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TUNABLE AND DUAL-WAVELENGTH PASSIVE Q-SWITCHED PULSE 

GENERATION WITH FIBER-OPTIC INTERFEROMETER 

 

ABSTRACT 

Tunable and multi-wavelength Q-switched Erbium doped fiber laser (EDFLs) operating 

in 1.5-micron region have gained tremendous interests in recent years due to their 

important applications in many areas including material processing, optical 

communication and biomedical. These lasers are normally realized by using an 

interference filter in conjunction with saturable absorber (SA). The filter functions to 

enable tunability and multi-wavelength operation while SA functions to initiate pulses by 

passive means. Up to date, plenty of works have been reported on developing new SA 

devices which have a good optical characteristic to produce high performance pulse lasers 

and on finding new applications for various interference filters. This work was aimed to 

explore the use of two types of fiber-optic interferometer: sagnac loop mirror (SLM) and 

single-mode fiber (SMF) – multimode fiber (MMF) – single-mode fiber (SMF) or SMS 

structure for demonstrating a tunable or dual-wavelength Q-switched EDFL using 

graphene oxide (GO) and aluminum oxide (Al2O3) thin film as SA. Both GO and Al2O3, 

thin films have been successfully fabricated by embedding in PVA thin film and 

characterized with modulation depths of 24.1% and 3.5 %, respectively. Wavelength 

tunable Q-switched EDFLs have been successfully demonstrated using the SLM in 

figure-of-eight laser cavity as a tunable filter and GO or Al2O3, thin film as SA. For 

instance, a stable passively Q-switched EDFL tunable by Sagnac interferometer operation 

was realized with a GO. By tuning the temperature of SLM from 30oC to 70 oC, the central 

wavelength of the Q-switched EDFL could be tuned continuously from 1566.3 nm to 

1559.3 nm. At 1566.3 nm operation, the maximum repetition rate and minimum pulse 

width was recorded at 41.5 kHz and 7.3 µs, respectively. A dual-wavelength Q-switched 
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pulse generation has been successfully demonstrated in an EDFL cavity using GO SA 

and SMS filter to operate at wavelengths of 1549.6 nm and 1558.6 nm. The maximum 

pulse repetition rate and the shortest pulse width are obtained at 65.27 kHz and 2.9 μs, 

respectively. At 225.1 mW pump power, the maximum output power and pulse energy 

were obtained at 0.99 mW and 15.17 nJ, respectively. This study revealed the promising 

potential of GO and Al2O3 based SA to be used in pulse generation. Both SLM and SMS 

could also be used as filters for tunable or multi-wavelength laser generation. The 

fabrication of the SAs and filters are simple, hence reducing the cost of the laser itself. 

Simple and low-cost fiber lasers are required in various applications including medical 

diagnostics and environmental sensing.  

 

Keywords: Q-switching, Erbium-doped fiber laser, Sagnac loop mirror, multimode 

interference, passive saturable absorber 
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JANAAN LASER DWI PANJANG GELOMBANG DAN LASER SUIS Q PASIF 

BOLEH LARAS MENGGUNAKAN INTERFEROMETER GENTIAN OPTIK 

 

ABSTRAK 

Laser gentian doped Erbium (EDFL) yang boleh ditala dan berbilang panjang gelombang 

yang beroperasi di rantau 1.5 mikron telah mendapat minat yang luar biasa sejak beberapa 

tahun kebelakangan ini kerana aplikasi pentingnya dalam banyak bidang termasuk 

pemprosesan bahan, komunikasi optik dan bioperubatan. Laser ini biasanya 

direalisasikan dengan menggunakan penapis gangguan bersama-sama dengan penyerap 

tepu (SA). Penapis berfungsi untuk membolehkan kebolehtalakan dan operasi berbilang 

panjang gelombang manakala SA berfungsi untuk memulakan denyutan dengan cara 

pasif. Sehingga kini, banyak kerja telah dilaporkan untuk membangunkan peranti SA 

baharu yang mempunyai ciri optik yang baik untuk menghasilkan laser nadi berprestasi 

tinggi dan mencari aplikasi baharu untuk pelbagai penapis gangguan. Kerja ini bertujuan 

untuk meneroka penggunaan dua jenis interferometer gentian optik: cermin gelung 

sagnac (SLM) dan gentian mod tunggal (SMF) - gentian mod berbilang (MMF) - gentian 

mod tunggal (SMF) atau struktur SMS untuk menunjukkan EDFL boleh talar atau dwi-

panjang gelombang Q-suis menggunakan filem nipis graphene oxide (GO) dan 

aluminium oksida (Al2O3) sebagai SA. Kedua-dua GO dan Al2O3, filem nipis telah 

berjaya dibuat dengan membenamkan dalam filem nipis PVA dan dicirikan dengan 

kedalaman modulasi masing-masing 24.1% dan 3.5%. EDFLs suis Q boleh tala panjang 

gelombang telah berjaya ditunjukkan menggunakan SLM dalam rongga laser angka lapan 

sebagai penapis boleh tala dan filem nipis GO atau Al2O3 sebagai SA. Sebagai contoh, 

EDFL pasif Q-switched stabil yang boleh ditala oleh operasi interferometer Sagnac telah 

direalisasikan dengan GO. Dengan menala suhu SLM daripada 30oC kepada 70oC, 

panjang gelombang pusat EDFL yang ditukar-Q boleh ditala secara berterusan daripada 
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1566.3 nm kepada 1559.3 nm. Pada operasi 1566.3 nm, kadar pengulangan maksimum 

dan lebar nadi minimum direkodkan pada 41.5 kHz dan 7.3 µs, masing-masing. 

Penjanaan nadi Q-switched dwi-panjang gelombang telah berjaya ditunjukkan dalam 

rongga EDFL menggunakan penapis GO SA dan SMS untuk beroperasi pada panjang 

gelombang 1549.6 nm dan 1558.6 nm. Kadar pengulangan nadi maksimum dan lebar nadi 

terpendek diperoleh pada 65.27 kHz dan 2.9 μs, masing-masing. Pada kuasa pam 225.1 

mW, kuasa keluaran maksimum dan tenaga nadi diperolehi pada 0.99 mW dan 15.17 nJ, 

masing-masing. Kajian ini mendedahkan potensi menjanjikan SA berasaskan GO dan 

Al2O3 untuk digunakan dalam penjanaan nadi. Kedua-dua SLM dan SMS juga boleh 

digunakan sebagai penapis untuk penjanaan laser boleh tala atau berbilang panjang 

gelombang. Pembuatan SA dan penapis adalah mudah, oleh itu mengurangkan kos laser 

itu sendiri. Laser gentian mudah dan kos rendah diperlukan dalam pelbagai aplikasi 

termasuk diagnostik perubatan dan penderiaan alam sekitar. 

 

Kata kunci: Q-switching, laser gentian doped Erbium, cermin gelung Sagnac, 

gangguan pelbagai mod, penyerap tepu pasif 
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CHAPTER 1:  INTRODUCTION 

 

1.1 Background of Study 

Albert Einstein postulates stimulated emission in a centuries-old paper, The Quantum 

Theory of Radiation (Einstein, 1917). His math suggests an atom in the Planck's oscillator 

can absorb and spontaneously emit photon so that it can remain at its equilibrium state 

for a certain amount of time. According to the paper, a stray of photon energy may also 

stimulate an atom to emit another photon with the same frequency as the first one, the 

emission of a coherent photon was called stimulated emission. He confirmed the 

equilibrium state between absorption, spontaneous emission, stimulated emission, and 

Planck's radiation law in the published manuscript. Hence, upgraded our understanding 

about the nature of light and revolutionized the field of laser physics, which makes a 

multitude of technological applications possible such as laser printing, communication, 

laser nuclear fusion, spectroscopy, optical discs, heat treatment, barcode scanners, and 

laser cooling. The field of laser physics started when the first practical laser was ignited 

by Theodore Maiman (1960) . Since then, the development of laser has progressed 

immensely and the lasers have been used for numerous areas of applications, such as 

range finder, LIDAR systems (Mizuno, 2017), eye surgery (Sakimoto, 2006), and skin 

treatment (Goldberg, 1993), to mention just a few. The list of applications is close to 

endless, but many of them have requirements on whether the laser should be operating in 

continuous-wave or pulsed regime. 

On the other hand, optical fiber is a stable, low-cost, durable, and practical medium 

for transmitting optical signals. The use of optical fiber for communication was firstly 

proposed by Charles Kao in 1960s. Due to this great contribution, he received the Nobel 

Prize in physics in the year of 2009 (Hecht, 2019). As the optical fiber can confine the 

light propagation along a core area, the optical signals can be transmitted via a total 
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internal reflection for communication applications. It can travel a long distance with a 

loss as small as 0.15 dB/km and thus it lay a foundation in the development of fiber laser 

in 1970s (Shi, 2014). Fiber lasers advanced dramatically in the 1980s, owing primarily to 

the availability of powerful and dependable laser diodes as well as the advancement of 

diode-pumped laser technology. They have the advantages of small-weight, compact-

structure, and no need for spatial alignment. Therefore, fiber lasers are expected to be 

new generation of lasers to replace solid-state lasers. They have also been applied in wide 

areas of applications including materials processing, nonlinear optics, fast medical 

diagnosis, biomedicine, communication etc (Shi, 2014; Sugioka; Cheng, 2014 & Liu, 

2011). The mode operation of fiber laser can be continuous wave (CW) or pulse. A 

continuous wave (CW) laser light runs continuously with time. The phase and amplitude 

of the CW laser oscillate randomly which makes it preferable in laser cutting, welding, 

and manufacturing (Shiner, 2016).  

Q-switching is an effective method to produce short pulses. It can be used to produce 

pulses with pulse duration from microsecond to nanosecond level and repetition rate in 

kHz regime through the modulation of the Q-factor or loss in the laser cavity. The pulse 

could be used to promote the interaction between matter and light for various applications 

including LIDAR, rang finder, laser beauty, and holography (Liu et al., 2011; Goel, 

2008). Q-switched fiber lasers can be realized by either active or passive techniques. The 

active technique uses an acousto-optic or electro-optic modulator to generate pulses by 

modulating the resonator loss or changing the resonator round-trip phase (Nikodem, 

2008).  

It necessitates frequent alignments and has significant signal loss between 

components. On the other hand, the passive technique is based on saturable absorber (SA) 

device, which is inserted in the laser cavity to generate pulses. The passive techniques are 

also capable to modulate the resonator loss quicker than the modulator to generate shorter 
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pulses (Zhang, 2021). Compared to the active Q-switching, the passive approaches are 

preferable due to their many advantages in terms of cost, simplicity, flexibility, and 

compactness (Zulkipli, 2020). With a lower cavity loss, this approach also improves the 

quality of the output pulses. Furthermore, it does not require any alignment.  

Up to now, a variety of materials have been proposed and employed as SA such as  

semiconductor saturable absorber mirror (SESAM) (Okhotnikov et al., 2004), carbon 

nanotubes (CNT) (Ahmed, 2015), black phosphorus (Chu, 2016), topological insulators 

(Haris, 2017), and transition metal dichalcogenides (TMDs) (Ahmad et al., 2019). These 

materials exhibit intensity-dependent transmission and are explored to generate Q-

switched pulses at different operating wavelengths in different synthesis methods. 

SESAMs were the dominant material for Q-switching pulses generation. However, 

SESAMs have a limited operational bandwidth and complicated fabrication process. A 

simpler and cost-effective alternative relies on CNTs. However, SWCNTs have a low 

damage threshold and their operating wavelength depends on the diameters of the 

nanotube (Choi, 2009). 2D materials such as black phosphorus, topological insulators, 

and TMDs commonly suffer from low damage threshold and short-term stability that are 

induced by thermal damage of high optical-power and oxidation, respectively. Therefore, 

the surge for a new SA material is still ongoing due to certain drawbacks of these 

materials.  

Recently transition metal oxides (TMOs) have been fabricated and investigated as the 

alternative SAs. TMO nanomaterials such as  Fe3O4 (Bai, 2016), ZnO (Ahmad, 2016), 

TiO2 (Ahmad, 2019) show great advantages for SA applications for having distinguished 

optical properties such as high optical damage threshold, fast recovery time, wide 

absorption band and large nonlinearity. Previously, Ahmad et al. produced Q-switching 

pulses train using zinc oxide (ZnO) nanoparticles based SA in Erbium doped fiber laser 

(EDFL) cavity (Ahmad, 2016).  

Univ
ers

iti 
Mala

ya

https://www.sciencedirect.com/topics/materials-science/zinc-oxide
https://www.sciencedirect.com/topics/materials-science/nanoparticles


23 

 

On the other hand, the phenomenon of interference of light is employed in many 

applications including, high precision measuring systems, lasers, and sensors. The optical 

path can be controlled by optical waveguides and optical fibers. The use of optical fibers 

allows making such devices extremely compact and economic. To date, different 

structures of optical fiber interferometers have been reported for various applications. 

Herein, this work investigated two types of fiber-optic interferometer: sagnac loop mirror 

(SLM) and SMF–MMF–SMF (SMS) fiber structure. Two new SA devices based on 

graphene oxide (GO) and aluminum oxide (Al2O3) thin film are also fabricated and 

investigated. In this thesis, new Q-switched EDFLs with tunable output wavelength and 

dual-wavelength operations are demonstrated using the fiber-optic interferometer as a 

filter and the newly developed passive SA as a Q-switcher.  

 

1.2 Research Motivation 

Q-switched fiber lasers operating at 1.5 µm have attracted huge interest in recent years 

due to their ability to produce high pulses energy through the modulation of optical losses 

in the laser cavity. In contrast to mode-locked fiber lasers, the Q-switched fiber lasers are 

typically able to generate much higher energy. This type of laser is also more favorable 

from the efficiency, cost, and ease of construction perspectives. Furthermore, dispersion 

and nonlinearity characteristics need to be balanced in the mode-locked fiber lasers. This 

can only be achieved by the optimization and careful design of the cavity parameters.  

The Q-switched lasers have many potential applications in various fields especially in 

areas where high pulses duration are important or ultrashort pulses are not required, such 

as environmental sensing, LIDAR, medical fields, material processing and optical time 

domain reflectometers (Liu, 2011; Goel, 2008; Adachi et al., 2002). They can be realized 

by using various approaches including the passive techniques based on saturable 
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absorbers (SAs). These SAs can be developed for laser generation by using several types 

of materials and construction techniques. 

Throughout the past decades, many types of nanomaterial such as carbon nanotubes 

(CNTs) (Ahmed, 2015), graphene (Ismail, 2013), transition metal dichalcogenide (TMD) 

(Ahmad et al., 2019), topological, insulators (TIs) (Chen, 2013), and recently oxides 

materials have been fabricated and investigated as the alternative SAs. Previously, Aziz 

et al., (2017) demonstrated a Q-switched EDFL using a ZnO based SA, which was 

fabricated by embedding a ZnO powder into a poly (vinyl alcohol) film. A small piece of 

the film is then sandwiched between two fiber ferrules and is incorporated in an EDFL 

cavity for generating a stable Q-switching pulse train. GO and Al2O3 also show great 

potentials for SA applications due to their distinguished optical properties such as high 

optical damage threshold, fast recovery time, wide absorption band and large 

nonlinearity.  

The ability to tune the operating wavelength is also important for the Q-switched lasers 

especially in sensing and communication applications. Tunable lasers are normally 

realized through a manipulation of the cavity loss and deployment of tunable bandpass 

filter (Chen, 2003). For instance, wavelength tunable EDFL was reported by controlling 

the output coupling ratio (Lin, 2006). Recently, a tunable Q-switched EDFL was also 

reported by using a tunable filter (Wang, 2015). Because of the large insertion losses of 

this narrow bandwidth filter, the Q-switched pulse was only obtained at the relatively 

high pump threshold power of 132.4 mW. On the other hand, dual-wavelength fiber lasers 

have also gained tremendous attentions in recent years for their application in various 

areas including the generation of Terahertz (THz) signal (Majkić, 2014). The THz 

radiations bring significant value in various applications such as imaging, sensing, 

manufacturing, military, spectroscopy, and communication (Bogue, 2018; Mittleman, 
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2017). The tunable and dual-wavelength laser operation can be realized using an 

interference filter. 

Recently, the fiber Sagnac loop mirror (SLM) and single mode fiber–multimode fiber–

single mode fiber (SMF–MMF–SMF) structure have also attracted a great interest due to 

its promising applications in sensing, fiber lasers and many other areas. For instance, a 

highly sensitive temperature sensor was demonstrated using an all-fiber Sagnac loop 

interferometer combined with metal-filled side-hole photonic crystal fiber (PCF) (Reyes 

et al., 2017). In another work, an optical fiber curvature sensor was demonstrated using a 

SMF–MMF–SMF (SMS) structure as a sensor probe (Tian, 2017). Compared to other 

filters, the SLM and SMS structure-based filter have larger thermal damage threshold, 

simpler structure, and it also opens a promising way for high energy pulse fiber laser 

generation.  

 

1.3 Problem Statement 

 Tunable lasers are important in various applications due to their ability to adjust 

the output wavelength or frequency of the emitted light. This tunability provides several 

advantages and makes them versatile for different purposes. They allow users to select 

specific wavelengths, making them valuable in applications where precise control over 

the spectral characteristics of the light is essential.  

 This is particularly crucial in fields such as spectroscopy, where different materials or 

molecules absorb and emit light at specific wavelengths. In optical communication 

systems, tunable lasers are used to match the wavelength of the transmitted signal with 

the characteristics of the optical fiber being used. This helps in optimizing data 

transmission, reducing signal loss, and enhancing overall system performance. In medical 

applications, tunable lasers are utilized in techniques such as optical coherence 

tomography (OCT) and fluorescence spectroscopy.  
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 The ability to tune the laser allows for improved imaging resolution and the ability to 

target specific biological tissues or molecules. In short, the tunability of lasers allows for 

flexibility and adaptability in addressing the specific requirements of different 

applications, making them a crucial tool in various scientific, industrial, and medical 

fields.  

 On the other hand, numerous multi-wavelength source implementations have been 

proposed, each presenting its unique set of advantages and drawbacks. In broad terms, 

practicality, reliability, and precision emerge as paramount considerations. This entails 

not only stability concerning peak powers and emission wavelengths but also simplicity 

in terms of implementation or design. Ultimately, as these sources are typically geared 

towards commercial availability, a preference is given to solutions that offer cost-

effectiveness. 

 Previous implementations have explored a range of technologies, including both 

incoherent spectra sliced broadband sources, such as light-emitting diodes (LEDs) and 

amplified spontaneous emissions (ASE), as well as coherent Raman lasers, Erbium-doped 

fiber (EDF) lasers, and semiconductor fiber lasers (SFL). EDF amplifiers stand out for 

their cost-effectiveness, yet their limitations in achieving multi-wavelength lasing, 

especially when used as a gain medium in a fiber laser, can pose challenges.  

 Numerous articles highlight the issues associated with the homogeneous broadening 

of the EDF gain medium, hindering or complicating the attainment of multi-wavelength 

lasing. On the other hand, Raman and semiconductor optical amplifiers (SOA) serve as 

compelling gain media due to their broader bandwidths and the flexibility to emit in 

various bands, not confined to C- or L-bands.  

 Semiconductor amplifiers, being more compact, offer advantages, while their 

inhomogeneous broadened gain spectrum allows multiple wavelengths to emit 

concurrently within a laser cavity at room temperature, akin to Raman amplifiers. 
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However, SOAs may exhibit slightly greater susceptibility to power fluctuations. To 

address this, the use of linear optical amplifiers (LOAs) has been proposed for dynamic 

wavelength-division multiplexing (WDM) systems, paving the way for potential future 

advancements. 

 Whether opting for a coherent laser or an incoherent source implementation, a 

mechanism for generating multiple wavelength peaks is imperative. Broadband sources 

can be spectrum-sliced using various techniques, while gain mediums like amplifiers 

positioned within a fiber ring configuration, for instance, can coherently emit at multiple 

wavelengths with the insertion of a multi-wavelength comb filter inside the ring cavity. 

A diverse array of spectrum-slicing methods and comb filters has been proposed, all 

functioning similarly and relying on technologies such as fiber Fabry-Perot filters, 

Michelson and delayed interferometers, arrayed waveguide gratings, fiber Bragg gratings 

(FBG), and high birefringence fiber loop mirrors (HiBi-FLM).  

 Regardless of the chosen method, the resulting source must exhibit high contrasts and 

output powers, a flat or well-apodised emission spectrum if desired, be minimally 

susceptible to environmental perturbations, and provide the maximum number of peak 

wavelengths to ensure the multi-wavelength source is compelling for future applications. 

 Various techniques have been proposed to dynamically alter the output spectrum of 

the source, encompassing adjustments to individual wavelengths, their corresponding 

powers, and the capability to uniformly control the wavelength separation between peaks. 

Tunability can manifest as continuous or discrete, with a preference for a uniform, 

equispaced change in wavelength spacing, coupled with low complexity and user-friendly 

operation. In the case of interferometer-based filtering, for instance, the capacity to vary 

the induced phase shift in one arm facilitates changes in the phase difference, thereby 

adjusting the wavelength spacing of the generated comb filter.  
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 Consequently, each filtering implementation can be endowed with tunability. In 

general, the greater the tunability of the source, the more compelling the technique 

becomes for future applications requiring diverse sets of output spectra. 

 

1.4 Research Objectives 

 This thesis aims to demonstrate a tunable and dual-wavelength Q-switched fiber laser 

using a fiber-optic interferometer as a filter and passive saturable absorber (SA) as a Q-

switcher. Two types of fiber-optic interferometer are explored in this study: sagnac loop 

mirror (SLM) and SMF–MMF–SMF (SMS) fiber structure. This work also unveils the 

optical properties of the newly fabricated SAs based on GO and Al2O3 thin film. The 

objectives of this work are stated, as follows.  

 1. To develop comb filter for laser tuning. Two fiber optic interferometers: SLM 

  and a SMS fiber structure are evaluated in this work. 

 2.  To fabricate and characterize SA device for Q-switching. Two types of SA 

  based  on GO and Al2O3 thin film are explored in this work.  

 3.  To demonstrate tunable Q-switched EDFL based on temperature tuning of  

  SLM in figure-of-eight laser configuration. 

 4.  To demonstrate a dual-wavelength Q-switched fiber laser operation by using a 

  SMS structure and graphene oxide as filter and SA, respectively. 

 

1.5 Scope of Study 

This thesis aims to demonstrate a tunable and dual-wavelength Q-switched fiber laser 

using a fiber-optic interferometer as a filter and passive saturable absorber (SA) as a Q-

switcher. The laser cavity is constructed using an Erbium-doped fiber (EDF) as the gain 

medium and thus it operates in 1550 nm region. At first, CW laser is obtained in this work 

by a ring cavity of EDFL without the implementation of the SA device. The developed 
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EDFL cavity is shown to be able to generate a stable CW laser, which is workable in the 

1.55-µm region.  

Two fiber optic interferometers: SLM and SMS fiber structure are explored in this 

study to function as an interference filter. SLM was fabricated by using a 3dB fiber 

coupler and a fiber loop with PMF. It allows two beams to propagate in counter directions 

with different polarization states to produce interference, which is sensitive to the change 

in surrounding temperature.  A SMS fiber structure consists of a short section of MMF, 

which was fusion- spliced between two SMFs. The mechanism underpinning the 

operation of an SMS fiber structure is multimode interference and associated self-

imaging. SMS structure is also tested for temperature sensing. 

Up-to-date, various SA materials are implements in the EDFL, all aimed to improve 

its optical properties and pulse laser performance. However, most of the SA undergone a 

tedious preparation procedure. Thus, two SAs based on GO and Al2O3 PVA thin films 

are explored in this work. Both SAs have favorable optical properties, and simple 

preparation procedure. The thin films are fabricated using a simple drop and dry approach 

and characterized to investigate both linear and nonlinear characteristics. The optical 

characterization results indicate the potentiality of these SAs to be used in pulse 

generation. The fabrication cost of both SAs is cheap due to the simplicity of the 

fabrication process, hence reducing the cost of the laser itself.  

A tunable Q-switched EDFL is then demonstrated based on temperature tuning of 

SLM in figure-of-eight laser configuration. using the newly developed passive SA film 

as a Q-switcher. A dual-wavelength Q-switched pulse generation is also demonstrated in 

an EDFL cavity using a SMF–MMF–SMF structure-based filter and GO SA. The SA 

functions to modulate the cavity loss for Q-switching while the MMI filter responsible 

for dual-wavelength operation.  
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1.6 Significance of study 

Development of pulsed fiber laser utilizing passive saturable absorbers have given 

many contributions in occupying the demands of low-cost compact fiber laser with simple 

design of laser cavity, high repetition rate and narrow pulse width. This study would be 

beneficial to other researcher in understanding the construction of passively Q-switched 

fiber lasers-based nanomaterial saturable absorbers. Dual-wavelength fiber lasers have 

gained tremendous attentions in recent years for their application in various areas 

including the generation of Terahertz (THz) signal. The THz radiations bring significant 

value in various applications such as imaging, sensing, manufacturing, military, 

spectroscopy, and communication. Step by step with detailed explanations were briefly 

discussed in this whole thesis structured. Researcher may vary the type of material used 

in their research work by improvising the use of our techniques. 

 

1.7 Thesis outline 

This thesis is structured in six chapters including this introductory chapter and 

conclusion. Chapter 1 briefly describes the background of this study and explains why it 

is worth to expand the current work on this field. The motivation of this thesis is also 

elaborated, together with the important of the Q-switched fiber laser for various 

applications. This section also states the significance and scope of the study. 

The thorough literature review is presented in Chapter 2. At first, optical fiber and fiber 

lasers are introduced, and their working principles are explained. The working principle 

of EDFL, the basic concept of Q-switching technique, and saturable absorber are 

discussed in this chapter. The working principle and application of various interference 

filters are also discussed in this chapter. 

In Chapter 3, the construction method and operating principles of SLM and SMS 

structure are described. The fabrication and characterization of two types of SA are also 
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presented in this chapter. Two types of SA are explored in this study: graphene oxide and 

aluminum oxide (Al2O3) thin film. 

In Chapter 4, a tunable Q-switched EDFL is proposed and demonstrated based on 

temperature tuning of SLM in figure-of-eight laser configuration. using the newly 

developed passive SA film as a Q-switcher.  

Chapter 5 reports on a dual-wavelength Q-switched fiber laser operation using a SMS 

structure and GO as filter and SA, respectively. The SA functions to modulate the cavity 

loss for Q-switching while the SMS filter responsible for dual-wavelength operation. 

Chapter 6 summarizes and concludes the finding of this study. Future works are also 

suggested in this chapter.
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CHAPTER 2:  LITERATURE REVIEW 

 

2.1 Introduction 

Optical fiber serves as a device for signal channeling due to its ability to transmit light 

over a long distance. When a group of photons travels along its cylindrical waveguide, 

the light propagated through the fiber with almost negligible loss based on so-called total 

internal reflection (TIR) principle. This makes the optical fiber useful for many device 

applications including fiber laser, optical sensor, optical modulator, etc. In this regard, 

the potential of optical fiber doped with erbium ion (Er3+) as an active gain medium is 

investigated. This quasi-three-level laser system provides emission at the telecom band, 

which is essential for a multitude of research and industrial applications. Erbium-doped 

fiber lasers (EDFLs) have been the focal point of significant research efforts due to their 

potential to be deployed in many scientific and industrial fields, occupying a large share 

of the commercial laser market. Fiber lasers can be divided into two types depending on 

the mode of operation: continuous and pulsed.  

The pulsed fiber laser has high pulse energy and short pulse width, greatly expanding 

the application of lasers in fiber optic communication, automotive manufacturing, laser 

cutting, medical devices, and other fields. Q-switching is one of the techniques enabling 

pulsed laser, which can be implemented actively or passively. The passive approach has 

gained increasing interest in the last few years due to its simplicity, flexibility, 

compactness, and low manufacturing cost. Unlike the active approach, the passive one 

does not rely on bulky and complex optical modulators and electronic drivers, which can 

achieve laser pulse output simply by placing a saturable absorber (SA) in the resonant 

cavity. Therefore, the SA plays a crucial role in the passive Q-switched lasers. It is worth 

mentioned that the Q-switching performance is comparable to the previous work mostly 

on fixed wavelength and not much literature on tunable laser. 
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This thesis aims to demonstrate a tunable and dual-wavelength Q-switched fiber laser 

using a fiber-optic interferometer as a filter and passive saturable absorber (SA) as a Q-

switcher. This chapter presents a thorough literature review on fiber lasers. The 

fundamental principle of optical fiber, the working principle of Erbium-doped fiber laser, 

the basic concept of Q-switching technique, and saturable absorber are discussed in this 

chapter. The working principle and application of various interference filters are also 

discussed in this chapter.  

 

2.2 Fundamental of Optical Fiber 

An optical fiber is a silica-based cylindrical waveguide, which has considerably high 

advantages over the conventional metallic conductor as a medium for signal transmission. 

It has a transmission loss of less than 0.2 dB/km (Csencsits, 1988), which equivalent to 

more than 98 % transmission efficiency, making it the most powerful tool for signal 

transmission. Furthermore, an optical fiber system is immune to the external radiation or 

electromagnetic interference. Optical fiber guided the light in a small core surrounded by 

the silica-made cladding, and a plastic protective layer, as depicted in Figure 2.1 (a). The 

diameter and dimensions of the three main compositions of fiber vary according to optical 

fiber types. A physical phenomenon known as a total internal reflection (TIR) allows the 

light to propagate through the waveguide effectively. The bizarre mechanism of TIR is 

established based on the refractive index difference between the cladding and core. As 

the light passes from a denser (core) to a less dense medium (cladding) at an angle greater 

than the critical angle, it allows nearly 100% of light to reflect inside the fiber. Normally, 

the optical fiber core owns a refractive index of n1=1.4492, while the cladding has a 

refractive index of n2=1.4440. 

The TIR mechanism can be explained based on illustration in Figure 2.1 (b).  A critical 

angle (ϴc) is an angle of incidence with a 90° angle of refraction, which is derived based 

on the Snell-Descartes’ law. First, let the refractive index of the core be n1, and its 
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incidence angle be ϴ1. Then, the refractive index of the cladding is n2 with ϴ2 as its angle 

of refraction, as shown in Figure 2.2. The derivation is as follows: 

𝑛1 sin 𝛳1 =  𝑛2 sin 𝛳2         (2.1) 

By substituting ϴ2 with 90°, the angle of incidence is the critical angle (ϴ1 = ϴc). Thus 

Equation (2.1) becomes 

𝑛1 sin 𝛳𝑐 =  𝑛2 sin(90°)          (2.2) 

sin 𝛳𝑐 = 
𝑛2

𝑛1
                                   (2.3) 

Finally, n1 and n2 are substituted with the refractive index of core and cladding, 

respectively. The value of ϴc is calculated as follows: 

𝛳𝑐 =  sin−1 1.4440

1.4492
           (2.4) 

𝛳𝑐= 85.14 ̊           (2.5) 

Therefore, to establish the so-called TIR conditions, the angle of incidence must be 

greater than the calculated value of ϴc, allowing the light to totally reflects from the 

cladding even if it is transparent. 

 
(a) 

Figure 2.1, continued. 
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(b) 

Figure 2.1: (a) The drawing of an optical fiber with its cross-section comprises a 

core, cladding and polymer jacket. (b) Illustration of TIR in an optical fiber core. 

  

Optical fibers are classified based on the way light propagates through it, which is 

related to the diameter of its two main components (cladding and core). Figure 2.2 

compares the light propagation in single mode and multimode fiber. A multimode fiber 

allows signals to transmit along different paths of multiple modes, while only one mode 

of light travels inside a single-mode fiber. This is attributed to size of the core, which is 

significantly larger in multimode fiber compared with the single-mode fiber.  Compared 

to the multimode fiber, the single-mode fiber provides significantly higher bandwidth and 

lower attenuation. The structure of its reduced core diameter (around 9 µm) makes light 

propagate in one mode of propagation and eliminates the modal dispersion; this makes 

the single mode fiber favorable in the communication system. This fiber’s ability to carry 

signals in its core is as high as 100 Gbit/s, the introduction of a dispersion compensating 

device has allowed a long-distance signal channeling in its core (Chraplyvy & R. Tkach, 

1993). The optical fiber capacity may be enhanced by injecting multiple signals with 

different wavelengths into one fiber, by using wavelength division multiplexer.   
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Figure 2.2: Light propagation in multimode and single-mode fiber 

 

2.3 Fiber Laser 

The laser was firstly proposed by Schawlow and Townes in 1958 when they described 

the principle of “Optical Maser’. The laser is essentially an optical amplifier with optical 

feedback. The word of LASER stands for Light Amplification by Stimulated Emission of 

Radiation (Tünnermann et al., 2010). 

 It works based on the principle of stimulated emission.  It is the process by which an 

incoming photon of a specific wavelength or energy can interact with an excited atomic 

electron (or other excited molecular state), causing it to drop to a lower energy level and 

generate two identical photons. Towards better understand how fiber lasers work, it is 

convenient to explain the basic of a basic laser structure. Lasers are come in a great variety 

of forms by using many different of materials, many different of atomic system and many 

different kind of excitation techniques (pumping source). Nevertheless, every laser 

comprises three essential elements: active medium (the medium of the laser), energy 

source (pumping) and optical feedback (resonator) as shown in Figure 2.3.  

 The active medium could be gas (such as HeNe or CO2), liquid (such as dye), solid 

crystal (such as Nd:YAG and Ruby) or  semiconductor (such as InGaAs and GaAs). It 

contains atoms which can absorb light to excite atoms to higher energy levels to allow 

population inversion and provides amplification via stimulated emission. The choice of 

medium materials affects the emission wavelength. The second component is the energy 

source, which pumps the active atoms from ground state to excited state to achieve 
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population inversion. Pumping can be performed either electrically or optically 

depending on the active medium. The third element is the resonator that provides 

feedback for the light generated inside the medium. At each end of the active medium 

there is a mirror. At least one must be partially reflective to allow the coherent light to be 

emitted. 

 
Figure 2.3: Basic elements of a laser 

 

The first fiber laser was invented by Elias Snitzer in 1963 (Snitzer, 1966). However, it 

took almost another two decades of development before the fiber lasers are ready for 

commercial production. The first fiber laser devices appeared in market in the late 1980s 

and these lasers use a single mode fiber as a pumping source that can produce output 

power at a few tens of milliwats (Tünnermann at al., 2010). Currently, many 

developments have been focused on fiber lasers due to their advantages over other class 

of lasers in term of performance, functionality, and practically. It is also interesting to see 

that the advances in fiber-optic technology have revolutionized the laser technology 

especially in communication and medical fields. Optical fiber technology was conceived 

as a superior alternative to conventional copper cables in telecommunications 

applications.  
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The operation and configuration of the laser is much more stable by utilizing a fiber 

laser. The revolution of fiber laser continued with the variation of rare earth elements 

such as erbium, ytterbium, and neodymium. The function of rare earth elements in laser 

cavity act as an active ion which is provide the energy level in the laser system. For 

instance, Erbium is one of the rare earth elements that have attracted many researchers to 

develop a practical fiber laser operating at 1.5-micron region. Other rare-earth elements 

that also attracted researcher are Ytterbium and Thulium which can operate at 1 micron 

and 2-micron region, respectively (Sotor, 2015 & Soltanian, 2015). 

Figure 2.4 shows three possible processes that can occur between a two-level system 

(ground and excited state) when there is an interaction between a photon and matter. The 

processes are absorption, spontaneous emission, and stimulated emission. In the case of 

absorption, an electron occupying a ground state (E1) absorbs a photon that has an energy 

equal to (E2-E1= h); hence, the electron will move to an empty state in the upper energy 

level (E2). The absorption rate (Rabs) depends on the number of photons with adequate 

energy ρ (h), number of electrons in the ground ƒ1 and the number of empty states in the 

upper energy level (1 -  ƒ2). It can be presented by the following equation:  

Rɑbs = B12ƒ1 ( 1 - ƒ2) ρ (h)                            (2.6) 

where B12 is a probability coefficient of absorption. A spontaneous emission occurs when 

an electron occupying an energy state in the upper-level falls to the ground level 

spontaneously and releases a photon with energy equal to (E2-E1= h). The phase and the 

direction of the photons that are produced in this process are random. The spontaneous 

emission rate (Rspon) is only controlled by the number of electrons in the upper energy 

level ƒ2 and the available empty states in the lower energy level  (1 - ƒ1), as given in the 

equation below:  

Rspon =  A21ƒ2 (1 - ƒ1)                                   (2.7) 

Univ
ers

iti 
Mala

ya



39 

 

where A21 is a probability coefficient of the spontaneous emission. It is important here to 

mention that electrons can fall to a lower energy state via non-radiative processes. 

 

Figure 2.4: Energy level diagram illustrates (a) absorption (b) spontaneous emission 

and (c) stimulated emission processes. 

Stimulated emission occurs when an incoming photon with energy equal to (E2-E1= 

h) disturbs an electron occupying an energy state in the upper level and releases another 

photon with the same energy (E2-E1= h); moreover, the produced photon has the same 

phase as the incident photon and travels in the same direction. The stimulated emission 

rate (Rstim) is therefore controlled by the number of electrons in the upper energy level ƒ2, 

the available empty states in the lower energy level (1 - ƒ1) and the photon density, as 

given below: 

Rstim = B21 (1 - ƒ1)ƒ2 ρ (h)                                     (2.8) 

where B21 is a probability coefficient of the stimulated emission. In equilibrium 

conditions the absorption rate must balance the emission rates, so: 

Rɑbs = Rspon + Rstim                                         (2.9) 

The rate of downward transitions is equal to the rate of the upward transitions. And it can 

be shown that B21 = B12. The laser produces a coherent ray by allowing stimulated 

emission to dominate over absorption and spontaneous emission. Consequently, this 

means there must be more populations in the upper state than the ground state and this 

condition in referred to “population inversion”. 
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2.4 Erbium-doped Fiber Laser 

Erbium-doped fiber lasers (EDFLs) are contemporary sources of coherent radiation 

which operate in the telecommunication regions covering a wide wavelength range from 

1520 nm to 1620 nm. They used an Erbium-doped fiber (EDF), which can be pumped 

with compact, efficient, and inexpensive 980 nm or 1480 nm laser diodes as the gain 

medium. EDFs are the fundamental building elements of fiber-optic amplifiers, 

specifically Erbium-doped fiber amplifiers (EDFAs), which are utilised in long-haul 

communication systems. When the EDFs are optically pumped with 980 nm or 1480 nm 

laser diode, they can produce laser amplification via stimulated emission process. By 

integrating the feedback element into the EDFA, the device can be transformed to a laser 

device (EDFL) for generating laser at 1.55 µm wavelength region. EDFLs have many 

benefits including broad wavelength tunability, superior beam quality, small size and low 

cost. 

This thesis focuses on EDFL generation operating in 1.5-micron region whereby the 

erbium ion,  Er
3+  is used as an active-dopant for the gain medium. The EDF uses silicate 

glass as a host material. 980 nm laser diode is used as pumping source in this work 

because of its efficiency, which is higher compared to other pumping wavelengths. It can 

reduce the power consumption and the generation of heat thus the cooling system can be 

eliminated. The beam quality also improved due to weaker of thermal effect.  

The working principle of the EDF laser (EDFL) can be explained by using the energy 

diagram of erbium ions as shown in Figure 2.5. The manifolds of E1, E2, and E3 are 

corresponded to the energy at ground level, metastable state, and excited state, 

respectively. As seen, the Er3+  ions are excited to a short lifetime excited state as the EDF 

is pumped by 980 nm laser diode. Then, the  Er3+  ions are non-radiatively decayed to the 

long lifetime intermediate state or metastable state, E2 by emitting the phonons due to the 

lattice vibration. The Er3+  ions at E2 have a long lifetime ~ 10 ms. Thus, more E3+ ions 
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are accumulated at E2 which eventually lead a population inversion between E2 and E1. 

Then, the E3+ ion spontaneously decayed from E2 to E1 by emitting a random photon 

within the 1525-1565nm band via spontaneous emission (Ngo, 2018). If the light energy 

already exists within the 1525-1565 nm band, for example due to a signal channel passing 

through the EDF, then this stimulates the decay process (so called stimulated emission), 

resulting in additional light energy. Thus, if a pump wavelength and a signal wavelength 

are simultaneously propagating through an EDF, energy transfer will occur via the erbium 

from the pump wavelength to the signal wavelength, resulting in signal amplification. In 

a laser cavity, the amplified spontaneous emission (ASE) light is forced to oscillate and 

generate laser at 1550 nm region.   

 
Figure 2.5: The energy diagram of Erbium ion, which explain the pumping 

mechanism and stimulated emission. 

Figure 2.6 illustrates the emission and absorption spectra of Er3+ ions at the 4I13/2 → 

4I15/2 transition, which represents the strong line for zero-phonon vibration. The 

luminescence span from 1450 to 1650 nm. EDFLs are attractive for numerous 

applications requiring both continuous-wave (CW) and pulsed operations. Pulsed 

operation, presenting big interest for practice, can be accomplished in EDFLs by using 

either active or passive Q-switching and mode-locking techniques. For instance, Q-

switching technique can enforce a laser to generate short pulses with durations ranged 

from microsecond to nanosecond regime. 
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Figure 2.6: Absorption and emission cross sections of Er3+ ions (4I15/2 → 4I13/2 and 

4I13/2 → 4I15/2 transitions) in silica host glass (Babu,  2007).  

Over the years, numerous efforts have been made by scientists around the world to 

produce reliable and powerful pulsed lasers for a multitude of industrial and scientific 

applications (Addanki et al., 2018 & Dubey et al., 2008). In the past few decades, the 

pulsed laser produced is mainly based on a bulk solid-state gain medium (Keller, 2003). 

However, the limitations of this laser bring the research on another type of laser based on 

rare-earth doped fiber such as EDF as the gain medium.  

The fiber laser employs a passive saturable absorber (SA) for generating pulses train. 

The problem of bulky, alignment-dependent set up, and expensive maintenance operation 

has been successfully overcome by the deployment of the fiber laser with passive SA. 

Conventionally, the pulse generation in fiber laser is normally achieved using 

semiconductor saturable absorber mirrors (SESAMs) as the SA (Keller, 1996), 

(Bonaccorso et al., 2014). In addition, the fiber laser is proven better than the conventional 

bulk laser as it covers a wider operating bandwidth (ranging from 1 to mid-infrared 

wavelength region). An EDFL is the most widely investigated fiber laser. It operates at a 

1.55 μm regime and thus is suitable for telecommunication applications.  
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2.5 Q-switching Technique 

Pulse generation in the nanosecond to microsecond time domain is realized by 

controlling the intracavity losses in a laser resonator. This method is also known as a Q-

factor modulation or Q-switching technique with the production of a few hundred 

nanojoule energy. Q-factor generally refers to the strength of the resonator modes 

damping while in the energy storage term, it is the ratio between energy stored and 

dissipated energy in one complete oscillation (Paschotta, 2008). However, the term 

became slightly different in lasing with two significant characteristics, which are the 

round-trip losses and a laser gain to compensate for the loss during continuous-wave 

operation.  

The mechanism of Q-switching starts by pumping the gain medium to keep the 

resonator losses high (low Q-factor), this simultaneously avoids the energy to be extracted 

from the resonator. Then, the Q-factor is increased which is the result of a higher gain 

compared to resonator losses. As such, the intracavity power rises exponentially until the 

power drops and the gain saturates. The generated light energy produced from this process 

originates from the energy stored in a gain medium. Therefore, gain medium plays a 

significant role in producing a Q-switched laser with high pulse energy. A few factors 

that needed attention when selecting a gain medium are high laser-active ions population, 

slow upper-state lifetime, and moderate gain efficiency. This is important, since a high-

efficiency gain medium may trigger an excessive amplified spontaneous emission which 

in turn limits the initial loss and energy stored of Q-switch laser. 

For a better understanding of Q-switched laser operation, let consider the following 

mechanism. Figure 2.7 shows the single pulse energy of Q-switched laser. First, consider 

a saturable absorber with bleach '0', unbleached conditions 'q0', saturable absorber loss 

coefficient ‘q(t)’, and total cavity loss per round trip ‘l’. Refer to phase 1 of Figure 2.4, 

when the total cavity loss (low Q) and gain are the same, the pulse will emerge at the 
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saturable absorber unbleached conditions. Then, as the laser intensity increase, the gain 

starts to bleach the absorber. This instantly promotes the increment of intracavity power 

P(t) when the gain g(t) becomes similar to l, thus saturates the absorber and allowing it to 

grow significantly. 

 
Figure 2.7: Evolution of loss, gain, and power on the time scale of pulse width plotted 

from the numerical integration of the rate equation (Spühler, 1999).  

 

At phase 2, upon increasing the pump power, the absorber becomes fully bleach when 

the gain is kept at high Q. Further, the gain is depleted to the loss level of q(t) + l.  When 

the gain g(t) is equal to the total cavity loss l at the bleach condition, the maximum pulse 

is obtained. Later at phase 3, the gain continues to decrease and eventually reaches the 

negative value, this leads to the decrease in the intracavity power P(t). In the last phase, 

which is phase 4, the absorber is restored to its unbleached states attributed to the shorter 

recovery time of the absorber in comparison to the gain. Then, the pumped gain medium 

will continue to provide gain to the laser, which allows the next cycle of pulse to starts. 

The gain medium stored the source of energy for the entire lasing operation, which is 

expressed by the following expression,  

𝐸𝑠𝑡𝑜𝑟𝑒𝑑 = 𝐴𝐿𝐺𝑁2ℎ𝑣1        (2.10) 
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where hv1 is a photon energy at the pumping wavelength, N2 is the excitation energy in 

the gain medium, and ALG is the volume of pumped gain medium.  

Repetition rate is defined as how many pulses are formed per second or simply an 

inverse of pulses' time interval. In a passively Q-switched fiber laser, the repetition rate 

is usually in the range of 1 to 100 kHz. However, a few works have successfully achieved 

Q-switched with a repetition rate of more than 100 kHz (Sobon, 2012 & Wang, 2019). 

This leads to the formation of a pulsed laser that produces a high pulse energy operation. 

The repetition rate is a laser parameter that depends on the optical intensity of the laser 

diode pump. Upon increasing the pump power, the repetition rate increase, however, it is 

limited to the maximum value that the laser diode can achieve. This limit varies according 

to the laser diode pump and controller. Figure 2.8 shows the method to measure the 

pulse’s repetition rate of a passively Q-switched laser.    

 
Figure 2.8: The captured oscilloscope trace from Q-switched fiber laser. 

 

The pulse period or interval between two consecutive pulses (T) measured is 8.93 μs, 

based on the following expression, the value of repetition rate can be obtained.  

𝑓 =
1

𝑇
          (2.11) 
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The captured series of pulses owns a repetition rate, f of 112 kHz. One can verify the 

stability of the generated pulses by measuring the frequency domain of such a laser using 

a radio frequency spectrum analyzer. In a Q-switched laser, the spectrum will consist of 

a series of peaks with different heights as shown in Figure 2.9. As seen in the figure, the 

peaks become shorter as the frequency span increase. This is typical Q-switching 

behavior. An important parameter that determines the pulse's stability is a signal-to-noise 

ratio (SNR). It can be defined as the distance between the peak and the floor of the 

fundamental peak (the first peak on the spectrum).  

For a passively Q-switched operation, the value above 30 dB indicates that the laser is 

stable. This is closely related to the suppression of noise in a laser cavity and the pulses' 

resonant relaxation oscillation frequency (Yue, 2013). Note that the repetition rate of the 

fundamental peak must match the calculated repetition rate from equation (2.11).  

 
Figure 2.9: The captured RF spectrum of a Q-switched fiber laser.  

 

Pulse width is the measure of how broad a single pulse is, by measuring the width of 

the pulse at half the intensity. It can also be referred to as a full width at half maximum 

(FWHM). Refer to Figure 2.8 for the measurement of a pulse width based on a captured 

oscilloscope trace. Usually, the pulse width is around a few nanoseconds to microseconds 
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for a Q-switched laser (Salam, 2019). In a typical Q-switched operation, the pulse width 

decreases with the increase in pump power. The following expression yields the 

relationship between pulse width (τp), laser cavity, and saturable absorption properties, 

𝜏𝑝 =
𝑆𝑝𝑇𝑟

𝑞0
[

𝛿(1+𝛿)𝜂

∆−ln (1+𝛿)
]                  (2.12) 

where Sp or the pulse shape factor is approximately 0.88, Tr is the cavity's round-trip time, 

qo is the cavity loss, Δ is the modulation depth, η is the energy extraction efficiency, and 

δ is the ratio of saturable to non-saturable loss. Therefore, the following assumptions can 

be obtained, where the pulse width is proportional to the round-trip time of cavity and 

inversely proportional to the saturable loss of a material (saturable absorber).  

When measuring the power-dependent laser performance of Q-switched, the optical 

intensity is adjusted from the lowest possible value to the laser diode limit. For every 10th 

pump intensity, the measurement of average power is obtained with an optical power 

meter. The pulse energy is defined as average power divided by repetition rate. During 

Q-switching, the value of pulse energy, Ep is calculated based on the following 

expression.  

𝐸𝑝 =
𝑃𝑎𝑣𝑔

𝑓
                   (2.13) 

where Pavg and f is an average laser power and repetition rate, respectively. Those 

parameters are related to each other, and they also change with the change in optical 

intensity. Pulse energy is dependent on the amount of energy stored in the gain medium 

(Spühler, 1999). Therefore, it is important to ensure that the gain medium used owns a 

high device efficiency. The two properties that influence pulse energy are the gain 

medium lifetime and absorber's saturation loss. On the other hand, peak power is defined 

as the highest attainable optical power of a pulse. Peak power, Pp  is related to pulse 

energy and pulse duration based on the following expression, 

𝑃𝑝 =
𝐸𝑝

𝜏
                  (2.14) 
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where EP and τ is pulse energy and pulse width at FWHM, respectively. It is shown that 

if the pulsed laser has a short pulse width, it will consume high peak power. A fiber laser 

with high peak power has advantageous of low heat affected zone that can produce a good 

laser ablation procedure. There is a multitude of applications that manipulates a pulsed 

laser with high peak power such as micromachining of material, optical data storage, and 

waveguide production (Balling & J. Schou, 2013; Jiang, 2018). 

 

2.6 Fiber-optic interferometer 

An interferometer is a device that utilizes the concept of superimposed waves for the 

purpose of determining certain properties. In this device, a laser beam is split into two 

beams, a sample beam and reference beam. These beams travel along a path of a particular 

design and undergo an interaction before combining to produce an interference pattern. 

The device has many applications in guidance system, holography, telescope, sensing etc. 

To date, fiber-optic interferometers have been widely investigated for both sensor and 

laser applications (Eberle et al., 2006). The fiber-optic interferometers can be used for 

various physical parameters including strain, temperature, refractive index, and pressure. 

The interferometers can be categorized into many types including Sagnac, Fabry-Perot, 

Mach-Zehnder and Michelson. In this section, two types of interferometric are reviewed 

in terms of operating principles, fabrication methods, and application fields. 

 

2.6.1 Sagnac interferometer 

Since its first demonstration over 25 years ago, Sagnac interferometers have received 

substantial research and development investment. They have been applied in many 

applications ranging from the conventional gyroscopic measurements to unexpected new 

applications including sensing. For instance, fiber optic based Sagnac interferometers are 

recently in great interest in various sensing applications due to their advantages of easy 

fabrication, simple structure, low insertion loss, high anti-noise ability and environmental 
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robustness (Culshaw, 2005). A schematic diagram of an optical fiber Sagnac 

interferometer is shown in Figure 2.10. It consists of an optical fiber loop, which is 

constructed using a 3 dB single-mode fiber coupler and a piece of high birefringent (HiBi) 

fiber. The 3dB coupler split the laser beam from broadband light source (BBS) into two 

beams, which are propagating in counter directions with different polarization states. 

HiBi fiber introduces optical path difference of the two counter-propagating waves and 

causes an interferential spectrum, which could be employed as the sensing element. 

The optical intensity transmission (T) of the Sagnac interferometer or Sagnac loop 

mirror (SLM) is approximately a periodic function of the wavelength with a spacing 

between adjacent transmission peaks of S = λ2 /BL (which is named free spectral range 

(FSR)) and is described by (Dong et al., 2007).  

𝑇 =
1−cos 𝜑

2
                                            (2.15) 

where B, L and λ is the birefringence of the HiBi fiber, length of the HiBi fiber and 

wavelength, respectively. φ = 2πBL/λ is the phase difference between the two counter-

propagating beams caused by the birefringence of the fiber. As shown in Eq. (2.15), the 

transmission function is determined by the product of BL and wavelength. Generally, the 

wavelength does not change once being established. That means the transmission spectra 

is only decided by the product of BL. Meanwhile, the value of BL is linearly proportional 

to the change in temperature, pressure, strain etc. As seen in Fig. 2.10, the phase 

difference (Δφ = |φ0-φ1|) of the transmission spectra at two different wavelength λ0 (φ0 = 

2πBL/λ0) and λ1 (φ1 = 2πBL/λ1) can be presented as:  

∆𝜑 =
2𝜋𝐵𝐿(𝜆1−𝜆0)

𝜆0𝜆1
                                               (2.16) 

Therefore, the BL can be calculated through measuring the two wavelengths if the phase 

difference Δφ is fixed to 2kπ (k is a positive integer). It is worthy to note that, k can be 

adjusted, and its maximum is restricted by the bandwidth of the optical source (see the 

Figure 2.10). Eq. (2.16) can also be written as: 
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𝐵𝐿 =
𝑘𝜆0𝜆1

(𝜆1−𝜆0)
                                                      (2.17) 

As reported in many literatures (Liu, 2005; Moon, D.S., 2007), BL is linearly 

proportional to many measurands. Therefore, the SLM can be used in sensor applications 

for temperature, magnetic field, strain, pressure, ultrasonic, torsion, and biochemical 

measurement. This is attributed to its distinctive advantages including ease of 

manufacture, simple design, low insertion loss and higher anti-noise ability in comparison 

to other types of fiber optic sensors (Zu, 2014; Shao, 2016). The measurable range of this 

demodulation method is unlimited theoretically. That has a huge advantage over the 

conventional demodulation method with peak/dip wavelength observation. 

 

 
Figure 2.10: The schematic diagram of an optical fiber Sagnac interferometer. 

 

2.6.2 Singlemode multimode singlemode (SMS) fiber structure-based 

interferometer 

A singlemode-multimode-singlemode (SMS) fiber structure consists of a short section 

of multimode fiber (MMF) fusion- spliced between two single mode fibers (SMFs). Its 

operation is based on multimode interference and the associated self-imaging mechanism. 

The SMS structures can be applied in a variety of optical fiber systems but are most 

employed for sensing a variety of measurands such as temperature, strain, flow rate, 

vibration, refractive index. They can also be used for sensors in detecting micro-world 

measurands including pathogens, proteins, DNA, and specific molecules.  
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Figure 2.11 (a) shows a SMS fiber structure, which is obtained by fusion splicing a 

short section of MMF between two SMFs. As illustrated in the figure, as light is injected 

from input SMF into the MMF, multiple modes (including fundamental and higher order 

modes) will be excited and propagate independently through the MMF section. 

Multimode interference occurs between these multiple modes within the MMF, and this 

dictates the transmission spectral response at the output SMF. Let's assume that both SMF 

and MMF are circularly symmetric and the central axes of SMF and MMF are aligned 

perfectly, only the LP0m modes can be excited within the MMF when light is launched 

from the input SMF into the MMF. In both input and output SMFs only the fundamental 

guided mode Es (r) can be supported, which can be decomposed into the eigenmodes LP0m 

in the MMF when the light enters from the input SMF (Wu, 2011). The field profile of 

LP0m is defined as ϕm (r) and the eigenmodes within the MMF are normalized as: 

 ∫ |𝐸𝑠(𝑟)|2𝑟𝑑𝑟 = ∫ |𝜑𝑚(𝑟)|2𝑟𝑑𝑟
∞

0

∞

0
= 1, 𝑚 = 1,2, ….                                             (2.18) 

The input field at the MMF is equal to that of the SMF Es (r), which can be expressed as: 

𝐸𝑠(𝑟) = ∑ 𝑏𝑚𝜑𝑚(𝑟)𝑀
𝑚=1                                              (2.19) 

where M is the total number of eigenmodes LP0m within MMF and bm is the excitation 

coefficient of each eigenmode in the MMF. bm is defined as the field overlap between the 

input SMF Es (r) and the MMF eigenmode of ϕm (r) and is given as: 

𝑏𝑚 =
∫ 𝐸𝑠(𝑟)𝜑𝑚(𝑟)𝑟𝑑𝑟

∞
0

∫ 𝜑𝑚(𝑟)𝜑𝑚(𝑟)𝑟𝑑𝑟
∞

0

                                                (2.20) 

In the MMF section, the field at a propagation distance z is: 

𝐸𝑀(𝑟, 𝑧) = ∑ 𝑏𝑚𝜑𝑚(𝑟)exp (𝑗𝛽𝑚𝑧)𝑀
𝑚=1                                              (2.21) 

where βm is the propagation constant of each eigenmode within the MMF. Assuming the 

parameters of the output SMF are the same as those of the input SMF, the transmission 

power of the SMS fiber structure can be determined by using the field overlap integral 

method between EM (r, z) and the fundamental mode of the output SMF Es (r) as: 
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𝑃(𝑧) = 10. log10 (
|∫ 𝐸𝑀(𝑟,𝑧)𝐸𝑠(𝑟)𝑟𝑑𝑟

∞
0

|
2

∫ 𝐸𝑠(𝑟)𝜑𝑚(𝑟)𝑟𝑑𝑟
∞

0

) =
∫ 𝐸𝑠(𝑟)𝜑𝑚(𝑟)𝑟𝑑𝑟

∞
0

∫ 𝜑𝑚(𝑟)𝜑𝑚(𝑟)𝑟𝑑𝑟
∞

0

                   (2.22) 

By using the orthogonal relationship between the eigenmodes of the MMF and 

substituting Eq. (2.21) into Eq. (2.22), the output of the SMS fiber structure can be 

simplified as: 

𝑃(𝑧) = 10. log10(|∑ 𝑏𝑚
2 exp (𝑗𝛽𝑚𝑧)𝑀

𝑚=1 |2)                         (2.23) 

A self-imaging phenomenon also occurs periodically within the MMF due to a 

multimode interference (Soldano et al., 1995). Figure 2.11 (b) shows an example of 

simulated mode distribution along the MMF section using Eq. (2.21), where the 

wavelength is assumed 1550 nm (Wu, 2020). As shown in the figure, the self-imaging 

length of the SMS fiber structure is obtained at circa of 10.2 mm.  

As the surrounding environmental parameters such as temperature, change, several 

parameters, including the effective refractive index of both the core and the cladding, the 

length and diameter of the MMF may change, and thus the eigenmodes ϕm(r) and effective 

length of the MMF will change, resulting in changes to bm in Eq. (2.20) and the output of 

the SMS fiber interferometer. 
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Figure 2.11: (a) Schematic diagram of a traditional SMS fiber structure (Wang et 

al., 2008), (b) mode distribution along an MMF within a length of 30 mm as 

calculated by using Eq. (2.21).  

 

2.7 Saturable absorber 

A saturable absorber (SA) is a material incorporated inside a laser cavity, which was 

able to initiate pulsed laser with a short pulse duration. Such-laser is one of the important 

tools in the scientific and industrial world, as it is used in a variety of applications, 

including microfabrication of material, high-precision material processing, skin therapy, 

and corrective eye surgery (Juodkazis et al., 2009 ; Graf, 2015; Shah, & T.S. Alster, 

2010). The SA acts as photons absorber as opposed to the high-intensity laser beam.  

The phenomenon of saturable absorption can be explained by a simple two-level 

electronic model, in which the saturable absorption is symmetrical to the gain saturation. 

Figure 2.12 shows the transition of electrons between two energy states. First, the ground 

state electron which is located at the valence band (E1) will absorb energy from the 
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incoming photons. Assuming that the photon energy of this electron is the same as the 

energy difference between the energy states, the electron will be ejected to the excited 

state or conduction band (E2), provided there is a vacancy at that upper energy state. The 

difference between these two energy states can also be referred to as a bandgap.  

When the optical intensity of laser reaches a certain threshold, the electron populations 

in the upper energy state is higher than the ground state. The mechanism of saturable 

absorption obeys a Pauli blocking principle, which states that two or more identical 

particles cannot occupy the same quantum state within the quantum system at the same 

time (Travagnin, 2001). Therefore, as the excited states occupied, the SA/material can no 

longer allow electrons to make a transition between the two energy states. In such a 

manner, the stimulated emission occurs, releasing a bunch of photons in optical pulses 

form simultaneously when the electrons decays back to the ground state. At a high enough 

laser intensity, the material or SA becomes transparent to light, resulting in the saturation 

of the light absorption and the photon can be transmitted easily through the material 

without being absorbed. These processes continuously occur as the electrons have a 

specific lifetime that allows them to revert to the ground state and re-excited back to the 

upper energy state at high laser intensity. For a material to qualify as SA, it must have a 

sufficient saturable absorption, a broad linear absorption, and suitable relaxation time, so 

that it is compatible with any laser configurations (Hussain, 2019).  

Current research on SAs such as FIrpic (Salam, 2019), MoS2 (Ahmed, 2017), WO3 

(Al-Hiti, 2020), NiO (Nady, 2017), Sb2Te3 (Bogusławski, 2016), BP (Ahmed, 2016), 

WTe2 (Ahmad, 2020), Lu2O3 (Baharom, 2019), WSe2 (Chen, 2016), Ti2AlC6 (Lee, 2019), 

Si (Liu, 2020), P3HT (Samsamnun, 2020), Eu2O3 (Zulkipli, 2020), CuO (Sadeq, 2018) 

and turmeric (Al-Hiti, 2021) are among SAs that can be used for q-switching and being 

compared to for this research. 
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Figure 2.12: The illustration of saturable absorption mechanism based on the two-

level electronic model (Milani, 2019). 

Figure 2.13 shows the effect of SA, which suppresses weak pulses while amplifying 

strong pulses, in which the strong pulse becomes shorter and more intense. The SA's 

performance and pulsed laser performance are governed by the few factors including 

wavelength range, modulation depth, saturation intensity, non-saturable loss, and 

recovery time. The wavelength range of SA operation refers to the range of wavelengths 

over which it can absorb power and exhibiting saturation behaviour. Modulation depth of 

SA is referred to the maximum change in absorption. Larger modulation depths are 

required for fibre lasers because the round-trip gain and loss are high, while fibre 

dispersion and nonlinearity have a significant impact on the pulse formation. Saturation 

intensity is defined as the intensity of SA necessary to reduce the absorption to half of its 

unbleached value. The non-saturable loss is the portion of the total loss that cannot be 

saturated. Although it is an inherent material property, it can be significantly influenced 

by the fabrication process. The damage threshold represents the SA's upper thermal limit. 

The recovery time of SA is indicative of its intrinsic response time, which has a significant 

effect on the pulse duration.  
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Figure 2.13: The illustration of how SA affects light intensity. 

 

Up to now, a variety of materials have been proposed and demonstrated for SA 

application. SAs are mostly made of elements and compounds of Carbon and Boron 

groups. They include nanomaterials such as graphene, carbon nanotube (CNT), black 

phosphorus (BP), and transition metal dichalcogenides (TMD). Graphene based SAs offer 

a high absorption spectrum but suffer from a low modulation depth and  damage threshold 

(Dong, 2012). CNT based SAs can be easily fabricated at low cost (Li, 2014; Hasan, 

2009), but they have a short spectral band, that is heavily influenced by the diameter of 

the nanotubes (Wang, 2015). BP based SAs usually have a wide broadband spectrum 

range but a low nonlinear absorption, low optical threshold and complex fabrication 

process (Chen, 2015). SAs based on TMD materials such as WS2 (Yang, 2019; Mao,  

2015), SnS2 (Niu, 2018), and MoSe2 (Liu, 2018) have been shown to have a good 

absorption property. However, they are affected by a low optical damage threshold and 

the complex fabrication. Therefore, the search of alternative SAs is still ongoing. The SA 

could be integrated into a fiber laser cavity by several approaches such as sandwiching 

the material in between the fiber ferrules or depositing the SA onto the side-polished fiber 

(Nizamani, 2020). 
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CHAPTER 3:  PREPARATION AND CHARACTERIZATION OF FIBER 

INTERFEROMETERS AND SATURABLE ABSORBER 

 

3.1 Introduction 

Over the last few decades, optical fibers have been commonly used as a transmission 

medium in telecommunication industries. This is owing to their unique characteristics 

such as low propagating loss, light weight, high flexibility, low fabrication cost, 

multiplexing capability, and immunity to electromagnetic interference (Keiser, 2006). In 

addition, with the advance in photonic technology, optical fibers have also been 

intensively studied for sensing and laser applications (Boetti et al., 2017). For example, 

optical fibers have been utilized for sensing of a variety of measurands including strain, 

temperature, refractive index, rotation, pressure, displacement, etc (Kang et al., 2003). To 

date, various innovative fiber optic technologies such as fiber Bragg grating (Chiavaioli, 

et al., 2017), Brillouin/Raman scattering (Muanenda et al., 2019), microfiber (Lou., 

2014), surface Plasmon resonance (SPR) (Zhou et al., 2018), specialty fiber couplers (Lee 

et al., 2010) and fiber optic interferometer (Li et al., 2023) have been utilized to improve 

their sensing abilities. Among these technologies, fiber optic interferometers have gained 

tremendous interests in recent years especially for sensing and laser applications.  

Likewise, several saturable absorbers (SAs) such as semiconductor saturable absorber 

mirrors (SESAMs) and carbon nanotubes (CNTs) have been proposed and demonstrated 

for various pulse generations. SESAMs have been widely employed, particularly in solid 

state lasers since its first demonstration in 1992 (Keller et al., 1996). This is attributed to 

their many advantages such as fast recovery time and suitable modulation depth. 

However, SESAMs have many drawbacks, given its dominance, such as low damage 

threshold and complex manufacturing process (Popa et al., 2011). In addition, they suffer 

from a narrow absorption bandwidth and are considerably bulky and relatively costly. On 

the other hand, the bandwidth and absorption efficiency of CNT based SAs highly depend 
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on the diameter of the CNTs used. Therefore, there is an ongoing search for alternative 

materials as candidates for SAs in the past few years. The material should be relatively 

cheap, easy to prepare and is able to produce stable pulses in various fiber laser cavities 

(Kang et al., 2018). 

This thesis aims to demonstrate a tunable and dual-wavelength Q-switched fiber laser 

using a fiber-optic interferometer as a filter and passive saturable absorber (SA) as a Q-

switcher. In this chapter, the construction method and operating principles of fiber optic 

interferometer are described. The fabrication and characterization of two types of SA are 

also presented in this chapter. 

 

3.2 Fiber-optic interferometer 

Fiber optic interferometers have been widely investigated for use in sensing of various 

physical parameters including strain, refractive index, pressure, and temperature (Soares 

et al., 2021). This is owing to their unique characteristics including remote sensing ability, 

low fabrication cost, low propagating loss, high flexibility, high accuracy, high 

sensitivity, simultaneous sensing ability, small form factor, and immunity to 

electromagnetic interference. Indeed, some fiber optic interferometers have been 

deployed in sensing applications for real time deformation monitoring of bridges, ships, 

aircrafts, and constructions (Rao, 2006) as well as in laser applications as an interference 

filter (Qi et al., 2016). A fiber optic interferometer typically uses the interference between 

two or more beams that propagating through different optical paths of a single fiber or 

two different fibers. These beams are transmitted independently but interfere 

constructively or destructively when the beams combined to produce transmission peaks 

or dips over a broad wavelength range. In a fiber-optic interferometer, changes in 

refractive index or effective path lengths for example due to temperature or stress will 

shift spectral position of the peaks or dips. Therefore, it can be used in various sensors to 
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determine the unknown measurand by measuring changes in the spectrum (Lee et al., 

2012)[101].  

The current trend of fiber-optic interferometers is to miniaturize them by deploying 

all-fiber structure. The all-fiber structure is more compact and offers several advantages 

including high coupling efficiency, easy alignment, and high stability. Here, two types of 

fiber-optic interferometers, namely an all-fiber Sagnac Loop Mirror (SLM) and single 

mode-multimode-single mode (SMS) fiber structures.  

 

3.2.1 All-fiber Sagnac Loop Mirror (SLM) 

Recently, SLMs are obtained great interests for various sensor and laser applications 

due to their advantages of easy fabrication, simple structure, and environmental 

robustness (Fu et al., 2008). Figure 3.1 shows the structure of all-fiber SLM. It consists 

of a 3 dB fiber coupler and an optical fiber loop. The coupler split the input light into two 

beams, which are propagating in counter directions with different polarization states. The 

two counter-propagating beams are combined again at the same coupler. The output 

interference pattern is determined by the optical path difference of the SLM, which is 

depended on the polarization dependent propagating speed of the mode guided along the 

loop. To maximize the polarization-dependent feature of the interferometer, a high 

birefringent fiber (HBF) or polarization maintaining fiber (PMF) is typically used in 

sensing part. The polarizations are adjusted by a polarization controller (PC) attached at 

the beginning of the sensing fiber. The signal at the output port of the fiber coupler is 

governed by the interference between the beams polarized along the slow axis and the 

fast axis. The phase of the interference is simply given as: 

δ =
2π

λ
BL, B = |nf − ns|                                   (3.1) 
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where B is the birefringent coefficient of the PMF, L is the length of the PMF while nf 

and ns are the effective refractive index of the fast and slow modes, respectively (Fu et 

al., 2008). 

 

Figure 3.1: Schematic diagram of the proposed SLM. 

 

In general, HBFs or PMFs are incorporated in the SLM to acquire a high phase 

sensitivity. For instance, a doped fiber with a large thermal expansion coefficient is used 

to induce high birefringence variation for the temperature sensing application (Shao et 

al., 2015). In this work, the SLM is constructed based on PMF and the temperature effect 

on the device performance is characterized as shown in Figure 3.2.  A piece of PMF is 

spliced with ports 3 and 4 of a 3 dB coupler to form a fibre loop. The input port of the 

SLM (Port 1) is connected to the amplified spontaneous emission (ASE) source while the 

output (port 2) is connected to optical spectrum analyser (OSA). As shown in Figure 3.2, 

the fibre was put into an oven for the temperature measurement. Figure 3.3 compares the 

output spectrum from the SLM with the input ASE spectrum at a fixed temperature of 

30oC. It is shown that the interference pattern is obtained with a transmission dip at 

wavelength of 1543.2 nm. 
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Figure 3.2: Experimental setup of the SLM with a PMF as a sensing fiber. 

 

Figure 3.3: The measured input ASE spectrum and transmission spectrum of the 

SLM.  

 Figure 3.4 presents the measured transmission spectrum at different temperature. An 

interference signal with two transmission dips is observed within the interesting 

wavelength range. This transmission dips are caused by the PMF in the SLM, which is 

sensitive to temperature change. The polarization modes of the fiber are sensitive to the 

temperature due to the thermo-optic characteristic of the silica material. As increasing the 

temperature, the interference signal was shifted to the shorter wavelength direction. The 

reason for weak transmission spectra shows the effect of various polarization inside the 

interferometer. The reduction of loop length is expected to improve the spectra. 
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Figure 3.4: The measured transmission spectrum at different temperature. 

 

3.2.2 Single mode-multimode-single mode (SMS) fiber structure 

In the previous sub-section, SLM was introduced and demonstrated. It was formed by 

an optical fibre loop, where a 50/50 fibre coupler was used to divide the input ASE light 

into two counter-propagating beams and a short length of highly birefringent PMF was 

placed in the loop. Interference occurs due to the phase difference introduced by 

transmission along both the slow and fast axes of the PMF. In this sub-section, a single 

mode-multimode-single mode (SMS) fiber structure is introduced, fabricated, and 

characterized. It employs a short section of multimode fibre (MMF) spliced between two 

single-mode fibres (SMFs). This structure is also referred to a fibre heterostructure since 

it can be formed by combining two different fibre types. The proposed SMS structure has 

many advantages including low cost, ease of fabrication, high sensitivity, and flexible 

design, all of which are useful advantages in the development of photonic devices 

especially optical sensors (Hatta et al., 2013).  It can be deployed used in a variety of 

optical fiber systems but are most used as physical sensors for measuring strain, 

temperature, vibration, refractive index, flow rate and humidity. It can also be deployed 

T (°C) 
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for biosensors in detecting pathogen, DNA, proteins, and specific molecules (Kaushik et 

al., 2018). 

The mechanism supporting the operation of an SMS fiber structure is multimode 

interference and associated self-imaging. Figure 3.5 shows the simplest SMS fiber 

structure, which was fabricated by fusion splicing a short section of MMF between two 

SMFs. As a light beam is launched from the input SMF into MMF, multiple modes 

(higher order modes) will be excited and propagate independently through the MMF 

section. Multimode interference occurs between these multiple modes within the MMF, 

and this dictates the transmission spectral response at the output SMF.  

 

 

 

 

 

Figure 3.5: Schematic diagram of a SMS structure. 

 

Assuming that the central SMF and MMF axes are perfectly aligned and both SMFs 

and MMF are circularly symmetric, the MMF can only excite the LP0m modes when 

light beam is launched from the input SMF into the MMF. Both SMFs can only support 

the fundamental guided mode Es (r), which can be decomposed into the eigenmodes 

LP0m in the MMF when the light enters from the input SMF. The eigenmodes within 

MMF are normalized as (Wang, Farrell, & Yan, 2008): 

∫ |Es(r)|2rdr = ∫ |φm(r)|2rdr = 1, m = 1,2, … .
∞

0

∞

0
                     (3.2) 

where the field profile of LP0m is defined as ϕm(r). The input field at the MMF is 

equal to that of the fundamental guided mode of SMF Es (r), which can be written as: 

Es(r) = ∑ bmφm(r)M
m=1                                                                                          (3.3) 
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where M is the total number of eigenmodes LP0m within MMF and bm is the excitation 

coefficient of each eigenmode in the MMF. bm is the field overlap between the input SMF 

Es (r) and the MMF eigenmode of ϕm(r) and is given as:  

bm = ∫ Es(r)φm(r) rdr
∞
0

∫ φm(r)φm(r) rdr
∞
0

                                                                                               (3.4) 

In the MMF section, the field at a propagation distance z is: 

EM(r, z) = ∑ bmφm(r)M
m=1 exp (jβmz)                                                                  (3.5) 

where βm is the propagation constant of each eigenmode within the multimode fibre. 

Assuming the parameters of the output SMF are the same as those of the input SMF, the 

output power at output SMF of the SMS structure can be determined by using the field 

overlap integral method between EM (r, z) and the fundamental mode of the output SMF 

Es (r) as: 

P(z) = 10. log10 (
|∫ EM(r,z)Es(r)rdr

∞
0 |

2

∫ |EM(r,z)|2rdr ∫ |Es(r)|2rdr
∞

0  
∞

0

)                             (3.6) 

By substituting equation (3.5) into equation (3.6) and deploying the orthogonal 

relationship between the MMF’s eigenmodes, the power output from the SMS structure 

can be simplified as: 

P(z) = 10. log10 (|∑ bm
2M

m=1 exp (jβmz)|
2

)                                                           (3.7) 

Figure 3.6 illustrates an example of simulated mode distribution along the MMF 

section using Equation (3.5) at the operating wavelength of 1550 nm. As seen, the well-

known self-imaging phenomenon occurs periodically within the MMF due to the 

multimode interference. The SMS structure has a self-imaging length of approximately 1 

cm. The output of the proposed SMS structure is defined in Equations (3.6) and (3.7). It 

changes as the surrounding environmental parameters (strain, temperature, vibration 

strain, vibration, etc) varies. The variation in these parameters change the effective 

refractive index of both the core and cladding and the effective length of MMF. This in 

turn change the eigenmodes ϕm(r) and bm in Equation 3.4.  The multimode interference in 
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the SMS structure is strongly dependent on bm or the excitation coefficient of each 

eigenmode in the MMF.  

 

Figure 3.6: The mode distribution along an MMF, which was calculated utilizing Equation 

(3.5). 

In the experiment, the SMS fiber structure was fabricated by sequentially fusion 

splicing of the SMF, a section of 5.5 cm step index MMF, and the SMF, as shown in 

Figure 3.5. The SMF has a core/cladding diameter of 9/125 µm while the MMF has a 

core/cladding diameter of 50/125 µm. The spectral response of the SMS fiber structure at 

the output SMF was then measured as the ASE light source was injected into the input 

SMF. Figure 3.7 shows the measured optical spectra before and after transmission 

through the SMS structure. Several transmission dips were clearly observed at 1537 nm, 

1551 nm, and 1565 nm in the latter spectrum due to the multimode interference. The SMS 

structure can have a variety of applications but the two most common are as an 

interference filter or as a sensing probe. 
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Figure 3.7: The measured input ASE spectrum and transmission spectrum of the 

SMS structure. 

 

Next, the SMS structure is put inside an oven to investigate the temperature 

dependence on the SMS’ spectral response. The spectral response was investigated over 

a wide temperature range from 40°C to 100°C. Figure 3.8 shows the measured 

transmission spectra of the SMS fiber structure at different oven’s temperature.  Several 

characteristic peaks and dips were clearly observed in the spectra. With increasing applied 

temperature, the spectral peak or dip shifted to longer wavelength. Figure 3.9 shows the 

dip wavelength shift plotted as a function of temperature. It indicates a linear relation with 

the sensitivity of 0.0183 nm/°C. At temperature above 100°C, no stable peak/dip was 

observed in the whole spectrum. This behavior seems to be caused by the polarization-

dependent spectral fluctuations. This problem might be mitigated by using a polarization 

scrambler. 
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Figure 3.8: Transmission spectra of the SMS structure at various temperatures. 

 

Figure 3.9: Dip wavelength shift vs temperature. 

 

3.3 Preparation of saturable absorber (SA) 

Recently, the many new materials have shown their ability to work as passive SA. For 

example, Jafry et al. demonstrated a passive Q-switched fiber laser erbium-doped fiber 

laser (EDFL) by using lutetium oxide, which was deposited onto a side-polished fiber as 

SA (Jafry et al., 2019). In another work, (Al-Hiti  et al.,  2019) also reported the generation 
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of Q-switched fiber laser operating at C-band region utilizing Holmium oxide as passive 

SA. The practical SA device should have great optical properties such as ultrafast 

response time, appropriate modulation depth, broad saturable absorption, and high 

damage thresholds while a minimal cost, and ease of manufacture were always vital. This 

thesis aims to demonstrate a tunable and dual-wavelength Q-switched fiber laser using a 

passive technique with SA. This section demonstrates the fabrication these Sas 

(Takahashi et al., 2013). 

 

3.3.1 Preparation of GO SA 

In this work, graphene oxide is the key device to achieving Q-switching generation. It 

functions as a saturable absorber (SA) to modulate the loss or Q-factor of the laser cavity.  

The SA device is fabricated by embedding a GO material, which was obtained through a  

electrochemical exfoliation process from graphene flakes into polyvinyl alcohol (PVA) 

film via a drop-casting method. This method is simple and low-cost. The proposed SA 

can be operated in a broad wavelength range because of its unselective absorption in 1550 

nm region. Figure 3.10 shows the preparation of graphene oxide solution from graphite 

rods using an electrochemical exfoliation technique. At first, a pair of electrodes (graphite 

rods) was placed inside electrolyte liquid (1% sodium dodecyl sulphate (SDS) in 

deionized water) and provided an electrical potential between the electrodes during the 

exfoliation process. In the experiment, two graphite rods (electrodes) were placed 1 cm 

apart while applying a constant voltage difference of 20 V. As we applied the electrical 

potential, the negative ions moved towards an anode and the positive ions moved to the 

cathode.  

This has caused the graphene layers to be removed from the graphite rod through the 

following chemical reactions: 

 H2O → OH- + H+                                            (3.8)   

 CH3(CH2)11OSO3Na → CH3(CH2)11OSO3 
-  + Na+                            (3.9)  
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Figure 3.10: Illustrations of the electrochemical exfoliation of graphene from 

graphite rods. (a) providing 20V potential using a DC power supply, (b) graphite 

rods as cathode and anode immerse in electrolyte, (c) After several minutes where 

bubbles were observed at the cathode due to the formation of hydrogen gas (d) after 

two hours of exfoliation process (e) The graphene suspension obtained after the 

electrochemical process. 

 

The dodecyl sulphate ions accumulated at the anode and interacted to the surface of 

the graphite rod. This resulted in the loosening of the graphene layers from the graphite 

rod (Gao & Huang, 2014). This process was carried out for two about hours to produce a 

stable graphene suspension, which was then centrifuged for 30 minutes at 3000 rpm to 

separate large agglomerates. After that, the supernatant portion of the graphene 

suspension was decanted to obtain a homogeneous graphene oxide solution.  

The graphene solution obtained from this process was then mixed with PVA solution 

to fabricate a SA film via drop casting technique. The PVA solution was prepared by 
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dissolving 1 g of PVA powder in 120 ml DI water using hot plate stirrer with the aid of 

magnetic stirrer. From the experiment, it will take around two hours to fully dissolve the 

PVA in DI water. The mixed solution was poured into a petri dish and dried at room 

temperature to produce 50 µm thin film. After dry, the thin film was slowly peeled out 

and the image of the film is shown in Fig. 3.11 (a). Fig. 3.11 (b) shows EDX spectrum of 

the GO film. It has a carbon content of 57 % wt and an oxygen content of 43% wt. Fig. 

3.11 (c) shows the Raman spectrum of the fabricated GO thin film. It clearly shown the 

D and G peak at position of 1359 cm−1 and 1600 cm−1, respectively.  

The D peak is obtained due to defect-induced breathing mode of sp2 rings while the G 

peak is attributed to the first order scattering of the E2g phonon of sp2 carbon atoms 

(Ferrari & Basko, 2013). As observed in the figure, the G peak of the GO is located at a 

higher frequency (of 1600 cm−1) as compared to graphite (1580 cm-1) and the result is 

agreed very well with the finding reported by ( Kudin et al., 2008). The 2D peak also is 

observed at 2800 cm−1 position. A small piece of the GO film was sandwiched in between 

two optical fiber ferules, which was locked by a fiber adapter to construct a SA device as 

shown in Fig. 3.11 (d). 

The electrochemical methods usually performed under mild conditions are convenient, 

controllable, and suitable for mass production. Aside from general advantages,  

electrochemical exfoliations such as anodic exfoliation and cathodic exfoliation can 

destroy or weaken the van der Waals forces or electrostatic interactions that bind 2D 

layers, which can be utilized to exfoliate the bulk layered materials into single-layer or 

few-layer 2D materials beyond graphene ( Yang et al., 2019) 
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Figure 3.11: (a) The GO PVA thin film obtained after let dry at room temperature 

(b) EDX profile (c) Raman spectrum (d) The thin film was sandwiched between two 

ferrules to form a fiber compatible SA device. 

 

3.3.2 Preparation of Al2O3 thin film 

In this experiment, we fabricated the SA film using a commercially available few-layer 

Al2O3 powder.  In the process, the Al2O3 powder (with 101.96 g/mol molecular weight) 

was embedded into Polyvinyl alcohol (PVA) based on a casting method. At first, we 

prepared the PVA host with the help of magnetically actuated stirrer machine to dissolve 

1 g of PVA powder in 120 ml of de-ionized water at room temperature. The stirring was 

done until all the PVA powder was completely dissolved and the PVA solution become 

homogenous. Then, 1 mg of Al2O3 powder was added into 3 ml of the PVA solution and 

stirred thoroughly for about 3 hours using the magnetic stirrer. Next, the Al2O3 PVA 

mixture solution was sonicated for 10 minutes inside an ultrasonic bath to ensure the 

Al2O3 material binds with the polymer. The Al2O3 PVA solution was then poured and 
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carefully spread onto a well-covered petri dish. It was then left for at least 48 hours and 

allowed to dry at room temperature to form Al2O3 composite film. The fabrication 

procedures are summarized and illustrated in Fig. 3.12. The produced Al2O3 film has a 

thickness of about 30 μm.  

 

Figure 3.12: Preparation of Al2O3 PVA film. 

Figure 3.13 (a) shows the Al2O3 nanorods, which were embedded into PVA film as 

imaged by a Field Emission Scanning Electron Microscope (FESEM). It has a size of 

about 100 nm. The Al2O3 PVA film was then cut into a tiny piece so that it can be attached 

onto a FC/PC ferrule as shown in Figure 3.13 (b). The ferrule attached with the film was 

then affixed through a fiber adaptor to another clean ferrule to construct an all-fiber SA 
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device. The spurious reflections at the interface between the ferrules was reduced with 

the application of an appropriate amount of index matching gel.  

 

(a) 

 

 

 

 

 

 

(b) 

Figure 3.13: (a) FESEM image of the Al2O3 PVA film, and (b) The image of 

fabricated film as it was attached onto a fiber ferrule. 

 

3.4 Optical linear and nonlinear characteristics of the prepared SA devices 

The linear and nonlinear optical properties of both SA devices were investigated to 

verify that the fabricated SA devices can be implemented within the laser cavity to 

generate a stable pulsed laser. At first, the linear absorption characteristic was obtained 

by transmitting a broadband light from an white light source (WLS) through the SA 

device as shown in Figure 3.14 (a). The WLS is operating within a wavelength range from 
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700 nm to 1700 nm. The output light intensity after the SA device was recorded using 

optical spectrum analyzer (OSA) with resolution of 0.05 nm. The captured spectrum was 

then recorded for analysis purpose. The purpose of this measurement was to identify 

whether the SA device can operate within near infrared region.   

The nonlinear absorption profile was also obtained by using a balanced twin-detector 

technique as shown in Figure 3.14 (b). It used a homemade mode-locked Erbium-doped 

fiber laser (EDFL) as a light source. The EDFL operated at a central wavelength of 1550 

nm with a repetition rate of 1 MHz and pulse width of 1 ps. The mode-locked pulses were 

amplified by using erbium doped fiber amplifier (EDFA) to obtain a sufficient power to 

saturate the SA material. The intensity of laser light was controlled and varied by using a 

variable optical attenuator (VOA). The output from the VOA was divided into two using 

a 3 dB coupler. At one end of the output, it was directly connected to optical power meter 

(OPM) as a reference. The laser light from another port was transmitted through the SA 

device before its intensity was measured by another OPM. By gradually varying the input 

power, a series of optical transmittance with respect to different input intensities had been 

recorded. Then, the nonlinear transmission profile was estimated by fitting the relation 

between the optical transmission and the input laser intensity by using the following 

equation:  

T(I) = 1 − ΔT * exp(−I/Isat) − Tns                                       (3.10) 

where, T(I) is the transmission rate, ΔT is the saturable absorption, I is the input intensity, 

Isat is the saturating intensity, and Tns is the non-saturable absorbance. Univ
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Figure 3.14: The experimental setup for (a) linear absorption and (b) 

nonlinear absorption measurement. 

Figure 3.15 (a) shows the measured linear transmission spectrum for the GO PVA 

film. It shows an absorption of about 15 % or 0.7 dB at 1550 nm region. The measured 

nonlinear curve of the GO PVA film is shown in Figure 3.15 (b). It indicates that the film 

has non-saturable absorption of 35.1%, modulation depth or nonlinear saturable 

absorption of 24.1% and saturable intensity of 72 MW/cm2. 

 The linear absorption spectrum of Al2O3 PVA film is shown in Figure 3.16 (a). It is 

observed that absorption reduces from the visible to the near-infrared band. At 1550 nm 

region, the absorption loss was around 1.7 dB. The nonlinear transmission of the film was 

then measured by using a balanced twin-detector technique. Figure 3.16 (b) shows the 

result, which was obtained by comparing the transmitted power without and with the 

Al2O3 PVA film. As shown in the figure, the modulation depth, saturable intensity, and 
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non-saturable absorption of the Al2O3 PVA film are 3.5%, 0.05 MW/cm2 and 13.5%, 

respectively. It is worth noting that we have not observed any nonlinear response from 

pure PVA film, confirming that the saturable absorption property solely originates from 

Al2O3 material. 
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Figure 3.15: Optical properties of the GO PVA film. (a) linear transmission and (b) 

nonlinear transmission profile. 
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(b) 

Figure 3.16: Optical properties of the Al2O3 PVA film. (a) linear absorption (b) 

nonlinear transmission profile. 

 

3.5 Summary 

Two fiber optic interferometers: SLM and SMS fiber structure were successfully 

constructed and characterized. SLM was fabricated by using a 3dB fiber coupler and a 

fiber loop with PMF. It allows two beams to propagate in counter directions with different 

polarization states to produce interference, which is sensitive to the change in surrounding 

temperature.  A SMS fiber structure consists of a short section of MMF, which was 
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fusion- spliced between two SMFs. The mechanism underpinning the operation of an 

SMS fiber structure is multimode interference and associated self-imaging. SMS 

structures can be used in temperature sensing. On the other hand, both GO and Al2O3, 

PVA thin films were also successfully fabricated and characterized.  

The linear and nonlinear characteristics of these films were also successfully measured 

and analyzed. The results indicate the potentiality of these SAs to be used in pulse 

generation. Applying Pauli blocking principle allows stimulated emission to occur which 

causes pulse laser to produce. The fabrication cost of both SAs is cheap due to the 

simplicity of the fabrication process, hence reducing the cost of the laser itself. The simple 

and low-cost fiber lasers are required in many applications including medical diagnostics 

and environmental sensing. Table 3.1 summarizes the characteristics of the newly 

developed SA devices. 

 

Table 3.1: Characteristics of both SA thin films 

Materials Linear 

absorption 

Non-saturable 

absorption 

Saturable 

absorption 

Saturable 

intensity 

GO 0.7 dB 35.1% 24.1%  72  

Al2O3 1.7 dB 13.5% 3.5% 0.05 MW/cm2 
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CHAPTER 4 :  Q-SWITCHED TUNABLE FIBER LASER WITH SAGNAC 

LOOP MIRROR 

 

4.1 Introduction 

Q-switching is one of the techniques that normally use to enable pulsed lasers. It 

involves a modulation of Q-factor or losses in a laser cavity. Q-factor is defined as the 

ratio between the energy stored in the gain medium and the losses per oscillation cycle. 

The lower losses provide the higher Q-factor. During Q-switching operation, laser 

generation is initially prevented by the low Q-factor as we pump the gain medium. The 

stored energy in the gain medium is then released as a giant pulses train when lasing is 

allowed by a high Q-factor. The pulse width of the generated laser is in a range from μs 

to ns. The time required to replenish the extracted energy between two consecutive pulses 

is related to the lifetime of the active fiber. The Erbium-doped fiber (EDF) has a typical 

lifetime of ∼ms and thus the repetition rate of the Q-switched fiber laser is usually in a 

range of kHz. It is lower compared to a mode-locked laser, which normally operates in 

MHz range.  

Q-switched lasers are also capable to produce much higher pulse energy and they are 

more advantageous in terms of efficiency, cost, and easy implementation, compared to 

mode-locked lasers. The mode-locked lasers require a careful design of the cavity 

parameters to create a balance between dispersion and nonlinearity. Q-switched fiber 

lasers have many potential applications in areas where ultrafast pulses are not necessary, 

or larger pulses duration are advantageous, such as sensing, material processing, range 

finding and medical applications (Shi et al., 2014; Vallet et al., 2013; Zajac et al., 2004; 

McGrath et al., 1998; Gräf et al., 2015). 

Wavelength tunability is a highly desired criterion in various applications including 

sensing and communications. It can be realized by various techniques. Franco et al. 

reported that wavelength tuning can be obtained through a manipulation of the cavity loss 
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(Franco et al., 1994). Tunable fiber lasers were also obtained by controlling the output 

coupling ratio or by using a variable attenuator to manipulate cavity losses (Lin et al.,  

2006; Guesmi et al., 2014). A tunable Q-switched EDF laser (EDFL) was also reported 

in recent years by using a tunable filter. Because of the large insertion losses of this 

narrow bandwidth filter, the Q-switched pulse was only obtained at the relatively high 

pump threshold power of 132.4 mW (Wang et al., 2015).  

Recently, a fiber Sagnac loop mirror (SLM) has found promising applications in many 

areas such as sensing and fiber lasers. For instance, more recently a stable and tunable 

Thulium-doped fiber laser (TDFL) based on Sagnac loop was reported by (He et al., 

2016) . However, to the best of our knowledge, there are no reports on tunable Q-switched 

fiber laser using a SLM. In this chapter, a tunable Q-switched EDFL is proposed and 

demonstrated based on temperature tuning of SLM in figure-of-eight laser configuration 

using the newly developed passive SA film as a Q-switcher. Two types of SA are explored 

in this study: graphene oxide and aluminum oxide (Al2O3) thin film. (Rizman et al. 2020). 

 

4.2 Passively Q-switched EDFL with Graphene Oxide SA 

In this section, a stable passively Q-switched EDFL tunable by Sagnac interferometer 

operation was described by using a graphene oxide SA as a Q-switcher. By incorporating 

the GO polymer film into the laser cavity, Q-switching pulses train was obtained and its 

wavelength operation can be tunable from 1566.3 nm to 1559.3 nm by increasing the 

temperature of the SLM. The performance of the laser is investigated for two different 

operating wavelengths. We achieved the Q-switched operation at so much lower 

threshold pump power compared to ref. (Wang et al., 2015). The threshold pump power 

depends on many factors including cavity gain and loss. The lower threshold can be 

expected with a lower cavity loss. It is important to have a low threshold to improve the 

efficiency of the laser. The proposed fiber laser has 34% lower threshold pump power as 

compared to work by Wang et al. 
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4.2.1 Laser configuration 

The SA polymer film was constructed from graphene oxide material produced from a 

commercial graphene flake via an electrochemical exfoliation process as described in the 

previous chapter. The graphene solution obtained from this process was then mixed with 

PVA solution to fabricate a SA film via drop casting technique. The mixed solution was 

poured into a petri dish and dried at room temperature to produce 50 µm thin film. A 

small piece of the graphene oxide film was sandwiched in between two optical fiber 

ferules, which was locked by a fiber adapter to construct a SA device.  

 The SA device was incorporated into an EDFL cavity, which the schematic 

configuration is shown in Figure 4.1 for Q-switching pulses generation. The set-up was 

based on figure-of-eight configuration, which was composed of fiber laser ring cavity and 

a fiber SLM. A ring cavity consisted of a laser diode pump, 980/1550 nm wavelength 

division multiplexing (WDM) coupler, 2.4 m long EDF, optical isolator, graphene-oxide 

based SA and an output coupler (90/10). A 980-nm laser diode was employed to pump 

the EDF through a WDM to produce the light via spontaneous and stimulated emissions 

at 1550 nm region. The light oscillates in the ring cavity to generate laser. An isolator was 

set in the ring cavity to ensure the unidirectional propagation of oscillating laser. The 

EDF gain medium has a core diameter of 4 µm, a numerical aperture (NA) of 0.16 and 

an erbium ion absorption of 23 dB/m at 980 nm. A fiber SLM interferometer composed 

of a polarization maintaining fiber (PMF) that was spliced together with the ring cavity 

through a 2 × 2 3dB coupler to form a figure-of-eight structure. The PMF part of the SLM 

was put onto a hot plate to change the interference effect inside the SLM and determine 

the operating wavelength of the Q-switched laser via a temperature tuning. This was 

realized as the influenced laser light waves were injected back into the ring cavity. An 

output coupler kept 90% of the oscillating laser light in the cavity and released 10 % of it 

for various optical measurements.  
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The wavelength distribution of the laser output light was observed using an optical 

spectrum analyser (OSA, Yokogawa AQ6370B), while the temporal analysis was done 

by a digital oscilloscope (GWINSTEK, GDS-3352), coupled with the photodetector (PD, 

InGaAs). An RF Spectrum Analyzer (RFSA, Anritsu MS2683A) was used to examine 

the radio frequency (RF) power spectrum in conjunction with an integrated PD. The 

output power was measured by using a power meter (ILX Lightwave OMM-6810B) 

combined with a power-head (ILX Lightwave OMH-6727B InGaAs). By this simple and 

new arrangement, we find that the Q-switched fiber laser output wavelength is tunable by 

adjusting the SLM filtering effect via temperature tuning. 

 

 

 

 

 

                                                                                                                P1    P2                            

                                                                                                     P3                                    

                                                                                                            P4 

                                                                             

 

 

 

 

Figure 4.1: Schematic diagram of the Q-switched EDFL with figure-of-eight cavity 

and GO SA. 
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4.2.2. Q-switched laser performance 

In this work, we employed a SLM with polarization maintaining fiber (PMF) in the 

proposed tunable Q-switched fiber laser setup to provide spectral filter through the 

coupling light process between the slow and fast axes of birefringence fiber (PMF) (Sun 

et al., 2008). In the SLM interferometer, input signal is split into two beams after the 3dB 

coupler to counter propagate along the loop arm. After propagation in loop, both beams 

are recombined at the same coupler to produce interference, which provide filtering effect 

depending on birefringence properties of the cavity. The SLM was used in this work as 

an interference filter due to its intrinsic advantages such as easy fabrication, flexibility 

and stability. The tuning of the laser is realized by the change of effective length of the 

PMF induced by the temperature applied to the fiber. 

In the SLM, the input light signal at the 3dB coupler is split into two beams counter-

propagating in loop and their polarization states are altered by the temperature. These two 

beams propagate inside the PMF in opposite direction and thus they experience different 

phase delay as they recombined at the coupler. The delay is proportional to the product 

of the PMF length and effective birefringence and thus the mode spacing of the SLM is 

obtained as follow (Kim, 2004); 

∆λ =
λ2

2|ns−nf|LPMF
                                            (4.1) 

where  is the operating wavelength, ns, nf is the refractive index of the slow and fast 

birefringence axes of the PMF, respectively and LPMF is the PMF length. As can be seen 

from the above equation, the spacing of the wavelengths decrease with the increase of the 

PMF length. The SLM interferometer serves as the wavelength selection component 

within the ring laser cavity. By tuning the temperature of PMF to effectively change the 

effective length of the fiber, the operating wavelength of the Q-switched laser shifts to a 

shorter wavelength. 
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When the graphene oxide SA device is introduced inside the cavity, a self-started Q-

switching pulses are generated when the input pump is increased above the certain 

threshold pump power. The output spectra of the Q-switching pulses at various 

temperatures is shown in Figure 4.2 when the pump power is fixed at the Q-switching 

threshold power. The operating wavelength of the Q-switched laser shifts from 1566.3 

nm to 1559.3 nm as the temperature is varied from 30oC to 70oC. At operating wavelength 

of 1566.3 nm, Q-switched laser self-started as the operating pump power is raised to 77.3 

mW and this operation is maintained up to the pump power of 126.5 mW. Figures 4.3 (a) 

and (b) illustrate the oscillation trace of Q-switched EDFL and single pulse envelop at the 

threshold pump power of 77.3 mW respectively. At the threshold pump power, the laser 

produces a typical Q-switching pulse shape with 32.6 µs of distance between pulses, 

which corresponds to a repetition rate of 30.7 kHz. A single pulse profile at this pump 

power has full width half maximum (FWHM) of 10.2 µs as shown in Figure 4.3 (b).  

To investigate the laser stability, the RF spectrum was measured at the maximum 

output power using the InGaAs photodiode and an RF spectrum analyzer (Anritsu, 

MS2683A). Figure 4.3 (c) shows the RF spectrum with a span resolution bandwidth of 

600 kHz at 106.8 mW pump power. As shown in inset of Figure 3 (c), the signal-to-noise 

(SNR) of the Q-switched EDFL is over 40 dB, indicating that the Q-switched pulses 

operated in a relatively stable regime. The fundamental frequency is 37.0 kHz, 

corresponding to the frequency of the pulse train. The generation of more than 10 

harmonics in the RF spectrum of Figure 4.3(c) further confirms the stability of Q-

switching operation.  
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Figure 4.2: Output spectra of the Q-switched EDFL at various temperature 

applied to PMF. 
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Figure 4.3, continued. 
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(c) 

Figure 4.3: Temporal characteristics of the Q-switched laser at operating 

wavelength of 1566.3 nm (a) typical pulse train (b) enlarged pulse train (c) RF 

spectrum. Inset of (c) shows the enlarged RF spectrum at the fundamental 

frequency. 

 

As the temperature applied onto the PMF is increased, the operating wavelength of the 

Q-switched laser shifted to a shorter wavelength and the threshold pump power for Q-

switching operation is also increased. For instance, at temperature of 60°C, the Q-

switched laser operates at 1561.4 nm at the threshold pump power of 116.7 mW. The 

threshold increases due to insertion loss of the sagnac loop mirror, which increases with 

the temperature.  

The temporal characteristics of the Q-switched EDFL operating at 1561.4 nm is shown 

in Figure 4.4. Figures. 4.4 (a) and (b) illustrate the pulses train and the corresponding 

single pulse envelop at the threshold pump power of 116.7 mW, which indicate a typical 

Q-switching pulse shape. For instance, a distance between pulses of 35.1 µs was obtained, 

which correspond to repetition rate of 28.5 kHz while a single pulse profile at this pump 

power has full width half maximum (FWHM) of 8.4 µs. The RF output spectrum with 
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600 kHz span resolution was measured and illustrated in Fig. 4(c) when the pump power 

was fixed at 161 mW. The fundamental RF at maximum output pulse of 32.9 kHz was 

observed to have a signal-to-noise ratio (SNR) of ~40.9 dB, which confirms the stability 

of the pulse. In the Q-switched trace we observe more than 15 harmonics frequency 

positioned within 600 kHz span.  
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Figure 4.4, continued. 
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(c) 

Figure 4.4: Temporal characteristics of the Q-switched laser at operating 

wavelength of 1561.4 nm. (a) typical pulse train (b) enlarged pulse train (c) RF 

spectrum. Inset of (c) shows the enlarged RF spectrum at the fundamental 

frequency. 

Figure 4.5 shows the relationship between repetition rate and pulse width with 

different input pump power for both operating wavelengths; 1566.3nm and 1561.4 nm. 

Stable output pulses train with monotonic increment of repetition rate with pump power 

is observed for both operating wavelengths. For instance, the repetition rate increased 

from 30.7 kHz to 41.5 kHz as the 980-nm pump power is varied in a range from 77.3 mW 

to 126.5 mW at operating wavelength of 1566.3 nm. On the other hand, the pulse duration 

of the 1566.3 nm laser was narrowed or shortened from 10.2 to 7.3 µs with the increment 

of pump power. The result is a typical characteristic of Q-switching operation.  

The average output power and single pulse energy of the Q-switched laser were also 

measured as a function of the input pump power for both operating wavelengths. The 

result is shown in Figure 4.6, indicating the increase of pulse energy and output power 

for both wavelengths with the increment of pump power. Both trends are realized from 
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the strong modulation of the net gain. The increment of pump power leads to a raise of 

average output power and shorten the pulse width and hence higher pulse energy is 

extracted in the Q-switching process. At operating wavelength of 1561.4 nm, the average 

power increased from 0.46 mW to 0.68 mW, which translates to the slope efficiency of 

0.49%. This efficiency is larger compared to the 1566.3 nm laser, which has the efficiency 

of about 0.28%. This is attributed to the Erbium gain, which is larger at 1561.4 nm region 

and thus increases the population inversion. On the other hand, the maximum pulse 

energy of 20.5 nJ is obtained at the pump power of 161.0 mW for 1561.4 nm laser. The 

Q-switching performance are comparable to the previous works. (Wang et al., 2022)  

Meanwhile, it is worthy to note that no mode-locking operation has been observed 

with the current cavity. It is expected that the mode-locking pulses could also be achieved 

when the dispersion and SPM parameters of the cavity are optimized. The performance 

of Q-switched laser could also be improved by further optimizing the SA parameters and 

the laser cavity design. 

 

Figure 4.5: Pulse repetition rate(Rr) and pulse width of the GO based Q-switched 

EDFL against pump. 
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Figure 4.6: Average output power and pulse energy of the GO based Q-switched 

EDFL against pump. 

 

4.3 Q-switched Tunable Fiber Laser with Aluminum Oxide SA 

Despite the recent development in SA technologies, the focus is shifting toward 

utilizing inexpensive SA. Recently, the utilisation of Al2O3 nanoparticles for SA 

application seems promising as it has unique optical properties such as high nonlinearity 

in the near-infrared region (Apel et al., 2000). It was also widely employed in medical 

and industrial applications due to its many advantages in terms of high hardness, 

transparency, and high stability (Hart, 1990). Compared to other metal such as silver and 

gold, aluminium offers a broader plasmon resonance band, lower cost, wider availability 

and has a lower melting point of around 660 °C, which simplifies the fabrication process 

of nanoparticles. 

In this section, a tunable Q-switched EDFL is proposed and demonstrated using a new 

thin film SA, which was developed based on Al2O3 nanoparticles in conjunction with a 

SLM filter. Besides its ability to function as Q-switcher, Al2O3 thin film can also be 

obtained through an inexpensive and simple preparation process. By inserting the Al2O3 
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polymer film into the proposed figure-of-eight laser cavity, we obtained a stable Q-

switching pulses train. The tunability of the operating wavelength of the laser from 1568 

nm to 1556 nm can be achieved by varying the applied temperature to the SLM.   

 

4.3.1 Laser Configuration 

In this experiment, the SA film was fabricated using a commercially available few-

layer Al2O3 nanostructures, which were embedded into Polyvinyl alcohol (PVA) based 

on a casting method. The produced Al2O3 PVA thin film has a thickness of about 30 μm 

and it was cut into a tiny piece so that it can be attached onto a FC/PC ferrule to form a 

SA device. Figure 4.7 shows the schematic diagram of the experimental setup for the 

proposed tunable Al2O3 based Q-switched EDFL, which was composed of a figure-of-

eight ring structure cavity. The ring cavity employed Al2O3 film as the SA device while 

a fiber SLM was used as a tunable filter. A 2.4 m long EDF similar to the previous work 

was employed in the laser cavity as a gain medium. A 980 nm laser diode pumped the 

EDF through a WDM coupler to generate laser through the production of amplified 

spontaneous emission light, which oscillated in the figure-of-eight cavity.   

The unidirectional propagation of the oscillating laser in the laser cavity was ensured 

through the deployment of an optical isolator. The Al2O3 film SA device was incorporated 

into the laser cavity to modulate the loss in the cavity and function as a Q-switcher. A 

fiber based SLM was constructed by splicing together a piece of PMF with the ring cavity 

through a 2 × 2 3dB coupler. The combination of SLM and the ring cavity formed a 

figure-of-eight cavity. The PMF part of the SLM was heated by placing it onto a hot plate 

to control the interference effect inside the SLM. Furthermore, the changes in the applied 

temperature tuned the laser operating wavelength.  
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Figure 4.7: Experimental setup of the tunable Q-switched EDFL with Al2O3-PVA 

SA based on a figure-of-eight cavity arrangement. 

The output of the laser was tapped out using a 10dB output coupler. This coupler 

channels 10% of laser light as its the output while permitting 90% of the laser light to 

oscillate in the ring. The optical spectrum of the output laser was measured using an OSA 

with a resolution of 0.02 nm. A digital oscilloscope in conjunction with an integrated fast 

photodetector was used in the analysis of the temporal characteristic of the laser. The 

electrical spectrum was examined by an RFSA in conjunction with the photodetector. A 

power meter coupled with an InGaAs powerhead was used for the output laser power 

measurement. 

In the proposed setup, we used the SLM with a temperature tuning ability as an 

interference filter. It is observed that the operation of the Q-switched fiber laser can be 

tuned by the varying the applied temperature to the PMF inside the SLM structure. The 

input signal into the SLM was split using the 3dB coupler, into two beams and counter 

propagated along the loop arm. After propagating into the loop, they were then 

recombined and interfered at the same 3 dB coupler. The coupling between the two beams 

propagating at the slow and fast axes of the birefringence fiber (PMF) provided the 

filtering effect. The operational wavelength of the laser was governed by the birefringence 

properties of the cavity, which can be controlled by the temperature (Sun et al., 2008). 
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The SLM filter has intrinsic advantages of ease of construction, stable and flexible. The 

tunability of the operational wavelength of the laser can be achieved by varying the 

applied temperature to the fiber, which affects the PMF’s effective length. 

 

4.3.2 Result and discussion  

As we incorporated the Al2O3 PVA SA device inside the cavity and set the input pump 

power above a certain threshold power, a self-starting Q-switching pulses train was 

successfully produced. Figure 4.8 shows the output spectra of the laser at different 

temperature settings with a fixed pump power at the Q-switching threshold power. The 

operational wavelength of the laser is tunable from 1568 nm to 1556 nm as the 

temperature applied to the SLM is varied from 30 °C to 70 °C. This is attributed to the 

SLM, which functions as a tunable filter in the figure-of-eight resonator. The 3 dB coupler 

is used to split the input light signal into the SLM into two. These beams are counter-

propagated in the loop and their polarization states can be easily changed by the 

temperature applied to the PMF.  

The phase delay for each of the two beams will be different when they recombine at 

the 3dB coupler since they are propagating in the opposite direction inside the PMF. The 

delay produces a mode spacing, which is depended on the length of the PMF, and 

effective birefringence parameter as described in Equation (4.1). It is reported that an 

increase in the PMF length will cause the mode spacing to decrease (Kim, 2004). As 

shown in Figure 4.8, the Q-switching operational wavelength shifts with the temperature 

due to the temperature tuning of PMF. The applied temperature effectively changes the 

PMF effective length to shift the laser wavelength towards a shorter region. 
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Figure 4.8: Output spectrum of the Q-switched laser at different temperature 

settings for the SLM. 

 

At first, we fixed the temperature at 30 °C so that the laser operated at 1568 nm 

wavelength. It was observed that the fiber laser self-started Q-switching pulses at 53 mW 

threshold pump power and its operation was sustained up to 87 mW pump power. When 

the temperature was increased, the operating wavelength decreased to a shorter 

wavelength and the threshold pump power increased. For instance, the Q-switching 

pulses were obtained within a pump power range from 127 to 171 mW when the operating 

wavelength was fixed at 1556 nm.  

This is most probably due to the SLM’s loss which is higher as we increase the 

temperature applied to the PMF. It is apparent that the operating photon energy of our 

work (0.81 eV) was much lower than the bandgap of Al2O3, the results indicate that sub-

bandgap absorption is responsible for the passively Q-switched operation. It is well-

known that there is no sub-bandgap absorption in a perfect crystal. However, in a finite 

system, the sub-bandgap absorption at low photon energies could also be realized which 

can be attributed to the energy levels within the bandgap that arises from the edge-state. 
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In our opinion, the sub-bandgap absorption observed in our work is also attributed to the 

edge-state absorption of the Al2O3. 

Figures 4.9 (a) and (b) show the temporal and frequency characteristics of the Q-

switched laser, respectively when the operating wavelength and pump power were fixed 

at 1556 nm and 176 mW, respectively. The laser generated a typical Q-switching pulse 

shape as shown in Figure 4.9 (a). The distance between pulses was 29.36 µs, which 

corresponds to a repetition rate of 34.06 kHz. Inset of Figure 4.9 (a) shows the 

corresponding single pulse profile which indicates the full width half maximum (FWHM) 

of 7.44 µs. Figure 4.9 (b) shows the RF spectrum obtained at 176 mW pump power. It 

was used to investigate the stability of the laser. A resolution bandwidth span of 600 kHz 

was used in the RF spectrum measurement. The spectrum shows the fundamental 

frequency at 34.06 kHz with the signal-to-noise (SNR) of 42.2 dB, which indicates the 

stability of the Q-switching operation. At least 16 harmonics were generated in the RF 

spectrum as shown in Figure 4.9 (b).  

 

 

 

 

 

 

 

 

 

 

 

(a) 

Figure 4.9, continued. 
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(b) 

 

Figure 4.9: Temporal characteristics at operating wavelength of 1556 nm and pump 

power of 176 mW (a) typical oscilloscope trace. Inset shows the enlarged pulse train 

(b) RF spectrum with the inset showing the fundamental frequency in the enlarged 

RF spectrum. 

 

The temporal and frequency characteristics are presented in Figure 4.10 for operation 

at 1568 nm. Figure 4.10 (a) illustrates the typical oscilloscope trace at the pump power of 

87 mW which indicates a typical Q-switching pulse shape with a 26.25 kHz repetition 

rate. The distance between pulses is 38.1 µs. Figure 4.10 (b) shows the output RF 

spectrum with a resolution span of 600 kHz at the pump power of 87 mW. At maximum 

output pulse, the fundamental frequency of 26.25 kHz was observed with a SNR of ~38.3 

dB, which indicates the stability of pulses. More than 18 harmonics frequency can be 

observed within 600 kHz span. 
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(a) 

 

 

 

 

 

 

 

 

 

 

 

 

(b) 

Figure 4.10: Temporal and frequency characteristics of the Q-switched laser 

operating at wavelength of 1568 nm when the pump power was 87 mW (a) typical 

pulse train. Inset shows the enlarged pulse train (b) RF spectrum within 600 kHz 

span. Inset shows the fundamental frequency at 26.25 kHz in the enlarged spectrum. 
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The repetition rate and pulse width characteristics were also analyzed for both 

operating wavelengths; 1556 nm and 1568 nm at various pump power. The result as 

illustrated in Figure 4.11 indicates that the pulse repetition rate increases linearly with the 

pump power. For instance, at operating wavelength of 1568 nm, the repetition rate 

increases from 13.66 kHz at threshold pump power of 53 mW to 26.25 kHz at 87 mW 

pump power. Conversely, the pulse width decreases exponentially from 18.5 to 14.2 µs 

with the rise of pump power from 53 mW to 87 mW. This trend is typical for a Q-switched 

fiber laser. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.11: The repetition rate(Rr) and pulse width performance with the change 

of pump power for the proposed Al2O3 based laser. 

Figure 4.12 presents the average output power and single pulse energy as measured at 

various pump powers for two different operational wavelengths. As the pump power is 

increased, the output power and pulse energy increase as well for both wavelengths.  

This trend is obtained due to the modulation of the net gain with the pump power. The 

rise in pump power is causing the average output power to increase and the pulse width 

to decrease. This indicates that the Q-switching process generated higher pulse energy. 

At 1556 nm operating wavelength, the laser has an efficiency of 0.59% as can be derived 
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from the increment of the output power from 0.62 mW to 0.91 mW.  However, the 1568 

nm laser has slightly higher slope efficiency at about 0.65%. This trend is attributed to 

the SLM loss, which is larger at the higher temperature of 1556 nm operation and thus 

slightly reduces the efficiency of the laser. At 171 mW pump power, the maximum pulse 

energy of 27.4 nJ was obtained for the laser operating at 1556 nm. The performance of 

the Q-switched laser could be further improved through the optimization of the laser 

cavity design as well as the SA parameters. 

 

Figure 4.12: The output power and pulse energy agaist pump power for the 

proposed Al2O3 based laser. 

 In Figure 4.12, the pulse energy for 1568nm has minimal increase compared to 

the pulse energy at 1556nm. The EDF has a lower gain at longer wavelength. Therefore, 

the increase of energy is lower at 1568 nm as compared to 1556 nm. 

 

 

 

 

Univ
ers

iti 
Mala

ya



100 

 

4.4 Summary 

Wavelength tunable Q-switched fiber lasers have been successfully demonstrated 

using Sagnac loop mirror in figure-of-eight laser cavity. At first, a stable passively Q-

switched EDFL tunable by Sagnac interferometer operation was described by using a 

graphene oxide SA as a Q-switcher. By tuning the temperature of SLM from 30oC to  

70oC, the central wavelength of the Q-switched EDFL could be tuned continuously from 

1566.3 nm to 1559.3 nm. At 1566.3 nm operation, the repetition rate increased from 30.7 

kHz to 41.5 kHz while pulse width reduced from 10.2 to 7.3 µs as the pump power is 

varied from the threshold of 77.3 mW to 126.5 mW.  

The Q-switching threshold pump power increased while the laser efficiency improved 

with the increase the temperature. At 1561.4 nm operation, the maximum pulse energy of 

20.5 nJ was obtained at pump power of 161.0 mW. A tunable Q-switching pulses train 

was also successfully realized using Al2O3-PVA thin film as a SA in a similar cavity 

arrangement. By varying the temperature applied to SLM from 30°C to 70°C, it is 

possible to continuously tune the Q-switched laser operating wavelength from 1568 nm 

to 1556 nm. At 1556 nm operation, the Q-switching frequency rose from 13.66 kHz to 

26.25 kHz while the pulse width shrunk from 18.5 to 14.2 µs with variation of pump 

power from 53 mW (threshold pump power) to 87 mW. It is found that the Q-switching 

threshold pump power is higher at higher temperature. As the laser operated at 1568 nm 

and pump power of 171 mW, the maximum pulse energy obtained was 27.4 nJ.  

The laser performance becomes unstable due to the higher temperature fluctuation at 

higher temperature setting (higher than 70°C). The graphene oxide-based Q-switched 

laser performed better since the smaller pulse duration and higher repetition rate are 

obtained. Both Q-switched tunable EDFLs are simple and cost effective and thus they 

may be useful for various practical applications. 
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CHAPTER 5:  DUAL-WAVELENGTH Q-SWITCHED ERBIUM-DOPED FIBER 

LASER USING A SMF–MMF–SMF STRUCTURE AND GRAPHENE OXIDE 

 

5.1 Introduction 

 Dual-wavelength fiber lasers have gained tremendous attentions in recent years for 

their application in various areas including the generation of Terahertz (THz) signal 

(Majkić et al., 2014; Li et al, 2019). The THz radiations bring significant value in various 

applications such as imaging, sensing, manufacturing, military, spectroscopy, and 

communication (Debus & Bolivar, 2007; Zhang et al., 2013). On the other hand, Erbium-

doped fiber (EDF) has been proven to be an outstanding candidate as gain medium for 

low absorption loss and highly efficient lasing in the near-infrared spectral range. This is 

attributed to Erbium ions, which has ultra-low quantum defect and high quantum 

efficiency as it is pumped at 980 nm (Zhang et al, 2020). In addition, EDF possesses broad 

emission spectrum with high excitation from 1.5 to 1.6 μm, in which the wavelength 

regions around 1.53 μm and 1.56 μm are the two humps of the emission spectrum (Guo 

et al., 2021). The gain peak typically occurs at the wavelength region around 1.53 μm, 

being most pronounced for high excitation levels. Thus, EDF is particularly suitable for 

generation of dual-wavelength pulses through spectrum filtering.  

However, the wide wavelength spacing enlarged by the homogeneous gain broadening 

can lead to inherent instability of the emitting pulses, which brings trouble to obtain stable 

multi-wavelength pulse operation due to the mode competition. Many methods have been 

investigated to stabilize the multi-wavelength fiber lasers, such as via cooling EDF in 

liquid nitrogen (Yamashita, & Hotate, 1996), inhomogeneous loss mechanisms (Pan et 

al., 2006), and the four-wave mixing effect (Han et al., 2006), and the polarization hole 

burning effect (Lian et al., 2017). Furthermore, a nonlinear saturable absorber (SA) device 

combined with wavelength selectors including fiber Bragg grating (Guo et al., 2021) and 
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fiber taper (Wang et al., 2016) is an alternative method to realize multi-wavelength 

operation of pulsed fiber laser. Compared with the wavelength selectors, the fiber-based 

nonlinear polarization rotating (NPR) technique provides a better way to realize multi-

wavelength generation with flexibly controlled birefringence (Zou et al., 2018). 

Compared to the previous techniques, the single mode fiber–multimode fiber–single 

mode fiber (SMF–MMF–SMF) structure-based filter is simpler (Zhu et al., 2021). It can 

provide a higher thermal damage threshold while allowing the pulse generation with 

higher energy.  

Q-switched fiber laser with passive SA has been widely studied to generate short laser 

pulses for various applications range finding, remote sensing, and medical treatment 

(Soboh et al., 2021; Xu et al., 2014). Low-dimensional materials have been widely used 

to modulate the circulating lases recurringly in the laser cavity and generate pulse train in 

temporal domain (Luo et al., 2010; Ismail et al., 2016; Zhou et al., 2019; Rusdi et al., 

2018; Luo et al., 2014). In this chapter, we demonstrate a dual-wavelength Q-switched 

fiber laser operation using a SMF–MMF–SMF structure and graphene oxide as filter and 

SA, respectively. The dual-wavelength operation at 1549.6 nm and 1558.6 nm was 

achieved based on multimode interference effect while the Q-switching operation was 

achieved due to the saturable absorption effect of graphene oxide. When the pump power 

is fixed at the maximum power of 225.1 mW, the Q-switched pulse had a repetition rate 

of 65.3 kHz, together with pulse duration and pulse energy of 2.9 μs and 15.2 nJ, 

respectively. (Salman et al. 2019; Riehle et al., 1991; Xu et., 2011; ) 

 

5.2 Preparation of laser setup 

In the experiment, the multimode interference (MMI) filter was fabricated by 

sequentially fusion splicing of the SMF, a section of 5.1 cm step index MMF, and the 

SMF, as shown in Fig. 5.1 (a). The SMF has a core/cladding diameter of 9/125 µm while 
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the MMF has a core/cladding diameter of 50/125 µm. The transmission spectrum of the 

SMF–MMF–SMF structure was measured to verify this proposed MMI device is suitable 

as the filter as shown in Fig. 5.2 (b). The MMI device has a wide transmission spectrum 

from 1520 to 1570 nm. It has several transmission peaks, which are located at 1521 nm, 

1531 nm, 1549 nm, 1561nm, and 1569 nm which are beneficial to filter wavelength of 

light transmission. 

 

 

 

 

 

 

(a) 

 

 

 

 

 

 

 

 

 

(b) 

Figure 5.1: (a) SMF–MMF–SMF structure and (b) its transmission spectrum. 

 

The working principle of SMF–MMF–SMF structure could be explained as follows: 

when light wave from the first SMF enters step index MMF, it excites transverse modes. 

Whenever these modes have developed a phase shift that is a multiple of π, it causes 

interference, and the light wave field is allowed to be coupled into the second SMF. Since 
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the interference depends on the wavelength and the inverse propagation constants of the 

transverse modes, such SMF–MMF–SMF structure can be employed as a filter. 

The saturable absorber (SA) used in this work is based on graphene oxide (GO) 

material, which was produced from graphene flakes obtained through an electrochemical 

exfoliation. During the exfoliation process, a pair of graphite rods was placed inside 

electrolyte liquid, which was obtained by mixing 1% sodium dedocyl sulphate (SDS) in 

deionized water. The graphite rod functions as an electrode. An electrical potential was 

applied between the electrodes, it forces the positive and negative ions to move toward 

the cathode and anode, respectively. This process removed the graphene layers form the 

graphite rod and after two hours, a stable graphene suspension can be produced. The 

graphene suspension was then centrifuged at 3000 rpm for about 30 minutes to split large 

agglomerates.  

The supernatant portion of the graphene suspension was then decanted to get a 

homogeneous GO solution. The GO solution obtained was then mixed with PVA solution 

to fabricate a SA film via drop casting technique. The mixed solution was poured into a 

petri dish and dried at room temperature to produce 50 µm thin film. The GO PVA film 

was then cut into a small piece so that it can be attached onto a fiber ferrule with the 

assistance of index matching gel. The ferrule is connected and locked to another fresh 

ferrule via physical contact adapter to form all fiber SA device. The index matching gel 

functions to reduce a spurious reflection at the connection. 

Fig. 5.2 depicts the experimental setup of the proposed dual-wavelength Q-switched 

EDFL based on ring cavity using a SMF–MMF–SMF structure and GO SA as a filter and 

Q-switcher, respectively. A 2.4 m long erbium-doped fibre (EDF) is used as gain 

medium. It is pumped by a 980 nm laser diode via a wavelength division multiplexer 

(WDM) to generate an amplified spontaneous emission (ASE) operating at 1550 nm 

region. A GO SA assembly and MMI filter are integrated inside the ring cavity as a 
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component to generate the Q-switched dual-wavelength laser. An isolator is used to force 

a unidirectional light propagation inside the ring cavity and ensure the stability of the Q-

switched operation. The optical spectrum, pulse train and electrical spectrum of the output 

laser from 10% port of output coupler was monitored by an optical spectrum analyzer, 

oscilloscope, and radio frequency spectrum analyzer (RFSA), respectively. High speed 

photodetector is used to convert the optical signal to electrical signal for use in 

oscilloscope and RFSA.   

 

Figure 5.2: Configuration of the dual-wavelength Q-switched laser with GO SA and 

SMF–MMF–SMF structure. 

 

5.3 Laser performances 

Once the pump power is increased to 200.6 mW, the dual-wavelength Q-switched laser 

was self-started. The Q-switching operation is maintained up to the maximum pump 

power of 225.1 mW. The output spectrum of the dual-wavelength Q-switched fiber laser 

at pump power of 225.1 mW is shown in Fig. 5.3. It is observed that the dual wavelengths 

of outputs are located at 1549.6 nm and 1558.6 nm with a spacing of 9.0 nm. The dual-
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wavelength operation was obtained due to the SMF–MMF–SMF structure, which 

provides spectral filtering effect in the laser cavity. Only two wavelengths are allowed to 

oscillate due to the gain spectrum of the EDF, which prominent at 1550-1560 nm region 

due to the high erbium concentration and pumping power in the laser cavity. Without the 

SA, the laser operates in continuous wave mode.   

Fig. 5.4 shows the typical pulse train for the dual-wavelength Q-switched EDFL at 

225.1 mW pump power. It was recorded for 1000 µs time span and no significant 

distortion or fluctuation was observed. The pulse train has repetition rate of 65.27 kHz, 

corresponding to the time interval of 15.3 μs. The inset of Fig. 5.4 shows the profile of 

the dual pulse envelop, which indicates the full width half-maximum (FWHM) of 2.9 µs 

for the output pulses. It has a symmetric temporal profile. The corresponding RF spectrum 

is also measured as shown in Fig. 5.5 at 225.1 mW pump power. The fundamental 

frequency is obtained at 65.27 kHz, which is consistent with the oscilloscope data of Fig. 

5.4. The signal-to-noise ratio (SNR) is about 45.1 dB, which indicates the high stability 

of the dual-wavelength operation. 

 

Figure 5.3: Output spectrum of the dual-wavelength Q-switched laser at 225.1 mW 

pump power. 
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Figure 5.4: Typical pulse train at 225.1 mW pump power. The inset shows the 

enlarged dual-pulse envelop. 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.5: RF spectrum at 225.1 mW pump power. The inset shows the 

fundamental frequency. 

Fig. 5. 6 displays the evolution of the repetition rate and pulse width as the pump power 

is increased from 200.5 to 225.1 mW. When the repetition rate of the Q-switched pulses 

rises from 59.21 to 65.27 kHz, the pulse duration reduces from 3.3 to 2.9 μs continuously. 

As the pump power increased, the GO SA is saturated at a higher speed. This is due to 

the population inversion, which depletes rapidly due to the bleached GO at higher pump 
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power. Therefore, rising and falling times of the pulses would be reduced, which in turn 

increases the repetition rate and reduces the pulse width. 

 

Figure 5.6: Pulse rate and pulse width obtained at different pumping powers. 

 

Fig. 5.7 illustrates the evolution of the average output power and pulse energy with the 

increase of pump power. The average output power and pulse energy increases from 0.48 

to 0.99 mW and from 8.0 to 15.2 nJ, respectively. The slope efficiency of the laser was 

achieved at 2.06 %, which is relatively low due to the high propagation loss at the SMF-

MMF-SMF structure. The population inversion depletes faster due to the bleached GO at 

the higher pump power. This process reduces the pulse duration, which in turn increases 

the pulse energy from the Q-switching mechanism. The almost linear output power and 

pulse energy relations with the pump power prove a stable performance of the fiber laser. 
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Figure 5.7: Output power and pulse energy obtained at different pumping powers. 

 

5.4 Summary 

In summary, a dual-wavelength Q-switched pulse generation was successfully 

demonstrated in an EDFL cavity using a SMF–MMF–SMF structure based filter and GO 

SA. The SA was prepared by embedding the GO nanoparticles into PVA. The SA 

functions to modulate the cavity loss for Q-switching while the MMI filter responsible 

for dual-wavelength operation. The laser operates at wavelengths of 1549.6 nm and 

1558.6 nm. The maximum pulse repetition rate and the shortest pulse width are obtained 

at 65.27 kHz and 2.9 μs, respectively. At 225.1 mW pump power, the maximum output 

power and pulse energy were obtained at 0.99 mW and 15.17 nJ, respectively. These 

results demonstrated that the proposed SMF–MMF–SMF structure has a promising 

potential to be used as a kind of filter for multi-wavelength laser generation. 
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CHAPTER 6:  CONCLUSION AND FUTURE WORK 

 

6.1 Conclusion 

Fiber laser technology has obtained significant interests for many researchers because 

of their robustness, compact in size and easy to handle compared to the conventional 

solid-state lasers. They have applications in many areas including telecommunication, 

micromachining, sensing, medical and military. Most of these applications require the 

fiber laser to operate in either Q-switching or mode-locking modes. Tunable and multi-

wavelength Q-switched fiber lasers have gained tremendous attentions in recent years for 

their application in various areas including range finding, remote sensing, and medical 

treatment. The Q-switching can be realized by either active or passive techniques, but 

passive approach based on saturable absorbers (SAs) are preferable due to their simplicity 

of design, low cost, compactness, and flexibility.  

The SAs act as an optical switch that provides an intensity-dependent transmission 

without the implementation of expensive and complicated external modulators. Up to 

date, many materials have been examined and reported as SA such as semiconductor 

saturable absorber mirror (SESAM), graphene, carbon nanotubes (CNTs), black 

phosphoros, topological insulators (TIs) and transition metal dichalcogenides (TMDs). 

These materials, however, have many limitations and thus finding a new material to be 

used as a high-performance SA has been of great interest in recent years. It is worth 

mentioning that very little effort has been made to investigate the potential of oxide 

materials such as graphene oxide (GO) and aluminum oxide (Al2O3), which has a simpler 

fabrication process as a SA. This work was aimed to demonstrate a tunable and dual-

wavelength Q-switched fiber laser using a fiber-optic interferometer as a filter and passive 

SA as a Q-switcher. Two types of fiber-optic interferometer have been explored in this 

research: sagnac loop mirror (SLM) and single-mode fiber (SMF) – multimode fiber 
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(MMF) – single-mode fiber (SMF) or SMS structure. The proposed SA and 

interferometer device were integrated into an Erbium-doped fiber laser (EDFL) cavity for 

operation in 1.5 region. 

Four objectives have been outlined in this research. The first one is to construct and 

characterize two fiber optic interferometers: SLM and a SMS fiber structure. Both 

interferometers have been successfully constructed and characterized in Chapter 3. The 

proposed SLM was fabricated by using a 3dB fiber coupler and a fiber loop with 

polarization maintaining fiber (PMF). It allows two beams to propagate in counter 

directions with different polarization states to produce interference, which is sensitive to 

the change in surrounding temperature.  The SMS structure was successfully fabricated 

using a short section of MMF, which was fusion- spliced between two SMFs. The 

mechanism underpinning the operation of an SMS fiber structure is multimode 

interference and associated self-imaging. SMS structure was also demonstrated to 

function as temperature sensor. 

The second objective is to fabricate and characterize two types of SA based on GO 

and Al2O3 thin film for pulse generation. Both GO and Al2O3, thin films were successfully 

fabricated by embedding in PVA thin film to prepare the fiber-compatible SA device as 

described in Chapter 3. The fabricated SAs were also successfully characterized in terms 

of FESEM image, Energy Dispersive X-Ray Analysis (EDX), linear and nonlinear 

absorptions. It was found that GO PVA film exhibits higher modulation depth than the 

Al2O3 film. It has a linear absorption of 0.7 dB, nonlinear absorption of 24.1 %, nonlinear 

saturable absorption of 35.1 % and saturable intensity of 72 MW/cm2. 

The third objective is to demonstrate tunable Q-switched EDFL based on temperature 

tuning of SLM in figure-of-eight laser configuration using the newly developed passive 

SA films. Wavelength tunable Q-switched fiber lasers have been successfully 

demonstrated using the SLM in figure-of-eight laser cavity as described in Chapter 4. 
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With a GO PVA thin film-based SA, a stable passively Q-switched EDFL tunable by 

Sagnac interferometer operation was realized. By tuning the temperature of SLM from 

30oC to 70oC, the central wavelength of the Q-switched EDFL could be tuned 

continuously from 1566.3 nm to 1559.3 nm. At 1566.3 nm operation, the repetition rate 

increased from 30.7 kHz to 41.5 kHz while pulse width reduced from 10.2 to 7.3 µs as 

the pump power is varied from the threshold of 77.3 mW to 126.5 mW. It was found that 

the Q-switching threshold pump power increased while the laser efficiency improved 

with the increase the temperature. A tunable Q-switched EDFL was also obtained by 

using Al2O3-PVA thin film as a Q-switcher in a similar cavity arrangement. By varying 

the temperature applied to SLM from 30°C to 70°C, it is possible to continuously tune 

the Q-switched laser operating wavelength from 1568 nm to 1556 nm. Both Q-switched 

tunable EDFLs are simple and cost effective and thus they may be useful for various 

practical applications. 

The fourth or last objective is to demonstrate a dual-wavelength Q-switched fiber laser 

operation by using an SMS structure as an interference filter and GO PVA thin film as a 

SA. A dual-wavelength Q-switched pulse generation has been successfully demonstrated 

in an EDFL cavity as described in Chapter 5. It used the newly developed GO SA to 

modulate the cavity loss for Q-switching while the SMS based multimode interferometer 

filter responsible for dual-wavelength operation. The laser operates at wavelengths of 

1549.6 nm and 1558.6 nm. The maximum pulse repetition rate and the shortest pulse 

width are obtained at 65.27 kHz and 2.9 μs, respectively. At 225.1 mW pump power, the 

maximum output power and pulse energy were obtained at 0.99 mW and 15.17 nJ, 

respectively. This finding indicates that the proposed SMS structure has a promising 

potential to be used as a kind of filter for multi-wavelength laser generation. 
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This study revealed the promising potential of both GO and Al2O3 based SA to be used 

in pulse generation. The fabrication cost of both SAs is cheap due to the simplicity of the 

fabrication process, hence reducing the cost of the laser itself. Simple and low-cost fiber 

lasers are required in many applications including medical diagnostics and environmental 

sensing. These results verified that all the objectives were fulfilled.  

 

6.2 Recommendation for future work  

All four objectives outlined in this study have been successfully implemented. However, 

the study of both GO and Al2O3 based SA can be further explored especially for generating 

mode-locked pulses. Further work should be devoted to enhancing the performance of the 

proposed fiber laser in terms of shorting the pulse width, increasing the repetition rate, output 

power and pulse energy. This can be achieved by addressing a shorter cavity length, higher 

cavity gain, and improving nonlinear characteristic of the SA films. The loss and 

nonlinear characteristic of the SA film can be enhanced by optimizing the fabrication 

technique.  

Additionally, a future work should also focus on exploring the developed GO and 

Al2O3 based SA in other wavelength regions such as 1 µm, 2 µm and 3.0 µm using 

Ytterbium-doped fiber (YDF), Thulium-doped fiber (TDF) and ZBLAN Erbium-doped 

fiber, respectively, as the active medium. The Q-switched and mode-locked fiber lasers 

operating in mid-infrared (MIR) region will be a very interesting area to investigate 

especially for medical applications. Thulium-doped fiber laser (TDFL) and ZBLAN 

EDFL have gained more interests because of their advantages for application in variety 

of fields such as military, remote sensing, spectroscopy and medical (Qin et al., 2018). In 

addition, these lasers operate in eye-safe wavelengths that are suitable for free space 

applications such as light detection and ranging (LIDAR) and free-space 

telecommunication system. On the other hand, MIR lasers (operating at wavelength 
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above 2 µm) are more efficient in absorbing liquid compared to other operating 

wavelengths of 1.0 um and 1.55 um and thus they are more favorable for use in medical 

treatment (Traxer et al., 2019).  

 

Table 6.1:   Performance Comparison of passively Q-switched fiber lasers with 

various SAs 
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Table 6.1 shows the comparison of various saturable absorbers with the saturable 

absorbers used in this work. The table gives information regarding Modulation depth, 

Saturation intensity, pulse duration, repetition rate, Signal Noise Ratio (SNR), pulse 

energy, wavelength (λ) and wavelength tunability with reference to work done by Al-Hiti 

et al. (2021). The Q-switching performance is comparable to the previous work on fixed 

wavelength. There is not much work on tunable laser in literatures which shows the 

novelty of this work. 

Suggestion for future and further work, the focus should be given to enhance the 

performance for both Sagnac Loop Mirror (SLM) and Single mode-Multimode-Single 

mode (SMS) interference filter. 
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