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ABSTRACT

In this work, the performance of three materials from the transition metal phosphorus
trichalcogenide family (MPX3) for generation of mode-locked pulses in the optical S-band
region using thulium-doped fluoride fiber (TDFF) as gain medium were investigated. The
advancement of technology and rise of industrial revolution 4.0 brings about a bigger need for
ultrafast long-range telecommunication. The current use of C-band and L-band optical
telecommunications are quickly being saturated. To encounter this, one prospect is to expand
into the S-band. As such, major advancements of optical amplification technology for S-band
is required. Generation of laser in S-band region was usually achieved by Erbium-doped fiber
(EDF) as the gain medium. However, the high phonon loss of silica fiber in S-band reduces its
efficiency. The alternative of this is the ZBLAN glass or known as fluoride glass. When doped
with Thulium, this gain medium emits at 1500 nm wavelength when pumped with 1400 hm
laser source. This is right within the S-band region. Furthermore, the low phonon loss of
fluoride glass makes the laser system more efficient. Mode-locked pulse generation in the S-
band region can be achieved through active or passive means. Passive pulse generation is
comparatively simpler and cheaper than active in order to obtain megahertz repetition rates and
picosecond pulse width. Previous studies have used semiconductor-based saturable absorber
(SESAM) and carbon-based SA such as graphene. The use of MPX3 material as saturable
absorber is interesting as these materials have been proven in semiconductor and energy storage
applications. The proposed laser system can shed light on the practicality of a new class of 2D

material as a viable optical material in wide variety of photonics applications.

Keywords: Metal Phosphorus Trisulfide, Saturable Absorber, Thulium doped Fluoride fiber

laser, Mode-locking pulses



ABSTRAK

Dalam kerja ini, prestasi tiga bahan daripada keluarga logam peralihan fosforus trichalcogen
logam peralihan (MPX3) untuk penjanaan denyutan mod terkunci di rantau jalur S optik
menggunakan gentian fluorida berdop thulium (TDFF) sebagai medium perolehan telah
disiasat. Kemajuan teknologi dan kebangkitan revolusi perindustrian 4.0 membawa keperluan
yang lebih besar untuk telekomunikasi jarak jauh ultra pantas. Penggunaan semasa
telekomunikasi optik jalur-C dan jalur-L dengan cepat menjadi tepu. Untuk menghadapi ini,
satu prospek adalah untuk berkembang ke jalur-S. Oleh itu, kemajuan besar teknologi
penguatan optik untuk jalur-S diperlukan. Penjanaan laser di julat jalur-S biasanya dicapai oleh
gentian optik berdop Erbium (EDF) sebagai medium gandaan. Walau bagaimanapun,
kehilangan fonon dalam gentian silika yang tinggi dalam jalur-S mengurangkan kecekapannya.
Alternatifnya ialah kaca ZBLAN atau dikenali sebagai kaca fluorida. Apabila didop dengan
Thulium, medium gandaan ini memancarkan pada panjang gelombang 1500 nm apabila dipam
dengan sumber laser 1400 nm. Ini betul-betul dalam julat jalur-S. Tambahan pula, kehilangan
fonon kaca fluorida yang rendah menjadikan sistem laser lebih cekap. Penjanaan denyutan
mode terkunci di julat jalur-S boleh dicapai melalui cara aktif atau pasif. Penjanaan nadi pasif
adalah secara perbandingan lebih mudah dan lebih murah daripada aktif untuk mendapatkan
kadar ulangan megahertz dan lebar nadi picosecond. Kajian terdahulu telah menggunakan
penyerap boleh tepu berasaskan semikonduktor (SESAM) dan SA berasaskan karbon seperti
graphene. Penggunaan bahan MPX3 sebagai penyerap boleh tepu adalah menarik kerana bahan
ini telah terbukti dalam aplikasi semikonduktor dan penyimpanan tenaga. Sistem laser yang
dicadangkan boleh memberi penerangan tentang kepraktisan kelas baharu bahan 2D sebagai

bahan optik yang berdaya maju dalam pelbagai aplikasi fotonik.
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CHAPTER 1: INTRODUCTION

11 Overview

Technological advancement have connected mankind like never before. Early
telecommunications relied on copper wires to send telegrams. Introduction of optical fiber 1996
changed the landscape of long-range telecommunication, using light to transmit information
across massive undersea optical fiber cables. Since then, major advancements have been made
to improve its performance, including the development of optical amplification technology
operating across multiple range of bandwidth. Network operators are currently using optical
systems operating over the C-band spectral region of between 1530 nm to 1565 nm. This is
also known as the “erbium widow” as erbium dopant in silica fiber emits at this range. Since
this is a common band (represented by the C in C-band) used for commercial purposes, this
may not suffice for industrial applications such as machine learning, artificial intelligence (Al)
development and data centres which requires high-speed links. To cope with that, some
operators have expanded their capabilities to the “Long-wavelength” band (L-band), operating
over the optical spectral region of 1565 nm to 1625 nm. Transoceanic transmission of C+L
bands have been reported previously. Despite the availability of the ultra-wideband optical
system, there are demands for more fiber capacity and wider telecommunications bandwidth
as modern data transfers have achieved hundreds of terabits per second. The incoming
commercialization of 6G telecommunications systems also threaten to overwhelm the current

C+L band system. As such, further expansion of the available bandwidth is required.

One such prospect is the “Short-wavelength” band (S-band) which operates at the optical
spectral region of 1460 nm to 1530 nm, just before the C-band. The S-band is a great candidate

for bandwidth expansion due to its low fiber loss. Its proximity to C-band allows for almost



similar setup such as using erbium doped silica fibers as amplifier (EDFA). Transmission in
the S-band utilizing EDFA both in field and laboratory research have shown low-noise with
high optical gain characteristics. However, erbium-doped fibers shows an intense amplified
spontaneous emission (ASE) which has a gain peak at 1530 nm (Sharma & Raghuwanshi,
2017). As this is at the edge of the S-band operation region. The silica host also has an
inherently high phonon energy within the S-band region, reducing the efficiency of EDFA in
that region. An alternative would be fluoride-glass host. Fluoride glass, or also known as
ZBLAN (ZrFs-BaFs-LaFs-AlFs-NaF) is more transparent in the IR region of S-band (Jha et al.,
2012). Fluoride glass also has lower phonon energy in comparison to silica glass, reducing non-
radiative emission in form of heat. This also reduces the possibility of heat damage to the fiber
and allows it to operate at a much higher power. Silica fiber also can only be doped up to 0.1
mol% dopant concentration. In contrast, fluoride fiber can be doped to several mol%
concentration (Miyajima et al., 1994). This makes the packaging much more compact due to
the shorter gain medium fiber length required. These factors also results in a higher operational
efficiency. Thulium can be used as the dopant in fluoride fiber for emission in the S-band

region.

Generally, a closed laser system, known as a laser cavity, generates a constant output power
over time. This beam is known as continuous wave (CW). However, for a laser to carry
information, it must be modulated. This will generate pulses which will carry binary data. Pulse
generation in lasers are commonly divided into two different modes of operations such as Q-
switching, and mode-locking. However, in data transmission, mode-locking is preferred as its
ultrashort pulse duration allows for larger bandwidth and faster transmission speed . Mode-

locked pulses are not only useful in telecommunications applications but have also proven



significant in various fields such as biomedical, manufacturing and material processing. Pulse
generation of lasers can be achieved using either one of two methods; active and passive. Active
method require the use of devices powered by external means. This usually results in a package
that is bulky and complicated, requiring constant maintenance. As such, passive method is
currently the preferred option for pulse generation due to its lower cost and compact package
design, making it more efficient. This is mainly achieved using a device known as a saturable

absorber (SA).

Saturable absorbers are devices with nonlinear optical properties that has a specific
absorption loss for light that decreases at high optical intensities. One proven SA is the
semiconductor saturable absorber, or SESAM, which have shown results with multiple gain
mediums operating at different center wavelengths. However, bandwidth limitations and high
manufacturing cost caused by complicated fabrication process limited its use. As a
replacement, scientist are looking towards nanomaterials for their optical characteristics. One
current commonly used nanomaterial for pulse generation is graphene. Graphene, however,
have low modulation depth and high non-saturable loss. It also cannot withstand high
operational optical power, affecting its long term reliability. Another option is to use a different
family of nanomaterial. Researchers are looking toward the chalcogenides family, specifically
the transition metal phosphorus trichalcogenide (MPX3) family. The materials in this family
have a general formula of M""PX3, where M, P and X represent the transition metal, phosphorus
and a chalcogen, specifically S or Se. The monolayers of this materials are held in bulk form
by the weak Van der Waals force, requiring little work to exfoliate. This family exhibits an
intermediate band gap of 1.3 to 3.5 eV and have been successfully reported in semiconductor,

energy storage and optoelectronics applications. MPX3 materials' nonlinear optical features,



like saturable absorption, make them prime candidates for generating ultra-short pulses, vital
in fields like telecommunications. Their rapid femtosecond to picosecond response times
enable efficient pulse modulation, facilitating the creation of mode-locked pulses with short
durations. MPX3 materials have also been reported to have high thermal stability. Their broad
S-band absorption and mechanical/thermal stability boost their versatility in mode-locked laser
systems. However, there are little report of its use in laser applications, specifically as a
saturable absorber. In this research, we study the performance of transition metal phosphorus
trichalcogenide (MPX3) as a saturable absorber in a thulium-doped fluoride fiber laser for

mode-locked pulse generation in the S-band spectral region.

1.2 Problem statement

There have been various research into mode-locking operation in C-band, L-band and 2 um
spectral region. The advancement of technology demands further expansion of bandwidth. As
such, research into S-band is required. Current S-band systems utilizes depressed cladding
erbium-doped fiber. However, as mentioned previously, silica-hosted fiber gain mediums have
low efficiency due to its high phonon energy when compared to fluoride fiber. For efficient
mode-locking operation in S-band, the use of thulium-doped fluoride fiber should be

investigated.

The use of saturable absorber as a passive mode-locker has piqued the interest of many
researchers worldwide. The use of 2D materials such as graphene and carbon nanotubes have
been successfully reported. Most recent development is the study on transition metal
phosphorus trichalcogenides (MPXz), which have shown outstanding performance in

semiconductor, energy storage and optoelectronics fields. This makes it an interesting subject



for investigation together with the thulium-doped fluoride fiber. However, previous works on
pulse fiber lasers using saturable absorbers in the S-band region are only focused on the
generation of Q-switched pulses. Q-switched pulses typically have repetition rate in the
kilohertz range and pulse width in the microsecond range. This causes the pulse to have lower
peak power. The proposed solution is to generate mode-locked pulses in the S-band region,
whereby this type of pulses has higher repetition rate, typically a few megahertz. The pulse
widths of mode-locked pulses can be extremely short, in the pico- (10*?) or femto-second (10°
1%) region. Thus, the peak power of mode-locked pulses will be significantly higher than Q-
switched pulses. Mode-locked fiber lasers are favorable for various applications such as high-

speed data transmission and laser spectroscopy.

1.3 Thesis Objective
This research was done with the objective of analyze the performance of MPX3 in thulium-
doped fluoride fiber laser system as a saturable absorber for mode-locked pulse generation in

S-band region. Achieving this requires two major steps of work:

1) To develop an MPXs/arc-shaped fiber saturable absorber suitable for the generation
of mode-locked pulses in the S-band region
2) To analyze the mode-locked pulses using MPX3/arc-shaped fiber as the saturable

absorber and thulium-doped fluoride fiber as the gain medium

1.4 Thesis Arrangement
Prior to beginning any experiments, we need to understand the basic principles of fiber lasers
in S-band along its current technologies and applications. We also need to understand the

behavior of the thulium-doped fluoride fiber laser and its operation both in continuous wave



(CW) and pulsed operations, specifically mode-locked along with any past researches done on
it. We then need to understand saturable absorbers and how to optimize a 2D material for mode-
locking operations in S-band, specifically the metal phosphorus trisulfide (MPX3) family.
These are done in a literature review in Chapter 2. Chapter 3 summarizes the construction of
the thulium-doped fluoride fiber laser for pulse operations in the S-band region along with the
components used in its construct. The equipment used for analysis and their background and
working principle are also depicted in Chapter 3. Chapter 4 presents the methodology of
material syntheses and fabrication of the arc-shaped fibers used in this work. Chapters 5, 6, and
7 presents the experimental work including characterization of material and arc-shaped fiber
for FePSs, MnPSz and NiPSs-based SA respectively. Results of pulse generation for each
material are also presented in Chapters 5, 6, and 7. Tests of long-term stability are also reported.
The dissertation is concluded in Chapter 8, which also makes recommendations for additional

research projects to further advance the field of study.



CHAPTER 2: LITERATURE REVIEW
2.1 Overview
The first part of this chapter will discuss the history of fiber lasers and its developments.
Following that, this chapter discusses the theoretical basis of the generation S-band fiber laser.
The chapter next focuses on the Thulium-doped Fluoride Fiber gain medium that was
implemented in this experiment. Pulse laser operations, specifically mode-locked pulses are
discussed next, followed by the history and applications of saturable absorbers, particularly the

one used in this experiment, transition metal phosphorus trichalcogenide (MPX3).

2.2 Fiber Laser Technology
2.2.1 History of Fiber Laser

Since the demonstration of fiber lasers in the 60’s by Snitzer et al. (Mary et al., 2014;
Snitzer, 1961), it has shown tremendous improvements. Today, fiber laser are employed in
various applications including industrial processing, materials development, medical treatment
and diagnostics among others. Far from what was envisioned, advancement of fiber lasers and
fiber optics has reformed laser technology. By that time, it was known that fiber optics can
carry light. In 1965, Tippet et al. showed the possibility of information transfer process using
fiber laser in their work (Tippett et al., 1965). However, due to Rayleigh scattering, viable
communications via fiber optics was unachievable due to its high signal loss. A pair of United
Kingdom based scientists by the name of Charles Kao and George Hockham (Kao & Hockham,
1966) then developed theories for limitations of glass in 1966. They concluded that the losses
was a result of impurities within the fiber material itself. Further studies demonstrated that a
material named fused-silica, or Silicon Dioxide (SiO2) performed best. Their findings

contributed to the development of fiber optics with a much better transmission, dropping the



attenuation value from 1000 db/km to just 20db/km, making long range signal transmission
possible, revolutionizing optical communication. Development of a diverse fields of optical
fiber based photonics applications was thrown into overdrive as network operators seek to
replace the copper cables with fiber optics as demands increase for data transmission. For their

discovery, Kao & Hockham was awarded with the 2009 Nobel Prize in Physics.

While Kao and his team provided a method for carrying data across fiber optics, the concept
of fiber amplifier was first established in 1966, when Koester et al. reported observations of
amplification and oscillation of light between aa passive core and its cladding (Koester, 1966).
However, laser and photonics studies stagnated between the 70’s and 80’s (Urquhart, 1988).
That was until a group of researchers from the Physics and Electrical Engineering Department
of Southampton University showed fabrication of fibers doped with rare-earth ions. Pool et al.
employed a modified chemical vapor deposition (MCVD) process to achieve doping in optical
fibers (Poole et al., 1985). Since then, researchers have doped optical fibers with various rare-
earth elements in an effort to create a viable laser amplifier. Some examples of elements used
are Ytterbium, Thulium, Erbium and Holmium and showed promising capabilities (Agrawal,
2001). Some combinations of those elements, called co-doping were also employed with
success such as Thulium-Holmium, Erbium-Ytterbium to name a few. With the presence of
these amplifiers, new laser operation modes have also been discovered. This improves on
previous restrictions in pulse width (duration) and energy resulting in light pulses achieving

sub-nanosecond pulse width (Csele, 2011; Gursel, 2018).



222 Fiber Laser Operation

Fiber laser works using the concept of spontaneous emission of atoms, specifically its
dopant. There are two common energy states of an atom: ground when energy is at lowest and
excited when energy level is increases within the atom. When an energy is supplied in a form
of electromagnetic wave at a certain wavelength, in this case via pump, it is absorbed by the
atom, exciting it electron to a higher energy level. This electron then spontaneously drops back
to a lower energy level, emitting a specific wavelength (Addanki et al., 2018; Melton et al.,
2018). This is called amplified spontaneous emission (ASE). Figure 2.1 illustrates a simple

energy diagram of the process.
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Figure 2.1: Simple energy diagram of ASE



Fundamentally, a fiber laser is a form of solid-state laser in which the active media being
employed is an optical fiber which have rare-earth ions doped in them (Digonnet, 2001; Koester
& Snitzer, 1964). A common structure of a basic longitudinally pumped doped-fiber laser
system consists of two mirrors with the doped-fiber, called the gain medium, clamped in
between. This structure is called a laser cavity. A pump source in form of laser in specific
wavelength is supplied through the mirror on one side. The other side will propagate out the
resulting lasing output beam along with any excess pump that have not been absorbed by the
gain medium. A simplified schematic of the setup is shown in Figure 2.2. Within the gain
medium, absorption of photon of the pump wavelength occurs, causing population inversion at
the wavelength specific to the dopant in the gain medium (Urquhart, 1988). In turn, the light
reflection within the cavity enables the emitted photon to then force the atoms at a higher state
to discharge energy at specific wavelengths, resulting in a stimulated emission. As the emission
are in phase, all photons resulting from the stimulated emission are coherent, resulting in laser

of same frequency and energy.

Laser Pump Laser output

B —

Excess pump

Gain medium
Highly Partial
reflective reflective
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Figure 2.2: Ring laser cavity setup
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Manufacturers can manipulate the dopants in fiber optics to achieve a desired wavelength
emission and power. This makes the fiber laser versatile in terms of range of output
wavelengths. Not only that, the simple construction of fiber laser makes it robust and reliable

for use in multiple applications in the industry (Ahmed, 2015; Mur, 2011).

2.3 Optical short-wavelength band (S-band)

Currently, network operators are using the C-band region of wavelength range of 1530 nm
to 1565 nm. Some industrial high-speed links also stretches into the L-band region of 1565 nm
to 1625 nm, making use of C+L band telecommunications system over transoceanic distances.
Both uses similar Wavelength Division Multiplexor (WDM) and Erbium-Doped Fiber
Amplifier (EDFA) technologies. Compared to systems using only C-band, C+L band doubled
the capacity of existing infrastructure. However, while C+L band is a commercial reality, that
system is now quickly being saturated and demand for higher fiber capacity is at an all-time
high as more and more data must be communicated faster than ever before. As such, expansion
is necessary. Researchers are looking into expanding into the S-band using currently available
infrastructure, incorporating it into the existing C+L band system. Predictions showed that the

S+C+L band can double the current C+L capacity as shown in Figure 2.3 (Semrau et al., 2020)
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Figure 2.3: Throughput of C, C+L and prediction for S+C+L band (Semrau et al.,
2020)

Currently, S-band are achieved using a conventional EDFA in both labs and practical uses.
However, the amplification in S-band is limited due to issues such as incomplete active erbium
ions inversion resulting in lower ASE. Lasing of EDFA also shows high peak at 1530 nm,
which is not ideal for S-band operations (Arbore, 2005). Another method is using an augmented
version of EDFA, the Depressed Cladding — Erbium Doped Fiber Amplifier (DC-EDFA). DC-
EDFA emission wavelength range of 1488 nm to 1508 nm made it possible to be used as
amplifier in the S-band region. However, DC-EDFA has a higher noise profile in comparison
to EDFA (Ahmad et al., 2009). It is also very sensitive to polarization, which can be induced
by bending and twisting the DC-EDFA fiber itself or even the fiber connecting it to other
auxiliary components. Replacing the dopant in the silica glass fiber host with Thulium will

allow for better emission at S-band. However, the silica host also contributes to high loss.
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Silica have an inherently large phonon energy, making emission at S-band with Thulium
dopant highly ineffective. A such, a replacement for silica glass fiber host for Thulium dopant

for amplification in S-band must be investigated.

2.4 Thulium-doped fluoride fiber laser

Over the years since the introduction of optical fiber, the material of choice have always
been silicon dioxide, also known as fused silica. Its capabilities to withstand high temperatures
allows it to undergo arc fusion splicing at high current, allowing for ease of on-site fabrication.
It also is known for having low scattering and absorption loss, suitable for telecommunication
applications. In addition, fused silica is also capable of operating in humid and intense
environment as it is hydrophobic and chemically resistant. Silica-based optic fiber can also be
easily doped with rare-earth elements and have generated good amplification results. However,
amplification in S-band proved to be difficult to achieve due to high phonon energy in silicon
dioxide. A modified version of EDFA, which is commonly used for C-band amplification,
known as the DC-EDFA, have been used for amplification in the S-band region. Nonetheless,
its amplification is hampered by the high noise profile. DC-EDFA fiber laser system is also

highly sensitive to polarization, making fine tuning an ultrashort pulse system difficult.

In this work, thulium dopant was used in a fluoride fiber host. The fluoride fiber is also
known as the ZBLAN (ZrFs-BaF,-LaF3z-AlFs-NaF), founded in 1975 by Poulain and his team
(Poulain et al., 1975). Fluoride fiber have shown attenuation levels lower than that of modern
silica fibers and closer to a theoretical best attenuation curve. This is shown in Figure 2.4.

Fluoride fibers also possess a much smaller phonon energy at 600 cm™ in comparison to silica
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at 1100 cm™, further proving is capabilities in the IR region. Fluoride fibers also exhibits a low

glass transition temperature, temperature dependent refractive index, and refractive index.

Figure 2.4: Attenuation of fluoride fiber in comparison to silica (NASA, 1998)

For amplification in S-band region, the dopant used in fluoride fiber is Thulium. Thulium is
one of a group of seventeen chemical elements classified by the International Union of Pure
and Applied Chemist (IUPAC) as a rare-earth element. Including Yttrium (YY) and Scandium
(SC) (Leigh, 1990), these are a small group of elements of atomic number 57 (Lanthanum, La)
to 71 (Lutetium, Lu) that are relatively plentiful in the Earth’s crust, despite their name. Rare-
earth elements have long been used as a dopant of optical fibers for use as amplifiers and laser
applications (Bunzli & Piguet, 2005). One optically interesting attribute of these elements is

their incomplete 4f subshell, allowing for electrons in that shell to travel freely between various
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possible energy layers of the 4f subshell. Dissolution of Lanthanide ions in fluoride also meant
that the ions possess a state of trivalent ionization with a transition spectrum closely identical

to those of free ions (Digonnet, 2001).

For the application of laser generation, thulium ion (Tm3*) are a preferred lanthanide
element due to its wideband laser generation region capabilities. To better understand the

electronic transition mechanism of Tm®", its energy level diagram is provided in Figure 2.5

21600 cm! 460 nm 1140 nm 1
5 1 A Ay W G4
w,
s A54 504
35
4 15200 cm' 680 nm 1070 nm 3F2 JF
T r 3 7 3 ;
14040 cm 700 nm 1410 nm A'I'E Agq 3 3
3 12660 cm' . Agr Hd
Wia| Wy Asz Az Wiy | Wi
2 8270 ¢yt 1210 nmy - 3H
A A A »
1 oRem 2y i l 2 : ’F
A A 1470 nm 4
1600§nm 1
Wor |Wae |Was | Wos|Wos Asp Aaoi Aol Wi
L2 X y 3
0 1900 nm 800 nm 470 nm H6

Figure 2.5: Tm3* energy diagram showing possible transitions (Peterka et al., 2011)

We can see that S-band emission occurs at the wavelength of approximately 1470 nm, where
the transition from 3Ha to 3F4 occurs. (Peterka et al., 2011). According to reports by Aosaza et
al. and Floridia et al., this can be achieved either by single or dual wavelength pumping
(Aozasa et al., 2000; Floridia et al., 2004). The latter utilizes 2 different laser pumps at
wavelengths 800 nm and and 1050 nm to achieve two-level energy hopping (Gomes et al.,
2003). Pumping with 800 nm laser inducing the Tm®" Ground State Absorption (GSA), exciting
the electrons from level 3Hs to ®Ha, and the 1050 nm laser depopulates level 3Fa to 3F, using

strong Excited State Absorption (ESA), simultaneously populating levels *Ha to 3F,. These two

15



pumps generates population inversion, which results in the S-band emission via relaxation from

3H4 to 3F4.

Single pumping technique uses s single pump laser, making it much less complicated. This
can be done by pumping either with a 1400 nm laser or 1050 nm laser, which would result in
GSA and ESA from Hs to 3F4 and then to *Ha. However, 1050 nm pump requires depopulation
from 3Hs to 3F4 and from 3F, to ®Ha energy levels, making 1400 nm pump preferable as it has
direct GSA/ESA when compared to 1050 nm pump. Aosaza et al. reported using 1400 nm
pump source for amplification in thulium-doped fiber, resulting in gain encompassing a

wavelength range of 1480 nm to 1510 nm for ideal laser generation in the optical S-band region.

2.5 Pulse laser operations

A laser beam operation that has its output power constant over time is known as a continuous
wave (CW) laser. It works by continuous replenishment of gain medium population inversion
using a steady pump source. While some applications require CW, it is practically impossible
in some lasing media, while other lasers may require continuous, extremely high power,
oftentimes resulting in excessive heat release, destroying the laser. As such, another method of
laser operation is required. Pulse laser refers to any operations of laser other than CW. In this
case, the laser’s optical power hits high intensities at regular intervals. This high intensity
moments are ultrashort, usually in the range of micro-second down to femto-seconds
magnitude. This operation of laser is also versatile. Some applications may require higher
power, in which case the repetition rate can be reduced to allow for higher buildup of energy
between each pulse. This can be done since the pulse energy is the result of average laser power

against time taken between pulses (Popa et al., 2010)
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Various researches have been done on laser pulse operations in the C-band region (Kasim
et al., 2014; Muhammad et al., 2012; Zhao et al., 2014) as it was, and still is the commercial
bandwidth for telecommunications. Similarly, expansion towards the L-band also resulted in
intense research being done (Dong et al., 2011; Zhou et al., 2014) and even the 2 pm region
have been in the spotlight thanks to its “eye-safe” range (Li et al., 2014; Wang et al., 2014).
Even so, the constant demand for faster data transmission and larger bandwidth have pushed
research interest towards the S-band region. This research achieves that by using a Thulium-
doped Fluoride fiber laser system due to the Thulium ions emission in the S-band. In addition
to that, the fluoride fiber host makes the system much more efficient as it has a lower phonon

energy compared to common silica glass fibers.

25.1 Mode-locked pulses

Mode-locked pulses are ultra-short pulses operating at pico-seconds or even femto-seconds
duration. These pulses are commonly highly intense and have a very strong signal with a high
signal-to-noise ratio (SNR). Light, as we know it, is a type of electromagnetic waves which
have different modes. As such, lasers operates with longitudinal modes which have slightly
random phases within the operational wavelength. Mode-locking is a technique in which the
random phase modes are matched at a certain time interval that matches the light round-trip
within the laser cavity. This effectively locks the different modes, hence ‘mode-locked’. The
random modes are now in phase, making constructive interference as it oscillates within the
cavity. The constructive interference generates a high intensity pulse in an ultrashort time. A

modulator is commonly used as a method to lock the modes to achieve a mode-locked
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operation. This is done by periodically modulating the loss within the system. Figure 2.6

visualizes this effect.

Figure 2.6: Mode-locking technique (Ennejah & Attia, 2013)

As mentioned, the time interval between each pulses matches the round-trip time of light
within the cavity. This is called the repetition rate or frequency, and can be determined as

follows:

C
Repetition rate = In Equation 2.1

where ¢, L and n identifies as light speed, length of cavity and refractive index of travel
medium, and results in the unit Hertz (Hz). This formula can also be inversed to calculate for
round-time of the laser cavity, with result in unit second (s). This equation also shows that with

a longer cavity length, round-trip time takes longer resulting in a low repetition rate.
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Mode-locking can be done by either active or passive means. The active method utilizes
either an electro-acoustic or electro-optic modulators to periodically modulate the system’s
resonator loss. This method allows user to adjust the pulses generated by the laser system
through adjustments of the modulators. However, since the modulators are a separate device
and require its own power to operate, the resulting system will be very complicated and bulky.
The same effect can also be achieved with a passive technique. Passive technique utilizes a
device known as a saturable absorber (SA). This is commonly a preferrable method for users
wanting a compact and simple package without the requirement of adjustable modulations.
SA’s operate off the laser itself, requiring no other source of power to do its job. With less
complications to its setup, SA’s also modulates loss much faster than its electronic, oftentimes

resulting in a much shorter pulse width and in turn, much higher pulse energy.

2.6 Saturable absorbers

Saturable absorber (SA) are optical materials or elements that possess a nonlinear absorption
characteristic, where its absorption is lower at high light intensities and vice versa. This is
prominent in gain medium with absorbing dopant ions, where depletion of ground state ions
can occur as a result of high intensities. This process bears resemblance to semiconductor
operations, where absorption for photon energies are reduced when electrons are excited from

the valence band to the conduction band.

The first reports of SA based mode-locking were reported using an organic dye in a ruby
laser, resulting in nanoseconds pulse width (Mocker & Collins, 1965). The year 1966 saw De
Maria et al. demonstrating a lower pulse width with picosecond pulses (DeMaria et al., 1966)

and was further improved by Valdmanis et al. in 1986 with pulse width as low as 27 fs

19



(Valdmanis & Fork, 1986). Knowledge of semiconductor productions and operations improved
by the 1990’s and produced the semiconductor-based saturable absorber (SESAM). SESAM’s
were the preferred choice for mode-locking applications for a long time (Keller et al., 1996).
Its operation uses the technique of quantum dot or multiple quantum well structures (MQW).
SESAM’s also have a longer lifespan and are generally robust. Nevertheless, the costly
complicated production of SESAM’s combined with its narrow operational bandwidth limited

its use significantly. As such, researchers are looking toward nanomaterials as its replacement.

2.6.1 Transition metal phosphorus trichalcogenides

One interest of researchers for nanomaterial-based SA is the 2D and 3D materials, taking
advantage of their unique optical characteristics for generation of ultrashort pulse lasers (He et
al., 2019; Set et al., 2004). However, these materials do come with some major caveats. For
example, graphene has low modulation depth, whereas 3D materials such as carbon nanotube
(CNTSs) have broadband operation which is dependent on its diameter and a high non-saturable
loss (Kuo & Hong, 2014; Martinez & Sun, 2013). In search of a more reliable SA material,
researchers look to a new member of the 2D nanomaterial family, metal phosphorus
trichalcogenides. With intermediate bandgap of members of this family ranging between 1.3
to 3.5 eV, these materials exhibit huge potential applications in optoelectronics, semiconductor,
and energy storage (Gui et al., 2021; Han et al., 2021; Wang et al., 2018; Wang et al., 2021).
These materials are simplified using the general sum, M''PXs, where M can be the transition
metal such as manganese (Mn), iron (Fe), copper (Co), nickel (Ni), or zinc (Zn), while X
represents either selenium (Se) or sulfur (S) (Zhang et al., 2021). Similar to other 2D materials,

each MPX3 sheets are held to each other by the weak Van der Waals force, making it easy to
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be thinned into several layers thick or even single layer nanosheets via liquid or mechanical

exfoliation methods (Gusmaéo et al., 2019; Liu et al., 2019; Zhu et al., 2018).
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CHAPTER 3: THULIUM DOPED FLUORIDE FIBER (TDFF) LASER CAVITY
3.1 Overview

The chapter encompasses the construction of the laser cavity system itself, introducing and
explaining the role of every component used to ensure optimal operation of the thulium-doped
fluoride fiber laser. This then proceeds to introduce the final cavity configuration optimized for
mode-locking operations. The chapter will then introduce the measuring equipment necessary
for the study of the mode-locking operation of the system such as the optical spectrum analyser
(OSA), the oscilloscope, the radio frequency spectrum analyser (RFSA), and the autocorrelator

among others.

3.2 Laser cavity setup

The generation of stable continuous wave thulium-doped fluoride fiber laser requires
multiple crucial components to ensure optimal operation condition for mode-locking to occur.
Construction of the ring laser cavity requires the use of components such as laser diode,
wavelength division multiplexor, optical isolator, output coupler, and polarization controller,
all connected in a loop. A stable and optimized laser cavity allows for the addition of an SA
into the cavity to generate a mode-locked laser system by introducing nonlinearity into the
laser. This subchapter will discuss the mechanism of each component and its significance in

this work.

321 Laser Diode (LD)
Some semiconductor materials can generate light from a supply of electrical energy. The
current flowing through the p-n junction of a semiconductor material will recombine the

electron-hole pairs in its heterostructure, causing a release of energy in the form of photons.
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This effect is spontaneous but can also be stimulated by an incident photon. This will result in
optical amplification as the optical feedback from the photon in the laser resonator causes laser
oscillation (Keiser, 1999). This is where the term laser derives from, the light is amplified as
the result of stimulated emission within the laser resonator. The device using this concept is

known as the laser diode.

While the most common semiconductor lasers are formed off the laser diode concept, there
exists some lasers not requiring diode structures. As such, they do not belong to the diode laser
category. These include optically pumped semiconductor lasers, and quantum cascade lasers.
The former utilizes semiconductor materials that are undoped and cannot conduct significant
current of electricity (Keiser, 1999). In this work, a FOL 1405RTD — 657 — 1400 TEC laser
diode obtained from Fitel Co. was attached to a Gooch & Housego EM595 Benchtop LD
controller. The laser diode emits laser at 1400 nm wavelength. This is then used to pump the

gain medium, stimulating emission in the S-band region. The LD setup is shown in Figure 3.1.

Figure 3.1: Laser diode attached to a controller
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3.2.2 Optical Isolator (1SO)

Similar to the concept of a diode allowing current to pass in one direction and block it in the
opposite direction in an electrical circuit, an optical isolator allows light to only pass in one
direction and not the opposite. This is crucial as stray reflected light will cause feedback in the
laser cavity, causing problems such as parasitic oscillations and frequency instabilities
(Amemiya & Nakano, 2010). The LD can also be damaged by a stray backpropagation of light

into the LD, making the ISO crucial in preventing unnecessary damage.

Figure 3.2: ISO schematics (Amemiya & Nakano, 2010)

ISO employs the concept of nonreciprocity using the Faraday effect. In this magneto-optic
phenomena, an incident light passing through a transparent material will have its polarity
rotated by the magnetic field. This magnetic field is parallel to the light propagation direction.
In an ISO, polarizers are set at each end of a Faraday rotator. The input polarizer and output

polarizer are angled in a way such that a forward propagating light have the similar polarity as
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the output polarizer after it has passed the Faraday rotator, and light propagating backward will
have a polarity that is perpendicular to the input isolator after passing the Faraday rotator. This
concept have been further explained by Amemiya and Nakano in 2010 and their schematics,

shown in Figure 3.2, further clarifies the concept (Amemiya & Nakano, 2010).

3.2.3 Wavelength-division multiplexing (WDM)

Wavelength division multiplexing is a method of sending optical signals of various
wavelengths down a single fiber. The signals are combined, transmitted within the same fiber,
and then separated again at the end. This method allows for many channels, carrying different
data, to be transmitted together. Transmission capacity of fiber optics can be maximised in this
way and fibers, and even amplifiers are more efficiently utilised. In addition to
telecommunications, WDM also serves as a method for multiple optical fiber-based sensors to

be interrogated using just a single fiber (Ishio et al., 1984).

Figure 3.3: Wavelength-division multiplexing (Electronics, 2023)

In theory, massive channel bandwidth can be achieved by transmitting through a single fiber

at high data rate. This way, we can exploit the maximum transmission capabilities of an optical
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fiber. However, even with the wide available transmission bandwidth of a low-loss silica fiber,
the data rate possible for silica glass fiber far exceeds the capabilities of current optoelectronic
transceivers. Furthermore, the various dispersion values at different wavelengths will
negatively impact wide bandwidth transmissions, restricting the maximum transmission
distance. WDM method provides a solution to these problems by sustaining low rates of
transmission at each channel, keeping between 10 to 100 Gbit/s. Combining multiple of these

channels will result in total high data rate (Keiser, 1999). This is visualised in Figure 3.3.

In this work, the WDM s used twice in the ring laser cavity. The first WDM is used to
isolate the 1480 nm wavelength light emitted by the TDFF gain medium in the cavity from the
1400 nm wavelength light pumped by the LD into the cavity. A second WDM is then used after
the gain medium. This is to remove excess pump from the LD, preventing it from entering the

ring laser cavity. Thus, allowing for easier mode-locking.

3.2.4 Optical coupler (OC)

One of the basic components of any fiber optic setups is the optical coupler (OC).
Commonly used couplers are also called FBT splitters or FBT couplers, named after the
technique used to fabricate the OC. The fused biconic taper (FBT) method splits optical power
and/or wavelengths by fusing the two bare, tapered fibers in the shape of an “X”. The fused
section is then pulled until the targeted optical characteristics are met. Multiple FBT OC’s can
be fused to form a tree structure which coalesce the splitting effects for an output power ratio

of 1xN or 2xN, in which N represent the number of outputs.
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For the use of splitting light into two outputs with minimal loss, common FBT coupler used
is the 1x2 OC, which can also be used to achieve the effect of merging two lights into one
output. For this study, we will use a 1x2 FBT OC with output ratio of 90%:10%. Figure 3.4

illustrates a 1x2 coupler.

Internal
Termination

Port 2 (Signal Output)

Port 1 (Input) Port 3 (Tap Output)

Figure 3.4: 1x2 FBT optical coupler (Thorlabs, 2023)

3.25 Polarization controller (PC)

Birefringence effect can be induced on an optical fiber when physical stress such as bending
twisting. The polarization controller (PC) takes advantage of this property to allow for
predictable control of a system’s polarization. One common type of PC is the “bat ear”
controller. This method uses holders which allows users to coil (in effect, bend) the fibers on
the paddles. The total retardation is inversely proportional to the bending radius of the holder.
The retardation amount is also dependent on the length of the fiber used, i.e., the number of

loops on the holder. Some PCs have holders which allow users to set the number of turns (in
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effect, length) of the loops in the holder. This method allows for the control of A/2 (half-wave)

or A4 (quarter-wave).

Commonly used configuration of a PC is the 3-paddle configuration. Three coils of set
number of fiber loops are used in a sequence, where the middle acts as the half waveplate while
the two outer ones acts as the quarter waveplates. The coils can be rotated independently around
the axis in line with the input and output fibers. Adjusting the position of the paddles allow for
the alteration of the input polarization state into any output state while maintaining the
wavelength. Figure 3.5 shows the concept of polarization controller and an example of a PC.

a)

b)

Figure 3.5: (a) polarization controller concept (b) 3-paddled polarization controller
(Thorlabs, 2023)
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3.2.6 Final cavity configuration

Figure 3.6: Final laser cavity configuration
The final laser cavity configuration is as shown in Figure 3.6. The LD used is from Fitel
Inc., model number FOL 1405RTD. This LD is capable of generating a pump laser of 1400 nm
wavelength with the pump power reaching up to 280 mW. The LD is controlled with a Gooch
& Housego EM595 Benchtop LD controller. The LD is then spliced to a 1400 nm 1SO for one-
direction light propagation, crucial to the safety of the LD as back-propagation of the laser will
damage the LD. The pump is introduced into the cavity via the 1400 nm port of a 1400/1500

nm WDM. The WDM’s common port is then connected to the TDFF gain medium.
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Thulium-doped fluoride fiber

Figure 3.7: TDFF configuration
The 8.3 m TDFF gain medium was obtained from FiberLabs Inc. and came in a hermetically
sealed metal box. This is to prevent degradation on the gain medium fiber as it is sensitive to
humidity. According to the schematics of the fiber provided by FiberLabs as shown in Figure
3.7, the gain medium was mechanically joined to a planar waveguide (PWG) fiber (NUFERN,
PWG1-XP) for optimal coupling efficiency. The PWG fiber pass through the metal box via a

gromet and is then spliced to a pair of SMF-28e pigtails.

After the TDFF, another WDM was attached, a 1400/1480 nm WDM, similarly via its
common port. The second WDM serves to reduce intracavity laser instability by reducing the
excess pump power. Only the 1480 nm port is used from this WDM, where it is connected to
an ISO. This second ISO ensures the intracavity light travels in a single direction. The ISO is
then connected to a 500 m spool of SMF-28. The spool will help in stimulating mode-locking
within the cavity (Ahmad et al., 2022). As the gain medium possesses a highly positive value
of material dispersion, the spool will also serve to push the net cavity dispersion to a negative
value for a more stable and higher power mode-locked laser. Next, a 90/10 OC was then

attached to the SMF spool to allow for 10% of the signal to be extracted for analysis. The 90%
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port of the OC is the connected to a PC for intracavity polarization adjustments. This is then
connected to the FePSa/arc-shaped fiber SA. the cavity is completed by connecting the SA back

to the 1500 nm port of the first WDM.

Without the SA, the laser cavity configuration shown in Figure 3.20 successfully generated

a lasing spectrum with a lasing wavelength of 1480 nm. The lasing spectrum is shown in Figure

3.8.
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Figure 3.8: Lasing spectrum of TDFF cavity

The completed laser cavity measured a total length of 525 m. This includes the 8.3 m TDFF
gain medium, the PWG and SMF included with the gain medium, the 500 m SMF-28 spool,
and all connections with the other components (WDM, 1SO, PC, OC) which are made from
SMF-28 pigtails. As provided by FiberLabs, the gain medium manufacturer, the TDFF has a

material dispersion of -8.30 ps nm™* km™, while Corning provided the SMF-28 material
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dispersion value of 14.3 ps nm™* km™. Calculations showed the group velocity dispersion
(GVD) of both types of fibers are 0.010 ps? m™ and -0.017 ps? m™, respectively. The net cavity

dispersion was calculated using the formula:

Considering a mode-locked central wavelength of 1504.8 nm, the net cavity dispersion was
determined to be -8.80 ps? at 1504.8 nm. The 500 m SMF-28 spool employed in the cavity

contributed to the significant net anomalous dispersion value.

3.3 Characterization of mode-locked pulse operation in Thulium-doped fluoride
fiber laser

A number of methods will be used to characterize the TDFF mode-locked pulses generated
by the FePSs/arc-shaped fiber SA. First, the optical spectrum of the mode-locked pulses will
be analyzed. This is achieved using an AQ6370C Optical Spectrum Analyzer (OSA) obtained
from Yokogawa. Next, we will analyze the pulse train of the mode-locked laser using a
InfinitiVision DSOX3102T oscilloscope from Keysight, attached to a ThorLabs
DETO8CFC/M photodetector. The similar photodetector will also be used for the radio
frequency analysis, this time attached to a Rohde & Schwarz FPC1000 Radio Frequency
Spectrum Analyzer (RFSA). The laser’s single pulse analysis was done using an autocorrelator
from Alnair, model number HAC-200. Output power analysis is done using a ThorLabs S144C
Optical Power Meter (OPM) attached to a USB interface (ThorLabs, PM100USB) into a

computer.
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331 Optical spectrum analysis

A light sources or light beam’s optical (also known as emission) spectrum contains data on
the distribution of optical energy or intensity over a certain wavelength. It is commonly
presented in the form of spectral radiance, intensity, or flux against wavelength. Some
equipment can present the data in a logarithmic scale, with unit dBm/nm, as used in this study.
The equipment used to record the optical spectra of a light source is called an optical spectrum
analyzer (OSA). Commonly, OSA’s are a type of spectrographs, excluding certain OSA with

different operational principles such as using Fabry-Pérot of Michelson interferometers.

As stated above, the analysis of the optical spectrum in this study uses the Yokogawa
AQ6370C OSA. This OSA reports in unit dBm/nm with a wavelength range of 600 to 1700
nm. It possesses high wavelength accuracy of 0.01 nm with resolution of 0.02 nm. All these

makes this OSA suitable for this study in the S-band spectral region.

332 Pulse train analysis

The term “light pulse” refers to brief flashes of light. Although lasers are commonly used
for its generation, flash lamps can also be used to the same effect. A pulse laser system does
not generate single pulse, but rather a regular sequence of pulses with a constant repetition rate.
This is called a pulse train. The pulse repetition rate is measured by how many pulses event in
a second, with the unit Hertz. The spacing of each singular pulse is the inverse. For mode-
locking operations, pulse repetition rates are commonly very high with frequencies in the MHz

to GHz region. The inverse of this represents the round-trip time of the cavity.
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333 Radio frequency analysis

A measure of quality for an optical signal is the signal-to-noise ratio, or SNR. Often
expressed in the unit decibels (dB), it is widely understood as the ratio of powers and not
amplitudes. This concept typically relates to electrical power in a detector’s output. SNR allows
us to understand the signal integrity and reliability. Particularly in optical telecommunications,
detecting a signal correctly and avoiding bit error is dependent on the signals SNR at the
detector. In a laser system, the output is connected to a photodetector, resulting in a
photocurrent with intensity proportional to the optical power. The noise can come from either
optical influence or by the electronics in the detector. Its signal analyzed using a radio

frequency spectrum analyzer (RFSA).

3.3.4 Pulse width analysis

Pulse width is the measure of time at which the laser is at its peak optical intensity.
Frequently, pulse width is defined as the full width at half-maximum of the optical power
against time. However, for soliton pulses, the parameter t, can be used which is approximately
the FWHM value of the pulse multiplied by the sech? deconvolution factor of 0.648. Along
with the spectral bandwidth, the pulse width can be used to calculate the time bandwidth
product (TBP) of the laser. The TBP allows us to understand how close a pulse is to its
transform limit, an aspect of the pulse quality. A transform limited sech? pulse will have a TBP

value of no less than 0.315 and pulses with higher TBP value is said to be chirped.

Measurements of pulse duration can be done using ultrafast photodetectors or photodiodes
with and ultrahigh sampling oscilloscope. However, ultrafast pulses with pulse width in the

picosecond range, such as mode-locked pulses, will require a device called an autocorrelator.
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It works by splitting the incoming pulses into two, which is then superimposed in a nonlinear

medium. This allows the device to check the correlation of the temporal pulse trace with itself.
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CHAPTER 4: MPX3/ARC-SHAPED FIBER FABRICATION
4.1 Overview
This chapter discusses the fabrication of the MPXa/arc-shaped fiber saturable absorber.
Initially, the method of MPXs material preparation, which is the liquid phase exfoliation
method, will be discussed. Various characterization will be done on the each synthesized MPX3
materials and will be discussed in Chapters 5, 6 and 7. This chapter then continues with the
two-step method of the arc-shaped fiber fabrication, including an introduction into the concept

of the arc-shaped fiber and how it works.

4.2 Preparation and fabrication of MPX3
42.1 Liquid Phase Exfoliation

Liquid phase exfoliation is a common method of exfoliating 2D materials from its bulk
form. Commonly used in the fabrication of graphene, it is used as a way to mass produce
graphene in place of the physical exfoliation. It works by suspending the material in a liquid
such as an organic solvent and sonicating the mixture. The ultrasound transmits through the
mixture, causing ultrasonic-induced cavitation that ruptures the bulk form, forming large
flakes. The large flakes then is again peeled again by the ultrasonic force, breaking the weak
Van-der-Waals force between the layers of the flakes. This results in single-layer and few-layer

exfoliated 2D material.

In this work, 100 mg of bulk MPX3s crystals obtained from 2DSemiconductors USA was
ground using a pestle and mortar into a powder and added into a vile with 10 mL 99% isopropyl
alcohol. The solution was first vorticed to disperse the MPX3 material completely. This mixture

is then sonicated in a water-bath sonicator for a period of approximately 8 hours. The cavitation
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effect caused by the ultrasound will break the weak Van-der-Waals forces between layers. The
resulting suspension is then centrifuged at 5k revolutions per minute (RPM) for a period of 15
minutes to separate the unexfoliated MPX3 and extract the supernatant for use in the SA device.
The resulting solution is few-layers MPX3 suspended in 99 % IPA at a concentration of 10

mg/mL. The LPE process is visualized in Figure 4.1

Figure 4.1: Liquid Phase Exfoliation (LPE) process of MPX3 material

4.3 Fabrication of arc-shaped fiber

Arc-shaped fiber introduces the saturable absorber material into the laser system by means
of evanescent wave interaction. In optics, evanescent wave forms when waves travelling
through a medium (in this case, silica optical fiber) undergo total internal reflection at the
boundary as the waves strikes it at an angle greater than that of the critical angle. A physical
explanation of this phenomena would be that the electromagnetic field, in this case, light,
cannot be discontinuous at the boundary. Arc-shaped fiber increases the exposure of the
evanescent field onto the saturable absorber material by reducing the thickness of the optical
fiber cladding, allowing for much stronger interaction between the evanescent wave of the

propagating light and the saturable absorber material. This is visualised in Figure 4.2.
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Figure 4.2: Evanescent field in (a) normal optical fiber and (b) arc-shaped fiber

b)

The arc-shaped fiber was fabricated on a polishing stage as shown in Figure 4.3. This setup
was designed and studied by Ahmad et al. (Ahmad et al., 2017). The arc-shaped fiber starts
from a 1 m length of single-mode fiber (SMF-28) from Corning®. The fiber possesses a core
diameter of 9 um and cladding diameter of 125 um. The fiber was first spliced to SMF-28
pigtails on either end. Approximately 3 cm of coating was stripped from the center of the fiber,
exposing the cladding. The fiber was then clamped onto the stage, with the stripped section on
top of the polishing wheel. One end of the pigtail was connected to a tunable laser source (TLS)
while the second one was attached to an optical power meter (OPM). The polishing wheel was
powered using a tunable DC power source and was wrapped in a 1x5 cm dimension, 30 um
grit size sandpaper. The polishing wheel was raised to contact the fiber, polishing it to an
insertion loss of ~2.8 dB. The polishing wheel was then lowered, and its sandpaper was then
replaced with a polishing sheet of similar dimension. The polishing sheet is a ThorLabs LFD1

polishing film with a 1 um grit size. The polishing wheel was then raised again to the fiber and
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polishing continued until total insertion loss of 3dB was achieved. The polishing wheel was

then stopped and lowered. A glass slide was used to secure the fabricated arc-shaped fiber.

a)

Optical Power Meter
(OPM)

Tunable Laser Source
(TLS)

Polishing wheel

Figure 4.3: Arc-shaped fiber fabrication stage setup: (a) schematics (b) actual setup
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The arc-shaped fiber fabrication is called “two-step” due to the change of polishing medium
in the middle of the fabrication. This is crucial as the thulium-doped fluoride fiber is sensitive
to scattering. Using only the 30 um sandpaper, we found that it was impossible to achieve
mode-locking in the TDFF laser cavity, making the two-step process crucial. Using the 1 um
grit size polishing film allows for a smoother surface finish on the arc-shaped fiber. However,
the length of time it takes for the fine polishing film to achieve the desired 3.0 dB insertion loss
from the initial fiber is impractical. As such, the first phase uses a larger grit size of 30 um to
polish the majority of the cladding. 2.8 dB loss for the first phase was chosen to allow the
polishing film on the second phase to have enough material to shave off and end with a smooth

finish without exceeding the final targeted insertion loss.

4.4 Preparation of MPXs/arc-shaped fiber SA
2.5 pL of the exfoliated MPX3 was then dropped onto the arc-shaped fiber, completing the
MPXs/arc-shaped fiber saturable absorber. This process is visualized in Figure 4.4. The SA

device was allowed to dry for several minutes before being deployed in the laser cavity.

a)

Figure 4.4: arc-shaped fiber fabrication process
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4.5 Characterization of MPXas/arc-shaped fiber SA
The completed SA was characterized to investigate its linear and nonlinear optical
characteristics. This is crucial to understand the capabilities of the fabricated MPXs/arc-shaped

fiber SA for mode-locked pulse generation in thulium-doped fluoride fiber laser system.

Linear absorption test was conducted on the SA. White light source used was an
SLS201L/M stabilized fiber-coupled light source obtained from ThorLabs. It is capable of
emitting light in the wavelength range of 360 — 2600 nm. The light source was connected to
the SA, which was then connected to a Yokogawa AQ6370C optical spectrum analyser (OSA).

The setup is shown in Figure 4.5.

Optical spectrum analyser

White light source

FePSs/arc-shaped fiber SA

Figure 4.5: Linear absorption measurement setup
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The method of choice to analyze the nonlinear properties of the SA is the two-detector
measurement method. For this technique, a commercial mode-locked was used as a seed laser
source. The ELMO Femtosecond Erbium mode-locked laser from Menlo systems was used for
this task. It has a center wavelength of 1550 nm, with a pulse width, repetition rate and output
power of 120 fs, 100 MHz and 10 mW respectively. These parameters results in a peak power
intensity of ~3.2 GW/cm?. This is then connected to a AQ2200-311 optical programmable
attenuator from Yokogawa. The output of the attenuator was then connected to a 50/50 optical
coupler. One end of the coupler was connected to a 1 m patch cord as a reference, while the
other end was connected to the FePSas/arc-shaped fiber SA, both of which are then connected
to a ThorLabs S144C optical sensors connected to a ThorLabs PM320E Dual-Channel Power

Meter. The setup is visualised in Figure 4.6.
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MPXs/arc-shaped
fiber SA

Figure 4.6: Two-detector measurement setup

The raw data will be fitted to the saturation model equation as shown below:

s

a(l) = + aps Equation 4.1

1+7—
ISClt

where a, as, ans, |, lsat, are absorption, saturable absorption, non-saturable loss, input intensity,
and saturable intensity respectively. Based on the fit, the modulation depth, saturation intensity

and non-saturable absorption of each of the MPXs/arc-shaped fiber SA can be determined.
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CHAPTER 5: IRON PHOSPHORUS TRICHALCOGENIDE (FEPS3)/ARC-SHAPED
FIBER AS SATURABLE ABSORBER

51 Overview
This chapter presents the findings of TDFF mode-locked laser analysis using FePSas/arc-
shaped fiber as the SA. The chapter begins with the characterization results and discussion of
the FePSa/arc-shaped fiber SA including the material analysis and the optical analysis of the
completed SA. Next, the SA was then inserted into the TDFF laser cavity for mode-locking
operation and its output analysed. The analysis is separated into 5 portions: optical spectrum,
pulse train, radio frequency, single-pulse width, and stability. These subchapters will focus on
each results obtained and understand the characteristic of the TDFF mode-locked laser using

FePSs SA.

5.2 FePSs preparation
5.2.1 FePSs liquid phase exfoliation (LPE) process

The liquid phase exfoliation (LPE) processed used on the FePSz material is similar to the
one discussed in Chapter 4. The LPE was done with 100 mg of FePS; crystals in 10 mL of 99%
isopropyl alcohol (IPA) to produce a solution of 10 mg/mL concentration. The sonication
process was done in an 8-hour period. Centrifugation to separate the unexfoliated FePS3 was
done at 5k revolutions per minute (RPM) at 15 minutes. The supernatant was then used for the

SA device. The exfoliated FePSsz is shown in Figure 5.1.
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Figure 5.1: Exfoliated FePSs

5.2.2 Characterization of exfoliated FePSs

Multiple material characterizations were done on the exfoliated FePS3z to understand its
characteristics. One of them is X-ray diffractometry (XRD). It is commonly used to understand
the atomic structures and crystallinity of a material. it can also be used to identify the elements
and compounds present in a sample. XRD works by emitting x-ray towards a sample material.
The material’s crystalline structure will then diffract the incident beam into specific angles.
Those diffracted beams also interfere with each other both constructively and destructively
resulting in various intensities across various angles. By measuring this the angles and intensity
of the diffracted beam, a material’s chemical bond, crystallographic disorder and various other

information can be obtained.
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The XRD used in this study is a Malvern Panalytical Empyrean X-Ray Diffractometer. This
machine is equipped with CuKa radiation, with setting of 40 mA at 45 kV. The resulting XRD
for FePSz is shown in Figure 5.2. From the image, we can observe peaks at 20 = 13.98°,27.94°,
30.57°, 35.62°, 42.35°, 48.79°, 53.50°, 57.51°, and 73.86°. These sharp peaks signifies that the
material possesses high crystallinity and purity. The peaks also correspond with a card set from
the Joint Committee on Powder Diffraction (JCPDS) with a number 030-0663 and can be
designated to planes (001),(002),(201),(131),(003),(310),(060),(004),and (44
2). High intensity observed at planes (00 1), (00 2), (13 1), (00 4) and (0 0 3) proves the high

quality FePSs crystal structure (Ur Rehman et al., 2018Db).

Figure 5.2: X-ray diffraction of FePS3

FESEM or Field Emission Scanning Microscopy is used to investigate the topological

structure of a material and its electronic properties. It uses a finely converged electron beam in
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a vacuum as the source, which then hits the sample. It then takes advantage of the phenomenon
of field electron emission resulting from different work function from various crystallographic
planes to obtain an image on the detector. This is then presented as an enlarged image of the

sample surface.

For the study of our exfoliated FePSs, the FESEM machine used is a Hitachi SU8220.
Resulting images are shown in Figure 5.3. Figure 5.3(a) shows the unexfoliated sample of
FePSs. It can be seen that the grain of FePSs was a result of multiple flakes of individual FePS3
flakes stacked on itself. FePS3 inherently forms 2D nanosheets. However, these nanosheets are
held to each other by weak Van der Waals (VdW) forces, forming bulk crystals. These
nanosheets can easily be delaminated using the LPE process. The result is as shown in Figure
5.3(b) where single layer FePSs can be seen. The LPE process have successfully delaminated
the FePSs bulk crystals, resulting in individual layers showing smooth surface with lateral

dimension approximately 8 um.

0006 2.0kV 12.9mm x5.00k SE(L)

Figure 5.3: FESEM image of (a) bulk FePSs and (b) post-LPE FePSs
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The FESEM used in this study also included an Energy Dispersive X-ray (EDX) detector.
EDX is commonly used in tandem with FESEM for elemental analysis or chemical
characterization of a sample. It relies on the concept of ionization of atom. When an incident
electron hits an atom of a sample, its orbital electron is ejected (ionized). The shell vacancy is
then filled by an electron from an outer orbital. The excess energy of the transition is released
in the form of X-ray. As the difference of energy between the two orbitals are unique to every
elements, the resulting x-ray is also unique to the element. This is known as the characteristic

x-ray and used to identify the elements present in a sample.
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Energy dispersive x-ray (EDX} spectrum for FePS3

Figure 5.4: FePSs EDX spectrum (inset: atomic and weight percentages)
EDX analysis was run on our FePS3 sample using the same machine as the FESEM analysis.
The resulting spectrum is shown in Figure 5.4. Several signal peaks can be seen which
corresponds to the elements of FePSs, which are Iron (Fe), Phosphorus (P) and Sulphur (S).

The identified elements atomic and weight percentages are shown in the inset of Figure 3.4. It
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can be assumed that the prepares FePSs sample was pure as there are no other elements detected

from the EDX analysis.

Another tool of studying a material is the High-Resolution Transmission Electron
Microscopy (HRTEM). HRTEM is a powerful equipment that allows imaging down to the
atomic structures. Its high magnification capability allows us to study the properties of
materials on atomic scale and understand its lattice structures and crystal grain patterns. In
HRTEM, the electron beam is projected through a sample under vacuum conditions. The
transmitted electron beam carries a variety of information on the sample. Interaction between
the electron beam and the atoms of the sample results in elastically scattered electrons. There
is also inelastically scattered electrons which is a result of the electron beam that loses part of
its energy from interactions with the sample’s atoms. These two along with the transmitted

electron make up information that is presented as an image of the sample’s internal structure.

Figure 5.5: HRTEM images of FePSs: (a) single layer (b) lattice structure

In this study, the HRTEM machine used is a JEOL JEM-2100F HRTEM with its

accelerating voltage set at 200 kV to confirm the morphology of the processed FePSs. The
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HRTEM image is shown in Figure 5.5. Figure 5.5(a) shows a single layer FePS3: 60k
magnification. The observed flake was measured to be ~0.2 um across. Increasing the
magnification to 800k, we can see the lattice structure of the FePSs flake in Figure 5.5(b).
Measuring the d-spacing resulted in values of ~0.64 nm and ~0.18 nm. Both these
measurements can be assigned to planes (0 0 1) and (3 1 0) respectively, referring to the card

number 030-0663 from the JCPDS and agrees with the XRD results obtained.

To further understand the topography of the FePSs, we also employ a profilometer. A
profilometer is a measuring instrument to quantify a roughness of a surface profile. In this case,
we used the profilometer to understand the layering structure of few layers FePS3 as a result
from the LPE process. A cantilever is moved vertically in contact with the sample surface and
moved cross the sample laterally at a specified vertical force across a specified distance. The
height position of the cantilever will move in reaction to the surface variation of the sample.

This reaction is quantified and displayed as the 2D map of the surface topography.
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Figure 5.6: FePSs surface profile
In this work, we used a Veeco Dektak 150 surface Profilometer to understand the thickness
of post-LPE FePSas. Resulting graph is shown in Figure 5.6. It can be seen that the thickness of

the FePSs nanoflakes was ~7.11 nm thick with a lateral length of ~5 pum. This suggest the

presence of few layers FePSz in the solution used for the SA.

Considering the use of FePSz in this work is as an optical material, the optical characteristics
of the FePSz was also studied. One method used is the UV-Visible-Near Infrared (UV-Vis-
NIR) absorption spectroscopy. It measures the light intensity after passing through a sample (1)
and compares it to the intensity of light before it passes through the sample (lo). The ratio of
I/lo is known as transmittance and expressed in form of percentage (%T). From this, the

absorbance, A, can be calculated by the formula:
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%T
) Equation 5.1

A= —log (100%

In the UV-Vis-NIR spectrometer, a beam of light source ranging from 200 nm to 2100 nm
was split into two beams and shot into two clear cuvette; one containing pure solvent as
reference while the second contains the post-LPE FePSs solution. The reference beam is taken
as 0% absorbance baseline. Both beams then go into a detector which then determines the
absorbance spectrum of the sample. The resulting spectrum can then be converted to a Tauc’s

plot to determine the samples band gap.

Our FePS3z sample uses a Perkin Elmer Lambda 750 UV-Vis-NIR spectrometer to analyze
its absorbance characteristics from 200 nm to 2100 nm wavelength of light. The resulting
spectrum is then converted to its corresponding Tauc’s plot to determine its optical band gap.
These two results are shown in Figure 5.7. Figure 5.7(a) shows the UV-Vis-NIR spectra, and
an absorption peak at 1960 nm was observed. The Tauc’s plot shown in Figure 5.7(b) showed
a bandgap of 2.3 eV, which agrees with previous report by Aruchamy et al. (Aruchamy et al.,

1988) stating that FePSs have a bandgap between 1.62 to 2.3 eV.
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Figure 5.7: UV-Vis-NIR results: (a) UV-Vis-NIR absorption spectrum of FePSs, (b)
its corresponding Tauc’s plot

Another optical analysis that was done on the FePSz is the Fourier Transform Infrared
(FTIR) spectroscopy. Unlike other optical analysis method where a single monochromatic
beam is used as the light source, FTIR shoots a broadband light with multiple frequencies
simultaneously. The light then passes through a Michelson interferometer, which is a
configuration of moving mirrors designed to periodically block and transmit the beam of light
employing the concept of wave interference. Different wavelengths are modulated at different
rates, resulting in different spectrum coming out of the interferometer at any given moment.
The beam is then directed towards the sample. The amount of light absorbed by the sample is
then measured. The beam is then modified to contain a different set of frequencies, resulting in
a second data point. This process is repeated multiple times in rapid succession. The computer

then analyses the raw data and uses Fourier transform algorithm to output the desired result.

Our FTIR analysis of the FePSz uses a Perkin EImer FTIR-Spectrum 400 for identification
of its chemical bonds. The FTIR was done from 400 cm™ to 3500 cm™ and is shown in Figure

5.8. A peak can be seen at 554 cm™, indicating the presence of asymmetric stretching of (PS3)*
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(El-Meligi et al., 2015). The peaks observed at 760 cm™ and 952 cm™ can be assigned to P-O
asymmetric stretching vibrations (Jastrzebski et al., 2011). In addition, water molecules
presence can be verified as there are peaks at 1438 cm™ and 1611 cm™ (Jastrzebski et al., 2011)
including hydroxyl group with peaks at 2925 cm™ and 3402 cm?, indicating (O-H) stretching
vibrations (Chukanov & Chervonnyi, 2016). CO: presence in air was also detected with peak

at 2283 cm™ (Luna Zaragoza et al., 2009).

Figure 5.8: FePSs FTIR spectra
It is also crucial to analyze the stability of the FePSs. One method to do this is by using the
Thermogravimetric analysis (TGA). TGA analyses the change of mass of a sample over time
as the temperature changes. This measurement can provide data of a material physical
phenomena such as phase transition, thermal decomposition, and chemisorption among others.
One application of TGA is analysis of thermal stability. If a material is thermally stable, there
will be negligible or even no mass change. It can also indicate the maximum use temperature

of a material, over which the material will begin to degrade.
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In this study, the equipment used for TGA is a Perkin Elmer Pyris Diamond TGA. The
resulting TGA curve is shown in Figure 5.9. From the graph, it can be seen that the FePS3
possess a three-step weight loss process, with the first step from 30 °C to 255 °C followed by
the second step between 255 °C to 506 °C and last step between 506 °C and 700 °C. The initial
1 % loss in the first step can be contributed to the vaporization of water content on the surfaces.
Second step presents further sample dehydration with a <1 % loss of weight (Jastrz¢bski et al.,
2011). The third step showed the maximum loss observed of approximately 6 %, indicating the
decomposition of the FePSz (EI-Meligi et al., 2015). The sample showed a total of 8% weight

loss, indicating high thermal stability of the FePSa.

Figure 5.9: TGA curve of FePSs
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5.3 FePSs/arc-shaped fiber
53.1 Two-step arc-shaped fiber fabrication (3.0 dB loss)

The arc-shaped fiber used in this chapter was fabricated in a similar method as discussed in
Section 4.3 of Chapter 4. The targeted insertion loss of the arc-shaped fiber is 3.0 dB, with the
first phase of polishing up to 2.8 dB and the remaining 0.2 dB completed at the second polishing
phase. The resulting arc-shaped fiber is shown in Figure 5.10(a). 2.5 uL of the post-LPE FePS3

solution was drop-casted on the arc, resulting in flakes on the fiber visible in Figure 5.10(b)

a)

b)

Figure 5.10: (a) arc-shaped fiber, (b) FePSs drop-casted on arc-shaped fiber
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5.3.2 Characterization of FePSs/arc-shaped fiber

Figure 5.11: FePSs/arc-shaped fiber SA linear absorption

The linear absorption analysis was done as discussed in Chapter 4 and the result for
FePSs/arc-shaped fiber was taken over the range of 1200 — 1660 nm and shown in Figure 5.11.
It can be seen that the SA showed a linear absorption approximately 2.5 dB at 1200 nm.
Highlighted in green is the S-band region, in which the SA have a linear absorption of around
2.51t0 3.1 dB. According to Set et al. and Chiu et al., this value is optimum for the generation
of mode-locked pulses (Chiu et al., 2010; Set et al., 2004). Beyond the 1520 nm wavelength,
the SA exhibited absorption of above 3.1 dB, which is more favourable in Q-switched pulse

generation.
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Figure 5.12: Nonlinear characteristic of FePSs/arc-shaped fiber SA

Nonlinear optical properties was investigated using the setup discussed in Chapter 4. The
raw data was obtained and fitted to the saturation model equation as shown in Figure 5.12. The
result showed a modulation depth of 14.59 % for the FePSs/arc-shaped fiber SA. Its saturation
intensity and non-saturable absorption was determined to be 0.006 MW/cm? and 85.41%

respectively.

5.4 Characterization of S-band mode-locked thulium-doped fluoride fiber using
FePSs as saturable absorber

The FePSa/arc-shaped fiber was introduced into the TDFF laser cavity system as shown in

Chapter 3. Mode-locking was achieved at 280 mW pump power, with minor polarization

adjustments. The pump power was maintained throughout the experiment for ideal laser
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stability. All reading such as optical spectrum, frequency analysis, pulse train and many more
were taken under the sustained pump power. There were no pulse observed when the SA was

removed from the cavity, indicating that the mode-locked pulses were generated by the SA.

The resulting spectrum can be observed in Figure 5.13. From the graph, it can be seen that
the peak wavelength is 1504.8 nm. The spectral bandwidth or also known as the 3-dB
bandwidth can be measured to be 0.704 nm. The spectrum shows Kelly’s sidebands, indication

of anomalous net dispersion of the system and the operation of laser is in the soliton regime.

Center wavelength = 1504.8 nm
-101 3-dB bandwidth = 0,704 nm

-20 -

-30 4

-40 -

Optical Power (dBm)

-50

1500 1502 1504 1506 1508 1510
Wavelength (nm)

Figure 5.13: Optical spectrum of FePSs-based mode-locked laser

59



The central wavelength can be tuned using a tunable bandpass filter or known as TBPF.
This was not done in this study as the bandwidth limitation of the TBPF would result in a

broader pulse width as it would filter the optical spectrum.

For this study, the pulse train was obtained using a DSOX 3102 T InfinitiVision oscilloscope
from Keysight. A DET08 CFC/M photodetector from ThorLabs was used to convert output
light signal from the laser cavity into electrical signals for the oscilloscope. The resulting pulse
train is as depicted in Figure 5.14. It can be seen that the pulse spacing is constant at 2.49 ps
every pulse. Inversing this value result is a repetition rate value of 400.6 kHz. This corresponds
to the round-trip time taken for light to travel the length of the laser cavity, which is 525 m.

This can be related by the following formula:
C
Repetition rate = In Equation 5.1

where C, L and n identifies as light speed, length of cavity and refractive index of travel
medium, and results in the unit Hertz (Hz). The laser’s repetition rate also remained constant

at all pump power levels. These results further prove that the laser is in mode-locking operation.
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Figure 5.14: Pulse train analysis of FePSz-based mode-locked laser

The output of the mode-locked laser is analyzed using an FPC 1000 RFSA from Rohde &
Schwarz. The resulting RF spectrum is as shown in Figure 5.15. The reading was taken at a
resolution bandwidth (RBW) of 1 kHz to ensure the optimal signal can be obtained as the
mode-locked pulses have ultrashort signal duration. The signal peaks at a center frequency of
400.6 kHz, corresponding to the findings on the oscilloscope. The laser showed a ~45 dB SNR,

signifying the FePSz-based mode-locked TDFF system is highly stable.
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Figure 5.15: Radio frequency spectrum of FePSs-based mode-locked laser

Pulse width of the TDFF mode-locked laser is measured using an Alnair Labs 1.5 pm
autocorrelator (model no. HAC-200). The obtained results are as shown in Figure 5.16. The
FWHM of the autocorrelation trace measured 6.02 ps. After including the sech? deconvolution
factor of 0.648, the pulse width was determined to be 3.90 ps. The TBP was calculated to be
0.363 after including the center wavelength and spectral width of 1504.8 nm and 0.704 nm
respectively. Considering a sech? transform limited pulse theoretical TBP value to be 0.315,

our larger TBP value signifies that the FePSs-based TDFF mode-locked pulse was slightly

chirped.
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Figure 5.16: Autocorrelator trace with its sech? fit FePSs-based mode-locked laser

To ensure that the TDFF/FePSs-SA mode-locked laser is stable over long operational
duration, a long-term stability test was conducted over the course of three hours. Pump power
was set at a constant 280 mW. A sample of optical spectrum was taken every 30 minutes. The
resulting graph is displayed in Figure 5.17, with Figure 5.17(a) showing the 3D plot and Figure
5.17(b) showing the contour plot. Both figures showed central wavelength drift of less than 0.1
nm and power fluctuations of less than 0.01 dB. both these results proves the high stability of
the generated mode-locked pulses. The experiment was also repeated and conducted over a
longer period of time, with similar observations, further demonstrating the systems outstanding

repeatability and stability for mode-locking.
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Figure 5.17: Stability test of FePSs-based mode-locked TDFF laser: (a) 3D graph
plot, (b) contour plot

The graph showing the relationship between the FePSz-based mode-locked TDFF laser’s
output power and the applied pump power is shown in Figure 5.18. It can be seen that as pump
power increases between 190.9 to 280 mW, the output power also increases between 1.38 to
3.01 mW. This relationship is linear, with the slope of the graph representing efficiency which
is 1.8 %. At maximum pump power of 280 mW, the laser remained stable and output power
remained constant at 3.01 mW. Calculations showed the laser output had a maximum pulse

energy of 7.5 nJ at peak power of 1.9 kW when measured at the 10 % output port of the OC.
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Figure 5.18: Relationship between output power and pump power of FePSs-based
TDFF mode-locked laser

With average output power at the 10 % output port measuring 3.01 mW, the intracavity
average power is determined to be 30.1 mW, with its corresponding peak power and pulse
energy calculated to be 19.3 kW and 7.5 nJ respectively. Intracavity peak power intensity is

calculated using the formula:

PAV

P, =
T St

Equation 5.2

Where Pp is peak power intensity, Pav is average power, fr is the repetition rate, and tp is the
pulse width. As provided by the manufacturer, core size of SMF-28 fiber used in the cavity is
9 um, the intracavity peak power intensity was determined to be 59.5 GW/cm?. Mode-locking
was sustained up to maximum pump power of 280 mW without any observable SA

degradation. This can be concluded that the SA possesses a damage threshold of higher than
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59.5 GW/cm?. There was no Q-switching of the laser observed as the intracavity power is too
high for Q-switching. For Q-switching to occur, the FePSz SA would need to be fabricated into

a thin film, which would result in a higher saturable loss, more favorable for Q-switching.
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CHAPTER 6: MANGANESE PHOSPHORUS TRICHALCOGENIDE (MNPS3)/ARC-
SHAPED FIBER AS SATURABLE ABSORBER

6.1 Overview

In this chapter, the use of Manganese Phosphorus Trichalcogenide (MnPS3) as a saturable
absorber for S-band thulium-doped fluoride fiber laser is investigated. This chapter starts with
the material characterization and optical analysis of the MnPSs/arc-shaped fiber SA. The liquid
phase exfoliation process are adjusted to enhance the dispersion of MnPSz nanoflakes in the
solution. The SA device is then introduced into the TDFF laser cavity system to produce mode-

locked pulses. The mode-locked output was then studied and analysed in this chapter.

In this chapter, we attempt to increase the repetition rate of the mode-locked pulse. This was
done by reducing the SMF-28 spool length as shown in Chapter 3, from 500 m to 300 m. The
configuration of components in the cavity remained the same. The insertion loss of the arc-
shaped fiber was also reduced from 3.0 dB to 2.5 dB in an attempt to reduce the scattering loss
while still maintaining sufficient evanescent field interaction between the laser and the MnPS3

material.

6.2 MnPSs preparation
6.2.1 MnPSs liquid phase exfoliation (LPE) process

The MnPSz is received in a crystal form and underwent the similar liquid phase exfoliation
process as discussed in Chapter 4. However, it was found that the ideal solvent to properly
disperse the MnPSz nanoflakes was a chemical called NMP (N-Methyl-2-Pyrrolidone). Other
than the solvent, all other steps are according to as shown in Chapter 4. 100 mg of MnPS3

crystals were dispersed in 10 mL of NMP to produce a solution of 10 mg/mL concentration,
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which was then water bath-sonicated for 8 hours before centrifuged at 5000 rpm for 15 minutes.
The resulting centrifuged solution decanted to remove unexfoliated MnPSz before being used.

The resulting MnPS3 solution is as shown in Figure 6.1

Figure 6.1: Exfoliated MnPS3

6.2.2 Characterization of exfoliated MnPS3

The MnPSs was subjected to several material characterizations in order to better understand
its properties. The X-ray diffractometry is one of them (XRD). It is regularly utilized to
properly understand the atomic composition and crystallinity of a substance. It could also be
employed to determine which substances and components are found in a sample. Emitting x-
rays at a sample material is how XRD operates. The incident beam will then diffract into certain
angles due to the material's crystalline structure. These diffracted beams also interfere with one
another in both constructive and destructive ways, producing a range of intensities at different

angles. This measurement may be used to determine the angles and intensity of the diffracted
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beam, a material's chemical bond, the disorder of its crystal structure, and several other

information.

Figure 6.2: MnPS3 XRD spectrum

To confirm the purity and crystallinity of the MnPS3 crystals, a sample was sent for X-ray
diffractometry (XRD) analysis prior to LPE process. It was done on an Empyrean XRD
machine from Malvern Panalytical and was outfitted with a CuKa radiation source at 45 kV
and 40 mA. The resulting spectrum is shown in Figure 6.2. From the image, it can be seen that
there are distinct peaks at 26 = 13.64°, 24.48°, 29.74°, 34.79°, 41.74°, 47.86°, 49.93°, 52.09°,
56.72°, and 72.85°. All these peaks are matched to a card set standard from the JCPDS or the
Joint Committee on Powder Diffraction, which shows those peaks can be assigned to planes (0
01),(002),(-201),(-202),(003),(-133),(113),(-331),(004), (005). The sharp peaks

signifies the high crystallinity and purity of the MnPS3 crystal. According to Rehman et al., the
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intense peaks that represent the planes (0 0 2), (0 0 4) and (0 0 1) proves the high-quality

crystalline structure of the MnPSz. (Ur Rehman et al., 2018a).

FESEM, also known as field emission scanning microscopy, is used to examine a material's
topological structure and electronic characteristics. The source is an electron beam that has
been precisely focused in a vacuum, after which it strikes the sample. Then, in order to produce
a picture on the detector, it makes use of the phenomena of field electron emission coming
from various crystallographic planes' work functions. The sample surface is then shown in

greater detail in the display.

00032 .0kV 8 5mm x40 0k SE(L)

Figure 6.3: MnPS3s FESEM image in (a) bulk form and (b) exfoliated
Both the MnPS3 crystal and post-LPE were studied under a FESEM to analyze its surface
morphology and to confirm the success of the LPE process in exfoliating the bulk MnPSs. The
FESEM used was a SU8220 FESEM from Hitachi. The images captured for both bulk and
exfoliated forms are shown in Figure 6.3. Figure 6.3(a) shows the bulk MnPSgz crystals. It can
be seen in the image that the crystals are formed by stacked layers of MnPS3 nanoflakes. These
flakes are held together by the weak Van de Waals force. These are simply separated by the

sonication procedure in the LPE process, as shown in Figure 6.3(b). The image shows few-
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layer configuration of the MnPS3, indicating the success of the LPE process. The layers shown
in the image are surrounded by the unevaporated NMP solvent. This is due to the slightly high

vaporization temperature of the NMP.

Figure 6.4: MnPS3 Raman spectrum
The post-LPE MnPS;3 also underwent Raman spectroscopy analysis to understand its
absorption mechanics and excitation states. The analytical machine used for this analysis is the
InVia Raman microscope from Renishaw. It has an excitation wavelength of 514 nm. The
resulting Raman spectrum is shown in Figure 6.4. From this image, we can see peaks at 241.7
cm?, 271.1 cm?, 379.9 cm™?, and 568.0 cm™. The Eq vibration modes can be proven by the
peaks at 241.7 cm™ and 568.0 cm™, while the Ayq vibrational modes can be assigned to peaks

271.1 cm™and 379.9 cm™ (Ur Rehman et al., 2018a).
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6.3 MnPS3/arc-shaped fiber
6.3.1 Two-step arc-shaped fiber fabrication (2.5 dB loss)

Fabrication of the arc-shaped fiber is similar to the method discussed in Chapter 4, with the
exception of the target insertion loss. For MnPSs, the targeted insertion loss of the arc-shaped
fiber was reduced from 3.0 dB to 2.5 dB in an attempt to reduce the scattering loss of the arc-
shaped fiber while still maintaining sufficient evanescent field interaction between the laser

beam within the fiber and the MnPS3 nanoflakes on the arc-shaped fiber.

The first phase of polishing using the 30 pum grit sandpaper was done until the insertion loss
achieves 2.3 dB, while the second phase using 1 pm grit polishing film was done until the total
insertion loss achieves 2.5 dB, completing the arc-shaped fiber. The completed arc-shaped fiber
was then drop-casted with ~2.5 pL of the MnPSgz solution. Figure 6.5(a) shows the arc-shaped
fiber while Figure 6.5(b) shows the completed SA with the MnPSz nanoflakes visible on the

fiber.

a)

b)

Figure 6.5: (a) 2.5 dB loss arc-shaped fiber (b) MnPSs coated arc-shaped fiber

72



6.3.2 Characterization of MnPSs/arc-shaped fiber

The nonlinear properties of the fabricated MnPSs/arc-shaped fiber saturable absorber was
investigated using the twin detector measurement setup as discussed in Chapter 4. The raw data
obtained was fitted to the saturation model equation and presented in Figure 6.6. From the
graph, it can be seen that the SA device have a modulation depth of 25.63 %. The saturation
intensity and non-saturable absorption was determined to be 0.002 MW/cm? and 74.37 %

respectively.

Figure 6.6: Nonlinear characteristics of MnPSs/arc-shaped fiber SA
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6.4 Characterization of S-band mode-locked thulium-doped fluoride fiber using
MnPS3 as saturable absorber

The fabricated MnPSa/arc-shaped fiber SA was inserted into the TDFF laser cavity system
as shown in Chapter 3. The configurations are similar, apart from the length of the SMF-28
spool, which was reduced from 500 m to 300 m. This was done in order to increase the mode-
locked pulses repetition rate by reducing the laser roundtrip time. This resulted in a shorter
total cavity length of 325 m. Since only the total length of SMF-28 was changed, group velocity
dispersion will be calculated using similar material dispersion and center wavelength values as
mentioned in Section 3.2.6. Using Equation 3.1, the new net cavity dispersion was calculated
to be -5.3 ps?. Measurements were taken using similar instruments as was used for FePSs;

analysis in the previous chapter.

Mode-locked was achieved at pump power 280 mW, with minor polarization adjustments.
For optimal mode-locking stability, all measurement were taken at the maximum pump power.

Similar to FePSs, no pulse were observed when the SA was removed from the cavity.

The optical spectrum of the TDFF mode-locked laser is shown in Figure 6.7. A central
wavelength of 1504.7 nm can be observed, with a 0.604 nm 3-dB bandwidth. The laser operates
in a soliton regime, with a net anomalous dispersion, proven by the presence of Kelly’s

sidebands.
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Figure 6.7: Optical spectrum of MnPSs-based mode-locked laser

The mode-locked laser pulse train is shown in Figure 6.8. The pulse spacing can be seen
equally spaced at 1.67 ps, matching a repetition rate of 593 kHz. This agrees with the roundtrip
time calculated based off the total cavity length using the repetition rate formula shown in
Section 5.4 of Chapter 5. The reduced SMF-28 spool length also resulted in a higher repetition
rate in comparison to the laser cavity used in Chapter 5. The laser’s repetition rate also
remained constant at all pump power levels. These results further prove that the laser is in

mode-locking operation.
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Figure 6.8: Pulse train analysis of MnPSs-based mode-locked laser
The mode-locked laser output was also studied using a radio frequency spectrum analyzer
(RFSA). The RFSA was set at a resolution bandwidth (RBW) of 1 kHz. The resulting graph is
depicted in Figure 6.9. The signal peaks at a center frequency of 593 kHz, which is in agreement

to the findings from the pulse train analysis. The laser exhibited a ~47 dB SNR, signifying a

highly stable MnPS3 based TDFF mode-locked laser.
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Figure 6.9: Radio frequency spectrum of MnPSz-based mode-locked laser
Similar to FePSz-based TDFF mode-locked laser, the output laser pulse width in this chapter
was also analyzed using the Alnair Labs Autocorrelator. The result are as depicted in Figure
6.10. FWHM of the autocorrelation trace for the MnPSs-based mode-locked laser measured
6.15 ps. From there, a pulse width value of 3.98 ps can be derived using the sech? deconvolution
factor of 0.648. Including the center wavelength and 3-dB bandwidth of 1504.7 nm and 0.604
nm respectively, the TBP was calculated to be 0.318. This indicates the pulse generated was

slightly chirped when compared to the transform-limited sech? TBP value of 0.315.
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Figure 6.10: Autocorrelator trace with its sech? fit MnPSs-based mode-locked laser

Long term operational stability of the MnPSz-based mode-locked TDFF laser was tested by
conducting a 3-hour long stability test. Optical spectrum readings were taken every 30 minutes
with the pump power set to a stable 280 mW throughout the 3-hour test. The resulting graph is
depicted in Figure 6.11, where Figure 6.11(a) shows the 3D plot and Figure 6.11(b) shows its
equivalent contour plot. It can be seen that the system remained stable through the test duration,
with drift of the center wavelength less than 0.1 nm and peak optical power fluctuates within
0.01 dB. This test was also repeated over longer duration with similar results, indicating that
the outstanding stability and repeatability of the MnPS3-based mode-locked TDFF laser and

the MnPS3 capability as a stable SA material.
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Figure 6.11: Stability test of MnPSs-based mode-locked TDFF laser: (a) 3D graph
plot, (b) contour plot

The relation between the MnPSz-based mode-locked TDFF laser’s output power and pump
power was also studied. This is shown in Figure 6.12. The graph shows that mode-locking

operation were sustained between pump power 145 mW and 280 mW, with output power
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increasing from 1.14 mW to 3.04 mW respectively. The relationship is linear, with a slope
efficiency of 2.1%. At the 10% output port, the laser produced a stable 3.04 mW when pumped
at maximum pump power of 280 mW, resulting in a maximum pulse energy of 5.13 nJ and

peak power of 1.29 kW.

Figure 6.12: Relationship between output power and pump power of MnPS3-based
TDFF mode-locked laser

Intracavity average power is determined to be 30.4 mW based off the OC ratio. Using
Equation 5.2 and SMF-28 core size of 9 um as provided by the manufacturer, the intracavity
peak power intensity can be calculated to be 3.98 GW/cm?. Throughout the experiment, the
MnPSas/arc-shaped fiber SA showed no observable degradation. This can be concluded that the
SA possesses a damage threshold of higher than 3.98 GW/cm?. As the intracavity power was
high, there was no observable Q-switching operation of the laser. To achieve Q-switching, the
MnPSs have to be fabricated into a thin film, resulting in a higher saturable loss suitable for Q-

switching operation.
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CHAPTER 7: NICKEL PHOSPHORUS TRICHALCOGENIDE (NIPS3)/ARC-
SHAPED FIBER AS SATURABLE ABSORBER

7.1 Overview

Another material of the MPX3 family, Nickel Phosphorus Trichalcogenide (NiPSgz) is
studied in this chapter as a saturable absorber for mode-locked pulse generation in the S-band
wavelength region using the Thulium-doped Fluoride fiber (TDFF) laser system. This chapter
will first discuss the fabrication of the NiPSs/arc-shaped fiber SA, including material synthesis
and arc-shaped fiber fabrication along with its respective characterizations. The completed
device is then introduced into the TDFF system, and its output optical spectrum, pulse train,

radio frequency, pulse width and power analyzed and discussed.

In comparison to the TDFF laser cavity showed in Chapter 3, a component in the laser cavity
was replaced to further optimize the stability and performance of the laser system and
consequently, the mode-locked pulses produced when the SA is inserted. One notable change
is the length of the SMF-28 spool was reduced from 500 m to 300 m. This was done to reduce
the cavity roundtrip time and as a result, increase the mode-locked pulse repetition rate. This

is discussed further in this chapter

The arc-shaped fiber fabrication was also adjusted in an attempt to further improve the
mode-locked laser performance. The arc-shaped fiber insertion loss was reduced to 2.0 dB to
reduce scattering loss when the NiPS3 nanoflakes are added, all while still maintaining
sufficient evanescent field interaction between the laser and the material. This will also be

discussed further in this chapter.
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7.2 NiPSs preparation
7.2.1 NiPSs liquid phase exfoliation (LPE) process

Similarly, the NiPSs was received in its crystal form before being processed. Different to
previous chapter, it was found that the best solvent for NiPSz nanoflakes to disperse properly
is deionized water (DIW). Other than that, the formulation and methodology remained similar
to as discussed in Chapter 4. 100 mg of NiPSz crystals was dispersed in 10 mL of DIW to
obtain a NiPSz solution of 10 mg/mL. This was then bath-sonicated for 8 hours before
centrifuged at 5000 rpm for 15 minutes to remove unexfoliated material. The decanted solution

is then used as the SA device. Resulting solution is as shown in Figure 7.1.

Figure 7.1: Exfoliated NiPS3
722 Characterization of exfoliated NiPS3
To further understand its characteristics, the NiPSz underwent a number of material
characterizations. One of them is X-ray diffractometry (XRD). It is frequently used to

accurately describe a substance's atomic structure and crystallinity. It can also be used to
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identify the constituents and compounds present in a sample. XRD works by emitting x-rays
at a sample material. Due to the material's crystalline structure, the incident beam will then
diffract into certain angles. These diffracted beams also interfere with one another in both
constructive and destructive ways, resulting in a variety of intensities at various angles. This
measurement may be used to assess a material's chemical bond, the disorder of its crystals, the

angles and intensity of the diffracted beam, and more.

Prior to exfoliation, a sample of the NiPSs crystal was sent for X-ray diffractometry analysis
(XRD) to study its purity and crystallinity. The analytical machine used for this is the
Empyrean XRD machine from Malvern Panalytical, outfitted with a CuKa radiation source set
at 45 kV and 40 mA. Resulting spectrum is shown in Figure 7.2. From the spectrum, it can be
seen that all peaks are well defined and sharp, indicating high crystallinity and purity of the
NiPSs sample. These peaks are coordinated at 20 = 14.24, 28.38°, 30.29°, 31.30°, 36.37°,
45.96°, 49.71°, 53.58°, 54.78°, 58.39°, and 75.06°, and according to the Joint Committee on
Powder Diffraction Standards, these peaks can be assigned to planes (001), (002),(112), (1
30),(131),(041),(-133),(-152),(060),(004),and (-2 25).According to Ouvrard et al.,
sharp peaks corresponding to planes (0 0 1), (0 0 4) and (0 0 2) for NiPS3 indicates high purity

of the sample (Ouvrard et al., 1985).
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Figure 7.2: NiPS3 XRD spectrum

High-Resolution Transmission Electron Microscopy is an additional technique for material
analysis (HRTEM). HRTEM is a sophisticated tool that enables imaging down to atomic scales.
We can investigate the atomic-scale characteristics of materials and comprehend their lattice
structures and crystal grain patterns courtesy to its tremendous magnification capability. In
HRTEM, a sample is passed through by an electron beam in a vacuum. Several elements of
information about the sample are carried in the transmitted electron beam. Elastically scattered
electrons are produced as a result of the electron beam's interaction with the atoms in the
sample. Additionally, there are electrons that are inelastically dispersed as a result of the
electron beam losing some of its energy via interactions with the atoms in the sample. These
two, coupled with the electron that is transmitted, form a complete image of the sample’s

internal structure.
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This was done on the exfoliated sample to study its morphology and lattice structure. This
also to confirm that the exfoliation process was successful. The resulting image is shown in
Figure 7.3. Figure 7.3(a) was captured at 4k magnification and shows the few-layer
characteristics of the NiPSz morphology. This also confirms that the LPE process was a success
and the bulk form of the NiPS3 was exfoliated. Figure 7.3(b) shows the lattice structure of
NiPSz at 400k magnification. Further magnification was unviable as the high energy electron
beam of the HRTEM damaged the focused site, making image capture impossible.
Nevertheless, at 400k magnification, we can see uniform grains of the NiPSs, indicating high

crystallinity of the nanoflakes. This agrees with the XRD findings.

a) b)

Figure 7.3: HRTEM images of NiPSs: (a) few-layer flake (b) lattice structure
The optical properties of NiPSs were also investigated since it is used in this work as an
optical material. The UV-Vis-NIR (UV-Visible-Near Infrared) absorption spectroscopy is one
technique employed. It measures the intensity of light after it has passed through a sample (1)
and contrasts it with the intensity of light before the sample (lo). Transmittance, often known
as the I/10 ratio, is quantified as a percentage (%T). This allows the formula below to be used

to determine the absorbance, A:
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%T)

A= —log (100%

Equation 7.1

The exfoliated NiPS3 underwent a UV-Vis-NIR spectroscopy to understand its absorbance
characteristics. This characterization also allows us to determine the optical band gap of the
exfoliated NiPSz. Similar to the one used in Chapter 5, UV-Vis-NIR analysis done on NiPSs3
uses the Perkin Elmer Lambda 750 UV-Vis-NIR spectrometer with the wavelength of light
range set between 200 nm to 2100 nm. Resulting spectrum was also converted to its matching
Tauc’s plot to determine its band gap. Both graphs are shown in Figure 7.4, with Figure 7.4(a)
showing the UV-Vis-NIR spectrum and Figure 7.4(b) showing the Tauc’s plot. It can be seen
that the NiPSs have a broad absorption wavelength range between 300 nm to 1600 nm. The

Tauc’s plot extrapolation shows the NiPS3z possesses a band gap of ~1.8 eV.

o
—
i
W

Absorbance (a.u.)

0.5+

0.0 T T T T
300 600 900 1200 1500

Wavelength (nm)

Figure 7.4: UV-Vis-NIR results: (a) UV-Vis-NIR absorption spectrum of NiPSs, (b)
its corresponding Tauc’s plot
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7.3 NiPSs/arc-shaped fiber
7.3.1 Two-step arc-shaped fiber fabrication (2.0 dB loss)

Arc-shaped fiber fabrication method is similar to the one discussed in Chapter 4. The only
change is the targeted insertion loss. The arc-shaped fiber used for NiPSa/arc-shaped fiber SA

was fabricated to a reduced loss of 2.0 dB.

The first polishing phase using the 30 pum grit sandpaper was done until loss was about 1.8
dB. The sandpaper was changed to the 1 pum grit polishing film for the second phase until loss
was 2.0 dB. The completed arc-shaped fiber was then coated with approximately 2.5 uL of the
exfoliated NiPSz solution. Figure 7.5(a) shows the arc-shaped fiber, while Figure 7.5(b) shows

the completed NiPSs/arc-shaped fiber SA, where the coating can be seen.

a)

b)

Figure 7.5: (a) 2.0 dB loss arc-shaped fiber (b) NiPSs coated arc-shaped fiber
732 Characterization of NiPSs/arc-shaped fiber
The modulation depth of the NiPSz/arc-shaped fiber SA was determined using the twin-
detector measurement method as depicted in Chapter 4. The raw data obtained from the

procedure was fitted to the saturation equation model as presented in Figure 7.6. Results shows
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the SA device have a modulation depth of 29.44 %. The saturation intensity and non-saturable

absorption was determined to be 0.547 kW/cm? and 70.56 % respectively.

Figure 7.6: Nonlinear characteristics of NiPSs/arc-shaped fiber SA

7.4 Characterization of S-band mode-locked thulium-doped fluoride fiber using
NiPSs as saturable absorber

The NiPSa/arc-shaped fiber SA was inserted into the TDFF as depicted in Section 3.2.6:

‘Final cavity configuration’ of Chapter 3. Configuration and position of components of the

cavity was similar, with the exception of the SMF-28 spool, which was reduced from 500 m to

300 m. Some components were changed with a more efficient part. Nonetheless, specifications

such as the output coupler ratio, polarization controller configuration and other remained the

same as configured in Chapter 3.

For this experiment, the cavity length amounted to a total of 350 m, with the inclusion of

TDFF gain medium, and the SMF-28 pigtails used for all components such as ISO, WDM, OC
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and PC. The group velocity dispersion will be calculated using similar material dispersion and
center wavelength values as mentioned in Section 3.2.6. The new total cavity length was used
in Equation 3.1, resulting in a net cavity dispersion of -5.73 ps?. All measurements were taken
with similar analytical equipment as used in Chapter 5. Mode-locking operation were obtained
at the pump power of 280 mW. Minor polarization adjustments using the PC was required. The
power was kept constant during readings to optimize stability and uniformity among the
different types of characterization. Similar to reports in Chapter 5 and 6, no pulses were

detected when the NiPSa/arc-shaped fiber SA was removed from the cavity, indicating that the

Figure 7.7: Optical spectrum of NiPSs-based mode-locked laser

mode-locked pulses are resulted by the application of the SA.

The NiPS3-based TDFF mode-locked laser produced an optical spectrum as shown in Figure

7.7. The spectrum showed a central wavelength of 1505 nm with a 3-dB bandwidth of 0.68 nm.
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Kelly’s sidebands were observed in the spectrum, indicating the operation of the mode-locked

TDFF laser was in the soliton regime with net anomalous dispersion.

Pulse train of the mode-locked laser was also analyzed and shown in Figure 7.8. It can be
seen that the pulses have an equal separation at 1.71 ps, matching a repetition rate of 582 kHz.
This agrees with the roundtrip time calculated based off the total cavity length using the
repetition rate formula f=c/Ln, where c, L and n identifies as light speed, length of cavity and
refractive index of travel medium, and results in the unit Hertz (Hz). Reducing the length of
the SMF-28 spool resulted in a higher repetition rate compared to the results shown in Chapter
5. The laser’s repetition rate also remained constant at all pump power levels. These results
further prove that the laser is in mode-locking operation.
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Figure 7.8: Pulse train analysis of NiPSs-based mode-locked laser

90



Radio frequency analysis was also conducted on the mode-locked laser output, as shown in

Figure 7.9. The resolution bandwidth (RBW) was set to 1 kHz. The spectrum showed a sharp

peak at 582 kHz, matching the findings pulse train analysis. The mode-locked laser also

exhibited a signal-to-noise ratio (SNR) of 58 dB, signifying the high-stability of the NiPSz-

based mode-locked laser.
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Figure 7.9: Radio frequency spectrum of NiPSs-based mode-locked laser
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The pulse width of the mode-locked laser is shown in Figure 7.10. The full width at half

maximum (FWHM) of the autocorrelation trace for the NiPSsz-based mode-locked laser

measured 5.49 ps. From there, a pulse width value of 3.56 ps can be derived using the sech?

deconvolution factor of 0.648. Including the center wavelength and 3-dB bandwidth of 1505

nm and 0.68 nm respectively, the TBP was calculated to be 0.320. This indicates the pulse

generated was slightly chirped when compared to the transform-limited sech? TBP value of

0.315.
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Figure 7.10: Autocorrelator trace with its sech? fit NiPSs-based mode-locked laser

The laser was operated at 280 mW pump power for 3 hours to study it long term operational
stability. Optical spectrum of the laser’s output was taken every 30 minutes. The resulting
graph was plotted in Figure 7.11. It can be observed that the laser remained stable through the
test duration with central wavelength drift of less than 0.1 nm and peak optical power
fluctuation of less than 0.01 dB. The NiPSs/arc-shaped fiber SA also showed no significant
degradation The test was also replicated over a longer period, with similar outcome. This
proves that the NiPSs-based mode-locked TDFF system is very stable and the NiPSsz a viable

SA material.
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Figure 7.11: Stability test of NiPSs-based mode-locked TDFF laser
Output power/pump power relation was also analyzed. The graph is shown in Figure 7.12.
The TDFF laser was in mode-locking operation between pump powers 211 mW to 280 mW.
Output power at the 10 % port was observed to be 1.7 mW to 2.4 mW respectively. This gives
a slope efficiency of 1.6 %. At the 10% output port, output power of 2.4 mW results in pulse

energy and peak power of 4.12 nJ and 1.16 kW respectively.
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Figure 7.12: Relationship between output power and pump power of NiPSs-based
TDFF mode-locked laser

Based on the OC ratio, the intracavity power is 24 mW. Using Equation 5.2 and the SMF-
28 core size is 9 um as provided by the manufacturer, this results in an intracavity peak power
intensity of 18.21 GW/cm?. Since the NiPSs/arc-shaped fiber SA was not damaged throughout
the experiment, it can be concluded that the SA possesses a damage threshold of higher than
18.21 GW/cm?. Intracavity power is high, making any Q-switching virtually impossible. For
Q-switching to be achieved, the NiPSz have to be fabricated into a film, which would result in

a higher non-saturable loss, suitable for Q-switching.
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CHAPTER 8: CONCLUSIONS

8.1 Conclusion

In this thesis, the performance of transition metal phosphorus trichalcogenide (MPX3) as a
saturable absorber in a thulium-doped fluoride fiber laser system for generation of mode-locked
pulses in S-band optical region was studied. In Chapter 1, the background of this work was
discussed as well as an introduction into the S-band fiber laser and MPX3 materials. Chapter 2
then discussed the history of fiber lasers, its developments, and the theoretical basis of S-band
lasers. Basics of pulse in a fiber laser system, specifically mode-locked pulses are also
discussed including the use of saturable absorbers, its history, and applications. The chapter
also focuses on thulium-doped fluoride fiber in particular as the gain medium, and the MPX3

materials as saturable absorbers.

This thesis then proceeds with the methodology of this work. Chapter 3 describes the build
of the thulium-doped fluoride fiber laser cavity, with the introduction and operational
understanding of each components and its role in the laser system. The chapter also includes
the analytical instruments used in this work and its role in measuring the output of the mode-
locked laser. Chapter 4 then continues with the fabrication of the MPXs/arc-shaped fiber used
in this work. The methodology background including the synthesis method of the MPX3

materials, and the polishing method of the arc-shaped fiber was described in the chapter.

Chapters 5, 6, and 7 discusses the results and analysis of each materials of the MPX3 family
used in this work (lron Phosphorus Trichalcogenide (FePSs), Manganese Phosphorus
Trichalcogenide (MnPS3) and Nickel Phosphorus Trichalcogenide (NiPSz). The

characterization of the materials and the completed saturable absorber device is discussed in
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the chapters. The performance of each saturable absorbers are analyzed using equipment such
as optical spectrum analyser, oscilloscope, radio frequency spectrum analyser and

autocorrelator, among others. The outputs were studied and presented in the chapters.

8.1.1 Iron Phosphorus Trichalcogenide (FePSs)/arc-shaped fiber as Saturable
Absorber

This chapter discussed the fabrication and characterization of Iron Phosphorus

Trichalcogenide (FePSs)/arc-shaped fiber SA and the generated mode-locked pulse in the

TDFF laser cavity system.

The FePSs crystal underwent liquid phase exfoliation (LPE) process in isopropyl alcohol
(IPA) solvent to produce a solution of 10 mg/mL. The FePSz was characterized using XRD,
FESEM, HRTEM and UV-Vis-NIR among others. The arc-shaped fiber was fabricated using
the two-step polishing method to an insertion loss of 3.0 dB, before being drop-casted with 2.5
ML of the FePSs solution. The completed SA was analysed for its nonlinear and linear
absorption characteristics. The SA showed linear absorption of around 2.5 to 3.1 dB within the

S-band region and a nonlinear modulation depth of 29.44%

The SA was introduced to the TDFF laser cavity and generated mode-locked pulses at
1504.8 nm central wavelength and 3-dB bandwidth of 0.704 nm. The repetition rate was
determined to be 400 kHz with a SNR of ~45 dB. Pulse width of the output laser was measured
to be 3.90 ps and the laser had a TBP of 0.363. The FePSz-based TDFF mode-locked laser
showed an admirable long term-stability with minimal central wavelength shift and optical
power fluctuations. The SA also sustained optical intensity of 59.5 GW/cm? without noticeable

damage or performance degradation, showing the very high damage threshold of the FePSa/arc-
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shaped fiber SA. The results proves the applicability of FePSz as a SA for S-band mode-locked

pulse generation in TDFF laser system.

8.1.2 Manganese Phosphorus Trichalcogenide (MnPSs)/arc-shaped fiber as Saturable
Absorber

This chapter discussed the fabrication and characterization of Manganese Phosphorus

Trisulfide (MnPS3)/arc-shaped fiber SA and the generated mode-locked pulse in TDFF laser

cavity system.

The MnPS;z crystal underwent liquid phase exfoliation (LPE) process in N-Methyl-2-
Pyrrolidone (NMP) solvent to produce a solution of 10 mg/mL. This solvent was selected in
comparison to IPA mentioned in Chapter 4 due to the better dispersion of the material in NMP.
The MnPS3 was characterized using XRD, FESEM, Raman spectroscopy among others. The
arc-shaped fiber was fabricated using the two-step polishing method to an insertion loss of 2.5
dB, before being drop-casted with 2.5 pL of the MnPS3 solution. The lower loss results in a
more stable laser system with lower SA insertion loss. The completed SA was analysed for its
nonlinear absorption characteristics. The SA a nonlinear modulation depth of 25.63% at 1500

nm.

The TDFF laser cavity was modified in comparison to Chapter 3, specifically on the length
of the SMF-28 spool. The spool was reduced from 500 m to 300 m to increase the repetition
rate. The SA was introduced to the TDFF laser cavity and generated mode-locked pulses at
1504.7 nm central wavelength and 3-dB bandwidth of 0.604 nm. The repetition rate was
determined to be 593 kHz with a SNR of ~47 dB. Pulse width of the output laser was measured

to be 3.98 ps and the laser had a TBP of 0.318. The MnPSs-based TDFF mode-locked laser
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showed an admirable long term-stability with minimal central wavelength shift and optical
power fluctuations. The SA also sustained optical intensity of 3.98 GW/cm? without noticeable
damage or performance degradation, showing the very high damage threshold of the
MnPSs/arc-shaped fiber SA. The results proves the applicability of MnPSz as a SA for S-band

mode-locked pulse generation in TDFF laser system

8.1.3 Nickel Phosphorus Trichalcogenide (NiPSs)/arc-shaped fiber as Saturable
Absorber
This chapter discussed the fabrication and characterization of Nickel Phosphorus Trisulfide

(NiPS3)/arc-shaped fiber SA and the generated mode-locked pulse in TDFF laser cavity system.

The NiPSs crystal underwent liquid phase exfoliation (LPE) process in De-ionized Water
(DIW) solvent to produce a solution of 10 mg/mL. This solvent was selected in comparison to
IPA mentioned in Chapter 4 due to the better dispersion of the material in DIW. The NiPS3
was characterized using XRD, HRTEM and UV-Vis-NIR among others. The arc-shaped fiber
was fabricated using the two-step polishing method to an insertion loss of 2.0 dB, before being
drop-casted with 2.5 pL of the NiPSz solution. The lower loss results in a more stable laser
system with lower SA insertion loss. The completed SA was analysed for its nonlinear

absorption characteristics. The SA a nonlinear modulation depth of 29.44% at 1500 nm.

The TDFF laser cavity was modified in comparison to Chapter 3, specifically on the length
of the SMF-28 spool. The spool was reduced from 500 m to 300 m to increase the repetition
rate. The SA was introduced to the TDFF laser cavity and generated mode-locked pulses at
1505 nm central wavelength and 3-dB bandwidth of 0.68 nm. The repetition rate was

determined to be 582 kHz with a SNR of ~58 dB. Pulse width of the output laser was measured
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to be 3.56 ps and the laser had a TBP of 0.320. The NiPSz-based TDFF mode-locked laser
showed an admirable long term-stability with minimal central wavelength shift and optical
power fluctuations. The SA also sustained optical intensity of 18.21 GW/cm? without
noticeable damage or performance degradation, showing the very high damage threshold of the
MnPSs/arc-shaped fiber SA. The results proves the applicability of MnPSz as a SA for S-band

mode-locked pulse generation in TDFF laser system.

8.2 Summary

Three MPX3 materials, FePSs, MnPSs, and NiPSz were fabricated into an arc-shaped fiber
saturable absorber for mode-locked pulse generation. The mode-locked pulses were generated
in a Thulium-doped fluoride fiber ring laser cavity, resulting in the output in the S-band optical

region. The results of this work can be summarized in Table 8.1.

Table 8.1: Summary of thesis

FePS3 MnPS3 NiPS3
Center wavelength 1504.8 1504.7 1505
(nm)
3-dB bandwidth 0.704 0.604 0.68
(nm)
Repetition rate 400.6 593 582
(kHz)
Signal-to-noise ratio (SNR) 45 47 58
(dB)
Pulse width 3.90 3.98 3.56
(ps)
Wavelength shift after 3 hours <0.1 <0.1 <0.1
(nm)
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Power fluctuations after 3 hours <0.01 <0.01 <0.01
(dB)
Max output power 3.01 3.04 24
(mw)
Intracavity peak power intensity 59.5 3.98 18.21
(GW/cm?)

8.3 Future works

The significance of this work is proving the capabilities of the transition metal phosphorus
trisulfide 2D material family as an optical material capable of generating mode-locked pulse in
a laser cavity. The gain medium used can be replaced with other fluoride glass fibers such as
praseodymium-doped fluoride fiber, which can generate laser in the O-band optical wavelength

region.

Similar methodology can be applied on other materials of the same 2D material family such
as cobalt phosphorus trisulfide (CoPSs3) and zinc phosphorus trisulfide (ZnPSs). Possibilities
and applicability of other methods of material synthesis including chemical vapor
transportation (CVT) can be experimented further. The findings can be compared and studied.
The arc-fiber fabrication method can also be adjusted and refined to reduce the intracavity loss
while still maintain a stable evanescent field interaction between the material and the laser

system. The arc-depth may differ for each material.

The concept of biconical tapered fiber and microfiber can also be studied in place of the arc-

shaped fiber in this work as a method of introducing the MPX3 material into the laser path. The
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uniform diameter of the tapered region may provide lower polarization dependent loss in

comparison to the arc-shaped fiber.
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