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GENERATION OF Q-SWITCHING AND MODE-LOCKING PULSES WITH 

YTTRIUM OXIDE BASED SATURABLE ABSORBER  

ABSTRACT 

The report aims to a new saturable absorber (SA) material based on metal oxide for 

both Q-switching and mode-locking pulses generations. Yttrium Oxide (Y2O3) was 

successfully proposed and demonstrated for realizing both Q-switched and mode-locked 

Erbium-doped Fiber Lasers (EDFLs). The film SA was prepared through solution 

casting technique by embedding the Y2O3 powder into a polyvinyl alcohol (PVA) host 

film. With the SA, the Q-switched laser was demonstrated with the frequency is tunable 

from 70.22 kHz to 99.2 as the pump power is varied from 52.4 mW to 181.5 mW. The 

shortest pulse width of 2.97 µs and the maximum pulses energy of 180 nJ were obtained 

at the pump power of 181.5 mW. By incorporating the film SA along with 200 m long 

single mode fibre (SMF) into another EDFL cavity, the mode-locked laser was also 

realized to operate at 1 MHz repetition rate with 460 ns pulse width at pumping power 

within 181.5 – 246.0 mW. The highest pulse energy was obtained at 25.2 nJ. These 

indicators suggest that Y₂ O₃  film is a good passive SA that can be used to generate 

both Q-switched and mode-locked pulsed laser operating at 1.55 µm region.  

 

Keywords: Q-switching, mode-locking, Yttrium oxide, passive saturable absorber. 
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PENJANAAN DENYUT PENSUISAN-Q DAN SELAKAN-MOD DENGAN 

MENGUNAKAN YTTRIUM OKSIDA SEBAGAI PENYERAP BOLEH TEPU 

KESELAMATAN.  

ABSTRAK 

 Laporan eksperimen ini menyasarkan kepada bahan penyerap boleh tepu 

keselamatan berasaskan logam oksida untuk kedua-dua denyut penjanaan pensuisan-q 

dan selakan-mod. Yttrium oksida (Y2O3) telah berjaya mencadangkan and 

mendemostrasikan untuk merealisasikan kedua-dua suis-q and selakan-mod gentian 

laser terdop Erbium (EDFLs). Filem SA ini telah disediakan melalui larutan teknik 

penuangan dengan membenamkan serbuk Y2O3 ke dalam alcohol polyvinyl (PVA) hos 

filem. Dengan SA ini, suis-q laser telah mendemonstrasi dengan frekuensi boleh tala 

dari 70.22 kHz sehingga 99.2 kHz sebagaimana kuasa pam berubah dari 52.4 mW to 

181.5 mW. Modulasi lebar denyut tersingkat untuk 2.97 µs dan maksimum dengut 

tenaga untuk 180 nJ telah diperolehi di kuasa pam 182.5 mW. Dengan menggabungkan 

filem SA bersama dengan 200m panjang gentian mod tunggal (SMF) ke dalam kaviti 

EDFL, selakan-mod laser juga berfungsi untuk beroperasi pada kadar ulangan 1 MHz 

dengan 460 ns modulasi lebar denyut pada kuasa pam diantara, 181.5 – 246.0 Mw. 

Denyut tenaga yang tertinggi diperolehi pada 25.5 nJ. Ini menunjukkan cadangan filem 

Y2O3 adalah SA pasif yang terbaik yang boleh digunakan untuk menghasilkan kedua-

dua suis-q and selakan-mod yang beroperasi pada 1.55 µm region. 

 

Kata kunci: Pensuisan-Q, Selakan-mod, Yttrium Oksida, Pasif penyerap boleh tepu 

keselamatan 
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CHAPTER 1: INTRODUCTION 

 

1.1 Problem Statement and Research Motivation 

The technological progress in laser technology of today was preceded by a long 

history of research and development. It started as early as 1960s when the rare-earth-

doped fiber laser was demonstrated. Fiber lasers uses rare-earth-doped fiber as a gain 

medium. They are more compact due to fibers can be easily bent and coiled compared 

to gas and solid-state lasers. There are also many benefits of fiber laser such as high 

power, high stability and high reliability that average life span almost to 100,000 hours 

and very efficient. This fiber doped with ions of a rare-earth element such as Erbium 

(Er³⁺ ) ions that operate at a wavelength of around 1.5 µm. These ions are doped in the 

core glass matrix, resulting in high absorption with low loss in the visible and near-

infrared spectral regions. Normally, doped fiber laser is integrated into the fiber laser 

oscillator to generate a broad spectrum with a relatively high gain. Erbium-doped fiber 

lasers (EDFLs) are widely researched in the recent years due to their many advantages 

such as simplest way of doping, compact, high output power, high reliability and very 

cost effective. This type of laser uses Er³⁺  ions in an Erbium-doped fiber (EDF) to 

generate laser at 1550 nm region with 980 nm or 1480 nm pumping through a process of 

stimulated emission.    

Pulsed EDFLs have become an attracted device for a wide range of multi-purpose 

applications, such as remote sensing, telecommunications, engineering, material 

processing and medicine. They are more compact with high resolution and fast 

processing due to high repetition rate as compared to the radio waves and microwaves.  

These lasers can be constructed by using two approaches; Q-switching or mode-

Locking techniques. Q-switched lasers are generally used to generate high pulse energy 
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at relatively low repetition rate (kHz) and a pulse with much longer pulse duration. 

Mode-locked lasers on the other hand generates a laser with high repetition rate (MHz) 

and narrow pulse width.  

Q-switched and mode-locked fiber laser can be produced by either active or 

passive techniques. Passive technique has the most advantages in term of compactness, 

flexibility and simplicity in design as compared to the active technique. In the active 

technique, it uses an external element such as acousto-optic or electro-optic modulator 

to induce pulse. This modulator, it requires complex circuit to control it and thus the 

cost will be increased and effort to create the pulse laser system. Thus, passive 

technique was introduced by the invention of saturable absorber in order to solve the 

problem facing in active technique.  

Saturable absorbers (SA) are substances that reduce the absorption of light by 

increasing the light intensity. It is used in a laser cavity to generate pulses. To date, 

many SAs have been developed such as semiconductor saturable absorber mirrors 

(SESAMs) (Vasseur, 2006) and Single-Wall Carbon Nanotubes (SWCNTs) (M. E. 

Fermann & Hartl, 2013). Nevertheless, the function of the SAs are subjected to be 

limited because of many factors such as limited operating bandwidth, complex optical 

alignments, environmental sensitivity and also due to the complexity of the fabrication 

process. Recently, graphene has become one of the most massive and promising 

materials as a SA (Skorczakowski et al., 2010). Graphene and SWCNTs are obtained 

from carbon and have excellent optical characteristics such as ultra-fast recovery times 

and also high saturable absorption rates. Both materials are significantly easier and 

cheaper to fabricate as compared to SESAM. Therefore, it stands for crucial advantage. 

SWCNTs also have good optical characteristics as a SA due to the operational 
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wavelength is chosen by the diameters of the individual nanotubes. This has then leads 

to about a boundary in its operating wavelength and power tuning. 

Transition metal oxides-based as SA such as Zinc Oxide (ZnO) nanoparticles, 

Titanium Dioxide (TiO2) nanoparticles and Iron Oxide (Fe2O3) are also explored for 

laser applications. In this research work, passive Q-switched and mode-locked EDFLs 

are proposed and demonstrated using new metal oxide material based on Ytterium oxide 

(Al2O3) as SA. The SA is integrated in the EDFL cavity by sandwiched the prepared SA 

film in between two fiber ferrules to achieve a stable pulse train with a well repetition 

rate, pulse width and peak power. The performance of both lasers is compared and 

discuss in this report.  

 

1.2 Objectives 

The research work aims to demonstrate Q-switched and mode-locked EDFL using 

a newly developed metal oxide saturable absorbers (SA) based on Yttrium oxide 

(Y2O3). This research embarks on the following objectives: 

1. To fabricate and characterize Y2O3 SA 

2. To demonstrate and evaluate the generation of Q-switched pulse train using the 

developed SA 

3.  To demonstrate and evaluate the generation of mode-locked pulse train using the 

developed SA 
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1.3 Outline of this report 

This report describes an experimental work on both Q-switched and mode-

locked EDFL using a new type of SA based on metal oxide material. The content is 

arranged in five chapters including the introduction and conclusion chapter. Chapter 1 

explained the problem statement, motivation and objectives of this research work. In 

Chapter 2, literature reviews on optical fiber, laser, saturable absorber and pulses 

generation through Q-switching and mode-locking processes are documented. Chapter 3 

demonstrates the fabrication of Y2O3 based SA and the demonstration of Q-switched 

EDFL using the fabricated film SA. The Y2O3 film was prepared by embedding the 

Y2O3 into PVA film based on drop and dry process. The film is sandwiched between 

two fiber ferrule connectors with a fiber adapter to form a fiber-compatible SA. Chapter 

4 demonstrates a mode-locked nanosecond EDFL utilizing Y2O3 based SA. Finally, 

Chapter 5 concludes the finding of the research work and proposes some 

recommendations for future work.  
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CHAPTER 2: LITERATURE REVIEW 

 

2.1 Erbium-doped Fiber Laser 

The invention of rare-earth doped fiber has spurred the rapid progress on optical 

fiber laser technology especially on Q-switching and mode-locking pulses generations. 

Typically, fiber lasers use a glass fiber which the core was doped with rare-earth ions as 

a gain medium. The rare-earth fiber is then pumped with a laser diode to provide an 

external energy to excite the active ions onto the excited state and create the population 

inversion in the gain medium. The rare earth ions can absorb light in which it stimulates 

them into the meta-stable levels to allow the light amplification via the stimulated 

emission. This behavior is very helpful for creating laser, long lifetimes of the 

metastable states, quantum efficiency also inclined to be high or to amplify the signal at 

the emission wavelength. The example of the rare earth ions that are using in fiber 

doped gain medium such as Erbium (Er³⁺ ), Thulium (Tm³⁺ ), Ytterbium (Yb³⁺ ), 

Holmium (Ho³⁺ ), Neodymium (Nd³⁺ ) and Praseodymium (Pr³⁺ ). Table 2.1 shows the 

rare earth ions and its host glasses and also their emission wavelength ranges.  
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Table 2.1: Active ions, host glasses and lasing wavelength for various rare-earth doped 
fibers 

Active ions Common host glasses Emission wavelength (μm) 

Neodymium 

(Nd³⁺ ) 

Silicate and Phosphate glasses 1.0 – 1.1 μm 

Ytterbium (Yb³⁺ ) Silicate glass 1.0 – 1.1 μm 

Erbium (Er³⁺ ) Silicate, Phosphate and Fluoride 

glasses 

1.55 – 1.62 μm, 2.7- 3.0μm 

Thulium (Tm³⁺ ) Silicate, Germanate and Fluoride 

glasses 

1.7 – 2.1 μm 

Praseodymium 

(Pr³⁺ ) 

Silicate and Fluoride glasses 1.3 μm 

Holmium (Ho³⁺ ) Silicate and fluorozirconate 

glasses 

2.1, 2.9 μm 

 

Since the invention of the Erbium-doped fiber (EDF) in late 1980s, it has been 

used in broad range of applications as an optical amplifiers and fiber lasers. Erbium-

doped fiber lasers (EDFLs) have been extensively studied and investigated for use in 

communication system that operates in the 3rd communication window ranging from 

1520nm to 1565nm. They can generate continuous wave and pulses laser outputs 

operating in broad wavelength range based on the 4l11/2 → 4l15/2 transition in Erbium 

ions. Figure 2.1.1 illustrates the energy level of Erbium ions (Er³⁺ ) in silica fibers. The 

Erbium ions (Er³⁺ ) can be excited by either 980 nm or 1480 nm pump. For example, 

with 980 nm pumping, the ions are excited to the upper level before they undergo a 

rapid, non-radiative decay to long-lived metastable state, 4l13/2. These ions can stay for 

relatively long periods of time (8~10ms) at this state. The quantum level efficiency of a 

medium is depending on how long it can stay in the metastable state. More photons are 

required to be excited if they relax too quickly to the lower level. That means more 

input pump power is needed to make the amplifier work. The same mechanism can be 
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used to explain the working principle of EDFA too. Active ions from the metastable 

state will eventually fall to the lower level (ground state) 4l15/2 resulting either 

spontaneous emission as it goes through along the fiber. This Erbium ions (Er³⁺ ) also 

can be excited to the upper level by 1480 nm pumping as shown in Figure 2.1 but this is 

typically undesirable. When pump at 1480 nm, it creates interactions that decreases the 

efficiency of the active medium and also increases the amplifier noise. This happens 

because pumping process and stimulated emission are occurring in the same wavelength 

and energy band. In close cavity setup, the Amplified Spontaneous Emission (ASE) will 

oscillate and produce laser through the stimulated emission process. 

 

 

 

 

 

 

 

Figure 2.1: Energy level diagram for Erbium ion. Dashed and solid lines indicate the 
fast phonon and radiative transition, respectively. 

 

2.2 Saturable Absorber 

A saturable absorber (SA) is an optical component with a certain optical loss 

that is reduced at high optical intensities. SA can be widely divided into two categories 

that are real SAs and artificial SAs. Real SAs are materials that exhibit an intrinsic 

nonlinear decrease in absorption with the increasing light intensity. Artificial SAs in 

Metastable 
Level 

Ground 
Level 

Excited 
State Level 
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contrast, are devices that exploit nonlinear effects to duplicate the action of the real SA 

by inducing an intensity-dependent transmission. In this section, we will only 

concentrate on the real SAs to explore the advantages of it such as engineerable 

properties, switching speed and broadband operation. An ideal SA have high damage 

threshold but it is time and cost efficient. The primary applications of SA are used in Q-

Switching and Passive Mode-Locking of lasers such as generation of short optical 

pulses. SA also is helpful for the purposes of nonlinear filtering outside laser resonators 

such as for cleaning up pulse shapes and in optical signal processing.  

Figure 2.2 shows the change of pulse shape when passing through a SA. The 

low-intensity leading and trailing parts of each pulse are attenuated more strongly than 

its high-intensity pulse center as shown in the figure. This makes the newly formed 

pulses getting shorter and shorter over several iterations until a pulse-width of just a few 

femtoseconds is attained. The width of this pulse then depends on the gain bandwidth of 

the gain material and on the response time of the SA. The more frequencies that the gain 

material produces in a laser, such as the more modes generated inside the laser cavity, 

the narrower the pulse become. In the same way, as a general trend, the faster a SA can 

respond to the light, the shorter the pulse become.  

 

Figure 2.2: Pulse shaping mechanism by a SA. 
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2.3 Q-switching 

Q-switching is also known as a giant pulse formation or Q-spoiling, is a technique 

to generate a pulse laser. In general, Q-switching laser is a pulsed laser with the ability 

to store maximum potential energy and generate huge energetic pulses within a short 

time domain (typically in the range of nanoseconds) by modulating its intra-cavity 

losses mechanism. The Q value (also known as the quality factor) can be calculated by 

the equation (Xinju, 2010) : 

 

                               𝑄 =  2𝜋𝑣𝑜 ( 
𝑒𝑛𝑒𝑟𝑔𝑦 𝑠𝑡𝑜𝑟𝑒𝑑 𝑖𝑛 𝑐𝑎𝑣𝑖𝑡𝑦

𝑒𝑛𝑒𝑟𝑔𝑦 𝑙𝑜𝑠𝑡 𝑝𝑒𝑟 𝑠𝑒𝑐𝑜𝑛𝑑
 )                                         (2.1) 

where 𝑣𝑜  represents the laser’s central frequency. To further simplify the equation, the 

assumption made is as follow: 

 W represents energy stored within the cavity. 

 δ denotes the rate of energy loss for single-path light propagation within the 

laser cavity. 

Suppose L represents the resonator length, n represents the medium’s refractive index, 

and c represents light velocity, then the duration of single-path light propagation in a 

laser cavity is given as: 

 =
𝑐

𝑛𝐿
       (2.2) 

If the energy loss per second is given by; 

 =
𝛿𝑊𝑐

𝑛𝐿
 

and equation (2.1) becomes 

                     𝑄 = 2𝜋𝑣𝑜

𝑊

𝛿𝑊𝑐
𝑛𝐿⁄
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          =
2𝜋𝑛𝐿

𝛿𝜆𝑜
                                                            (2.3) 

where 𝜆𝑜 is the central wave length of laser in the vacuum. 

 Q value is inversely proportional to the resonator loss (𝛿) with the condition 

values of 𝜆𝑜  and 𝐿 are definite (equation 2.3) and their relationships with the light 

oscillation occurring within the laser’s cavity are as summarized below: 

a) When Q value is low due to high loss (𝛿), the oscillation initiation threshold is 

increased, making initiation harder. 

b) When Q value is high due to minimal loss (𝛿), oscillation is easily started due to 

the resulting low initiation threshold.  

 

 Based on equation 2.3, laser’s threshold can be easily modified by applying a 

sudden change to the loss (𝛿) or the Q value of the resonator (Xinju, 2010). Changes in 

𝛿 of a resonator will modify the Q value accordingly, resulting in a Q-switched 

operation. The modulation of 𝛿  within the laser’s cavity can be performed either 

actively or passively, using modulators or SAs respectively. The mechanism underlying 

the Q-switch operation involves the building up of a large inversion by the pumping of 

laser while the resonator losses are sustained at high levels, resulting in a large gain of 

stored potential energy in the laser medium. When the resonator 𝛿 is reduced abruptly, 

the stored energy is then released in the form of an intense pulse (Gupta & Ballato, 

2006). Usually, spontaneous emission denotes the start of pulse growth. The high initial 

inversion will drop and peaks again, producing pulses. Generally, Q-switched lasers are 

applied in fields that need short pulses but with high pulse energies and peak powers 

(Siegman, 1986).  
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Active Q switching involves the use of external means to modulate the loss 

inside the laser cavity, such as the use of an acousto-optic modulator (AOM) – diffract 

and change light frequency using sound waves (Riesbeck & Lux, 2009) or electro-optic 

modulator (EOM) – modify phase, frequency, amplitude or polarization of light beam 

using an optical device with electro-optic effect (Foster et al., 2006; Zhao et al., 2000), 

thereby controlling the output characteristics of the generated pulse.  

In contrast to its active counterpart, a passively Q-switched laser does not 

require an external modulator as the cavity loss is controlled by SA. This makes passive 

Q-switching low cost, easier to implement and simpler to operate (D. Popa et al., 2011; 

Popa et al., 2010). 

There are several types of SAs with different parameters, for different 

applications, including metal doped crystals (Laroche et al., 2002; Philippov, Kir'yanov, 

& Unger, 2004) , Semiconductor saturable absorber mirrors (SESAMs) (U. Keller, 

2003; Spuhler et al., 2005), SWCNTs (F. Ahmad et al., 2014; Ismail et al., 2012; 

Rozhin, Sakakibara, Tokumoto, Kataura, & Achiba, 2004), graphene (Ferrari et al., 

2006; Haris et al., 2015; Yang et al., 2014), graphene oxide (GO) (Adnan et al., 2016a; 

Markom et al., 2018; Saleh et al., 2014) and reduced graphene oxide  (rGO) (Guo et al., 

2012; S. Liu et al., 2012; Yin et al., 2012). There are also devices that exhibit decreasing 

optical losses for higher densities artificially by polarization effect, such as the 

nonlinear polarization rotation (NPR) (Anyi, Haris, Harun, Ali, & Arof, 2013; 

Matniyaz, 2018; W. Wang et al., 2012). The transmission of SA is dependent on the 

incoming light intensity, i.e., absorption will occur to light with low intensity while light 

with high intensity will be released, based on the recovery period. 
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2.4 Mode-locking 

The term mode-locking refers to the requirement of phase locking many 

different frequency modes of a laser cavity. This locking has the result of inducing a 

laser to produce a continuous train of extremely short pulses rather than a CW of light. 

In principle, though, a continuous train of pulses can be generated by a Q-switching 

technique as described in the previous sub-section. The difference between these two 

pulsing mechanism lies in the optical phase of the pulses. The mode locked pulses are 

phase coherent with each other, while the Q switched pulses are not. This simple fact 

has massive implications in regards to the application of these two types of lasers.  

To understand the mode locking process, we will begin by looking at a CW laser 

with a Fabry-Perot cavity in the frequency domain. Figure 2.3 (a) shows a single 

longitudinal mode CW laser where only one resonant mode of the laser cavity 

(=c/2nL) overlaps in frequency with the gain medium. Thus, the laser emits a CW 

beam with a narrow range of frequencies (𝐸(𝑡) = 𝐸1𝑒𝑖(𝜔1𝑡+𝜙1)). In general, however, 

the gain medium could overlap with several modes and the output of such a laser can be 

described in the time domain as: 

                                𝐸(𝑡) = ∑ 𝐸𝑛𝑒𝑖(𝜔𝑛𝑡+𝜙𝑛)𝑁
𝑛                                    (2.4) 

where the sum is over all of the lasing cavity modes, En is the amplitude of the nth mode, 

n is the angular frequency of the nth mode, and ϕn is the phase of the nth mode. For the 

single-mode laser, this sum just has one term as given above. As we will see, the phase 

term plays the key role in the difference between incoherent multimode lasing and mode 

locking. 
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Figure 2.3: Resonant cavity modes and the gain spectrum of a laser for (a) single 
mode lasing (b) multimode lasing 

 

As the gain bandwidth of the laser is increased to overlap with more of the 

cavity modes as shown in (Figure 2.3 (b)), multimode lasing will be generated. In this 

configuration, there are 3 terms in Equation (2.4). The output of such a laser depends 

critically on the phase relationship between the 3 modes. If each mode has a randomly 

varying phase with respect to the other modes, then a time domain detector on the 

output would show us that the laser is emitting a CW beam with a large amount of 

intensity noise as shown in (Figure 2.4 (a)), while a frequency domain detector would 

show us that the energy was contained in narrow spikes (with lots of intensity noise) 

spaced evenly by the free spectral range (FSR) of the cavity. However, if we can fix the 

relative phases to a set value, then the situation changes dramatically (Figure 2.4(b) and 
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(c)). With fixed phase relationships, the three modes can combine to interfere in such a 

way as to constructively interfere at multiples of the roundtrip time of the cavity, while 

they destructively interfere elsewhere. This process creates shorter pulses as the number 

of phase locked modes increases.  

 

 

 

 

 

 

 

 

 

 

Figure 2.4: The output pulse train in time domain when (a) No phase coherence 
between the multiple longitudinal modes (b) 10% of the modes are phase coherence (c) 

all the modes are phase coherence. 

 

Mode-locking is a technique to generate an ultrashort pulse laser. It can be 

realized using a passive technique based on SA.  An ultrashort pulse can emerge when a 

SA modulates the loss once per cavity round-trip and all longitudinal modes have a 

fixed phase relationship (Faubert & Chin, 1982; Meiser, 2013; Trebino, 2012). Thus, 
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the mode-locking of the oscillating laser produces an ultrashort pulses train (ranging 

from ns to fs duration) at defined repetition rate in MHz corresponding to the free 

spectra range of laser cavity or the number of obtained pulses per second (M. Fermann, 

Galvanauskas, Sucha, & Harter, 1997; Haus, 2000; Riidiger Paschotta & Keller, 2003). 

The estimation of pulse repetition rate, f in passive mode-locking technique is given by; 

                               𝑅𝑒𝑝𝑒𝑡𝑖𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒, 𝑓 (𝑟𝑖𝑛𝑔 𝑐𝑎𝑣𝑖𝑡𝑦) =
𝑐

𝑛𝐿
                                     (2.5) 

where c, n, and L denote the speed of light  (3 × 108𝑚𝑠−1) refractive index of the 

medium (1.46 for silica fiber), and total cavity length, respectively. It is shown from the 

equation that the repetition rate is determined by the total cavity length for a passive 

mode-locking, and therefore, the higher pulse repetition rate is obtained for a shorter 

cavity length.  

The pulse width of the laser indicates the full width at half maximum (FWHM) 

of the power versus time and a very short pulse width can be realized by a mode-locked 

laser. The higher numbers of longitudinal modes that have a fixed phase relationship 

can translate to a shorter pulse width. The short pulse duration of the mode-locking 

mode is useful for many applications including fast optical data transmission, and time-

resolving process. The relationship between pulse width and bandwidth of the optical 

fiber pulses is referred to a time bandwidth product (TBP). As described by the 

principle of Heisenberg, the TBP of the pulse is impossible to drop below a limit of 

TBL,  

𝑇𝐵𝐿 ≤ ∆𝑡 × ∆𝑣     (2.6) 

where ∆t and ∆v denotes the temporal width (in seconds) and the spectral width (in 

hertz) of the pulse, which measured at FWHM. The limit of TBP or 𝑇𝐵𝐿is depended on 
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the pulse shape. The bandwidth of the pulse is depended on the spectral bandwidth and 

operating wavelength of the output spectrum of the laser. It is given as; 

𝑇ℎ𝑒 𝑏𝑎𝑛𝑑𝑤𝑑𝑖𝑡ℎ (𝐵𝑊)  = ∆𝜆 ×
𝑐

𝜆2    (2.7) 

where ∆λ is th spectral bandwidth at FWHM, and λ is the center of the wavelength of 

output spectrum. The pulse width is given as; 

𝑃𝑢𝑙𝑠𝑒 𝑤𝑖𝑑𝑡ℎ (𝑃𝑊) =
𝑇𝐵𝐿

𝐵𝑊
       (2.8) 

From both equations (2.7) and (2.8), it is obtained that the pulse width can also be 

estimated from a given optical bandwidth. Generally, the pulse width of mode-locking 

pulses is usually measured by using an auto-correlator, which its function according to 

the estimated pulse shape. The pulse shape consists of Gaussian, and Secant hyperbolic, 

depending on the output spectrum, characteristic of the mode-locking operation, and 

total cavity dispersion. The Gaussian pulse shape is obtained when the cavity dispersion 

is closed to zero or equal to zero as in a stretched pulse laser.  Mode locking methods 

can be divided into two classes: active and passive. In active mode locking, some 

external source is used to drive the mode locking element, while in passive mode 

locking a saturable absorber is commonly used.    

Mode locked pulses in time and frequency domains are shown in (Figure 2.5). In 

the time domain, the mode locked laser produces an equidistant pulse train, with a 

period defined by the round-trip time of a pulse inside the laser cavity TR and a pulse 

duration τp (U. Keller, 2003). In the frequency domain, this results in a phase locked 

frequency comb with a constant mode spacing that is equal to the pulse repetition rate 

vR = 1/TR. The spectral width of the envelope of this frequency comb is inversely 
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proportional to the pulse duration. The fundamental repetition rate of a mode lock laser 

is determined by its cavity length, as shown in the equations below. 

                        Repetition rate (for linear cavity) = 
𝑐

2𝑛𝐿
                                    (2.9)   

                           TR= 
2𝑛𝐿 (for linear cavity) or nL (for ring cavity)  

𝑐
                         (2.10) 

Equations (2.9) and (2.10) can be used to calculate the fundamental repetition rate for 

linear and ring cavity respectively. Here, c, n and L represents the speed of light, 

refractive index and length of the cavity respectively. As the round-trip time, TR, is the 

inverse of repetition rate, therefore, TR is depending on the cavity type. Sometimes the 

repetition rate can be some integer multiple of the fundamental repetition rate. In this 

case, it is called harmonic mode locking (Becker et al., 1972). 

 

 

 

 

 

 

 

Figure 2.5: Mode-locked pulses in (a) the time and (b) frequency domain (Keller, 
2003) 
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CHAPTER 3: Q-SWITCHED ERBIUM DOPED FIBER LASER WITH 

YTTRIUM OXIDE BASED SATURABLE ABSORBER  

 

3.1 Introduction 

Q-switched fiber lasers have drawn tremendous interests in recent years due to 

their many potential applications in in telecommunication, medical diagnostics and 

treatments, sensing, material processing, and range finding (Hakulinen & Okhotnikov, 

2007; Lucas & Zhang, 2012; R Paschotta et al., 1999). They can be generated by either 

active or passive methods. The active method normally uses an external acousto-optic 

modulator to modulate the intra-cavity light and generate pulsed laser in the cavity 

(Svelto & Hanna, 1998). On the other hand, the passive method employs the saturable 

absorption of optical material to change the intra-cavity light. Compared with the active 

method, the passive Q-switching based on saturable absorbers (SAs) has significant 

advantages of compactness, simplicity and flexibility of implementation (Z.-C. Luo, 

Liu, Wang, Luo, & Xu, 2012).  

Passive Q-switched fiber lasers can be realized by many techniques such as 

employing nonlinear polarization rotation (NPR) scheme to modulate the intra-cavity 

light (Z.-C. Luo et al., 2012). Semiconductor saturable absorbers (SESAMs) (Keller et 

al., 1992; M. Wang, Chen, Huang, & Chen, 2014), carbon nanotubes (CNTs) (Set, 

Yaguchi, Tanaka, & Jablonski, 2004; Zhou, Wei, Dong, & Liu, 2010), graphene (Bao et 

al., 2011; Liu, Xu, & Wang, 2012; Z. Luo et al., 2010; Daniel Popa et al., 2011) and 

black phosphorus (BP) (Y. Chen et al., 2015) have also been successfully used as 

intracavity-loss modulators to produce pulsed lasers passively. After its debut in 1992 

(Keller et al., 1992), SESAMs quickly became the most prominent SA for several years. 

However, they suffer from some drawbacks including narrow absorption bandwidth, 
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relatively high production cost and considerably bulky size. The main drawback of CNT 

SAs is that their absorption efficiency and bandwidth are dependent on their diameter. 

As for graphene, its main issue is its relatively low optical absorption per layer that 

limits its usability. Meanwhile, BP is a polarization dependent and hydrophilic material 

that easily interacts with water (Island, Steele, van der Zant, & Castellanos-Gomez, 

2015). Thus, constructing a BP SA is challenging as it requires a complex preparation as 

well as careful handling. In recent years, other new materials that are relatively easy to 

prepare have been proposed as candidates for  SAs to produce cheap and stable pulsed 

fiber lasers (Ab Rahman et al., 2018; Kang et al., 2018; Li et al., 2015; Niu, Chen, Sun, 

Man, & Zhang, 2017). For instance,  Rahman et al. used holmium oxide based SA to 

produce stable Q-switched fiber laser at the 2-micron regime (Rahman et al., 2017).   

Yttrium oxide (Y2O3) or yttria, is an air-stable, white solid substance, which is 

normally used as a common starting material for inorganic compounds. It has proven to 

be a useful coating material for high power UV lasers (ref). In combination with silicon 

dioxide it produces an effective dual wavelength antireflection coating at 351 and 1054 

nanometers which has good resistance to damage at both wavelengths. Optically, it has 

been shown to have enough linear absorption at 1.5 µm region, suggesting that it is 

suitable to be used for producing Q-switched laser operating in that region. By properly 

embedding sufficient Y2O3 element into the polyvinyl alcohol (PVA), a very thin Y2O3 

PVA film with a thickness of around 30 µm could be formed. Then a small piece (1 mm 

x 1 mm) of the film is placed between two fiber ferrules to construct a fiber compatible 

SA. The SA can be used to realize a simple and flexible all fiber passively-Q-switched 

laser system.  

In this chapter, a stable passively Q-switched EDFL employing a Y2O3 SA in a 

ring cavity is reported.  We believe that this is the first time that an all fiber Q-switched 

laser employing such a SA is reported. The laser operates at 1560.5 nm wavelength with 
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an initial repetition rate of 70.22 kHz at the threshold pump power of 52.4 mW. The 

repetition rate of the pulses increases as the input power is increased. At the maximum 

available pump power of 181.5 mW, the repetition rate of the pulsed laser is 99.2 kHz. 

 

3.2 Preparation and Characterization of Y2O3 SA 

The Y2O3 film was fabricated by mixing Y2O3 powder and polyvinyl alcohol 

(PVA) solution as described in Figure 3.1. At first, we prepared the PVA solution by 

mixing 1 g of PVA powder with 120 ml deionized water as a solvent. To totally 

dissolve the solute PVA, this mixture was stirred at 90 oC, and then it was cooled down 

to room temperature. 10 mg of Y2O3 powder was then mixed into 10ml of the prepared 

PVA solution. The Y2O3 PVA solution was further stirred for at least an hour with a 

magnetic stirrer. The mixed solution was then sonicated for about three hours in ultra-

sonic bath.  This process completely dispersed the powder by breaking the bond 

between the molecules that were bound by the Van der Waals force. Finally, the 

homogenous solution obtained was dispensed onto a small glass Petri dish. It is allowed 

to dry for approximately 48 hours at room temperature to form a thin film with a 

thickness of about 50 µm 

Figure 3.1: Illustration of the fabrication process for the Y2O3 thin film 
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Figure 3.2(a) shows the real image of the Y2O3 PVA thin film. The white thin film 

is partly transparent and the SA base-material (Y2O3) seems to be distributed evenly 

across the film as vindicated by the scanning electron microscope (SEM) image in 

Figure 1(b) which shows an almost consistent topography. The Energy dispersive X-ray 

spectroscopy (EDS) in Figure 1(c) affirms the presence of Yttrium and Oxygen 

elements in the film. The initial indicator of a SA is its optical absorption. Figure 1(d) 

shows the linear optical absorption profile of the Y2O3 PVA film which shows that the 

SA optically absorbs around 9.2 dB at the Q-switched laser operating wavelength of 

1560 nm. The SA was made by sandwiching a tiny piece of the thin film (about 1 mm x 

1 mm) between two clean FC/PC fiber ferrules. Prior to that, a small quantity of index 

matching gel was applied on the fiber ferrule surface, to easily stick the film SA onto 

the ferrule tip as well as to minimize the unwanted parasitic reflections between the 

coupling areas. The use of Y2O3 PVA film as SA is demonstrated in the following fiber 

laser experiment. 
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Figure 3.2: Y2O3 PVA thin film characteristics (a) physical image (b) SEM image (c) 

EDS profile (d) linear absorption profile 

 

Element 
Symbol 

Atomic 
Conc. 

Weight 
Conc. 

Oxide 
Symbol 

Stoich. 
wt Conc. 

Y 39.03 76.53 Y 95.07 

O 55.28 19.50   

Si 4.02 2.49 Si 3.10 

Ca 1.67 1.47 Ca 1.83 
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3.3 Laser Configuration  

Figure 3.3 shows the schematic diagram of the proposed Q-switched EDFL, 

which based on forward-pumped ring cavity scheme. The fabricated Y2O3 PVA was 

sandwiched in between two fiber connectors via a fiber adapter to form a fiber-

compatible SA device, which is then integrated into the laser cavity for the Q-switching 

operation. Inset of Figure 3.3 shows the fabricated Y2O3 PVA attached onto the fiber 

ferrule. The laser cavity consists of 2.4 m long erbium-doped fiber (EDF) gain medium, 

a wavelength division multiplexer (WDM), an isolator, SA device and a 80/20 output 

coupler. The components are all connected via standard SMF. The EDF has a core 

diameter of 4 µm, a fiber diameter of 125 µm, an absorption coefficient in the range of 

23 dB/m at an operating wavelength of 980 nm and a numerical aperture (NA) of 0.23. 

It is pumped by a 980 nm single wavelength laser diode (LD) via the 980 nm port of the 

980/1550 nm wavelength division multiplexer (WDM). The other end of the gain 

medium is connected to the optical isolator which ensures unidirectional light 

propagation inside the cavity. Then the light goes into the thin-film SA that periodically 

switches the intracavity losses, as well as, the Q-factor of the cavity. After the SA, the 

light passes through the 80/20 output coupler where 20% of the laser output is extracted 

while the rest (80%) is retained to circulate inside the cavity via the 1550 nm port of the 

WDM. An optical spectrum analyzer (OSA) with a 0.07 nm resolution is utilized to 

investigate the laser optical spectrum. Meanwhile, a radio frequency spectrum analyzer 

(RFSA) and a digital oscilloscope (OSC) that are pre-coupled with a fast photodetector 

(PD) are used to examine the appearance and quality of the pulsed signal in the time 

domain and frequency domain, respectively.  An optical power meter is used to measure 

the output power of the pulsed laser. 
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Figure 3.3: Experimental setup of the proposed Q-switched EDFL using Y2O3 PVA 

film SA. Inset shows the fabricated Y2O3 PVA attached onto the fiber ferrule. 

 

3.4 Results and Discussion 

Without the SA, the EDFL generated a continuous wave (CW) laser operating at 

1565 nm as the pump power was increased above the threshold pump power of about 30 

mW. With a SA inside the cavity, the proposed laser started to transform into a stable 

Q-switched laser with an initial frequency of 70.22 kHz at a threshold pump power of 

52.4 mW. The pulsed laser remains stable with the increase in pump power and its 

frequency rose steadily up to 99.2 kHz when the pump power reached the maximum 

power of 181.5 mW. Figure 3.4 shows the optical spectrum of the laser, which is 

centered at 1560.5 nm with a bandwidth of 0.5 nm. It is observed that the operating 

wavelength is shifted to shorter wavelength with the incorporation of SA device in the 

cavity. This is attributed to the increased cavity loss that forces the operating 
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wavelength to shift to higher gain region to compensate for the loss. To confirm that the 

Q-switched pulses were attributed to the Y2O3, the Y2O3 film was removed from the 

laser cavity. In this case, we observed that no pulses on the oscilloscope even when the 

pump power was adjusted over a wide range. This finding has verified that the Y2O3 

film was responsible for the Q-switching operation of the EDFL. The optical signal-to-

noise ratio (OSNR) of the spectrum is obtained at 45 dB, which is acceptable. 

 

Figure 3.4: Output spectrum of Q-switched EDFL at the threshold pump power of 52.4 
mW 

 

Figures 3.5(a), (b) and (c) show the Q-switched pulse trains at three different 

pump powers of 52.4, 123.4 and 181.5 mW respectively. As the pump power increases, 

more energy can be stored in the laser cavity and these attributes to the rise in the 

repletion rate accompanied by the reduction in pulse duration. The pulse periods (peak 

to peak time intervals) were measured to be 14.24, 11.36 and 10.08 μs, which 

corresponded to the repetition rates of 70.22, 88.03 and 99.22 kHz, at pump power of 

52.4, 123.4 and 181.5 mW, respectively. These typical Q-switching pulse train were 
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stable with no significant pulse jitter seen on the oscilloscope. The single pulse 

envelopes for these pulses train display a symmetrical Gaussian-like shape and the full-

width half-maximum (FWHM) were measured to be 4.2, 3.3 and 3.0 μs at pump power 

of 52.4, 123.4 and 181.5 mW, respectively. The properties of the Q-switching laser 

principally rely on upon the gain medium, SA and pump power.  
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(c) 

 
Figure 3.5: Oscilloscope pulse train at pump power of (a) 52.4 mW (b) 123.4 mW (c) 

181.5 mW. 
 

 

Meanwhile, the frequency domain of the EDFL was also examined via the 

RFSA to evaluate the stability of the Q-switching operation as depicted in Figure 3.6. In 

the measurement, the pump power was fixed at 123.4 mW. The RF spectrum obtained 

shows that more than ten frequency harmonics generated stably within the span of 1300 

kHz. As expected, the fundamental frequency was obtained at 88.03 kHz, which is in 

good agreement with the time domain of Figure 3.5(b), thus technically confirming both 

optical measurements. The signal-to-noise ratio (SNR) was ~58 dB with no spectral 

modulation, indicating excellent Q-switching stability. 
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Figure 3.6: RF spectrum at pump power of 123.4 mW  
 

 

In order to further investigate the performances of the Q-switched laser, the output 

pulses characteristics such as the repetition rate, pulse duration, output power, and pulse 

energy were studied with respect to the incident pump power. Figure 3.6 shows the 

pulse repetition rate and pulse width of the laser as functions of the incident pump 

power. As illustrated in the figure, the repetition rate increases nearly monotonously 

from 70.2 to 99.2 kHz, while the pulse width decreased from 4.21 μs to 2.97 μs as the 

pump power is boosted from 52.4 mW to 181.5 mW. These are typical features of 

passive Q-Switching pulse train. By increasing the pump power, more gain was 

provided to saturated the SA. Hence, the threshold energy stored in the EDF to generate 

a pulse was reached earlier. As a result, the repetition rate is increasing while the pulse 

width is reducing. The Q-switched pulse output was stable with no significant pulse-

intensity fluctuation on the oscilloscope as the pump power was increased.  
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Figure 3.7: Repetition rate and pulse width of Q-Switched EDFL 

 

Figure 3.8 shows the output power of the pulse and correspondingly calculated the 

single pulse energy against the pump power. The output power increases linearly from 

7.93 mW to17.86 mW as the pump power increases from 52.4 mW to 181.5 mW. This 

is equally to 7.71 % slope efficiency. The pulse energy also increases linearly with the 

pump power. The maximum pulse energy was 180 nJ. These results demonstrate that 

the Y2O3 has good potential as SA for Q-switched fiber lasers operating at 1.5-micron 

region.  
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Figure 3.8: Output power and pulse energy of Q-switched EDFL  
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CHAPTER 4: MODE-LOCKED FIBER LASER WITH YTTRIUM OXIDE 

BASED SATURABLE ABSORBER 

 

4.1 Introduction 

Mode-locked fibre lasers typically based on passive technique, have received 

tremendous responses in recent years owing to their great flexibility and improved 

simplicity. Unlike the active technique which uses electronically pulse triggering system 

for the pulse generation, the passive one, is generally much simpler in preparation, 

smaller in geometry, cheaper, and even faster (Ab Rahman et al., 2018). Mode-locked 

erbium-doped fibre lasers (EDFL) have found significant potentials in several 

applications including telecommunication, medical diagnostics and treatments, sensing, 

material processing, and range finding (Adnan et al., 2016b; F Ahmad et al., 2014).  On 

the other hand, metal oxide nanoparticles have drawn attention due to their stable 

optical, electrical and structural properties (Noda, Muramoto, & Kim, 2003). For 

instance, several works have been reported on the nonlinear optical properties of Al2O3, 

which are suitable to induce pulse generation (Lin, Yang, Liou, Yu, & Lin, 2013).  

In this chapter, we report for the first time, to the best of our knowledge, a 

passively stable and compact mode-locked EDFL by integrating Y2O3 PVA composite 

thin film in the ring cavity to function as saturable absorber (SA). A stable mode-locked 

EDFL operating at 1560.9 nm with a corresponding pulse repetition rate of 1 MHz and a 

pulse width of 460 ns were achieved at a pump power range of 181.5-246.0 mW. The 

SA film is capable to generate mode-locking pulses that has many fields of applications 

such as in sensing, spectroscopy and as a laser source for second harmonic generation 

on top of being easy to prepare and cost effective.   
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4.2 Nonlinear characteristic of the Y2O3 film based SA 

We designed a balanced twin-detector measurement system to investigate the 

nonlinear optical absorption characteristics of the fabricated Y2O3 film. The 

measurement system is shown in Figure 4.1(a), which consists of an amplified 

picosecond fiber laser, a variable optical attenuator (VOA), a 3-dB optical coupler 

and two power-meters. The laser source is a home-made pico-second Erbium doped 

fiber laser (repetition rate: 1 MHz, pulse width: 3 ps and central wavelength: 1560 

nm). The laser was amplified by a commercial EDFA for obtaining high peak power 

to sufficiently saturate the Y2O3 film. By gradually changing the input power, a series 

of optical transmittance with respect to different input intensities had been recorded. 

Then, by fitting the relation between the optical transmission and the input laser 

power by using the following formula: T(I) = 1 − ΔT * exp(−I/Isat) − Tns where, T(I) 

is the transmission rate, ΔT is the modulation depth, I is the input intensity, Isat is the 

saturating intensity, and Tns is the non-saturable absorbance, the corresponding 

nonlinear optical parameters could be characterized. Figure 4.1(b) shows the measured 

nonlinear transmission curve.  

From the analyzed data, the Y2O3 film SA has saturable absorption of 38%, 

saturation intensity of 50.76 MW/cm2 and non-saturable loss of 52%, respectively. In 

comparison with certain 2D materials (B. Chen et al., 2015); MoS2 (2.15%), MoSe2 

(6.73%), WS2 (2.53%) and WSe2 (3.02%), the obtained modulation depth of Y2O3 film 

SA is significantly higher.  The saturation intensity is also relatively high due to high 

resistance of the Y2O3 film to photo-bleaching. 
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Figure 4.1: (a) The balanced twin-detector measurement system for measuring 

nonlinear absorption of Y2O3 film. (b) The measured saturable absorption characteristic 

of the film 

4.3 Mode-locked laser cavity configuration 

The mode-locked EDFL experimental configuration is illustrated in Figure 4.2. 

The gain medium (2.4 m EDF, IsoGain I-25(980/125) has peak core absorption of 40 

dB/m at 1531 nm wavelength. In addition to that, it also has a core diameter of 4 µm, a 

cladding diameter of 125 µm and numerical aperture (NA) of 0.23. As shown, the gain 

medium is optically pumped by a single wavelength 980 nm laser diode (LD) through a 

980/1550 nm wavelength division multiplexer (WDM). The light is then channeled into 

an isolator and the Y2O3 film SA. The isolator preserves unidirectional light propagation 

(a) 

(b) 
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within the cavity, whereas the film SA promotes the necessary loss modulation. The 

integration of the Y2O3 film SA into the cavity is done by sandwiching the pre-cut film 

SA (1 mm x 1 mm) between two FC/PC fibre ferrules. The joining was then closely 

fitted with a clean fibre adapter. A small quantity of index matching gel was pre-applied 

onto the surface of the fibre ferrule where the film SA to be located. The application of 

the gel would minimize the unwanted parasitic reflections. After transmitting out from 

the SA, the light is then propagated through 200 m single mode fibre (SMF28) before it 

is directed into a 90/10 optical coupler. 10% of the laser output is channeled out as an 

output while the remaining 90% is directed into the WDM through the 1550 nm port for 

a complete closed-loop light propagation. The additional length of SMF28 is used to 

assist the Y2O3 film film SA for a stable self-starting mode-locked laser generation by 

providing sufficient dispersion and nonlinearity in the cavity. As in the mode-locked 

operation, both of these two parameters; dispersion and nonlinearity need to be well 

balanced.  Furthermore, it would also enhance the pulse energy by slightly broadening 

the pulse width. This enhanced pulse energy would be sufficient enough to saturate the 

Y2O3 film SA at a moderate pump power.  

The EDFL cavity was observed to operate in the anomalous dispersion regime 

with a group velocity dispersion (GVD) of ~ 21.9 ps2 /km. The total net dispersion was 

calculated to be approximately ~ -4.464 ps2/km. An optical spectrum analyzer (OSA) 

with a 0.07 nm resolution was utilized to investigate the laser optical spectrum. 

Meanwhile, a radio frequency spectrum analyzer (RFSA) and a digital oscilloscope 

(OSC) that pre-coupled with a fast photodetector (PD) was used to examine the 

presence and quality of the pulsed signal in the time domain and frequency domain, 

respectively.  An optical power meter was also used to measure the laser output power.   
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Figure 4.2: Configuration of Y2O3 film-based mode-locked EDFL. 

 

4.4 Result and Discussion 

 A stable self-starting mode-locking operation was observed, emerging at a threshold 

pump power of 181.5 mW. The mode-locked laser remained stable as the pump power rose to 

246.0 mW. In the mode-locking process, Y2O3 SA is utilized to obtain self-amplitude 

modulation (SAM) in the cavity. The film SA creates some loss inside the cavity, which is 

relatively large for low intensity, however, fairly small for a short pulse with high intensity. 

Hence, a short pulse creates a loss modulation due to high intensity at the pulse’s peak saturates 

the absorber strongly than its low intensity wing (Ursula Keller, 2003). 

 Figure 4.3 shows the mode-locked EDFL important characteristics examined at the 

threshold pump power of 181.5 mW. Figure 4.3 (a), illustrates the optical spectrum of the 

mode-locked EDFL. The laser has a central wavelength of 1560.9 nm and a peak power 

intensity of –11.9 dBm. The 3dB spectral bandwidth is approximately 0.8 nm. Two weak Kelly 

sidebands were also observed which indicates the mode-locking pulses operate in a soliton 

regime. The mode-locked pulses train as depicted in Figure 4.3 (b), has a nearly constant 

repetition rate of 1.0 MHz and has a considerably small amplitude fluctuation (below than 5%). 
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The obtained repetition rate was examined, to be related with the overall EDFL cavity length of 

207 m, indicating that the pulsed laser was a mode-locked laser.  Figure 4.3 (c) shows the 

envelope of a single pulse. The pulse width was measured to be approximately 460 ns at full 

wave half maximum (FWHM). Based on the RF spectrum obtained at 181.5 mW pump power 

as provided in Figure 4.3(d), the stability of the pulsed laser was further investigated. The 

fundamental frequency is found to be 1 MHz with 4 harmonics. This result is highly in 

agreement with the pulse period obtained via the oscilloscope trace. The harmonic trend 

indicates that the mode-locking pulses are operating in nanosecond regime. From the RF 

spectrum, it can also be seen that the SNR is high at 57 dB which affirms the stability of the 

mode-locked pulses. To substantiate that the laser’s mode-locking pulse generation was due to 

the Y2O3, the Y2O3  PVA film was replaced with a pristine PVA film. Using this configuration, 

no pulses was visible on the oscilloscope at any pump power. This affirms that the prepared 

Sm2O3 SA is responsible for the mode-locking operation. 
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Figure 4.3: Important characteristics of the Y2O3 based mode-locked EDFL at 181.5 

mW pump power (a) Output spectrum (b) Oscilloscope trace (c) A single pulse envelop 

(d) RF spectrum, while the inset shows the fundamental frequency in detail. 

 

 Figure 4.4 shows the mode-locked EDFL performances. The output power increases 

almost linearly from 20.83 mW to the maximum of 25.48 mW, as the pump power increased 

from 181.5 mW to 246.0 mW. The corresponding slope efficiency is obtained as 7.23 %. The 

increase of the pump power causes the pulse energy to rise accordingly, to reach the maximum 

value of 25.2 nJ. The mode-locked operation was examined for 1 hr duration at room 

temperature. Observation of the laser output showed no significant fluctuations in the optical 

spectrum and pulse amplitude, thus validating the long stability of the designed system. This 

also suggests that the SA was still in good condition, indicating that the SA has higher thermal 

damage threshold than the laser output. 
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Figure 4.4: The output power and pulse energy of the mode-locked EDFL as a 

function of pump power (181.5-246.0 mW). 
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CHAPTER 5: CONCLUSION 

The research work aimed to demonstrate both Q-switched and mode-locked 

Erbium-doped Fiber Lasers (EDFLs) utilizing Yttrium Oxide (Y2O3) based saturable 

absorber (SA). The film SA was prepared through solution casting technique by 

embedding the Y2O3 powder into a polyvinyl alcohol (PVA) host film. A small piece of 

the fabricated Y2O3 film was sandwiched between two ferrules and incorporated into an 

EDFL cavity, which was optimized for both Q-switching and mode-locking pulse 

generation experiments.  

In this work, the application of Y2O3 thin film as a SA was successfully 

demonstrated for the first time in generating a stable and compact Q-switched EDFL 

operating at 1560.5 nm. By integrating the fabricated Y2O3 film in a laser cavity, a 

stable pulsed laser appeared when the input pump power hit the threshold at 52.4 mW. 

The frequency of the pulsed laser rose from 70.22 kHz to 99.2 kHz, matching the 

increase of pump power from 52.4 mW to 181.5 mW. The shortest pulse width of 2.97 

µs and the maximum pulses energy of 180 nJ were obtained at the pump power of 181.5 

mW. In addition, the signal to noise ratio (SNR) of RF signal was obtained at 58 dB, 

which indicates the excellent stability for the Q-switching pulses.  

In another experiment, a passively stable and compact mode-locked EDFL was also 

realized by integrating Y2O3 PVA composite thin film in the ring cavity. By 

incorporating the film SA along with 200 m long single mode fibre (SMF) into an 

EDFL cavity, the mode-locked laser with 1 MHz repetition rate stably emerged at an 

increasing pump power, ranging within 181.5 – 246.0 mW. The pulse width was 

measured to be 460 ns. The mode-locked laser had a slope efficiency of 7.23 %, while 

the highest average output power and pulse energy were obtained at 25.48 mW and 25.2 

nJ, respectively. The fundamental frequency was examined to have a signal to noise 
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ratio (SNR) of 57 dB, which suggests that the Y2O3 film SA can produce a stable mode-

locking pulses. 

Based on these results, we can conclude that Y2O3 film possess the potential 

advantage for stable Q-switched and mode-locked pulse generation at 1.5 μm region. 

There are several aspects that need to be considered for further improvements. First, the 

cavity length can be further optimized to obtain a better repetition rate and pulse width. 

Future studies should be focusing on exploring more on the optical property of the SA 

especially for ultrafast laser generation.  
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