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Q-SWITCHED RAMAN FIBER LASER BASED ON 2D MATERIALS AS
SATURABLE ABSORBER
ABSTRACT

This thesis aims to demonstrate a stable passively Q-switched Raman fiber laser (RFL)
operated in C- band region by incorporating Two-dimension (2D) material inside the
ring cavity as saturable absorber (SA) such as titanium dioxide (TiO,) and molybdenum
disulfide (MoS,). 2D materials have been experimented to generate pulse laser due to
their unique electronic and optical properties such as modulation depth, saturable
absorption and their recovery time. First, we conducted an experiment for Q-switched
RFL incorporating MoS; based SA. The SA is prepared by depositing a mechanically
exfoliated MoS, on the end of the fiber ferrule which is then connected to another clean
ferrule via an optical fiber adapter. The cavity consist of dispersion compensating fiber
(DCF) with a 7.7 km length and 584 ps'nm ™' km™' of dispersion as nonlinear gain
medium for Q-switching pulse train generation. The total laser cavity length is about 8
km. The Q-switching pulse train operated at around 1560.2 nm with the repetition rate
changed from 132.7 to 137.4 kHz as the input pump power is tuned from 395 to 422
mW, while the pulse width reduced from 3.35 to 3.03 ps. At the maximum pump power
of 422 mW, the maximum pulse energy of 54.3 nJ is achieved. Next, we conducted a Q-
switched RFL by replacing the MoS, with TiO, film based SA. We observed that the
pulse train operated at 1558.5 nm is generated with the repetition rate that can be
increased from 131.4 to 142.5 kHz as the input pump power changed from 398 to 431
mW. We noticed that the Q-switched pulse produced maximum energy of 5.81 nJ and
pulse width of 2.97 ps at input pump power of 427 mW and 431 mW, respectively.
These results verified that the TiO, film and MoS, has a strong capability to be
employed as an effective SA for Q-switched RFL pulse generation system.

Keywords: Q-switched, pulse, fiber laser
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Q-SWITCHED RAMAN FIBER LASER BASED ON 2D MATERIALS AS
SATURABLE ABSORBER
ABSTRAK
Tesis ini bertujuan untuk menunjukkan suis-Q pasif Raman serat laser (RFL) yang stabil
yang beroperasi di julat jalur-C dengan menggabungkan material dua dimensi (2D)
kedalam rongga membulat yang bertindak sebagai penyerap boleh-tepu (SA) seperti
titanium dioksida (TiO;) dan molibdenum disulfida (MoS,). Material 2D telah
didemonstrasikan untuk menghasilkan denyut laser disebabkan oleh sifat elektronik dan
optik yang unik diantaranya penyerapan boleh-tepu, kedalaman modulasi dan masa
pemulihan yang sangat pantas. Pertama, kami menjalankan kajian suis-Q RFL
menggunakan filem MoS, sebagai SA. SA disediakan dengan mendepositkan
pengelupasan mekanikal MoS, diatas permukaan ferul yang kemudiannya dipadankan
dengan ferul lain yang bersih dengan menggunakan penyesuai optik. Jumlah panjang
rongga dalam Raman serat laser ini kira-kira 8 km termasuk lah daripada serat
penyebaran pampasan sepanjang 7.7 km (DCF) dengan 584 pS'nm_1 km ' serakan
digunakan sebagai medium pengganda tak linear untuk menjana denyut suis-Q.
Hasilnya, denyut suis-Q beroperasi pada kira-kira 1560.2 nm dengan kadar pengulangan
meningkat daripada 132.7 kHz kepada 137.4 kHz apabila kuasa pam ditala daripada 395
mW kepada 422 mW, manakala lebar denyut dikurangkan daripada 3.35 ps kepada 3.03
ps. Pada kuasa pam maksimum 422 mW, tenaga denyut tertinggi 54.3 nJ dicapai.
Kemudian, kami meneruskan dengan menjalankan satu lagi kajian untuk menghasilkan
suis-Q dengan menggantikan MoS, dengan TiO, filem berasaskan SA. Kami
memerhatikan bahawa denyut yang beroperasi pada 1558.5 nm dihasilkan dengan kadar
pengulangan yang boleh ditala daripada 131.4 kHz kepada 142.5 kHz apabila kuasa
pam berubah daripada 398 mW kepada 431 mW. Adalah diperhatikan bahawa denyut

suis-Q menghasilkan tenaga tertinggi dengan 5.81 nJ dan denyut lebar 2.97 ps pada
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kuasa pam masing-masing 427 mW dan 431 mW. Keputusan ini mengesahkan bahawa
TiO; filem dan MoS, mempunyai keupayaan besar untuk digunakan sebagai SA yang
berkesan dalam menjana denyut pasif suis-Q Raman serat laser.

Kata kunci: Suis-Q, denyut, serat laser
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CHAPTER 1: INTRODUCTION

1.1 Introduction

Recently, the demand for fiber lasers has grown tremendously. There is intense
research on fiber laser in the high power region due to their criteria to overcome the
limitation in solid-state lasers like compactness, flexibility and gain efficiency (Set &
Yaguchi et al., 2004). Fiber laser is a type of laser that is made up from optical fiber
doped with rare-carth element as active gain medium. For instant, erbium (Er’"),
thulium (Tm®"), praseodymium (Pr’") and neodymium (Nd*"). It offers several
advantages such as low loss and great possibility of pumping with compact and efficient
laser diode. The first demonstrations with gain fibers were conducted in the beginning
of 1960 century (Snitzer, 1961; Koester et al., 1964). A flash lamp Nd*" doped fiber
with a 10 um of core diameter and 1 m length of fiber was utilized and were reported.
Since then, it has been developed greatly and become practical especially in the optical
communication. However, there are limitations of wavelength when utilizing the rare-
earth doped fibers where it emits in fixed spectral bands and need diode laser emission

spectrum to overlap with the absorption band.

Conversely, in Raman fiber lasers (RFLs) any Raman laser wavelength can be
accessed in generating power and gain with optical fiber which the emission wavelength
is depend on the Raman shift and the pump wavelength (Yao et al., 2015; Schroder et

al., 2006), thus work as gain medium for a fiber laser.



A basic ring configuration for laser generation is shown in Figure 1.1 where the
pump light is injected from the left-hand side through a wavelength division
multiplexing (WDM), gain medium and optical circulator (OC). Generated laser light

can be observed in Optical Spectrum analyzer (OSA).

Gain medium

e T

WDM

Pump

.

OSA

Figure 1.1: A ring configuration for basic fiber laser generation.



1.2 Fiber Laser Operation Modes and Their Applications

In general, laser sources can be classified into two modes of laser operations.
First is continuous wave (CW) that generate light at constant output over time and is
maintained by a pump source. Second, pulse operations which are mode locked and
Q-switching (giant pulse formation) that produces light pulses at certain frequency as

shown in Table 1.1.

Table 1.1: Summary of laser operation modes.

Operation mode Definition Typical pulse length

Laser with constant
Continuous wave (CW) Less than 0.2 s
frequency and amplitude

Deliver energy pulses in
Q-switching I us—1ns
very short duration

Emits a pulses train of
Mode locked Less than 1 ns
extremely short duration.

Continuous wave and pulse fiber laser offers several applications in various field
such as in the telecommunication industries where those involving the data signal
transmission over distances of less than a meter to hundreds of kilometers. It plays an
important role in bio-medical industries which is applied in most modern telemedicine
devices for transmission of digital diagnostic images (Clowes, 2008). Apart from that, it
is also applied in the field of spectroscopy, laser material processing such as material
cutting, metrology, scientific research, imaging and ranging (Knox, 2000; Set et al.,
2004). Specifically, ultrafast mode locked and Q-switched fiber lasers pulse became

more interest in the field of micro-machining (Fermann & Hartl, 2013; Martinez & Sun,
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2013; Liu, X and Du et al, 1997), tissue welding (Kim et al., 2003), medical
community such as dermatology, eye and dental surgeries (Juhasz et al., 1999;
Chamorovskiy et al., 2012), optical sensor, temperature measurement and LIDAR
(Henderson et al., 1993). Q-switching and mode locked can be achieved either using
active or passive technique. The described laser operation modes can be achieved by
incorporating the appropriate SA inside the fiber laser cavity that will be explained in

details in the next chapter.

1.3  Problem Statement

The research interest towards Q-switched pulse fiber laser are increasing over
the last decades due to their potential to generate shorter pulse durations and higher
pulse energies which offers significant application in various field (Limpert et al.,
2006). Recently, semiconductor saturable absorber mirrors (SESAMs) are utilized in
available laser system due to their possibility to obtain desired parameter such as the
saturation fluence and the modulation depth (Keller et al., 1996; Maas et al., 2008).
Unfortunately, SESAMs have limited operation bandwidth. Moreover, SESAMs require
a very costly and complex fabrication process (Sotor et al., 2015; Zhang et al., 2012;
Popa et al., 2011). Therefore, there is a great development for new material for saturable
absorber (SA) that able to operate in a wide range wavelength, easy and low fabrication

cost.



1.4  Objectives of Thesis

The main objectives of this thesis are:

e To characterize Raman fiber laser.

e To propose and demonstrate passively Q-switching Raman fiber laser by
employing different type of 2D materials as saturable absorber -Titanium
dioxide (TiO,) and Molybdenum disulfide (MoS,).

e To analyze the performances of MoS, and TiO, as saturable absorber in

Q-switched pulse generation.

1.5  Thesis Overview

This thesis is structured into six main chapters including the introduction and
conclusion. First chapter outlines the basic introduction of fiber laser operation mode
and their application, problem statement and main objective of the research. Chapter 2
focused on the theoretical background of passive Q-switched fiber laser technique. It
leads higher pulse energy, having lower pulse repetition rates and offer longer pulse
durations compared to mode locked. Working mechanism of saturable absorber (SA)
and two dimension (2D) materials is also explained in details in this chapter. Besides,
this chapter also describes about Raman amplifier (RA) and the differences between RA

and erbium doped fiber amplifier (EDFA).

Chapter 3 investigates the Raman gain and noise figure in dispersion
compensating fiber (DCF). This chapter also provides the experimental work on passive
Q-switched Raman fiber laser based on MoS, as SA. The MoS, film was prepared by
using mechanical exfoliation method that provides major advantages due to their
reliability and its simplicity. In Chapter 4, Q-switched Raman fiber laser with TiO, film
was demonstrated to figure out their performance as SA. Fabrication and
characterization of TiO; film including the Raman spectrum is also highlighted in this
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chapter. The experimental results and details explanation is described in Chapter 3 and
4. Chapter 5 concludes the performance of MoS, and TiO; film as SA and some

recommendation that can be done for future work.



CHAPTER 2: THEORETICAL BACKGROUND

2.1 Introduction

Q-switching is an alternative technique to generate a pulse laser instead of mode
locked. Q-switching leads to higher pulse energy, having lower pulse repetition rates
and offer longer pulse durations compared to mode locked technique (Liu et al., 2013;
Zhao et al., 2014; Harun et al.,2013). Even though Q-switching does not produce the
shortest pulses like mode-locking, it has several advantages because it is easier to
implement, efficient operation and low cost needed than the mode locked (Popa et al.,

2011; Harun et al., 2012).

In Q-switched technique, conventional laser can be pulsed by modulating the losses
inside the laser resonator. When the resonator losses are high (that is the Q factor is
low), the population inversion builds up and suddenly released as the losses are
saturated producing a powerful pulse which is sometimes called as ‘giant pulse’. The Q-

factor usually known as quality factor which can be described as:

Q = 2mv, ( al ) (2.1)

energy lost / second

It can be simplified as below:

)_ 2mnL
sWc/n /A

Q = 2m, ( 2.2)
From the equation, correlation between the Q value and resonator loss (&) which
is inversely proportional when the value of Ay and L are definite. v is defined as the
frequency of the laser central. W is the energy stored in the cavity. The energy lost per
second can be expressed by %, where § is the energy loss rate for single-path of light

that propagate in the laser cavity. L and » is the length of the resonator and refractive
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index (RI) of medium, respectively. RI measures the speed of light in a vacuum to the
speed of light in a matter [c/v] and ¢ is the velocity of light with the value of 3.0 x

108 my/s.

Q-switched fiber lasers have a huge range of application such as in the
telecommunication, remote sensing, material processing, military and fiber sensing. It
has also become significant in the medical community and is applied in the medical
laser surgery for removing tattoo, pigmented lesions and hair removal (Bai et al., 1882;
Tiu et al., 2014; Kurkov, 2011). This is due to the high pulse energy and short pulse
width that can be constructed via active or passive techniques. Basically, active Q-
switching can be achieved by placing external modulation such as acousto optic effect
and rotating mirror. Passive Q-switching technique used a saturable absorber inside the
laser cavity and this technique has more advantages such as cost effectiveness (by
removing the electronic and its modulator), compactness and simplicity of design as
compared to active Q-switched technique (Dong et al., 2010; Saidin et al., 2013). As
well as mode locked, it can be generated either in active or passive. Active mode locked
depends on an external source placed in the laser cavity. Meanwhile, passive mode
locked technique do not require an external source to generate pulse, rather they use the
cavity light itself to incite a change within laser cavity. The difference between Q-
switching and mode locked lies in the optical phase of the pulses where mode locked
pulses are phase coherent with each other. Meanwhile the Q-switched pulses are not
(Hudson, 2009). In this research work, we are focused on the passively Q-switched fiber
laser using Raman pump power and 2D (two dimensional) materials will be utilized as

an SA in order to generate the laser that operates in nanosecond or microsecond region.



2.2 Passively Q-switched Fiber Laser

Passive Q-switched fiber laser is generated when the cavity losses are modulated
with saturable absorber (SA). As the gain has achieved an adequate high level, the pulse
laser is clearly formed. SA becomes a key element for pulse laser generation. By
placing SA instead of modulator and its electronics, making this method simpler and
cost effective as compared to active Q-switched (Luo et al., 1999; Saidin et al., 2013).
SA is an optical component that initially introduces a certain optical loss. It happen
when the absorbing materials is excite to an excited state and decreasing the population
in the ground state. SA is a material that reduces the absorption of light with the rising
of the intensity of light. As the level of intensity is high enough, the saturated material
produce a high transmission output. There is a significant parameter to determine the
ability of SA, such as ultrafast recovery time (around picosecond), broadband
absorption, high damage threshold, modulation depth and the fabrication cost (Schibli et
al., 2005). SA recovery time is much longer than the ideal pulse duration, thus
preventing the unnecessary energy loss. Nevertheless, the absorber should be quick
enough to avoid the premature lasing when the gain recovers. Normally, recovery time
is between upper-state lifetime of the gain medium is ideal and pulse duration.

Basically, the SA only absorbs a minor portion of the energy of the generated pulse.

In principle, SA is a material that absorbs light depending on the intensity of the
incident light, whether high or low intensity. A simple explanation of the phenomenon
can be understood as eDOS (electron density of state) occupation in conduction bands
of SA materials which consists of two energy levels: energy level of valence band (Ev)
and energy level of conduction band (Ec). If the intensity of the incident light is low,
photons are highly absorbed by the electron in the Ev to be excited up to Ec.
Meanwhile, if the optical intensity of light is high, the absorbance of the photons

decreases due to the eDOS in Ec is occupied with other electron which excited by the



light (Kashiwagi et al., 2010). So that, by incorporating the SA inside cavity, light will
pass through the SA which consists of low and high intensity that created high and low
loss respectively. This situation propagate to high intensity contrast (Muhammad,
2014). Thus, light starts to oscillate in pulsed state. The working principle of the SA is

depicted in a schematic diagram as shown in Figure 2.1.

Figure 2.1: Working mechanism of saturable absorber.

2.3 Two Dimension (2D) Material

Nowadays, there is intense research on the SA due to the development of
ultrafast fiber lasers applications. Recently, most of the available ultrafast laser systems
generally use semiconductor saturable absorber mirrors (SESAMs) because of their
outstanding performance to achieve desired optical criteria such as nano-saturable
absorption, modulation depth, saturation fluence and recovery time (Martinez & Sun,

2013; Haiml et al., 2004). However, there is some limitations of SESAMs where their
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operation bandwidth is relatively narrow and the absorbers have to be fabricated by very
costly and complicated processes (Sotor et al., 2015; Liu et al., 2012). These factor has
attracted a great attention in the development of new SA based on carbon nano-
materials such as carbon nanotubes and graphene (Jiang et al., 2015). The effective
applications of graphene has encourage the exploration of 2D materials in which the
layer structure results in weak inter-layer van der Waals coupling and strong intra-layer
covalent bonding (Zhang et al., 2014). In particular, 2D materials could results strong
optical saturable absorption due to their unique electronic and optical properties (Luo et
al., 2016). In recent years, many 2D materials are discovered, for instance transition
metal dichalcogenides (TMDCs) commonly molybdenum disulphide (MoS,),
molybdenum diselenide (MoSe;) and tungsten diselenide (WS;) (Wang et al., 2015;
Chen et al., 2015), topological insulators such as Bi;Ses, Bi;Tes, and Sb,Tes; (Luo et al.,
2013; Tang et al., 2013), transition metal oxides (TMO) for instance titanium dioxide
(TiO;) (Ahmad et al., 2016) and also black phosphorus (BP) (Luo et al., 2015; Li et al.,
2015; Qin et al., 2015). The 2D materials give some opportunities for the cost
effectiveness of fabrication process and flexible broadband saturable absorbers. 2D
TMDs received massive attention due to their property in semiconducting with tunable
bandgaps and abundance in nature (Wu et al., 2015). In these studies, we are going to
demonstrate an experiment for passively Q-switched fiber laser generation by utilizing

2D materials which are TiO, and MoS, as SA.

2.4  Raman Amplifier

In the early of 1970s, Stolen and Ippen demonstrated the Raman amplification in
optical fibers. However, Raman amplifiers (RA) remained primarily laboratory interest
in the first half of the 1980s (Bromage, 2004). By the beginning of 2000s, RA are being

utilized in almost all long haul systems (which is defined at transmission distance
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around 300 km to 800 km) replacing the conventional amplifier which is widely used
previously, erbium-doped fiber amplifiers (EDFA). This is due to the great demand in
terms of transmission capacity that has been dramatically increased, thus fulfilling the
whole spectral band of the EDFA which then required RA technology for wideband

optical network (André et al., 2012).

There are several advantages in RA. First, due to the ability to tune the
wavelength over a broad spectrum by deploying a different wavelength of Raman pump
(RP). Normally, the preferred pump wavelength is 100 nm shorter than the gain
spectrum needed (Krause et al., 2003; Ravet et al., 2004; Kuang et al., 2015). Second,
Raman gain is present in any types of fiber that offers cost effectiveness. The third
advantage, it is a relatively broad-band amplifier with a 5 THz bandwidth, and the gain
is flat over a broad wavelength range. Apart from that, RA provide wider band and
produce less gain than EDFA. However, there are some drawbacks of RA compared to
the EDFAs since it has poor pumping efficiency at lower signal powers. But, this lack
of pump efficiency makes gain clamping easier in RA. Other than that, longer gain fiber
is required for RA. But, this weakness can be solved by adding dispersion compensation

and the gain in a single fiber.
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The signal in RA is enhances by Raman amplification, different from SOA and
EDFA the amplification is created by the nonlinear interaction between the signal and

pump laser inside an optical fiber as illustrated in the schematic diagram in Figure 2.2.

Figure 2.2: Schematic of a fiber Raman amplifier.

In ultrafast fiber laser application, Raman pump power has attracted a lot of
interest due to the fact that it is an alternative way to generate the passive Q-switched
instead of using laser diode (LD) as pump power. For this study, we are using a RP acts
as a pump sources for the nonlinear gain mechanism. RP required high pump power and

longer fiber to generate high nonlinear effect.
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Figure 2.3 shows the spectrum of Raman gain for single mode fiber (SMF) with
the highest gain achieved at 13.2 THz and the Raman gain bandwidth is around 40 THz
wide at the pump wavelength of 1550 nm. In telecommunication bands, it corresponds
to about 100 nm. The gain bandwidth within the wavelength position can be simply

tuned by changing the wavelength of the pump.

A, = 1.5 um

Figure 2.3: Raman gain coefficient graph.

In RA, the gain amplifier G is defined by:

G=exp (grPolers/ Acsr) (2.3)
Where,
gr 1s the coefficient of Raman gain. In fiber, g is depends on the fiber core
composition and varies with different type of dopant. P, is the pump power at amplifier
input and L,y is effective length. A.sf is the effective core area of fiber. Different fiber
has different value of A.fr. Based on the equation 2.3 to increase the efficiency of

Raman gain, we need higher coefficient of Raman gain g and smaller effective core
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area, Agsy. In this study, DCF with smallest effective area around 15 um? will be used

as gain medium.

2.4.1 Types of Raman Amplifier

Basically, Raman Amplifier (RA) amplification can be obtained by the
interaction of Raman pump (RP), high nonlinear effect of fiber and signal. It can be
classified into three categories as shown in Figure 2.4. The first one is distributed
Raman amplifier (DRA), which the transmission fiber itself is employed as the gain
media by multiplexing a signal wavelength and pump wavelength, with a backward
pump injected over the fiber (typical fiber length is more than 40 km). Second is
discrete Raman amplifier or also known as lumped Raman amplifier (LRA) where a
dedicated length of fiber is inserted into the transmission line to create amplification
(typical fiber length is about 5 km). LRA requires highly nonlinear fiber with a small
effective area of fiber core to enhance the interaction between the pump wavelengths
and signal, thus reducing the fiber length. Conclude that LRA requires a shorter length
of fiber to provide amplification. The third category is hybrid Raman amplifier (HRA)

where it combines two gain media together.
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Distributed
Raman Amplifier

3 categories of
Raman Amplifier

Hybrid Raman Discrete Raman
Amplifier Amplifer

Figure 2.4: Categories of Raman amplifier.

2.4.2 Spontaneous and Stimulated Raman Scattering

In 1982, Raman scattering was discovered by a physicist from India, Sir
Chandasekhar Venkata Raman that earned him the Nobel Prize in 1930. Raman
scattering explains a process where the light photons are scattered from a shorter
wavelength to a longer wavelength (lower energy) (Headley & Agrawal, 2005). Raman
scattering can be classified into two categories, which are stimulated and spontaneous
Raman scattering. In 1928, spontaneous Raman scattering, was observed by Landsberg,

Mandelstam and Raman.

It happen when an incident light is scattered from the molecules of a substance,
with the scattered light consist most of the light with same frequency and energy as the
incident light. At the same time, low intensity light with lower and higher energy than

the incident light can be observed. The working principle behind Raman amplifier is
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called stimulated Raman scattering (SRS). SRS is a nonlinear effect of optical fiber
which has advantages of self-phase matching between the pump and signal and also
created wide bandwidth or high speed response as compared with other nonlinear
processes (Kang et al., 2002). Over the last decade the interest in the SRS has increased
significantly with the development of optical telecommunication. SRS is a very
significant non-linear effect because it affects wavelength division multiplexing (WDM)

and signal to noise ratio (SNR).

Figure 2.5 describes that the photon of the pump (@ pump) is excited to virtual
state and then scattered by molecule in the fiber medium which is then relaxes to the
lower state and become the lower energy photon (@ stokes) by emitting photon as well
as vibrational energy, naturally the emitted photon has less energy than incident photon,
and therefore a longer wavelength (thus provide amplification).The difference between
the frequency of @ pump and w stokes has to match a relationship in order to fully use
of this nonlinear effect.

1 Virtual state

@ pump
w stokes

Vibrational state

Ground state

Figure 2.5: Stimulated Raman scattering (SRS) energy diagram.
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2.5

The gain spectrum of erbium doped fiber amplifier (EDFA) is determined by the
erbium atoms. Unlike Raman amplifier (RA), where the gain spectrum is depends on
the pump wavelength. The main drawback for RA requires higher pump power

compared to the pump power in EDFA. Other differences between both amplifier are

Comparison of Raman Amplifier and EDFA

shown in Table 2.1 (Namiki & Emori, 2001).

Table 2.1: Comparison between RA and EDFA.

Characteristic

RA

EDFA

Amplification band

Depends on avaibility pump

wavelength

Depends on dopant

Pumping wavelength

100 nm lower than signal

980 nm or 1480 nm for

required EDFAs
Good for C band and not
Bandwidth Good for C, L and S band
bad for L band
) _ . Depends on ion
Proportional to pump intensity
Gain

and fiber length

concentration, fiber length

and pump configuration

Saturation power

Equals about power of pump

waves

Depends on doping, pump
direction, gain cross section

and exited state lifetime

Noise

Higher

Lower
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2.6  Parameters for Dispersion Compensation Fiber

Raman amplifier (RA) can be achieved with different kind of fibers which
provide a cost effective (Islam, 2003). However, high pump power and long interaction
length of fiber are required in order to produce high nonlinear effect. High nonlinearity
is significant to generate required Raman gain. For this study, a 7.7 km long of
dispersion compensating fiber (DCF) is used as gain medium since it has good element
for Raman amplification such as high nonlinearity and small effective area compared to

others fiber. The specification of dispersion compensation fiber (DCF) used is listed in

the Table 2.2.
Table 2.2: The parameters for 7.7 km DCF.

Parameters DCF

Length of fiber (km) 7.7

Effective mode area (um?) 15
Dispersion (ps/nm*km) -584

Attenuation loss at 1530 nm (dBkm™1) 1.5
Attenuation loss at 1550 nm (dBkm™1) 0.65

19



Table 2.3 and Figure 2.6 shows the comparison of effective area at wavelength
of 1550 nm for different type of fiber and the Raman gain profiles at 1510 nm pump for
different types of fiber, respectively. It compares a few types of fiber including single
mode fiber (SMF), non-zero dispersion-shifted fiber (NZDSF), dispersion shifted fiber
(DSF) and dispersion compensating fiber (DSF). From these table and figure, we can
easily compare and conclude that the DCF is a highly suitable candidate for Raman gain
medium due to its high Raman gain efficiency and it has the smallest effective area at
around 15 umz that tend to create better nonlinear effect (Rasmus, 2008) (Mohd

Zamani, 2012).

Table 2.3: The effective area of different fiber types.

Effective Area at 1550 nm
Type of fiber 5
(um®)
SMF 72-80
NZDSF 55-72
DSF 45-50
DCF 15
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Figure 2.6: Profiles of Raman gain at 1510 nm pump in three different fiber types.
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CHAPTER 3: PASSIVELY Q-SWITCHED RAMAN FIBER LASER

INCORPORATING MoS; AS SATURABLE ABSORBER

3.1 Introduction

Recently, graphene has been studied extensively as a saturable absorber (SA) for
short optical pulse generation due to their large absorption of incident light and optical
nonlinear properties (Bonaccorso et al., 2011; Nair et al., 2008; Bonaccorso et al.,
2010), but there is some limitation where the operation bandwidth of graphene SA is
limited by the bandwidth of substrate (Ma et al., 2014). Most recently, there is a
growing interest in 2D TMDs material which has high third-order nonlinear
susceptibility (Wang et al., 2014), exhibit saturable absorption (Woodward et al., 2015)
(Khazaeinezhad et al., 2015) and offers high damage threshold. For instance
Molybdenum disulfide (MoS,) is reported to have stronger nonlinear optical respond,
better saturable absorption and lower saturation intensity as compared to graphene
(Ahmad et al., 2016). The MoS; has future application at visible wavelengths based on
their direct bandgap of 1.9 eV (Kuc et al, 2011). Characterization of saturable
absorption in MoS; by Wang (Nanosheets et al., 2013) begins an advance wave of
research on 2D materials for short pulse generation. In recent, the measurement of
saturable absorption of MoS, was also conducted at 800 nm by using the Z-scan
approach (Zhang et al., 2014). As far as we know, Q-switched RFL pulses propagate in
any wavelength regime utilizing a passive SA has never been conducted before. The
earlier research focused on graphene nanomaterials and carbonannotubes (CNT)
employing a doped fiber as a gain media (Jun et al., 2015; Harun et al., 2012; Bao et
al., 2014). Previously, most of the research studies about RFL focused on continuous
wave (CW) operation (Rong et al., 2003; Pei et al., 2006). In this study, we demonstrate

an experiment for passively Q-switched RFL employing a MoS, as SA and a 7.7 km
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long dispersion compensating fiber (DCF) as nonlinear gain medium. From our
observation, at a maximum pump power of 422 mW, the repetition rate can be tuned
from 132.7 to 137.4 kHz with the highest pulse energy of 54.3 nJ and the shortest

pulsewidth of 3.03 ps.

3.2 Investigation of Raman Gain and Noise Figure in Dispersion Compensating
Fiber (DCF)

Fiber optic communication has become applicable for more than 30 years and
there has been a progressing stream of technological development. The growing interest
towards internet has led to the introduction of DWDM systems. With the tremendous
increase in demand for communications capacity in past few years, interest has been
focused on RA, and work goes ahead on utilizing them for several systems. On the other
hand, single-mode DCF are the most extensively utilize technology for dispersion
compensation. DCF is an ideal Raman gain medium, where the efficiency gain is seven
to ten times higher than standard single-mode fiber (SMF) (Nicholson, 2003). In this
section, the Raman gain in a dispersion compensating module (DCM) based on 7.7 km

DCEF is investigated.

At first, the amplified spontaneous emission (ASE) of the nonlinear gain media
is investigated by pumping with 1445 nm Raman pump laser. ASE is the dominant
noise in an optical amplifier that is produced by spontaneous emission when the laser
gain medium is pumped. When the lasing threshold is achieved, ASE feedback by the
laser's optical cavity may create laser operation. Laser threshold can be described as the
minimum level of excitation where output laser is dominated by stimulated emission

instead of spontaneous emission.
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In the experiment, 1445 nm Raman pump is launched into the DCF through a
wavelength division multiplexer (WDM) as shown in Figure 3.1. The DCF is 7.7 km

long with loss characteristic of about 0.4 dB for pumping and the amplification band.

Figure 3.1: Experimental setup for measuring ASE spectrum and Raman gain.

Figure 3.2 depicted the experimental setup for characterization of 1455/1550 nm
WDM. The 1455/1550 nm WDM was connected to the output of 1455 nm Raman pump
(RP) and the output of WDM can be observed on optical power meter (OPM). Figure
3.3 shows the RP characterization measured before and after WDM by using an OPM. It
is observed that by increasing the value of input power for every 20 mA, the output
power before the WDM steadily increases from 50.9 to 1780 mW. After the WDM, the
output power is reduced about 60 % where only 700 mW of the pump power is obtained

at the maximum injected current of 9900 mA.
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1455 nm Raman pump

Figure 3.2: Experimental setup for characterization of 1455/1550 nm WDM.
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Figure 3.3: Output power against the input current for the Raman pump as
measured before and after the WDM.

Figure 3.4 shows the output ASE spectrum as measured after the DCF by the
OSA. Experiment is conducted with the pump power (after WDM) is fixed at 460 mW.
It shows a residual pump at 1445 nm and ASE region centered at 1555 nm. The Raman

ASE bandwidth covers from 1520 to 1570 nm. As shown in Figure 3.4, the highest ASE
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power is obtained at around -63 dBm at 1555 nm. In Raman amplification, there are
significant aspects that should be considered: 1) the pumping band loss since it is related
to the Raman amplification efficiency, and 2) the coefficient of Rayleigh scattering has
to be minimum as possible because it could leads problem like double Rayleigh back-
scattering noise (multipath interference noise, or MPI). The ON/OFF gain of the DCF
(7.7 km) was then measured by injecting an input signal from tunable laser source

(TLYS) into the Raman amplifier system as shown in Figure 3.1.
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Figure 3.4: Raman ASE with 1445 nm pump power of 460 mW.

Figures 3.5(a), (b) and (c) show the ON/OFF gain of the Raman amplifier at
input signal wavelengths of 1545 nm, 1555 nm and 1565 nm, respectively. The
ON/OFF gain is measured by comparing the output signal with Raman pump ON and
OFF condition. Raman pump (1445 nm) is fixed at 520 mW (or 1290 mW before

WDM) while the input TLS power is fixed at -10 dBm. As shown in Figure 3.4, the
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output signal power is increased as the Raman pump is on. This is attributed to the
stimulated Raman scattering process, which transfer the energy from the Raman pump
to the output signal through a nonlinear process. The ON/OFF gain of the Raman
amplifier is summarized in Table 3.1. The gain varies from 12.04 dB to 12.44 dB within
the signal wavelength of 1545 nm to 1565 nm. The maximum gain of 12.44 dB is
obtained at input signal of 1545 nm. As the Raman pump power increases, the ON/OFF

gain can be further increased.
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Figure 3.5(a): Input and output signal with Raman pump ON (red line) and
OFF (blue line) at 1545 nm.
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Figure 3.5(b): Input and output signal with Raman pump ON (red line) and
OFF (blue line) at 1555 nm.
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Figure 3.5(c): Input and output signal with Raman pump ON (red line) and
OFF (blue line) at 1565 nm.
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Table 3.1: ON-OFF Gain at three different wavelengths.

TLS wavelength (nm) ON-OFF Gain
1545 12.44 dB
1555 12.23 dB
1565 12.04 dB

The noise figure of the RA is related to the optical signal to noise ratio (OSNR)
of the output amplified signal. OSNR is described as the signal peak power over the
noise of peak power within the system bandwidth. It can be expressed as the following

equation;

Psignal (W)

OSNR (dB) = 10l0g10 Proise (W)

= Psignal (dBm) — Pnoise(dBm) (3.1)

The noise figure (NF) is a measure of the reduction of the SNR when the noise of

amplifier adds to the signal. It can be defined by equation below:

Noise Figure (NF) = 10log,o(F) = SNR;,, — SNRyy: (3.2)

Where F is a noise factor for a system and is given as;

signal to noise ratio (in)

Noise Factor (F) = (3.3)

signal to noise ratio (out)
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Based on Equation 3.2 and Figure 3.5, the NF of the RA is calculated for three
different wavelengths and the results are simplified in Table 3.2. The NF of the RA is

estimated to be around 8 dB.

Table 3.2: Noise figure at three different wavelengths.

TLS wavelength (nm) Noise Figure
1545 7.76
1555 7.73
1565 8.17

In a closed cavity such as ring resonator, the ASE oscillates in the cavity to

create laser based on the signal amplification by the Raman gain.

33 Sample Preparation of Molybdenum Disulfide (MoS;)

The molybdenum disulfide (MoS,) film was prepared by using mechanical
exfoliation method (Hisamuddin et al., 2016). It has been extensively utilized in
graphene based ultrafast fiber laser applications (Saleh et al., 2014; Martinez et al.,
2011). The major advantages of mechanical exfoliation are due to their reliability and its
simplicity, where the whole fabrication process does not require complicated procedures
and expensive equipment. Thin flakes were peeled off from a big block of MoS, crystal
by using scotch tape. The stuck flakes were repeatedly pressed to ensure it become thin
enough in order to propagate light with high efficiency. Next, the thin flakes were

transferred onto fiber ferrule end face before it is connected with another clean fiber
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ferrule by using an optical fiber adapter. The Renishaw’s Raman analyzer with a laser
power of 5 mW and excitation wavelength of 532 nm was utilized to measure the
Raman spectrum of the exfoliated MoS;. This is one of the non-destructive methods that
is extensively explored for vibration mode characterization and therefore the structure
of nanomaterial. The generated Raman spectrum is shown in Figure 3.6(a), which
indicated two bands of Raman characteristic at 378 cm ™' and 404 cm’’ (Yim et al.,
2014;(Tongay et al., 2012), referring to the Ezlg and A;, modes of MoS,, respectively.
The number of MoS, layers can be determined by the difference of frequency peak
between the vibration modes of in-plane (Ezlg) and out-of-plane (A, 4). The difference of
frequency for MoS, sample was about 25 cm ', which corresponds to a layer number of
2~5 (Li et al., 2012). Figure 3.6(b) shows the field-emission scanning electron
microscopy (FESEM) image of the exfoliated MoS,, that defined the flakes size is about
2 x 5 um. Nonlinear optical properties is a significant parameter in order to indicate the
capability of every material to be recognized as an SA. The nonlinear transmission
profile was recorded by injecting the C-band mode-locked laser source throughout a
sample of SA’s in twin-detector measurement configuration is depicted in Figure 3.6(c)
with the power intensity against the transmission according to a simple two-level SA
model (Garmire, 2000). The MoS, saturation intensity (f,) is 21.5 MW/cm® with
modulation depth (ay) of 11.8 %, and the non-saturable absorption (a,;) is 27.7 % which

confirms MoS; has adequate capacity as SA.
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9

Figure 3.6(a): Raman spectrum.

Figure 3.6(b): FESEM image.
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Figure 3.6(c): Nonlinear transmission profile.

The ring cavity of the proposed Q-switched Raman fiber laser is formed by
incorporating MoS; as SA is shown in Figure 3.7. The system composes a DCF
approximately 7.7 km in length, a 1455 nm Raman pump, a WDM, an optical isolator
(ISO) and 95/5 fiber coupler. The signal is forward pumped through a WDM to
combine the 1455 nm pump with a laser signal and the DCF with 584 ps/nm*km of
dispersion (DCM LEAF 580) acts as a nonlinear gain media to produce amplification at
the 1550 nm region. An ISO is placed after the DCF to assure that the light will
propagate in one direction and suppress the Brillouin backscattering that induce pulse

instability.

The experiment is conducted by depositing 1 mm x 1 mm area of MoS; film on
the end face of the fiber connector and adheres with index matching gel serve as a SA
for ultrashort pulse generation. A FC/FC optical adapter is used to connect the fiber

connector with the deposited MoS, with a 95/5 fiber coupler. The 5 % output port was
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used to measure the spectrum and the pulses train by using an optical spectrum analyzer
(OSA) with 0.02 nm wavelength of resolution and a 350 MHz digital oscilloscope
(OSC), 1.2 GHz photodetector together with 7.8 GHz radio frequency spectrum

analyser (RFSA), respectively.

1445 nm
Raman pump

DCF
(7.7 km)

WDM

S — — -

[solator
MoS:2SA

Figure 3.7: Schematic diagram of the proposed Q-switched RFL with a ring cavity.

34 Performance of the Q-switched Raman Fiber Laser with MoS,

Figure 3.8 shows the optical spectra of the Q-switched pulse RFL at 422 mW pump
power with MoS; inside cavity. The laser operates with peak wavelength of 1560.2 nm and 5.9
nm of 3 dB spectral bandwidth. A stable pulse train of RFL is generated with an increasing
repetition rate as the function of pump power is varied from 395 to 422 mW. It is observed that
there are two peaks wavelength appeared which is probably due to the mode competition inside

the ring cavity.
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Figure 3.8: Optical spectra of RFL at pump power of 422 mW.

Figure 3.9 depicted the pulse train for typical laser output at pump power of 422 mW. It
is indicated that the pulse train has the period of 7.27 ps without any chirp appeared,
corresponding to the 137.4 kHz of repetition rate. In order to ensure that the MoS, SA was
responsible in the generation of Q-switching pulse laser, the fiber ferrule filled with MoS, was
substituted with another clean fiber ferrule. In this situation, there is no Q-switching pulse
appeared on the OSC which verified the generated Q-switching operation was contributed by

MoS, SA.
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Figure 3.9: Typical oscilloscope trace under pump power of 422 mW.

Figure 3.10 shows the Q-switching repetition rate changed from 132.7 to 137.4 kHz as
the input pump power is tuned from 395 to 422 mW. Meanwhile, the pulse width decreased
from 3.35 to 3.03 us. We also investigated the single-pulse energy and the output power at
several pump powers. The plotted result in Figure 3.11 indicates that the pulse energy and
output power is increased almost linearly with the rises of pump power. It is observed that the
highest average output power is 7.46 mW with 2.65 % of efficiency. By deploying a higher
nonlinearity gain media, the efficiency value could be improved and the total cavity length can
be shortened. The maximum pulse energy of 54.3 nJ is achieved at the highest pump power of

422 mW.
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Figure 3.10: Repetition rate and pulse width variation with the increasing pump power.

Figure 3.11: Output power and pulse energy against the pump powers.
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The RF spectrum of Q-switching at pump power of 395 mW is shown in Figure 3.12.
RF spectrum is a significant parameter that can verify and characterize the stability of the pulse.
As illustrated in the figure, the fundamental repetition rate of the laser is obtained achieved at
132.7 kHz with an OSNR of 42 dB indicating the stability of the Q-switching pulse. Agree to
Fourier transform, the peak of fundamental repetition rate gradually decrease until 3" harmonic,
and disappears. From this experiment, we confirmed that there is no mode-beating frequency
presence. The generated pulse could be enhanced by optimizing the design of the laser cavity

and the MoS, SA parameters such as insertion loss and modulation depth.

Figure 3.12: RF spectrum measured at pump power of 395 mW.
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35 Summary

In conclusion, a passive Q-switched RFL using a MoS; as a SA is successfully
demonstrated. The SA was prepared by depositing a mechanically exfoliated MoS, film
onto the end face of fiber ferrule before it is connected with another clean ferrule using
an optical adapter. By incorporating MoS, inside cavity, Q-switching pulse train is
generated and operated at 1560.2 nm. By raising the pump power into cavity from 395
to 422 mW, the repetition rate varies from 132.7 to 137.4 kHz whereas the pulse width
exhibited a decreasing trend from 3.35 to 3.03 ps. At the maximum pump power of 422
mW, the maximum pulse energy of 54.3 nJ is obtained. These results proved that the

MoS; film is as effective for Q-switched pulsed laser applications.

39



CHAPTER 4: PASSIVELY Q-SWITCHED RAMAN FIBER LASER

INCORPORATING TiO; AS SATURABLE ABSORBER

4.1 Introduction

Raman fiber lasers (RFLs) have attracted a great interest in recent years
especially for operation at wavelengths that are difficult to achieve directly with
ordinary gain media. They are developed based on stimulated Raman scattering (SRS)
effect. In the previous chapter, a Q-switched RFL was demonstrated by using MoS; as a

SA.

On the other hand, another interesting 2D transition metal oxides (TMOs)
material which is Titanium (IV) oxide (TiO,) has been utilized as saturable absorber for
pulse laser generation. It has a low electrical resistivity (Martev, 2000) and offers high
efficiency as a diffusion barrier against the interdiffusion of silica and aluminium. The
conductive TiO; that could be utilized as a thin film material for microelectronic layered
structures applications have also been reported. This saturable absorption ability is due
to the Pauli-blocking principle. Recovery time is an important parameter to determine
the Q-switching ability of saturable absorber which is around picosecond (ps). The
recovery time of TiO, polymer film is ~ 1.5 ps. (Ahmad et al., 2016; Elim et al., 2003)
the spectral absorption of TiO, can covers up to near-infrared (NIR) region although

the band gap of TiO; is ~3.2 eV (Nambara et al., 2007; Reddy et al., 2003).

Of late, many investigations on TiO, optical properties such as the light
absorption have been conducted. For instance the light absorption properties of blue
titanium sub-oxide nanoparticles was investigated by (Wang et al., 2005). On the other
hand, Polyvinyl alcohol (PVA) has been intensively used in many applications because
of its capability to form film and favourable physical properties such as good chemical

resistance, biocompatibility and hydrophilicity (Lopez et al., 2001).
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As a 2D material, TiO, sheets can be easily exfoliated mechanically or
chemically due to its strong in-plane bonding and weak van der Waals coupling
between layers. In this chapter, a passively Q-switched RFL is demonstrated using a
TiO, embedded in PVA as a Q-switcher. Stable pulsing with the repetition rate tunable
from 131.4 to 142.5 kHz, the highest energy of 5.81 nJ and the smallest pulsewidth of

2.97 us is obtained in a 8 km Q-switched resonator.

4.2 Fabrication and Characterization of TiO,

TiO, solution is prepared by desolving a commercial anatase TiO; powder in
distilled water with a help of 1 % sodium dodecyl sulphate (SDS) solvent. The TiO,
powder has diameter of less than 45 um and 99 % pure. To ensure that the TiO,
material is dispersed homogeneously, the mixture is stirred for 5 minutes. TiO, solution
was centrifuged for 15 minutes at 3000 rpm and the supernatant which contains TiO,
suspension in the solution was collected for use. The dispersed TiO, solution was then
added to a solution of the polymer. The polymer solution was obtained by mixing 1 g of
PVA powders with 120 ml deionized water (DI). The mixture is stirred at 90 °C until
the polymer was fully dispersed. Then, the polymer solutions were cooled down to
room temperature. The TiO, and PVA mixture was mixed well through a centrifuging
process to form a composite precursor solution. The precursor solution was poured onto
a glass petri dish and heated in a vacuum oven for about 2 days to create a free standing
film.The film obtained has an absorption of around 3 dB at 1550 nm with thickness of

around 30 pm.

Figure 4.1(a) shows how the film was transferred onto a fiber ferrule. We also
conducted Raman spectroscopy on the fabricated TiO, film sample to verify the presence of
TiO, material. Figure 4.1(b) exhibits the Raman spectrum recorded by a spectrometer when a

514 nm beam of a Argon ion laser is radiated on the film for 10 ms with 50 mW of exposure
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power. The sample shows five different Raman peaks at approximately 145, 198, 399, 516, and
640 cm™', which corresponds to the first £,, second E,, Bj,, 4}, and third E, band, respectively.
High peak intensity at 145 cm™ confirms this TiO; is only observed in the Raman spectrum of
anatase crystalline structure. By performing a balance twin-detector measurement, the
modulation depth of the film is measured to be around 33 %. A stable self-constructed passively
mode-locked fiber laser (operating wavelength at 1560 nm with 980 fs of pulsewidth and 21.8

MHz of repetition rate) is utilized as the input pulse source.

TiOz film

Figure 4.1(a): Image of fabricated TiO, film.
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Figure 4.1(b): Raman spectrum of the fabricated TiO, film.

43 Experimental Setup for the Q-switched Raman Fiber Laser

Figure 4.2 shows the schematic diagram of the passively Q-switched RFL employing
TiO; film as SA. A 7.7 km long of DCF with 584 ps/mm*km of dispersion work as a nonlinear
gain media was directly pumped by a 1455 nm of Raman pump through a 1455/1550 nm
WDM. The TiO, film was employed into the ring cavity by sandwiching a small portion of the
TiO, film between two fibers ferrules via optical adapter adhered with index matching gel act as
a passive Q-switcher. The isolator (ISO) is located inside cavity to ensure the unidirectional
light operation. A 5/95 fiber coupler was used into the cavity after the SA with the 5 % port of
the fiber coupler became output laser for spectrum and temporal characteristics. The spectral
characteristic was measured using an OSA with a 0.02 nm of wavelength resolution while a 500
MHz OSC and a 7.8 GHz radio-frequency (RF) spectrum analyzer via a 1.2 GHz photo
detector is used to measure the temporal diagnostics. The total length of the ring laser cavity is

estimated about 8 km.
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Figure 4.2: Schematic diagram of the proposed Q-switched RFL in a ring cavity.

44 Performance of Q-switched Raman Fiber Laser with TiO,

Figure 4.3 compares the optical spectra of the RFL with and without the TiO, film
based SA inside the cavity. In the experiment, the pump power of 1455 nm is fixed at 431 mW.
It is obtained that the laser operates at peak wavelengths of 1558.5 nm and 1562.8 nm with and
without the SA, respectively. It is observed that the peak wavelength shifts to a shorter
wavelength when the TiO, film is inserted inside the cavity due to the increased cavity loss and
it is shifted to shorter wavelength to compensate the losses. It is also observed that the generated
spectrum is slightly broadened due to the TiO, enhances the nonlinear effect inside the cavity.
The RFL generate a stable pulse train as the pump power is enhanced from 398 to 431 mW.
Figure 4.4 represents the typical pulse train of the laser Q-switched at three distinct pump
powers. The repetition rate almost linearly increased as the pump power is raised. At the highest
pump power of 431 mW, the pulse train indicates the period of 7.12 ps without any noticeable
timing jitter, corresponds to a pulse repetition rate of 142.5 kHz. To confirm the Q-switched
pulse laser generation with the presence of TiO,, the fiber ferrule with TiO, film was substituted
with a clean fiber ferrule. It is observed that there is no Q-switching pulse appeared on the OSC

at any pump powers, indicates that the Q-switching pulse has been contributed by TiO, SA.
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Figure 4.3: Optical spectra of RFL at pump power of 431 mW.

Figure 4.4: Typical oscilloscope trace under different pump power between 398 to 431
mW.
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The plotted results in Figure 4.5 indicate that the repetition rate monotically increases
from 131.4 to 142.5 kHz as the pump power is varied from 398 to 431 mW. On the other hand
the pulse width decreased from 3.32 to 2.97 ps. It is noted that, by shortening the laser cavity
length, the pulse width could be reduced more. The pulse energy and the output power of the
laser are also studied at different pump power. Figure 4.6 showing that the output power almost
linearly increased by raising pump power up to the pump power of 431 mW. The highest output
power of the Q-switched laser is about 0.826 mW with the fiber efficiency is measured to be
around 0.03 %. The laser efficiency value is rather low because of the cavity parameters were
not optimized and high cavity loss inside cavity. From the plotted figure, it can be observed that
the pulse energy fluctuates with the highest pulse energy of 5.81 nJ is obtained at 427 mW of

pump power.

@® Pulsewidth
@ Repetition rate

Figure 4.5: Repetition rate and pulse width variation with the increasing pump
power.
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Figure 4.6: Output power and pulsed energy against the pump power.

The RF spectrum of Q-switching at pump power of 431 mW is shown in Figure 4.7. As
shown in the figure, the fundamental repetition rate of the laser is 142.5 kHz which agrees with
the pulse period of 7.12 ps .The SNR of the RF spectrum is observed at 37 dB, showing the
stability of the Q-switching operation. Throughout the experiment, we can verify no mode-
beating frequency presence. The Q-switching performance could be improved further by

optimizing the cavity design and the parameters of TiO, SA.

SNR =37 dBI

Figure 4.7: RF spectrum measured at pump power of 431 mW.
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4.5 Summary

A Q-switched RFL has been successfully demonstrated using a TiO, film as a passive
SA. The TiO; film was prepared by mixing the dispersed TiO, suspension into a PVA solution
to form a precursor which is then transformed into a thin film through a drying process. It is
placed between two fiber ferrules via an optical adapter to produce a fiber-compatible SA,
which is then located inside RFL cavity to generate a Q-switched pulses at wavelength of
1558.5 nm. The repetition rate rises from 131.4 to 142.5 kHz and the pulse width decreased
from 3.32 to 2.97 ps as the pump power is increased from 398 to 431 mW. The maximum
output pulse energy of 5.81 nJ is achieved at pump power of 427 mW. These results verified

that TiO, film can be utilized as an effective SA for pulsed laser applications.
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CHAPTER 5: CONCLUSIONS AND FUTURE WORKS

5.1 Conclusions

In this study, all objectives have been achieved. The characterization of Raman
fiber laser was conducted and passively Q-switching Raman fiber laser by incorporating
different type of 2D materials as saturable absorber, Titanium dioxide (TiO,) and

Molybdenum disulfide (MoS,) was successfully demonstrated.

In this contribution, MoS, and TiO; have been employed as saturable absorber in
a fiber ring cavity for passively Q-switched Raman fiber laser generation operating in
C-band regime for the first time. The advantages of the proposed SA are because of
their remarkable nonlinear, electronic and optical characteristics. The SA is then
integrated into ring cavity for microsecond pulse generation. Based on our experiment,
both SA has great capability and reliability to generated Q-switched pulses with high
peak power, short pulse duration and wide repetition rate range. By increasing the pump
power from the threshold power, the repetition rate and pulse energy increase whereas
the pulse width reduces. This performance indicates that the MoS, and TiO, SA also
possess excellent ability for Q-switched pulse generation and hold great potential for

ultrafast fiber laser applications.

5.2  Future Works
There is several future works that can be focused on the following topics:

1- Carry out the experiment by using different types of high nonlinear fiber such as
single mode fiber (SMF), dispersion shifted fiber (DCF) and non-zero
dispersion-shifted fiber (NZDSF) to generate mode-lock pulse laser operation.

2- Conduct an experiment by placing longer high nonlinear fiber in the optical

cavity and observe the generated pulses.
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3- Demonstrate an experiment by utilizing different types of 2D material as
saturable absorber to explore and investigate their performances in generating

pulse laser.
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We demonstrate a Q-switched Raman fiber laser using molybdenum disulfide (MoS;) as a saturable absorber
(SA). The SA is assembled by depositing a mechanically exfoliated MoS; onto a fiber ferrule facet before it is
matched with another clean ferrule via a connector. It is inserted in a Raman fiber laser cavity with a total cavity
length of about 8km to generate a Q-switching pulse train operating at 1560.2nm. A 7.7-km-long dispersion
compensating fiber with 584 ps-nm™'km™! of dispersion is used as a nonlinear gain medium. As the pump power
is increased from 395 mW to 422 mW, the repetition rate of the Q-switching pulses can be increased from 132.7 to
137.4 kHz while the pulse width is concurrently decreased from 3.35 s to 3.03 us. The maximum pulse energy of
54.3 nJ is obtained at the maximum pump power of 422 mW. These results show that the mechanically exfoliated
MoS> SA has a great potential to be used for pulse generation in Raman fiber laser systems.

PACS: 42.55.Wd, 42.55.Ye, 42.60.Gd

Stimulated Raman scattering (SRS) has been uti-
lized to develop fiber lasers having wavelengths that
are difficult to access directly with conventional gain
media. In the SRS process, the amount of the Stokes
frequency shift is intrinsically determined by the ir-
radiated medium in which a quantum conversion in-
creases proportionally with the complex part of the
third-order nonlinear permittivity.l'! To date, various
Raman fiber lasers (RFLs) have been fabricated and
demonstrated by using germanosilicate or phospho-
silicate glass fibers as Raman gain media. Most of
the proposed lasers are operating with a cw mode
with high output power. On the other hand, there
is also growing interest in passively Q-switched fiber
lasers due to their potential applications in LIDAR,
remote sensing, communication and medicine.l”! Com-
pared with the active technique, the passive approach
is better in terms of simplicity, compactness, and flex-
ibility of implementation.l”! The passive Q-switching
generation can be realized by using either an artifi-
cial saturable absorber (nonlinear polarization rota-
tion, nonlinear optical loop mirror) or real saturable
absorber (SA) techniques.

To date, various real-SAs such as semiconduc-
tor SA mirrors (SESAMs), single wall carbon nan-
otubes (SWCNTSs) and graphene saturable absorbers
(SAs), have been exploited for realizing stable pas-
sive Q-switching. Compared with other passive tech-
niques, graphene behaves as an excellent SA and its
true potential in generating pulsed laser has been
proved due to the combination of its unique optical
and electronic properties.l'! The success of graphene
has greatly encouraged scientific researchers to ex-
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plore other graphene-like 2D nanomaterial for pho-
tonic applications.[”%] Recently, topological insulators
(TIs), a new class of nanomaterial characterized by
an insulating bulk state and a gapless Dirac-type
surface/edge,l”] have been attracting great interest in
ultrafast photonics.®] Taking advantage of the excel-
lent saturable absorption of TIs, Luo et al. success-
fully experimentally demonstrated the generation of
Q-switched pulses in ytterbium-doped fiber laser[’]
and thulium-doped fiber laser!'’! cavities operating at
1.06 pm and 2.0 um, respectively.

Very recently, the saturable absorption of molyb-
denum disulfide (MoSs), was also demonstrated by
using the Z-scan technique at 800nm.!''! By in-
serting the MoSy SA into an erbium-doped fiber
laser (EDFL), a ~710fs pulse centered at 1569 nm
wavelength with a repetition rate of 12.09 MHz was
demonstrated.['?] In this Letter, we present a passively
Q-switched RFL by a MoSs-based SA using a 7.7-km-
long dispersion compensating fiber (DCF) as the gain
medium. The Q-switcher is assembled by depositing a
mechanically exfoliated MoS, onto a fiber ferule facet
before it is matched with another clean ferrule via a
connector. With the multilayer MoS,-based SA, the
compact all-fiber laser emits stable Q-switched pulses
with threshold pump power, central wavelength, min-
imum pulse duration, and maximum repetition rate
of 395 mW, 1560.2nm, 3.03 pym and 137.4kHz, respec-
tively. To the best of our knowledge, a Q-switched
RFL operating in any wavelength regions by using a
passive SA has never been demonstrated before. Most
of the previous works are focused on carbon nanotubes
and graphene nanomaterials by using a doped fiber as
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