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ABSTRACT

This research work aims at exploring various new materials for saturable absorber
(SA) application in generating Q-switching pulses train operating at 1.5 um region. These
nanomaterials are graphene oxide (GO) and zinc oxide (ZnO). The fibre lasers employ
Erbium-doped fibre (EDF) as an amplification medium. Firstly, passive Q-switched
Erbium Doped Fibre Lasers (EDFLs) have been successfully demonstrated using the
newly developed GO film based SAs based on two different host polymers; Poly (Vinyl
alcohol) (PVA) and Poly (Methyl methacrylate) (PMMA). The GO material was obtained
through chemical oxidation of graphite. By incorporating GO PMMA SA into an EDFL
set up, sturdy Q-switched pulses train were generated to operate in a wavelength of 1531.6
nm as the pump power being tuned within vary of 11.8 to 83.0 mW. The repetition rate
was tunable within 21.5 kHz to 68.7 kHz. The maximum pulse energy of 145 nJ and the
minimum pulse duration of 6.12 ps were obtained at the pump power of 83.0 mW. The
research proceeds with the GO PVA SA, where the Q-switched was realized with the
repetition rate tunable from 32.45 kHz to 81.7 kHz. At the maximum pump, the highest
single pulse energy and repetition rate of 109.30 nJ and 81.7 kHz were achieved. These
results show that GO PMMA film operate excellent than PVA film in terms of operating
pump power range and pulse energy. Later, two Q-switched EDFLs were also proposed
and demonstrated using a ZnO based SA. It is worthy to note that the EDFL produces a
stable Q-switched pulses train with a higher pulses energy when the polymer material
was replaced from PMMA to PVA. The ZnO PVA film-based Q-switched laser operated
at 1560.4 nm within the 980nm pump power range from 11.8 mW to 77.9 mW. At 77.9
mW pump power, the laser showed the repetition rate, pulse energy, and pulse duration
of 61.43 kHz, 154.6 nJ, and 7.00 ps, respectively. These results show that both GO and

ZnO materials have new potential for application in pulsed laser generation.



ABSTRAK

Kajian ini tertumpu pada penerokaan pelbagai bahan baru untuk aplikasi penyerap
tertepu dalam menjana denyutan suis Q yang berterusan dan beroperasi dalam lingkungan
1.5 um. Bahan nano yang digunakan adalah grafen oksida (GO) dan zink oksida (ZnO).
Gentian terdop Erbium digunakan di dalam gentian laser sebagai medium gandaan. EDFL
pasif suis Q telah di demonstrasi, dengan menggunakan GO filem SA baru yang di
hasilkan dari dua jenis polimer sebagai bahan filem iaitu ‘Poly (Methyl methacrylate)’
(PMMA) dan ‘Poly (Vinyl alcohol)’ (PVA). Bahan GO diperolehi hasil daripada
pengoksidaan kimia grafit. GO PMMA SA telah menghasilkan denyutan suis Q yang
stabil dan beroperasi di 1531.6nm apabila kuasa pam dilaraskan dalam anggaran 11.8
sehingga 83.0 mW. Kadar pengulangan denyutan boleh diubah diantara 21.5 kHz ke 68.7
kHz. Nilai maksimum tenaga denyutan 145 nJ dan tempoh masa denyutan minima 6.12
s diperolehi apabila pam kuasa dilaraskan pada 83.0 mW. Kajian ini diteruskan dengan
GO PVA SA dimana suis Q telah direalisasikan dengan kadar pengulangan yang boleh
diubah dari 32.45 kHz kepada 81.7 kHz. Pada nilai maksimum pam, kadar pengulangan
tertinggi dan tenaga denyutan tunggal sebanyak 81.7 kHz dan 109.30 nJ telah dicapai.
Hasil kajian ini menunjukkan bahawa filem GO PMMA berinteraksi lebih baik
berbanding PVA dari segi julat pam kuasa beroperasi dan tenaga denyutan. Selain itu,
dua suis Q EDFL juga telah dicadangkan dan ditunjukkan menggunakan SA berasaskan
ZnO. EDFL telah menghasilkan denyutan yang berterusan dengan tenaga denyutan yang
tinggi apabila bahan polimer diganti dari PMMA ke PVA. Laser suis Q berasaskan filem
ZnO PVA beroperasi pada 1560.4 nm dalam julat kuasa 980 nm dari 11.8 mW sehingga
77.9 mW. Pada pam kuasa 77.9 mW, laser telah menunjukkan kadar pengulangan, tenaga
denyutan dan tempoh denyutan sebanyak of 61.43 kHz, 154.6 nJ, dan 7.00 ps. Keputusan
kajian ini menunjukkan bahawa kedua-dua bahan GO dan ZnO berpotensi untuk menjadi

bahan baru dalam aplikasi yang memerlukan penjanaan denyutan laser.
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CHAPTER 1:

INTRODUCTION

1.1 Introduction to Fibre Laser

The optical waveguide was first demonstrated in 1854 when John Tyndal proves
the total internal reflection concept. In the experiment, he proved that the light signal
could be bend by using a tank of water with a pipe. When he shone a light into the tank,
the light was projected into the stream of water. Optical fibre operates based on the total
internal reflection principle to propagate light. As the time past, optical fibre technology
becomes more advanced and developed a revolution to the telecommunication industries.
Besides telecommunications, optical fibre also has been applied in many areas including
materials processing, telecommunications, spectroscopy and medicine (Bouma et al.,

1998; Henderson et al., 1993; Liu, Wang, & Wang, 2012; Gary D Spiers et al., 2011).

The optical fibre applications become more widely explored with the invention of
the LASER (Light Amplification by Stimulated Emission of Radiation) in the early
1960s. LASER produces a powerful coherent light that gives the possibility to modulate
at a high speed compared to sunlight and Light Emitting Diode (LED). The laser is
broadly classified into various types according to their active media such as gas lasers
(COz2laser), liquid lasers (dye laser) and solid-state lasers (semiconductor lasers and fibre
lasers). However, fibre lasers are preferred compared to other sort of lasers because of
their advantages in terms of reliability, compactness, zero alignments and low cost (Dong
& Samson, 2016). Furthermore, they can provide high output and peak power. Since the
gain medium is formed of an optical fibre, it can also be easily integrated into the optical
communication system with the lowest possible coupling loss. Due to these merits, fibre

lasers become essential devices in many engineering fields including metal cutting and



folding, laser welding, 3D printing, optical communications and spectroscopy. Optical
lasers also have become an important apparatus in the applications of optical sensors,

industry, medicine and military (Fermann, Galvanauskas, & Sucha, 2002)

Fibre lasers can operate in various ranges of wavelengths depending on the type
of the rare earth material that used in doping of the fibre. The most common active
materials that being used are ytterbium, erbium, thulium, which operates in 1um, 1.5um
and 2um wavelength regions, respectively. Although there has various type of rare earth
material, erbium doped fibre lasers (EDFLSs) are the most developed fibre lasers where
they gained tremendous interest, especially for sensing and optical communication
applications. Normally, fibre lasers can operate in two types of the waveform which is a
continuous wave (CW) or pulsed modes. However, the main reasons pulsed lasers have
gained more intentions in nowadays are due to their wide scope of applications including

laser surgery, industrial, range finding, optical communication and fibre sensing.

Pulsed fibre lasers can be obtained by either Q-switching or mode looking
mechanisms. Q-switching is used to produce short pulses of light with high peak power,
which is higher than that could be produced by similar laser operates in CW mode through
the modulating of the loss inside the laser cavity. On the other hand, mode-locking can
be used to produce ultrafast pulses of light with much higher peak power than the Q-
switching technique through the locking of the oscillating modes inside the laser cavity.
Recently, Q-switched fibre laser has drawn increasing research attention for applications
that require high pulse energy at the moderate pump power. Therefore, this study aims to

develop a Q-switched fibre laser using new passive techniques.



1.2 Problem Statement and Motivation of the Study

Passively Q-switched fibre lasers have captivated a lot of attention in the past few
years due to their ability to operate in various fields such as medicine, metrology, fibre
optical sensing, telecommunications and micromachining (Hendow & Shakir, 2010;
Wood, Plunkett, Previn, Chidlow, & Casson, 2011). Passive Q-switched are finer than
active Q-switched due to its flexibility during implementation, and the circuit is compact

but uncomplicated (Shi-Xiang, Wen-Xue, Qiang, Hui, & He-Ping, 2008).

Two types of mechanism can be used to realise the passive Q-switching which is
nonlinear polarisation (NPR) (Z. Zhang, Sang, Ye, & Nie, 2008) or saturable absorber
(SA). Today, numerous SAs have been fabricate such as carbon nanotubes (CNT) (S.
Harun et al., 2012), semiconductor saturable absorber mirrors (SESAMS) (L. Zhang et
al., 2010), and graphene (Yap, Richard, Pua, Harun, & Ahmad, 2012) to generate Q-
switching pulse that operate in multi-cavities and fibre lasers. The SAs known as SESAM
is famous due to its ability to generate a stable pulsed. However, the fabrication of
SESAMSs require complex procedures, which prompt economic inefficiency. Besides
being expensive, the operation of SESAMs is limited by their narrow bandwidth

operation (Keller, 2003).

On the other hand, CNT tends to have large non-saturable losses because of the
broad diameter distribution (Hisamuddin et al., 2016). Graphene possesses advantages in
ultrafast recovery time and broadband saturable absorption, but it shows weak modulation
depth and the difficulty of forming an optical bandgap. Therefore, there are many new
attempts in recent years to develop new high-performance SAs for Q-switching laser
operation (Ahmad, Reduan, et al., 2016; Jagadish & Pearton, 2011; Janotti & Van de

Walle, 2009; Reynolds, Look, & Jogai, 1996).



The transition-metal dichalcogenides (TMDs) were also extensively studied in
recent years as a SA for generating Q-switched pulse in fibre laser (Chen et al., 2013; Q.
H. Wang, Kalantar-Zadeh, Kis, Coleman, & Strano, 2012). For instance, molybdenum
disulfide (Mo0S>) based Q-switched lasers have been demonstrated due to their thickness
dependent band-gap and unique absorption property (Hisamuddin et al., 2016). However,

its fabrication process is complicated.

Likewise, other nanomaterials such as zinc oxide (ZnO) (Jagadish & Pearton,
2011) and titanium dioxide (TiO2) nanoparticles (Ahmad, Reduan, et al., 2016) were also
reported as SA, where they are functioning as good as the conventional material. In
general, an ideal SA material should have a broadband absorption, appropriate
modulation depth, low saturation intensity, ultrafast recovery time, and high damage

threshold.

Recently, graphene has become one of the most massive and promising materials
as a saturable absorber (Yap et al., 2012). Graphene can be obtained from carbon and
have excellent optical characteristics, such as high saturable absorption rates and ultra-
fast recovery times. Both this material is significantly easier, and the cost is cheap as

compare to the SESAM and other materials.

Likewise, the interest in Zinc Oxide (ZnO) is growing in more recent years due
to its optical properties that complementary to graphene. ZnO has been clearly explored
due to its outstanding features such as its similar band gap to TiO, low cost, chemical
stability and non-toxicity (Hassan, Hashim, & Al-Douri, 2014; Jimenez-Garcia,
Londono-Calderon, Espinosa-Arbelaez, Del Real, & Rodriguez-Garcia, 2014; Xu &
Wang, 2011). ZnO is also an important semiconductor material with an expansive band

gap of 3.3 eV and abundant exciton binding energy of 60 meV (Jagadish & Pearton, 2011)



which extensively been used in the optoelectronic instruments such as photodetectors for

UV spectral range and laser diodes (Reynolds et al., 1996).

In this dissertation, passively Q-switched EDFLs are proposed and demonstrated
using graphene oxide and ZnO as a saturable absorber (SA). The SA is integrated with
the EDFL cavity by sandwiched the thin film of graphene oxide or ZnO between two
fibre ferrules to achieve a stable pulse train with a good repetition rate, pulse width and
peak power. The performance of both lasers is compared and discussed in this

dissertation.

1.3 Objectives
The research work aims to demonstrate Q-switched EDFL using two types of
nanomaterials as SAs; graphene oxide and zinc oxide. This research embarks on the

following objectives:

)] To prepare and characterise graphene oxide SAs, which were obtained by
embedding the nanomaterial inside Poly (Vinyl alcohol) (PVA) polymer
and Poly (Methyl methacrylate) (PMMA) polymer.

i) To prepare and characterise ZnO SAs, which were obtained by embedding
the nanomaterial inside Poly(Vinyl alcohol) (PVA) polymer and Poly
(Methyl methacrylate) (PMMA) polymer.

iii) To demonstrate the generation of Q-switching pulses using GO PMMA,

GO PVA, ZnO PMMA and ZnO PVA based SAs in EDFL cavity



1.4 Outline of the Dissertation

This dissertation provides an in-depth description and analysis of the experimental
work on Q-switched EDFLs using two different materials (GO and ZnO) as SAs. This
research work focuses on investigating the performance of the newly developed passive
SAs based on GO and ZnO materials. These materials are embedded into two types of
polymers; PMMA and PVA and incorporated into an EDFL cavity to generate Q-
switching pulses operating at 1550 nm region. The content of this dissertation is arranged
in 5 chapters, including this introductory chapter and conclusion chapter. Chapter 1
explained the motivation and objectives of this research work. An in-depth review on
optical fibre, laser, Q-switching, saturable absorber, graphene oxide and zinc oxide are
presented in Chapter 2. Chapter 3 demonstrates a Q-switched EDFL based on a new GO
material as SA. The SA device is fabricated by embedding a graphene oxide material,
which was obtained through chemical oxidation of graphite into two types of polymer
which is PVA and PMMA film. Due to the unselective absorption of graphene absorber,
it can be applied in a broad wavelength range. A stable and high-power Q-switching
pulses are obtained by incorporating a small piece of the film in a laser cavity. Chapter 4
proposes and demonstrates two Q-switched EDFLs using a ZnO powder as a base
material for a SA. At first, the SA is fabricated by embedding the prepared ZnO powder
into PMMA film. By incorporating a small piece of the film in a laser cavity, the proposed
laser is able to generate a stable Q-switched pulses train at 1559.3 nm with repetition rate
rises from 24.85 to 85.91 kHz. Besides, the pulse width reduces from 17.88 to 4.66 ps as
the pump power was increased from 12 to 98.49 mW. By replacing the polymer material
from PMMA to PVA, the EDFL generates a stable Q-switched pulses train with greater
pulse energy.Finally, Chapter 5 concludes the finding of this research by summarising the
overall work. It also describes the possible future work based on the results of this

research.



CHAPTER 2:

LITERATURE REVIEW

2.1 Introduction

Fibre lasers have a broad range of applications ranging from industry to optical
communication. Many laser setups produce a pulse with different and distinctive pulse
characteristics. Therefore, each laser setup can be designed to accommodate for a specific
type of applications. For example, in the electronic and automotive industry, Q-switched
laser is suitable for micromachining and drilling due to its high peak intensity and high
pulse energy (Nikumb et al., 2005). In addition, Q-switched lasers are beneficial in the
medical fields, in particular, eye (Plamann et al., 2010) and dental surgery (Serbin, Bauer,
Fallnich, Kasenbacher, & Arnold, 2002). One of the eye surgery methods that use the
application of a pulse laser is Laser-assisted in situ keratomileusis (LASIK) (Kezirian &

Stonecipher, 2004).

There are two techniques to generate Q-switched fibre laser which are active or
passive techniques. The active technique is usually realised by integrating an external
controller device like acoustic-optic modulator to actively modulate the light of the
intracavity (Bello-Jimenez et al., 2010). On the opposite side, the passive technique
utilises saturable absorption of optical material to change the intra-cavity light and

generates a pulsed laser in the cavity (De Tan et al., 2010).

Passive Q-switching laser operation depends on the gain medium as well as the
saturable absorber (SA) which acts as a Q-switcher, and it occurs when the photon flux
starts to show a fixed loss, saturable loss as well as gain in the SA after many roundtrips.

Up to now, many passive methods are proposed to generate Q-switched fibre lasers.



Therefore, this study aimed to demonstrate Q-switched fibre lasers, which operate in the
1.5-micron region using new types of SAs. This chapter provides a comprehensive review
on numerous topics on fibre lasers, in particular, optical fibres, Erbium-doped fibre, Q-

switching, SA, graphene oxide and Zinc Oxide materials.

2.2 Optical Fibre

John Tyndall states that the light signal can be bend, however, there also will have
a loss during light transmission since light can be pass through the air. Silica glass is the
first item that is invented to trap a light signal, but since it is surrounded by air, there have
some excessive losses at any discontinuities of the glass-air interface. To solve this
problem, a researcher has invented a transparent layer to wrap a silica core. The wrap is
known as cladding. Cladding is invented to support the core where the cladding will have
a slightly lower refractive index as compared to the core. Therefore, when light transmits,
it will travel in the core and substantially reducing the radiation loss into the surrounding
air. Up to date, there have several types of fibre optic in the industry, however, the basic

type of fibre optic is single mode and multimode.

Figure 2.1 describes the schematic diagram of both single-mode and multimode
fibre structures. The significant difference between multimode and single mode is the
diameter of the core. Single mode has a small core which is about 9 microns in diameter
where it can transmit infrared laser at the wavelength of 1300nm to 1550nm while
multimode consist of a larger core that is about 62.5 microns where it can transmit a
wavelength 850nm to 1300nm. As shown in Figure 2.1, the single mode can only carry
one and travels as a straight line at the core’s centre. However, for multimode, at a specific
wavelength, it can carry more than one mode. In this research work, all fibres used are

single mode fibre (SMF). SMF has become focused on the researcher because it can cover
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a larger bandwidth and higher information rate. SMF also is more convenient to use in

long distances applications such as telecommunication.

different modes

VAN "

Multimode Fiber
cladding

Single Mode Fiber

core
{only one mode can pass)

Figure 2.1: Optical fibre structures with the array pathway

2.3 Erbium-doped fibre

Fibre lasers use an optical fibre, which is doped with active rare-earth ions as a
gain medium. Rare-earth ions are shown as lanthanides series of chemical elements in the
periodic table. Various type of rare-earth ions has been used in fibre lasers such as
Neodymium, Ytterbium, Thulium, Praseodymium, Erbium and Holmium. During a
decade ago, the rare-earth ion is doped with a fibre optic by using a modified chemical
vapour decomposition (MCVD) technique. This technique provides a low background
loss in the fibre optic. The erbium ions are the most desirable rare earth element for optical
communication applications. This attributed to the Erbium gain, which falls in the third
communication window where the loss in the optical fibre is lowest. Since the first
fabrication in 1978 (Mears, Reekie, Jauncey, & Payne, 1987), EDFs have been

intensively studied and used for construction of erbium-doped fibre laser (EDFL) and
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erbium doped fibre amplifier (EDFL) (Desurvire, Giles, Simpson, & Zyskind, 1991;
Mizrahi et al., 1993). EDFs attract the worldwide interest from its ion that gives a
promising transition at 1.5 pm which is suitable to act as an amplifying medium in the
latest transmission system in fibre optic. High signal gains obtained when the first
demonstration of single mode EDF by using both argon laser-pumped dye laser (650 nm)
and an argon laser (514 nm) are conducted(Becker, Olsson, & Simpson, 1999). Figure
2.2 illustrates the energy level diagram of the erbium ions showing many exciting levels.
This indicates that erbium ions can be pumped with many different wavelengths, which
is equivalent to the difference of energy between the excited level and the ground state
(Laming et al., 1989). However, 1480 nm and 980 nm are the most appropriate

wavelengths because they are the fewer energies that could be used to excite erbium ions.

As erbium ions are pumped with 1480 nm photons, they will be excited from the
ground state *l1s/2 directly to the metastable level “l132. Then within the group of levels of
*113/2 rapid relaxation would occur to the lowest sub-level where laser action would take
place. Therefore, in this case, it is called two levels system owing to only two energy
levels are involved in the overall process. However, if erbium ions pumped with 980 nm,
they will be excited from the ground state *l1s/2 to higher unstable excited state *l11/> where
they will stay for a very short time of approximately one us before they decay to the lower
metastable level #1132 through releasing heat. So, it is a non-radioactive transition. As a
result, population inversion will be achieved between the metastable level and the ground
state. Finally, after spending their lifetime they will make a transition to the ground state
through either spontaneous emission or stimulated emission. With 980 nm pumping, it is
referred to three levels system owing to the three energy levels are involved in the overall
process. Despite the optical power conversion efficiency of the 1480 nm pumping is
higher than that of 980 nm pumping, yet the latter is highly preferred and commonly used

due to its many advantages such as low noise, larger population inversion and wider
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separation between the laser wavelength and pump wavelength (El-Mashade &

Mohamed, 2017).
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Figure 2.2: Energy level diagram for Erbium ions (Ngo, 2010)

The process to emit energy in the form of a photon can be divided into two ways;
spontaneous emission and stimulated emission. In spontaneous emission, the process will
start when 980 nm laser diode is launched into the EDF. During 980 nm pumping, the
Erbium ions in the fibre will be excited and move from the grounds state to excited state.
However, the ions will be fast decay to the meta-stable state because it is unstable. During
this stage, no photon will be emitted even if the ions are pump because it is known as a
non-radioactive decay. The ions will drop down and emit the photons when the photon is
in the right amount. Every ion that emits with the incident photon will produce another
photon that is called as the emitted photon. The process during this transition is called
spontaneous emission. The photon wavelength that is produced in the spontaneous

emission is in the range of 1520nm to 1570nm. Since the emitted photon has the same
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phase and wavelength as the incident photon, it can reflect into an amplifying medium to
excite the ions. During spontaneous emission, the photon will be amplified as it
propagates in the fibre and the output light from the EDF is referred to as amplified

spontaneous emission (ASE).
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Figure 2.3: The process during spontaneous emission and stimulated emission

2.4 Q-switching

Q-switching is a technique to generate intense short pulses of light using a laser.
The basic principle is as follow: In the first phase, the gain medium is pumped. By
keeping the resonator losses high (in other words, the Q factor is kept low), the extraction
of energy as laser light is prevented. It can be achieved using active or passive techniques.
Then, the resonator losses decrease suddenly. The interactivity power increases
exponentially (usually starts from weak fluorescence light of the gain medium) when the
gain is substantially greater than the resonator losses. When the gain is saturated, the

power decreases again.
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The light pulse that is generated can extract a huge percentage of the energy that
was originally stored in the gain medium. For high pulse energy, the gain medium must
have a high-energy storage capability, where the upper-state lifetime is long, the density
of laser-active ions or atoms is high and gain efficiency that is not too high. The latter is
vital since amplified spontaneous emission could otherwise limit the stored energy and

produce a huge initial loss that is required to prevent premature lasing.

Active Q-switching, which is based on active loss modulation, is usually achieved
by incorporating an acousto-optic modulator into the laser resonator. The modulator
produces huge losses, which then leaves the resonator. These losses are generated by
diffraction into the first-order beam when the RF power is applied to the modulator. By
suddenly switching off the RF power, the pulse is triggered. The gain medium is
continuously pumped, and the Q-switch is triggered repetitively for high pulse repetition
rates. A passive Q-switching is realised by incorporating an optical element, like a doped
crystal, a cell filled with organic dye or a passive semiconductor device. The characteristic
of such material is that when the light intensity exceeds a certain threshold, the
transmission increases. Laser oscillation could initially be prevented if a material with
high absorption at the laser wavelength is placed inside the laser resonator. As the gain
rises significantly, it causes the passive Q-switch to saturate. The losses are low under

this condition and a Q-switch pulse builds up.

0C HR

Laser Crystal Q-switch

Figure 2.4: Simple concept of a solid-state laser with a passive Q-switching

technique (Kozinc, 2015)
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The Q-switching technique was first described in 1961 by Hellworth where he
proposed that laser could produce short pulses if the cavity loss is switching suddenly.
Therefore, Q-switching is defined as a method of producing extremely short pulses of
light with high peak power, which is greater than CW mode in a fibre laser. Based on a
theory, a variable attenuator which is commonly known as “Q switcher” is place inside
the laser’s cavity to generate Q-switching. When this attenuator operates, lasing will not
occur due to the light inside the cavity are unable to oscillate and causes the decreasing
in the quality factor or Q factor of the cavity. Low Q factor will correspond to high cavity
loss per round trip and vice versa (Ahmed, 2015). This process is illustrated in Figure 2.5.
The Q-switching can be achieved either actively or passively based on the variable
attenuator used. If the Q switcher is an active element; for instance, acoustic-optic
modulator or electro-optic modulator, the Q-switching produced is active. While if the Q-
switcher used is a passive element such as saturable absorber (SA), the Q-switching
generated is passive. The passive Q-switching techniques are preferred over the active
one because they got the advantages of simplicity, more stable and low cost (Ahmed,

2015).
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Figure 2.5: Passive Q-switching operation
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Various techniques could be employed to produce a Q-switched EDFL. Passive
Q-switching could be realised by using a saturable absorber based on a segment of Yb3*
-doped Tm3* co-doped fibre (Adel et al., 2003). Q-switched EDFL can also be generated
using Stimulated Brillouin Scattering (SBS) in the fibre, as in (Fotiadi, Deparis, Kiyan,
Chernikov, & Ikiades, 2000). On the other hand, active Q-switching can be generated by
using an electro-optic modulator (Alvarez-Chavez et al., 2000), or acousto-optic
modulator (Alvarez-Chavez et al., 2000; Y. Wang, Martinez-Rios, & Po, 2003). Recently,
some all fibre methods based on different modulation techniques as intensity modulators
(Chandonnet & Larose, 1993), and acousto-optic attenuators (Huang, Liu, & Yang, 2000)
have been reported. Q-switching of all-fibre lasers by tuning FBGs using piezoelectric
(Russo, Duchowicz, Mora, Cruz, & Andrés, 2002)or modulating with an extensional
acoustic wave (M Delgado-Pinar, Zalvidea, Diez, Pérez-Millan, & Andrés, 2006) and
magnetostrictive transducers (Pérez-Millan, Diez, Andrés, Zalvidea, & Duchowicz,

2005) have been demonstrated.

2.5 Saturable Absorber

Saturable absorbers (SAs) are a nonlinear optical material with an optical loss,
and this loss decreases at a high intensity of light. In a gain medium with absorbing dopant
ions, for instance, the optical loss could happen when a strong optical intensity leads to

depletion of the ground state of these ions.

Usually, the saturable absorber will have a low saturation intensity, which can be
assumed as a two-level process. The SA will hold the photons until it’s saturated in a low-
incident light intensity and bleach until it becomes almost transparent. During transparent,

the photon will pass through the SA. The SA become unsaturated again as the photon is
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low (Svelto, 1998). Therefore, SA loss properties will determine the modulation depth

and the minimum pulse width that can be generated.

Since parameters of SAs would vary depending on their intended applications,

different devices are used:

a)

b)

Semiconductor saturable absorber mirrors (SESAMs) are frequently used (Keller
etal., 1996) for passive mode locking as well as Q-switching. It could also be used

for passive Q-switching, especially at lower pulse energies.

Thin layers of carbon nanotubes (CNTs) and single-wall nanotubes have been
used for mode locking of lasers (Schmidt et al., 2008; Set, Yaguchi, Tanaka, &
Jablonski, 2004; Shohda, Shirato, Nakazawa, Komatsu, & Kaino, 2008). These
absorbers are desirable for broadband lasers as they can exhibit very broadband
absorption features. High pulse repetition rates could be obtained by applying thin
layers of the nanotube to fibre ends and use them mode locking of very compact
fibre lasers (Martinez & Yamashita, 2011). Although the recovery time of
nanotube absorbers is quite short, for some applications, significant non-saturable

losses could cause a problem.

SAs materials are used in the form of optical fibre in a rare case. For instance,

chromium, samarium or bismuth dopants can serve this function in Q-switched

fibre lasers (Dvoyrin, Mashinsky, & Dianov, 2007).
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Selecting a suitable SAs depends greatly on the concrete circumstances on the
desired properties of a SAs. For a passively Q-switched laser, the requirements on a SA

are as follows:

i.  If high pulse energy and short pulse duration are desired, the total non-saturated
absorption must be relatively high, which is often slightly lesser than the small-

signal gain of the laser medium.

ii.  Tominimise the power losses, low saturation fluence and low non-saturable losses

are preferred.

iii.  The recovery time should not be too long (even though this problem rarely
occurs). In contrast, ideally, it should not be shorter than the pulse duration.
However, the latter condition is often not crucial, especially when the saturation

fluence is way below the pulse fluence.

iv.  Sufficiently high damage threshold in terms of intensity and fluence.

In general, the parameters of the absorber should be chosen based on the
comprehensive laser design processes, which considers both the dynamics of pulse
generation as well as the limitation of the absorber tolerance to high intensities or pulse

energies.
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2.6 Graphene Oxide

Graphene is a material that is made from carbon atoms which are bonded together
In a repeating pattern of hexagons as illustrated in Figure 2.6. Graphene is considered as
two dimensional because it is thin. Graphene's flat honeycomb shape provides various
remarkable characteristics, for example, the most durable material as compared to other
materials, lightest weight, flexible, most conductive as well as transparent. As such,
graphene has brought substantial potential applications in various industries, in particular,
electronics, medicine, and aviation. Graphene has high transparency, which is near to
97.7% and low absorption light (2 %) make it one of the most suitable SA in the fibre
optic laser. The single layer of carbon atoms gives various other materials. For instance,
the substance found in pencil lead, which is Graphite, is formed by stacked graphene.
Besides that, carbon nanotubes which are made of rolled graphene and are used in many
emerging applications. The improvement of the GO change its optical properties in

absorption

Epoxide Hydroxyl Carbonyl Carboxylic

Figure 2.6: GO structure atom
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Since graphene is costly and relatively challenging to produce, great deals are
made to search for cheaper and effective ways to produce and make use of graphene
derivatives or related materials. By using a powerful method of oxidation in graphite,
graphene will be laced with oxygen-containing groups and form a single-atomic-layered
material known as Graphene oxide (GO). This process is easy to find at a low cost. Since
it is dispersible in water and other solvents, it is easy to process. In addition, it is also used
to create graphene. Graphene oxide is a lousy conductor. However, its properties could
be improved by a unique process. Graphene oxide is usually in the form of powder,

dispersed, or as a coating on the substrate ("Graphene-Info," 2017).

2.7 Zinc Oxide

In recent years, the interest of transition metal oxides nanomaterial and nano-sized
semiconductor materials has been dramatically increased owing to their enormous
desirable properties and applications in various areas such as chemistry, catalysts,
biotechnology, photoelectron devices, environmental technology, sensors, information
technology and highly functional and effective devices (Aneesh, Vanaja, & Jayaraj, 2007;

Sangeetha, Rajeshwari, & Venckatesh, 2011; Z. L. Wang, 2004).

These nanomaterials have a wide bandgap between conduction and valence band
and large surface area which result into higher surface energy, and consequently, it can
show atom-like behaviours (Van Dijken, Meulenkamp, Vanmaekelbergh, & Meijerink,
2000). Therefore, a novel optical and electrical properties which are highly valuable in
electro-optic applications can be obtained from these nanostructured materials. Moreover,
metal nanoparticles are used in many biomedical applications to what it has from
advantages such as self-cleaning, non-toxic and compatible with skin (Van Dijken et al.,

2000).
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The unique electrical and optical properties of nanoscale Zinc oxide (ZnO) have
made it one of the best metal oxides to be used in broad applications such as many
industrial areas, solar cells, cosmetic industries, gas sensors, optoelectronics and photo

catalyst (Bose & Barua, 1999).

Furthermore, the broad chemistry and other favourable aspects of ZnO paved the
way for many opportunities such as wet chemical etching, biocompatibility, radiation
hardness and low power threshold for optical pumping (Sangeetha et al., 2011). These
properties allow to ZnO to be an ideal material for various devices ranging from sensors

through to ultra-violet laser diodes and nanotechnology-based devices like displays.

In fact, the optical properties of ZnO are greatly influenced by the lattice dynamics
as well as the energy band structure. ZnO has direct band-gap of 3.4eV (Jagadish &
Pearton, 2011) and exciton binding energy of 60 meV at room temperature (Bagnall et
al., 1997). The lattice dynamics of ZnO is indicated in Figure 2.7. The figure illustrated a
hexagonal lattice wurtzite (B4 type) structure of ZnO crystallised at a pressure and

temperature of the ambient.

It can be clearly seen that the Zn ion is enclosed by a tetrahedron of O ions, and
vice-versa. Therefore, the lattice can be characterised by two interconnecting sublattices
of Zn?* and O*". The polar symmetry which rises along the hexagonal axis due to the
tetrahedral coordination is responsible for many of ZnO properties such as spontaneous
polarisation and piezoelectricity. Additionally, this polarity is a crucial factor in etching,

defect generation as well as crystal growth (Coleman & Jagadish, 2006).
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Figure 2.7: The hexagonal wurtzite structure of ZnO. O atoms are shown as large
white spheres, whereas Zn atoms as smaller black spheres. One unit cell is outlined

for clarity.(Coleman & Jagadish, 2006)

Usually, when the material has an ultrafast recovery time (~ps), wideband
absorption, quite high damage threshold, appropriate modulation depth, low saturation
intensity, simple fabrication process and economy, it is identified as an ideal saturable
absorber for the fibre laser applications (Hasan et al., 2009). ZnO has a high third-order
nonlinear coefficient, and it shows a recovery time as short as 1-5 ps when observed using

time-resolved second harmonic generation (Johnson et al., 2004).

While the optical nonlinearities of ZnO have been investigated using the single-
beam Z-scan method. The results of this investigation revealed that the nonlinear
absorption of ZnO is due to the exciton energy level as well as two-photon resonance at
the band edge while the optical nonlinearity is induced by the free carrier (Lin, Chen, Lin,

& Hsieh, 2005).
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Another investigation of the optical nonlinearity of ZnO using the same method
showed a switchover from Reverse Saturable Absorption to Saturable Absorption which
Is an attractive characteristic for ultrafast optical switching applications; for instance, Q-
switched and mode-locked fibre laser (Haripadmam, John, Philip, & Gopinath, 2014).
Furthermore, ZnO has high sustainability to damage threshold, simple fabrication process
and it is environment-friendly (Ahmad, Lee, et al., 2016; Jamdagni, Khatri, & Rana,

2016)

2.8 Summary

A saturable absorber is currently being in a top list because of a low cost and
simple fabrication process. That is the reasons why for the past several years, various type
of saturable absorber was being fabricated and undergoes research. The research is
usually relating to the erbium-doped fibre laser to generate mode-locked and Q-switched
pulsed. The main point of the research is to generate a high pulse of the laser. However,
previous research had only been focused on the fabrication of a saturable absorber, while
this thesis will be focused on the different technique to fabricate the saturable absorber
and the effect of the film in the saturable absorber. Different technique to fabricate the
SA can upgrade the wavelength for the better. The usage of a different film also might
affect the generation of 1550nm wavelength. Therefore, both topics had been discussing

in this thesis.

22



CHAPTER 3:

GRAPHENE OXIDE SATURABLE ABSORBER

3.1 Introduction

Q-switched fibre lasers have been widely studied to generate short laser pulses
with high-energy for various applications, namely marking and machining, remote
sensing, medicine, optical time domain reflectometry and laser ranging (Antipov et al.,
2011; G. D. Spiers et al., 2011). There are two techniques to generate the lasers which are
active or passive technique (M. Delgado-Pinar, Zalvidea, Diez, Perez-Millan, & Andres,
2006; Hisyam, Rusdi, Latiff, & Harun, 2016). The active Q-switching uses an optical
modulator to periodically modulate the intra-cavity loss and turning the continuous wave
(CW) laser into pulse trains. Therefore, the pulse repetition rate, as well as the pulse
width, can be easily controlled. However, it is unfavourable to use an optical modulator
as it is costly and has a complex operation. On the other hand, passive Q-switching has a
unique advantage due to its simple structure in all-fibre designing. A saturable absorber
(SA) is typically adopted in operations of all-fibre passive Q-switching. Different types
of SAs have been proposed for Q-switching, for instance, semiconductor saturable
absorber mirrors (SESAMs) (H. Y. Wang et al., 2012), carbon nanotubes (CNTs) (M. H.
M. Ahmed et al., 2015; S. W. Harun et al., 2012) and graphene (Ahmad, Muhammad,
Zulkifli, & Harun, 2013). SESAM has a modulation depth, which is usually less than 10%
(Keller et al., 1996) and has a narrow wavelength tuning range (tens of nanometers). The
CNTs and graphene are ideal SAs for Q-switching due to their low cost, broadband

wavelength operation, as well as low saturation intensity (Bao et al., 2009).
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A potential absorber to replace SESAMSs for Q-switched or mode-locked lasers is
graphene. However, graphene absorber is expensive since it is challenging to grow a high-
quality graphene film. In addition, the efficiency for film fabrication by graphene aqueous
solution is reduced because graphene cannot be dissolved in water. Traditionally,
graphene oxide has served as a precursor for graphene due to its simple fabrication

method and low cost (Boguslawski et al., 2015).

In this chapter, we demonstrate a Q-switched fibre laser with a new graphene
oxide material as SA. The SA device is fabricated by embedding a graphene oxide
material, which was obtained through chemical oxidation of graphite into two types of
polymer which is PVA and PMMA film. Due to the unselective absorption of graphene
absorber, it can be applied in a broad wavelength range. Stable and high power Q-
switching pulses were achieved by incorporating a small piece of the film in an Erbium-

doped fibre laser (EDFL) cavity.

3.2 Preparation of Graphene Oxide Saturable Absorber
321 Fabrication of Graphene Oxide Solution.

Graphene Oxide (GO) are fabricated by using Chemical oxidation of graphite was
used to fabricate the graphene oxide (GO). Figure 3.1 summarises the fabrication process
of GO solution. At first, 320 mL sulfuric acid (H2SO4), 80 mL phosphoric acid (HsPO4),
189 graphite flakes, and 18g potassium permanganate (KMnOs) were mixed using a

magnetic stirrer.

Graphite will undergo a process of exfoliation, which is the breakdown of van
der wall forces when it is mixed with a strong acid such as sulfuric acids and phosphoric

acids. Combination of sulfuric acids and phosphoric acids are safer since it would not
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produce toxic gas. This process required potassium permanganate to oxidise the graphite
after the forces are a break. All the materials have been slowly added to avoid an
incomplete oxidation process. The one-pot mixture was left for stirring for three days in

order for the oxidation of graphite to take place.

The mixture changed its colour from dark purplish green to dark brown after three
days. Hydrogen peroxide (H20>) solution was then added in the mixture to remove all the
excessive potassium permanganate (KMnOs). As a result, removing the excessive
KMnO4, the oxidation process will be stopped, and the colour of the mixture will turn to
bright yellow. This indicates a high oxidation level of graphite. The graphite oxide formed
was washed three times with 1 M of hydrochloride (HCI) aqueous solution and repeatedly

with deionised water until a pH of 4-5 was achieved.

The washing process was carried out by simple decantation of supernatant via a
centrifugation technique. To conduct a centrifuge technique, deionised water and graphite
oxide are injected in the same tube. The tube then is closed and placed in the centrifuge
device under the centrifugation force of 10,000 g. More Graphite Oxide mixture compares
to its original volume are produced due to the distorted of the lid of the tube by the force
from the centrifuge. At the same time, Graphene Oxide with a high density will be started
to be formed at the outer edge due to the centrifuge force, while leaving the excessed
waste with the deionised water on the top of the tube. After a while, the centrifuge force

will slow down, and the tube lids reshape to the origin.

Throughout the washing process using deionised (DI) water, the graphite oxide
undergoes exfoliation, which leads to the thickening of the graphene solution, forming a
GO gel. To achieve a graphene oxide solution, the GO gel was then mixed with the DI

water. Then the mixture was stirred for 2 hours to get a homogenous GO solution.
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Figure 3.1: Step by step procedures for the fabrication of GO solution

26



322 Preparation of GO PMMA

The GO was embedded into two types of polymer in this study; Poly(vinyl
alcohol) (PVA) polymer and Poly(Methyl Methacrylate) (PMMA) to compare their
performance for Q-switching pulses generation. To prepare the GO-based PMMA
polymer, 2g of polymethylmethacrylate (PMMA) powder was dissolved in 60 ml of
acetone and heated at 30°C with slow stirring until the PMMA completely dissolved and
form a PMMA solution. Then, the graphene oxide solution was mixed together with
PMMA, followed by slow stirring for the duration of 2 hours. The mixture solution was
then poured into a petri dish and being left to dry for 2 days in ambient. The film was

peeled slowly after it has dried.

Stir using magnetic

stirrer until totally dissolve

before add GO solution

Figure 3.2: Fabrication of GO PMMA thin film
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3.23 Preparation of GO PVA

The GO-based PVA thin film is summarised in Figure 3.3. The process starts by
preparing the PVA solution. Firstly, PVA powder is dissolved [40000 MW, Sigma
Aldrich] into 80 ml of Deionised (DI) water in a beaker and then it was stirred by using
magnetic stirrer at a temperature of 145 °C until the mixture completely dissolves. After
that, the prepared PVA solution was mixed with the homogenous GO solution and being
stirred slowly for two hours. The mixture solution was poured into a petri dish and
subsequently left to dry at room temperature. After two days, the thin film can be peeled

slowly from the petri dish.
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Figure 3.3: Fabrication of GO PVA thin film
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3.3 Experimental setup for the Q-Switched EDFL using GO SA

The experimental setup of the proposed Graphene Oxide based Q-switched
EDFL is schematically shown in Figure 3.4. The laser cavity consists of a 2.8m long
erbium-doped fibre (EDF) as the gain medium, an isolator, a wavelength division
multiplexer (WDM), the fabricated GO PMMA or GO PVA film-based SA device and
an 80/20 output coupler in a ring configuration. A fibre-coupled laser diode which has a
centre wavelength of 980 nm was used as the pump source. It is launched into the EDF
via WDM. The EDF used has an Erbium ion absorption of 23 dB/m at 980 nm with a core
and cladding diameters of 4 um and 125 pm respectively as well as a numerical aperture
(NA) of 0.16. A polarization independent isolator was used to ensure unidirectional
propagation of the oscillating laser in the ring laser cavity. An 80:20 output coupler was
used to couple out the laser signal, where it keeps 80% of the light oscillating, in the ring
cavity for both spectral and temporal diagnostics and 20 % as the output. An optical
spectrum analyzer (OSA) with a spectral resolution of 0.02 nm was used to evaluate the
spectral characteristic while a 500 MHz oscilloscope and a 7.8 GHz radio-frequency
spectrum analyzer with a 1.2 GHz photodetector were used to measure its temporal

characteristics.
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Figure 3.4: Configuration of the Q-switched EDFL employing a GO film as a Q-

switcher
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3.4 Q-switching performance with Graphene Oxide PMMA SA.
3.4.1 GO PMMA Thin Film Characteristic

The quality of GO PMMA film was verified by observing its Raman Spectrum. In the
experiment, an Argon ion laser which operates at 514 nm was used as a light source. The
laser was radiated on the film for a duration of 10 ms with 50 mW exposure power. Figure
3.5 presents the Raman spectrum, where it can be seen that the D peak of GO is located
at 1359 cm! while the G peak is located at around 1600 cm™. The defect-induced
breathing mode of sp? rings caused the D band while the first order scattering of the Ezg
phonon of sp? carbon atoms caused the G band to occur (Ferrari & Robertson, 2000). It
can be seen in Figure 3.5, that this G band of the GO is located at a higher frequency
compared to graphite 1580 cm™ and this corresponds to the finding reported by (Kudin et
al., 2008). The (Io/lg) intensity ratio which is calculated by inversely proportional to the
average size of the sp? clusters to measure the disorder degree give a GO value ratio of
0.85 (Sobon et al., 2012). In order, to determine the insertion loss, the fabricated GO film
is sandwiched between two fibre ferrules inside a physical contact ferrule connector to
form an all-fibre SA device. In order to reduce the insertion loss, an index-matching gel
is deposited between the fibre ferrules. The insertion loss of the GO-based SA device is
measured during the experiment, and it is around 3 dB at 1550 nm. For the Q-switching

experiment, the SA device will be incorporated in an EDFL cavity.
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Figure. 3.5: Raman spectrum of the GO PMMA film

30



3.4.2 Result and Discussion

Stable and self-starting Q-switching operation was achieved by increasing the
pump power to more than 11.8 mW. It should be noted that below the threshold pump
power, there was no lasing. Such a low threshold power for Q-switching operation was
most probably due to the small intra-cavity loss of the GO PMMA SA. Within the pump
power of 11.8 to 83.0 mW, a stable pulse train with an increasing repetition rate was
observed and this indicates a typical characteristic of a Q-switched laser. Figure 3.6 ()
presents the EDFL output spectrum at a pump power of 83.0 mW. From the figure, it can
be seen that the laser operated at the centre wavelength of around 1531.6 nm. Due to the
Self-Phase Modulation (SPM) effect in the laser cavity, spectral broadening was seen in

the spectrum.

Figure 3.6 (b) illustrates the typical oscilloscope trace of the Q-switcher pulse
train at a pump power of 83.0mW. It can be seen that the peak-to-peak duration is 14.55
us, which is equivalent to the repetition rate of 68.7 kHz. Besides that, a stable Q-switched
pulse output can be observed and there were no amplitude modulations in the pulse train.
This shows that during the Q-switching operation, there was no self-mode locked locking

effect.

A single envelope of the Q-switching pulse is shown in the inset figure of Figure
3.6 (C). It has a pulse width of approximately 6.12 ps with a nearly symmetrical shape.
The film was removed from the ring cavity to verify that the passive Q-switching was
attributed to the GO PMMA SA. In this case, even when the pump power was adjusted
over awider range, there were no Q-switched pulses observed on the oscilloscope. Hence,
this proved that the GO film was responsible for the passively Q-switched operation of

the laser.
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Figure 3.7 demonstrates the relationship between the pulse repetition rate and
pulse width with pump power. When the pump power rises from 11.8 mW to 83.0 mW,
the repetition rate rises almost linearly from 21.5 kHz to 68.7 kHz with the pump power
rate of ~0.64 kHz/mW. This is because as the pump power increases, more gain is given
to saturate the SA and hence causes the repetition rate to increase. On the other hand,
pulse duration reduces from 20.44 ps to 6.12 ps as the pump power rises. We observe
that the pulse duration exponentially drops at a lower pump power (< 30 mW), and a
smaller change of pulse width start at the higher pump power (>30 mW). Pulse width
decreases linearly while the repetition rate rises. As the pump power is increased, more
photons circulate inside the laser cavity, and hence the SA is becoming saturated. The
minimum attainable pulse duration is 6.12 ps, and it is believed to be related to the
modulation depth of the SA. Shortening the cavity length and improving the modulation

depth of the SA could further reduce the pulse duration.
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Figure 3.7: Pulse width and repetition rate versus incident pump powers of GO

PMMA
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Figure 3.8 demonstrates the relationship between the average output power and
pulse energy with pump power for the proposed Q-switched EDFL. When the pump
power rises, the average output power also rises, which leads to an increased in pulse
energy. It can be seen that the output power is increased linearly from 1.00 mW to 9.96
mW with a slope efficiency of 12.52% by tuning the pump power from 11.80 to 83.00
mW. As the pump power rises from 11.8 mW to 83.0 mW, the pulse energy increased
from 46.6 nJ to 145.0 nJ. The increment of pump power gives rise to the average output
power and shortening the pulse width and therefore, in the Q-switching process, the

higher pulse energy is extracted.
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Figure 3.8: Average output power and pulse energy versus incident pump power

of GO PMMA

Q-switched pulsed stability can be investigated from the radio frequency (RF)
spectrum as shown in Figure 3.9. The RF spectrum illustrated a high signal to noise ratio
(SNR) of 62.6 dB with a fundamental frequency of 68.7 kHz. The SNR indicates good
pulse train stability as comparable to Q-switched fibre lasers with CNT and graphene

(Ahmad et al., 2013; M. H. M. Ahmed et al., 2015; S. W. Harun et al., 2012).
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Figure 3.9: RF spectrum of the Q-switching pulse at a pump power of 83.0 mW in

GO PMMA

There are no significant changes observed in any of the output parameters of the
proposed laser after two hours of operation or the next following two days, and hence the
proposed laser is highly stable. As the pump power greater than 83.0 mW, the Q-switched
pulses became unstable and switched to CW mode, as reported previously (Ahmad et al.,
2013; M. H. M. Ahmed et al., 2015; S. Harun et al., 2012). The unstable Q-switched
might be caused by the over-saturation of the GO film at high incident intensity. In this
situation, under the high optical intensity, the two-photon absorption (TPA) process in
the GO layer has been excited. Therefore, as the pump power is continuous increases, the
absorption coefficient is also increased. Hence, the Q-switched operation could not be
maintained. As the pump power is reduced from 200 mW, stable Q-switched operation
could be seen again at the pump power of 83.0 mW and below, which indicates that at
relatively high power, the sample was not damaged. In the lasers, no thermal damage is
observed in the GO film sample and during the laser operation up to 83.0 mW, the output

power was stable.
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3.5 Q-switching performance with Graphene Oxide PVA SA

3.5.1 GO PVA Thin Film Characteristic

Figure. 3.10 (a) illustrates the Raman spectrum of the GO PVA film, which was
excited by an Argon ion laser operating at 514 nm. Two prominent peaks of GO can
seemed from the spectrum at 1357 cm™ and 1606 cm™, which are assigned to D and G
bands, respectively. The D band corresponds to the structural imperfections due to the
attachment of hydroxyl and epoxide groups on the carbon basal plane while the G band
is obtained due to ordered sp? bonded carbon. It is worthy of mentioning that the 2D band
was hardly observed in the spectrum. It was normally observed at 2700 cm™ for graphene

material. This indicates that there was no reduced graphene on the GO film.

Figure 3.10 (b) presents the image of the film, which has a thickness of
approximately 50 um. Other characteristics of the GO SA, which can potentially affect
the performance of the fibre laser, were also investigated. For instance, the morphological
property of the film was investigated with field emission scanning electron microscope
(FESEM), and the image is shown in illustrated in Figure 3.10(c). We can see there are
no obvious air holes or bubbles in the GO-PVA polymer film, which indicates the
excellent uniformity of the SA. The present of > 1um aggregates or voids in the composite

SA may lead to non-saturable scattering losses.

The fabricated GO PVA film was also cut into a small piece and is being attached
into an FC/PC fibre ferrule. After placed an index matching gel onto the fibre end, the
ferrule was matched with another fresh ferrule through a connector to construct an all-
fibre SA device. The insertion loss of GO PVA based SA device was also measured
during the experiment. It has almost similar loss with the previous GO PMMA based

device, which was around 3 dB at 1550 nm.
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3.5.2 Result and Discussion

With GO PVA film-based SA device, the EDFL obtained a stable and self-starting
Q-switching operation at a pump power of 16.88mW. Below the threshold pump power,
no laser is detected. As compared to the previous PMMA film, the threshold is slightly
higher. This is most probably caused by the transmission loss, which is slightly greater
with the PVA. It could be seen that as the pump power increases from 16.88mW to
72.85mW, a stable pulse train could be observed with an increasing value of repetition
rate. This criterion follows the typical Q-switched laser characteristic. As the pump power
has risen to 72.85mW, the output spectrum of the EDFL cavity can be observed where
the laser wavelength operates at a centre of 1560.5 nm as shown in Figure 3.11 (a).
Compared to the previous result (GO PMMA), the spectral broadening is not obvious in
the laser output. This is most probably due to the PVA film has a lower nonlinearity

compared to the GO PMMA one.

The typical pulses train of the Q-switched laser is also investigated using an
oscilloscope as demonstrated in Figure 3.11 (b). This figure illustrates the pulses train at
a pump power of 72.85mW, which indicates the pulses period of 12.24us and this
corresponds to the repetition rate of 81.7 kHz. It can be seen that the pulses train in the
Q-switched output is stable without any amplitude modulations in the pulse. This proves
that during the Q-switching operation, no self-mode locking effect is detected. The pulse
has an almost symmetry shape with a pulse width of approximately 5.67 us as presented
in the inset of Figure 3.11 (c). Fibre ferrule filled with GO PVA film was replaced with a
common clean ferrule to verify that the passive Q-switching was attributed to the GO-
based SA. In this case, even when the pump power was adjusted over a wider range, no
Q-switched pulses were observed on the oscilloscope. With SA, the stable Q-switching

operation was maintained within the pump power from 16.88mW to 72.85mW.
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Figure 3.11: Pulse characteristic at the pump power of 72.85mW (a) Pulse
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Figure 3.12 demonstrates the relationship between the pulse width and pulse
repetition rate with pump power. As illustrated in the Figure3.12, the rising of the pump
power from 16.88 mW to 72.85 mW has resulted in a rising of repetition rate from 32.45
kHz to 81.7 kHz. The repetition rate has increased almost linear manner with a pump
power rate of 0.87 kHz/mW. This shows that by increasing the pump power, the repetition
rate of the Q-switched pulses train can be tuned. The increasing of the pump power also
will provide more gain to saturate the GO PVA SA, hence, causes the repetition rate to

increase.

The relationship between the pulse width and pump power are opposite to the
repetition rate. As pump power is increased, the pulse width duration reduces from 14.28
us to 5.67 ps. Pulsed width decreases exponentially as the pump power rises from
16.88mW to 29.00 mW. The drop is rapid since the GO PVA is still not saturated and
thus able to generate more gain. As the pump power rises from 30.00 mW to 72.85 mW,
pulse width starts to drop linearly because the SA become saturated as the pump power
continuously rises. The pulse will change to continuous wave (CW) mode at a pump

power more than 72.85mW.
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Figure 3.12: Pulse width and repetition rate versus incident pump power for the

EDFL configured with GO PVA film-based SA
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The relationship between pulse energy and average output power with pump

power in the proposed Q-switched EDFL are demonstrated in Figure 3.13. It is

demonstrated in the graph that pulse energy and output power are increase with the

increase of pump power. For instance, as the pump power is adjusted from 16.88mW to

72.85mW, the output power risen linearly from 1.59 mW to 8.93mW. This output power

curve also shows the slope efficiency obtained for the Q-switched EDFL is about 13.15%.

In contrast, the pulse energy increases from 48.99 nJ to 109.30 nJ when the pump

power is increased from 16.88 mW to 72.85 mW. In general, increasing pump power

improves the gain, which in turn increases the output power. Higher output power

decreases the pulse width, which results in the generation of higher pulse energy to be

extracted in the Q-switching process. Compared to the GO PMMA based laser, the

maximum achievable pump power is lower in this laser.
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Figure 3.14 illustrates the radio-frequency (RF) spectrum of the laser at the pump

power of 72.85mW. Radio-frequency (RF) spectrum can be used to determine the
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stability of the Q-switched pulses. The fundamental frequency in the RF spectrum is
obtained at 81.7 kHz. The SNR for the fundamental frequency is about 61.76 dB, which

indicates that the laser has excellent stability.
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Figure 3.14: RF spectrum of the Q-switching pulses at the pump power of

72.85mW with the incorporation of GO PVA based SA

To further examine the stability of the Q-switched laser, it was left to run for about
two days. It was observed that the output pulses and highly stable without significant
changes. The Q-switching output pulsed becomes unstable and switches to CW mode
when the pump power rises above 72.85 mW. However, as the pump power decreased
back within the operating region from 16.88mW to 72.85mW, the Q-switching pulses
were generated. This shows that the SA is not broken even it is imposed with relatively

high power.

Besides that, during the laser operation, there is no thermal damage observed in
the GO film sample. This verifies that the SA is over saturated after the pump power
reaches 72.85 and causes the Q-switched laser becomes unstable if the pump power

further increases. In other words, under the higher optical intensity, two-photon

42



absorption (TPA) process in the GO layer has been excited, and this results in the rising
of the absorption coefficient as the pump power is increased. Hence, the Q-switched

operation could not be maintained.

Since the maximum pump power is only about 200mW, it is difficult to measure
the damage threshold accurately. From the observation, it can be figured out that by
optimising the cavity by decreasing the cavity length and cavity losses, a better Q-
switched pulse can be generated. Optimising the cavity structure or using an excellent
grade of graphite during fabrication of GO can also help in generating a better Q-switched

pulse.

3.6 Summary

Passive Q-switched EDFLs have been successfully demonstrated using the newly
developed GO PMMA and GO PVA film based SAs. The SA device was fabricated by
embedding a GO material, which was obtained through chemical oxidation of graphite

into both polymers.

By incorporating GO PMMA SA into an EDFL cavity, stable Q-switched pulses
were generated to operate at 1531.6 nm when the pump power was changed within a
range of 11.8 to 83.0 mW. As the pump power increases within this power range, the
repetition rate could be increased from 21.5 kHz to 68.7 kHz, and pulse duration could
be reduced from 20.44 us to 6.12 us. The pulse energy was 145 nJ at the pump power of

83.0 mWw.

On the other hand, GO PVA film-based SA device can also be used to generate a
stable Q-switching pulse train that operating at a longer wavelength of 1560.5 nm. With

the GO PVA SA, the Q-switched was realised within a pump power range between
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16.88mW to 72.85mW. As the pump power gradually increased, the repetition rate has
risen from 32.45 kHz to 81.7 kHz while the pulse duration or pulse width drops from
14.28 ps to 5.67 ps. At the maximum pump, the highest repetition rate and single pulse

energy of 81.7 kHz and 109.30 nJ were achieved.

These results show that GO PMMA film has a better performance compared to
the PVVA film in terms of the pulse energy and operating pump power range. It is believed
that both GO-based SA devices have a great potential for Q-switching and even mode-

locking pulses generation in 1.5-micron region.
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CHAPTER 4:

ZINC OXIDE SATURABLE ABSORBER

4.1 Introduction

Over a past one quarter century, transition metal oxide like titanium dioxide
(TiO2), zinc oxide (ZnO) and cobalt oxide (Co3z04) have being commercially investigate
as one of an alternative for a nonlinear optical materials because of their great
characteristic such as large optical non linearity, good thermal and chemical stability with
an addition of mechanical strength. ZnO has a direct band-gap of 3.4eV (Jagadish &
Pearton, 2011) and high energy of 60 meV (Jagadish & Pearton, 2011; Reynolds et al.,
1996) at room temperature, making it a strong potential candidate for developing pulsed
output. Furthermore, ZnO has additional favourable properties which make it highly
suited towards optical applications, including biocompatibility, radiation hardness, low
power threshold for optical pumping and wet chemical etching (Janotti & Van de Walle,
2009). These characteristics make ZnO a highly valuable candidate for emerging electro-
optical applications (Janotti & Van de Walle, 2009) and become a highly viable candidate
as a material for saturable absorption. In this chapter, two Q-switched Erbium-doped fibre
lasers (EDFLs) are proposed and demonstrated using a ZnO powder as a base material
for a saturable absorber. At first, the SA is fabricated by embedding a prepared ZnO
powder into Poly(methyl methacrylate) (PMMA) film. By incorporating a small piece of
the film in a laser cavity, the proposed laser generates a stable Q-switched pulses train at
1559.3 nm with repetition rate rises from 24.85 to 85.91 kHz whereas the pulse width
reduces from 17.88 to 4.66 us as the pump power was increased from 12 to 98.49 mW.
By replacing the polymer material from PMMA to poly(vinyl alcohol) (PVA), the EDFL

produces a stable Q-switched pulses train with a higher pulses energy
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4.2 Preparation of Zinc Oxide based Saturable Absorbers
421 Preparation of Zinc Oxide powder

At first, the ZnO powder was prepared to fabricate the ZnO based SA. In the
process, 10 mM of Zinc Nitrate Hexahydrate [Zn(NO3)2-6H20, Ajax Finechem Pty Ltd]
and Hexamethylenetetramine [(CH2)N4, Sigma-Aldrich] was dissolved in 600 ml of DI
water under stirring for 15 minutes. Then, the 100 ml of the solution was poured into a
separate beaker and placed in the oven for 5 hours. After 5 hours, white precipitates were
formed due to the existence of ZnO element. The precipitates were collected and left to
dry in ambient conditions for 2 days. Figure 4.1 shows a step by step procedure to prepare
the ZnO solution. The preparation of PMMA and PV A polymers solution and fabrication

to the thin film will be discussed in section 4.2.2 and 4.2.3.

Zn(NOz)2-6H20 + (CH2)Ns

Add ZnO powder in the DI
water and stir it using magnetic
stirrer

Figure 4.1: Preparation of ZnO powder
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422 Preparation of Zinc Oxide PMMA thin film

To prepare the polymer solution, 2g of PMMA was dissolved in 60 ml of acetone
and heated at 30°C with slow stirring until the PMMA completely dissolved. After that,
0.030g of the ZnO powder was mixed with a PMMA solution with the assistance of slow
stirring for two hours. Then, the mixture solution was poured into the petri dish and left
dry in ambient for two days. After dry, the film was slowly peeled out to obtain a ZnO

PMMA film.

Dissolved by

using magnetic

stirrer

Figure 4.2: Fabricate ZnO PMMA thin film

47



423 Preparation of Zinc Oxide PVA thin film

To fabricate the ZnO PVA thin film, the PVA solution was prepared by dissolving
PVA powder [40000 MW, Sigma Aldrich] into 80 ml of DI water and stirred at 145°C
until it completely dissolves. Then, the ZnO powder was dissolved in 10 ml of DI water
and centrifuged for 10 minutes to form ZnO solution. Then, the solution was mix with
PVA solution and followed by slow stirring for two hours. The mixture solution was
poured into the petri dish and left dry in room temperature. After two days, the ZnO PVA

film was slowly peeled from the petri dish.

Dissolved by
using magnetic

stirrer

Mixed PVA solution with
ZnO solution and stir using

magnetic stirrer

Figure 4.3: Fabricate ZnO PVA thin film
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4.3 Laser Configuration

Figure 4.4 demonstrates a schematic layout of an incorporating EDFL cavity with
ZnO based SA to generate the passive Q-switched pulse. By using 980/1550 nm
wavelength division multiplexer (WDM), a 980 nm laser diode is pump into 2.8 m long
Erbium-doped fibre (EDF). The EDF has a 4 um diameter of the core and 125 pm
diameter of the cladding with the amount of 0.16 numerical aperture (NA), where the
Erbium ion is able to absorb 23 dB/m at 980 nm. To minimise the possibility of the light
to reflect multidirectional while being transmitted in the cavity, the used of polarisation
independent isolator are necessary. ZnO film that being fabricate earlier was integrated
into the ring cavity to act as a passive Q-switcher. The laser signal that passes through the
ZnO film is coupled out using 80:20 output coupler. Eighty percent (80%) of the light
remains in the ring cavity and continue oscillating for both spectral and temporal
diagnostics while 20% of the light is used for output measurement. The spectral
characteristic was measured by using a 0.02nm spectral resolution of the optical spectrum
analyser (OSA), while the temporal characteristics were measured using a 500 MHz
oscilloscope and a 7.8 GHz radio-frequency (RF) spectrum analyser via a 1.2 GHz

photodetector.

EDF
(2.8m)

80%

ZnO tl'un film

E' ‘“‘Jl, ~_’

1 FC/PC fiber
1 connector

T e o = \/ ------
20%
Outp\:t 80:20 Zinc
Coupler Oxide Film

Figure 4.4: Configuration of the Q-switched EDFL setup employing ZnO film as

a Q-switcher
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4.4 Q-switching performance with ZnO PMMA film
4.4.1 Result and Discussion

Passively Q-switching from the constructed EDFL cavity is self-begins at a pump
power of 12 mW. Compared with the reported works (Fan et al., 2014), the threshold
power of this laser is relatively low, which is attributed to the larger third-order optical
nonlinearities induced by the ZnO based SA. The Q-switching operation was maintained
up to the pump power of 98.49 mW. Figure 4.5(a) demonstrated an output spectrum of
the Q-switching laser at a pump power of 98.49 mW. This figure illustrates that the 3 dB
bandwidth of the optical spectrum was 2.8 nm at the centre wavelength of 1559.3 nm. It
is relatively broad due to the self-phase modulation effect that being induced from ZnO

SA film in the ring cavity.

The Q-switched pulse train was also measured using an oscilloscope as shown in
Figure 4.5(b) at the pump power of 98.49 mW. Q-switched output power pulse at this
pump power has a peak to peak duration of 11.64 us, which is equivalent to the repetition
rate of 85.91 kHz. It is observed that the generated pulses are stable without any amplitude
modulation. This indicates that there is no self-mode locking (SML) impact during the Q-

switching operation.

Inset of Figure 4.5(c) shows a single pulse envelope showing a uniform shape with a
pulse width of approximately 4.66 ps. To verify that ZnO PMMA SA attributed to the
generation of passive Q-switched, the SA film is detaching from the EDFL cavity. Based
on the observation from an oscilloscope, as the pump power being adjusted up to the
maximum pump power, which is 200 mW, no Q-switched pulses were detected. This
finding confirmed that the ZnO PMMA film was responsible for the passively Q-switched

operation of the laser.

50



Output Power (mW)

95

75

55

35

Volts (mV)
[
[9)]

-20
-30
40
50
60
70
1520 1540 1560 1580 1600
Wavelength (nm)
(@)
|
-250 -150 -50 50 150 250
Time (us)
(b)
95
75
55
= 35
£
n 15
2
-25
-45
-65
-3 2 7
Time (ps)
(©)

Figure 4.5: Pulse characteristic at a pump power of 98.49 mW, showing (a) the pulse

wavelength spectrum, (b) the typical pulse train and (c) a single envelops of the pulse.

51



During the process of increasing pump powers, the stable repetition rate of output
pulse is monotonically increasing from 24.85 kHz to 85.91 kHz while the pulse duration
reduces from 17.88 s to 4.66 ps as shown in Figure 4.6. A distinctive characteristic of
passive Q-switched laser is shown in the result. As the pump power is continuously being
an increase, the upper level of the pump rate become increases and causes the increase of
the repetition rate and the reduction of the pulse width (Jiang et al., 2012; Zhou, Wei,
Dong, & Liu, 2010). The demonstrated laser shows no obvious degradation at the
laboratory condition for two hours. In our experiment, no stable pulse trains are observed
when the pump power goes beyond 98.49 mW. The laser becomes CW operation when
the pump power rises from 98.49 mW to 200 mW. If the pump power is reduced to 98.49
mW again, the Q-switching reappeared. This is because ZnO PMMA SA exhibits a
saturable absorption at moderate laser intensities, while optical limiting induced by
excited states absorption would occur at higher intensities (Bai et al., 2016; Mary et al.,
2011; Nair, Thomas, Suchand Sandeep, Anantharaman, & Philip, 2008; Xing, Jiang,

Ying, & Ji, 2010).
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Figure 4.6: Repetition rate and pulse width against the pump power for the Q-

switched EDFL with ZnO PMMA film
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Figure 4.7 indicates a relationship between pulse energy and the average output
power against the pump power. A typical Q-switching behaviour can be obtained as the
SA saturate from an addition of the gain. When the pump increased its power to a range
of 12 mW to 98.49 mW, the average output power had been rising from 0.88 mW to 9.96
mW. Therefore, the output power and pump power relationship can be fitted with
y=0.1048x-0.0914, and the corresponding fitting coefficient R? is 0.9971. Besides that,
the laser efficiency obtained in this experiment is about 10.5 %. Pulse energy also is
discovered to be changed while a pump power is increased. Single pulse energy has been
varied in a range of 35.45 nJ to 115.94 nJ when the power of the pump is increased from
12 to0 98.49 mW. An increment of the pump power has led to a rise of average output
power while shortening a pulse width and hence higher pulse energy is extracted in the
Q-switching process. To investigate the stability of our Q-switched pulse, the
radiofrequency (RF) spectrum is obtained at the pump power of 98.49 mW, as illustrated
in Figure 4.8. The RF spectrum shows the fundamental frequency of 85.91 kHz with a
high signal to noise ratio (SNR) of 67.1 dB. The SNR in the ZnO PMMA indicates a
better pulse train stability, comparable to the Q-switched fibre lasers SA establish from

CNT and graphene (Ahmad et al., 2013; M. Ahmed et al., 2015; S. Harun et al., 2012)
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Figure 4.8: The output pulse spectrum in the frequency domain for the Q-switched

EDFL with ZnO PMMA film at pump power of 98.49 mW.

The cavity laser then was left to continuously operate for 48 hours and based on
observation, the Q-switching pulses are excessively firm without any significant changes
in any of the output parameters. During the operation, pump power is being increased up
to 200mW and it was found that the ZnO PMMA SA was not affected by the high power.
This shows that the thermal damage threshold for the SA is above 200 mW pump power.
For a Q-switched fibre laser, a lower repetition rate and pump power are preferred because
the intra-cavity power can be more effectively coupled to each pulse at this situation to
achieve higher pulse energy. Even though current pulse energy is unable to perform better
than a laser with a conventional semiconductor-based SAs, a better enhancement to
scaling up the pulse energy is predictable with ZnO-based SA by optimizing the

fabrication procedure.

54



4.5 Q-switching Performance with ZnO PVA film
4.5.1 ZnO PVA thin film Characteristic

In this section, a Q-switched EDFL is demonstrated using a ZnO PVA SA as a Q-
switcher. At first, the ZnO PVA film was fabricated as described in section 4.2. We verify
the quality of the ZnO PVA film by using Field Emission Scanning Electron Microscopy
(FESEM) as present in Figure. 4.9 (a). The FESEM image indicates the existence of the
unvarying layers and confirms the absence of > 1um aggregates or voids in the composite

SA, which otherwise result in non-saturable scattering losses.

The inset of Figure 4.9 (b) shows the physical thin film as viewed normally. The
thin film’s thickness was measured to be approximately 50 pm. We cut a small piece of
the ZnO film and attached it onto a standard FC/PC fibre ferrule end surface with index
matching gel. After connecting it with another FC/PC fibre ferrule with a standard flange

adapter, the all-fibre ZnO based SA was finally ready.

Other than FESEM, ZnO PVA film also undergoes a test to investigate the
absorption amount for a various input intensities to determine a nonlinear saturable
absorption property. The result is indicated in Figure 4.10. Based on the observation in
the curve of the graph, the nonsaturable absorption, modulation depth and the saturation
intensity of the film are estimated to be around 4 %, 5 %, and 60 MW/cm? respectively.
Since ZnO response in a nonlinear optical where it is possible to guide a relatively low
fluence to absorb the laser until it saturates, therefore, ZnO film has been determining to

be a potential material to work as a passive SA in a fibre laser set up.
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4.5.2 Result and Discussion

The fabricated SA device is incorporated in an EDFL cavity for Q-switching
generation as described in section 4.3. In this experiment, pump power was slowly
increased until we obtained a stable pulse train of the Q-switched as a pump power
exceeds the lasing threshold. Stable, robust and self-starting Q-switching operation is
obtained at a pump power threshold of 11.8 mW. When the pump power value is lower
than the threshold, no lasing can be determining. Such a low threshold power for Q-
switching operation resulted from the small intra-cavity loss performed by the ZnO PVA
SA. The spectrum of the Q-switched pulse train is shown in Figure 4.11(a). It operates at
1560.4 nm with a noticeable spectral broadening as a result of a self-phase modulation of
the ring cavity. A stable pulse train with an increasing repetition rate was observed within
the pump power from 11.8 to 77.9 mW, which is a typical characteristic for the Q-
switched laser. Figure 4.11(b) shows a typical oscilloscope trace of the Q-switched pulse
train at the pump power of 77.9 mW. It shows the peak to peak duration of 16.28 ps,
which is equal to the repetition rate of 61.43 kHz. It is also observed that the Q-switched
pulse output was stable and no amplitude modulations in the pulse train were found,
which indicates that there was no self-mode locking (SML) effect during the Q-switching
operation. A single Q-switched pulse is shown in Figure 4.11(c) which has an almost
symmetric shape with a pulse width of approximately 7.0 us. To verify that the passive
Q-switching was attributed to the ZnO PVA SA, the film was removed from the ring
cavity. In this case, no Q-switched pulses were observed on the oscilloscope even when
the pump power was adjusted over a wide range. This finding confirmed that the ZnO

PVA SA was responsible for the passively Q-switched operation of the laser.
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In Figure 4.12, we show the pulse repetition rate and the pulse duration as a
function of pump power. It is clear that with increasing pump power from 11.8 mW to
77.9 mW, the repetition rate grows monotonously from 22.79 to 61.43 kHz. The pulse
repetition rate increases almost linearly with the pump power at the rate of ~0.56
kHz/mW. On the other hand, the pulse duration decreases from 20.36 - 7.00 us with the
increase of the pump power from the threshold of 11 mW to 77 mW. At lower pump
power (<30 mW), the pulse duration drops exponentially. At higher pump power (>30
mW) the pulse duration linearly reduces while the repetition rate increases. As pump
power increases, more power circulates inside the laser cavity, thus hasten the saturation
of SA. From Figure 4.12 it can be seen that smaller changes of pulse width from 30-77
mW indicate the SA was becoming saturated with continually increasing the light
intensity (pump power). It is also worthy to note that pulse operation was switched into
CW mode as the pump increased above than 77 mW. The pulse duration can be further
decreased by shortening the length of the laser cavity (including the length of the gain

material), but this would compromise the optical output.

Figure 4.13 shows the dependence of the pulse energy and the average output
power of the laser against the pump power. The average output power increases linearly
with the pump power with a slope efficiency of 13%. The pulse energy also increases
monotonously with the pump power where the maximum pulse energy of 154.6 nJ is
obtained at the pump power of 77 mW. The increment of pump power leads to a rise of
average output power and shorten the pulse width, and hence higher pulse energy is
extracted in the Q-switching process. Compared to the previous carbon nanotubes (S.
Harun et al., 2012) and graphene (Yap et al., 2012) based Q-switching, the attainable
pulse energy is higher. The ZnO SA was also tested in Ytterbium-doped fibre laser, and

Thulium-doped fibre laser cavity and the almost similar Q-switching performance was
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also realised. This showed that the proposed ZnO SA could operate in wide wavelength

region ranging from 1.0 to 2.0 pum.
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To investigate the stability of our Q-switched pulse, the radio-frequency (RF)
spectrum is obtained at the pump power of 77.9 mW as shown in Figure 4.14. The RF
spectrum shows the fundamental frequency of 64.43 kHz with a high signal to noise ratio
(SNR) of ~62 dB. The SNR indicates good pulse train stability, comparable to Q-switched
fibre lasers based on TiO (Ahmad, Reduan, et al., 2016). The proposed laser is observed
to be highly stable, with no significant changes observed in any of the output parameters
after two hours of operation, and repeated cycles of operation in the two days following.
The long-term stability is expected to be remarkable since the laser produced a similar
output pulse train after 48 hours of operation. It is expected that a better Q-switched pulse
can be obtained by optimizing the design of the cavity, including reducing the cavity
length and cavity losses as well as optimizing its cavity structure and using higher quality

ZnO based SAs.
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Figure 4.14: The output pulse spectrum in the frequency domain at a pump power

of 77.9 mW

61



4.6 Summary

A Q-switched ring EDFL was successfully demonstrated using a ZnO powder,
which is embedded into a PMMA and PVA films as a passive SA. The film with about
50 um thickness was sandwiched between two ferrules via a fibre connector to form a
fibre-compatible SA. With a ZnO PMMA film, stable passively Q-switched EDFL pulses
operating at 1559.3 nm with a maximum output pulse energy of 115.93 nJ, the repetition
rate of 85.91 kHz, and pulse width of 4.66 ps are achieved when the input pump power is
98.49 mW at the wavelength of 980 nm. The laser features a low threshold pump power
of ~12 mW. As the SA device is changed to ZnO PVA film, stable Q-switched pulses
train at 1560.4 nm was also successfully obtained within the 980nm pump power range
from 11.8 mW to 77.9 mW. At 77.9 mW pump power, the laser showed the repetition
rate, pulse energy, and pulse duration of 61.43 kHz, 154.6 nJ, and 7.00 ps, respectively.
With PVA film, the maximum attainable pulse energy is improved. These results show
that ZnO is a new potential SA material for pulsed laser applications. Both Q-switched
lasers feature a low threshold due to tremendous third-order optical response with a fast
response time for the ZnO-based SA. The facile fabrication, excellent stability and robust
structure of ZnO-based SA will facilitate many more potential nonlinear photonic
applications, which are expected to work towards ultrafast photonics and play a key role

in other nonlinear photonics applications.
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CHAPTER 5:

CONCLUSION AND FUTURE WORK

Passively Q-switched fibre lasers had gained much attention due to their potentials
as compact, simple, flexible, stable sources in medicine, laser processing,
telecommunications, and remote sensing. They had been investigated intensively using
different kinds of saturable absorbers (SAs) while many methods and new materials were
explored. The research work aims to demonstrate Q-switched EDFL using two types of
nanomaterials as SAs; graphene oxide (GO) and zinc oxide (ZnO). The SA device was
fabricated by embedding these materials into two types of polymer which is PVA and
PMMA film. Stable and high-power Q-switching pulses were obtained by incorporating

a small piece of the film in an EDFL cavity.

Q-switched EDFLs have been successfully demonstrated based on the newly
developed GO film based SAs. Due to its unselective absorption, the graphene-based SA
can operate in a broad wavelength range. The SA devices were successfully fabricated by
embedding a GO material, which was obtained through chemical oxidation of graphite
into both PMMA and PVA polymers. A stable Q-switched pulse which operates at 1531.6
nm was successfully generated by incorporating the prepared GO PMMA SA into an
EDFL cavity. By increasing the pump power within a range of 11.8 to 83.0 mW, the
repetition rate of the laser could be increased from 21.5 kHz to 68.7 kHz, and pulse
duration could be reduced from 20.44 pus to 6.12 ps. At the maximum pump power of

83.00 mW, the pulse energy of 145 nJ was achieved.

By replacing the SA device to GO PVA film-based device, the EDFL also
generates a stable Q-switching pulse train that is able to operate at a longer wavelength
of 1560.5 nm. With the GO PVA SA, the Q-switched was realised at a higher pump power

threshold of 16.88 mW and the Q-switching operation was maintained up to 72.85 mW
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pump power. By gradually raising the pump power within the range, the repetition rate
has risen from 32.45 kHz to 81.7 kHz while the pulse width dropped from 14.28 us to
5.67 ps. At the maximum pump of 72.85 mW, the highest repetition rate and single pulse
energy of 81.7 kHz and 109.30 nJ were achieved. These results show that GO PMMA
film has a better performance compared to the PVA film in terms of the pulse energy and

range of the operating pump power.

Later, two Q-switched EDFLs were also proposed and shown using a ZnO based
SA. At first, the SA is fabricated by embedding a prepared ZnO powder into PMMA film.
The film, which has a thickness of approximately 50 um was sandwiched between two
ferrules through a fibre connector in order to form a fibre-compatible SA. The proposed
laser generated a stable Q-switched pulses train by incorporating the SA film in the laser
cavity, where the repetition rate rises from 24.85 to 85.91 kHz while the pulse width
reduces from 17.88 to 4.66 us as the pump power rose from 12 to 98.49 mW. The Q-
switched laser operated at 1559.3 nm with the maximum output pulse energy of 115.93
nJ while featuring a low threshold pump power of ~12 mW. It is worthy to note that the
EDFL generates a stable Q-switched pulses trained with a higher pulses energy when the

polymer material was replaced from PMMA to PVA.

As the SA device is changed to ZnO PVA film, the laser operated at 1560.4 nm
within the 980nm pump power range from 11.8 mW to 77.9 mW. At 77.9 mW pump
power, the repetition rate, pulse energy, and pulse duration generated by the proposed
lasers were 61.43 kHz, 154.6 nJ, and 7.00 ps, respectively. Thus, these findings revealed
that both GO and ZnO materials have new potentials for applications in pulsed laser
generation. Both Q-switched lasers feature a low threshold because of its large third-order
optical response with a fast response time for the ZnO-based SA. Since ZnO-based SA is

easy to fabricate, has a good stability as well as having a robust structure, it will be
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beneficial to numerous potential nonlinear photonic applications, in particular, ultrafast

photonics and plays a key role in other nonlinear photonics applications.

There are several aspects that need to be considerate for further improvements.
First, would be by further optimizing of the laser cavity to achieve mode-locking
operation. Future studies should also be focusing on exploring more on the optical
properties of both GO and ZnO SA for ultrafast laser generation. Fibre lasers have low
repetition rate due to the relatively long length of the cavity. However, for various
applications such as communications and for quantum experiments, the high repetition
rate is desirable. Currently, harmonic mode-locking is the most promising way to generate
high repetition rates. Future efforts will be focused on the theory of high-repetition rate
mode-locked cavities or harmonic mode-locking and experimentally developing a very

stable passive harmonic mode-locked EDFL by manipulating the laser cavity.
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