonstrated the first fiber laser using a high index neodymium-glass
core in a millimeter-scale rod (Snitzer, 1961). With his continuous effort, he managed to
construct the first fiber amplifier by using a spring-shaped coil of fiber that is slipped
around a linear flash-lamp in 1964 (Koester & Snitzer, 1964). More than two decades
later with the continuation of research and development, fiber laser technology has
become more mature and finally gained more popularity. Paynes et al. manage to
demonstrate a single-mode fiber laser using neodymium- doped silica glass as a gain
medium in 1985 (Mears et al., 1985). Paynes constructed a neodymium-doped fiber laser
ring cavity by pumping a 595 nm dye-laser. The schematic diagram is shown in Figure
1.2. The laser operated at 1078 nm with a 3-dB spectral bandwidth of 2 nm. With the
maximum dye-laser power of 280 mW, it is able to produce output power of 2 mW. The
progressive research and development for fiber laser keeps continues by Payne’s group
(Mears et al., 1987; Reekie et al., 1986) and Desurvire (Desurvire et al., 1987) using an

erbium-doped fiber for fiber laser and fiber amplifier applications at 1.55-micron region.
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Figure 1.2: Schematic diagram of dye-laser-pumped fiber ring cavity laser by
Paynes. (Mears et al., 1985)

In 1965, Johnson manage to demonstrate a continues-wave lasers at 2-micron region
wavelength by using thulium and holmium ion as a gain medium (Johnson et al., 1965).
The broad spectral bandwidth of dye lasers has led the path for ultrashort pulse laser
generation. In 1964, Willis Lamb demonstrated mode-locking a laser can generate pulses

limited in duration by the Fourier transform of the bandwidth (Lamb Jr, 1964).

The objective to achieve high-power applications in fiber lasers has finally realized in
2009. IPG Photonics managed to produce CW output power of 10 kW using a single-
mode ytterbium-fiber oscillator amplifier. On the other hand, they manage to generate up
to 50 kW for multimode fiber lasers (Gapontsev et al., 2009). In 2013, IPG Photonics
manage to demonstrate the most powerful continues-wave fiber laser which produces 100
kW at 1070 nm (Shcherbakov et al., 2013). The research work on pulsed laser generation

and development still ongoing progressively till this moment.

1.3 Motivation of the Study

As mentioned in section 1.1 above, ultrashort pulse fiber lasers are fundamental
components used in many photonics system especially in industrial and medical
applications as well as in scientific research (Fermann & Hartl, 2013). The prominent
fiber lasers application in the industry which is very related to our daily life can be seen
in machining glass for smartphone screens (Blackmon et al., 2015). Furthermore, fiber

lasers are used for eye surgery in medical application (Grudinin, 2013). Moreover, in



scientific research field, the research team managed to show the first proof of concept
(POC) test for Project Silica (Anderson et al., 2023), a Microsoft Research project that
uses the recent discoveries in ultrafast laser to store data in quartz glass and hence create
a first-ever storage technology in the world. This ultrafast laser is used to encode data in
quartz glass by creating layers of three-dimensional nanoscale gratings and deformations
at various depths and angles (Anderson et al., 2018). Data is decoded back through the
polarized light shines through the quartz glass. This latest scientific research project is
used to develop a completely new storage system using femtosecond lasers where
ultrafast laser is used to store data in the quartz glass. Ultrashort pulse scientific lasers
can be constructed by using bulk or fiber-based components. Laser that are constructed
using fibers (fiber laser) especially single-mode fibers can lead to smaller geometry size,
more rugged pulsed scientific lasers, nearly zero maintenance, high peak powers, and also

high intensities.

Figure 1.3: Pulsed lasers evolution from 1980 (Wallace, 2015)
Figure 1.3 shows the evolution of ultrashort pulse lasers development over the years.
The first ultrashort pulse laser was based on a dye gain medium, this type of pulse laser

was very expensive and unreliable in usage. However, ultrashort pulse laser which based



on solid-state gain medium have higher reliability compared to dye laser, the cost is also
more appropriate for commercial lasers (Wallace, 2015). The ultrashort pulse laser
technology was shifted towards fiber laser over the past two decade. Fiber laser
technology has remarkably progressed well and ultrafast lasers operating in the near-IR
spectral region based on ytterbium, erbium, thulium, and holmium doped active fibers
have replaced solid state lasers in many applications. The price of fiber lasers had reduced
significantly due to mass production in telecommunication applications as well as in other
industrial usage. Fiber lasers do not require beam alignment and high maintenance due to
the nature of optical fiber itself. Fiber laser systems are significantly more compact
compared to solid- state lasers since the light propagates entirely inside the optical fiber

which can be coiled to have very small volume.

Saturable Absorber (SA) is often a preferred method for generating pulsed laser
emission as these SAs enable a wide space of pulse parameters assessment without the
need to employ costly and complex electrically- driven modulators which ultimately
impose a lower limit on the pulse durations achieved directly from the laser source (Sun
et al., 2009). These pulse laser devices can be broadly divided into two categories: real
SA and artificial SA. Real SAs are based on materials that exhibit an intrinsic nonlinear
decrease in absorption with increasing light intensity. Artificial SAs exploit nonlinear
effects to mimic the action of a real SA by inducing an intensity-dependent transmission.
This research work is restricted to real SAs by considering the role of emergent two-
dimensional (2D) materials for this function and highlighting the benefits that these real
SAs offer in terms of wideband operation, switching speed, and engineerable properties.
The development and advancement of SAs technologies are almost in par with the
evolution of the fiber laser itself. The first reported demonstrations of SA-based pulse

generation in 1964 using a ‘reversibly bleachable’ dye (Soffer, 1964) and a colored glass



filter (Bret & Gires, 1964). This SA-based pulse is generated just after four years from

Maiman’s successful demonstrated his first ruby laser operation (Maiman, 1960).

Figure 1.4 shows the historical evolution of the SA technologies. After the successful
demonstration of lasers in the 1960s, ‘reversibly bleachable’ dyes were widely used in
mode-locked lasers. The gain medium of this ‘reversibly bleachable’ dyes were also a
dye, where it leads to the first demonstration of CW mode-locking (Ippen et al., 1972).
From the revolution of low-loss optical fiber in 1970s, mode-locked lasers based on
actively- doped fiber amplifiers emerged. This includes an early 1983 report of unstable
mode-locking of a Nd:fiber laser using a dye SA (Dzhibladze et al., 1983). However, this
passive method using real SAs to generate stable mode-locked in fiber systems remained
challenging until the emerged of semiconductor saturable absorber mirror (SESAM) in

the early 1990s (Keller et al., 1992; Zirngibl et al., 1991).

Figure 1.4: SA evolution from 1964 (Woodward & Kelleher, 2015)
SESAMs quickly became a highly successful technology for generating ultrafast
mode-locked pulses and high-energy Q-switched emission from fiber lasers. However,
SESAM is very costly and has very narrow operation bandwidth and complex fabrication
method (Keller, 2003). Thus, from these limitations of SESAM, it helps the researchers

to venture into other novel materials for SA application. Among these materials of



particular interest are nanomaterials, where reduced dimensionality leads to strong
quantum confinement, new physical phenomena and remarkable optoelectronic
properties (Wang et al., 2012). Early reports of saturable absorption using colored glass
filters exploited nanomaterials, where this glass filters were doped with semiconductor
nanocrystals (zero- dimensional (0D) quantum dots (QDs)) such as cadmium selenide
(Bret & Gires, 1964) where it modified the glass filter colour that quantum dots were
explicitly engineered for the purpose of pulse generation (Guerreiro et al., 1997). After
this successful pulse generation using nanocrystals, the field of nanomaterial SAs has
gained attention from researchers. One dimension (1D) carbon nanotubes (CNTs) (Set et
al., 2004) and two-dimension (2D) graphene (Hasan et al., 2009; Zhang et al., 2009) has
emerged as promising nanomaterials exhibiting intensity-dependent absorption and sub-

picosecond relaxation times (Martinez & Sun, 2013).

Graphene is a single atomic layer of carbon atoms that can be exfoliated from graphite,
its 2D structure and zero band gap has enable wideband optical operation. Other 2D
materials that can be used as real-SAs includes topological insulators (TIs), transition
metal dichalcogenides (TMDs) and black phosphorous (BP). Transition metal oxides
(TMOs) are also considered as another 2D materials which has high potential to be used
as real-SAs. All of these 2D nanomaterials offer distinct, yet complementary properties
(L1 et al., 2015b; Woodward et al., 2015) which offer new opportunities for optical
applications in fiber based systems. The possibility of combining the layers in 2D
nanomaterials to form van der Waals heterostructures also offers plenty exciting
opportunities for a wide range of new engineerable photonic devices (Geim & Grigorieva,
2013). This can be done through vary the potential of nanomaterial properties by their
growth conditions, doping and electronic control (Lee et al., 2015). Figure 1.5 shows a
recent 2D materials categories, it shows that transition metal dichalcogenides (TMD) such

as MoS», MoSe; and MoTe; used in this work is categorized under 2D materials.



Figure 1.5: Current 2D materials (Geim & Grigorieva, 2013)

1.4 Research Objectives

The aim of this research is to produce passively Q-switched and Mode-locked Fiber
Lasers using 2D materials as SAs. We explore new method to fabricate SAs using
transition metal dichalcogenides (TMD) such as MoS», MoSe> and MoTe; in this research
work. In order to curb the challenges faced throughout this research journey, we have
identified a few objectives as our guideline. The objectives embark as follows:

1. To fabricate Molybdenum dichalcogenides MoS2, MoSe> and MoTe; as
passive saturable absorbers (SAs) using the electro-deposition method and to
characterize these SAs in term of their structural, crystallographic, optical and
other relevant properties.

2. To validate the performances through the generation of mode-locked and Q-
switch fiber laser using the above fabricated SAs

Therefore, four workflows are drafted to ensure the objectives are met as follows:

*  SAs preparation and fabrication

*  SAs characterization

+  Experiment on ultrashort pulse fiber lasers

*  Optimization of ultrashort pulse fiber parameters



1.5 Thesis Outline
This thesis consists of six chapters including this chapter 1 which serves as an
introduction. This chapter describes the background and history of laser. The motivation

and objectives of this research work are also discussed.

Chapter 2 provides literature reviews on various topics such as laser generation, fiber
laser operating regimes, propagation properties, 2D materials, laser performance

parameters and conventional fabrication methods.

Chapter 3 discussed the saturable absorber (SA) fabrication method. Since this is a
new method to prepare this TMDs materials, hence it is important to fully describe the
substrate usage, mixing proportion and thin film synthetization. It is then followed by

material characterization used in this research work.

Chapter 4 shows the experimental setup for Q-switch fiber laser and hence presents

all the Q-switched results obtained using different TMDs materials.

Chapter 5 presents all the mode-locked results obtained using different TMDs

materials.

Chapter 6 present the summary of this research work and future work suggestion as

an extension of the work presented in this thesis.
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CHAPTER 2: LITERATURE REVIEW

2.1 Introduction

With the advancement of laser technologies, ultrashort pulse lasers especially mode-
locked lasers are now becoming more reliable and less complex in structure. Consumers
are switching toward fiber lasers over the conventional bulk laser system in various
application as fiber lasers are simpler to construct and less bulky. Semiconductor
saturable absorber mirror (SESAM) (Saraceno et al., 2011) has become a highly
successful technology for generating ultrafast mode-locked pulses for fiber lasers,
however, most of the ultrashort pulse fiber lasers are constructed based on passive mode-
locked fiber oscillators, which are then amplified in several stages to reach the desired
output pulse energies. This chapter provides literature reviews on various topics on fiber
lasers such as the working principal of laser generation and the fiber lasers operation
regimes. Furthermore, Q-switched and mode-locked characteristic and operations are
explained since it is an important parameter to generate a stable ultrashort pulse laser.
The ultrashort pulse formation in the laser cavity is due to dispersion and nonlinear effect
where the light propagated inside the cavity induces a self-amplitude modulation. The
ultrashort pulse then travels along the optical fiber and hence its pulse dynamics is
influenced by group velocity dispersion (GVD) (Rostami & Andalib, 2007) and self-
phase modulation (SPM) (Verma & Garg, 2012). The harmonious interaction between
GVD and SPM (Malik et al., 2008) had contributed to the generation of a solid and robust
laser pulse shape. The working principle of saturable absorber (SA) is also discussed as
this SA is the main contributor to provide a passive loss modulation in the laser cavity for
the generation of ultrashort pulse. A two-level electronic model is used to explain the
basic working principal of SA in this chapter. The material- based SA used in this research
work is a 2D material, hence these 2D materials including graphene, topological insulator

(TT), black phosphorus (BP) and transition metal dichalcogenide (TMD) is also included
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in this literature review. Subsequently, the performance of the pulse laser is measured
using different parameters such as repetition rate, pulse width and pulse energy. In the
last session, the conventional fabrication method is also highlighted in the literature

review for the comparison of the new method proposed in this research.

2.2 The theory of laser generation

Laser is a device that can stimulate atoms or molecules to produce photons at certain
wavelength, multiply these photons and radiate it with narrow beam. This emission only
covers very limited range of visible, infrared, or ultraviolet wavelengths. Nowadays
different characteristics and multiple types of lasers have been developed for different
purpose of application. In other words, laser is also known as light amplification by the
stimulated emission of radiation where it is generated by the interaction between light and
matter (Dickey, 2018). In fact, when a particle interacts with a photon, it can absorb or
emit a photon, which corresponds to a change in its energy state. This process refer to
changes in the particle's quantum state or its dynamics as a result of the photon interaction
which it can also affect the particle's momentum and other properties. Figure 2.1 shows
the electromagnetic (EM) spectrum ranges from gamma rays, X rays, infrared to long

radio waves.

Figure 2.1: Illustration of electromagnetic spectrum (Ling et al., 2016)
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The laser wavelengths cover the spectrum of ultraviolet (UV), visible lights, and
infrared regions. The region of UV light consists of wavelengths between 180 nm and
400 nm while visible light region consists of wavelength between 380 nm to 750 nm. The
material used for lasing will determine the emitted wavelength. For example, Ytterbium-
doped fiber (YDF), Erbium-doped fiber (EDF) and Thulium-doped fiber (TDF) operates

at wavelength of lum, 1.55um and 2um respectively.

2.2.1 Basic Concepts

The interaction of radiation with an atomic system involving two energy levels as
shown in Figure. 2.2. Let the ground state energy denoted as E1 and the excited state
energy as E2 while N1 and N2 represent the atomic densities in the ground state and
excited state respectively. If the interaction of radiation with this atomic system happens
at an angular frequency as follow:

E; —E
h

(2.1)

w =

where h is Planck’s constant with the value of 6.626 x 1073* J-s, it can occur in three
distinct ways (Einstein, 1916). These three processes are known as stimulated absorption,

stimulated emission and spontaneous emission.

Figure 2.2: Two-level atomic system interacting with electromagnetic radiation
(Liu, 2016)
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2.2.2 Stimulated absorption

Figure 2.3(a) shows an atom absorbing the incident radiation and the energy from
ground state E; changed to excited state energy E». It can be described also as an electron
in the atoms gain energy and jump from inner orbit to outer orbit (Swader et al., 1975).
In order to make this transition happen, atom requires energy corresponds this bandgap
and this energy is provided by the incident electromagnetic radiation. The absorption rate
is much dependent on the population density in level E; as well as on the energy spectral
density per unit volume of the radiation. Albert Einstein proposed that the absorption rate
of the atoms from the incident radiation per unit time per unit volume undergoes from
level 1 to level 2 is given by:

dN,
Raps = = () = Buws(@)My 22)

where us(w) is the electromagnetic radiation energy spectral density per unit volume, this
term represents the spectral distribution of the external field and is often depends on the
frequency (o) of the field and characterizes how much energy is available at different
frequencies. B2 is the interaction parameter or rate constant that governs the transition
between energy level 1 to energy level 2. Raps is the rate of absorption of energy from
level 1 and it's typically measured in reciprocal seconds (s™'). The negative sign in Eq.
(2.2) indicates a decrease in the population density at level 1 due to absorption. For
instance, if an atomic system having the volume of 1 m? and the population of 10'° atoms
make an upward transition per second after absorbing the incident radiation in that
volume, hence, the absorption rate is Rans = 10'%/s /m>. This is also equivalent to 10'
photons are absorbed per second per cubic meter. Figure 2.3 (b) represents an atom
already in the excited state energy E» after the absorption taken place. If the atom drops

from energy E> to Ei, the atom will emit electromagnetic radiation typically in the form
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of photons and at angular frequency w = (E2 — E1) / h where h is the Planck constant

equal to 1.0545718x1073* Js. There are 2 types of emission known as stimulated emission

and spontaneous emission will be discussed in the following sections.

Figure 2.3: Two-level atomic system absorbing a photon (a) Before absorption
and (b) After absorption (Liu, 2016)

223 Stimulated Emission

Stimulated emission is one of the fundamental principle for the operation of lasers and
other optical devices. It is a process where an atom which already in the excited energy
state E», is triggered to release a photon by the presence of an external photon with the
same energy, frequency, phase and direction. In other words, stimulated emission occurs
when an incident photon of frequency w triggers the emission of a second photon when
the atom makes a transition from the higher energy state E» to the lower energy state E1
and emit another photon of frequency w that is in phase with the incident photon.
Stimulated emission is only possible with a population inversion where there are more
atoms in the excited state E than in the ground state Ei. Achieving population inversion
is a crucial prerequisite for laser operation. Figure 2.4 shows stimulated emission
amplifies light where one photon comes in and two photons leave. Hence, this creates a
cascade effect, leading to the amplification of coherent light. Albert Einstein proposed
that the rate of emission is proportional to the energy spectral density of radiation at

frequency w and the population density at the excited state E> (Senior & Jamro, 2009).
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Figure 2.4: Two-level atomic system emitting a photon due to stimulated
emission (a) Before stimulated emission and (b) After stimulated emission (Liu,
2016)

2.2.4 Spontaneous Emission

Spontaneous emission is another fundamental process that occurs when an atom in an
excited energy state E» transitions to a lower energy state E; by emitting a photon without
any external stimulation or perturbation. It is called "spontaneous" because this emission
is totally random and probabilistic where the exact time of this emission cannot be
predicted, and it is not dependent on the presence or influence of other photons or external
triggering factors. Figure 2.5 shows the process of spontaneous emission. This
spontaneous emission is responsible for the atom natural decay of excited states to their
ground states and this process leads to the release of a photon which carries away the
energy difference between the excited and ground states. The emitted photons in
spontaneous emission have different range of frequencies and wavelengths and this is in
contrast to stimulated emission where all emitted photons have the same frequency and
phase. Unlike stimulated emission, spontaneous emission does not require a population
inversion, in fact, it occurs even when there is a greater population in the ground state
than in the excited state. For instance, white light is incoherent and non-monochromatic

because there is no correlation in the times when the atoms make transitions (Wei et al.,

2021).
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Figure 2.5: Two-level atomic system emitting a photon due to spontaneous
emission (a) before spontaneous emission and (b) after spontaneous emission (Liu,
2016)

2.3 Main Operating Regimes of Fiber Lasers

Solid-state lasers, semiconductor lasers and fiber lasers are all types of lasers that they
can exhibit similar operating regimes. These operating regimes are often determined by
the laser's gain medium, cavity design, and the input energy it receives. The physical
processes that take place in the gain medium especially the fiber core create challenges
that are unique to fiber lasers mainly due to their small core dimensions compared with
other active gain medium. This small core dimensions in fiber lasers resulted a high power
density which leads to the generation of heat within the gain medium itself. The heat
generated can cause thermal lensing which finally leads to low power output, higher beam
distortion and lower beam quality. Hence, efficient thermal management is crucial to
prevent overheating to maintain the laser performance. Moreover, the high-power
intensity within the small fiber core can also lead to nonlinear effects such as stimulated

Raman scattering and stimulated Brillouin scattering which limit the achievable laser

output power, affect the beam quality and lead to unwanted spectral broadening.

In semiconductor lasers, the gain material is a thin semiconductor layer with a small
cross-sectional dimension on the order of micrometers (Um) which are usually created
using epitaxial growth techniques that allows precise control of the material properties.
The length of the gain medium for semiconductor laser is very short in the range of

micrometers to allow for the compact size of semiconductor lasers.
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In contrast to semiconductor lasers, fiber lasers have much longer gain medium. The
length of the gain medium can be the entire doped optical fiber itself, often in the order
of meters or even kilometers depending on the specific cavity design and their application.
This long length of gain medium in fiber lasers allows the generation of high optical
powers to produce efficient laser amplification which makes them suitable for various
high-power applications. The key difference between the length of gain medium in
semiconductor lasers and fiber lasers contributes to different operating characteristics and
performances in each type of laser itself. Semiconductor lasers are compact and efficient
and well-suited for applications like optical communications, laser diodes and consumer
electronics. On the other hand, fiber lasers are well-known for their high-power density,
excellent beam quality and stability and the ability to efficiently generate and amplify
laser pulse, making them suitable for materials processing, laser cutting and scientific
research. Hence, the choice of laser type depends on the particular application and
performance requirements. This following section provides a more detailed description

of the three main laser regimes.

2.3.1 Continuous wave Operation

In continuous wave (CW) laser operation, the laser emits a constant output of photons
over an extended period of time as compared to pulsed laser operation where the laser
emits short bursts of high-intensity photons (Zeller & Peuser, 2000). In a CW laser, the
laser medium is continuously pumped and continuously oscillates in a single or multiple
longitudinal or transverse modes and the laser emits a constant, uninterrupted beam of
coherent photons. The power output of a CW laser is relatively stable and consistent,
hence making it suitable for a wide range of applications that requires constant power
output which include materials processing such as cutting, welding and engraving,
scientific research, telecommunications, medical laser surgery and dermatology and etc.

The ability of this CW laser to maintain a constant output is valuable in these fields. CW

18



lasers normally have much lower peak powers compared to pulsed lasers which can have
very high peak powers for short durations. Although the overall output energy is lower,
CW lasers can generate a significant amount of heat due to their continuous operation,
therefore, CW lasers typically require efficient cooling systems to prevent overheating
and to maintain the laser's performance.. Like all other types of lasers, the CW regime of
fiber lasers follows similar physics and theory where CW fiber lasers use a gain medium
to amplify the photons. This gain medium is normally an optical fiber doped with rare-
earth materials such as erbium, ytterbium, praseodymium, thulium, holmium or
neodymium. The choice of dopant materials determines the laser's operating wavelength.
For instance, ytterbium and neodymium doped fiber laser will operates in lum
wavelength, erbium doped fiber laser operates in 1.5 um region while thulium and
holmium doped fiber lasers produce 2um wavelength photons (Paschotta, 2022). CW
fiber lasers require an external energy source to pump the gain medium. The pump energy
is absorbed by the dopant ions in the gain medium, causing the ions to excite to higher
energy levels. Hence, population inversion occurs, and this is a necessary condition for
lasing as explained earlier in the stimulated emission in 2.2.3. CW fiber lasers require
optical feedback to sustain its lasing operation and this action is supported by a pair of
partially reflecting mirrors or by using a fiber Bragg grating as an internal reflector. This
feedback mechanism causes photons to bounce back and forth within the gain medium
and stimulate the emission of coherent photons. The main difference during the design
and development of CW fiber is mostly associated with nonlinear scattering processes
and other nonlinear processes including the optical Kerr effect, self-phase modulation,
cross-phase modulation, four-wave mixing and stimulated Raman scattering. These
nonlinear processes are associated with refractive index influence by high-power
propagating inside the fiber core. These nonlinear effects become significant when the

intensity of the light exceeds a certain threshold. Although these nonlinear effects can
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cause signal degradation in optical communication systems, however it can be beneficial
on certain application where these nonlinear effects are harnessed for supercontinuum

generation.

2.3.2 Q-Switched Fiber Lasers

Q-switching is a technique to generate energetic short light pulses from a laser by
modulating the intracavity losses and hence controlling the Q factor (quality factor) of
the laser resonator. This technique is mainly applied to generate nanosecond (ns) pulses
of high energy and high peak power with low repetition rate compared to mode-locking
method. In this Q-switching technique, a single solid and short pulse trains of a laser
radiation can be achieved (Singh et al., 2012). The generation of the Q-switched pulses
through the following procedures. First, the resonator losses are kept at a high level. Since
lasing cannot happen during high losses, the input pump power that is fed into the gain
medium accumulates at the resonator. The energy stored can be multiple of the saturated
energy in the resonator. However, when the loss at the resonator is suddenly reduced to a
small value, the energy of the laser radiation builds up very quickly in the resonator. Once
the intracavity power has reached the saturation energy of the gain medium, the pulse
peak is achieved when the gain equals to the resonator loss. Typically, Q-switching
technique produces a short pulse fiber laser with pulse width ranges from microsecond to
nanosecond and the repetition rate is in the range from 1-100 kHz in kilohertz (kHz)
regime (Al-Hiti et al., 2021). Furthermore, the pulse repetition rate is always much lower
than the cavity round trip time (Stumpf et al., 2010). There are two type of Q-switching,
namely active Q — switching and passive Q- switching. For active Q-switching, the losses
at the resonator are modulated with an active control element typically by an acousto-
optic or electro-optic modulator. The laser pulse is formed immediately after triggered by
an electrical signal. Q-switched pulses are generated in a periodic form with a given pulse

repetition rate and is driven by an oscillator for periodically triggering the pulse
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generation. The acousto-optic or electro-optic modulator is used to control the pulse
repetition rate of an actively Q-switched laser. The duration of the generated pulses

depends on the resonator round-trip time and also on the initial round-trip net gain.

For passive Q-switching, the losses at the resonator are automatically modulated with
a variety types of saturable absorbers SAs such as SESAM, CNT and graphene. SESAMs
offers very high power output with wide range of laser parameters for reliable self-
starting pulse to be operated in appropriate regime (Xiao & Bass, 1997). Figure 2.6 shows
the basic structure of passive Q-switch laser cavity. The operation to generate pulses are
different from active Q-switching laser where the losses introduced by passive Q-
switched are too high for laser process to start in the early stage. When the energy stored
in the gain medium has reached a sufficiently high level, the pulse is formed in the

resonator.

Figure 2.6: Basic structure of passive Q-switch laser cavity (Welford, 2003)

The passive Q-switched pulse generation with saturable absorber SA is shown in
Figure 2.7 below. The saturable and non-saturable absorption of the SA is represented by
the loss curve while the gain curve represents the population inversion for lasing to occur.
The photon density or output laser intensity is represented by the pulse curve highlighted
in red. When the photons are continuously supplied by the input pump, population
inversion occurs where it surpasses the loss induced by the saturable absorber SA until
the SA is saturated. When the SA is saturated, the loss decreases dramatically, hence

allows the photons to pass through the SA. The photons emanating from the input pump
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coupled with the photons emitted from SA have created an abrupt and powerful peak
resulting in the formation of a laser pulse with a narrow pulse width. After the release of
laser pulse, the gain has decreased dramatically while the absorption loss of SA returns
to its initial stage where it start to absorb photons from the input pump again. This process
is repeated as long as the input pump provides continuous photons energy and eventually

create a pulse train with constant repetition rate as shown in Figure 2.8.

In most cases of passive Q-switching, the pulse energy, peak power and duration are
fixed, where the changes of the pump power only influence the pulse repetition rate. The
pulse duration depends on the resonator round-trip time and the temporal modulation of
the net gain. The temporal modulation is determined by the modulation depth of the
saturable absorber SA used in the cavity. With higher modulation depth, pulses with

shorter duration and higher energy is obtained.

Figure 2.7: Pulse generation process (J.-C. Diels & W. Rudolph, 2006)
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Figure 2.8: Example of pulse train generated by a Q-switched laser (J.-C. Diels
& W. Rudolph, 2006)

In order to produce optimal performance of Q-switched pulsed laser operation, the
saturable absorber SA parameters should be optimized. Among those important
parameters are the saturable absorption, non-saturable absorption, saturation intensity,
saturable absorber recovery time and absorption bandwidth. All of these parameters are
heavily influenced by the chemical compositions and atomic arrangement of the SA
material. In addition, the saturable absorption ability is much dependent on the crystal
structure of the SA itself. These parameters can be described in a two-level non-linear
saturable absorption profile as shown in Equation (2.3). After normalization, the saturable
absorption is equivalent to modulation depth while non-saturable absorption is linear

absorption expressed in percentage form (Bao et al., 2011).

aS
a(l) = 7+ s (2.3)

1+7—
Isat

From equation 2.3, a(l) is the absorption, | is the input intensity, lsa is the saturation
intensity, os is the modulation depth and axs 1s the non-saturable absorption. Moreover,
the saturable absorption can be expressed as in the following equation 2.4.

as = asgN (2.4)
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where the o5 1s the absorption ground cross section and N is the concentration of the SA
material. The saturable absorption indicates the ratio of photons absorbed per unit
distance within the SA material. When the saturable absorption coefficient is high,
photons are absorbed more rapidly within a shorter distance in the SA, rather than
penetrating deeper into the material. This concept can be better exemplified with the
assistance of Figure 2.9 where it shows the photon intensity, Ivo as a function of distance,
x for small and large values of absorption coefficient. When the absorption coefficient is
large, the photons are absorbed over relatively shorter distance and the photon intensity

Ivo decreases exponentially with the distance x within the SA.

Figure 2.9: Photon intensity, I, versus distance, x for two different absorption
coefficients. (Fox, 2001)

On the other hand, non-saturable absorption consists of the loss that cannot be
saturated by the saturable absorber including scattering loss, transmission loss, non-
saturable defect absorption, free carrier absorption, Auger recombination, and various
other mechanisms. Scattering loss may arise from factors such as the roughness of the
material's surface, irregular interfaces, and lattice defects. Hence, the minimum
achievable pulse width relies on the modulation depth of the saturable absorber which

consists of both saturable absorption and non-saturable loss properties. To better illustrate
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the absorption dynamics of the saturable absorber, Figure 2.10 indicates a plot of the
normalized non-linear absorption at different normalized light intensity as described in
equation 2.3. Based on the figure, the optical absorption is high when light intensity
produced in the laser resonator is less than the saturation intensity (I<Isa) of the SA, thus

lasing is prevented. As the light intensity 1=l the absorption diminishes and the

transmissivity progressively increases. Ultimately, when [>>Isa the absorption becomes
saturated, resulting in the resonator having a high Q-value and initiating Q-switched laser
oscillation. Nonetheless, the inability to achieve 0% for nonlinear saturable absorption is

due to the non-saturable loss property represented by ans of the saturable absorber.

Figure 2.10: Example of modulation depth profile of a SA (Ferreira & Paul,
2024)

By comparison to active Q-switched fiber lasers, passive Q-switched fiber lasers have
more attractive advantages of compactness, simplicity, and flexibility in design (Luo et
al., 2010) while active Q-switching requires expensive and complex external driver of

electro-optical or acoustic optics (AO) modulators inserted into the cavity (Kalisky,
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2004). Furthermore, passive Q-switched fiber lasers have a simpler design, lower cost
and able to provide stable and consistent output power compared to active Q-switch fiber
lasers (Riidiger, 2008). Passive Q-switching is suitable for very high pulse repetition rates,
however, it has the disadvantage of lower pulse energy. Other than that, external pulse
triggering is not possible in passive Q-switching except with an optical pulse from another
source, and it may also be a disadvantage that the pulse energy and duration are

independent of the pump power, which only determines the pulse repetition rate.

The typical characteristic of Q-switch technique has pulse repetition rate in the range
from 1-100 kHz. Hence the typical graph obtain should match the following Figure 2.11

and Figure 2.12.

Figure 2.11: Fundamental frequency in kHz of Q-switch at certain pump power
(Mustapha et al., 2022)

For passive Q-switching, the pulse energy, peak power and duration are fixed, where
the changes of the pump power only influence the pulse repetition rate. Hence, pulse

repetition rate increased with the increased pump power.
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Figure 2.12: Pulse repetition rate increased with the increased pump power
(Adel, 2004)

233 Mode-locked Fiber lasers

Mode-locked fiber lasers have drawn the attention of researchers due to their capacity
to generate multiple crucial laser characteristics concurrently, including elevated peak
power, substantial average power, relatively large pulse energy, high repetition rates and
diffraction-limited beam quality. The distinct features of mode-locked fiber lasers can be
seen on various traits inherent to fiber lasers and in addition to the specific characteristics
associated with mode-locked lasers. Mode-locking is a technique to obtain ultrashort
pulses from laser cavity and the pulse duration may vary from picoseconds (ps) to
femtoseconds (fs) (Singh et al., 2012). The generation of ultra-short pulses occurs when
there is a consistent phase relationship among all the longitudinal modes. This
phenomenon results in a fixed phase separation between adjacent longitudinal modes
which is known as "mode-locking" or "phase-locking." The establishment of a consistent
phase alignment among all the modes within a laser cavity causes the continuous-wave

(CW) laser to evolve into a series of pulsed emissions. The capability for multiple
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longitudinal modes to produce lasing simultaneously depends on the gain linewidth Avg
and the frequency gap between these modes. Under high level of pump intensity, it is
reasonable to anticipate that the number of modes M, oscillating inside the cavity is
determined by the following expression:

Av, 2L

:—:—A
c/2L ¢ v

, (2.5)

where C is the speed of light and L is the length of a linear cavity. The minimum pulse
duration achievable with a specific gain linewidth Avg is calculated using the following

formula:

Tmin = TM= 3, = (2.6)

From Equation (2.6), it can be deduced that the shortest attainable pulse duration
corresponds to the reciprocal of the gain linewidth Avg, expressed in Hertz. Pulse
radiation can be generated by enhancing the coherence of the phases among the different
modes (Haus, 2000). This will result in a series of laser pulses with a high repetition rate
and extremely narrow pulse widths, evenly spaced over time intervals and typically in the

Megahertz range (MHz) (Fermann & Hartl, 2013; Keller, 2003).

In order to gain insight into the mode-locking process, let's commence by examining
a continuous-wave (CW) laser equipped with a Fabry-Perot cavity in the frequency
domain. Inside the laser cavity, the longitudinal modes are frequencies that circulate
within the resonator where these modes experience greater gain than losses. These modes
can function as a collection of independent oscillators and with each complete round trip
through the cavity, their amplitudes will increase. While these modes oscillate
independently, the laser continuously emits light. Figure 2.13 illustrates the output signal

that arises from the propagation of three distinct longitudinal modes. However, when a
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constant phase shift exists between these different modes, the cavity generates a pulse
train and the phases become locked relationship (Faubert & Chin, 1982; Trebino, 2000).
Figure 2.14 shows the output signal of a mode-locked laser configuration where the
mode-lock pulse originates from the propagation of three longitudinal modes with
specific phase relationships. Furthermore, the mode-locking process involves setting a

particular phase correlation between the various oscillating modes within the cavity.

Figure 2.13: Laser output signal worked without mode-locking mechanism
(Harun & Arof, 2013)

Figure 2.14: Output of mode-locked laser signal (Harun & Arof, 2013)
For different type of fiber laser cavity, the fundamental repetition rate of a mode-lock

fiber laser is determined by its cavity length, as shown in the equations below:
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Repetition rate for linear cavity:

c
= — 2.7
f=5 (2.7)
Repetition rate for ring cavity:
i 2.8)
f= Ln .

where L denotes the length of the cavity, c is the speed of light (3x108 ms™) and n is the
refractive index of the medium (1.46 for silica fiber) respectively (Milonni & Eberly,
2010). As indicated by equations (2.7 & 2.8), the repetition rate f is reciprocal to the
overall cavity length in passive mode-locking, hence, a shorter cavity length results in a

higher pulse repetition rate.

Similar to the classification of Q-switching techniques, mode-locking methods can be
categorized into two types, active mode-locking and passive mode-locking. Active mode-
locking is the result of the periodic modulation of the resonator losses or the phase change
of the round-trip laser cavity with modulators such as acousto-optic or electro-optic
modulator, a Mach—Zehnder integrated-optic modulator, or a semiconductor electro-
absorption modulator. When this modulation is synchronized with the resonator round
trips, this can lead to the generation of ultrashort pulses, usually in picosecond (ps) pulse
durations. Passive mode-locking is achieved with the use of saturable absorber SA which
exploits the non-linear optical effects such as saturation of an SA or the use of a non-
linear refractive index shift of an appropriate material (Svelto & Hanna, 2010). This
mode-locking with the usage of SA allows the generation of much shorter femtosecond
(fs) pulses which modulate the resonator losses much faster than an electronic modulator.
This passive mode-locking method is obviously more preferable to be used to generate

pulse lasers because they are more lightweight, less costly, more versatile and simpler in
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nature (Ismail et al., 2012). In the passive mode-locked laser as depicted in Figure 2.15,
the loss modulation is accomplished using a saturable absorber, such as SESAM or other
2D materials. Using this approach allows us to generate shorter pulses compared to active
mode-locking due to faster modulation loss when shorter pulses circulate in the cavity.
Due to the high pulse repetition rate in mode-locked laser, hence the pulse energies

obtained are very limited, normally in nanojoules (nJ) or picojoules(pJ) (Paschotta, 2008).

Figure 2.15: The fundamental configuration of a passively mode-locked laser
incorporating a saturable absorber mirror (Paschotta, 2008)

Other than the pulse repetition rate, the pulse width on passive mode-locked laser is
determined by a combination of factors, including the saturable absorber's pulse shaping
effect and also pulse expansion due to the limited gain bandwidth. Since the pulses can
be extremely short thus it is crucial to consider the impact of chromatic dispersion and
optical nonlinearities inside the gain medium. As mentioned in section 2.3 above, these
optical nonlinearities include Kerr-effect, self-phase modulation (SPM), cross-phase
modulation (XPM), and four-wave mixing (FWM), stimulated Brillouin-scattering (SBS)
and stimulated Raman-scattering (SRS). The attained pulse width can be significantly
smaller by more than a factor of ten, than the recovery time of the saturable absorber. If
the pulse width is not limited by higher-order dispersion, the pulse bandwidth can be a
substantial portion of the gain bandwidth. Passive mode-locking simplifies the laser
configuration because loss modulation synchronization occurs automatically which

eliminating the need for an electronic driver. However, due to various factors, the mode-
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locked pulse generation process is more complex where it can be notably more

challenging in order to achieve stable pulse operation.

Since mode-locked fiber lasers have ultrashort pulses, this corresponds to wide
spectrum in frequency domain. Hence mode-lock fiber lasers frequency spectrum shall

possess the characteristic as below Figure 2.16 and Figure 2.17.

Figure 2.16: Typical spectrum waveform generated by mode-lock fiber laser
(Harun & Arof, 2013)

Figure 2.17: Autocorrelation trace of the pulse generated from the mode-locked
fiber laser (Harun & Arof, 2013)
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24 Propagation of Optical Pulses in a Fiber

Optical signal can be transmitted inside the fiber due to the variation in refractive index
between the core and the cladding. The refractive index of the core must be higher than
the cladding to enable the light to propagate in the fiber. The modal theory provides an
explanation for the existence of a specific angle of incidence that facilitates the occurrence
of total internal reflection (Okamoto, 2021). As light travels through the fiber, it can be
regarded as an electromagnetic phenomenon and the entire propagation process is
governed by Maxwell's equations associated by the electromagnetic optical fields
(Agrawal, 2000). When the optical pulse propagates through an optical fiber, particularly
in the linear regime, it suffers the effect of time dispersion leading to its pulse widening
and potentially causing interference between the travelling signals. This interference can

significantly constrain the signal's bandwidth for transmission.

In the nonlinear regime, the pulse propagation is influenced by the optical Kerr effect.
Moreover, in the Nonlinear Dispersive Regime (NLDR), the propagation of pulses is
simultaneously governed by Self-Phase Modulation (SPM) and Group Velocity
Dispersion (GVD) (Agrawal, 2000). In the anomalous dispersion region, the SPM effect
counteracts the GVD effect, resulting in a fascinating phenomenon where pulses
propagate over the fiber without changing their shape. These particular pulses are referred
to as solitons. In the following sections, the dispersion phenomena, non-linear effect and

soliton pulses are briefly discussed.

24.1 Dispersion

Light waves travel at a constant speed ¢ (3x10® ms™') when propagating through free
space. Nevertheless, when light travels through a transmission medium from free space,
the speed is reduced due to the interaction between the light’s electromagnetic field and

the electron cloud of the transmission medium. The extent to which light slows down in
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the transmission medium is expressed as the material's refractive index n, which is related

to the speed of light in the material itself through the equation below:
(2.9)

Since the electromagnetic field’s interaction within the transmission medium dependent
upon the photon’s wavelength, hence the refractive index has the same characteristic
where it also dependent on the photon’s wavelength. This characteristic is referred to as
chromatic dispersion. Chromatic dispersion is also known as material dispersion and is

expressed as follows:

d*n

A

Equation 2.10 shows that the refractive index n is a function of wavelength A. Chromatic
dispersion plays a crucial role in the transmission of laser pulses. If the laser pulse consists
of only one single frequency component, it will propagate through the transmission
medium without distortion. However, in practical scenario, laser pulse consists of various
frequencies where the shorter the pulse in the time domain, the broader the range of
frequencies it covers in the frequency domain. The laser pulse with various frequency
will travel at different velocities where some moving faster and others lagging behind.
This results in the broadening of the pulse width. Other than chromatic dispersion, the
laser pulse also encounters another form of dispersion in addition to the pulse broadening
due to the optical fiber's structural characteristics known as waveguide dispersion. This

can be described as follows:

2
n,(A)A v d*(Vb)

Dwd) = —— V2

(2.11)
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where ny(A) is the refractive index of the fiber core, A is the refractive index different, b
is the normalize propagation constant and V is the normalized frequency. The overall
dispersion within the fiber results from both the chromatic dispersion and waveguide

dispersion:

D(2) = Du(2) + Dw(2) (2.12)

The propagation of a laser pulse through a fiber is defined by a mode propagation constant
denoted as £ and this can be further expressed as a Taylor series expansion centered

around the central frequency wo as below equation 2.13.

1
B(w) = "(‘;’)‘” = Bo + F1(@ = 00) + 3B2(0 — 00)* + ... (2.13)
where
Bm = ccllwlg W= W (m=0,1,23, ... ) (2.14)

The pulse envelope travels at the group velocity vg = 1/f1 and the parameter S is
accountable for pulse broadening. (> is commonly known as the Group Velocity
Dispersion (GVD) parameter and is related to the chromatic dispersion parameter D by
the following equation:

A%D

— (2.15)

B, =

For 32 > 0, the laser pulse undergoes normal dispersion. However, for 2 < 0, the laser
pulse exhibits anomalous dispersion. In the normal dispersion regime, the high-frequency
blue-shifted wavelength of an optical pulse travels more slowly than the low-frequency

red-shifted wavelength. Conversely, in the anomalous dispersion regime, the opposite
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effect is observed where low-frequency wavelength propagates faster than high frequency

wavelength.

Pulse broadening induced from dispersion deteriorate the initial pulse’s intensity, which
leads to the overlapping of two neighboring pulses. Consequently, this situation causes
the receivers’ error interpretation in fiber optic communication systems. However, there
is a positive effect between the interaction of dispersion and Self-Phase modulation. This
particular interaction leads to the creation of optical soliton in which the wave remains

stable and unaltered as it propagates through the fiber.

2.4.2 Nonlinear Effect

Nonlinear effects and its related phenomenon occurs in any dielectric medium due to
the alteration of the optical characteristics of a material system in response to the presence
of sufficiently intense laser light. This phenomenon is termed "nonlinear" due to the
reaction of the material system to an applied optical field relies on the strength of the
optical field in a nonlinear fashion. Hence, the dielectric material exhibits characteristics
of a nonlinear medium. One year after Theodore Maiman demonstrated the first working
laser in 1960 (Maiman, 1960), Peter Franken's et al discovery of second-harmonic
generation became a pivotal advancement in the field of nonlinear optics (Franken et al.,
1961). An optical nonlinearity can be described as the way the polarization P(t) of a
material system is influenced by the intensity £(t) of an applied optical field (Agrawal,
2000). Initially, the induced polarization exhibits a linear dependence on the field

strength, which can be described as:

P(t) = eoxyVE(t) (2.16)
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where the proportionality constant y(1) is known as the linear susceptibility and €0 is the
free space permittivity. From the equation 2.17, nonlinear effect can be express in the

polarization P(t) as a power series in the field strength E(t).

P(t) = eolxVE'(t) + xPEX(t) + xVE(t) + -+ ] (2.17)

The terms y@ and ¥ are referred to as the second- and third-order nonlinear optical
susceptibilities, respectively. Second-order nonlinear optical interactions can only take
place in non-centrosymmetric crystals which these crystals do not display inversion
symmetry. Since liquids, gases, amorphous solids such as glass and many other crystals
exhibit inversion symmetry thus, as a result, y'» equals zero for these materials.
Consequently, such materials cannot generate second-order nonlinear optical interactions.
In contrast, third-order nonlinear optical interactions described by the ¥ susceptibility,

can take place in both centrosymmetric and non-centrosymmetric media.

Nonlinear effects in optical fibers arise from either the intensity-dependent refractive
index of the silica glass medium or the inelastic-scattering phenomenon. The Kerr effect
is attributed to the power dependence of the refractive index. This Kerr nonlinearity
includes self-phase modulation (SPM), cross-phase modulation (XPM) and four-wave
mixing (FWM). In the case of the inelastic-scattering phenomenon during high power
level, the silica glass medium can induce stimulated Brillouin scattering (SBS) and

stimulated Raman scattering (SRS).

2.4.2.1 Self-phase modulation (SPM)

In optical fiber, the refractive index is subjected to variations not only with different
wavelengths but also with the intensity of the transmitted light. The interaction between
light and the material's electron cloud increases nonlinearly with increasing light

intensity, causing high-intensity light to travel at a slower pace than low-intensity light.
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Consequently, the refractive index of the fiber rises in response to the light's intensity and

can be expressed as:

Nefr =Ny + nyl (218)

where nefs is the effective refractive index, ni is the linear refractive index, na is the

nonlinear refractive index, and [ is the light intensity inside the fiber.

Self-Phase Modulation (SPM) (Alfano et al., 2016; Verma & Garg, 2012) is
considered as one of the most significant concerns regarding the impact of fiber
nonlinearity on pulse propagation theory. In the occurrence of the SPM effect (Gu et al.,
2019; Manassah, 1989), the optical pulse experiences a phase shift due to the intensity-
dependent refractive index while the pulse's shape remains unaltered. The nonlinear phase

constant ¢ni over a fiber length L is expressed as:

21
bt = 7 Negrl (2.19)
where A represents the operating wavelength of the pulse laser propagating through a fiber

with an effective refractive index nefr along an optical path length of L.

Within the fiber, the intensity of the propagating light varies over time, leading to the
creation of a time-varying refractive index. Consequently, the leading edge of a pulse will
encounter a positive refractive index gradient (+dn/dt) resulting in a red shift. On the
other hand, the trailing edge experiences a negative refractive index gradient (—dn/dt)
leading to a blue shift. This time-varying change in the refractive index leads to a
corresponding time-varying phase alteration, as illustrated in Figure 2.18. The optical

phase changes over time in perfect synchrony with the optical signal.
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Figure 2.18: Phenomenological description of spectral broadening of pulse due
to SPM. (Singh & Singh, 2007)

Since the light wavelength is temporally modulated, when the intensity varies with
time the phase ¢ also becomes time-dependent. This time-dependent change in phase ¢ni
is accountable for the alteration in the frequency spectrum w, which can be expressed as:

— d(bnl
dt

Sw (2.20)

The temporal variation of dw is commonly referred to as frequency chirping. This
chirping phenomenon occurs along the temporal pulse profile, where ¢ni increases as the
optical pulse interacts with the fiber over its propagation path. This signifies the creation
of'a new instantaneous frequency at wo + dw(t) as the pulse travels within a fiber, thereby
resulting in the spectral broadening of the pulse. An important application of the SPM

concept is in the formation and study of optical solitons.
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24.2.2 Cross-phase modulation (XPM)

Cross-Phase Modulation (XPM) (Islam et al., 1987) is a fundamental and powerful
phenomenon in the domain of nonlinear optics. XPM occurs when many optical pulses
of different wavelengths propagate through the same transmission medium, leading to
mutual interactions that significantly alter the characteristics of these pulses. XPM has a
profound influence on numerous applications with a particular emphasis on optical
communication systems (Rashed et al., 2022) and plays a pivotal role in enabling
advanced optical signal processing techniques (Liang et al., 2014). In this literature
review, we explore into the fundamental principles of XPM’s effects on optical pulses

and its practical applications in modern optics and telecommunications.

XPM is a nonlinear effect that arises from the nonlinear relationship between the
refractive index of the transmission medium and the intensity of incident lights. This
effect becomes evident when two distinct wavelengths travel inside the same transmission
medium concurrently. Understanding XPM hinges on the recognition that the refractive
index of the medium undergoes changes in response to the presence of intense optical
pulses. As a result, the presence of a single intense optical pulse leads to the alteration of
the refractive index and subsequently causing a phase shift in other pulses that are
travelling inside the same transmission medium. This phase shift causes a frequency shift
which eventually results in an alteration to the wavelengths of the affected pulses.
Essentially, XPM transfers optical power from one pulse to another pulse leading to the
modifications in the spectral and temporal characteristics of the pulses. XPM plays a
crucial role in the spectral broadening (Agrawal, 1987) of optical pulses and this has
significant effect on optical communication system where multiple wavelength channels
are tightly packed for high capacity data transmission. As a consequence of XPM, the
wavelength spectrum of neighboring channels overlaps, resulting in a reduction in signal

quality and the occurrence of cross channels interference. Hence, effective management
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and mitigation of XPM are essential for maintaining signal integrity in the transmission
systems. Although XPM causes wavelength shifts in optical pulses, this effect can be
harvest for various applications such as generating new wavelengths inside the same
optical system and facilitating optical frequency combs. These frequency combs can be
used in precision frequency metrology, optical clocks and high-resolution spectroscopy
(Jones et al., 2000). XPM is essential for the creation and stabilization of optical solitons
where solitons are waveforms that are self-sustaining, maintaining their shape and
amplitude as they propagate through non-linear media. XPM contributes to the
equilibrium of nonlinear effects, ensuring the stable propagation of solitons. Solitons play
a crucial role in long-distance optical communication by reducing the necessity for
complex dispersion compensation techniques. Moreover, XPM proves to be an invaluable
tool for applications in optical signal processing. Through precise controls of the
interaction between different optical pulses using XPM, signal manipulation and shaping
can be achieved for various tasks, including all-optical switching and wavelength

conversion.

Understanding and controlling XPM is very important in the design and operation of
modern optical systems as XPM enables efficient and reliable data transmission in the
continuously advancing field of telecommunications. With ongoing technological
advancements, XPM will remain to be at the forefront of innovations in optical
communication and signal processing, continually pushing the limits of what can be

achieved in the domains of photonics and optical networking.

2.4.2.3 Four-wave mixing (FWM)
Four-Wave Mixing (FWM) (Jones et al., 2000) is an optical nonlinear phenomenon
that has crucial roles in various applications including optical communication, signal

processing and photonics research. FWM happens when multiple optical wavelengths
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propagate and interact inside the nonlinear transmission medium and hence generate new
wavelengths that are composed of combination of the original wavelengths (Aso et al.,
1999). FWM has gained significant interest from researchers due to its potential for
enabling advanced optical technologies as well as improving the performance of the
existing optical systems. In this literature review study, we explore the underlying
principles, mechanisms and applications of Four-Wave Mixing. FWM is a nonlinear
phenomenon when multiple optical wavelengths interact with the nonlinear susceptibility
of a material and can be understood through the concept of wavelength mixing, where the
nonlinear medium reacts to the presence of incident optical wavelengths by generating
additional wavelengths through a nonlinear interaction. These newly generated
wavelengths has different frequencies compared to the original wavelengths, hence
resulting in the creation of sidebands. FWM takes place via a four-wavelength interaction,
where three wavelengths combine together to generate a fourth wavelength. The three
input wavelengths are typically referred to as the pump wavelength, signal wavelength
and idler wavelength. When these wavelengths meet specific phase-matching criteria,
energy is efficiently transferred from the pump wavelength to the signal and idler
wavelengths, creating new wavelengths. This wavelength mixing process enables the
conversion of optical frequencies, the generation of new wavelengths and the
manipulation of optical signals (Aso et al., 1999). The fundamental mechanisms of FWM
involve the material’s nonlinear susceptibility and the fulfillment of phase-matching
conditions. The efficiency of FWM is determined by the specific characteristics of the
transmission medium material including its nonlinear coefficient. Phase-matching
conditions are crucial for the efficient generation of the new wavelengths. These
conditions are satisfied when the phases of the pump wavelength, signal wavelength and
idler wavelength are oriented in a way to allow maximum energy transfer. Phase matching

can be achieved either through proper material selection, efficient waveguide design, or
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the introduction of chirped or dispersion-engineered optical devices. Four-Wave Mixing
is applied in various optical technologies and systems across a broad spectrum of
applications which include wavelength conversion, signal regeneration and amplification
in optical communication systems (Aso et al., 1999; Ebnali-Heidari et al., 2009). Through
FWM, it enables the conversion of signals to different wavelengths, allowing for efficient
routing and transmission of data in dense wavelength-division multiplexing (DWDM)
networks (Ahmed et al., 2014). In optical signal processing, FWM is used to perform
logic operations, waveform shaping, and signal regeneration to enhance the capabilities
of optical switches and routers. In quantum information processing, FWM is used to
create entangled photon pairs for the application of quantum key distribution and quantum
teleportation (Cai et al., 2015). FWM can be utilized for spectral measurement and
analysis, which is then used for the purpose of characterizing optical signals, laser
sources, and other optical components. FWM can be harvest to generate optical frequency
combs which can be used to revolutionize precision metrology, optical clocks and
spectroscopy. In nonlinear microscopy techniques like coherent anti-Stokes Raman
scattering (CARS) and stimulated Raman scattering (SRS), FWM is employed to create

contrast and acquire molecular information (Lefrancois et al., 2012).

Despite its numerous benefits, FWM also face some challenges including the need for
precise phase matching, dispersion management and mitigation of unwanted sidebands.
Scientists and engineers are consistently investigating creative solutions and materials to
improve the effectiveness and versatility of FWM. The future of FWM lies in its fusion
with other cutting-edge optical technologies such as photonic integrated circuits (PICs)
and quantum photonics. Such integrations hold the potential to unlock new capabilities
and applications in the domains of quantum communication, optical computing, and

beyond. As technology continues to advance, FWM will undoubtedly remain to play a
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leading role of innovations in optical science and engineering, pushing the boundaries of

what is achievable in the photonics and optical networking fields.

2.4.2.4 Stimulated Raman scattering (SRS)

Stimulated Raman scattering (SRS) (Freudiger et al., 2014; Sirleto & Ferrara, 2020) is
a fascinating and powerful spectroscopic method that enables in-depth investigation of
molecular vibrations and chemical composition with exceptional sensitivity and
precision. SRS is an optical nonlinear phenomenon that takes advantage of the Raman
effect, where photons interact with molecular vibrations that lead to energy shifts in the
scattered wavelength (Basiev et al., 1999). Due to the capability in providing detailed
information on the molecular structure and kinetic behavior of a sample, SRS has gained
popularity in various fields including chemistry, biology, and materials science. This
literature review provide insight into the fundamentals of SRS, its applications, and its

impact on scientific research (J.-X. Cheng et al., 2021; Yakovlev et al., 2009).

Stimulated Raman scattering relies on the foundational concept of the Raman effect,
first discovered by Sir C.V. Raman in 1928. This effect revolves around the interaction
of light wavelength with molecules of the transmission medium material, resulting in
energy shifts in the scattered photons. In conventional spontaneous Raman scattering, a
small portion of the scattered photons experiences energy loss, resulting in Stokes
scattering, while majority of the photons remain at the same energy level, which is known
as Rayleigh scattering (Seto et al., 2023). Furthermore, SRS involves a stimulated process
where incident photons interact with the transmission medium material, leading to the

amplification of the Raman signal and significantly enhancing its sensitivity.

In SRS, two laser beams are employed in the system, a fixed-frequency pump laser
and a Stokes laser that is precisely tuned to match the vibrational frequency of the

transmission medium material. When the energy difference between the pump laser and
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Stoke laser precisely corresponds to the energy of the molecular vibration of transmission
medium material, SRS amplification occurs and gives rise to a robust anti-Stokes signal
(Choi et al., 2019). Detecting this signal provides valuable insights into the chemical
composition, molecular vibrations and concentration of the transmission medium

material.

SRS has discovered a wide range of applications across numerous scientific domains
including chemical analysis (Li et al., 2021), biological imaging (F.-K. Lu et al., 2015)
and environmental monitoring (Q. Cheng et al., 2021) . In chemical analysis, SRS enables
the non-invasive and label-free analysis of chemical compounds where it is used for the
identification of organic and inorganic molecules, including pharmaceuticals, polymers,
and complex mixtures. Moreover, SRS can even provide detailed information on
molecular structure, composition, and concentration. On biological imaging field, SRS
has allowed researchers to visualize biological structures and processes at the molecular
level and this has deepened our understanding of cellular processes and disease
mechanisms. It is widely used for imaging lipids, proteins, and other biomolecules in live
cells and tissues. On the other hand, SRS microscopy can provide insights into cell
membrane dynamics, lipid droplets and cell organelles. For environmental monitoring
field, SRS can be applied to monitor and analyze environmental samples where it is used
for the detection and quantification of pollutants, gases, and contaminants in air, water,
and soil. This information is crucial for environmental conservation and protection. In
materials science, SRS is a valuable tool for studying materials and their properties. It can
be used to investigate the composition and structural changes in materials such as
semiconductors, catalysts, and nanoparticles. Researchers use SRS to understand how

material properties evolve under various conditions.
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Stimulated Raman scattering is a adaptable and powerful spectroscopic method that
has revolutionized the manner in which scientists investigate molecular vibrations and
chemical composition. Its applications span a wide array of scientific disciplines
providing researchers with invaluable insights into complex systems, from biological
cells to materials and environmental samples. With the ongoing technological
advancements, SRS is expected to play an even more significant role in driving scientific
discovery and innovation, solidifying its status as an indispensable tool in the researcher's

toolkit for the foreseeable future.

243 Soliton

In section 2.4.1, for the case that pulse laser operates under anomalous dispersion
regime, lower frequency (longer wavelength) photons propagate slower than higher
frequency (shorter wavelength) photons. Thus, it causes the leading edge of the pulse to
slow down while the trailing edge propagates faster. Hence, SPM (Gu et al., 2019)
compensates for the broadening of the pulse and reverses the dispersion induced by laser.
If the laser pulse having a shape in which the effects of SPM and GVD (Malik et al.,
2008) counterbalance each other, then the pulse retains its initial pulse width throughout
the entire length of the fiber. Under such circumstances, the laser pulse would propagate
without any distortion due to the mutual compensation of dispersion and SPM. This
unique, undistorted pulse is commonly referred to as a soliton (Song et al., 2019). Since
soliton pulse maintains their width during its propagation, it has tremendous potential for

applications in super high bandwidth optical communication systems.

A typical soliton pulse laser exhibits narrow sidebands that are visible on both left and
right sides of the central wavelength of the soliton spectrum as shown in Figure 2.19.
These sidebands are often referred to as Kelly sidebands (Du et al., 2019) and are

characterized by their lower intensity and the presence of sharp, narrow peaks. The
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wavelength separation between the Kelly sidebands and the center of the soliton spectrum

can be described by the following equation:

A = 1.763A% |m4r? . 291
~ 2mcor L|LIB2| (221)

where A is the center soliton wavelength, r is the pulse width, c is the speed of light, m is

the order of sidebands, and (> is the GVD with a cavity length of L (Dennis & Duling,

1994; Nelson et al., 1997; Smith et al., 1992).

Figure 2.19: Output spectrum of soliton pulse laser (Hasegawa, 2013)
Soliton pulses require a delicate energy-mediated equilibrium between the nonlinearity
and dispersion, which impose a constraint on the pulse energy Q for a fundamental

soliton.

1.763 x 2|2
Q= —"""" (2.22)
yr

where Y is the nonlinear coefficient of the optical fiber, r is the pulse width, and £5> is the

GVD. One approach to gain a better understanding of the balanced interaction between
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nonlinearity and dispersion is through the concept of a characteristic length. The

characteristics of nonlinear length Lni in the optical fiber can be described as follows:

Lui=1/yPp (2.23)

where Ppis the peak power of the pulse, y is the nonlinear coefficient of the optical fiber.

The characteristic length of the optical fiber for dispersion Lq is defined as:

La = (t/1.763)*/> (2.24)

When the characteristic length in fiber cavity is Ln > L4, nonlinearity becomes the
dominant factor, leading to pulse distortion. Conversely, when La > Lni, dispersion take
place, causing the pulse to undergo temporal broadening. dispersion dominates and
results in temporal broadening of the pulse. To establish a fundamental soliton, the
characteristic nonlinear length Ln and the characteristic dispersion length Las must be

equal (Agrawal, 2000).

2.5 Measurement of Pulsed Laser Performances

Fundamental parameters (Thiel & Wehr, 2004) such as the repetition rate, pulse
duration, pulse energy, peak power, and slope efficiency are among the required
measurement when dealing with laser pulses which including both their temporal and
spectrum characteristic (Standard, 2005). Optical spectrum analyzer is used for observing
the optical spectrum of the laser pulse while an optical power meter equipped with a
thermal detector is utilized to quantify its average output power. Laser pulses in optical
signal is first converted into electrical signal through a photodetector. This electrical
signal can then be observed in both the time domain using an oscilloscope and in the
frequency domain using an RF spectrum analyzer. In Figure 2.20, a regularly repeating

sequence of optical pulses is depicted, with a repetition rate denoted as f, where f = 1/T.
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Figure 2.20: Pulse train of pulsed lasers (J. C. Diels & W. Rudolph, 2006)

2.5.1 Repetition Rate and its Stability

The Repetition Rate f represents the quantity of pulses generated per second (Yu et
al., 2021), which is illustrated as the inverse of the temporal pulse shaping demonstrated
in Figure 2.20. The repetition rate is different for mode-locked and Q-switched fiber laser.
In the context of mode-locking, the repetition rate is normally determined by the length
of the fiber laser cavity and the frequency remains fixed. Conversely, for Q-switching,
variations in the pump power are the main factor affecting the repetition rate. For both
mode-locked and Q-switched laser pulses, the repetition rate is inversely proportional to
the pulse width. As the repetition rate increases, the pulse width tends to decrease, and
conversely, when the repetition rate decreases, the pulse width tends to increase. The
stability of a laser pulse can be verified by examining its frequency domain parameter. In
Figure 2.21, the RF spectrum of the pulse train is displayed, this spectrum has been
recorded using an optical spectrum analyzer using a fast photodetector. The highlighted
green area in the figure illustrates the first fundamental frequency which also corresponds

to the repetition rate of the pulse train, while the subsequent frequencies are harmonics.
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The variation in intensity between the peak and the signal floor within the spectrum is
referred to as the signal-to-noise ratio (SNR). The SNR serves as a stability indicator of

the laser pulse where an SNR exceeding 30 dB is generally considered a sign of stability.

Figure 2.21: RF spectrum of pulsed lasers (Mustapha et al., 2022)

2.5.2 Pulse width or Pulse Duration

Pulse width r is defined as the duration of the pulse during which the power is at half
of its peak power (Luo et al., 2016). Alternatively, it is also commonly referred to as the
full width at half maximum (FWHM). Conceptually, the laser pulse shape can be
illustrated by a bell-shaped function, such as a Gaussian and Hyperbolic secant (sech?)
function (Wu & Li, 2019). These mathematical functions are commonly used to describe
the temporal profile of signal pulses, each function has its own unique characteristics and
applications. As per Haus' master equation, anomalous dispersion regime used hyperbolic
secant (sech?) pulse shapes such as soliton regime lasers. Conversely, the Gaussian pulse
shape is typically employed in the normal dispersion regime. The specific parameters
related to the pulse shape function can be found in Table 2.1. These functions fitting is
used in the autocorrelation of the pulse to characterize the pulse shape and the full width

at half maximum (FWHM) of the intensity autocorrelation pulse is denoted as rac. As
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mentioned in section 2.3.2 and 2.3.3, in the Q-switching method, the obtained pulse width
typically fall within the range of nanoseconds to picoseconds whereas in mode-locking,

the pulses are usually in the range of few picoseconds to femtoseconds.

Table 2.1: Pulse characterization (Agrawal, 2007)

Pulse shape T. AA3dB T/TAC
Gaussian 0.441 0.7071
Sech2 0.315 0.6482

Since actual half-maximum values are more experimentally accessible using an auto-
correlator, the relationship between the pulse width and the 3-dB spectral bandwidth of a

laser pulse can be expressed as follows:

r. Adsas > TBP (2.25)

where 7 is the FWHM from single pulse temporal profile, Ai3as recorded in Hz is the 3-
dB spectral bandwidth measured from optical output spectrum and TBP is the time-
bandwidth product which refer to Fourier-transform limit. TBP relates the duration and
spectral width of a pulse and it signifies the trade-off between how short a pulse can be
in time domain while simultaneously having a broad spectral bandwidth in frequency
domain. If Equation 2.25 is satisfied, it indicates that the measured pulse width has
reached its physical limit, known as the "transform limit." This is the smallest pulse width
that can be achieved with the given laser parameters and spectral bandwidth (A4) and it
represents the fundamental limitation imposed by the physics of the laser system. In other
words, it's the shortest pulse duration attainable under those specific conditions. Thus, in
order to achieve an ultrashort laser pulse in time domain, the developed laser must

generate a broad spectral bandwidth. Alternatively, the minimum possible pulse width
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can be calculated given the spectrum Aazqaz (nm) at FWHM, central peak wavelength Ao

(nm), and the speed of light (m/s) c as follows:

Ao”

A}\3dB. C

r > TBP (2.26)

From Equation 2.26, the pulse width of mode-locked lasers for 2-micron region are

mathematically obtained due to no available autocorrelator in the laboratory.

253 Pulse Energy and Peak Power

Figure 2.22 illustrates the autocorrelation pulse profile (Luo et al., 2016) which holds
the energy of the pulse laser. Pulse Energy Q represents the overall optical energy content
within each individual pulse profile and it can be expressed as the integral of its optical

power over time.

Figure 2.22: Autocorrelation pulse profile of mode-locked lasers. The right hand
corner inset is a train of oscilloscope waveforms. (Nolte et al., 2015)
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In Q-switching technique, the typical pulse energy falls within the range of microjoules
uJ to millijoules mJ. While in mode-locking technique, the pulse energy is even lower,
typically ranging from picojoules pJ to nanojoules nJ. Usually, the pulse energy Q is

calculated based on dividing the average output power by the repetition rate, as follows:

Pavg
QU1 = ; (2.27)

where Pavg is the average output power and fr is the repetition rate.

Peak power Pp is the maximum instantaneous optical power within the pulses. In
simpler terms, it represents the rate of energy transfer within each pulse profile as depicted
in Figure 2.22. When the laser having very short pulse width, it can achieve very high
peak power even though the pulse energy is moderate. By dividing the pulse energy Q by

the pulse width r, the peak power can be written as

B,[W] = 0.88 ~ (2.28)

The transformation of peak power is dependent upon the temporal profile of the pulse. As
mentioned previously, the single pulse profile transform limit is exclusively expressed by

the Gaussian function or the Sech? function.

254 Time-Frequency Relationship

The temporal characteristics of a pulsed laser can be observed in both the time and
frequency domains (Zou et al., 2016). The relationship between these time and frequency
domains of a laser pulse can be clarified through the Fourier transform equation which is

expressed as follows:

E(w) = f+ooE(a))eiwtdt (2.29)

—00
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where E(w) represent the electric field of the pulse with angular frequency w = 2nf and f
is the pulse frequency from output laser. Figure 2.23 illustrates the laser pulse in both the

time and frequency domains.

Figure 2.23: Temporal characteristic of a pulsed laser in both time and
frequency domain (Ratner, 2013)

In the time domain, the initial step is to calculate the duty cycle of the pulse train. The
duty cycle d represents the proportion of time during which the laser is in the "on" state

within a specific timeframe. The duty cycle d is calculated as below equation 2.30.

d = (2.30)

r
T

where 7 is the pulse width, and T is the pulse period. The DC component ao in the Fourier
series equation is calculated by assigning a value to amplitude A at zero frequency and

the duty cycle d obtained in equation 2.30 give rise to the following:
ao = Ad (2.31)

Amplitude of the cosines wave an and sine wave bn are expressed as
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24 nm 532
I = — sin(—-) (2.32)

bn=0 (2.33)

When ay, an, by are combined in the equation, this has formed a shape of the laser pulses
in frequency domain as illustrated in Figure 2.23. The generation of shorter pulse widths
in the time domain can be recognized by the formation of a constant amplitude in the
frequency domain across an extensive range of frequencies, similar to an impulse
waveform. Figure 2.24 illustrates a simulated RF spectrum derived from the Fourier
transform equation with the time domain data obtained from experimental measurements.
The simulation reveals that the pulse width determined from the simulated RF spectrum
is 4.5us which is closely matches the pulse width 4.3us measured from the experimental

pulse train in the time domain.

Figure 2.24: Simulation of RF spectrum (Ghassemlooy et al., 2019)
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255 Slope efficiency / Laser efficiency

Slope efficiency or laser efficiency is a critical parameter for evaluating a laser's
performance. This efficiency can be found by plotting the graph of output power against
the input pump power. Typically, a balance between achieving higher slope efficiency
and minimizing the threshold pump power is crucial to achieve the maximum laser output
power efficiency for a given level of pump power. Laser efficiency refers to the

conversion of input pump power into laser output power.

M=o (2.34)

Ppump
where Pout is the laser output power and Ppump is the laser input pump power.

2.6 Passive Saturable Absorber (SA) with the principle of Saturable
Absorption

The operation of pulse generation, Q-switching, and mode-locking in all-fiber lasers
depends on the presence of an optical component known as a saturable absorber.
Saturable absorber (SA) is a substance that exhibits varying levels of light absorption
which depends on the optical intensity of the incident light. It demonstrates a high degree
of absorption for low-intensity light, however, as the light intensity increases, reaches a
point of saturated absorption, resulting in a lower degree of absorption for high-intensity
light (Hercher, 1967). The advantageous characteristics of saturable absorbers include
broad absorption bandwidth, low saturation intensity, ultrafast recovery time, and a high
modulation depth. These properties make them valuable for a wide range of laser
applications, including solid-state lasers, fiber lasers, and semiconductor lasers, operating
at various wavelengths spanning from 500 nm to 2500 nm (Singh et al., 2012).
Additionally, the desirable characteristics of saturable absorbers include achieving the
highest pulse energy, with the modulation depth approximating one and a half times the

initial gain, while minimizing the losses associated with non-saturable absorbers.
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Moreover, a shallow depth is more suitable to achieve a lower pulse energy and a higher
repetition rate. In order to ensure the rapid saturation of the saturable absorber and
minimize the loss of pulse energy, the saturation energy of the saturable absorber should
be lower than that of the gain medium. Furthermore, the recovery time of the saturable
absorber should exceed the pulse duration, ensuring the time is sufficient to facilitate the

recovery of losses before the gain is initiated following the pulse emission.

The saturable absorber SA is inserted into the fiber laser cavity to facilitate the
generation of extremely short pulses. Most of the saturable absorbers (SAs) are fabricated
using semiconductor materials in which resonant nonlinearities related to carrier
transitions from the valence to conduction band resulted in the saturable absorption
phenomenon. In order to illustrate this saturable absorption effect, people often use basic
qualitative explanations based on a two-level electronic model where saturable absorption
is similar and comparable to gain saturation. Figure 2.25 shows a visual representation of
the entire saturable absorber process using a two-level model depicted in the form of
photon particle. As depicted in the diagram, electrons situated on the ground state at lower
energy valence band E; level are capable of absorbing photons when the photon energy
matches the energy gap between the two levels. This absorption results in their transition
to the higher energy conduction band E» level provided there are no electrons occupying
the upper state. For wavelengths that is in close proximity to the bandgap energy in direct
bandgap materials, there is a substantial increase in both absorption and the refractive
index in response to changes in intensity. The main cause of saturable absorption is due
to band-filling where with increasing intensity, intense photoexcitation leads to the
saturation of states near the edges of the conduction and valence bands, effectively
preventing further absorption. Band filling occurs because the Pauli Exclusion Principle
dictates that no two electrons can occupy the same quantum state. The significant

reduction in absorption is a result of fewer electrons remaining in the ground state E; and
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an increase in occupied states in the upper level E,. state. When the material is exposed
to sufficiently high intensity photons, it effectively becomes transparent to photon
energies slightly above the band edge. This phenomenon is known as Pauli blocking or
phase space filling and was initially theorized in 1969 (Zitter, 1969). Consequently, when
the absorption become saturated, the photons can propagate through the transmission
material without being absorbed. The electrons in the upper state E> decay back to the
ground state E; once they reach a specific electron lifetime, and this process repeats

continuously.

Figure 2.25: Illustration of saturable absorber working mechanism based on a
two-level model in particle form (Nayak, 2016)

Based on this framework, the optical nonlinearities are directly related to the intensity
of incident light as per the basic two-level saturable absorber model (Bao et al., 2009;
Garmire, 2000; Zheng, Zhao et al., 2012):

(Z(I) = —— + ans (235)
(1 + I/Isat)

where a(I) is the absorption coefficient, as is the saturable absorption coefficient, I is the

incident light intensity, and Isat is the saturation intensity, ans is the non-saturable
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absorption coefficient. In the context of a saturable absorber, o,s represents the constant
background absorption of the material that remains the same regardless of the intensity
of the incident light. The parameter at which a(l) decreases to half of its value at low
incident light intensity (a(Isat) = as/2) is known as the saturation intensity, denoted as
Isat. This is an important value that characterizes the intensity at which the saturable
absorption effect becomes significant and leads to a reduction in the absorption
coefficient to half of its value under low-intensity conditions. This nonlinear relationship
between the absorption coefficient and the incident light intensity is shown in Figure 2.26.
Certainly, the saturation intensity is a crucial parameter in evaluating and understanding
the performance of a saturable absorber. It helps to determine the point at which the
absorption behavior transitions from being dominated by linear processes to the saturable
absorption effect, which is fundamental in various applications, such as pulse shaping and

mode-locking for ultrashort pulse lasers.

Figure 2.26: Nonlinear optical profile of the absorption coefficient of a two-level
system as a function of the incident light intensity a(I) (Ganeev, 2013)

2.7 Two-dimensional Materials as Passive Saturable Absorber
The saturable absorber material employed in this thesis has two-dimensional (2D)
atomic structure. Ever since the discovery of two-dimensional graphene material by Geim

and Novoselov (Geim & Novoselov, 2007), the research exploration of 2D materials has
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broadened into diverse domains including electronics and optoelectronics (Li et al.,
2017). Figure 2.27 illustrates the planar atomic arrangement of 2D materials delineating
the area confined by the x- and y-axes. In general, the layered structure of 2D materials
exhibits strong in-plane coupling and a weak Van der Waals coupling between layers.
Hence, monolayer or few-layer samples of 2D materials can be easily fabricated through
methods of mechanical exfoliation or chemical exfoliation (Luo et al., 2015; Sobon,
2015). Numerous promising functional applications of 2D materials are expected to be
materialized in the near future. These applications span in various domains including
optical modulators, photodetectors, logic transistors, high-frequency transistors, energy

storage, and sensor devices (Butler et al., 2013).

Figure 2.27: Atomic structure of 2D materials (Shah, 2019)

Thanks to an abundance of fascinating physics, a multitude of other groundbreaking
2D materials have been discovered and introduced to the public awareness. These 2D
materials include graphene, topological insulators (TIs), black phosphorus (BP) and
transition metal dichalcogenides (TMDs). This thesis focuses exclusively on a specific
subset of 2D materials, namely transition metal dichalcogenides (TMD) group which
include Molybdenum disulfide MoS, Molybdenum diselenide MoSe> and Molybdenum

telluride MoTez. These 2D materials belong to the category of semiconductor materials.
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Majority of 2D semiconductor materials exhibit a straightforward two-energy band
structure which comprise the conduction band and the valence band. When the incident
photons with energy higher than the bandgap energy, it can stimulate the transition of
carriers from the valence band to the conduction band. In the existence of a more intense
excitation such as a noise spike, all potential initial states are exhausted and the final states
experience partial occupation due to the Pauli blocking effect. This results in saturation
of absorption (Saraceno et al., 2011). In the field of applications involving saturable
absorbers, the energy bandgap is one of the crucial properties in which photons with
energy exceeding the bandgap energy of the materials can be easily absorbed. Hence, the
bandgap energy of the saturable absorber should at least correspond to the photon energy
generated within the laser cavity. In the case of a direct bandgap semiconductor materials,
the photon absorption process is straightforward. This is because the excitation of
electrons from the valence band to the conduction band does not demand a significant
amount of momentum as these two bands share the same momentum value. In the case
of indirect bandgap semiconductor materials, the efficiency of the photon absorption
process is significantly lesser due to the need for additional absorption of phonons to
compensate for the difference in momentum. The energy E of the photons in electronvolts
eV can be determined by using the following equation, which translated from the

operating wavelength of the cavity.

(2.36)

>0

where A is the operating wavelength, / is the Planck’ constant, and c is speed of light. As
per the equation in 2.36, a longer wavelength requires a smaller bandgap energy whereas
a shorter wavelength requires a higher bandgap energy. The corresponding bandgap

energies for wavelengths of 1550 nm ~0.8eV and 2000 nm ~0.62¢eV respectively. The

bandgap of a semiconductor material determines its corresponding wavelength and each
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semiconductor material has its own distinctive bandgap. According to the photoelectric
effect, semiconductors materials with a narrow bandgap exhibit broad ranges of
responding wavelengths. However, for 2D materials with larger bandgaps, it is crucial to
modulate the bandgap so that researchers and engineers can tailor the material's properties
to suit specific requirements (Woodward & Kelleher, 2015) and TiO> (Tang et al., 1994).
Another crucial property of a saturable absorber is its relaxation time. A shorter pulse
width can be achieved with a faster relaxation time. On the other hand, the electron
mobility of the 2D materials can also serve as an indicator of the relaxation time.
Semiconductor materials with higher electron mobility often exhibit faster relaxation
times which influence their performance in various applications. With a slow relaxation
time, the pulse width formation will be in the range of nanoseconds to picoseconds. In
order to obtain effective pulse shaping, the saturable absorber must rapidly recover to its
initial state within a brief timeframe, typically ranging from picoseconds to femtoseconds

(Keller, 2003; Woodward & Kelleher, 2015).

2.7.1 Graphene

Graphene is the first 2D material ever discovered (Luo et al., 2010) and was first
suggested as a saturable absorber in 2009 (Bao et al., 2009). Ferrari et al. conducted an
initial review on graphene focusing on its photonics and optoelectronics properties
(Bonaccorso et al., 2010). This material is one-atom thick hybridized carbon and
possesses a honeycomb lattice formed structure. The valance and conduction bands meet
at high symmetry K points; thus, graphene is considered as zero-gap semiconductor
material (Geim & Novoselov, 2007). The 2D honeycomb lattice formed structure has
made graphene as saturable absorber with ultra-wide broadband operating wavelength
spanning from terahertz THz to ultraviolet UV, ultrafast recovery time, low saturation
intensity, ease of synthesis and flexibility of integration into fiber laser

system(Bonaccorso et al., 2010; Sun et al., 2010). Few-layer graphene demonstrated a
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strong nonlinear refractive index of approximately 107 cm?/W surpassing other
conventional bulk materials by seven orders of magnitude (Miao et al., 2015). This
nonlinear refractive index resulted a significant nonlinear phase shifts, facilitating the
creation of desired nonlinearity applications. Furthermore, the lower saturation
absorption intensity of graphene in comparison to single walled carbon nanotube is
advantageous for producing mode-locked fiber laser with a lower power threshold
(Martinez & Sun, 2013). The measurement was taken for the thickness of monolayer
graphene, yielding 0.33 £ 0.05 nm (Gupta et al., 2006) . Experiments were carried out to
examine the impact of graphene layers from 1 to 15 layers (Chen et al., 2015), 3 to 12
layers (Sotor et al., 2015), and 9 to 48 layers (Sobon, 2015) on the modulation depth
characteristic. According to these articles, higher modulation depth was achieved with
greater thickness of graphene layers. Graphene is a saturable absorber with high
crystalline quality (Peng et al., 2015) where even a minor structural defects in graphene
can lead to phonon and electron scatterings and degrade the performance of saturable
absorption (Banhart et al., 2011) such as causing higher non-saturable loss, higher
saturation intensity, and lower modulation depth (Lin et al., 2013). Raman mapping
characteristics can be used to examine defects in graphene where a higher level of defects
is correlated with an increased number of graphene layers (Steinberg et al., 2017). While
graphene is popularly used as a saturable absorber, it does have limitations. One example
is the necessity for a hydrogen ambient environment during the synthesis of graphene
through chemical vapor deposition where the process requirement stemming from the
material's susceptibility to oxidation (Peng et al., 2015). Additionally, the absorption
efficiency of graphene is relatively low with only 2.3% of incident light being absorbed
per graphene layer. This results in a low carrier density and significantly impeding the
ability of light modulation in strong-light interactions (Ge et al., 2018). Furthermore, the

challenges in establishing an optical bandgap for graphene has constrained its integration
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into optoelectronic applications (Peng & Yan, 2021). Graphene has found extensive use
in mode-locked erbium doped fiber lasers operating at the popular communication optical
wavelength of 1550 nm. The parameters and performance of these fiber lasers are

summarized in Table 2.2.

Table 2.2: Erbium-doped fiber lasers Q-switched and Mode-locked by graphene

at the wavelength of 1550 nm

Laser type | Operational | Repetition | Pulse SNR Reference
wavelength | rate Width (dB)
(nm)
Mode-locked 1550 nm 18.67 MHz | 29 fs 62 dB (Purdie et al.,
laser
2015)
Mode-locked 1564 nm 19.30 MHz | 10.4 ps 64 dB (Fuetal.,
laser 2014)
Mode-locked | 1533.82 nm 1.89 MHz | 1.21ps | 71.6dB (Liu et al.,
laser 2016)
Q-switched 1566.2, 65.9 kHz 3.7us - (Luo et al.,
fiber laser 1566.4 nm 2010)

2.7.2 Topological Insulator

A topological insulator is a material that has characteristic of an insulator in its inside
interior but having conducting states on its surface (Sobon, 2015). Hence, only electrons
can move along the surface of the material. Topological insulators have symmetry-
protected topological order where the surface states are symmetry-protected Dirac
fermions by particle number conservation and time-reversal symmetry. On the surface of

a topological insulator there are special states that fall within the bulk energy gap and

allow surface metallic conduction. Topological insulator TI such as bismuth telluride
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Bi>Tes, bismuth selenide BixSes, and antimony telluride Sb,Tes have their band structure
similar to graphene, hence, T1 has been extensively researched and applied in the field of
ultrafast photonics (Zhao et al., 2012). The field of research for topological insulators
only focus on bismuth Bi and antimony Sb chalcogenide-based materials. The choice for
chalcogenides-based material is due to the Van der Waals relaxation of the lattice
matching strength which restricts the number of materials and substrates. Bismuth
chalcogenides have been studied extensively for TIs and their applications in
thermoelectric materials. In 2012, an initial investigation on the optical properties of
bismuth telluride Bi;Tes was conducted by employing this material as saturable absorber
(SA) to achieve mode-locked fiber laser operation in the 1550nm wavelength range
(Bernard et al., 2012). Inspired by this study, another mode-locked laser utilizing bismuth
telluride BirTe; has been successfully demonstrated through the hydrothermal
intercalation/exfoliation method (Zhao et al., 2012). In 2013, a Q-switched operation is
achieved with an erbium-doped yttrium aluminum garnet Er:YAG ceramic laser using
bismuth telluride Bi;Tes as saturable absorber. This Q-switched fiber laser operate at
wavelength of 1645 nm and produce a maximum output power of 210 mW. This
observation suggested that topological insulator TI as saturable absorber SA could be
well-suited for high-power applications (Tang et al., 2013). During the same year,
another topological insulator TI material bismuth selenide Bi»Se; has successfully
generated a dual-wavelength Q-switched fiber laser operating at 1545.85 and 1565.84
nm, as well as a wavelength-tunable Q-switched fiber laser spanning from 1510.9 to
1589.1 nm. Both of these Q-switched fiber lasers confirmed the potential of topological
insulator TI as saturable absorber in facilitating broadband optical operations.
Furthermore, despite the consistent performance of antimony telluride SboTe; TI
saturable absorbers in generating ultrashort and high-power pulses, the predominant

emphasis in applications has been on the telecommunication band of 1550nm
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(Boguslawski et al., 2014). Therefore, it is worthwhile to investigate additional operating

wavelengths for antimony telluride SboTes saturable absorbers. Additionally, there is a

need for exploring cost-effective and easier fabrication methods for topological insulator

TI. Moreover, investigations into their applications in the higher wavelength band of the

mid-infrared region should be further studied.

Table 2.3: Summary of Topological Insulators SA-based Erbium-doped fiber
lasers operating at 1.55 pm

Laser type/ TI | Operational | Repetition | Pulse SNR (dB) | Reference
material wavelength | rate Width
(nm)
Mode-locked 1557.5nm | 12.5MHz | 0.66 ps 55dB (Liu,
laser/ Bismuth
Selenide Bi>Ses3 Zheng, et
al., 2014)
Mode-locked 1558.3 nm 5.1MHz | 3.01 ps 64 dB (Chen et
laser/ Bismuth al., 2013)
Selenide Bi>Ses
Q-switched fiber | 1559.8 nm 87.03kHz | 5.11 us | 60dB (Harun et
laser/ Bismuth al., 2019)
Selenide Bi>Ses3
Q-switched fiber | 1560.33 nm 12.9 kHz 2.1us 40 dB (Haris et
laser/ al., 2017)
Bismuth
Selenide Bi>Ses3
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2.7.3 Black Phosphorus (BP)

Black Phosphorus BP is a layered semiconductor material which is very similar in
appearance to graphite. BP has numerous usages in optoelectronic, semiconductor, and
photovoltaic applications. In a two-dimensional 2D form, black phosphorus is known as
Phosphorene and has similar properties to other 2D semiconductor materials such as
graphene in earlier section. Black phosphorus BP is the most thermodynamically stable
allotrope of phosphorus which has gained the attention of the researchers (Churchill &
Jarillo-Herrero, 2014). Even though there are plenty of findings on its unique electronic
properties, however, its optical properties are less known and yet to explore further. BP
has a layer-dependent direct band-gap which enable it to fill up the “blank space” between
semi-metallic graphene and wide band-gap transition-metal dichalcogenides TMD. Since
BP comprises only the elemental “phosphorus”, thus, it can be easily peeled off by
mechanical exfoliation as graphene method above. Stimulated by the similarity between
graphene and BP in terms of single elemental component and direct band-gap, BP could

be used as a SA for Q-switched and mode-locked fiber laser generation.

Following the report on the broadband nonlinear optical response of black phosphorus
(BP) (S. Lu etal., 2015), BP is utilized as a saturable absorber SA and manage to achieve
both mode-locking at 1571.45 nm with a pulse duration as short as 946 fs and Q-switching
at 1562.87 nm with a maximum pulse energy of 94.3 nJ (Chen et al., 2016).
Subsequently, another mode-locked operation utilizing black phosphorus BP is achieved
with a pulse duration of 786 fs and Q-switched operation with a maximum pulse energy
of 18 nJ in the telecommunication band (Li et al., 2015b). The researchers also
investigated the linear and nonlinear absorption properties of black phosphorus BP and
observed that these properties were dependent on polarization and thickness. In 2016, a
stable mode-locked soliton pulses were generated with a tunable wavelength extending

from 1549 to 1575 nm by integrating black phosphorus BP using liquid-phase exfoliation
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LPE method into an all-anomalous dispersion erbium doped cavity (Chen et al., 2016).
In that same year, a new vector mode-locked soliton fiber laser utilizing black phosphorus
was accomplished for the first time where the liquid-phase exfoliation (LPE) prepared
black phosphorus nanoflakes were transferred onto the end facet of a fiber (Song et al.,
2016). As per the findings, a stable 670 fs soliton pulses centered at 1550 nm were
achieved with a fundamental repetition rate of 8.77 MHz and a signal-to-noise ratio
(SNR) of 60 dB. Leveraging its layer-dependent direct bandgap, which can be
significantly tuned from approximately 0.3 eV in bulk form to about 2 eV in monolayer
form, black phosphorus (BP) emerges as a noteworthy intermediate material between zero
bandgap graphene and wide-bandgap transition metal dichalcogenides (TMDs) (Tran et
al., 2014). Despite the easier and cost-effective fabrication of black phosphorus (BP)(Qin
et al., 2015), its instability in the presence of air and water molecules requires relatively
strict conditions for both its preparation and operation thus restricts its application
especially in high power regimes (Castellanos-Gomez et al., 2014; Island et al., 2015).
Currently, there is a demand for further research not only on cost-effective fabrication
methods for stable black phosphorus saturable absorbers but also on their application in
specific types of ultrafast lasers. One prominent example is harmonic mode-locked lasers
with high repetition rate pulses, which play a crucial role in optical communication
applications (Mikulla et al., 1999), spectroscopy (Babu et al., 2007), and frequency
bombing (McFerran, 2009). Table 2.4 outlines the performance metrics of both Q-
switched fiber lasers and mode-locked fiber lasers utilizing black phosphorus as saturable

absorbers.
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Table 2.4: Pulsed lasers utilizing black phosphorus as saturable absorbers

Laser type | Operational | Repetition | Pulse SNR Reference
wavelength | rate Width (dB)
(nm)
Mode-locked 1558.7 nm 14.7 MHz 786 fs 56 dB (Lietal.,
laser
2015a)
Mode-locked 1555 nm 23.9 MHz 102 fs 60 dB (Jin et al.,
laser 2018)
Q-switched | 1563 nm 343kHz | 296 us | 53.2dB (Mu et al.,
fiber laser 2015)
Q-switched | 1550.9 nm 28.57kHz | 5.35 ps - (Fauziah et al.,
fiber laser 2017)
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2.7.4 Transition Metal Dichalcogenide (TMD)

Transition metal dichalcogenide (TMD) is atomically thin semiconductors of the type
MX; (Eftekhari, 2017). In MX, arrangement, M is the transition metal atom from the
group IV, V, or VI columns of the periodic table such as Molybdenum (Mo) and Tungsten
(W) while X is a chalcogen atom such as Sulfur (S), Selenium (Se) and Tellurium (Te)
(Zhang et al., 2014). One layer of M atoms is paired with two layers of X atoms.
Transition metal dichalcogenide (TMD) is part of the large family 2D materials due to
their extraordinary thinness and TMD bulk crystals are formed of monolayers bound to
each other by van-der-Waals attraction. The atoms within the layers of the transition metal
dichalcogenide TMD are connected by a strong covalent bond while the stacked
individual layers are held together by a comparatively weaker Van der Waals force (Mao
etal., 2015; Wang et al., 2013). These weaker Van der Waals bonds has enable the TMD
to undergo exfoliation, resulting in the formation of single or a few-layer structures. The
characteristic of the bandgap in TMDs are highly influenced by the thickness of the
material, for example, bulk TMDs and monolayer TMDs such as WS,, exhibit
characteristics of an indirect and direct bandgap, respectively (Mao et al., 2015).
Furthermore, the electronic properties of TMDs are determined by the coordination and
oxidation states of the M atoms, showcasing their potential to manifest as metals,
semiconductors or insulators (Wang et al., 2012; Zhang et al., 2014). Hence, the speciality
of TMDs lies in their thickness-dependent bandgap and electronic band structure, making
them particularly attractive for optoelectronics applications in comparison with graphene,
topological insulator TI and black phosphorus BP. TMD can be used as transistors in
optical field to produce light emitters and photodetectors. Atomic layers of TMDs have
been used as a phototransistor and ultrasensitive detectors as it shows very high efficiency
of photoresponsivity. This high degree of electrostatic control is due to the thin active

region of the monolayer. Its simplicity and the fact that it has only one semiconductor
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region, whereas the current generation of photodetectors is typically a p-n junction, makes
possible industrial applications such as high-sensitivity and flexible photodetectors.
Other than that, TMD has become an emerging research and development field due to its
direct bandgap characteristic and this has created a vast potential application in
optoelectronics devices such as solar cells, LEDs, photocatalytic and sensing devices. The
emission efficiency of TMD monolayer is much higher than bulk material. The four most
extensively studied TMDs are MoS,, WS,, MoSe; and WSe: (Bikorimana et al., 2016).
The ultrafast carrier dynamics and strong third-order nonlinear optical NLO response in
few-layer structures of MoS; and WS; have generated significant research interest as
potential replacements for graphene (Shi et al., 2013). For example, MoS> demonstrated
a faster saturation absorption for femtosecond pulse in 800 nm and showed a higher
optical nonlinear response compared to graphene (Cui et al., 2016). However, MoS; has
a lower optical damage threshold compared to graphene due to its weaker thermal
conductivity and mechanical characteristics (Cui et al., 2016). Moreover, monolayer
MoS; shares a comparable drawback with graphene concerning oxidation issues under
high-energy laser irradiation and weak light-matter interaction, therefore reducing the
generation of the laser pulse (Qin et al., 2016; Zhao et al., 2015). Consequently, multilayer
MoS; is more appropriate than its monolayer MoS; for generating mode-locked fiber
laser. A comprehensive review of the current status and future development of MoS; in
mode-locked fiber laser was conducted (Woodward et al., 2015). When compared to
MoS; and WS,, MoSe; and WSe, shows similar molecular structures with a lower
bandgap due to the larger mass of selenium (Se) than sulfur (S) chalcogenide atoms.
Specifically, bulk MoSe, and WSe> have indirect bandgap of 1.09 eV and 1.20 eV (Du et
al., 2014) while monolayer MoSe; and WSe; have direct bandgap of 1.57 eV and 1.67 eV
respectively (Gusakova et al., 2017). The wider saturable absorption band for mode-

locked fiber laser is facilitated by the reduced bandgap in monolayer compared to bulk
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TMDs when incorporating selenium (Se) instead of sulfur (S) chalcogenide atoms (Luo
et al., 2015). However, pairing a TMD with Se chalcogenide is limited by its weaker
chemical reactivity compared to the S chalcogenide atom (Yin et al., 2017). Table 2.5
provides an overview of ultrafast Q-switched and mode-locked lasers by TMDs.

Table 2.5: Laser pulses generation using Transition metal dichalcogenides
TMDs SA at the wavelength of 1550 nm

Laser type/ | Operational | Repetition | Pulse SNR Reference
type of TMD | wavelength | rate Width (dB)

(nm)

Mode-locked 1569 nm 8.3 MHz 1.28 ps 27 dB (Xia et al.,
laser/ MoS»

2014)

Mode-locked 1570 nm 12.1 MHz 710 fs 60 dB (Liu, Luo, et

laser / MoS> al., 2014)

Q-switched 1551.2nm | 16.78 kHz | 5.7 us 50dB (Huang et al.,

fiber laser / 2014)
MoS;

Q-switched 1565 nm 6.5-27.0 |54-232|545dB (Luo et al.,

fiber laser / kHz us 2014)
MoS,
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2.8 Conventional way of fabrication of 2D SAs

The fabrication of two-dimensional saturable absorbers (2D SAs) has emerged as a
crucial element in the domain of ultrafast optics and laser technology. These materials
play a crucial role in generating ultrashort pulses especially in Q-switched and mode-
locked fiber lasers due to their unique electronic and optical properties. The conventional
methods employed for the fabrication of 2D saturable absorbers make use of a wide range
of materials in which each exhibiting distinct characteristics that cater for specific
applications. This section provides an overview of the conventional approaches used in
the fabrication of 2D SAs including chemical vapor deposition CVD technique, optical
deposition technique, drop cast technique, mechanical exfoliation technique and PVA
thin film. The complex interaction between material science and laser technology in the
context of 2D SA fabrication method highlights a continuous demand to improve
performance metrics including faster response times, better saturation intensities and
higher spectral tunability to fulfill the requirements of advanced applications in the field
of ultrafast optics. Scientists continue in exploring, investigating and innovating with
novel materials and techniques in the fabrication of saturable absorbers to address the
evolving technological requirements. Every method has its own set of advantages and
challenges, and the selection depends on factors such as the specific material, the required
film thickness and the intended application. Researchers often optimize these fabrication
processes to improve the effectiveness of passive saturable absorbers in generating

ultrafast pulse laser.

2.8.1 Chemical vapor deposition CVD technique

Chemical Vapor Deposition (CVD) (Carlsson & Martin, 2010; Dobkin & Zuraw,
2003) serves as a fundamental approach in the domain of thin film deposition methods in
providing a versatile and widely utilized method for cultivating films and coatings of

superior quality. This section explores the fundamental principles, varied applications and
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advancements associated with CVD, showing its importance in material science,
electronics, and other fields. Generally, CVD is a method in which a thin film is formed
on the surface of a substrate through the chemical reaction of gaseous precursors. This
method relies on the controlled and systematically introducing precursor molecules into
a reaction chamber where those molecules undergo reactions to form a solid deposit on
the substrate. The selection of precursors along with temperature and pressure conditions
will govern the composition, structure, and properties of the film deposited. The CVD
process starts with the volatile precursor gases such as organometallic compounds or
metal halides introduced into a reaction chamber which these precursor gases undergo
chemical reactions involving thermal decomposition or reduction and resulting in the
formation of reactive species. These reactive species are then transported to the surface

of the substrate where the actual film deposition occurs.

Figure 2.28: Chemical vapor deposition CVD technique (Ovezmyradov et al.,
2015)

CVD is widely applied in diverse industries due to its capacity to deposit films with
precise control over thickness, composition, and structure. In semiconductor
manufacturing, CVD is utilized for the production of thin films for integrated circuits and
other electronic devices. Additionally, innovations in precursor chemistry and reactor
design have enabled the deposition of complex materials in manufacturing protective

coatings, optical films, and advanced materials such as graphene and carbon nanotubes
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(Cai et al., 2018; Dobkin & Zuraw, 2003). Although CVD technique has its advantages,
however, it also faces some challenges where achieving precise control over film
uniformity and minimizing impurity incorporation is very challenging and this makes
CVD continues to be a focal point of ongoing research. With the evolution of technology,
researchers are actively exploring and investigating novel precursors, refining reactor
designs, and developing real-time monitoring techniques to tackle these challenges and
unlock new possibilities. In summary, Chemical Vapor Deposition method stands as a
popular technique in materials science and technology, making a substantial contribution
to the production of advanced materials and devices. Its ongoing evolution and
adaptability emphasize its crucial role in shaping the landscape of modern technological

advancements.

2.8.2 Optical deposition technique

In optical deposition technique (Macleod, 2018), an intense light is injected from the
fiber connector end into the saturable absorber (SA) solution to attract the SA particle to
form onto the ferrule tip (Nicholson et al., 2007). There are typically two types of effects
that lead to self-channeling of light in the fluid suspension. One is the optical gradient
force and the other is the thermal effects that rely on the absorption. The optical gradient
force is weak when the particle size is smaller than the optical wavelength, hence, a higher
particle density is required to cause significant change in the refractive index to absorb
the narrow beams. When the particle has higher density, multiple scattering of light
dominates where the direction of the scattered light becomes random. This causes the
particle moved toward the beam center. On the other hand, thermal effect can cause
significant refractive index change, however, the refractive index typically decreases with
increasing temperature in liquid. Thermophoresis is a thermal mechanism which uses a
strong reaction of the suspended particles to temperature gradients which describes the

ability of a macromolecule or particle to drift along passive Q-switched and Mode-locked
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Fiber Lasers Using Saturable Absorbers temperature gradient. Although various methods
are capable to deposit saturable absorber SA to the fiber core, thermophoresis is
considered as the most likely process that is responsible for creating saturable absorber

SA through optical deposition (Opiolka et al., 1994).

Figure 2.29: The process of optical deposition technique (Hazlihan, 2018)

When the laser source is switched on with the fiber ferrule in the solution, a strong
convection current centered at the tips is observed, the induced current moves the SA
particles toward the fiber ferrule. When fabricating a saturable absorber SA using optical
deposition, it must be started with ultrasonification process (Soundeswaran et al., 2005).
Centrifugation is also performed where only the homogeneous part of the solution is used
for optical deposition process (El Ghazouani et al., 2023). For depositing the SA to the
fiber ferrule, precise optical power is essential. Low optical power will not cause the SA
particles to stick on the fiber ferrule while too high optical power will cause concentrated
deposition around the fiber core. The optimum deposition is influenced by many factors
such as optical power, the size of particles, solution temperature, concentration levels of
the solution, and the optical wavelength used in the deposition process. To monitor the
optical deposition process, a setup that involves optical circulator and power meters is
needed. Furthermore, in order to control the insertion loss, the duration of the deposition

has to be determined. Long deposition duration would create higher insertion loss. Optical
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deposition technique is highly efficient as it only uses a small amount of saturable
absorber. However, the disadvantage of this optical deposition causes large scattering
loss, and this process has too many factors that can influence the required optical power

for the SA particles adhere to the fiber core.

2.8.3 Drop cast technique

The drop cast technique (Kumar et al., 2020) offers a straightforward and effective
approach in depositing saturable absorber materials onto substrates to enable the
formation of thin films with controlled thickness and homogeneity. In the field of
saturable absorbers, this technique allows researchers to customize the properties of the
thin film to achieve specific nonlinear optical effects. The procedure begins with
preparing a solution containing saturable absorber materials and followed by the careful
and precise deposition of a droplet of this solution onto a substrate. As the solvent
gradually evaporates, a thin film is formed, and this gives rise to the creation of the passive
saturable absorber (Razak et al., 2017). The insertion loss of the SA can be controlled
through the concentration of the solution and the number of times this process is repeated.
The dripping and drying process can also be repeated until the desired insertion loss is

achieved.

Figure 2.30: The process of drop cast technique (Rodriguez-Hernandez et al.,
2020)
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Although the insertion loss is high through multiple dripping and drying, this high loss
can be overcome by increasing the pulse energy. Since the pulse energy depends on the
power and frequency, it can be solved by increasing the laser pump power or lengthen the
fiber laser cavity. The simplicity of the drop cast technique is a key advantage as it
requires minimal equipment and is easily accessible to researchers with different levels
of expertise. This accessibility has contributed to its extensive adoption in academic as
well as industrial environments. The drop cast technique is cost-effective compared to
more complex deposition methods such as spin coating or chemical vapor deposition
making it accessible to a broader range of researchers and laboratories as well as it can
accommodates a variety of saturable absorber materials. Another advantage in this drop
cast technique is that it allows researchers to easily control the thickness of the deposited
film by adjusting the concentration of the solution and the volume of the droplet, thus
making it possible for precise tuning of the saturable absorber's properties (Eng et al.,
2015). While drop cast technique offers notable advantages, there are challenges in fine-
tuning this technique for the fabrication of saturable absorbers. Achieving thickness
uniformity in the deposited films can be a concern and the process is sensitive to factors
such as substrate surface energy and drying conditions (Eng et al., 2015). Furthermore,
understanding the correlation between film morphology and optical performance are
important criteria in this technique. Another drawback of this technique is that it
inevitably changes the repetition rate and pulse width of the mode-locked fiber laser when
the pulse energy increases. Researchers have tackled these challenges through
modifications to the technique such as implementing controlled drying environments or
incorporating surfactants to improve the uniformity of the film. Future directions may
include integrating the drop-cast technique with other fabrication methods such as laser-
induced deposition or electrostatic assembly to achieve greater control over the structure

and properties of saturable absorber films. The straightforward nature of the drop-cast
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technique proves beneficial as it enables the efficient exploration of various materials and
configurations. Its simplicity combined with the capability to precisely control the thin
film parameters has made it an invaluable asset in the development of advanced optical
devices. As researchers refine and broaden the applications of the drop-cast technique, it
stands ready to contribute significantly to the evolution of ultrafast laser technology and

its diverse applications across scientific and technological domains.

2.84 Mechanical exfoliation technique

Mechanical exfoliation has become a popular and powerful technique in the field of
materials science particularly for the fabrication of passive saturable absorbers (Eng et
al., 2015). This approach involves mechanically extracting thin layers from a bulk
material and often resulting in two-dimensional structures with unique properties. In the
field of passive saturable absorbers, mechanical exfoliation offers a promising path for
customizing materials to achieve specific nonlinear optical effects. In year 2004, Sir
Andre Geim and Sir Konstantin Novoselov utilized this mechanical exfoliation method
and managed to isolate graphene as a single layer of carbon atoms arranged in a hexagonal
lattice (Tyutyunnik, 2021). This monolayer carbon is obtained by repetitive peeling of
graphene layers from a graphite piece using adhesive tape (Hancock, 2011). The
discovery of graphene and its unique properties such as remarkable strength and

conductivity had contributed to their recognition with the Nobel Prize in Physics in 2010.

Press ifnto bstrate Peel off

scotch tape
Scotch tape / Thin graphene

layer
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Graphite Graphite Layer —
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Figure 2.31: The process of mechanical exfoliation technique (Demon et al.,
2020)




Mechanical exfoliation or commonly referred to as the Scotch tape method is based on
the physical separation of atomic or molecular layers from a parent material. Usually, this
process involves utilizing an adhesive tape to peel off thin layers of a bulk material due
to its weak interlayer bonds. The resulting thin layers is commonly referred to as flakes
and this flakes demonstrate unique electronic and optical properties that differ from those
of the bulk material. This is clarified in section 2.7.4 where varying bandgaps are
observed between monolayers and the bulk material. The unique electronic band
structures and fast carrier dynamics of these thin layer materials make them as excellent
candidates for applications in ultrafast optics including mode-locking lasers and pulse
shaping. The pulse is generated using the peeled SA layer which is transferred to the fiber
ferrule (Chang et al., 2010). A fiberscope is used to verify the successful transfer of the
SA layer onto the core of the fiber ferrule. The advantage of mechanical exfoliation lies
on its capability to produce monolayer and few-layer-thick sheets which enable precise
control over the thickness of the saturable absorber. This degree of control is crucial in
customizing the nonlinear optical response. Additionally, the resulting thin layers flakes
demonstrate high crystallinity and minimal defects which contributes to superior optical
properties in achieving high-performance saturable absorbers. Mechanical exfoliation is
applicable to a wide range of materials beyond graphene including various TMDs, black
phosphorus, and other two-dimensional 2D materials. This diversity allows researchers
to explore and investigate different materials to fulfill specific application requirements.
Despite its advantages, mechanical exfoliation comes with its own set of challenges where
achieving large-area and scalable production is a significant concern. Moreover, the needs
for manual manipulation in the exfoliation process may introduce variability and hinder
reproducibility. Additionally, controlling the specific SA layers intended for transfer onto
the core of the fiber ferrule poses a challenge. Therefore, researchers are actively

addressing these challenges by developing automated exfoliation techniques and
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strategies to enable large-scale production. The adaptability and unique properties of two-
dimensional 2D materials obtained through mechanical exfoliation open the way for

innovations and advancements in ultrafast laser technology and beyond.

2.8.5 Saturable absorber (SA) PVA Thin film fabrication technique
The SA PVA film was fabricated by homogenously mixing the desired Saturable
absorber nano powder into PVA solution (Al-Hiti et al., 2019; Kumar et al., 2004). The

fabrication processes of the SA PVA film provided in Figure 2.31 below.

Figure 2.32: The fabrication processes of the saturable absorber SA PVA thin
film (Al-Hiti et al., 2019)

Polyvinyl alcohol PVA thin films have become a promising materials for SA
fabrication due to their unique optical and mechanical properties. Polyvinyl alcohol PVA
i1s a synthetic polymer soluble in water and is well known for its biocompatibility,
transparency and film-forming properties. These characteristics make PVA a compelling
choice for the production of thin films in optical devices. The initiation process involves
preparing a PVA solution with the desired concentration and this is usually done by
dissolving PV A in distilled water under controlled conditions to achieve a homogenous
solution. The PV A solution is continuously stirred using a magnetic stirrer for a specified
duration at a constant speed. Subsequently, the well stirred PVA solution is blended with

the saturable absorber SA powder. Once again, the PVA solution containing the SA
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powder is stirred at a constant speed using a magnetic stirrer for a specified duration. The
homogenously dispersed SA PVA solution is subsequently transferred into a clean glass
petri dish. The petri dish glass must be properly cleaned and treated to ensure maximum
film adhesion. The SA PV A solution is allowed to dry and eventually evaporate at room
temperature over a specific period to facilitate the formation of a dry SA polymer film.
The amount of PV A solution poured onto the petri dish will influences the film thickness
and quality. The target thickness of the desired SA film is around 40 um. A small segment
of the fabricated SA thin film measuring approximately 1 mm x 1 mm is extracted from
the petri dish and is gently attached on a clean FC/PC fiber ferrule with the help of index
matching gel as shown in Figure 2.31 above. Following the fabrication process, it is
essential to characterize the PVA thin film to verify its suitability as a saturable absorber.
The characterization techniques include UV-Vis spectroscopy, X-ray diffraction, and
atomic force microscopy can provide insights into optical and structural properties of the
fabricated thin film. The SA PVA film fabrication is s slightly more complex than
mechanical exfoliation and drop cast techniques, however, it is much simpler compared
to chemical vapor deposition method (Das, 2022). Despite its advantages, there are some
challenges encountered during PVA thin film fabrication including the need to maintain

uniformity and control the transfer of the SA layer.

Figure 2.33: PVA thin film on petri dish (Al-Hiti et al., 2019)
In summary, the fabrication of PVA thin films for application as saturable absorbers
offers promising prospects in the field of ultrafast optics by exploring ongoing research

and potential advancements in the field, including the development of automated
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fabrication techniques and novel materials for enhanced SA performance. Advancements
in material synthesis and deposition techniques continue to shape the landscape of SA
technology and this create new way of innovative applications in laser systems and

beyond.

29 Summary and Research Gap

The literature review emphasizes the significant advancements in the utilizing two-
dimensional (2D) materials as passive saturable absorbers (SAs) with a focus on
graphene, topological insulators, black phosphorus, and transition metal dichalcogenides.
These materials have shown promising optical properties which make them suitable for
various photonic applications. Furthermore, the review also covered conventional
methods for fabricating 2D Sas including Chemical Vapor Deposition (CVD), optical
deposition, drop casting, mechanical exfoliation and PVA thin film fabrication

techniques.

However, despite the advancements in this field, a research gap still exists in
optimizing fabrication methods to improve the consistency and reproducibility of the
characteristics of 2D SAs. Moreover, the exploration of less commonly studied materials
such as MoS2, MoSe: and MoTe: using alternative fabrication techniques like electro-
deposition offers a valuable opportunity for further research. This research aims to bridge
these gaps by focusing on the fabrication of Molybdenum dichalcogenides as passive SAs
using the electro-deposition method along with a comprehensive characterization of their
structural, crystallographic, and optical properties. Additionally, the research will
evaluate the practical application of the electro-deposited SAs in photonic devices
including mode-locked and Q-switched lasers to demonstrate their viability and potential

advantages over SAs fabricated by other methods.
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CHAPTER 3: MATERIAL FABRICATION AND CHARACTERIZATION OF
TMD SATURABLE ABSORBER

3.1 Fabrication of TMD SA using electro-deposition method

This research work utilized two-dimensional (2D) materials with a specific focus on
transition metal dichalcogenides (TMD) (Manzeli et al., 2017) such as molybdenum
disulfide MoS», molybdenum diselenide MoSe> and molybdenum ditelluride MoTe> as
saturable absorber to generate passive Q-switched and Mode-locked fiber lasers. This
chapter provides detailed insight on the method used for preparing and charactering these
TMDs materials. In this research, the electrodeposition method with a potentiostatic mode
has been selected for synthesizing thin films among the various available methods. Hence,
the experimental details on the electrodeposition method and substrates preparation will

be further discussed in this chapter.

Furthermore, a comprehensive explanation regarding the characterization of the
fabricated TMDs thin films properties is also presented in this chapter (Manzeli et al.,
2017). The analytical techniques used to characterize this TMDs thin film are field
emission scanning electron microscopy (FESEM), energy dispersive X-ray (EDX)
spectroscopy, X-ray diffraction (XRD) including optical properties such as linear

absorption and modulation depth.

Figure 3.1 shows the flow chart of preparation and characterization of these TMD thin
films. This includes the raw materials preparation, substrate and electrolyte preparation,
process of cyclic voltammetry and electrodeposition, followed by TMD thin film
characterization. The results of Q-switched and mode-locked pulsed laser utilizing the

fabricated TMD thin film will be further discussed in chapter 4 and chapter 5.

84



Figure 3.1: Flow chart in preparation and characterization of the TMDs thin film
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3.1.1

Raw Materials

The following raw materials have been utilized in the fabrication of TMDs thin films.

Table 3.1: Raw materials for fabrication of TMDs thin films.

No. Materials Purpose
1. | Molybdic Acid Molybdic acid can be ionized to produce molybdate
ions Mo*" and these ions serves as a precursor for the
HoMoOg4 . )
synthesis of various molybdenum compounds.
2. | Sodium Thiosulphate Sodium thiosulphate pentahydrate is used as a
Pentahydrate precursor for S ions
NazS»03 . 5SH>0
3. | Selenium Dioxide Selenium dioxide powder is used as precursor for Se*
ions
SeO>
4. | Tellurium dioxide Tellurium dioxide is used as a precursor for Te* ions
TeO>
5. | Ammonia Solution Ammonia solution is used as solvent to dissolve
molybdic acid.
NH;
6. | Hydrochloric Acid Hydrochloric acid is used as solvent to dissolve
HOT tellurium dioxide powder.
7. | Distilled water Distilled water is used as solvent to dissolve sodium
0O thiosulphate pentahydrate crystal and selenium dioxide
2 powder.
3.1.2 Substrate Preparation

In the electro-deposition method, the common substrates typically used for the

chemical deposition are conducting glass substrates and metal substrates. However, these

substrates pose a challenge when it comes to fiber laser applications as they cannot be

easily cut into small pieces for inserting them into fiber ferrules to generate laser pulse.

While it may be possible to cut glass into smaller pieces, it is not feasible to insert the

glass fragments between the fiber ferrule as it prevents the connectors from being securely
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tightened. On the other hand, metal substrates are unsuitable as the laser pulse is incapable
of passing through the metallic medium. Additionally, the method of polyvinyl alcohol
PVA thin films described in section 2.8.5 are unsuitable for use as they will dissolve in
the chemical solution employed in the electrodeposition process. Recognizing this
limitation, alternative solutions are needed to address the issue. One promising approach
includes utilizing a thin conductive film as shown in Figure 3.11 below. This thin film is
comprised of a plastic sheet coated with a thin layer of conductive material. This
conductive layer has thickness of 10nm (Ren et al., 2022). This transparent-yet-

conductive thin films is a crucial element in this electro-deposition process.

Figure 3.2: Indium based coated conductive film substrate
Unlike glass and metal substrates, this thin film offers the advantage of being easily
cut into smaller pieces, capable of permitting the passage of laser light and allowing
efficient integration into the fiber ferrules. This alternative approach not only addresses
the limitations posed by rigid substrates requirement but also enhances the adaptability
and versatility of the electro-deposition method in various applications. Being an
electrically conductive film, this indium based coated conductive film has a surface

resistivity of approximately 5 ohm/sqm. It has a thickness of only 0.125mm which can be
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easily cut into smaller size of of 15mm x 25mm as shown in Figure 3.12. Before the
electrodeposition process, a protective layer of plastic cover is peeled off from the surface

of the conductive film.

Figure 3.3: 15Smm x 25mm size of conductive film substrate
3.1.3 Electrolyte Preparation
For the deposition of transition metal dichalcogenides (TMDs) thin films, a mixture of
molybdic acid in ammoniacal solution of pH 9.3 + 0.2 with chalcogenides elements such
as sodium thiosulphate pentahydrate, selenium dioxide and tellurium dioxide are used as
electrolyte ions precursors. The deposition of these TMDs thin film is carried out in

specific time duration at temperature of 40+1 °C.

In order to prepare the electrolyte solutions having concentration of 0.5M of molybdic
acid HoMoOs, 0.5M sodium thiosulphate pentahydrate Na>S>03.5H20, 0.5M selenium
dioxide, SeO> and 0.5M tellurium dioxide TeOa, the proportion of solution is mix

according to the Table 3.1 below.
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Table 3.2: 0.5M concentration electrolyte solutions

Raw Material Ions Mass added to Solvent
100ml of solvent
(grams)
Molybdic Acid — H2MoO4 Mo** 8.10 Ammonia
Sodium Thiosulphate S* 12.40 Distilled
Pentahydrate Na;S>03 . SH2O water
Selenium dioxide, SeO2 Se” 5.55 Distilled
water
Tellurium dioxide TeO, Te* 8.00 Acid
Hydrochloric

According to Table 3.1 above, 8.10grams of molybdic acid powder H:Mo0Oys is added
into 100ml of ammonia NHj3 solution to establish a concentration of 0.5M molybdic acid
in the ammoniacal solution. As for sodium thiosulphate pentahydrate Na,;S>03.5H>0, a
powder weighing 12.40 grams is mixed with 100ml of distilled water. On the other hand,
5.55g of selenium dioxide SeO: is combined with 100 ml of distilled water. Lastly 8g of
tellurium dioxide TeO> is added to 100ml of hydrochloric acid to generate 0.5M

concentration. These solutions were blended in proportionate amounts in accordance with
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the stoichiometry of the precursor electrolyte. For the synthesis of transition metal
dichalcogenides (TMDs) thin films, the electrolyte mixture ratio between the precursor
solution is selected to be 1:2 following its stoichiometry. For instance, 50ml of molybdic
acid HoMoOy4 is mixed with 100ml of sodium thiosulphate pentahydrate Na>S,03 . SH2O,

100ml selenium dioxide SeO; and 100ml tellurium dioxide TeOs.

3.14 Thin Films Synthesis via Electrodeposition

In this research, transition metal dichalcogenides (TMDs) were electro-deposited onto
indium based coated conductive films. Electro-deposition relies on fundamental
principles of electrochemistry. Electro-deposition involves the controlled reduction of
metal ions from an electrolyte onto a substrate under the influence of an electric field.
The electro-deposition technique has been more extensively studied for the fabrication of
thin films of metallic alloys. In comparison with other fabrication methods, electro-
deposition is relatively more scalable and cost effective due to its non-vacuum nature and
operation at room temperature (Ouerfelli et al., 2008). Furthermore, substrates with
various sizes and shapes can be utilized without the requirement for toxic gaseous
precursors with contrast to numerous gas-phase techniques. Electro-deposition processes
are more easily controllable, since the film compositions are not very sensitive to small
variations in the precursor concentrations and the precursor solutions are stable (Anand
et al., 2013). Additionally, this technique offers simplicity and the ability to achieve
precise control over film thickness and composition. The electro-deposition process is
influenced by factors including voltage, current density, temperature and the composition
of the electrolyte, Hence, through the manipulation of these parameters, the thickness,

morphology and crystallographic structure of the deposited thin films can be controlled.

The electro-deposition of transition metal dichalcogenides (TMDs) thin film is

conducted using Admiral Squidstat potentiostat. The deposition of thin film begins with
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cyclic voltammetry (CV) technique and then followed by synthesis of the chalcogenides
through electro-deposition method. All the voltages are measured with reference to a

saturated calomel electrode (SCE) known as reference electrode.

3.14.1 Cyclic Voltammetry Measurements

Cyclic Voltammetry (CV) is a powerful electrochemical technique used for exploring
the redox characteristics of substances dissolved in a solution. This cyclic and repetitive
approach provides valuable insights into the electrochemical properties of a wide range
of compounds including small organic molecules to complex biomolecules and
nanomaterials (Heinze, 1984). Fundamentally, cyclic voltammetry involves
systematically sweeping the potential of a working electrode linearly or in a stepwise
manner over a specified duration. This potential sweep triggers redox reactions at the
electrode interface. As the potential changes, the corresponding current response is
recorded. The resultant voltammogram is a plot of graph showing the relationship
between current and applied potential which provides a visual portrayal of the electro-
chemical processes. The cyclical nature involves the iteration of the potential sweep in
both forward and reverse directions. The generated cyclic voltammogram exhibits peaks
and troughs in which these fluctuations corresponding to specific electrochemical events
as shown in Figure 3.13. Peaks indicates oxidation or reduction processes while troughs

denote the reverse reactions.
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Figure 3.4: Cyclic voltammogram of current and applied voltage

The fundamental elements of a typical cyclic voltammetry setup consist of a working
electrode, reference electrode and counter electrode submerged in an electrolyte solution.
The working electrode facilitates electrochemical reactions by providing the necessary
surface for chemical transformations to occur. The reference electrode maintains a
consistent potential that serves as a reference for measuring the potential of the working
electrode. Lasty, the counter electrode completes the circuit, allowing the flow of current.
Modern cyclic voltammetry instruments often incorporate potentiostats which control the
potential applied to the working electrode and galvanostats which govern the current flow
within the system. This incorporation allows precise control of experimental conditions

to facilitate the exploration of various electrochemical systems.

Before initiating the electro-deposition process, cyclic voltammetry procedure is
conducted to better understand the reduction and growth dynamics in TMDs thin films.
This cyclic voltammetry process can be considered as the most efficient and versatile
electroanalytical technique employed for the mechanistic investigation of redox systems
(Elgrishi et al., 2018). Typically, this is the initial experiment to be conducted when
dealing with any electrochemically active sample. The objective of using cyclic
voltammetry is to gauge the current response at the electrode surface on a specific range
of potentials in the chemical solution (Anuar et al., 2007). It is carried out by establishing
two potential limits on the prepared chemical solution to explore the potential ranges

suitable for the deposition of thin films.

For this case of transition metal dichalcogenide (TMD) compounds, the potential
ranges from -2.00V to +1.00V is deemed appropriate for conducting cyclic voltammetry
(CV) measurements (Anuar et al., 2007; Zainal et al., 2005). The reduction and

oxidation process of the electrochemical active ion specimen deposited on the metal
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substrate occurs within this potential range. However, employing the identical potential
configuration of -2.00V to +1.00V on indium based coated conductive thin film may
result in the peeling off this conductive layer during the oxidation cycle at positive
voltage. Consequently, the graph will deviate from the representation of Figure 3.13 when
the thin film experiences a disruption in current flow as the conductive layer peels off.
To observe this occurrence, the Admiral Squidstat Cyclic Voltammetry Software is
utilized for conducting this measurement and to monitor the current and voltage profiles.
This scenario is evident in Figure 3.14 where the plots appear abnormal during the

positive cycle of oxidation.

Figure 3.5: Cyclic voltammetry in oxidation cycle
Therefore, guided by this observation, cyclic voltammetry measurement within the
negative potential ranges from OV to -2.00V is performed as shown in Figure 3.15. In
Figure 3.15, the forward scan initially started with a constant current until an increase in
cathodic current occurred at around -0.60V indicating a reduction process. The increase
of current is associated with the reduction of transition metal ions and dichalcogenides
ions to form solid transition metal dichalcogenides TMDs compound on the thin film.

Further increases in current at more negative potentials could be attributed to the
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hydrogen evolution reaction (Anuar et al., 2007; Zainal et al., 2005). The deposition of
transition metal dichalcogenides (TMDs) compounds on the thin film continued until
reaching the equilibrium potential at an interception between the forward and reverse
scans occurring at approximately -0.60V versus the reference electrode. Figure 3.15
shows the optimal deposition of TMDs materials at -1.30V during the reduction cycle in
the cyclic voltammetry measurement. In simpler terms, the deposition rate is highest at
potential -1.30V compared to other negative potentials due to the uptick in the cyclic
voltammetry graph. Hence, -1.30V is used to perform electro-deposition of TMDs on the

conductive thin film in section 3.1.4.2.

Figure 3.6: Cyclic voltammetry in reduction cycle
3.1.4.2 Electro-deposition of MoS2, MoSe2 and MoTe: Thin Films
A three-electrode configuration is used for both the cyclic voltammetry analysis
(Chandra & Sahu, 1984) as well as the electro-deposition of the TMDs compounds onto
the conductive thin film as discussed in section 3.1.4.1. The schematic diagram and

experiment setup of this configuration are shown in Figure 3.16, Figure 3.17 and Figure
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3.18 respectively. The electrolysis cell consists of a conductive film designated as the
working electrode (WE) where the deposition of the TMD material takes place. On the
contrary, the graphite rod serves as the counter electrode (CE) while a saturated calomel
electrode (SCE) with an Ag/AgCl reference system functions as the reference electrode

(Zainal et al., 2005).

Figure 3.7: Schematic diagram of experimental setup for TMDs thin film
deposition

Admiral
Squidstat software

TMDs chemical
solution

Admiral

/ Squidstat

galvanostats

Figure 3.8: Experiment setup for electro-deposition of TMDs
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ITO-conductive Graphite

SCE Electrolyte

Figure 3.9: Experiment setup for Electrolysis cell of TMDs thin film deposition

As a precautionary measure, it is essential to precisely adjust the position and the
spacing among these three electrodes to achieve optimal deposition. The working
electrode and counter electrode are placed approximately 1 cm from each other with both
surfaces facing each other maintained in parallel position. This arrangement ensures that
the ions released are attracted and deposited in a precisely perpendicular manner to the
surface of the substrate. The reference electrode (SCE) serves the purpose of measuring
the potential of the working electrode. Therefore, it is positioned in very close to the
working electrode to ensure that the precise potential at the surface is monitored and

remains unaffected by the solution resistance (internal resistance of the cell).

For the deposition of molybdenum disulfide MoS; thin film, 0.5M of molybdic acid in
100ml ammoniacal solution with 0.5M sodium thiosulphate pentahydrate in 200ml
distilled water is used as electrolyte ions precursors. The deposition of molybdenum
disulfide MoS; thin film is carried out for 15 second at temperature of 40+1 °C. After the
completion of the deposition process, remove the thin film and allow it to dry by

employing a spring clip, as illustrated in Figure 3.19 below.

96



Figure 3.10: Drying process using spring clip
For the deposition of molybdenum diselenide MoSe; thin film, 0.5M of molybdic acid
in 100ml ammoniacal solution with 0.5M selenium dioxide in 200ml distilled water is
used as electrolyte ions precursors. The deposition of molybdenum diselenide MoSe; thin
film is carried out in for 15 second at temperature of 40+1 °C. Following the completion
of the deposition process, extract the thin film and let it dry with the assistance of a spring

clip, as depicted in Figure 3.19 above.

For the deposition of molybdenum ditelluride MoTe; thin film, 0.5M of molybdic acid
in 100ml ammoniacal solution with 0.5M tellurium dioxide in 200ml hydrochloric acid
is used as electrolyte ions precursors. The deposition of molybdenum ditelluride MoTe»
thin film is carried out for 15 second at temperature of 40+1 °C. Upon finishing the
deposition process, extract the thin film and let it dry with the assistance of a spring clip,

as depicted in Figure 3.19 above.

During the deposition of TMDs thin film, certain modifications were implemented in
comparison to the deposition process utilized in the solar cell experiment. For solar cells
application, the deposition time required ranges from a minimum of 10 minutes to a
maximum of 30 minutes. This is essential to convert the solar photons energy into electron

for efficient electricity generation. However, if the deposition approach employed in solar
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cells is applied in this research work, the resulting TMD layer becomes excessively thick
which obstruct the penetration of the laser light. Therefore, when the laser is unable to
penetrate, achieving Q-switch and mode-locked laser pulses becomes impossible. As a
result, the deposition time is adjusted from minutes to seconds to overcome this challenge
and ultimately enabling the attainment of an extremely thin layer of the TMD material.
This modification allows light to propagate through and supporting the generation of the

desired ultrashort laser pulse.

3.2 Characterization of Conductive Thin Film substrate

A comprehensive explanation of the thin film details has been extensively addressed
in section 3.1.2 on substrate preparation. In this section, the FESEM and EDX analyses
of the thin film will be discussed to provide information on the element composition.
Therefore, based on this information, it is possible to identify the TMDs materials coated
on the thin film by subtracting the substrate material initially. This thin film comprised of
a plastic sheet coated with a thin layer of conductive material with thickness of 10nm.
Being an electrically conductive film, this indium based coated conductive film has a
surface resistivity of approximately 5 ohm/sqm. It has a thickness of only 0.125mm which
can be easily cut into smaller sizes. Before the electrodeposition process, a protective
layer of plastic cover is peeled off from the surface of the conductive film as shown in

Figure 3.20.

Figure 3.11: Clear surface of indium based coated conductive film substrate
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3.2.1 Field Emission Scanning Electron Microscopy (FESEM)
The surface morphology of this indium based coated conductive substrate thin films

are shown in Figure 3.21 below.

Figure 3.12: FESEM of indium based coated conductive film substrate at 1000X
magnification demonstrates an outstanding degree of consistency and uniformity

Figure 3.21 illustrates the conductive thin film layer observed at magnifications of
1000 times. The surface morphology of this thin film exhibits an exceptional level of
homogeneity and uniformity. Upon careful examination, it becomes apparent that the
surface features are consistently distributed across the entire thin film which reveal an
exceptional even topography. Each region of the surface appears to reflect the
characteristics of its adjacent areas with a smooth and consistent pattern. The absence of
noticeable irregularities or variations indicates a high degree of consistency,
demonstrating that this thin film has been developed under a well-controlled and uniform
manufacturing methodology. The homogeneous surface morphology not only highlights
the precision of the fabrication process but also holds significant promise for applications

where uniformity is crucial as demonstrated in the case of thin-film coatings.

3.2.2 Energy Dispersive X-Ray (EDX) Analysis
EDX is a technique used for elemental analysis and it is operated by capturing
distinctive X-rays emitted by a sample when it is bombarded with high-energy electrons.

Each element produces a unique set of X-ray energies and these X-ray energies are
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identified and quantified by the EDX system. Quantitative analysis of the thin film was
conducted using the EDX technique in a nitrogen atmosphere to investigate the presence

of indium and other conductive elements in the films' stoichiometry.

Figure 3.13: The EDX of indium based coated conductive film substrate

The EDX results of this indium-based coated conductive substrate thin films are
depicted in the above Figure 3.22. Upon analysis of the figure, it becomes apparent that
the thin film contains not only indium (In) but also other elements such as silver (Ag) and
zinc (Zn). This is acceptable as silver and zinc elements are additional conductive
components incorporated into this thin film. The presence of silver and zinc elements into
an indium-coated thin film is intended for specific functional purposes including
enhanced conductivity and stability, corrosion resistance as well as improved adhesion
and compatibility. Silver is a highly conductive metal, therefore, the incorporation of
silver into the thin film can enhance the overall conductivity which lead to better electrical
performance. Additional, silver is also corrosion-resistant which can enhance the stability
and longevity of the thin film. On the other hand, zinc functions comparably to silver
acting as both a good conductive metal and providing corrosion resistance. This
significantly contributes to the durability of the film. Furthermore, silver and zinc can
enhance the adhesion of the thin film to the substrate and improve compatibility between

different layers and hence, promoting a more robust and reliable structure.
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Apart from indium, silver and zinc, it is observed that the EDX analysis of this thin
film reveals the presence of carbon (C) and oxygen (O) elements. The presence of carbon
in this EDX analysis is associated with the thin film is made of plastic sheet. Carbon
constitutes an essential element in various organic materials including plastics. Plastics
are composed of long chains of carbon-based molecules with other additional elements
depending on the specific type of plastic. During an EDX analysis of a plastic sheet, the
spectrum may exhibit peaks that correspond to the elements within the material including
carbon with the carbon signal in the EDX data reflecting the carbon content in the plastic
sheet. On the other hand, despite oxygen (O) not contributing to the synthesis of the films,
its peaks are consistently observable in the EDX analysis. This is due to the particular
advantage of EDX in elemental analysis where it has the capability to detect low atomic
number elements such as carbon and oxygen. This capability makes EDX valuable for
analyzing materials that contain elements commonly found in the environment such as
carbon and oxygen (Herguth & Nadeau, 2004). Furthermore, the presence of oxygen is
observed in all the films as it is deemed unavoidable in the efforts of synthesizing
transition metal chalcogenides thin films through chemical deposition (Lokhande et al.,
2002; Srikanth et al., 2011). This is applicable to all the synthesized thin films in this

research work.

3.3 Characterization of Electrodeposited Molybdenum Disulfide MoS2 Thin
Film

The characterization of electrodeposited molybdenum disulfide (MoS>) thin films will

be further explored in the following sub-section, covering techniques such as Field

Emission Scanning Electron Microscopy (FESEM), Energy Dispersive X-Ray (EDX)

spectroscopy, linear absorption, and modulation depth.
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Molybdenum disulfide MoS: is a solid compound with a silvery-black appearance that
resembles the mineral molybdenite and serves as the primary ore for molybdenum
(Sebenik et al., 2000). Moreover, molybdenum disulfide MoS, share similarities with
graphite in terms of appearance and feel. Both materials are layered structures with a
slippery or lubricating quality. The colour of MoS; deposited on a thin film may change

depending on factors such as thickness, purity and the specific deposition method used.

Typically, MoS> is known for its colour ranging from dark grey to black. While the
thin film deposition process may influence the optical properties and appearance, the
material often retains its characteristic dark colour. Moreover, the thickness of the film
and its interaction with light can also impact its perceived colour. In the research work,
the MoS: deposited on the conductive coated layer shows a dark grey colour while it

appears gold on the reflective layer due to light interaction mentioned earlier.

3.3.1 Field Emission Scanning Electron Microscopy (FESEM) of Molybdenum
Disulfide MoS: Thin Film

The electrodeposited molybdenum disulfide MoS; thin film is used for FESEM
analysis. The sample was coated with a thin layer of gold to enhance conductivity and
minimize charging effects during the imaging process. The FESEM analysis was
performed using a state-of-the-art electron microscope Hitachi SU8700 fitted with 70mm?
Si3 N4 SDD operated at 500V. The FESEM images provide a thorough representation of
the surface morphology of MoS». The images taken at different magnifications showcased
the well-defined layers and offered valuable insights into the surface roughness.
Additionally, the observation of the distribution of MoS> compounds provides valuable

information regarding the overall quality and uniformity of the sample.
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Figure 3.14: FESEM of MoS: thin film at 1000X magnification

The advanced high-resolution capabilities of FESEM enabled the detection of defects
and imperfections in the structure of MoS,. These defects may include vacancies,
dislocations or other irregularities that might impact the material's performance. These
specific defects within Mo or S in a suitable range can effectively decrease the bandgap
(Martin-Palma et al., 2006; Wang et al., 2013). A reduced bandgap allows for the potential
of broad-spectrum saturable absorption in defective MoS,. The ability to visualize and
characterize defects offers valuable insights for optimizing synthesis methods and

enhancing material quality.

3.3.2 Energy Dispersive X-Ray (EDX) Analysis

Energy-Dispersive X-ray Spectroscopy (EDX) serves as a powerful analytical
technique in the field of material science offering valuable insights into the elemental
composition of diverse samples. This technique is frequently used in conjunction with
field emission scanning electron microscopy FESEM utilizes the characteristic X-rays

emitted by a sample under the impact of high-energy electrons. The resulting spectra not
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only disclose the present elements but also provide quantitative data on their
concentrations that enables a detailed understanding of a material's composition. The core
principle of EDX revolves around X-ray fluorescence. When a high-energy electron
collides with an inner electron of an atom, it displaces the inner electron from its shell.
The vacancy is filled by an electron from a higher energy level leading to the emission of
X-ray photons. Each element exhibits individual X-rays with unique properties that
enable their identification and quantification. The spectra obtained through EDX are
based on the energy and intensity of these X-rays. Modern EDX systems are incorporated
into FESEM platforms that merge the advantages of both techniques. The electron beam
from the FESEM induces X-ray emissions after interacting with the sample. These X-
rays are then captured by the EDX detector and the resulting spectrum is analyzed to
identify the elements present. Advanced EDX systems provide enhanced spatial
resolution which enables a detailed elemental analysis at the micro and nanoscale. EDX
is widely used in the characterization of diverse materials including metals, ceramics,
polymers and biological samples. The elemental data obtained assists in the identification

of phases, evaluation of purity and understanding the composition of complex materials.

Figure 3.15: EDX of MoS: thin film
MoS, sample is analyzed through energy-dispersive X-ray spectroscopy (EDX)
coupled with FESEM to enable the mapping of elemental composition. This analysis

confirmed the presence of molybdenum element at 12.05 wt% and sulfur element at
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28.85wt% providing quantitative data regarding their distribution across the surface. Both
Mo and S are tangibly appeared on the conductive film with the approximate ratio of 1:2.
The elemental mapping results complemented the morphological observations

contributing to a comprehensive understanding of the MoS, composition.

333 Linear Absorption

Another critical feature of saturable absorber involves the exploration of the linear
optical response of the SA thin films. The linear saturable absorption property of MoS>
was measured by linking the white light source (Ando, AQ4303B) to one end of the
sandwiched MoS>-SA with the other end connected to the Optical Spectrum Analyzer
(OSA: Anritsu, MS97010C). The experimental setup for linear absorption of MoS»-SA is
illustrated in Figure 3.28. Linear saturable absorption of the MoS,;-SA was measured in
the range of 1000 nm to 1600 nm as shown in Figure 3.29. At the wavelength of 1560

nm, the MoS,-SA exhibited linear absorption of 2.5 dB.

Figure 3.16: The Experimental setup for linear absorption
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Figure 3.17: Linear absorption spectrum from 1000 to 1600 nm of MoS2-SA

3.34 Modulation depth

Alternatively, the nonlinear optical profile of the MoS2-SA was determined through
experimental investigation using a balanced twin detector measurement technique to
confirm the saturable absorption level. An in-house mode-locked fiber laser operating at
a wavelength of 1567 nm with a 0.75 ps pulse width and a repetition rate of 21.75 MHz
was used as the input pulsed laser source. The laser pulse was amplified through an
erbium-doped fiber amplifier (EDFA) with the output power regulated by a variable
optical attenuator (VOA). The output laser pulse from the variable optical attenuator was
subsequently divided by a 50% coupler. One output is directed to the saturable absorber
and measured by the optical power meter while the other is directly being measured by

an optical power meter as illustrated in Figure 3.30.
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Figure 3.18: The experimental setup for balanced twin-detector measurement
By varying the input laser power through the balanced twin-detector measurement, the
transmitted power is recorded as a function of incident intensity on the device. In order
to obtain the result for saturation intensity, non-saturable absorption and modulation
depth of the MoS2-SA, the experimental data for absorption are fitted according to a
simple two-level SA model (Bao et al., 2009; Garmire, 2000; Zheng et al., 2012) in

chapter 2 as equation 2.3 below:

as

a(l) =

+ (2.3)

Isat

where a() is the absorption coefficient, as is the saturable absorption coefficient, [ is the
incident light intensity, and Isat is the saturation intensity, ans is the non-saturable
absorption coefficient. Based on the equation 2.3, the saturation intensity of the MoS»-
SA was calculated as 0.3 MW/cm2. The saturable and non-saturable absorption values
were identified at level of 3.4% and 62.7% respectively as illustrated in Figure 3.31. It is
worth to mention that there is no optical damage on the thin film and the saturable
absorber is reusable after the twin-detector measurement. Hence, this suggest that the

MoS>-SA thin film has a reasonably high optical damage threshold.
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Figure 3.19: Modulation depths of MoS: thin film
34 Characterization of Electrodeposited Molybdenum Diselenide MoSe2 Thin
Film
Molybdenum diselenide MoSe, has emerged as a promising candidate in the
exploration of two-dimensional (2D) materials paving the way for innovative applications
in photonics in recent years. MoSe; stands out as an exceptional saturable absorber in the
field of ultrafast photonics due to its unique electronic and optical properties. MoSe; is a
member of the transition metal dichalcogenides (TMDs) family and this compound
consists of layers of molybdenum atoms sandwiched between selenium atoms forming a

unique hexagonal lattice structure as shown in Figure 3.32.

Figure 3.20: Atomic structure of MoSe:

MoSe; shares a typical layered structure found in TMDs where weak van der Waals
forces holding adjacent layers together. MoSe> exhibits excellent semiconducting
properties with a moderate bandgap making it an ideal candidate for photonics
applications. MoSe>’s high carrier mobility and its ability to adjust its bandgap in
response to external stimuli make it particularly attractive for ultrafast pulse generation.
The unique optical properties of MoSe; especially its nonlinear saturable absorption
behaviour which enable efficient modulation of light that allows selective absorption and

passage of specific wavelengths that is essential for pulse generation in ultrafast lasers.
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MoSe;-based saturable absorbers find applications in various ultrafast photonics systems

including material processing, telecommunications and medical applications.

Molybdenum diselenide MoSe: is a solid compound with a dark metallic grey
appearance. The colour of deposited MoSe; on a thin film can vary based on factors
including thickness and the type of deposition method employed. In this research work,
the MoSe> thin film produced through electrodeposition technique exhibits a dark red
colour. This is confirmed by the consistency observed in other selenide compounds which
also exhibit a dark red colour (Hankare et al., 2003). The MoS; thin film produced in
section 3.3 has dark grey to black colour which is different from MoSe>. While the thin
film deposition process may influence the optical properties and appearance, the material
often retains its characteristic dark red colour due to selenium element. Furthermore, the
thickness of the film and its interaction with light can also influence its apparent colour.
Referring to Figure 3.33 above, the MoSe> deposited on the conductive coated layer
shows a dark red colour while it appears dark grey on the reflective layer due to light

interaction mentioned earlier.

Figure 3.21: Physical appearance of MoSe: thin film
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3.4.1 Field Emission Scanning Electron Microscopy (FESEM) of Molybdenum
Diselenide MoSe2 Thin Film

The thin film of electrodeposited molybdenum diselenide MoSe: is used for FESEM
analysis. The sample was coated with a thin layer of gold to enhance conductivity and
minimize charging effects during the imaging process. The FESEM analysis was
performed using a state-of-the-art electron microscope Hitachi SU8700 fitted with 70mm?
Si3 N4 SDD operated at 500V. The FESEM images provide a thorough representation of
the surface morphology of MoSe>. The images taken at different magnifications
showcased the well-defined layers and offered valuable insights into the surface
roughness. Additionally, the observation of the distribution of MoSe. compounds

provides valuable information regarding the overall quality and uniformity of the sample.

Figure 3.22: FESEM of MoSe: thin film at 1000X magnification

110



34.2 Energy Dispersive X-Ray (EDX) Analysis

MoSe; sample is analyzed through energy-dispersive X-ray spectroscopy (EDX)
coupled with FESEM to enable the mapping of elemental composition. This analysis
confirmed the presence of molybdenum element at 18.92 wt% and selenium element at
36.76 wt% providing quantitative data regarding their distribution across the surface.
Both Mo and Se are visibly present on the conductive film in an approximate ratio of 1:2.
The elemental mapping results complemented the morphological observations

contributing to a comprehensive understanding of the MoSe> composition.

Figure 3.23: EDX of MoSe: thin film

343 Linear Absorption

Another critical feature of saturable absorber involves the exploration of the linear
optical response of the SA thin films. The linear saturable absorption property of MoSe:
was measured by linking the white light source (Ando, AQ4303B) to one end of the
sandwiched MoS>-SA with the other end connected to the Optical Spectrum Analyzer
(OSA: Anritsu, MS97010C). The experimental setup for linear absorption of MoSe>-SA
is illustrated in Figure 3.28 in section 3.3.4. The only difference is the substitution of
MoS; SA with MoSe; SA. Linear saturable absorption of the MoSe>-SA was measured
in the range of 1000 nm to 1600 nm as shown in Figure 3.36. At the wavelength of 1561

nm, the MoSe>-SA exhibited linear absorption of 3.1 dB.
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Figure 3.24: Linear absorption spectrum from 1000 to 1600 nm of MoSe2-SA

344 Modulation depth

Alternatively, the nonlinear optical profile of the MoSe>-SA was determined through
experimental investigation using a balanced twin detector measurement technique to
confirm the saturable absorption level. An in-house mode-locked fiber laser operating at
a wavelength of 1567 nm with a 0.75 ps pulse width and a repetition rate of 21.73 MHz
was used as the input pulsed laser source. The laser pulse was amplified through an
erbium-doped fiber amplifier (EDFA) with the output power regulated by a variable
optical attenuator (VOA). The output laser pulse from the variable optical attenuator was
subsequently divided by a 50% coupler. One output is directed to the saturable absorber
and measured by the optical power meter while the other is directly being measured by
an optical power meter as illustrated in Figure 3.30 in section 3.3.5. The only difference
1s the substitution of MoS2 SA with MoSe; SA. By varying the input laser power through
the balanced twin-detector measurement, the transmitted power is recorded as a function
of incident intensity on the device. Based on the equation 2.3, the saturation intensity of
the MoS;-SA was calculated as 0.25 MW/cm2. The saturable and non-saturable

absorption values were identified at level of 5.0% and 19.1% respectively as illustrated
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in Figure 3.37. It is worth to mention that there is no optical damage on the thin film and
the saturable absorber is reusable after the twin-detector measurement. Hence, this

suggest that the MoSe-SA thin film has a reasonably high optical damage threshold.
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Figure 3.25: Modulation depths of MoSe: thin film
3.5 Characterization of Electrodeposited Molybdenum Ditelluride MoTez Thin
Film
The characterization of electrodeposited molybdenum ditelluride MoTe> thin films
will be further explored in the following sub-section, covering techniques such as Field
Emission Scanning Electron Microscopy (FESEM), Energy Dispersive X-Ray (EDX)

spectroscopy, linear absorption, and modulation depth.

Molybdenum ditelluride MoTe> is a solid compound with a dark gray or black
appearance that resembles the mineral molybdenite and serves as the primary ore for
molybdenum (Sebenik et al., 2000). Moreover, molybdenum ditelluride MoTe> share
some similarities with graphite in terms of appearance and feel. Both materials are part
of the layered materials family and exhibit a lamellar structure. Both molybdenum

ditelluride and graphite appear as dark gray or black solids and have a smooth or
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lubricious texture owing to their layered composition. The colour of MoTe> deposited on
a thin film may change depending on factors such as thickness, purity and the specific
deposition method used. While the thin film deposition process may influence the optical
properties and appearance, the material often retains its characteristic dark colour.
Moreover, the thickness of the film and its interaction with light can also impact its
perceived colour. Referring to Figure 3.39 above, the MoTe> deposited on the conductive
coated layer shows a dark colour while it appears silver on the reflective layer due to light

interaction mentioned earlier.

Figure 3.26: Physical appearance of MoTe: thin film
3.5.1 Field Emission Scanning Electron Microscopy (FESEM) of Molybdenum
Ditelluride MoTe2 Thin Film

The electrodeposited molybdenum ditelluride MoTe; thin films is used for FESEM
analysis. The sample was coated with a thin layer of gold to enhance conductivity and
minimize charging effects during the imaging process. The FESEM analysis was
performed using a state-of-the-art electron microscope Hitachi SU8700 fitted with 70mm?
Si3 N4 SDD operated at 500V. The FESEM images provide a thorough representation of
the surface morphology of MoTe;. The images taken at different magnifications
showcased the well-defined layers and offered valuable insights into the surface

roughness. Additionally, the observation of the distribution of MoTe2 compounds

114



provides valuable information regarding the overall quality and uniformity of the sample.

The ability to visualize and characterize defects offers valuable insights for optimizing

synthesis methods and enhancing material quality.

Figure 3.27: FESEM of MoTe: thin film at 1000X magnification

3.5.2 Energy Dispersive X-Ray (EDX) Analysis

MoTe, sample is analyzed through energy-dispersive X-ray spectroscopy (EDX)
coupled with FESEM to enable the mapping of elemental composition. This analysis
confirmed the presence of molybdenum element at 14.63 wt% and tellurium element at
36.61 wt% providing quantitative data regarding their distribution across the surface. The
high concentration of chloride detected in the Energy Dispersive X-ray (EDX) analysis
is attributed to the dissolution of tellurium in hydrochloric acid. Upon drying, the residual

chloride is left on the surface of the thin film. The elemental mapping results
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complemented the morphological observations contributing to a comprehensive

understanding of the MoTe, composition.

Figure 3.28: EDX of MoTe: thin film

353 Linear Absorption

Another critical feature of saturable absorber involves the exploration of the linear
optical response of the SA thin films. The linear saturable absorption property of MoTe:
was measured by linking the white light source (Ando, AQ4303B) to one end of the
sandwiched MoTez-SA with the other end connected to the Optical Spectrum Analyzer
(OSA: Anritsu, MS97010C). The experimental setup for linear absorption of MoTe>-SA
is illustrated in Figure 3.28 in section 3.3.4. The only difference is the substitution of
MoS> SA with MoTe> SA. Linear saturable absorption of the MoTe>-SA was measured
in the range of 1000 nm to 1600 nm as shown in Figure 3.42. At the wavelength of 1558

nm, the MoTe>-SA exhibited linear absorption of 4.54 dB.
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Figure 3.29: Linear absorption spectrum from 1000 to 1600 nm of MoTe2-SA

3.54 Modulation depth

Alternatively, the nonlinear optical profile of the MoTe>-SA was determined through
experimental investigation using a balanced twin detector measurement technique to
confirm the saturable absorption level. An in-house mode-locked fiber laser operating at
a wavelength of 1531 nm with a 1.34 ps pulse width and a repetition rate of 0.9681 MHz
was used as the input pulsed laser source. The laser pulse was amplified through an
erbium-doped fiber amplifier (EDFA) with the output power regulated by a variable
optical attenuator (VOA). The output laser pulse from the variable optical attenuator was
subsequently divided by a 50% coupler. One output is directed to the saturable absorber
and measured by the optical power meter while the other is directly being measured by

an optical power meter as illustrated in Figure 3.30 in section 3.3.5.

By varying the input laser power through the balanced twin-detector measurement, the
transmitted power is recorded as a function of incident intensity on the device. Based on
the equation 2.3, the saturation intensity of the MoTe>-SA was calculated as 6 MW/cm2.
The saturable and non-saturable absorption values were identified at level of 1.7 % and

64.3 % respectively as illustrated in Figure 3.43. It is worth to mention that there is no
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optical damage on the thin film and the saturable absorber is reusable after the twin-
detector measurement. Hence, this suggest that the MoTe>-SA thin film has a reasonably

high optical damage threshold.
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Figure 3.30: Modulation depths of MoTe: thin film
3.6 Summary
In Chapter 3, we addressed the fabrication of thin films of MoS», MoSe> and MoTe:
using the electro-deposition method for use as saturable absorbers. We also discussed the
material utilized in the fabrication process along with an examination of electrolyte
preparation. Last but not least, we conducted characterizations of the fabricated thin films
of MoS,, MoSe;, and MoTe; using FESEM, EDX, linear absorption, and modulation

depth.
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CHAPTER 4: Q-SWITCHING PULSE GENERATION OF FABRICATED
SATURABLE ABSORBER

4.1 Experimental setup for Q-switched fiber laser

Figure 4.1 shows the experimental setup used to generate passive Q-switched fiber
lasers. The fiber laser ring cavity was assembled using a wavelength division multiplexer
(WDM), an erbium-doped fiber (EDF), a polarization-independent isolator (PI-ISO), a
polarization controller, output couplers and single-mode fiber (SMF). A gain medium was
deployed using a 2-meter-long erbium-doped fiber (EDF) with specific parameters
including a numerical aperture of 0.16, a core diameter of 4 pm, a group velocity
dispersion (GVD) of 27.6 ps*/km and a peak absorption of 23 dB/m. Subsequently, the
980 nm laser diode power-pumps the Erbium-doped fiber (EDF) gain medium through a
980/1550 wavelength division multiplexer (WDM). A polarization controller in the cavity
is used to adjust the polarization state of light circulation that is favorable for pulse
optimization. Following that, the laser is directed into a polarization-independent optical
isolator (PI-ISO). The purpose of employing this optical isolator is to prevent back
reflections of light into the laser source and to maintain the unidirectional propagation of
the laser beam within the cavity. After the polarization-independent optical isolator (PI-
ISO), the fabricated TMDs saturable absorber SA is incorporated into the laser cavity to
modulate intracavity loss and consequently transforming the continuous wave (CW) laser
into Q-switched pulsed lasers. The saturable absorber (SA) is placed between two fiber
connectors through a fiber adaptor. The saturable absorber (SA) is securely positioned
with the assistance of index matching gel to ensure its adhesion to the fiber ferrule.
Following that, the laser is directed into the coupler which divides the output laser for
performance investigations. Two different output couplers (OC) with coupling ratios of

50:50 and 95:5 were employed to examine the quality of Q-switched formation. The 95:5
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coupler is utilized to enable more pump power to be returned to the cavity through which

95% laser light is circulated back into the cavity through the 1550 nm port of the WDM.

Figure 4.1: Experiment setup for producing Q-switched fiber lasers (Jeon, 2021)

To observe the laser performance on the 5% output coupler, the 50:50 coupler is
introduced to concurrently split the output laser for real-time data measurements using
two different measuring devices. The overall length of the cavity used for Q-switched
operation is approximately 6 meters including all standard single-mode fiber (SMF-28).
The performance of the Q-switched pulsed laser was measured using an optical spectrum
analyzer OSA (Anritsu, MS97010C), a digital oscilloscope (OSC) with 3GHz bandwidth
(Gwinstek, GSP-9300B), a radio frequency spectrum analyzer (RFSA) (Anritsu,
MS2803A), an InGaAs photodetector (Thorlabs: DET10D/M) and optical power meter
(OPM) (Thorlabs, PM100D). The combination of these devices is utilized to collect the

required data.
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4.2 Q-switching Pulse Generation at 1.55-micron region for Molybdenum
Disulfide MoS: Saturable Absorber

The molybdenum disulfide saturable absorber MoS»>-SA used in this experiment was
prepared through the electro-deposition method as described in section 3.1.4.2 while the
experiment setup is presented in section 4.1. The observation of the continuous-wave
(CW) laser operation occurs at a pump power of 10 mW and at the wavelength of 1561.9
nm. The Q-switch pulses emerge when reaching the threshold pump power of 51.67mW
and the pump power is gradually increases up to 105.27mW. A stable self-starting Q-
switched pulse is observed in this pump power range. As the pump power further
increases beyond 130mW, the Q-switch pulse train becomes unstable and vanishes. On
the other hand, the absence of Q-switching operation is observed when the MoS>-SA is

removed from the cavity thereby confirming the role of MoS;-SA as a Q-switcher.
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Figure 4.2: Output spectrum of continuous wave (CW) and Q-switched (QS)
pulse at threshold pump power of 105.27 mW.

Figure 4.2 above illustrates the optical spectrum wavelength of Q-switched and
continuous-wave operation which were obtained with and without SA at the maximum
pump power of 105.27 mW. The peak laser wavelength was blue-shifted from 1561.9 nm

to 1559.3 nm after the MoS2-SA was incorporated into the cavity. It is observed that the
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optical spectrum slightly broadens during Q-switching operation compared to
continuous-wave (CW) operation. The Q-switched laser exhibits a 3 dB spectral
bandwidth of 0.8 nm which is broader than the 0.2 nm bandwidth observed in the
continuous-wave (CW) laser. The shift towards shorter wavelengths is induced by the
loss increment within the cavity. Consequently, lasing occurs at lower wavelengths to

achieve higher amplification gain and to compensate for the additional losses.
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Figure 4.3: Repetition rate and pulse width of Q-switched EDFL within
51.67mW - 105.27mW

Figure 4.3 shows the repetition rate and pulse width against pump power. The pulse
repetition rate increased almost linearly against the pump power whereas the pulse width
decreases almost linearly against the pump power. In this scenario, the pulse repetition
rate of the Q-switched fiber laser increases from 57.47kHz to 89.89kHz through varying
the pump power from 51.67mW to 105.27mW whereas the pulse width reduces from 7.05
us to 4.75 ps. By increasing the pump power within the laser cavity, it accelerates the
gain population excitation process which ultimately leads to the achievement of the
saturation state. Hence, a higher pulse repetition rate with narrower pulse width is
achieved. The trend of increasing pulse repetition rate with increased pump power while

decreasing pulse width aligns with the principles of passive Q-switching theory. The pulse
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train becomes unstable and vanishes as the pump power increases beyond 130 mW which

potentially due to the limitation of MoS2 SA recovery time.
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Figure 4.4: Output power and pulse energy of Q-switched EDFL within

51.67mW —105.27mW

Pulse Energy (nJ)

Figure 4.4 illustrates the correlation between the average output power and pulse

energy of the Q-switched fiber laser in relation to pump power. The output power rises

from 0.517mW to 1.35ImW when the pump power increases from 51.67mW to

105.27mW. The slope efficiency of this Q-switched fiber laser is 1.57% calculated from

the gradient of the output power with respect to pump power. Additionally, the pulse

energy increased from 8.99 nJ to 15.03 nJ and started to reach saturation state at pump

power of 130mW. This indicated that the MoS, saturable absorber has reached the

damage threshold of Q-switching operation. When the pump power exceeds 130 mW,

MoS2 is unable to fully recover leading to its inability to perform saturable absorption

and become transparent within the cavity.

123



ARRRR

0 50 100 150 200 250 300
Time (ps)

Figure 4.5: Oscilloscope pulse train at pump power of 105.27 mW
Figure 4.5 illustrates the oscilloscope trace of Q-switched pulses at pump power of
105.27 mW. At this pump power, the pulse duration is measured at 4.75 ps corresponding
to a frequency of 89.89 kHz. The oscilloscope trace shows that the Q-switching operation
is highly consistent throughout the observed time span. To assess the stability of the pulse,
an RF spectrum is obtained for evaluation as shown in Figure 4.6. The RF spectrum of
the Q-switched pulse demonstrates remarkable stability featuring a signal-to-noise ratio

(SNR) of approximately 62.28 dB at the fundamental frequency of 89.89 kHz.
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Figure 4.6: RF spectrum at 89.89 kHz
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Ultimately, the output spectrum was examined over time to investigate the long-term
stability of the Q-switched laser as depicted in Figure 4.7. The laser pulse was recorded
at intervals of 30 minutes covering a total duration of 210 minutes. All the pulses operated
around the wavelength of 1559.3nm with optical power intensity fluctuating about -
8dBm. All samples closely resembled each other thereby confirming the stability of the
pulsed laser. Furthermore, this demonstrates that the proposed MoS, saturable absorber

can operate for an extended duration without experiencing any pulse disturbance.

Figure 4.7: Sustained performance of the Q-switched fiber laser over a duration
of 210 minutes with intervals of 30 minutes
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4.3 Q-switching Pulse Generation at 1.55-micron region for Molybdenum
Diselenide MoSe:z Saturable Absorber

The molybdenum diselenide saturable absorber MoSe>-SA used in this experiment
was prepared through the electro-deposition method as described in section 3.1.4.2 while
the experiment setup is presented in section 4.1. The observation of the continuous-wave
(CW) laser operation occurs at a pump power of 20 mW and at the wavelength of 1563
nm. The Q-switch pulses emerge when reaching the threshold pump power of 76.75 mW
and the pump power is gradually increases up to 108.05 mW. A stable self-starting Q-
switched pulse is observed in this pump power range. As the pump power further
increases beyond 120mW, the Q-switch pulse train becomes unstable and vanishes. On
the other hand, the absence of Q-switching operation is observed when the MoSe>-SA is

removed from the cavity thereby confirming the role of MoSe>-SA as a Q-switcher.
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Figure 4.8: Output spectrum of continuous wave (CW) and Q-switched (QS)
pulse at threshold pump power of 108.05 mW

Figure 4.8 above illustrates the optical spectrum wavelength of Q-switched and
continuous-wave operation which were obtained with and without SA at the maximum
pump power of 108.05 mW. The peak laser wavelength was blue-shifted from 1563 nm

to 1533 nm and 1529 nm after the MoSe>-SA was incorporated into the cavity. It is
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observed that the optical spectrum has two peak wavelengths during Q-switching
operation. The shift towards shorter wavelengths is induced by the loss increment within
the cavity. Consequently, lasing occurs at lower wavelengths to achieve higher

amplification gain and to compensate for the additional losses.
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Figure 4.9: Repetition rate and pulse width of Q-switched EDFL within
76.75mW — 108.05mW

Figure 4.9 shows the repetition rate and pulse width against pump power. The pulse
repetition rate increased almost linearly against the pump power whereas the pulse width
decreases almost linearly against the pump power. In this scenario, the pulse repetition
rate of the Q-switched fiber laser increases from 74.85 kHz to 87.41 kHz through varying
the pump power from 76.75 mW to 108.05 mW whereas the pulse width reduces from
5.16 ps to 4.22 ps. By increasing the pump power within the laser cavity, it accelerates
the gain population excitation process which ultimately leads to the achievement of the
saturation state. Hence, a higher pulse repetition rate with narrower pulse width is
achieved. The trend of increasing pulse repetition rate with increased pump power while

decreasing pulse width aligns with the principles of passive Q-switching theory. The pulse
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train becomes unstable and vanishes as the pump power increases beyond 120 mW which

potentially due to the limitation of MoSe> SA recovery time.
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Figure 4.10: Output power and pulse energy of Q-switched EDFL within

76.75SmW — 108.05SmW

Figure 4.10 illustrates the correlation between the average output power and pulse

energy of the Q-switched fiber laser in relation to pump power. The output power rises

from 2.365 mW to 3.83 mW when the pump power increases from 76.75 mW to 108.05

mW. The slope efficiency of this Q-switched fiber laser is 4.68 % calculated from the

gradient of the output power with respect to pump power. Additionally, the pulse energy

increased from 31.6 nJ to 43.8 nJ and started to reach saturation state at pump power of

120mW. This indicated that the MoSe, saturable absorber has reached the damage

threshold of Q-switching operation. When the pump power exceeds 120 mW, MoSe> is

unable to fully recover leading to its inability to perform saturable absorption and become

transparent within the cavity.
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Figure 4.11: Oscilloscope pulse train at pump power of 108.05 mW
Figure 4.11 illustrates the oscilloscope trace of Q-switched pulses at pump power of
108.05 mW. At this pump power, the pulse duration is measured at 4.22 ps corresponding
to a frequency of 87.41 kHz. The oscilloscope trace shows that the Q-switching operation
is highly consistent throughout the observed time span. To assess the stability of the pulse,
an RF spectrum is obtained for evaluation as shown in Figure 4.12. The RF spectrum of
the Q-switched pulse demonstrates remarkable stability featuring a signal-to-noise ratio

(SNR) of approximately 39.99 dB at the fundamental frequency of 8§7.41 kHz.
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Figure 4.12: RF spectrum at 87.41 kHz
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4.4 Q-switching Pulse Generation at 1.55-micron region for Molybdenum
Ditelluride MoTe:2 Saturable Absorber

The molybdenum ditelluride saturable absorber MoTe>-SA used in this experiment
was prepared through the electro-deposition method as described in section 3.1.4.2 while
the experiment setup is presented in section 4.1. The observation of the continuous-wave
(CW) laser operation occurs at a pump power of 10 mW and at the wavelength of 1562
nm. The Q-switch pulses emerge when reaching the threshold pump power of 51.67mW
and the pump power is gradually increases up to 89.19 mW. A stable self-starting Q-
switched pulse is observed in this pump power range. As the pump power further
increases beyond 100mW, the Q-switch pulse train becomes unstable and vanishes. On
the other hand, the absence of Q-switching operation is observed when the MoTe>-SA is

removed from the cavity thereby confirming the role of MoTez-SA as a Q-switcher.
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Figure 4.13: Output spectrum of continuous wave (CW) and Q-switched (QS)
pulse at threshold pump power of 89.19 mW

Figure 4.13 above illustrates the optical spectrum wavelength of Q-switched and
continuous-wave operation which were obtained with and without SA at the maximum

pump power of 89.19 mW. The peak laser wavelength was blue-shifted from 1562 nm to

130



1558.6 nm after the MoTe>-SA was incorporated into the cavity. It is observed that the
optical spectrum slightly broadens during Q-switching operation compared to
continuous-wave (CW) operation. The shift towards shorter wavelengths is induced by

the loss increment within the cavity. Consequently, lasing occurs at lower wavelengths to

achieve higher amplification gain and to compensate for the additional losses.
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Figure 4.14: Repetition rate and pulse width of Q-switched EDFL within
51.67mW — 89.19mW

Figure 4.14 shows the repetition rate and pulse width against pump power. The pulse
repetition rate increased almost linearly against the pump power whereas the pulse width
decreases almost linearly against the pump power. In this scenario, the pulse repetition
rate of the Q-switched fiber laser increases from 40.57 kHz to 61.07 kHz through varying
the pump power from 51.67 mW to 89.19 mW whereas the pulse width reduces from 8.43
us to 4.98 us. By increasing the pump power within the laser cavity, it accelerates the
gain population excitation process which ultimately leads to the achievement of the
saturation state. Hence, a higher pulse repetition rate with narrower pulse width is
achieved. The trend of increasing pulse repetition rate with increased pump power while

decreasing pulse width aligns with the principles of passive Q-switching theory. The pulse
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train becomes unstable and vanishes as the pump power increases beyond 100 mW which

potentially due to the limitation of MoTe> SA recovery time.
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Figure 4.15: Output power and pulse energy of Q-switched EDFL within

51.67mW — 89.19mW

Figure 4.15 illustrates the correlation between the average output power and pulse

energy of the Q-switched fiber laser in relation to pump power. The output power rises

from 0.299 mW to 0.673 mW when the pump power increases from 51.67 mW to 89.19

mW. The slope efficiency of this Q-switched fiber laser is 0.996 % calculated from the

gradient of the output power with respect to pump power. Additionally, the pulse energy

increased from 7.37 nJ to 11.02 nJ and started to reach saturation state at pump power of

100mW. This indicated that the MoTe, saturable absorber has reached the damage

threshold of Q-switching operation. When the pump power exceeds 100 mW, MoTe: is

unable to fully recover leading to its inability to perform saturable absorption and become

transparent within the cavity.
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Figure 4.16: Oscilloscope pulse train at pump power of 89.19 mW
Figure 4.16 illustrates the oscilloscope trace of Q-switched pulses at pump power of
89.19 mW. At this pump power, the pulse duration is measured at 4.98 us corresponding
to a frequency of 61.07 kHz. The oscilloscope trace shows that the Q-switching operation
is highly consistent throughout the observed time span. To assess the stability of the pulse,
an RF spectrum is obtained for evaluation as shown in Figure 4.17. The RF spectrum of
the Q-switched pulse demonstrates remarkable stability featuring a signal-to-noise ratio

(SNR) of approximately 57.52 dB at the fundamental frequency of 61.07 kHz.
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Figure 4.17: RF spectrum at 61.07 kHz
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Ultimately, the output spectrum was examined over time to investigate the long-term
stability of the Q-switched laser as depicted in Figure 4.18. The laser pulse was recorded
at intervals of 30 minutes covering a total duration of 210 minutes. All the pulses operated
around the wavelength of 1558.6 nm with optical power intensity fluctuating about -
10dBm. All samples closely resembled each other thereby confirming the stability of the
pulsed laser. Furthermore, this demonstrates that the proposed MoTe; saturable absorber

can operate for an extended duration without experiencing any pulse disturbance.

Figure 4.18: Sustained performance of the Q-switched fiber laser over a
duration of 210 minutes with intervals of 30 minutes

4.5 Q-switching Pulse Generation at 2 -micron region for Molybdenum
Ditelluride MoTe: Saturable Absorber

The molybdenum ditelluride saturable absorber MoTe>-SA used in this experiment

was prepared through the electro-deposition method as detailed in section 3.1.4.2. The

experimental setup is presented in section 4.1 with slight modifications. The original
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setup was designed for 1.5 um fiber laser while this modification accommodates 2 um

region.

Figure 4.19: Modified experiment setup for producing Q-switched fiber lasers in
2 pm region

The modified experimental setup of the thulium-doped fiber ring laser with the MoTe»-
SA is illustrated in Figure 4.19. The laser cavity is replaced with a pump source which is
a homemade Erbium-Ytterbium-doped fiber operating at 1552 nm. The laser source has
a peak power of 997.26 mW and the power can be adjusted using a laser diode controller
(Arroyo Instruments: 4320). Similar to the prior experimental configuration outlined in
section 4.1, the 980/1550 wavelength division multiplexer (WDM) has been replaced
with a 1550nm/2000nm wavelength division multiplexer (WDM). Subsequently, the 2-
meter-long erbium-doped fiber (EDF) is also replaced by a 2.5 m thulium-doped fiber.
Initially, the laser source is connected to a 1550nm/2000nm wavelength division
multiplexer (WDM). The output from the wavelength division multiplexer WDM is
connected to the 5 m thulium-doped fiber which functions as the linear gain medium

within the cavity. The output of the thulium-doped fiber is connected to the MoTez-SA
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which is securely positioned between two fiber connectors through a fiber adaptor with
the assistance of index matching gel to ensure its adhesion to the fiber ferrule. Finally,
the connection is linked to a 95:5 output coupler with the 95% port of the output coupler
connected to the 2000 nm port of the WDM to complete the laser ring cavity. The 95:5
coupler is employed to facilitate the return of a greater amount of pump power back to
the cavity. Ultimately, the 5% portion of the laser output was extracted for measurements.
The output signal was analyzed using a mid-infrared spectrometer (Miriad S3) for spectral
analysis. To conduct measurements in both the time domain and frequency domain, an
oscilloscope equipped with a built-in 1 GHz radio frequency spectrum analyzer
(GWINSTEK: MDO-2302AG) is utilized. In order to monitor the laser pulse in time
domain, the oscilloscope was coupled with a 12.5 GHz 2 um InGaAs photodetector
(EOT: ET-5000F). For measuring the output power, an optical power meter (Thorlabs:
PM100D) is employed. The combination of these devices is utilized to collect the required
data. The Q-switched laser pulse was immediately generated upon inserting the MoTe>-
SA into the laser cavity thereby eliminating the need for a polarization controller in the
setup. The overall length of the cavity used for Q-switched operation is approximately 6

meters including all standard single-mode fiber (SMF-28).

The observation of the continuous-wave (CW) laser operation occurs at a pump power
of 415.57 mW and at the wavelength of 1966.1 nm. The Q-switch pulses emerge when
reaching the threshold pump power of 570.3 mW and the pump power is gradually
increases up to 677.04 mW. A stable self-starting Q-switched pulse is observed in this
pump power range. As the pump power further increases beyond 700 mW, the Q-switch
pulse train becomes unstable and vanishes. On the other hand, the absence of Q-switching
operation is observed when the MoTe>-SA is removed from the cavity thereby confirming

the role of MoTe>-SA as a Q-switcher.
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Figure 4.20: Output spectrum of continuous wave (CW) and Q-switched (QS)

pulse at threshold pump power of 677.04 mW

Figure 4.20 above illustrates the optical spectrum wavelength of Q-switched and

continuous-wave operation which were obtained with and without SA at the maximum

pump power of 677.04 mW. The peak laser wavelength was blue-shifted from 1966.1 nm

to 1910.3 nm after the MoTe>-SA was incorporated into the cavity. The shift towards

shorter wavelengths is induced by the loss increment within the cavity. Consequently,

lasing occurs at lower wavelengths to achieve higher amplification gain and to

compensate for the additional losses.
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Figure 4.21: Repetition rate and pulse width of Q-switched TDFL within
570.30mW - 677.04mW

Figure 4.21 shows the repetition rate and pulse width against pump power. The pulse
repetition rate increased almost linearly against the pump power whereas the pulse width
decreases almost linearly against the pump power. However, the pulse width reduction
becomes stagnant above pump power of 650 mW due to saturation of the saturable
absorber. In this scenario, the pulse repetition rate of the Q-switched fiber laser increases
from 23.53 kHz to 41.61 kHz through varying the pump power from 570.30 mW to
677.04 mW whereas the pulse width reduces from 4.82 ps to 3.05 ps. By increasing the
pump power within the laser cavity, it accelerates the gain population excitation process
which ultimately leads to the achievement of the saturation state. Hence, a higher pulse
repetition rate with narrower pulse width is achieved. The trend of increasing pulse
repetition rate with increased pump power while decreasing pulse width aligns with the
principles of passive Q-switching theory. The pulse train becomes unstable and vanishes
as the pump power increases beyond 700 mW which potentially due to the limitation of

MoTe; SA recovery time.
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Figure 4.22: Output power and pulse energy of Q-switched TDFL within
570.30mW - 677.04mW
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Figure 4.22 illustrates the correlation between the average output power and pulse
energy of the Q-switched fiber laser in relation to pump power. The output power rises
from 0.05 mW to 0.173 mW when the pump power increases from 570.30 mW to 677.04
mW. The slope efficiency of this Q-switched fiber laser is 0.12 % calculated from the
gradient of the output power with respect to pump power. Additionally, the pulse energy
increased from 1.912 nJ to 4.158 nJ and started to reach saturation state at pump power
of 700 mW. This indicated that the MoTe> saturable absorber has reached the damage
threshold of Q-switching operation. When the pump power exceeds 700 mW, MoTe: is
unable to fully recover leading to its inability to perform saturable absorption and become

transparent within the cavity.
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Figure 4.23: Oscilloscope pulse train at pump power of 677.04 mW
Figure 4.23 illustrates the oscilloscope trace of Q-switched pulses at pump power of
677.04 mW. At this pump power, the pulse duration is measured at 3.05 ps corresponding
to a frequency of 41.61 kHz. The oscilloscope trace shows that the Q-switching operation
is highly consistent throughout the observed time span. To assess the stability of the pulse,

an RF spectrum is obtained for evaluation as shown in Figure 4.24. The RF spectrum of
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the Q-switched pulse demonstrates remarkable stability featuring a signal-to-noise ratio

(SNR) of approximately 47.60 dB at the fundamental frequency of 41.61 kHz.
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Table 4.1 presents the performance of electro-deposited TMDs -MoS>, MoSe; and

MoTe; as saturable absorbers in the generation of Q-switched pulse lasers.

Table 4.1: Performance of TMDs saturable absorber (SA) for Q-switched

operation

No. SA Region | Q-switched | Frequency | Input  |Output | Pulse | SNR

pm wavelength | kHz pump | power | Energy | dB
nm power | mW | nJ
mW

1. MoS, |1.55 1559.3 57.47- 51.67— |0.517— | 8.99- |62.28
89.89 105.27 | 1.351 | 15.03

2. MoSe: | 1.55 1529;1533 | 74.85- 76.75- | 2.365- | 31.6- |39.99
87.41 108.05 | 3.83 |43.8

3. MoTez | 1.55 1558.6 40.57- 51.67— | 0.299- | 7.37- | 57.52
61.07 89.89 |0.673 | 11.02

4. MoTez | 2.00 1910.3 23.53- 570.30- | 0.05- | 1.912- | 47.60
41.61 677.04 | 0.173 | 4.158
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The above Table 4.1 indicates that 2D transition metal dichalcogenides TMDs
saturable absorbers are capable of generating Q-switched fiber lasers. However, the table
above also demonstrates that various TMD materials exhibit different performance
characteristics. Factors such as the choice of a chemical compound can influence the
performance of these 2D TMD saturable absorbers in generating Q-switched pulses.
During the experimental process, using selenium to generate Q-switched pulses proves to
be more challenging when compared to sulfur and tellurium. Furthermore, the fabrication
time in this research will also impact the performance of these 2D TMDs saturable
absorbers. Certain TMD material may require a shorter fabrication time (thinner layer)
compared to other TMD material. Some thinner SAs may easily generate Q-switched
pulses whereas certain Q-switched pulses required a thicker SA for higher damage
threshold. Therefore, the fabrication of these TMDs saturable absorber is guided by the
experience gained through testing these SAs in the cavity. Moreover, the frequency of Q-
switched pulses is heavily dependent on both the compound material and the fabrication
time. For example, using the same material with varying fabrication times will result in
different frequency outputs. Thus, we cannot definitively determine which saturable

absorbers outperform others in any given situation.
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CHAPTER 5: MODE-LOCKED PULSE GENERATION OF FABRICATED
SATURABLE ABSORBER

5.1 Experimental setup for mode-locked fiber laser

Figure 5.1 shows the experimental setup used to generate passive mode-locked fiber
lasers. The experimental arrangement closely resembles the one detailed in section 4.1
with minor adjustments made to incorporate an additional component. The initial
configuration outlined in section 4.1 was designed for the generation of Q-switched pulse
lasers. To achieve mode-locking operation, an additional fiber length is necessary to
interplay with both the normal cavity dispersion and the nonlinear effect within the fiber
ring cavity. Balancing the dispersion and nonlinearity is crucial for generating mode-
locked laser pulses. Thus, a stable mode-locking regime can be generated only with the
appropriate cavity length with the addition of 100m SMF-28 to the cavity. The
combination of dispersion and nonlinear effect can lead to the formation of an optical
pulse where the wave is stable and unchanged during its propagation through the fiber.
Under these conditions, the pulse would propagate undistorted due to the mutual
compensation of dispersion and self-phase modulation and hence this solitary wave pulse
is referred to as a soliton. The dispersion and nonlinearity characteristics of the EDFL
cavity were schematically designed to evaluate the ability of TMDs SA in generating
mode-locking pulses at a wavelength of 1.55 pm. Further reducing the additional SMF
length may result in decreased cavity dispersion which leads to an imbalance in
compensation thereby hindering the generation of mode-locked pulses. The remaining
aspects of the experimental design closely resemble the configuration used for Q-switch
generation. The fiber laser ring cavity was assembled using a wavelength division
multiplexer (WDM), an erbium-doped fiber (EDF), a polarization-independent isolator
(PI-ISO), a polarization controller, output couplers and single-mode fiber (SMF). A gain

medium was deployed using a 2-meter-long erbium-doped fiber (EDF) with specific
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parameters including a numerical aperture of 0.16, a core diameter of 4 um, a group
velocity dispersion (GVD) of 27.6 ps*’km and a peak absorption of 23 dB/m.
Subsequently, the 980 nm laser diode power-pumps the Erbium-doped fiber (EDF) gain
medium through a 980/1550 wavelength division multiplexer (WDM). A polarization
controller in the cavity is used to adjust the polarization state of light circulation that is
favorable for pulse optimization. Following that, the laser is directed into a polarization-
independent optical isolator (PI-ISO). The purpose of employing this optical isolator is to
prevent back reflections of light into the laser source and to maintain the unidirectional
propagation of the laser beam within the cavity. After the polarization-independent
optical isolator (PI-ISO), the fabricated TMDs saturable absorber SA is incorporated into
the laser cavity to modulate intracavity loss and consequently transforming the
continuous wave (CW) laser into mode-locked pulsed lasers. The saturable absorber (SA)
is placed between two fiber connectors through a fiber adaptor. The saturable absorber
(SA) is securely positioned with the assistance of index matching gel to ensure its
adhesion to the fiber ferrule. Following that, the laser is directed into the coupler which
divides the output laser for performance investigations. Two different output couplers
(OC) with coupling ratios of 50:50 and 95:5 were employed to examine the quality of Q-
switched formation. The 95:5 coupler is utilized to enable more pump power to be
returned to the cavity through which 95% laser light is circulated back into the cavity
through the 1550 nm port of the WDM. To observe the laser performance on the 5%
output coupler, the 50:50 coupler is introduced to concurrently split the output laser for
real-time data measurements using two different measuring devices. The overall length
of the cavity used for mode-locked operation is approximately 106 meters including the

additional of standard single-mode fiber (SMF-28).
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Figure 5.1: Experiment setup for producing Mode-locked fiber lasers (Dutta,
2024)

The performance of the mode-locked pulsed laser was measured using an optical
spectrum analyzer OSA (Anritsu, MS97010C), a digital oscilloscope (OSC) with 3GHz
bandwidth (GW Instek, GSP-9300B), a radio frequency spectrum analyzer (RFSA)
(Anritsu, MS2803A), an InGaAs photodetector (Thorlabs: DET10D/M) and optical
power meter (OPM) (Thorlabs, PM100D). Due to the constrain of the oscilloscope, an
additional piece of equipment called an autocorrelator (Alnair Labs HAC- 200) is needed
in mode-locked pulse measurement to investigate the pulse width in picosecond or even
in femtosecond region. Since the pulse width is extremely narrow, the oscilloscope is
incapable of measuring such small resolutions. Therefore, an auto-correlator is employed
to accurately determine the pulse width. Alternatively, the pulse width can be
mathematically calculated based on time-bandwidth-product (TBP). These devices are

employed in combination to gather the necessary data.
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5.2 Mode-Locked Pulse Generation at 1.55-micron region for Molybdenum
Disulfide MoS:2 Saturable Absorber SA thin film

The molybdenum disulfide saturable absorber MoS>-SA used in this experiment was
prepared through the electro-deposition method as described in section 3.1.4.2 while the
experiment procedure is presented in section 5.1. The experimental visualization of the
ultrafast laser is depicted in a standard ring Erbium-doped fiber laser (EDFL) as illustrated
in Figure 5.1. The MoS; thin film with an insertion loss of 2.86 dB is incorporated into
the ring cavity using a sandwiching technique. Initially, the ring laser cavity is operated
in continuous wave (CW) region at the wavelength of 1564.65 nm at a pump power of 20
mW. By precisely tuning the sandwiched fiber ferrule and gradually increasing the pump
power, the laser cavity self-started into the mode-locking operation at pump power of
78.5 mW. The cavity maintains stable mode-locking operation as the pump power
increases within the range of 78.5 mW to 142.8 mW. The mode-locked laser spectrum is
centered at 1560.8 nm with a 3 dB spectral bandwidth of 2.5 nm as depicted in Figure
5.2. The high net cavity dispersion and minimal nonlinearity induced by the laser pump
had caused the narrow spectrum in the mode-lock operation. The spectrum reveals the
observable presence of obvious Kelly spectral sidebands indicating that the fiber laser is

operating in the soliton regime.
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Figure 5.2: Optical spectrum of mode-locked EDFL at pump power of 142.8mW
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Figure 5.3: Mode-locked pulse train
The mode-locking operation is more observable in time domain as depicted in Figure
5.3. The oscilloscope captures a repetitive pulse train with a pulse repetition rate of 1.88
MHz. The round-trip time of 532 ns aligns well with the cavity length of 106 m. The
accurate measurement of the pulse width was not realized due to the limitations of the

oscilloscope. Therefore, an autocorrelator is used to perform the autocorrelation based on
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Sech? fitting to determine the pulse width. As depicted in Figure 5.4, the measured pulse
is accurately fitted by the hyperbolic Sech? function with a full width at half maximum
(FWHM) yielding a pulse width of 1.47 ps which suggests that the fiber laser operates in

a high stable regime.
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The analysis of the output power and average pulse energy is further presented in
Figure 5.5. As the pump power rises from 78.5 mW to 142.8 mW, both the output power
and average pulse energy exhibit a linear increase with an R? value of 0.9939. Within the
tuning range of pump power, the recorded output power ranges from 0.44 mW to 0.83
mW resulting in a laser efficiency of 0.62%. Additionally, the maximum recorded average
pulse energy is 0.44 nJ at a pump power of 142.8 mW. The mode-locking operation is
restricted by the maximum power of the pump laser diode, nevertheless, this MoS:

saturable absorbers exhibit a high potential to operate at pump powers beyond 142.8 mW.
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Figure 5.6: RF spectrum of the mode-locked laser

Alternatively, the stability of the mode-locked laser is examined in the frequency
domain as depicted in Figure 5.6. The fundamental frequency is measured at 1.88 MHz
which aligns well with the pulse repetition rate observed in the time domain depicted in
Figure 5.3. The signal-to-noise ratio is recorded at 53.67 dB signifying high stability of
the mode-locked laser. The mode-locked laser has been continuously operational in the
laboratory environment for approximately 8 hours with no noticeable wavelength shift or
intensity degradation observed throughout the operation period as illustrated in Figure

5.7. On the other hand, the absence of mode-locking operation is observed when the
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MoS,-SA is removed from the cavity thereby confirming the role of MoS>-SA as a mode-

locker.

Figure 5.7: Stability test based on optical spectrum
5.3 Mode-Locked Pulse Generation at 1.55-micron region for Molybdenum
Ditelluride MoTez Saturable Absorber SA thin film

The molybdenum ditelluride saturable absorber MoTe>-SA used in this experiment
was prepared through the electro-deposition method as described in section 3.1.4.2 while
the experiment procedure is presented in section 5.1. The experimental visualization of
the ultrafast laser is depicted in a standard ring Erbium-doped fiber laser (EDFL) as
illustrated in Figure 5.1. The MoTe> thin film with an insertion loss of 4.54 dB is
incorporated into the ring cavity using a sandwiching technique. Initially, the ring laser
cavity is operated in continuous wave (CW) region at the wavelength of 1564.65 nm at a
pump power of 20 mW. By precisely tuning the sandwiched fiber ferrule and gradually
increasing the pump power, the laser cavity self-started into the mode-locking operation
at pump power of 94.55 mW. The cavity maintains stable mode-locking operation as the
pump power increases within the range of 94.55 mW to 158.87 mW. Figure 5.8 shows

the typical bell-shape mode-locking optical spectrum centered at 1558nm with 3-dB
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spectral bandwidth of 0.3 nm. The high net cavity dispersion and minimal nonlinearity

induced by the laser pump had caused the narrow spectrum in the mode-lock operation.
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Figure 5.8: Output optical spectrum of conventional mode-locked using MoTe:
SA with a pump power of 158.87mW
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Figure 5.9: Oscilloscope trace of conventional mode-locked using MoTez SA

with a pump power of 158.87mW

The mode-locking operation is more observable in time domain as depicted in Figure

5.9. The oscilloscope captures a repetitive pulse train with a pulse repetition rate of 1.83

MHz. The oscilloscope pulse trace displays a consistently uniform intensity with a pulse-

to-pulse interval of 547 ns that corresponds with the cavity's roundtrip time. The round-

trip time aligns well with the cavity length of 106 m. As the pulse width falls within the

nanosecond range, the oscilloscope can measure the output signal without requiring an

autocorrelator in this scenario. Even when employing an autocorrelator for this pulse

measurement, it proves unsuccessful because of the broader pulse width. The

autocorrelator is utilized to execute autocorrelation employing a Sech? fitting method to

ascertain the pulse width typically measured in picoseconds (ps) or femtoseconds (fs).
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The analysis of the output power and average pulse energy is further presented in

Figure 5.10. As the pump power rises from 94.55.5 mW to 158.87 mW, both the output

power and average pulse energy exhibit a linear increase. Within the tuning range of pump
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power, the recorded output power ranges from 3.42 mW to 6.72 mW resulting in a laser
efficiency of 5.13%. Additionally, the maximum recorded average pulse energy is 3.67
nJ at a pump power of 158.87 mW. When the input pump power exceeds 200mW, the
stability of the mode-locking operation is compromised leading to observable fluctuations
in the spectrum. Nevertheless, mode-locked pulses reappear upon reducing the pump

power to 160 mW.
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Figure 5.11: RF of Conventional mode-locked using MoTe2 SA with a pump
power of 158.87 mW

Alternatively, the stability of the mode-locked laser is examined in the frequency
domain as depicted in Figure 5.11. The fundamental frequency is measured at 1.83 MHz
which aligns well with the pulse repetition rate observed in the time domain depicted in
Figure 5.9. The signal-to-noise ratio is recorded at 67.57 dB signifying high stability of
the mode-locked laser. In the mode-locking operation, a stable pulse is achieved at 1.83
MHz as depicted in Figure 5.12 where the graphs plot the repetition rate against the pump
power. In the figure, the repetition rate remains consistently stable, and there is no
observable significant fluctuation in the line. With further improvement, this developed

device has the potential to become commercially viable.
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Figure 5.12: Repetition rate as a function of pump power
Furthermore, the mode-locked laser has been continuously operational in the
laboratory environment for approximately 8 hours with no noticeable wavelength shift or
intensity degradation observed throughout the operation period as illustrated in Figure
5.13. To validate the mode-locked state of this fiber laser, the MoTe>-SA is removed from
the laser cavity. Despite adjusting the input pump power and polarization controller across
their entire ranges, mode-locked operation is not detected. Therefore, this confirms that

the mode-locking operation is contributed by the MoTe: saturable absorber.
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5.4

Figure 5.13: Stability test based on optical spectrum

Summary

Table 5.1 presents the performance of electro-deposited TMDs -MoS; and MoTe: as

saturable absorbers in the generation of passive mode-locked fiber lasers.

Table 5.1: Performance of TMDs saturable absorber (SA) for mode-locked

operation
No. SA Region | Mode- Frequency | Pulse Input  |Output | Pulse | SNR
pm locked MHz Width | pump | power | Energy | dB
wavelength power | mW | nJ
nm mW
1. MoS2 | 1.55 1560.8 1.88 147 ps | 78.5— (0.44— | 0.23- |53.67
142.8 | 0.834 | 0.44
2. MoSe2 | NA NA NA NA NA NA NA NA
3. MoTez | 1.55 1558 1.83 225ns | 94.55-|342—- | 1.87- |67.57
158.87 | 6.72 | 3.67

The above Table 5.1 indicates that 2D transition metal dichalcogenides TMDs

saturable absorbers are capable of generating mode-locked fiber lasers. However, the
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table above also demonstrates that various TMD materials exhibit different performance
characteristics. Factors such as the choice of a chemical compound can influence the
performance of these 2D TMD saturable absorbers in generating mode-locked pulses.
During the experimental process, using selenium to generate mode-locked pulses proves
to be more challenging when compared to sulfur and tellurium. Therefore, we are unable
to achieve mode-locked pulses for MoSe,. Furthermore, the fabrication time in this
research will also impact the performance of these 2D TMDs saturable absorbers. Certain
TMD material may require a shorter fabrication time (thinner layer) compared to other
TMD material. Some thinner SAs may easily generate mode-locked pulses whereas
certain mode-locked pulses required a thicker SA for higher damage threshold. Therefore,
the fabrication of these TMDs saturable absorber is guided by the experience gained
through testing these SAs in the cavity. Moreover, the frequency of mode-locked pulses
is heavily dependent on both the compound material and the fabrication time. For
example, using the same material with varying fabrication times will result in different
frequency outputs. Thus, we cannot definitively determine which saturable absorbers

outperform others in any given situation.
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CHAPTER 6: CONCLUSION AND FUTURE DIRECTION

This chapter concludes the research by presenting a comprehensive summary of all the
successful work done in this thesis. In overview, this thesis discloses the experimental
validation of Q-switched and mode-locked fiber lasers through the implementation of an
innovative fabrication technique for transition metal dichalcogenides (TMDs)
incorporating MoSz, MoSe; and MoTe: as saturable absorbers. The crucial findings and
implications of the research are deliberated upon and concisely outlined. Furthermore,
this thesis also explores the potential paths for future research aimed at improving the

performance of the pulsed lasers.

6.1 Conclusion

This thesis showcases the demonstration of Q-switched and mode-locked fiber lasers
in the generation of short pulses with minimal jitter in the 1.55- and 2-micron regions.
The successful generation of this ultrashort pulse laser is contributed by both the passive
saturable absorber and an optimized laser cavity. By thoroughly executing these four
workflows in section 1.4, this research successfully achieves the three predefined

objectives. Chapters 3, 4 and 5 address all of these objectives.

The saturable absorber utilized in this study was fabricated and prepared using 2D
materials. These 2D materials from the transition metal dichalcogenide group serve as the
fundamental material for the saturable absorber specifically MoS,, MoSe; and MoTe;.
The preparation of these transition metal dichalcogenides in this study employs a bottom-
up method in contrast to the conventional top-down approach. This innovative approach
is known as electro-deposition method. While this method has found application in other
research fields, it has not been utilized in the domain of Q-switched and mode-locked

fiber lasers.
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The first objective was accomplished with the successful fabrication of MoS,, MoSe,
and MoTe,. Subsequently, the second objective of this research was addressed by
conducting physical and optical characterizations of these SAs. Surface morphology and
the elemental composition of the prepared SAs were characterized using Field Emission
Scanning Electron Microscopy (FESEM) and Energy-dispersive X-ray Spectroscopy
(EDS). The analysis of the optical properties of the SAs are conducted using in-house
setups for linear and nonlinear absorption. The setup for linear absorption involved
connecting a white light source to the SA and the output was channeled to an optical
spectrum analyzer (OSA). Meanwhile, a twin balance detector technique was used to
investigate nonlinear absorption. The electro-deposited MoS2, MoSe, and MoTe: thin
film exhibit modulation depths of 3.4 %, 5.0 % and 1.7 % respectively. This makes them
well-suited for applications of Q-switching and mode-locking. Chapter 3 details the

fabrication and characterization of these SAs.

The third objective is to demonstrate various Q-switched and mode-locked pulse
generations in various fiber laser cavities using the fabricated SAs. As outlined in Chapter
4, the performances of the SAs have been duly verified through the successful generation
of stable Q-switched pulsed lasers in both the 1.5 and 2.0 um regions as indicated in Table
6.1. This concludes that all transition metal dichalcogenides (TMDs) SAs effectively
converted continuous-wave (CW) lasing into Q-switching operation. As detailed in
Chapter 5, the successful demonstration of mode-locked pulse generation was achieved
using the same fabricated SAs as illustrated in Table 6.2. These findings indicate that
electro-deposited TMDs have the capability to generate mode-locked pulses and show
significant potential for various photonics applications. With the successful generation of
Q-switched and mode-locked pulses using electro-deposited TMDs SAs, this thesis has
successfully fulfilled its overall objectives based on the experimental results. These

findings collectively indicate the potential of passive devices to inspire further
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advancements in laser technology. The performance of the pulsed laser aligns with recent

studies that highlight the significant potential of electro-deposited TMDs SAs as

promising candidates for both Q-switching and mode-locking applications.

Table 6.1: Performance of TMDs saturable absorber (SA) for Q-switched

operation

No. SA Region | Q-switched | Frequency | Input  |Output | Pulse | SNR

pm wavelength | kHz pump | power | Energy | dB
nm power | mW | nJ
mW

1. MoS> | 1.55 1559.3 57.47—- 51.67—10.517— | 8.99- [62.28
89.89 105.27 | 1.351 | 15.03

2. MoSe> | 1.55 1529;1533 | 74.85- 76.75- | 2.365- | 31.6- |39.99
87.41 108.05 |3.83 |43.8

3. MoTez | 1.55 1558.6 40.57— 51.67— | 0.299- | 7.37- | 57.52
61.07 89.89 |0.673 | 11.02

4. MoTe; | 2.00 1910.3 23.53- 570.30- | 0.05- | 1.912- | 47.60
41.61 677.04 | 0.173 | 4.158

Table 6.2: Performance of TMDs saturable absorber (SA) for mode-locked

operation
No. SA Region | Mode- Frequency | Pulse | Input |Output | Pulse | SNR
pm locked MHz Width | pump | power | Energy | dB
wavelength power |mW | nJ
nm mW
1. MoS: | 1.55 1560.8 1.88 147 ps | 78.5— (0.44 — | 0.23- |53.67
142.8 | 0.834 | 0.44
2. MoTe: | 1.55 1558 1.83 225ns | 94.55-|342—- | 1.87- |67.57
158.87 [ 6.72 | 3.67

Different 2D TMDs materials exhibit diverse performance characteristics as indicated

in the tables above. Several factors can influence the performance of these 2D TMDs

material SAs in producing Q-switched or mode-locked pulses including the choice of

chemical compound. The conducted experiment revealed that producing Q-switched or
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mode-locked pulses with Selenium (Se) is more challenging compared to sulfur and
tellurium. Therefore, we are unable to achieve mode-locked pulses for MoSe>. On the
other hand, the fabrication time of the electrodeposition process in this study will also
impact the performance of these 2D SAs. For instance, certain 2D TMDs materials may
require less fabrication time which results in thinner layers compared to other TMD
materials. Some thinner SA will easily produce Q-switch pulses while some thicker SA
will produce mode-lock pulses. Therefore, the experience gained from testing the SAs in
the cavity influences the variation in fabricating the new SA. Moreover, the frequency of
Q-switched and mode-locked pulses is highly dependent on both the compound material
and fabrication time. As an illustration, employing the same material but varying the
fabrication time will result in different frequency outputs. Therefore, it is not possible to

definitively determine which SAs outperform others in any given situation.

6.2 Future Direction

Although all the outlined objectives have been successfully accomplished, there is
room for further exploration in demonstrating Q-switched and mode-locked fiber lasers
based on TMDs SAs. Additional efforts should be directed towards improving the
performance of the proposed fiber laser specifically in terms of reducing pulse width,
increasing repetition rate, enhancing output power and improving the pulse energy.
Achieving this involves addressing a shorter cavity length and utilizing an improved gain
medium. Furthermore, future efforts should concentrate on investigating the electro-
deposited TMDs SAs from this study for operation in different wavelength regions
specifically in 1 um and 3.0 pm region respectively. Exploring Q-switched and mode-
locked fiber lasers operating in the 3.0 um region would be a highly interesting area for
investigation. On the other hand, exploring the development of new materials for fiber
laser applications would be an interesting research area. As electro-deposition has not

been attempted in fabricating SAs for pulse laser generation previously, this method can
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be extended to other TMDs materials groups including WS>, WSe,, WTe; and so on. In
addition, alternative conductive thin films such as ITO thin film and silver nanofilm can
be used as substrates for depositing TMDs materials SAs. Furthermore, this electro-
deposition method can be extended for the production of topological insulators including
materials like Bismuth Telluride (Bi2Tes), Bismuth Selenide (Bi2Ses;) and Antimony
Telluride (Sb2Tes). Another aspect of improvement includes enhancing the nonlinear
properties of the SAs particularly the modulation depth, absorption characteristics,
recovery time, damage threshold and wideband absorption. The modulation depth shows
a strong correlation with incident power density or thickness ratio which increases in
proportion to the density. A higher modulation depth is preferable as it results in a more
significant pulse shortening compared to a lower modulation depth. Moreover, the
incorporation of a saturable absorber into a well-balanced dispersion optical cavity can
lead to the generation of high-quality soliton pulses. Future improvements in the
fabrication of saturable absorbers can enhance the quality of the output pulse by
employing a thinner layer and ensuring a more uniform surface for the SAs film which
can minimize beam divergence and scattering effects. Ultrafast fiber lasers with broad
bandwidth, adjustability and high repetition rates are desirable for applications in high-
capacity telecommunication systems and photonic fields. At present, harmonic mode-
locking stands out as the most promising method for generating this type of pulsed laser.
Hence, future research should concentrate on advancing both the theory of high-
repetition-rate mode-locked cavities which is commonly referred to as harmonic mode-
locking and the experimental development of a highly stable passive harmonic mode-

locked erbium-doped fiber laser through cavity manipulation.
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6.3 Novelty and Significance of the Research Contribution

This research introduces significant novelty by exploring innovative fabrication
techniques and materials in the field of 2D saturable absorbers (SAs). By using electro-
deposition methods to produce molybdenum dichalcogenides of MoS:, MoSe:, and
MoTe: as passive saturable absorbers, this study addresses the current challenges related
to the consistency and reproducibility of material properties. The exploration into less
commonly studied materials and innovative fabrication approaches contributes valuable
insights and paves the way for new research opportunities. Moreover, the comprehensive
characterization and practical assessment of these electro-deposited SAs in photonic
devices including mode-locked and Q-switched fiber lasers have highlighted their
potential benefits and enhance the reliability and performance of photonic technologies.
This research represents a meaningful advancement in the optimization and application
of 2D SAs, highlighting its importance and impact on the field. This research marks a
significant advancement in optimizing and applying 2D SAs, highlighting its importance

and impact on the field of photonics and material science.
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