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ABSTRACT 

 

 

 

 

 

 
A   saturable   absorber (SA) called   Titanium   Aluminum   Carbonitride, (𝑇𝑖3Al 

(𝐶0.5, 𝑁0.5)2) D-shape fiber structure based on MAX-Phase material has been 

successfully developed. This SA is used to reliably generate a dual-wavelength Q- 

switched laser within the C-band region. Their optical properties are investigated 

and then incorporated within a cavity of an erbium-doped fiber laser to initiate a Q- 

switched operation. Comparison of the Q-switched laser parameters demonstrated a 

significant enhancement when using MAX-DS as the saturable absorber. The D- 

shaped, (𝑇𝑖3Al (𝐶0.5, 𝑁0.5)2) structure is linked to two fiber ferules of a patch cord 

and incorporated into an erbium-doped fiber laser (EDFL) ring cavity. The Q- 

switched   laser   operates   at   two   specific   wavelengths, 𝜆1=1532.36   nm   and 

𝜆2=1558.36 nm. It remains stable within a pump power range of 38.06-75.5 mW. 

The MAX-DS Q-switched EDFL laser has achieved an enhanced repetition rate of 

51.92 kHz and a significantly reduced pulse width of 3.57 μs. The maximum peak 

power is calculated as 23.74 mW, while the pulse energy reaches a maximum of 

84.74 nJ. The optical-to-optical efficiency is 7.81%, the maximum output power is 

 

4.4 mW, and the signal-to-noise ratio is 60 dB. This demonstration indicates that the, 

(𝑇𝑖3Al (𝐶0.5, 𝑁0.5)2) D-shape structure has the potential to serve as an alternative SA 

with excellent prospects in optical-related applications. 
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ABSTRAK 

 

 

 

 

 

 

 
 

Penyerap tepu MAX-Phase (SA) yang dikenali sebagai Titanium Aluminium 

Carbonitride, (𝑇𝑖3Al (𝐶0.5, 𝑁0.5)2) struktur D-shape berjaya dibangunkan untuk 

menunjukkan laser suis-Q yang boleh dipercayai dalam Rantau C-band untuk 

menjana dwi-panjang gelombang. Sifat optiknya disiasat dan menggabungkannya 

dalam rongga laser gentian dop erbium untuk memulakan suis-Q. Parameter laser 

Q-switched dibandingkan dan mendedahkan peningkatan yang ketara dengan 

menggunakan MAX-DS sebagai SA. Bentuk D (𝑇𝑖3Al (𝐶0.5, 𝑁0.5)2) disambungkan 

kepada dua ferula gentian kord tampal dan disepadukan ke dalam rongga cincin 

laser gentian doped erbium (EDFL). Laser Q-switched, yang berpusat pada 

𝜆1=1532.36 nm dan 𝜆2=1558.36 nm, muncul secara stabil pada julat kuasa pam 

38.06-75.5mW. Laser EDFL Q-switched MAX-DS mempunyai kadar pengulangan 

tertinggi sebanyak 51.92 kHz dan lebar nadi paling sempit sebanyak 3.57 μs. Kuasa 

puncak terkira maksimum ialah 23.74 mW, manakala tenaga nadi tertinggi ialah 

84.74 nJ. Kecekapan optik-ke-optik sebanyak 7.81%, kuasa keluaran maksimum 4.4 

mW dan nisbah isyarat-ke-bunyi sebanyak 60 dB. Demonstrasi ini mencadangkan 

bahawa (𝑇𝑖3Al (𝐶0.5, 𝑁0.5)2) struktur bentuk D boleh menjadi SA alternatif yang 

mungkin   mempunyai   prospek   yang   baik   dalam   aplikasi   berkaitan   optik. 
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CHAPTER 1 

 

 

 

 

 

 

INTRODUCTION 

 

 

 

 

 

 

 
 

This chapter covers the introduction of the project. Furthermore, it highlights 

the problem of the current situation in the photonics industry that leads to the idea of 

development of the project. Moreover, this chapter will include the topics on project 

introduction, problem statement, research objectives, scope of research, hypothesis, 

and report structure. 
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1.1 Project Introduction 

 

 

 

The development of a dual-wavelength passive Q-switched fiber pulsed laser 

has received significant interest in recent optical research due to the demand for 

versatile and efficient laser sources in various fields. This study investigates a 

holistic method to attain fiber laser technology involving a setup for a dual- 

wavelength passive Q-switched fiber pulse laser technique with use of single-notch 

D-shaped fiber optics, and incorporation of a MAX-Phase (2D-material) as a 

saturable absorber. 

 

The passive technique relies on the inherent properties of the laser cavity 

components to manipulate the pulse characteristics, eliminating the need for external 

modulators. This allows for the creation of a dual-wavelength output with mode 

mismatched of D-shape structure. The incorporation of passive technique and D- 

shape enhances the simplicity and stability of the system. 

 

Moreover, the presence of Q-switched operation amplifies the adaptability of 

the fiber laser system. Q-switched allows for the generation of pulses with high peak 

power by manipulating the quality factor (Q) of the laser cavity. The Q-switching 

technique temporally suppresses the laser emission until a high energy state is 

reached, followed by rapid release, resulting in intense pulses. This methodology was 

integrated into this study to enhance the potential for generating dual-wavelength 

pulses with maximized output performance. 

 

Moreover, the research study into the D-shaped fiber optic exploring single 

notch configurations, with its unique structure, plays a crucial role in this integrated 
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system. The D-shaped fiber facilitates efficient mode coupling and wavelength 

division within a single fiber core, ensuring the simultaneous generation of dual 

wavelength. Its configuration allows for effective power transfer and mode 

conversion, contributing to the stability and reliability of the dual-wavelength pulse 

generation. 

 

The key element that plays a crucial role in enabling the passive Q-switching 

operation is the saturable absorber made of MAX-Phase material. By utilizing the 

unique characteristics of 2D materials, MAX-Phase functions as an effective 

regulator for manipulating laser pulses. The laser's saturable absorption properties 

allow it to function in a Q-switched mode, producing short pulses with high peak 

powers. The combination of a single-notch D-shaped fiber optic and MAX-Phase 

material as a saturable absorber shows potential for enhance performances of the 

pulsed laser output. 

 

To summarize, the combination of passive Q-switched technique and single- 

notch D-shaped fiber optic configurations has shown great potential for advancing 

dual-wavelength fiber pulsed laser technology. 
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1.2 Problem Statement 

 

In recent years, the field of laser technology has experienced significant 

progress, leading to major developments that have wide-ranging implementation in 

various domains. However, the generation of a dual-wavelength passive Q-switched 

fiber pulsed laser occurred due to the presence of mode mismatched within the D- 

shaped fiber. 

 
 

Current methodologies frequently depend on complex setups, which restrict 

their practicality for various applications. Continuous wave (CW) lasers are 

characterized by a constant power output, providing a continuous stream of energy. 

Besides, fiber pulsed lasers can achieve very high peak power levels during the short 

pulse duration, even if their average power is lower than that of CW lasers [1]. One 

issue arises from the limitations placed on active techniques. Although these 

techniques are successful in improved laser pulses, they frequently introduce 

complications in the preparation procedures, making them intricate and requiring 

significant resources. The complexity arises due to the need to integrate additional 

components, such as external modulators, in order to achieve the desired modulation. 

The complicated design of the system not only increases the expenses but also 

creates possible areas of failure, limiting the system's ability to scale and its 

reliability. Moreover, the dependence on active techniques contributes to the existing 

issue of a limited operating range in fiber lasers. 

 
 

The versatility of fiber lasers for different applications is limited by their 

essential restriction to specific wavelengths. However, a fiber laser, which has a 

linear cavity configuration and meters of fiber length, is unable to generate a laser 
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output with a single frequency due to spatial hole burning in the gain medium. A 

common solution to this problem involves the use of a ring cavity. SESAMs are 

subject to various physical limitations, such as their considerable dimensions, 

inflexibility, restricted frequency range, low thresholds to damage, inability to serve 

as input/output couplers, intricate manufacturing process [11,12], high expense, 

become narrower operational bandwidth [13], and requirement for accurate spatial 

placement. These limitations make them impractical for deployment in fiber laser 

systems. In order to achieve passive Q-switched, the laser structure often 

incorporates saturable absorbers (SAs) in the form of unpumped sections within the 

laser cavity. 

 
 

Artificial (SAs) are large in size and susceptible to environmental factors such 

as fiber displacement, temperature fluctuations, and vibrations, resulting in reduced 

efficiency of reproduction. The critical issues among 2D-materials research, 

including complex in the fabrication process, lower threshold power, a small 

absorption bandwidth, microstructure and composites. SA structure on previous 

research generate lot of losses, system unstable. 2D- material has discover such as 

graphene but MAX-Phase have not discovered yet because of new material. This is 

the reason that applying MAX-Phase D-shape as Saturable Absorber (SA). Thin Film 

and Optical deposition have limitation such as low damage threshold when adding up 

the pump power (mW) until limits the threshold. This is causing the film melt. 

Generation of dual-wavelength ankle due to light presence of more mismatched. 
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1.3 Research objectives 

 

The primary goal of this research study is to generate dual-wavelength of continuous 

wave Fiber Laser with aided of MAX-Phase D-shaped Fiber Optic. The study aims 

to achieve the following specific objectives: 

 

1. To develop dual-wavelength continues wave fiber laser based on D-shaped fiber 

and S-M-S configuration. [RO1] 

 

2. To validate the MAX-Phase D-shaped fiber saturable absorber by generating Q- 

switching laser operation. [RO2] 

 

 

1.4 Scope of research 

 

 
Recognizing these challenges, this research is prompted by the imperative to 

address these limitations along exploring the potential of dual-wavelength fiber 

pulsed laser generation using a combination of passive Q-switching technique, D- 

shaped fiber optic, and MAX-Phase (2D material) as saturable absorber (SA). The 

Erbium-doped fiber lasers (EDFL) utilize a configuration that operates at a 

wavelength of 1.5 µm. This configuration offers a broader bandwidth, increased gain, 

and reduced attenuation in comparison to alternative laser systems. Material SA of 

(Ti3Al (C0.5, N0.5)2) MAX-Phase was used for this research. This is because MAX- 

Phase possesses unique physical properties, such as exceptional resistance to 

oxidation, a high modulus of elasticity, low density, and a high melting temperature, 

when compared to other 2D materials. This innovative approach aims to overcome 

the complexities associated with active technique, offering a more streamlined and 
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efficient solution. Moreover, the integration of passive technique and the unique 

attributes of D-shaped fiber optics present an opportunity to extend the operating 

wavelengths beyond the confines of thin film and optical deposition. In essence, this 

research seeks to carve a path toward a more versatile and accessible fiber laser 

technology, with implications spanning various industries and applications. 

 

 

 

 
1.5 Hypothesis 

 

 
There are three major hypotheses that can be listed out for this research study: 

 

 

 

1. Design a D-shape fiber laser setup capable to generate dual wavelength in C- 

band region mode. 

 

2. Investigate and implement passive Q-switched fiber laser technique to 

manipulate pulse characteristics without the need for external modulators, 

thereby improving the system's ease and stability. 

 

3. Analyse the time-related properties of the generated pulses, such as pulse 

duration, repetition rate, and pulse energy, in order to figure out the changing 

actions of the system. 
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1.6 Report structure 

 

This thesis is organized and structured into 5 significant chapters. Chapter 1 

begins by providing an overview of the project, which includes defining the problem 

statement, research objectives, the scope of the research study and the hypothesis. 

Furthermore, the second chapter of this project focuses a theoretical evaluation on 

the project's background research. The second chapter includes a concise description 

of all facts relevant to the examination of the dual-wavelength passive Q-switched 

fiber pulsed laser generation by D-shape Fiber and MAX-Phase. Explanation of the 

dual-wavelength in literature review based on previously published Q-Switched, 

Fiber laser, saturable absorber (SA), D-shape and related 2D-material. The official 

journal, article, reference materials, and research papers are utilized to comprehend 

the concept and the design. The methods utilized to achieve the project's objectives 

are described in Chapter 3. Chapter 3 outlines the project's methodology, which 

consists of a set of interconnected practices, methods, and processes. This 

methodology guides the delivery of the research from beginning to end, ensuring its 

successful completion and closure. A brief review of the methodology employed for 

this chapter. In addition, this chapter divided into three parts under techniques of 

experimental work which are D-shape fiber fabrication, preparation of MAX-Phase 

(2D-material) and ring cavity of passive Q-Switched Fiber laser. In the meanwhile, 

Chapter 4 analyses the results and discussion, which covers the technical data of the 

dual-wavelength passive Q-switched pulsed fiber laser generated by using D-shaped, 

the optical components utilized in the project, and results in the form of tables and 

graphs. Besides that, end with the Chapter 5 that is the conclusion and future works 

that suggests more research to enhance the proposed method about this project. 
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Continued with last part of this thesis is about references, list of publications, papers 

presented, and also appendices where refer to journals, books, articles and research to 

complete this whole project. 
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CHAPTER 2 

 

 

 

 

 

 

RESEARCH BACKGROUND 

 

 

 

 

 

 

 
This chapter discussed and focused on the methods and equipment used by 

previous researchers that similar to this research. There are many researches with 

the same purpose and features as the project, but the arrangement of components, 

the material used, and the parameters differ. After thoroughly researched, suitable 

methods and materials will be selected and applied to this research to increase the 

efficiency of the project. The literature review has been summarized with related 

evidence which can answer the research objectives and research questions. 



11 
 

 

 

 
 

2.1 Overview of Fiber Laser 

 

 
This section provides an overview of the fundamental principles of laser 

physics in these systems, as well as the waveguide designs that are used to enhance 

device performance. It also discusses the spectroscopy and nonlinear limitations that 

are associated with fibers. The text provides a comprehensive overview of the 

significant experimental findings from the past ten years. These findings cover 

various operating regimes of fiber lasers and encompass both commercially 

applicable fiber laser systems and the most recent advanced research utilizing 

innovative fiber designs. Fiber laser sources generate output with a high level of 

coherence and minimal noise, utilizing laser diodes for pumping. 

 
 

Continuous wave (CW) lasers and pulsed lasers are two fundamental types of 

lasers, and these principles can be applied to fiber lasers as well. Continuous Wave 

(CW) emit a continuous and constant beam of light over time. The laser output 

remains at a steady state without any interruptions. CW lasers are characterized by a 

constant power output, providing a continuous stream of energy. 

 
 

Besides, fiber pulsed lasers can achieve very high peak power levels during the 

short pulse duration, even if their average power is lower than that of CW lasers. The 

ability to deliver high peak powers in short pulses is crucial for certain processes. 

Pulsed lasers are more effective in certain material processing applications by 

minimizing heat transfer to the surrounding material, reducing the risk of thermal 

damage. Pulsed lasers can be designed with lower average power levels while still 

achieving high peak powers[1]. In summary, pulsed fiber lasers are often preferred in 
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applications that require precise material interaction, high peak powers, and reduced 

thermal effects. 

 

 

 

 

2.2 Fiber pulsed laser 

 

 
Recently, there has been significant research interest in the use of pulsed 

lasers for various applications, including medicine, telecommunications, and material 

processing [2], [3]. Compared to continuous-wave lasers, pulsed lasers have several 

advantages, such as increased pulse energy and peak power. There are two methods 

for generating a pulsed laser which are active and passive technique. The active 

technique necessitates the use of supplementary equipment, such as mirrors, lenses, 

and U-bench units. Nevertheless, the incorporation of those devices into the laser 

system resulted in additional insertion loss and increased complexity in the 

preparation procedure. Passive techniques are usually used to generate pulsed lasers 

by utilizing the saturable absorption mechanism of specific materials within the laser 

cavity. Saturable absorbers (SAs) are materials that have reduced absorption capacity 

as the intensity of light increases. They are usually used in laser cavities. 
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2.3 Passive Technique 

a) 

 

 

Figure 2.1: a) Ring Cavity b) Linear cavity 

 

Fiber lasers have the benefits of being compact, dependable, cost-efficient, 

requiring no alignment, and requiring no maintenance. Fiber lasers, which offer the 

benefits of both fiber lasers, have been extensively studied and widely employed for 

diverse applications. Figure 2.1b illustrates that a typical fiber laser, with a linear 

cavity configuration and a long length of fiber, is unable to generate a laser output 

with a single frequency. This limitation is caused by spatial hole burning in the gain 

medium. Typically, this issue is resolved by using a ring cavity. The laser cavity 

consists of a length of fiber that contains either bulk optic mirrors or fiber Bragg 

gratings that have been inscribed in the fiber core. 

 
 

The fiber ring laser depicted in Figure 2.1a is highly appealing for laser 

development due to its ability to provide high gain and wide wavelength tunability. 

This is achieved by incorporating a wavelength tunable component into the ring 

cavity, utilizing the advantages of the long fiber cavity. As a result, this laser 

configuration offers both high output power and a broad range of tunable 

wavelengths. A ring-cavity design is more appropriate for a fiber laser due to the 



14 
 

 

absence of spatial hole-burning effect in a travelling-wave field. This design results 

in lower phase noise and a smaller linewidth compared to a linear cavity 

configuration. The gain fiber is stimulated by a pump laser source using a 

wavelength division multiplexer (WDM). The laser's unidirectional propagation 

within the fiber ring cavity is achieved through the use of an isolator, and the laser is 

extracted from the fiber ring via the help of a fiber coupler. 

 

2.4 Ring Cavity 

 

 
Fiber lasers utilize a doped silica glass fiber as the lasing medium and are 

triggered by diode lasers. Erbium-Doped Fiber (EDF), Ytterbium-Doped Fiber 

(YDF), and Thulium-Doped Fiber (TDF) are rare-earth-doped fibers employed as 

gain media in fiber lasers. The ring cavity of the Erbium-Doped Fiber Laser (EDFL) 

has the ability to amplify signals directly within the 1550 nm wavelength range, 

making it well-suited for applications such as optical amplifiers. The Ytterbium- 

doped fiber (YDF) ring cavity operates at a wavelength of approximately 1060 nm, 

while the Thulium-doped fiber (TDF) ring cavity operates at a wavelength of around 

2 μm. In a passive ring cavity configuration, the laser cavity does not require external 

modulators to generate pulsed output. Instead, the generation of pulses can be 

achieved by utilizing the inherent properties of the gain medium and the design of 

the cavity. Erbium-doped fiber exhibits stable and sustained performance, making it 

highly suitable for passive ring cavity configurations. 
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2.5 Erbium Doped Fiber Laser (EDFL) 

 

 
EDFLs have the capability to function across a variety of wavelength ranges, 

ranging from the visible spectrum to the far infrared spectrum. Erbium-doped fiber 

lasers (EDFL) emit laser at a wavelength of 1.5 µm and provide a broader range of 

frequencies, greater amplification, and reduced signal loss compared to alternative 

laser systems [4]. Initial efforts to create an EDFL involved utilizing argon-ion lasers 

as a means of generating the necessary energy. By 1995, the utilization of these 

lasers led to the development of commercial 1.55-μm fiber lasers. Pulse fiber lasers 

function by utilizing Q-switching and mode-locking techniques, which can be 

classified into active and passive method. The active method includes the utilization 

of an external modulator to accurately alter the losses in the resonator, in perfect 

synchronization with the laser cavity round-trips. The modulator is generally large in 

size and has a restricted ability to respond quickly in the generation of ultrashort 

pulses [5]. The passive method involves the integration of a suitable saturable 

absorber (SA) into the laser cavity. 

 
 

Mode-locking is a laser process that creates ultrashort pulses of intense 

coherent light by synchronizing the longitudinal modes within the laser cavity [6]. 

 
 

Researchers have shown great interest in Q-switched lasers due to their ability 

to produce high pulse energy and adjustable pulse widths ranging from microseconds 

to hundreds of nanoseconds. McClung et al. reported the initial exhibition of Q- 

switched laser employing Ruby laser in 1962. Mears et al. introduced the Q-switched 

erbium-doped fiber laser (EDFL) after a period of twenty years. This was the initial 

instance of a pulsed laser utilizing a fiber that contained an active material. Q- 
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switched pulsed Erbium-Doped Fiber Lasers (EDFLs) generate pulsed laser output 

by actively or passively manipulating the loss within the laser cavity. 

 
 

Q-switching is preferable over mode-locking because it has a simpler 

operation, improved stability, and higher pulse energies. This makes it suitable for 

applications that need reliable and strong high-energy pulses. 

 
 

2.6 Q-Switched Pulse Laser 

 

 
The generation of Q-switched pulses in active and passive modes is achieved 

by adjusting the Q-factor in the fiber laser cavity using the method [7], [8]. Active Q- 

switching requires a device that amplifies the losses within the cavity, functioning as 

a gate that periodically opens for a short time to decrease losses and enable the 

accumulation of a Q-switched pulse. The technique for producing ultrashort pulsed 

lasers are Q-switched operation at various wavelengths, which typically requires the 

use of an active or passive pulse modulator [21]. Active Q-switching typically 

requires an external signal, which is commonly regulated by an acoustic-optic or 

electro-optic modulator. The intracavity loss is periodically modified by an 

externally observed sinusoidal frequency. 

 

 

2.7 Passive Q-Switched Pulse Laser 

 

 
During the initial period, the majority of Q-switching lasers were produced 

through an active technique that involved the use of an externally controlled 

modulator, such as an acousto-optic or electro-optic device [9]. Nevertheless, this 
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technique presents various drawbacks, including its large size, difficulty in handling, 

and relatively high cost. Therefore, in order to address the issue, passive techniques 

have been extensively investigated. They possess various benefits in relation to 

manufacturing, structure, expenses, straightforwardness, effectiveness, and 

incorporation [10]. 

 
 

Within a cavity containing a SESAM, the SESAM acts as one of the mirrors of 

the cavity. The oscillating light is directed towards the dielectric reflector. SESAMs 

have several physical limitations, including their large size, lack of flexibility, 

limited working range, low resistance to damage, inability to function as input/output 

couplers, complex fabrication process [11], [12], high cost, narrow operational 

bandwidth [13], and the need for precise spatial alignment. These limitations make 

them impractical for use in fiber laser systems. 

 
 

Passive techniques can be generated through using of an artificial or real 

saturable absorber (SA). Saturable absorbers (SAs) are commonly incorporated into 

the laser structure as unpumped sections of the laser cavity for the purpose of passive 

Q-switching. In this case, the high threshold that relates to it guarantees the 

accumulation of a substantial carrier density prior to the pulse. Additionally, the 

saturation of the SA during the pulse helps in increasing the peak power and 

reducing the duration. This regime combines characteristics of passive QS. 

Furthermore, the rapid recovery of the SA can prevent the occurrence of trailing 

pulses. 
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2.8 Saturable Absorber (SA) 

 

Figure 2.2: Artificial and real saturable absorbers. 

 

 

Saturation absorption refers to a condition where the optical loss decreases as 

the intensity of light increases. The transmission of light is determined by the change 

in light flux. Saturable absorbers (SAs) are optical devices that exploit a nonlinear 

phenomenon to convert continuous light into pulsed laser with high peak power and 

short pulse duration within fiber laser cavities [15], [16]. The SA is an essential 

material used for passive Q-switched. It can be classified into two types which 

are artificial and real, as depicted in Figure 2.2. 

 
 

Artificial (SAs) involve the generation of a similar SA by exploiting nonlinear 

optical phenomena, such as the nonlinear polarization rotator and the nonlinear optic 

loop mirror [27, 28]. This review focuses on real SA rather than artificial SA. 

Artificial SAs are primarily represented by the nonlinear polarization rotation (NPR) 

[17], nonlinear amplifying loop-mirror (NALM) [18], and nonlinear optical loop 

mirror (NOLM) [19]. Artificial SAs are large in size and susceptible to 

environmental factors such as fiber movement, temperature, and vibration, resulting 

in reduced efficiency of reproduction. 
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2.9 Real Saturable Absorber 
 
 

 
Figure 2.3: Classification of low-dimensional materials SA for fiber lasers. 

 

 

On the other hand, real SA overcomes the drawback of artificial SA by 

offering a device that is more robust and stable in terms of mechanics and 

environment. This is achieved through the use of material structures in 0D, 1D and 

2D material structures as shown in Figure 2.3. Recently, there has been significant 

growth in low-dimensional materials, including quantum dots, nanowires, graphene, 

and topological insulators. This has resulted to the rapid development of ultrafast 

fiber lasers that are based on low-dimensional materials and utilize vector solitons. 

This presents a comprehensive review of the latest developments in fiber lasers with 

low-dimensional materials saturable absorber, specifically focusing on vector soliton 

generation. The categorization of these materials is based on their dimensions, which 

include 0D, 1D, 2D, and other emerging materials [20]. 0D materials, such as 

quantum dots (QDs), present a quantum confinement effect and their saturable 

absorption is enhanced by the edge effect. Consequently, they are commonly 

employed as saturable absorbers (SAs) in optoelectronic devices. Furthermore, the 

properties of quantum dots (QDs) can be readily adjusted by altering their 

dimensions. Due to their unique structural arrangement and energy band distribution, 
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various 1D nanomaterials such as nanotubes, nanorods, and nanowires display 

significant nonlinear optical behavior at specific wavelengths. In 2009, researchers 

first investigated the use of 2D graphene as an optical saturable absorber (SA) in 

passive continuous-wave mode-locked lasers. Since then, an increasing number of 

other 2D materials, have been successively developed. This led to a swift 

advancement of novel self-assembled (SA) materials based on two-dimensional (2D) 

structures. 

 
 

2.10 2D-Material 

 

Figure 2.4: The 2D materials SA. 

 

 

The use of 2D materials is common in the fabrication of saturable 

absorber (SA) devices due to their numerous advantages. These include the low 

insertion loss of the material. Additionally, the electronic properties of the material 

are easily controlled by adjusting factors such as doping, defects, and thickness. 
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Furthermore, 2D materials are easy to stack, allowing for the formation of multilayer 

structures and heterojunctions. The 2D materials depicted in Figure 2.4, such as 

graphene, topological insulators (TIs), black phosphorus (BP), and transition metal 

dichalcogenides (TMDs), have undergone extensive studied and published due to 

their unique properties compare to larger counterparts [21], [22]. 

 
 

Graphene is the initial 2D material that was discovered, and it was first 

suggested as SA in 2009. Ferrari et al. conducted a comprehensive analysis of the 

photonics and optoelectronics characteristics of graphene. Graphene exhibits a 

limited interaction with light and has a low modulation depth, which diminishes its 

non-linear effect [25]. 

 
 

Topological insulators (TIs) exhibit a wide nonlinear response due to their 

small absorption bandwidth and low damage thresholds [26]. 

 
 

BP is a 2D material that has basic cells with intrinsic anisotropy in the plane 

and a structure resembling a puckered honeycomb. It exhibits a strong interaction 

between light and matter and has a direct bandgap that can be adjusted across a wide 

range of wavelengths [27], [28], [29], [30]. However, BP shows the limitation in 

poor environmental stability towards oxidation sensitive within several hours to days, 

especially for monolayer and few-layer BP structures [31], [32], unstable in the 

ambient atmosphere, low damage threshold, and passable non-linear absorption [37]. 

 
 

The use of TMD exhibits various limitations. The wide energy gap of certain 

bulk (TMDs) in the visible and infrared regions restricts their use in optoelectronic 
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devices [33]. Another problem with the TMD is its low optical damage threshold 

under high power illumination. Transition metal dichalcogenide (TMD) based 

saturable absorbers (SAs) have a complicated fabrication process and lower damage 

thresholds compared to other SAs. This may restrict their application in high-power 

ultrafast lasers [34]. 

 
 

The MXenes exhibit electrical conductivity and hydrophilicity, making them 

highly promising as functional materials across various domains. Subsequently, the 

key concerns regarding MXene research encompass the procedure for preparation, 

microstructure, and MXene composites. 

 

MAX-Phases are ternary carbides/nitrides with a layered structure, typically 

studied and produced as ceramic materials. By selectively eliminating a layer from 

MAX-Phases, it is possible to synthesize with MXenes, which possess a two- 

dimensional (2D) structure. The crack healing properties of MAX-Phase are 

highlighted among the different properties. MAX-Phases are a class of compounds 

consisting of layered carbides and nitrides. They have a general formula of 

Mn+1AXn, where n ranges from 1 to 4. In this formula, M represents an early 

transition metal, A represents a group A element, and X can be either carbon, 

nitrogen, or both. Some examples of common MAX-Phases includeTi3SiC2, Ti3AlC2, 

Ti2𝐴𝑙𝐶, V2AlC, Ti2AlN. Presently, there exist more than 90 MAX-Phases. The 

experimentally created MAX-Phases may consist of various constitutive elements. 

Furthermore, there are ongoing theoretical predictions of additional constitutive 

elements of MAX-Phases, as well as continued synthesis of more MAX-Phases. 
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In 2019, MAX-Phases SAs found to serve as alternatives to MXenes SAs by 

Lee et al. [63]. The metal-ceramic MAX-Phases SAs are the promising solution to 

the challenge faced by MXenes SAs, yet, possess similar advantages to them with 

reasonable price [64]. The most vital contribution of the MAX-Phases SAs is their 

simple fabrication techniques without involving any hazardous substances. 

 

 

 

2.11 MAX-Phase as (Ti3Al (C0.5, N0.5)2) 
 

The MAX-Phases possess unique physical properties such as exceptional 

resistance to oxidation, a high modulus of elasticity, low density, and a high melting 

temperature. These properties make it a valuable material for various industrial 

applications [35]. Compared to other 2D materials, it was easily employed as a 

SA without the need for a laborious preparation process. The laser cavity 

successfully generates a pulsed laser at a modulation depth of 2-60% in the 1.55-µm 

wavelength range. This is achieved using erbium-, ytterbium-, and thulium-doped 

fiber laser cavity [36], [37]. MAX-Phases possess a combination of ceramic and 

metallic properties. MAX-Phases have similar properties to metals, such as thermal 

and electrical conductivity, machinability with conventional tools, and resistance to 

thermal shock. Additionally, they exhibit ceramic-like characteristics including high 

strength, excellent high temperature strength, and thermal stability. 
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2.12 Integration of SA 

 

 

 

b) 

d)  
 

Figure 2.5: Integration Methods of SA. (a) Thin film-based SA is positioned between 

two fibers connectors. (b) Optical deposition technique. (c) Optical fiber with a D- 

shaped cross-section having metal-based nanomaterial deposited on the waist. (d) 

Tapered optical fiber. i) tapering process ii) deposited SA on microfiber waist. 

 
 

The performance of lasers can be significantly enhanced by using suitable SA 

structures. Typically, thin films (Figure 2.5a) are produced at low cost and ambient 

temperature. For SA structures, both pure nanomaterial films and hybrid films have 

been effectively used. The produced polymer solutions and metallic nanoparticles are 

thoroughly combined by using stirring or ultrasonication in the polymer film 

technique before being deposited onto the substrate to dry. 

 
 

The production of tapered optical fiber is commonly accomplished by applying 

heat to a small portion of the fiber while simultaneously stretching both ends of the 
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fiber, as depicted      in Figure 2.5d. Potential heat sources for tapering fibers include 

a gas burner flame [38], high-power laser pulses [39], or chemical etching [40]. The 

process of flame tapering involves the application of a gas burner flame to a specific 

region of fiber. By carefully heating the fiber in the flame, it becomes softened to 

create a tapered region. 

 

2.13 D-Shape Fiber Optic 

 

 

Instead of using a fiber ferrule SA, the microfiber fully exploits the nonlinear 

absorption properties of the material by interacting with the evanescent field. The D- 

shaped fibers are formed by selectively removing the cladding in the radial direction 

of   the   regular   fiber,   exposing   the   core,   as   illustrated   in    Figure   2.5c. 

SAs (Figure 2.5b) are commonly deposited on the polished side of the fiber using 

techniques like optical deposition, magnetic sputtering deposition, and others[41] . 

The interaction takes place via the use of the SA coating in combination with the 

evanescent field produced by the light propagating from the polished surface of the 

D-shaped fiber. Therefore, the strength of the evanescent field can be controlled by 

altering the depth of polishing [42]. Furthermore, when compared to fiber ferrule SA, 

D-shaped fiber produces a higher power output as a result of the decreased intensity 

of the evanescent field with SA [43]. The durability of this fiber surpasses that of 

tapered fiber. Nevertheless, the D-shaped SA shows polarization-dependent loss, 

which is determined by transverse magnetic and transverse electric polarizations. The 

loss causes instability in the performance of SA, demanding precise control of the 

polarization state. In 2019, Niu et al. employed the ion beam sputter technique to 

apply GNPs onto a D-shaped optical fiber. In 2021, Muhammad et al. utilized an 
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electron beam deposition technique to incorporate single nucleotide polymorphisms 

(SNPs) onto an optical fiber with a D-shaped cross-section [44]. By using a D- 

shaped fiber as a saturable absorber (SA), the fiber laser cavity achieves a longer 

interaction length, resulting in a higher quality optical nonlinearity. Furthermore, it 

enhanced the optical damage threshold of the SA device and reduced the instability 

of the pulsed laser under high pumping power. In addition, the use of D-shaped 

fiber might reduce the occurrence of photo-darkening caused by the polymer matrix 

and the burning effect on the tip of the fiber-ferrule. 
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CHAPTER 3 

 

 

 

 

 

 

METHODOLOGY 

 

 

 

 
3.1 Brief description of methodology 

 
 

Figure 3.0 shows the methodology for the development of the Q-switched 

fiber laser with a saturable absorber based on a MAX-Phase (2D material) and 

integrated with a D-shaped fiber optic, involves a multi-step process. Firstly, a 

suitable 2D material, acting as a saturable absorber, is carefully chosen and 

integrated into the fiber laser system. This material is crucial for achieving Q- 

switching, allowing for the generation of short and high-energy pulses. The Q- 

switched mechanism is then implemented within the fiber laser cavity, enhancing 

control over pulse characteristics. Simultaneously, a D-shaped fiber optic, tailored 

for efficient mode coupling and wavelength division, is incorporated to facilitate 

dual-wavelength operation. The geometric parameters of the D-shaped fiber are 

optimized to ensure effective interaction with the saturable absorber and promote 
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stable Q-switched. This comprehensive integration of Q-switching, saturable 

absorber technology, and the D-shaped fiber optic is aimed at achieving a compact, 

efficient, and versatile dual-wavelength fiber pulsed laser. 

 

 

 

 

 
 

Figure 3.0: Flow chart of methodology. 

 

 

 
3.2 Methods and passive technique used for experimental work 

 
The experimental work attempts to generate a dual-wavelength passive Q- 

switched fiber laser by utilizing (Ti3Al (C0.5, N0.5)2) MAX-Phase as a saturable 

absorber on a D-shaped fiber. The research involves a carefully designed sequence of 
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methods and techniques to achieve accurate manipulation of the laser output. The 

methods and technique used for this experimental work have separated into 3 major 

parts which   are   fabrication   of   D-shape   fiber   optic, preparation   of (Ti3Al 

(C0.5, N0.5)2) MAX-Phase and configuration for ring cavity of passive Q-switched. 

 

 

 

 
3.2.1 Fabrication of D-shape Fiber Optic 

 

a) b) 
 

 

c) 

 
 

Figure 3.1: a) D-shape fiber preparation setup. b) Graphical demonstration for 

mechanical D-shape fiber fabrication. c) Microscopic image of the D-shape 

fiber. 

 
 

The designed D-shaped fiber polisher, as depicted in Figure 3.1. The proposed 

experimental setup consists of an amplified stimulated emission (ASE) 

broadband light source, a mechanical wheel with sandpaper, a 5-volt (5 V) DC 

motor, an optical power meter, an adjustable stage, and a pair of fiber holders. 



30 
 

 

The experimental procedure starts by splicing two fiber-ferrules with a single- 

mode optical fiber (SMF-28). Approximately 5 mm of fiber coat was removed 

to expose the cladding of SMF-28. The SMF-28 was deployed with two fiber 

holders as a clamper and connected to the ASE source, the other end launched 

onto an optical power meter. The 5 V DC motor was turn on after properly 

adjusted the mechanical wheel with sandpaper so that it touches the uncoated 

region of SMF-28. The real-time measurement ensures an appropriate amount 

of cladding was removed. 
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3.2.2 Preparation of (𝐓𝐢𝟑Al (𝐂𝟎.𝟓, 𝐍𝟎.𝟓)𝟐) MAX-Phase 

 

a) 
 

b) 

 

c) 

Figure 3.2: a) 𝑇𝑖3Al (𝐶0.5, 𝑁0.5)2 MAX-Phase solution. b) Preparation of PVA 

Solution. c) Fabrication of (𝑇𝑖3Al (𝐶0.5, 𝑁0.5)2) MAX-Phase. 
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The D-shaped fiber fabrication process was completed in just 15 minutes, 

guaranteeing a rapid preparation procedure for surface area (SA) analysis. The 

process of synthesizing the (Ti3Al (C0.5, N0.5)2) powder and PVA solution involves 

the use of liquid-phase exfoliation (LPE) technique. The liquid-phase exfoliation 

(LPE) technique used a colorless, odorless, easily manageable, environmentally- 

friendly, and cost-effective PVA as the host polymer to achieve atomic adhesion of 

the (Ti3Al (C0.5, N0.5)2). The mentioned technique is relatively straightforward, 

practical and cost-effective, as it requires no precise control and innovative 

fabrication tools. 

 
 

At first, in Figure 3.2b, the process began by measuring 1 g of PVA powder 

using an electronic balance. The powder was then mixed with 120 ml of deionized 

(DI) water using a hot plate stirrer. This mixture was stirred continuously at a 

temperature of 90 ◦C and a stirring speed of 300 rpm for a duration of 24 hours until 

complete dissolution was achieved. The usage of PVA as a host material offers 

several benefits, such as being non-toxic, cost-effective, possessing excellent 

mechanical and thermal properties, and exhibiting enhanced interfacial adhesion with 

reinforcing materials such as fibers. The mixture was stirred on a heated surface for a 

duration of 24 hours at ambient temperature, with a stirring rate of 300 rpm. The 60 

mg (Ti3Al (C0.5, N0.5)2) powder was added to a beaker containing 30 ml of PVA 

solution with a ratio of 2:1, as depicted in Figure 3.2c. Afterwards, the powder 

underwent complete dissolution through stirring via a magnetic stirrer for a duration 

of 24 hours at room temperature, with a stirring speed of 300 rpm. The thoroughly 

mixed solution was subsequently subjected to sonication for a duration of 45 
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minutes, employing an ultrasonic bath operating at an average frequency of 30 kHz. 

This process aimed to agitate the particles of the material (Ti3Al (C0.5, N0.5)2) in 

order to achieve a uniform distribution. This step was repeated three times. Next, the 

remaining MAX-Phase solution was transferred into a tube and effectively employed 

as a SA for D-shaped fiber. This resulted in obtained a functional of a functional 

MAX-Phase solution, as depicted in Figure 3.2a. 

 
 

The MAX-DS was directly spliced into the EDFL. The MAX-Phase solution 

was applied onto the polished side of the D-shaped fiber structure SA using a 

micropipette until a consistent pulse train was observed on the oscilloscope. 
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3.2.3 Configuration for Ring Cavity of Passive Q-Switched 
 

 

Figure 3.3: MAX-Phase solution for integration. 

 
For the Q-switching pulse technique, the (Ti3Al (C0.5, N0.5)2) MAX- 

Phase in Figure 3.3 act as saturable absorber properties played a major role. 

Pulsed laser technique characterization was employed to understand and 

optimize the saturable absorption behavior of the material. The laser cavity 

was carefully adjusted to exploit the saturable absorption characteristics of the 

(Ti3Al (C0.5, N0.5)2) D-shaped fiber that lead to the passive Q-switched of 

the fiber laser. 

 
 

 

Figure 3.4: The schematic arrangement of (𝑇𝑖3Al (𝐶0.5, 𝑁0.5)2) D-shape fiber based 

the Q-switched EDFL. 
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Figure 3.4 shows the configuration of the proposed Q-switched EDFL based 

on a ring cavity scheme with the in-placed (Ti3Al (C0.5, N0.5)2) D-shape fiber SA. 

In this experiment, the (Ti3Al (C0.5, N0.5)2) as MAX-Phase is applied on D-shape 

which incorporated inside EDFL by a pair of fiber connector because the D-shape 

fiber cable has two peak tail. Prior to applying the MAX-Phase on the D-shape fiber, 

the ferrule surface was cleaned using alcohol. Subsequently, a visual inspection 

microscope was used to check for dirt on the ferrule in order to minimize high 

in connector loss, high reflectance, and the contamination of transceivers [56]. The 

EDFL cavity comprises a 1.8 m long Erbium-Doped Fiber (EDF) as the gain 

medium, a 980 nm laser diode connected through a 980/1550 wavelength division 

multiplexer (WDM), an optical isolator, an 80:20 optical coupler, and SAs. The gain 

medium consists of a 1.8 m long erbium-doped fiber (EDF) that is optically 

stimulated by a butterfly-mounted 980 nm laser diode pump. This stimulation 

produces a pulsed laser using a wavelength division multiplexer (WDM) with a 

wavelength of 980/1550 nm. The EDF has a central diameter measuring 4 μm, a 

numerical aperture of 0.24, and a core absorption rate of 24 dB/m at a wavelength of 

1550 nm. The polarization dependent isolator (PDI) enables the laser to pass through 

in a single direction while blocking light in the opposite direction. The 80:20 optical 

coupler splits the optical power, allowing 80% of the portion to pass through the ring 

cavity for additional amplification, while directing 20% of the output to various 

optical measurements. The MAX-Phase D-shape fiber SA modulates its absorption 

properties according to the intensity of the laser entering the ring cavity. It functions 

as a passive Q-switched, allowing the laser to generate short laser pulses. 

 

The digital oscilloscope with an integrated RF spectrum analyzer is used to 

measure the temporal characteristics of the generated pulses, such as the pulse train 
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and RF spectrum. On the other hand, the optical spectrum analyzer is used to observe 

the spectral and intensity-dependent characteristics of the Q-switched EDFL. The 

measurements are facilitated by a 1.2 GHz photodetector (PD, InGaAs) with high 

gain and low noise characteristics. This photodetector converts the optical signal into 

the corresponding electrical signal. An optical power meter is used to monitor the 

output power of the pulsed laser. The overall length of the cavity for MAX-DS was 

14.6m. 
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CHAPTER 4 

 

 

 

 

 

 

 

 
RESULTS AND DISCUSSION 

 

 

 

 

 

 

 

 
In this chapter, the result analysis of the research as well as the passive Q- 

switched Fiber Laser of the ring cavity is discussed to evaluate system performance 

across wavelength of C-band region and characterize pulse dynamics. Data collection 

and results of experimental work are recorded and discussed in this chapter. For 

information, this research is to mainly produce a dual-wavelength fiber pulsed laser. 

MAX-Phase as (Ti3Al (C0.5, N0.5)2) is aided to generate the dual-wavelength of 

passive Q-switched pulse laser by applying MAX-Phase on D-shaped fiber as 

saturable absorber. 
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Table 1.0: Tabulation of raw data of the experimental work. 
 

EXPERIMENT: Q-switched D-Shaped Fiber (𝐓𝐢𝟑Al (𝐂𝟎.𝟓, 𝐍𝟎.𝟓)𝟐) 

Day: Tuesday Location: Photonic Lab (UM) 

Date: 19/09/2023 Name: Ronald Raj 

Time: 10:00 - 19:00 Code: 20230919 

 

 
No. 

Laser Input Oscilloscope OPM 
Pulse 

Energy 

(nJ) 

Peak 

Power 

(mW) 

Input 

(mA) 

Input 

(mW) 

Frequency 

(kHz) 

Pulse 

Width 

(µs) 

Pulse 

Period 

(µs) 

Output 

Power 

(mW) 

1 140 38.058 35.34 6.58 28.3 1.5 42.44482 6.45058 

2 150 42.218 37.45 5.84 26.7 1.8 48.06409 8.23015 

3 160 46.378 39.53 5.3 25.3 2.1 53.12421 10.02344 

4 170 50.538 41.22 4.94 24.26 2.4 58.22416 11.78627 

5 180 54.698 42.55 4.62 23.5 2.7 63.45476 13.7348 

6 190 58.858 44.26 4.32 22.59 3.1 70.04067 16.21312 

7 200 63.018 45.83 4.12 21.82 3.4 74.18721 18.00661 

8 210 67.178 48.19 3.89 20.75 3.7 76.77941 19.73764 

9 220 71.338 49.55 3.72 20.18 4.1 82.7447 22.2432 

10 230 75.498 51.92 3.57 19.26 4.4 84.74576 23.73831 

 
Table 1.0 shows the parameters of the dual-wavelength laser output involves 

spectral analysis, measurement of out power performances, and the temporal 

behaviour of the fiber pulses. Throughout the experimental work, the temporal 

laser output is monitoring using oscilloscope to characterize the pulse width, 

pulse period and repetition rate. The dual-wavelength is observed by choose 

peak output power and its wavelength using optical spectrum analyzer (OSA). 

Then, pump power is adjusted to find the optimal conditions for passive Q- 

switching. Real-time monitoring and adjustments were made on optical power 

meter (OPM) to optimize the laser performance and ensure the stable operation 

of the dual-wavelength Q-switched fiber laser. 
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4.1 Q-switched Laser Performance 
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Figure 4.0: The relation of the repetition rate and pulse width against ascending 

pump power. 

 
 

The Q-switched laser is being investigated with the (Ti3Al(C0.5,N0.5)2) 

saturable absorber device incorporated into the ring cavity. The Q-switched laser 

initiated with an initial repetition rate of 35.34 kHz once the pump power reached the 

threshold pump power of 38.06 mW. The Q-switched laser-maintained stability as 

the pump power was gradually increased to 75.5 mW. Figure 4.0 shows that the 

repetition rate increases in a nearly straight line from 35.34 to 51.92 kHz as the pump 

power increases from 38.06 to 75.5 mW. However, the pulse width decreases from 

6.58 to 3.57 μs as the laser cavity experiences gain compression and the pump power 

increases. Moreover, higher pump power contributes to a faster SA saturation, 

because of the population inversion which repeats in a faster manner. 
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Figure 4.1: The output power, pulse energy, and peak power of the Q-switched 

EDFL at different pump power settings. 

 
 

Figure 4.1 illustrates the changes in average output power, peak power, and 

pulse energy across a range of pump power levels, which range from 38.06 to 75.5 

mW. The output power indicates a linear increase, ranging from 1.5 to 4.4 mW. The 

slope efficiency, which measures the rate of change, is calculated to be 7.81%. The 

slope efficiency, defined as the output power (mW), is determined using the formula 

y=mx+c. The calculated peak power increases almost linearly, ranging from 6.45 to 

23.74 mW. In addition, the pulse energy increases from 42.44 nJ to 84.74 nJ. 

Equation 1 and Equation 2 represent the mathematical expressions for pulse energy 

and peak power, respectively. 
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Pulse Energy (nJ) = 

 
 
 
 
 
 
 

Peak power (mW) = 

Output power (mW) 
 

 

𝑅𝑒𝑝𝑒𝑡𝑖𝑡𝑖𝑜𝑛 𝑅𝑎𝑡𝑒 (𝑘𝐻𝑧) 
 
 
 
 
 
 
 
Pulse Energy (nJ) 

 
 

𝑃𝑢𝑙𝑠𝑒 𝑤𝑖𝑑𝑡ℎ (𝜇𝑠) 

(Equation 1) 

 

 

 

 

 

 

 
 

(Equation 2) 
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Figure 4.2: The output spectrum of the Q-switched laser and CW laser at the 75.5 

mW pump power. 

 
 

The optical spectrum of the output Q-switched laser at a pump power of 75.5 

mW is depicted in Figure 4.2. This graph represents the dual-wavelength of a 

passive Q-switched laser. A D-shaped fiber is integrated into the EDFL cavity along 

with a pair of fiber-ferrules. The laser spectrum remains continuous without the 

presence of a saturable absorber (SA). The continuous wave (CW) laser achieved a 

greater peak intensity of 1.67 dBm and a longer central wavelength, λ, measuring 

1560.9 nm. The incorporation of a bare D-shaped fiber results in a leftward shift of 

the Q-switched dual-wavelength due to the insertion of a saturable absorber (SA) in 

the cavity. However, no pulses are observed on the oscilloscope even when the pump 

power is adjusted within the range of 38.06 - 75.5 mW. Five drops of the prepared 

MAX-Phase solution were applied onto the D-shaped fiber to initiate the pulses. 

Following a duration of 15 minutes, the liquid began evaporation, resulting in the 
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appearance of visible Q-switching pulses on the oscilloscope. The D-shaped fiber, 

which contains a MAX-Phase solution, adjusts the loss within the laser cavity by 

exploiting the interaction between the evanescent field of the light (photon) and the 

SA (electron). This interaction leads to the generation of Q-switched pulses. The 

measurement of the temporal pulse trace involves capturing the frozen signal at the 

highest achievable pump power during stable Q-switching, which was 75.5 mW. 

During the procedure, the laser diode is activated and the pump power is adjusted to 

75.5 mW. On the other hand, the OSA's spectrum peak shifted to indicate the 

successful generation of pulsed laser. A narrower red-shifted gap reflects a lower 

occurrence of losses. The first peak intensity of the Q-switched spectrum is -7.98 

dBm and is located at a wavelength of λ1=1532.36 nm, while the second peak 

intensity of the Q-switched spectrum is -5.88 dBm and is located at a wavelength of 

λ2=1558.36 nm. The peak output power of the Q-switched spectrum shrinks 

compared to the continuous wave (CW) spectrum because of the splitting of power 

between the dual Q-switched spectrum. The Q-switched spectrum has been 

demonstrated to display dual-wavelength lies within the C-band region, specifically 

between 1530 and 1565 nm. The SA acts as a loss modulator, leading to population 

inversion. 
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b) 

Figure 4.3: a) The two-envelope pulse train. b) oscilloscope trace (the pulses 

within a longer time frame). 

 
 

Figure 4.3a displays the pulse train of the two envelopes as a function of time, 

which was recorded at the maximum achievable pump power of 75.5mW. The pulse 

peak separation, also known as the pulse period, is measured to be 19.26 μs, which is 

proportional to a pulse frequency of 51.92 kHz. The pulse’s full width at half 

maximum (FHWM) which is also equivalent to the pulse width is given as 3.57 μs. 

Figure 4.3b demonstrates a pulse train consisting of multiple pulses occurring within 
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a 500μs interval. The pulse train provides steady peak intensity, indicating a high 

level of stability with minimal jittering. 
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Figure 4.4: a) The RF spectrum of the pulsed laser with span of 900kHz. 

b) The enlargement of the fundamental frequency spectrum. 

 

 
The RF spectrum, which represents the frequency domain, is used to validate 

the fundamental frequency. This analysis is conducted at a pump power of 75.5 mW, 

as shown in Figure 4.4a. The fundamental frequency is 52.38 kHz, as shown in 

Figure 4.4b, and is very similar to the RF harmonics at 52.2 kHz. It has quite a 

significant signal-to-noise ratio (SNR) of 60 dB. The oscilloscope analysis of the RF 

harmonics in the time domain indicates that there is no significant spectrum damage, 

which further suggests the stability of the produced Q-switched laser. 
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4.2 Comparisons of previous research 

 

 

 
Table 2.0: Laser output performance comparison of Q-switched EDFL by using 

various SA materials. 

 

SAs Method Q- 

Switching 

Threshold 

(mW) 

Min. 

Pulse 

Width 

(μs) 

Max. 

Repetition 

Rate 

(kHz) 

Max. 

Output 

Power 

(mW) 

Max. 

Pulse 

Energy 

(nJ) 

SNR 

(dB) 

Ref. 

rGO 𝐷𝑆𝐹 32.43 2.01 54.1 0.405 7.499 55 [45] 

MoS2 𝐷𝑆𝐹 14.8 3.19 25.27 2.27 90 - [46] 

WS2 𝐷𝑆𝐹 186 0.71 134 2.5 19 - [47] 

Bi2Te3 𝐷𝑆𝐹 17.3 2.81 42.8 0.55 12.7 - [38] 

Ti3𝐶2TX 𝐷𝑆𝐹 81 2.58 77.52 10.4 134.2 63 [48] 

𝑇𝑖2𝐴𝑙𝐶 OD 30 4.88 27.45 0.62 22.58 - [49] 

𝑇𝑖2𝐴𝑙𝐶 TF 88 0.99 46.3 4.75 102.7 60 [50] 

𝑇𝑖3𝐴𝑙𝐶2 TF 44 3.93 112 8.4 75 66 [51] 

𝑇𝑖3𝐴𝑙𝐶2 DSF 62 2.93 96.15 14.6 151.8 70 [37] 

(Ti3Al ( C0.5, N0.5)2) TF 24.9 6.6 46.3 0.49 10.54 49 [52] 

(Ti3Al ( C0.5, N0.5)2) 𝐷𝑆𝐹 38.06 3.57 51.92 4.4 84.75 60 This 

work 

 

 

The performance of the Q-switched laser generated by (Ti3Al (C0.5, N0.5)2) 

in the EDFL cavity shows several improvements in laser parameters compared to 

another SA based on MAX-Phase, as shown in Table 2.0. The pulsed laser emitted 

by the SA devices that were created were also compared to the other 2D materials 

that were applied onto D-shaped fiber. The materials used in this study include 

reduced graphene oxide (rGO), molybdenum disulfide (MoS2), tungsten disulfide 

(WS2), bismuth telluride (Bi2Te3), and titanium carbide (Ti3𝐶2TX). The MAX-DS 

achieved the maximum repetition rate compared to other self-assembled MAX-Phase 

structures. Nevertheless, the D-shaped fibre coated with WS2 demonstrates a higher 
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repetition rate of 134 kHz [47]. According to the table, the (Ti3Al ( C0.5, N0.5)2) 

(DSF) has a greater pulse energy compared to the 𝑇𝑖3𝐴𝑙𝐶2 (TF) [51] and 𝑇𝑖2𝐴𝑙𝐶 

(OD) [49]. Additionally, it has a significantly lower threshold pump power compared 

to most of the other MAX-Phase SAs being compared. Therefore, the Q-switched 

pulse laser has the capability to generate at a lower pump power. MAX-DS improved 

the highest achievable output power, pulse energy, and signal-to-noise ratio of the 

generated Q-switched laser, surpassing previous studies using MAX-Phase or other 

2D materials. The improvement in the quality of saturable absorption (SA), including 

non-saturable loss and saturable absorption, enabled the achievement of Q- 

switched at a low pump power, as demonstrated in previous studies [46, 38]. The 

pulse width is improved by optimizing the length of the gain medium and the 

arrangement of optical components in the EDFL. 
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CHAPTER 5 

 

 

 

 

 

 

 

CONCLUSION AND FUTURE WORKS 

 

 

 

 

 

 

 

 
The results or outcomes of this project are explained by conclusion and future 

works. Future recommendations are based on the results of the report, after 

conclusions. This chapter describes two parts. The first section addresses the findings 

and highlights the findings that support the main objectives of the research in the 

previous chapter. The second part includes a recommendation on how to improve the 

experimental work in future. 



50 
 

 

 

 

5.1 Conclusion 

 

 
To conclude, this research effectively satisfied the primary objectives of 

developing a dual-wavelength passive Q-switched fiber pulsed laser using a MAX- 

Phase and D-shaped fiber setup, and validating the (Ti3Al ( C0.5, N0.5)2) MAX- 

Phase and D-shaped fiber as a saturable absorber. The EDFL fiber laser setup 

effectively generated a dual-wavelength passive Q-switched fiber pulsed laser 

spectrum   at   λ1=1532.36   nm    and    λ2=1558.36    nm    by    including    the 

(Ti3Al ( C0.5, N0.5)2) MAX-DS SA. The experimental results proved that the MAX- 

Phase and D-shaped fiber exhibit saturable absorber properties, enabling effective Q- 

switching operation in the C-band region. The MAX-Phase SA is integrated into the 

EDFL ring cavity by incorporating it onto a D-shaped fiber. The Q-switched laser 

shows a consistent presence when the pump power reaches a threshold of 38.06 mW 

and can maintain operating up to 75.5 mW. At a pump power of 75.5 mW, the 

system achieves a maximum operating repetition rate of 51.92 kHz and the shortest 

pulse width of 3.57 μs. MAX-DS achieved Q-switched operation with an output 

power of 4.4 mW, a peak power of 23.74 mW, and a pulse energy of 84.75 nJ. These 

values were obtained at a pump power of 75.5 mW, which is the highest achievable 

level. Furthermore, the laser output exhibits a consistent pulse shape and intensity, 

with a signal-to-noise ratio (SNR) of 60 dB and an optical-to-optical efficiency of 

7.81%. The findings demonstrated that the fiber laser exhibits a high pulse energy 

(nJ) and the lowest required pump power (mW) in compared with previous research. 

Therefore, it becomes easier to generate a stable Q-switched dual-wavelength of 

MAX-DS as a saturable absorber in the erbium-doped fiber laser (EDFL) ring cavity. 

The experimental results show that the MAX-Phase material, specifically 
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(Ti3Al ( C0.5, N0.5)2), has the potential to function as a saturable absorber. The 

demonstration highlights the use of a D-shaped fiber to amplify pulses in a Q- 

switched Erbium-Doped Fiber Laser (EDFL). 

 

 

 
5.2 Future works 

 
 

In light of the successful realization of a dual-wavelength passive Q-switched 

fiber laser using MAX-Phase (Ti3Al ( C0.5, N0.5)2) and D-shaped fiber as a saturable 

absorber, several avenues for future research and recommendations emerge. Firstly, 

the optimization of the laser system parameters, such as pump power, cavity length, 

and saturable absorber characteristics, could be explored to further enhance the 

performance of the dual-wavelength laser. The results are demonstrated by 

completing in generate Q-switched pulsing technique, so it can be used for mode- 

locking pulsing technique too. Then, it also has high chance to generate multi- 

wavelength by some modification on SA structure such as dual- notch D-shape, S-M- 

S and D S-M-S (integrated with MZI- Mach Zehnder Interferometer). Passive Q- 

switched fiber lasers operating at multiple wavelengths, which offer the benefits of 

being compact, having multiple channels for oscillation, and exhibiting Q-switching 

characteristics, have garnered significant interest due to their potential applications in 

high-precision fiber sensing and lidar systems [1]. The lasers consist of a Q-switched 

element and a multi-channel component. To ensure design flexibility and 

functionality, it is desirable for multi-wavelength Q-switched fiber lasers to possess 

adjustable wavelength-number and wavelength-separation [53]. 

 
 

Furthermore, the investigation into the stability and long-term reliability of the 
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laser system is essential for practical applications. Understanding the impact of 

environmental factors on the dual-wavelength laser's performance and implementing 

measures to mitigate these effects will be crucial. C-band region has generated Q- 

switched pulsed laser, believe that apply same material and method while using 

different ring cavity and gain medium to produce fiber pulsed laser on L and S band 

region. 

 
 

Furthermore, the EDFL has received extensive research attention since its initial 

research publication by Mears et al. in 1981. The widespread use of EDFL in fiber- 

optic telecommunication is due to its excellent compatibility with fiber-optic 

telecommunication, low crosstalk, and high output power. However, it is also worth 

investigating its potential applications in other mid-infrared regions. 

 
 

Collaboration with researchers could also contribute to the development of 

MAX-Phase materials with tailored properties for enhanced saturable absorption. 

Exploring different types of saturable absorbers and their integration with D-shaped 

fibers could provide insights into alternative configurations for advanced laser 

functionalities. This may involve fine-tuning the D-shaped fiber structure and 

exploring different compositions of MAX-Phase materials for improved saturable 

absorption. New nanomaterials, such as 2D, provides reliable choices for SAs. 

However, the LPE technique is a simple and efficient method for fabricate 2D 

nanomaterials from bulk crystals on a large scale, while maintaining high stability 

under normal environmental conditions [54]. The sonication process can effectively 

minimize sample contamination using a non-contact sonicate [54]. Conversely, 

nanomaterials are more susceptible to damage from high pump power as a result of 
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the photothermal effect of Metal [55]. Therefore, it is expected that by employing 

stabilization techniques or alternative methods, the damage threshold will be further 

improved in future investigations. 

 
 

In terms of recommendations, disseminating the findings through peer- 

reviewed publications and presentations at conferences would contribute to the 

broader scientific community's understanding of the capabilities and potential 

applications of the developed dual-wavelength laser system. Collaborative efforts 

with industry partners could facilitate the transition of this technology from the 

laboratory to practical applications, fostering innovation in various fields. The Q- 

switched technique excels in producing high-energy pulses, making it suitable for 

specific applications in different domains. 

 
 

In summarized, the future work and recommendations center around the 

refinement of the dual-wavelength passive Q-switched fiber laser system, its 

optimization for specific applications, and the exploration of materials and 

configurations. These efforts will not only contribute to the advancement of laser 

technology but also expand the practical applications of such systems in diverse 

industries. 
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APPENDICES 
 

 

 
Figure 2.0: The literature studies are briefly demonstrated in form of K-chart. 

 
 

The study conducted an experiment on a dual-wavelength passive Q-switched 

fiber laser by utilizing (𝐓𝐢𝟑Al ( 𝐂𝟎.𝟓, 𝐍𝟎.𝟓)𝟐) D-shaped fiber as a saturable absorber. 

The K-chart provides a visual representation of the method and material used as 

shown in Figure 2.0. The K-chart includes parameters under spectral, temporal and 

out power measurements. It assists in determining the best operating conditions, 

highlighting the impact of significant variables on the laser's efficiency, and 
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providing guidance for future adjustments to enhance better performance. The K- 

chart is a helpful tool for researchers and effectively evaluating the laser 

performance under different operational conditions. It provides a comprehensive 

understanding of the laser's capabilities for generating dual-wavelength Q-switched 

fiber laser. 


