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Abstract

Apart from the development of scientific theories and mechanisms, the
sustained investigation on the material properties of newly synthesised substance
had also underpinned the advancement of modern technology. In the optical aspect,
according to the evolution of high power pulsed laser, it had opened up a new
research branch on the material optical properties, which is known as nonlinear
optics. Under the illumination of high-intensity light, the optical response of
nonlinear materials show unique phenomenons as compared to that observed in
conventional optics, for instance, incident light intensity-dependent absorbance
and wavelength modulation of the output light. In the same time, these unique
nonlinear properties of the novel materials can be applied to synthesise advanced
optical devices, including saturable absorber for inducing laser pulses with pico-
to femtosecond pulse duration, and photonic crystal fibre for supercontinuum
generation. Therefore, the exploration and investigation of novel nonlinear
materials is a vital test for promoting modern optics development.

Contributed by the works on graphene, it had motivated the study on low-
dimensional materials in the past two decades, for example, two-dimensional
layered material, nanotube, and quantum dot. The previous literature had shown
that these nanomaterials possess superior material properties, such as high charge
carrier mobility and mechanical strength, especially strong nonlinear optical
response. In this work, the research objective is mainly focused on the exploration
of the nonlinear optical properties of novel two-dimensional layered transition

metal dichalcogenides(TMDs), where the TMDs materials were applied as the
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saturable absorber(SA) and installed into different laser cavity to induce ultrashort
laser pulses generation. The applied laser systems include of diode-end-pumped
solid-state (DPSS) Nd: YVOu4 laser and Erbium-doped fiber laser (EDFL). The
studies on nonlinear optical absorption(NOA) properties of TMDs materials began
with the promising nonlinear group 6 tungsten disulfide (WSz).

The WS:2 saturable absorber was inserted within a DPSS Nd: YVOus laser
cavity to test the corresponding NOA properties. In the experiment, Q-switched
operation was demonstrated, where maximum single pulse energy of 145 nJ was
achieved and is comparable to the results of other WS2-SA-based Q-switched
lasers. This work has enriched the understanding of the applicability of WS2-SA
in diverse laser systems. Meanwhile, in the synthesis process, experiences of
TMDs material properties modulation were obtained. The synthesis parameters,
such as the thickness of the precursor thin film, post-annealing time and
temperature profile will significantly affect to the TMDs nanosheets growth
direction, crystalline structure and stoichiometry ratio of the synthesised thin film.
These experiences had built the foundation of the successor works of applying
vertically aligned group 10 TMDs to fabricate high-efficient photodetector and
image sensor, which was demonstrated and published in high-quality Journal.

Remarkably, the NOA study had also extended to group 10 air-stable TMDs
candidates, which both platinum disulfide (PtS2) and platinum ditelluride (PtTe2)
saturable absorber-based passively mode-locked EDFLs were experimentally
demonstrated. The achieved pulse duration of the mode-locked EDFLs are 2.064
ps and 1.66 ps corresponding to the PtS2 and PtTe: saturable absorber, respectively,
which are comparable to other low dimensional materials-based results. It

indicates that both of the platinum-based TMDs can apply as a promising nonlinear
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saturable absorber. To the best of our knowledge, the demonstrations of mode-
locked EDFLs based on PtS2 and PtTe> saturable absorber are a pioneer study
within the nonlinear photonic field and has not been reported previously.
Furthermore, the NOA dependence on the lateral size and layer thickness of
PtS2 nanosheets was also demonstrated. By using the individual centrifugation
method with distinct centrifugal forces, four PtS2-NMP suspension samples with
different distributions of lateral dimension and thickness were prepared. By the Z-
scan measurement, it shows that as the PtS2 nanosheets lateral dimension and layer
thickness reduced, it will enhance the excited state photon absorption (ESA) effect
and two-photon absorption (TPA) effect, which promoted the reverse saturable
absorption (RSA) response of the PtS> samples. If the RSA response of the
nonlinear sample is already close to the saturation limit, further enhancement of
photon absorption will result in a weakening of the RSA response, and eventually
induced a change of the NOA behavior from RSA to saturable absorption response.
This work provides the method and strategy for further optimising the group 10
Pt/Pd-based saturable absorber performance by modifying the morphological

features of the TMDs nanosheets.
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CHAPTER 1

Introduction

1.1 Background and Motivation

Light is one of the most important forms of energy. Since the beginning of
civilisation, the study and manipulation of light are always a sustained quest
among human society. The advancement of laser system underpinned the
foundation of extensive modern technologies, for instance, optical communication,
astronomic observation, medicine, and even military system [1-4]. Remarkably,
the utilisation of laser also deepened the fundamental understanding of the
nonlinear optics and broadened the corresponding applications.

Nonlinear optics studies and describes how the matter interacts with intense
light, e.g. laser [5]. In the view of conventional optics, the optical properties of a
material respond linearly to the magnitude of electric field E of the interaction light.
However, if the intensity of the incident light scaled-up dramatically, the optical
response of the material system will shift to a nonlinear manner and
simultaneously exhibit different nonlinear optical effects, such as optical limiting
[6], saturable absorption [7-9], self-focusing [10-11], and high-order harmonic
generation [12]. Noticeably, depending on different nonlinear optical effects, the
resultant optical characteristics of light will change after interacting with the
nonlinear material. The study on nonlinear optics has shown a mutual and

inseparable bonding with the diverse development of advanced laser systems.
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In the past few decades, the evolution of saturable absorber (SA) has drawn
enormous attention due to their applications of ultrafast laser pulses generation and
the capability of these laser pulses used for high-precision material processing. In
fact, the ultrafast laser can also be used for laser processing of high-end electronic
components [13-14], biology tissue [15], and even transparent material [16]. The
saturable absorber is a nonlinear optical device in which the corresponding
absorbance is greatly reduced as illuminated by intense light [7-9]. This nonlinear
phenomenon is known as the saturable absorption effect. Integration of SA within
the laser cavity can induce either passive mode-locking [8-9] or passive Q-
switching [17-18] operation, and consequently, generate laser pulses with pulse
duration ranged from nano- to femtosecond. Compared to the counterpart of active
operation, which complicated and costly Acousto-Optical or Electro-Optical
Modulators (AOM/EOM) is required to control the intracavity loss, the passively
Q-switched and mode-locked laser systems have shown the merits of simplicity,
compactness, and cost-effectiveness [19-20]. Therefore, SA is one of the
mainstream methods used in commercial laser systems nowadays.

However, an important question comes, what is the best nonlinear material for
making these commercial SAs? Perhaps, there is no definite answer. Previously,
doped crystals (e.g. Co*": MALO [21] and Cr*: YAG [22]) and semiconductor
saturable absorber mirror (SESAM, e.g. InGaAs [23]) are the most commonly
utilised commercial SAs for inducing either passively Q-switched or mode-locked
operation, respectively. Nevertheless, the corresponding fabrication methods
generally involve lengthy and costly crystal growth processes, for instance, metal

oxide chemical vapor deposition (MOCVD). Undoubtedly, the involved high-cost
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and complicated synthesis processes will limit the utilisation of these
corresponding pulsed laser systems [24]. Besides, the operation bandwidths of
doped crystal and SESAM are restricted to narrow range as originated from the
material natural properties, which also reduced the flexibility and applicability of
these SAs [25]. Therefore, the exploration of novel substitutional nonlinear
material for SA synthesis is a sustained and attractive topic in pulsed laser
development.

Contributed by the previous research works of graphene, it had unveiled the
tremendous application potential of the novel low-dimensional materials,
including laser pulses generation. The nonlinear saturable absorption properties of
carbon-based low-dimensional materials were extensively investigated and
demonstrated, for instance, graphene [26-27], graphene oxide [28-29], reduced
graphene oxide [29], and carbon nanotube [30-31]. Furthermore, other graphene-
like two dimensional (2D) layered materials, such as transition metal
dichalcogenides (TMDs) have also drawn considerable attention due to the
outstanding material properties, for instance, broadly tunable bandgap, high charge
carrier mobility, strong mechanical strength, and prominent nonlinear optical
(NLO) response [32-35]. 2D layered TMDs have a stoichiometry of MX2. M
represents the group 4 to 10 transition metals (e.g. Nb, Mo, W, Re), and X stands
for the chalcogen atoms (S, Se, Te). As shown in Fig. 1.1, the TMD layers are
weakly bound together by van der Waals force [36]. Few-layer TMD can be
obtained by processing mechanical exfoliation, e.g. scotch tape method, to the
bulky TMDs crystal or utilizing bottom-up approaches methods, e.g. CVD growth.

The study of the NLO properties of TMDs can be traced back to 2013, where Wang

18



et. al. demonstrated the strong nonlinear saturable absorption property of MoS: by
using the Z-scan technique [37]. Afterwards, the study of the saturable absorption
property has extended to other TMDs and dominated within the group 6 families,
such as MoSe: [38-39], WS2, and WSe2 [40]. Meanwhile, literature also
demonstrated that the NLO properties of TMDs can be modulated by modifying
the material lateral size, the number of layers [41-42], stoichiometry ratio [24], and
concentration [43]. Up to the present, as a 2D group of 40+ layered materials, the
explored TMDs-SAs only occupied a small portion in the TMDs family. Thus, It
is worth to further extend the SA exploration scope to other potential TMDs
candidates, which will lead to fruitful results in the nonlinear optics field

eventually.

AR
b

Fig 1.1 Schematic 3D crystal structure of TMDs [36]
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1.2 Thesis organisation

This thesis included my Ph.D. research results about exploring the applicability of
different TMDs materials used as a saturable absorber for laser pulses generation
and studying their NLO response under high-power laser excitation. The study
scope is mainly focused on group-10 platinum (Pt), or Palladium (Pd) based TMDs
due to the exceptional material properties and will discuss in the following chapter.
Meanwhile, the effect of the TMDs-SA fabrication process on the pulsed laser
performance will also discuss. The organisation of this thesis is briefly introduced
as follows.

Chapter 2 introduces several fundamental concepts of nonlinear optical effects,
including the mechanism of saturable absorption and passive laser pulses
generation. Additionally, the novelty, characteristic, and preparation methods of
the 2D materials will also be discussed in this chapter.

Chapter 3 demonstrates the application of group 6 TMDs, Tungsten disulfide
(WS2) as SA and the Q-switched laser operation in the diode pump solid-state laser
system. In the solid-state laser cavity, it is difficult to scale down the beam spot
size of the propagating intracavity light by the configuration of optical components,
thus the achieved incident fluence is relatively lower as compared to fibre laser
cavity. Therefore, high average intracavity power is generally required to trigger
the saturable absorption effect of the SA. However it may induce optical damage
to the SA, and the production quality of the SA needs to be improved to withstand

the high-power intracavity illumination. In this chapter, the design, and
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configuration of the Q-switched solid-state laser cavity are demonstrated.
Meanwhile, the bottom-up fabrication process of WS2-SA is also discussed.

Chapter 4 mainly discusses the application of group-10 TMDs-SA in Er-doped
fibre laser systems. As a newly developing TMDs member, group-10 TMDs have
shown distinguished merits, including high air stability in ambient condition, high
charge carrier mobility, as well as promising saturable absorption property. In this
chapter, the mode-locked Er-doped fibre lasers based on PtSz2 and PtTex-SA are
demonstrated and discussed.

Chapter 5 demonstrates the modification of the nonlinear optical absorption
(NOA) response of PtSz nanosheets by modulating the material lateral size as well
as the layer thickness. It shows that the NOA properties of Pt-based TMD can shift
from reverse saturable absorption to saturable absorption, which can further be
utilized in various applications.

Chapter 6 is a summary of this thesis and outlook for future work.
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CHAPTER 2

Theory

The main theme of this thesis is to investigate the nonlinear optical properties of
the novel two-dimension layered material, where the concept and characteristic of
2D materials, will be discussed in this chapter. Meanwhile, the mechanism of

passive laser pulses generation will be illustrated as follows.

2.1 Two-dimensional layered materials

2.1.1 Brief introduction of 2D materials

The research work of material with a two-dimensional (2D) layered structure can
be traced back to 1950s [1-2]. However, restricted by the synthesis process, as well
as the characterisation method, the material properties which contributed by the
2D structure had not been comprehensively explored at that time. In the year 2004,
Andre Deim et al. demonstrated the preparation of two-dimensional mono-element
material, graphene, by utilising the scotch-tape method, in which inspired and
attracted vast attention toward the study on 2D layered material.

For applying the 2D materials in photonic aspect, it induced a great impact
within the field due to its exceptional properties as compared to the conventional
bulk photonic material, for instance, silicon (Si) and gallium arsenide (GaAs) [3].

By delamination and reduction of the dimensionality of the 2D materials, the
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quantum confinement effect in the direction perpendicular to the 2D plane
becomes significant and thus brings distinctive electronic and optical properties to
the layered 2D materials [4-7]. One of the examples is that the electron mobility
of graphene is around 100 times greater than that of Si [8]. Meanwhile, different
from the traditional bulk crystal, where the synthesis of heterostructures need to
consider the epitaxy and lattice matching issue, it is favourable for utilising
different 2D materials to construct vertical heterostructures as the layers with the
different lattice constants are merely bonded by weak van der Waals force (similar
to that in their bulk form). Hence, novel applications can be achieved by using
heterostructure with a distinct combination of 2D material, for stance, a p-n

heterojunction for light emission usage, as shown in Fig. 2.1 [9].

Graphene

= ;;.:;F?Y'S ..

Graphene

Fig. 2.1 Schematic diagram of a p-n TMDs heterojunction [9].

Furthermore, the surfaces of 2D material are generally passivated, which means
there are no dangling bonds attached on the 2D materials surface, and thus allow
the 2D materials be readily integrated with the different photonic structures, such
as waveguide [10-11] and cavity [12-13] to form practical devices, including

ultrafast laser. Remarkably, the diverse and extensive bandgap structure allows the
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operation wavelength range of 2D materials to be widely extended, as shown in
Fig. 2.2, and which provided excellent design flexibility and applicability for the

application of 2D materials as photonic devices.

NIR: communications, MIR: thermal infrared, FIR: astronomy, Aircraft communication

night vision goggles military medicine AM radio
Document security, Display, Microwave oven, satellite communications,
DVD players solid-state lighting radar, cell phone, Bluetooth, etc
\"'*-\ / ;
- / e
= ~ A ~ e
Frequency vy r )
10" 10' 10 10M 10" 10 10" 10'° 10° 10° 107 10° 10°
(PHz) (THz) (GHz) (MHz)

Ultraviolet rays Visible light Infrared rays Microwaves Radiowaves

hBN MoS, Black phosphorus Graphene
(insulator) (semiconductor) (semiconductor) (semimetal)

hBN: ~6 eV TMDC: ~1.0-25eV BP:0.3-2eV Graphene: zero-gap

Fig. 2.2 Schematic diagram for showing the operational wavelength coverage of 2D materials,
where NIR, MIR and FIR represent near-, mid-, and far-infrared, respectively. The natural or
tunable bandgap energy ranges are shown at the bottom of the figure. [3]

Dedicated by the effort of numerous research groups, vast numbers of 2D
materials and the corresponding material properties have been explored, as shown
in Fig. 2.3 [14]. Nevertheless, the work and exploration of 2D material are still
actively continuing, in which new 2D candidates kept be discovered currently, for

instance, MXene and air-stable group 10 Pt/ Pd based TMDs.
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Fig. 2.3 A brief introduction list of current 2D materials [14].

2.1.2 Preparation of 2D materials

There are two general approaches for preparing 2D layered materials, which are
top-down and bottom-up methods. Literally, the bottom-up synthesis method
involves a fabrication process that originated from a bare ground substrate and
which the element atoms accumulated and bonded to grow crystalline structure on
the substrate. The bottom-up method typically includes of CVD growth [15] and
two-step annealing/sulfurization [16]. As shown in Fig. 2.4, it shows the general
procedures of the two-step annealing/ sulfurization method. This fabrication
method generally starts with the deposition of a precursor thin film, in which the
deposition can be accomplished by using magnetron sputtering deposition, thermal
evaporation and pulsed-laser deposition, etc. The precursor thin film may compose
of the pure transition metal, oxide of the transition metal, or even TMD in the
amorphous phase. Afterwards, the precursor thin film will be annealed or
sulfurised under specific temperature profile and time. The advantage of the
bottom-up growth method is that it can produce 2D materials with large surface
area scale and high crystallinity. However, this method usually involves costly and
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lengthy procedures. The two-step annealing/ sulfurization synthesis method was
utilised to fabricate WSz saturable absorber for applying in the pulsed laser system

and will be discussed in chapter 3.

@ Btk (b)

MoO,evaporation

cmespie

“G sulfur ¥ Moo, O MoS,
Hz/Ar e -

(1T, 500°C, 1hr) sulfurization
(6007, 1000°C, 30min) MoS: on 2 inch sapphire

Fig. 2.4 A Schematic diagram of the synthesis of a few layers MoS; film by utilising a two-step
annealing/ sulfurization. [16]

The second type of 2D material synthesis method is the top-down approach, in
which the few layers 2D material is fabricated by the delamination of the bulk
crystal. The bulk crystal can be prepared by CVD growth or hydrothermal reaction
[17]. And the delamination is typically achieved by using liquid-phase ultrasonic
exfoliation, as shown in Fig. 2.5 [18]. The bulk crystal, usually in powder form, is
firstly mixed with a selected solvent. Different solvents have been utilised for the
effective exfoliation of 2D materials in previous literature, including N- methyl-2-
pyrrolidone (NMP), N-vinyl-2-pyrrolidone (NVP), isopropanol (IPA), dimethyl
sulfoxide (DMSO), dimethylformamide (DMF), etc. [19]. And the selection of the
solvents depends on the surface energies of the solvent and 2D materials.
Afterwards, the ultrasonic wave in the solvent will generate cavitation
microbubbles. As these microbubbles collapse, it will produce a high-energy shock
wave to break the interlayer bonding and thus generate exfoliated 2D materials
[18]. Besides, fragmentation of the 2D material flakes can also be achieved nearby
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the microbubbles collapse, in which 2D materials quantum-dot may be generated
by applying appropriate sonication power and solvent [20]. The liquid-phase
ultrasonic exfoliation is a simple, time and cost-saving delamination method for
synthesising few layers 2D materials. However, the distribution range of the
exfoliated nanosheet lateral dimension and layer thickness is generally broad, and
a post-centrifugation method is usually applied to filter out the required nanosheet
distribution set. In this work, group 10 TMDs, PtS2 and PtTez were exfoliated by
applying liquid-phase ultrasonic exfoliation. The exfoliated 2D TMDs nanosheets
were further applied as a saturable absorber, and the corresponding performance

is discussed in Chapter 4.
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Fig. 2.5 Schematic diagram showing the liquid-phase ultrasonic exfoliation process of layered 2D
material [18].
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2.2 Nonlinear optics

2.2.1 Introduction

As electromagnetic radiation with an electrical field amplitude £ irradiates on a
certain medium, the electric charge of molecules or atoms within the medium will
be displaced relatively under the action of the radiation’s E-field. Remarkably, this
displacement of electrical charges will induce a secondary E-field inside the
medium and is described as electric polarization P. If the intensity of the incident
radiation is weak, the induced polarization P is depending linearly on the E-field
strength of the incident radiation,

P= g xVE, Eq2.1
where y™ is a complex number tensor and is defined as the linear susceptibility.
&y 1s the dielectric coefficient in the vacuum. Actually, the magnetic field of the
incident electromagnetic radiation will also affect the magnetic polarization of the
interacting medium. Nevertheless, for most of the common materials, this
magnetic field induced effect is very weak and thus can be neglected.

By the invention and practical application of laser. It provided a light source
with the intensity much greater than that of common light in several orders of
magnitude, in which induced a distinctive nonlinear optical response within the
interacting medium. In this condition, the expression of the induced polarization P
i1s modified by expanding P into a power series of E-field strength E,

Pt)= ggxWE + g xPE? + ggx®E3 + -, Eq2.2

Pt)y= PO + p@ 4+ p® ... Eq2.3

x® and y® are known as the second- and third-order nonlinear optical
susceptibilities, respectively. The total induced polarization can be expressed as

30



the sum of the linear polarization P() | second-order nonlinear polarization P®),
third-order nonlinear polarization P®) and the higher-order nonlinear
polarization. By expressing the polarization P(t) in terms of applied E-field, it can
describe different nonlinear optical phenomena since a time-varying polarization
is a source of new components of the electromagnetic field.

Generally, it can apply the linear, second- and third-nonlinear optical
susceptibilities to imply most of the nonlinear optical effect, for instance, second
harmonic generation and nonlinear absorption. In this work, the nonlinear
absorption response of novel 2D TMDs material is mainly studied. Saturable
absorption is one of the most prominent and practical nonlinear optical effect,
which can be applied to induce ultrashort laser pulses. The theory of nonlinear

saturable absorption will be discussed in the following section.

2.2.2 Saturable absorption

Saturable absorber generally is a nonlinear optical device in which the
corresponding absorbance is highly depending on the intensity of the incident light.
The absorbance of the absorber will be reduced under high-intensity illumination
which caused by the saturation of the light absorption within the nonlinear
materials. The mechanism can be simply expressed in Fig. 2.6, at low-intensity
illumination, the valence electrons are excited to the conduction band by photon
absorption, and the electron density of state (eDOS) in the conduction band is not
be fully occupied. As a result, it induces a base level of the optical absorbance,

which is also known as linear absorbance. However, as the incident light intensity
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scaled up, the eDOS in conduction band will be readily filled up and blocking
further photon absorption. Hence, the absorbance of the nonlinear material is

relatively reduced and is know as saturable absorption.

e e E e m e m—mm—————
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Fig. 2.6 Schematic diagram showing the mechanism of saturable absorber absorption, where E,
and E. represent the energy levels of the valence band and conduction band, respectively. [21]
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Fig. 2.7 Light-induced saturable absorption in a two-level molecular model
Based on the simple two-level molecular model shown in Fig. 2.6, the nonlinear
absorption coefficient of a saturable absorber is deduced as follow. For the two-
level model, it consists of the ground-state S1 and first excited-state Sz. As shown
in Fig. 2.7, the S1 and S: state possess with energy €1and &2, the electron density
of state n1 and n2, respectively. In the photoexcitation, as photons with energy equal

to the energy difference of two states (€2 - €1) interact with the absorber, the
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electrons on ground-state will be excited to Sz as a stimulated transition with an
absorption cross-section oo. Meanwhile, the excited electrons may return to the
ground-state by either stimulated emission or spontaneous emission. Typically, the
spontaneous emission takes the dominant effect where most of the excited
electrons return to the ground-state through spontaneous radiation with a
relaxation time 721 and transition probability of 1/721. Also part of the excited
electrons will return to ground-state through stimulated emission with the same
transition probability of co. Consider the change of n2 with time, it can be

expressed by the following rate equation,

0
2 = 2 (ny —n,) — -2 (Eq 2.4)

at hw To1

Which is equivalent to the pumping rate minus the decay rate. Meanwhile, the

total and difference of the electron density of the two states are,

N=nq+n, (Eq2.5)
An(t, 1) =nq.(t, 1) —n,(t, 1) (Eq 2.6)
and
ony __omy
ot ot (Eq 2.7)

Combining the above equations, the change of An with time is expressed as

follow,

dAn(t,I 200IA An—N
nth) _ _ 200lAn _ An (Eq2.8)

at hw To1

If the pulse-width of the incident light is relatively much greater than that of
721, the steady-state condition is fulfilled where the change of An with time is

equal to 0 in Eq 2.8, where
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hwN
20'01T21+h(l)

An(l) = (Eq 2.9)

Consider the nonlinear absorption coefficient a(I) of the absorber, it is the

product of An(I) and the absorption cross-section of the stimulated transition oo,

a(l) = An()oo (Eq 2.10)

When the light intensity tends to be 0, the linear absorption coefficient aois,

ao = Noo (Eq 2.11)
By defining the saturation intensity /s as a phenomenological parameter, in
which the nonlinear absorption coefficient a(I) reduced to the half of its initial

value at the low incident light intensity (i.e. a(/s)= ao/2) and equal to,

hw

L = (Eq 2.12)

20'0‘[21
Conclusively, by substituting Eq 2.10, Eq 2.11 and Eq 2.12 to Eq 2.9, the

nonlinear absorption coefficient a(I) can be expressed as

a(l) = 22 (Eq 2.13)
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Fig. 2.8 Schematic diagram showing the simple hyperbolic model of the nonlinear absorption
coefficient of a two-level system with respect to the incident light intensity.

From the above equations, it shows that when the intensity of the incident light
is extremely large, then the difference of the electron density of the two states
An(I) tends to be 0. In this balance condition, incident photons cannot be further
absorbed by the absorber and just pass through the medium, which is the essence

of the saturable absorption of the simple two-level molecular model.

2.2.3 Passive mode-locking

For the application of short or ultrashort laser pulses generation, it can be achieved
by applying passive Q-switching and mode-locking mechanism, respectively. In
passive mode-locking, the ultrashort laser pulses generation is based on the
interaction between the intracavity resonator modes and the nonlinear saturable
absorber. In a simple two-mirror laser cavity, by the boundary condition, there is
discrete sets of waves with different frequencies propagating in the intracavity,

which is known as resonator modes. For the wavelength A of the resonator modes,
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it can be calculated by the equation of 2L/n, where L is the length of the laser
cavity and n is an integer defined the order of the modes. Generally, the cavity
length is much longer than that of the wavelength of the modes, and thus the
number of modes within the cavity can be extended to the value of 10° to 10,
Besides, the frequency separation Av between two successive resonator modes is
estimated as ¢/2L, where c is the speed of light. Meanwhile, the propagating modes
within the cavity are governed by the gain bandwidth of the active gain media as
shown in Fig. 2.7. The allowed resonator modes are enclosed within the gain
bandwidth envelope. For a Ti: sapphire laser with 128 nm bandwidth and 3 meters

cavity length, it is able to support around 256,000 modes in the cavity.
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Fig. 2.9 Schematic diagram shows the cavity resonator modes distribution and gain bandwidth
envelope [22].

Each of the individual resonator modes has no fixed phase relationship between
each other. The superimposition of the modes can produce intensity fluctuation
within the cavity, in which a temporal pulse will be induced at a certain point of

time, as shown in Fig. 2.8. The higher the number of involved resonator modes,
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the greater is the peak intensity of the temporal pulse. As the phases relationships
between each mode are not fixed, if there is no preserving process, the temporal
pulse will be vanished and restored to a continuous wave (CW) pattern in a short

time due to chromatic dispersion, as shown in Fig. 2.9.
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Fig. 2.10 The simulation of superimposition result (red curve) of several oscillations modes with a
different frequency (blue curves) within a resonator cavity. [23]
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Fig. 2.11 The temporal evolution of the intracavity field within a laser system, the blue curve
represents a phase-locked pattern, while the red curve represents a phase-unlocked pattern [23].

In the mode-locking process, a modulator is applied to control the intracavity
loss, which can periodically provide a pulse-shaping effect to the superimposed
pulse and thus shorten the corresponding pulse duration value, as shown in Fig.
2.10 [24]. The modulation of intracavity loss can be accomplished by using
acoustic-optic modulator (AOM) [25] or electro-optic modulator (EOM) [26], as

well as the saturable absorber. By utilising an electronic driver modulus and the
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AOM/EOM, the intracavity loss is actively modulated, in which net gain is
selectively provided to the centre region of the transmitted temporal pulse and the
wing parts are suppressed. This pulses generation mechanism is known as active
mode-locking. Typically the AOM/EOM system is bulk and expensive.
Meanwhile, restricted by the reaction time of the electronic driver and modulator,
the loss modulation speed is relatively slow in the actively mode-locked laser and
thus limited the further pulse shortening effect [24]. These limitations have
motivated the exploration of a substitutional modulator, which is the saturable
absorber. As the temporal pulse incident on the absorber, the leading and trailing
parts (low-intensity light) of the pulse are absorbed preferentially due to
unsaturation condition of the absorber. Once the intensity of the passing pulse
reached the saturable intensity limit, the absorbance of the absorber will be reduced
and thus provided a net gain to the most centre part of the temporal pulse. Generally,
a mode-locked pulse with relatively shorter pulse duration can be achieved by
applying passive mode-locking because of the fast recovery time of saturable
absorber. Remarkably, the passive mode-locked laser, for instance, mode-locked
EDFL and YDFL are compact in size and cost-effective, thus applied extensively

in the modern laser processing industry.
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Fig. 2.12 (Top) The schematic diagram of a compact two-mirror mode-locking laser. The laser
pulse-shaping loss dynamics for (middle) active and (bottom) passive mode-locking [24].

2.2.4 Passive Q-switching

Not limited to mode-locked laser, the saturable absorber can also be applied to
induce passive Q-switching for generating microsecond to nanosecond laser pulses.
In Q-switched laser, the intracavity losses are modulated from an initial high-value
to low-value, which is corresponding to from low-quality factor (low Q) to high-
quality factor (high Q). The suddenly shift to a high Q condition may induce a
significantly high net gain in the cavity and thus generate a steeply rising intense

pulse [27]. As shown in Fig. 2.11, the population of upper laser level is started to
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increase as the pump light introduced into the cavity. Once the population level
scaled beyond the threshold value of the low-Q (thQ) condition, the lasing action
begins. If the intensity of generated radiation reaches the saturable intensity of the
absorber, the absorbance of the absorber and total cavity losses will be reduced.
Once the population of upper laser level drop to the threshold of high-Q (N[,ILQ)
condition, maximum amplification efficiency achieved, accompanying with the
formation of intense Q-switched pulse. This intense pulse will deplete the
population of upper laser level and thus terminate the lasing action.
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Fig. 2.13 (a) Schematic diagram of a two-mirror Q-switched laser setup, where M1 and M2 are
laser mirror, AM respresent the active medium, TE represent the tunning element, and SA represent
the saturable absorber. (b) The temporal profile of excitation pulse J (W/cm?®). (¢) The upper laser

level population N, (solid curve). And the dashed curves represent the low-Q (N,:LhQ) and high-Q

(Nf,’lQ) laser threshold population, where the ti, represent the begin of the laser action. (d) Temporal
transmission through the saturable absorber, where T, stands for the linear transmission. (e)
Temporl pulse development, where ¢ stands for the saturable intensity of the absorber [27].
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2.3 Chapter summary

In this chapter, it had briefly introduced the concept and history of the development
of the 2D materials for nonlinear optical applications. Meanwhile, the two general
preparation approaches, top-down and bottom-up method, of the 2D materials are
illustrated. The common 2D material synthesis methods of liquid-phase ultrasonic
exfoliation and two-step annealing/ sulfurization are introduced. Finally, the
mechanism of saturable absorption, as well as the passive mode-locking and Q-

switching, are also explained.
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CHAPTER 3
Passively Q-switched Nd: YVO4 DPSS laser based

on Tungsten disulfide saturable absorber

Diode-pumped solid-state (DPSS) pulsed laser is one of the most applicable laser
systems nowadays. The ultrahigh single pulse energy of the Q-switched DPSS
laser has granted the system with the extensive capability of industrial material
processing, and thus the development of the DPSS pulsed system and the
implementation of the saturable absorber (SA) are a continued hot topic. In this
chapter, the saturable absorption property of WS2-SA, which fabricated by radio
frequency (RF) magnetron sputtering deposition, is experimentally explored.
Stable Q-switched DPSS laser operation is demonstrated by utilising a few-layer
WS2-SA within the diode-pumped Nd:YVOs laser cavity. The maximum average
output power achieved is 19.6 mW. The corresponding repetition rate, pulse
duration and single pulse energy are 135 kHz, 2.3 ps, and 145 nJ, respectively.
This result has shown the promising Q-switching performance and nonlinear
saturable absorption property of the fabricated WS2-SA, as well as the applicability

in the high power DPSS laser system.
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3.1 Background and motivation

DPSS pulsed laser is widely applied in the modern industry nowadays due to the
merits of compactness, high efficiency, possess high average output power, and
the potential of TEMoo beam quality [1-5]. In our previous works, commercial
SESAM was utilised to induce passive mode-locking and passive Q-switching
operation in Nd:YVOs DPSS laser system. The SESAM (Model: SAM-1064-2-
10ps, operation wavelength: 1064nm, low-intensity absorbance of 2%, and
modulation depth of 1.2 %) was purchased from Batop GmbH. As a commercial
saturable absorber, the SESAM-based pulsed operation has shown superior
spectral and power stability, which can be illustrated by the regular continuous-
wave (CW) mode-locking envelope of the output mode-locked signal as shown in
Fig. 3.1. However, the operation wavelength of the SESAM is highly-restricted by
the semiconductor material properties. Meanwhile, due to the complicated
fabrication process, the cost of the SESAM is relatively high as well (~ 62 USD
per 1 mm?). The limitations of SESAM reflected the importance of further
exploration of the substitutional nonlinear materials for pulsed laser development.
Tungsten disulfide (WS2) is one of the most prominent SA candidates within the
2D layered TMDs family due to its exceptional saturable absorption property. As
similar to Molybdenum disulfide (MoSz2), both of the MoS2 and WSz monolayers
have two atomic structure phase, 1T, and 2H [6]. As shown in Fig. 3.2, in the 1T
phase, the transition metals are orientated with octahedral coordination. And the
2H MoS2 / WSz possesses prismatic coordination for the transition metal atoms.
Different from the semiconductor properties of the 2H structure, the 1T structure
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demonstrates metallic behaviour [6-7]. Generally, the 1T structure is formed by
processing chemical exfoliation on bulky TMDs, such as lithium intercalation
accompanying with hydrothermal delamination [8]. And a further annealing
process (~ 300°C) can restore the exfoliated 1T phase TMDs to the 2H structure.
Typical vapour growth and mechanical exfoliation will result in a 2H structure. In
this chapter, based on the RF magnetron sputtering deposition method, the

fabricated WSz possesses with a 2H structure.
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Fig. 3.1 The observation of pulse train output from SESAM-based Nd:YVO,; DPSS mode-locked
laser in (a) microsecond time interval and (b) nanosecond time interval
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Fig. 3.2 (a) Atomic structure of 1T-WS, monolayer, where the W atoms are present in grey colour
and S atoms are in orange and yellow for top and bottom layers, respectively (Top view). (b) Top
view (W and S atoms are in grey and yellow colour, respectively) and (c) side view of the atomic
structure of 2H-WS; monolayer. [6, 9]

2H WSz possesses the hexagonal space group of P63/mmc [9], where the lattice

constant a and ¢ equal to 3.1532 A and 12.323 A, respectively [10]. As shown in
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Fig. 3.2 (c), a tungsten atoms layer is hexagonally packed between two trigonal
sulfide atoms layers to form the monolayer of WSz. For the electronic band
structure of the 2H WSz, the quantum confinement effect will become dominant
as the number of layers decreases [11-13], which leads to a variation of the
electronic bandgap structure from indirect bandgap energy of 1.3 eV to direct
bandgap of 2.05 eV [9, 14]. Followed the first demonstration of the saturable
absorption property of the TMDs (MoS:2) in 2013 [15], the works had extended to
WSz in 2014 where Fu et al. reported the strong ultrafast saturable absorption
response of WSz nanoplates under the excitation of a 532 nm picosecond laser light
[16]. Afterward, the number of studies and applications of WS> as a saturable
absorber for inducing passive mode-locking and passive Q-switching was
dramatically growing [17-23]. Noticeably, the fabricated WS2-SAs were mainly
applied to the fibre laser systems [17-21]. It is due to the ultrahigh intracavity
incident fluence within the single-mode fibre core, and thus readily stimulates the
saturable absorption effect of the SA. Nevertheless, the gain per unit length of the
rare-earth-doped fibre is relatively lower as compared to rare-earth-doped crystals
in the DPSS system, which generally leads to a smaller single pulse energy of
pulsed fibre laser. For contributing to the diverse development of the passively
pulsed laser systems, it is worth to further investigate the applicability of 2D
layered functional material-SA (WS2) in DPSS system, for instance, Pr: LiYF4
laser [22], Yb: GAB laser [23], and the Nd:YVO4 laser in this work.

Nd: YAG and Nd: YVOus crystals are commonly utilised as the gain medium
within the 1 um DPSS pulsed laser systems and well applied in modern industrial

material processing. Compared with Nd: YAG, the Nd: YVOs crystal provides the
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merits of higher absorption coefficient aa (Nd: YVOa: 41 cm™, Nd: YAG: 12 cm™)
and a significant gain cross-section og (Nd:YVOa: 13 to 30 x 107°, Nd:YAG: ~3.3
x 107"%), and thus is more preferable for utilizing in the DPSS pulsed laser [24]. In
this chapter, WS2-SA, which fabricated by radio frequency magnetron sputtering
deposition, was applied within the cavity of the Nd:YVO4 DPSS system. The
proposed synthesis process has the advantages of cost-saving, large surface area
size of the deposited thin film accompanying with high uniformity, and
controllable film thickness. To the best of our knowledge, this application of RF
magnetron sputtering deposited WS2-SA to the Nd:YVOs DPSS system is first

demonstrated in the nonlinear pulsed laser field.

3.2. Laser cavity design and simulation

For the design of the pulsed DPSS laser system, a compact cavity which consists
of 3 laser mirrors was applied and shown in Fig. 3.3(a). In fact, a two-mirror cavity
[23] is preferable as compared to the proposed 3-mirrors configuration due to the
compactness and lower mirror-induced optical loss. However, due to the
deficiency of appropriate laser mirrors, the proposed 3-mirrors cavity was utilised
instead. The concave surface of the end mirror was coated with a highly reflective
coating at 1064 nm wavelength (HR 1064) and possessed a radius of curvature of
300 mm. Both the two flat surfaces of the middle mirror were coated with a highly
transmissive coating at 808 nm wavelength (HT 808), and the inner surface was
coated with HR1064 coating as well. The inner flat surface of the output coupler

(OC) was coated with a 5 % partially transmissive coating at 1064 nm wavelength
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(PT 1064- 5%), and a HT 1064 coating at the outer flat surface as well. The total
cavity length is about 144 mm, where the distance between the end concave mirror
and the middle mirror is 47 mm, and 97 mm of between the OC and middle mirror.
The fabricated transmission-type WS2-SA was placed 3 mm apart from the OC.
The variation of the intracavity spot radius was simulated by using the ABCD
matrix method in the computer MathLab program, in which the program code is
attached in the appendix of this thesis. As shown in Fig. 3.3(b), the spot radius of
the intracavity incident light on the WS2-SA is around 0.225 mm. Under the
limitation of the optical alignment process, the proposed cavity setting and the
achieved minimum spot size on the SA is the optimized result in this work.

The utilized laser crystal, Nd:YVOas, was purchased from Castech Inc. Chian
which accompanies a dimensional size of 3 mm x 3 mm x 8§ mm, and a 0.5 % Nd
doping concentration. Besides, the crystal was processed with an a-cut geometric
treatment to facilitate the following Q-switching operation [25]. In the experiment,
Nd:YVOs crystal was wrapped with an indium foil and placed in the copper heat
sink for inhibiting the thermal lensing effect within the gain media. Afterwards,
the gain media was end-pumped by an 808 nm continuous-wave diode laser by

using a coupling focus modulus.
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Fig. 3.3 (a) Schematic diagram of the Q-switched Nd:YVO4 DPSS laser. (b) The simulated lasing
mode radius variation within the laser cavity (OC-output coupler).

3.3 WS;:-SA fabrication and characterization

The fabrication process consists of two steps, in which the magnetron sputtering
deposition was followed by a post-annealing process. The WSz sputtering target
was purchased from China New Metal Material Technology Co. Ltd. with a purity
0f 99.99%. As the WSz target is non-metallic material, the radio-frequency power
source was used instead of direct-current (DC) power. By applying constant RF
power of 60W, the thickness of the deposited WS2 thin film can be modulated by
controlling the sputtering exposure time. A 2 cm x 2 cm x 1 mm size UV fused
quartz was used as the sputtering substrate. Before deposition, the chamber was
evacuated to 5x107° Pa. The deposition was performed at a working pressure of
0.5 Pa. The patial pressure ratio of the sputtering gas of Argon and Oxygen is 16:4,

which is an optimized value for facilitating the plasma generation. Since the
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deposited film (WS:2 precursor) is in the amorphous structure, 2 hours post-
annealing process with 800 °C temperature is required to form the polycrystalline
structure of the WSz film as shown in Fig. 3.4. In the post-annealing process, a few
mg of sulfur powder was placed at the edge of the tube to produce sulfur vapour,
in which the flow of inert gas will carry the sulfur vapour to pass across the WS:
precursor. This act aims to compensate for the deficiency of S atoms in the
deposited WSz precursor and thus preserved the stoichiometry. From Fig. 3.5, the
characteristic yellowish-green colour of the few-layer WS: crystal was observed
in the post-annealed WSz sample, which suggests the successful synthesis process
[26].

As refer to the previous section of intracavity-mode simulation, the minimum
intracavity spot radius is located at the position of OC inner surface. Thus the WSz
thin film can receive relatively higher incident fluence if directly deposited onto
the OC and act as a reflective type SA. However, the high annealing temperature
may damage the original PT 1064 coating of the OC mirror. Meanwhile, a lengthy
laser cavity alignment process is required if the incident area of the reflective type
WS2-SA is damaged by the intracavity light. As a result, a transmissive type SA

can provide better flexibility and applicability within the pulsed laser experiment.
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Fig. 3.4 The schematic diagram of the post-annealing treatment [26].
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Fig. 3.5 Comparison of the bare quartz (left), WS, precursor (center), and annealed WS film (right).

WS2-SAs, which fabricated under different sputtering exposure time and thus
possessed of distinct layer thicknesses, had been tested within the built DPSS laser
cavity. Due to the tight material properties requirement for the saturable absorber,
only certain WS2-SA candidates had successfully induced the Q-switching effect.
Hence the following illustration of characterisation data and Q-switched laser
performance solely focused on the optimised WS2-SA sample.

After the synthesis process, the fabricated WS2-SA sample was further
characterized. First, the post-annealed WS: thin film was transferred to the copper
grid and characterised by the field-emission transmission electron microscopy
(FETEM- JEM-2100F). As shown in Fig. 3.6(a), the fabricated WSz is composed
of hexagonal and triangular single-crystal sheets with few hundreds of nanometers
lateral size. Meanwhile, the High-resolution (HR)TEM observation (Fig. 3.6(b))
shows that the thickness of the sample is about 10 layers at the stepped edge. A
further SAED measurement confirms the hexagonal crystal structure of the
fabricated WSz sample, where the diffraction pattern of (100) and (110) crystalline

planes of WS are observed in Fig. 3.6(c). For the chemical purity of the fabricated
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samples, the EDS pattern shows that there is none of the impurity consists in the
WS: film and hence proved the production quality of the proposed synthesis
method (the element peaks of carbon (C), oxygen (O) and copper (Cu) are

originated from the carbon-copper TEM grid substrate).

Intensity

12

Energy (keV)

Fig. 3.6 (a) The TEM observation, (b) HRTEM, (c) SAED pattern, and (d) EDS spectrum of the
fabricated WS, sample.

Furthermore, the WS: film was characterized by Raman spectroscopy with an
excitation laser of 488 nm wavelength. As shown in Fig. 3.7(a), two Raman peaks
are located at 353.1 cm™ and 417.4 cm™!, which represent the in-plane Ez¢ and out-
of-plane Aig mode, respectively. These data are well-matched with the previous
literature [26-27] and indicated that the fabricated SA sample is composed of the
few-layered WSz nanostructure. The transmission spectrums of the bare quartz and
WS2-SA under excitation of weak intensity light are shown in Fig. 3.7(b), indicates

the optimised WS2-SA has an initial absorbance of 3.7 % at 1064 nm wavelength
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by subtracted the absorption of the quartz substrate. The atomic force microscopic
(AFM) observation (Fig. 3.7(c) & 3.7(d)) indicates the fabricated WSz thin film
possessed a thickness of 11.05 nm (~18 layers) [28], which cohered with the

HRTEM observation result.
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Fig. 3.7 (a) The Raman spectra of the WS, film. (b) The transmission spectra of the bare quartz

and WS, film on the quartz substrate. (c) AFM image, and (d) the corresponding height profile

along the black line highlighted in (c).

3.4 Q-switched Nd:YVOQO4 DPSS laser operation result and discussion

The built Nd:YVOs DPSS laser has a lasing threshold of 190 mW input pump
power and a slope efficiency of 18 % in continuous-wave (CW) operation mode.
Once the successful integration of the optimized WS2-SA within the cavity, the
input pump power was gradually scaling up to test the capability of laser pulses
generation of the fabricated sample. As shown in Fig. 3.8(a), by using a fast

photodetector (Thorlabs, DET10A/M) and a digital oscilloscope (LeCroy Wave
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Runner 44MXi 400MHz), Q-switched pulses were observed as the input pump
power scaled beyond a threshold value of 485 mW. However, the Q-switched
pulses have vanished and the output signal restored to CW mode as the input pump
power scaled beyond 664 nm, which is due to the over-saturation of the WS2-SA
[29]. The modulation range of the average output power, repetition rate, and pulse
duration are 3.33 mW to 19.6 mW, 55 kHz to 135 kHz, and 4.94 us to 2.3 us,
respectively, as shown in Fig. 3.8(a) and 3.8(b). The achieved maximum single
pulse energy is 145 nJ. Fig. 3.8(c) and 3.8(d) show the pulses train and single pulse
profile of the Q-switched output at 664 mW input pump power, in which the
regular peak intensity of the Q-switched pulses indicated the highly stable

operation of the pulsed DPSS laser system.
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Fig. 3.8 (a) The variation of the repetition rate and output power, (b) pulse duration with respect to
the input pump power. (c) Pulses train and (d) single pulse profile of the Q-switched Nd:YVO,
DPSS laser output under 664 mW input pump power.
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Besides of the Q-switched operation, a further modification of the input pump
power was processed in order to investigate the mode-locking ability of the
fabricated WS2-SA. However, optical damages were observed as the input pump
power further scaled up to the relatively high value (> 1W) and there are none of
the observable mode-locked pulses as well. Two alternative solutions can be
applied in future work. One is the application of a protective layer coating onto the
SA surface in order to further enhance the corresponding damage threshold.
Simultaneously, the cavity configuration can be further modified to achieve a
relative smaller incident spot size onto the SA, in which the SA can receive
sufficient incident fluence under lower average intracavity power. Meanwhile,
there is another important discovery observed in this work. From the TEM
observation of individual post-annealed WS2 film samples, vertically grown WS2
nanosheets were observed. Based on this observation, further investigations and
experimental works had shown that the grown direction of the TMDs nanosheets
can be modulated by controlling the stoichiometry and thickness of deposited
precursor film, as well as the post-annealing conditions. Different from the
horizontally grown TMDs nanosheets, the vertically grown structure provides the
merits of a high density of active edge sites [30], which may contribute to extensive
optoelectronic applications. Recently, this valuable grown technique had further
applied to different TMDs candidates (e.g.: PtSe2, as shown in Fig. 3.9) for
fabricating practical optoelectronic devices, including photodetector [31],
hydrogen evolution [30], and saturable absorber as well [32]. Noticeably, the effect
of TMDs nanosheets orientation to the pulsed laser performance is currently

investigating.
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Fig. 3.9 The schematic synthesis process of vertically grown PtSe; thin film on SiO,/Si substrate
[30].

Restricted by the experimental conditions, Q-switched operation, which based
on the magnetron sputtering deposited WS2-SA, was solely be demonstrated. The
achieved maximum single pulse energy of 145 nJ in this work is comparable to the
results of other WS2-SA based Q-switched systems as shown in Table. 3.1. The
successful Q-switching demonstration in this work had contributed to the diverse
development of the pulsed laser systems, in which the further optimization of the
WS:2-SA and introduction of another novel TMDs-SAs within the DPSS laser

system are in progress now.

Table 3.1 Comparison of WS:-SA based passively Q-switched lasers (EDFL: erbium-
doped fiber laser, YDFL: ytterbium-doped fiber laser)

Gain media Center Maximum average Maximum single Ref
wavelength (nm)  output power (mW) pulse energy (nJ)

Nd: YVO, 1064 19.6 145 This

work
EDFL 1570 53 46.3 17
EDFL 1567 2.5 19 18
EDFL 1558 16.4 179.6 20
YDFL 1030 / 13.6 20
Pr:YLF 639.3 21.5 240 22
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3.5 Chapter summary

In this chapter, WS2-SA based passively Q-switched DPSS Nd:YVOs4 laser is
experimentally demonstrated. The transmissive type WS2-SA was fabricated by a
two-step synthesis method, which consists of RF magnetron sputtering deposition
of WSz precursor and followed by a post-annealing treatment. The Q-switched
performance achieved in this work is comparable to other WS2-SAs based laser
systems, which proved the promising saturable absorption ability of the fabricated
sample. This work showed the applicability of the proposed synthesis method as
well as the adaptability of the fabricated SA in the DPSS laser system. Remarkably,
the proposed synthesis method grants the possibility of modulating the nanosheets
grown direction, which motivated a further study on the dependence of the pulsed

laser performance on TMDs nanosheet grown orientation.
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CHAPTER 4

Passively Q-switched and mode-locked fibre laser

based on group-10 TMDs-SA

Besides of the DPSS laser, based on the larger amplification bandwidth of the rare-
earth-doped fibre, ultrashort laser pulses are readily generated within the fibre laser
system. In this chapter, the synthesis, and application of TMDs based SA within
Erbium-doped fibre laser (EDFL) were demonstrated. Meanwhile, the study of the
saturable absorption ability of 2D layered functional materials has extended to the
newly developed group-10 Platinum (Pt) based TMDs. The mode-locked EDFL,
which based on PtS2-SA and PtTe2-SA, shown comparable performance with

respect to other TMDs-SAs based literature.

4.1 Background and motivation

As demonstrated in the previous section, the stable operation and high single pulse
energy make the DPSS pulsed laser still one of the most applicable processing
systems within the modern industrial market. Noticeably, the market share of fibre
lasers, including short-pulse and ultrashort-pulse fibre laser, is gradually
increasing in recent years. The sustained development and advantages of
compactness, robustness, freedom from misalignment and cost-saving [1-2] had
conferred significant competitiveness to fibre laser as compared to the
conventional DPSS system (e.g. Ti:Sapphire Femtosecond lasers). Meanwhile, the
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bandwidth of the fibre gain media, such as ytterbium-doped silica fibre, is
comparable (~ 2nx11 rad THz) to Ti:Sapphire, which also make the fibre laser as
an ideal platform for ultrashort pulses generation [3].

In a passively mode-locking or Q-switching laser cavity, to provide sufficient
incident fluence to SA for inducing either Q-switching or mode-locking, it can
directly scale up the intracavity average power. However, an excess power
magnitude may deteriorate the thermal-induced damaging problem within the SA.
The alternative method is to reduce the spot size of intracavity incident beam to
enhance the light intensity. As refer to the previous work, in an Nd:YVO4 DPSS
mode-locked laser cavity (Fig. 4.1), the optimised beam spot radius on SA is
merely around 40 pum to 50 um [4]. And it is difficult to further scale down the
spot radius by modulating the radius of curvature and numbers of the concave
reflective mirror due to the limitation of alignment process. In fibre laser system,
contributed by the ultra-small core radius of the single-mode fibre (~ 4 um), the
achieved incident fluence on SA is significantly higher than that of the DPSS
cavity (assume both cavities under the condition of same intracavity power).
Figure 4.2 summarises several commonly utilised SA designs for applying in the
fibre laser cavity [5]. These SA designs can briefly divide into three types. The
first one is shown in Fig. 4.2(a), where the functional material is coated on a highly
transmissive substrate to form SA [6]. The SA material interacts with the
intracavity beam by using a free-space coupling process which is similar to the
DPSS pulsed system shown in chapter 3. The second type is to place the SA
material right behind the end-face of the fibre connector, as shown in Fig. 4.2 (b)

to 4.2(d). The functional material can be incorporated into polymer material to
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form a matrix composite thin film followed by sandwiching between two fibre
connectors (Fig. 4.2(b)) or directly deposited on laser mirror (Fig. 4.2(c)) / fibre
end-face (Fig. 4.2(d)). As mentioned above, due to the ultra-small core radius of
single-mode fibre, the achieved incident fluence is remarkably elevated by
utilising this type of SA incorporation method. However, these methods are not
thoroughly free from thermal damage, in which the ultrahigh intracavity power
still pose a threat to the SA. Therefore, a third alternative incorporation type is
proposed where the functional material is deposited onto the side-polished fibre or
tapered fibre. The evanescent field of propagating light will interact with the
functional material and act as SA. Due to the long interaction length, it does not
require a high-intensity beam to interact with the functional material, and thus
mitigated the thermal-induced damage of the SA. In this work, to study the
applicability of 2D layered functional material within fibre laser, TMDs based SAs
were incorporated into Erbium-doped fibre laser (EDFL) cavity to induce laser
pulses generation, and the influence of SA incorporation methods to the lasing

performance will be discussed in the following section.
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Fig. 4.1 A schematic diagram of the SWCNT-SA based Nd:YVO4 mode-locked laser [4].
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Fig. 4.2 General incorporation methods for functional material saturable absorbers: (a) SA
materials deposited on the specific substrates for free-space coupling. (b) SA incorporated polymer
or sol-gel thin film sandwiched between two fibre connectors. SA materials deposited on (c) a
reflective mirror, (d) fibre end-surface. (e) side polished fibre, (f) tapered-fibre. (g) SA dispersed
sol-gel or suspensions filled into the photonic crystal fibre [5]

Meanwhile, the investigation subject has extended from 2D layered group 6
TMDs to the newly developed group-10 Platinum-based candidates. Different to
the WS crystal structure, the PtX> has a space group of P3m1 and two individual
crystal structures, 1T and 3R phases, as shown in Fig. 4.3 [7-8]. Both 1T and 3R

structure possess octahedral coordination in each unit layer. The difference
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between the two structures is originated from the layer stacking manner, where a
“AA” format is presented in the 1T phase, and an “ABC” format has occurred in
the 3R phase. From literature, it shows that the 1T phase is a comparatively stable
structure for the PtX> material, where the typical synthesis methods of chemical
vapour transport and post-annealing of Pt precursor film will result in 1T PtX>
structure [7, 9]. The utilised Pt-TMDs in this work is synthesised in 1T structure,
and thus the following discussion will focus on the properties of 1T PtX> materials
solely.

Likes other TMDs, the first study of group-10 TMDs can be dated back to the
50s of the last century [10]. However, the 2D nature and layer-dependent material
properties of the group-10 TMDs had not been comprehensively explored at that
time. Recently, due to the development of new synthesis methods, the study on
group-10 TMDs has rejuvenated once again. Experimental works had
demonstrated the prominent material properties and corresponding applications of
the Pt-based TMDs [7-9, 11-12]. Remarkably, Pt-based TMDs possess superior air
stability [9, 13-14] as compared to other 2D function material, for instance, BP
[15], MXene [16-17] and group-6 TMDs (WTe2 [18-19]). Air stability is a crucial
factor for the stable operational performance of functional materials-based
optoelectronic devices, especially saturable absorber. Oxygen or humidity-
sensitive materials require complex and lengthy passivation process to curb
material degradation, which inevitable tapered off the practicability of the devices.
As a successor of group 6 family, the study of group-10 TMDs-based SA is just in
the beginning within the past two years. Up to the present, the group 10 TMDs-SA

applications are mainly reported on PtSe2 [20-23], and thus a further study and
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exploration of others Pt-based candidates (PtS2-SA and PtTe:-SA) would be
favourable to the understanding of nonlinear optical properties of novel Platinium

based dichalcogenides.

(@)

Fig. 4.3 (a)The top view of a 1T layered structure of PtX,. The side view of (b) 1T and (c) 3R
structure of the PtX, [7].

4.2 Passively mode-locked Erbium-doped fibre laser based on PtS;-SA

In recent years, several pioneering works had explored unique material properties
of Platinum disulfide (PtS2), which attracted tremendous attention and further
application study on this newly developed platinum-based dichalcogenide within
the research community. For instance, PtSz exhibits a charge carrier mobility of
1107 cm? V-'s' at room temperature [24-25], which is comparable or even superior
to the black phosphor (BP) [26], not to mention of the competitiveness of high air
stability. Within the platinum-based TMDs family, PtS> has tunable bandgap
energy ranged from 0.25 eV (4960 nm) for bulk to 1.6 eV (775 nm) for monolayer.
Meanwhile, Platinum diselenide (PtSe2) has an indirect bandgap of 1.18 eV (1050
nm) and 0.21 eV (5904 nm) in the monolayer and bilayer form, respectively (3

layers to bulk: semi-metallic). And Platinum Ditelluride (PtTe2) has the smallest
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monolayer indirect bandgap of 0.4 eV (3100 nm, 2 layers to bulk: semi-metallic)
within the Platinum TMDs family [7]. The sizable bandgap energy of PtS2is even
wider than that of group 6 MoS2 ( 1.2 eV to 1.8 eV [27]) and WSz (1.3 eV to 2.1
eV [28]), which provides design flexibility for various optoelectronic application,
for instance, field-effect transistor [29]. Noticeably, the Platinum TMDs family has
not shown the shift from indirect-to-direct bandgap as the layer thickness reduces
from bulk to monolayer, which is different from that of other TMDs, e.g. group 6
Mo or W based TMDs in 2H phase. The main reason is the difference in the crystal
structure, in which PtXz (X = S, Se, Te) generally has the 1T structure and thus
significantly affect the electronic properties behaviours. However, the inverse
relationship between the bandgap magnitude and the layer thickness is still
observed in PtX> family due to quantum confinement effect and interlayer
interaction effect [7]. In this section, the experimental detail of a passively mode-

locked erbium-doped fiber laser which based on PtS2-SA is demonstrated.

4.2.1 PtS>-SA based mode-locked EDFL cavity setup

As shown in Fig 4.4, an Erbium-doped fibre ring cavity setup was utilised to test
the mode-locking ability of the fabricated PtS>-SA. The cavity was composed of a
0.7 meter long Erbium-doped single-mode fibre (LIEKKITM Er 110- 4/125, cut-
off wavelength: 890 + 90 nm, 110 dB/m absorption at 1530 nm), a 980 nm/1550
nm wavelength-division multiplexer (WDM), a 10 % output coupler, a
polarisation-independent isolator and an in-line polarisation controller. The total

cavity length is around 10 meters. For the SA insertion, the exfoliated PtS:
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nanosheets were incorporated into polyvinyl alcohol (PVA) polymer to form a
matrix composite thin film and followed by sandwiching between two FC/APC
fibre connectors. The utilisation of the APC connector instead of PC type is to
eliminate the parasitic reflection and ensure the operational stability of the mode-

locked system.

976 nm
pump diode

et F 980/1550nm w

\ WDM

Erbinm-doped

10% Output fiber
coupler

Connector junction- ]

for PtS,-absorber Isslader ;J

\Ml.nw?'tion 2 !

Polarization Controller

Fig. 4.4 The schematic diagram of the PtS,-SA based passively mode-locked Erbium-doped fibre
laser cavity setup.

4.2.2 The fabrication and characterisation of PtS>-SA

The synthesis of the PtS>-SA was started from the exfoliation of the bulky form
sample. 1 gram of PtSz2 powder, which purchased from Sigma-Aldrich Inc., was
first mixed with 100 mL N-Methyl-2-pyrrolidone (NMP) solvent and followed by
an ultrasonic exfoliation for exceed 8 hours. The temperature of the exfoliating

solution was remaining at 29 °C to prohibit the degradation of the powder.
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Before incorporating the exfoliated nanosheets into PVA polymer, the material
quality of the prepared PtS2 samples was characterised. Fig. 4.5(a) shows the TEM
observation (FETEM- JEM-2100F) of the prepared PtS: nanosheet, where the
nanosheets lateral size is around two hundred nanometers. Meanwhile, the
HRTEM image shows an inter-plane distance of 0.326 nm which well match with
the (100) planes of the PtS:z crystalline structure. Furthermore, as shown in Fig.
4.5(b), the selected area electron diffraction (SAED) pattern indicates the
hexagonal lattice structure of PtS> with diffraction points corresponding to (110),
(011), and (100) planes and demonstrates that the prepared PtS2 sample possesses
with polycrystalline structure. Fig. 4.5(c) shows the XRD measurement pattern
(XRD, Bruker D8 Advance) of the PtSz sample, where the diffraction peaks (20)
located on 29° and 55° represent the crystalline plane of (100) and (111),
respectively. This XRD observation agrees well with the hexagonal phase (JCPDS
File no. 70-1140 [30]). The chemical composition and the stoichiometric ratio of
the PtS2 sample were inspected by dispersive X-ray spectroscopy (EDS, JEOL
Model JEM-2011, 2000 kV) and shown in Fig. 4.5(d). From the pattern, none of
any impurity was observed (Cu peak is due to copper mesh utilised in EDS
measurement). The measured atomic ratio of the PtSz sample is around 1:2 (Pt:
32.87% and S: 67.13%), which suggests a good material quality of the prepared
sample.

The morphology of the prepared sample was measured by the atomic force
microscopy (Veeco Nanoscope V), where Fig. 4.6(a) and 4.6(b) show the
topography of two randomly selected nanosheets and the corresponding height

profiles, respectively. The lateral size of the two nanosheets were around 150 nm
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which agrees with the TEM observation. Besides, the thickness distribution
(obtained by analysing 100 AFM data) shows an average value of 3.2 nm, which

indicates around 6 atomic layers of the PtSz nanosheets.
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Fig. 4.5 (a) TEM observation (insert with HRTEM image), (b) selected area electron diffraction
(SAED), (c) XRD pattern, and (d) EDS spectrum of the prepared PtS, nanosheets.
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Fig. 4.6 (a) AFM observation of PtS;nanosheets, (b) the height profile correspond to the section
marked in (a), and (c) the thickness distribution of the PtS, nanosheets.
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After the characterization, 1 g PtS2 supernatant was mixed with 15 wt% PVA
gel-like solution and stirred for 30 minutes. Then the mixture was dried in an oven
under 60 °C for 48 hours to form a PtS2-PVA composite thin film. Before
insertion within the fibre laser cavity, the nonlinear absorption properties of the
PtS2-SA was measured by using a twin-balanced detector measurement system.
The laser source of the measuring system possesses 3 ps pulse duration and 1572
nm centre wavelength. Equation 4.1 was utilised to fit the experimental data [31],
where T () is the optical intensity-dependent transmission, A7 is the modulation

depth, It is the saturable intensity, and 7hns is the non-saturation loss.

T(I) =1— AT -exp (‘—’) — T, (Eq. 4.1)

Isat

This equation is built based on the Beer-Lambert law I; = I; exp(-ao L), which
describe the decay of light intensity through a transparent medium, and the
saturable absorption coefficient equation (Eq 2.13). Fig. 4.7 shows the measured
nonlinear input intensity-dependent transmission curve of the prepared PtS2-SA,
where the estimated modulation depth and saturable intensity are 7 % and 9

MW/cm?, respectively.
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Fig. 4.7 The measured nonlinear saturable absorption of prepare PtS,-SA.

4.2.3 PtS>-SA based mode-locked EDFL laser performance and discussion

As mentioned previously, the PtS2>-SA was inserted within the fibre cavity by
sandwiching between two connectors, and an insertion loss of 4 dB was recorded.
Afterwards, by gradually scaling up the input pump power to the threshold value
of 45.7 mW, stable continuous-wave (CW) mode-locked pulses were observed.
The pulse train was recorded by using a 1.2 GHz photodetector (Thorlab
DETO01CFC) and a 400 MHz oscilloscope (Lecroy Waverunner 44MXi), as shown
in Fig. 4.8. From the pulse interval time of 66.5 ns, the calculated repetition rate is
15.04 MHz. The obtained repetition rate matches with the cavity length as well as
the round trip cavity time, which indicates the successful mode-locked operation
within the laser cavity. As the input pump power further scaled beyond 89.1 mW,
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the CW mode-locking operation was vanished and restored to CW mode, which is
due to the over-saturation of the SA [32-33]. As shown in Fig 4.9(a), the maximum
achieved average output power is 1.11 mW. Meanwhile, RF spectra had also
recorded which spectra in a span of 20 MHz with RBW of 40 kHz is shown in Fig.
4.9(b). The SNR value is up to 43 dB, indicating high stability of the mode-locked
operation. The wavelength spectrum of the pulsed output is shown in Fig. 4.9(c),
the centre wavelength is located at 1572 nm with a 3dB bandwidth of 2.47 nm.
Moreover, the pulse duration of the mode-locked pulses was measured by using
autocorrelator (Femtochrome FR-103XL). The autocorrelation trace was well
fitted by the gaussian function, and the measured pulse duration is 2.064 ps. The
calculated time-bandwidth product is 0.62, which suggests that the output pulses
are not transform-limited and able to be further shortened (The minimum time-

bandwidth product of Gaussian-shaped pulses: ~0.44).
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Fig 4.8 The observed CW mode-locking pulse train of the Er-doped fibre laser.

71



o~
)&
N
—
v
-

3 Modle locking Ilhresholdl I . ' 1‘5_[}4MHlZ '
£ " E T
. -40 1

T 0.8 e

O - 1Z

a . S

2 2

o, ' 12

- 0.4 . =)

= 2

% . ] E -80

O 0.0 - - CW CW mode locking

10 20
Frequency (MHz)

o~
=
N

20 40 60 80
(C) Pump power (mW)

20

o) ~ Experiment

E h 5 20+ Gaussian Fitting
&

'g“‘"' 2.47 =

c 4/ nm 2

2 %104

= J ' =)

= U ] 8

& 601 / ~J E

o]

2 : ; 0t , r . -

v 1565 1570 1575 1580 -4 22 0 2 4

Wavelength (nm) Time (ps)
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spectrum, and (d) autocorrelation trace of the mode-locked EDFL at the maximum input pump

power of 89.1 mW.

The average output power and single pulse energy of the PtS2-SA based mode-
locked EDFL are relatively low. In fact, it can be compensated by optimising the
cavity setup or applying post-amplification. In order to commercialise new type
SAs, the operational stability of the SA is far more critical than the average output
power of the mode-locked seed laser source. For the PVA-based PtS2-SA applied
in this work, the fluctuation of average output power and wavelength spectrum are
less than 5 % within around 30 minutes measurement period. However, gradual
degradation was observed under prolonged operation. The polymer holder is not
suitable for long-term operation accompanying with high-intensity illumination.

Hence, it is worth to test different substitutional SA incorporation methods and
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which motivated the utilisation of side-polished fibre as the SA material substrate
holder. The application of SPF-based PtTe:2-SA and corresponding mode-locked
laser performance will be demonstrated in the following section.

Table 4.1 shows several mode-locked EDFL lasing performances which based
on low-dimensional material-SAs. The modulation depth, as well as the pulse
duration achieved in this work, is comparable to another group 6/10 TMDs or
mono-element 2D material-SAs based mode-locked EDFL, which implies that the
PtS2 is definitely a strong competitor for application as nonlinear saturable
absorbers. Besides, as a semiconductor-type TMD, the layer thickness of the PtS>
will affect its energy bandgap structure and subsequently alternating the nonlinear
saturable absorption properties, in which, the size and thickness-dependent optical

nonlinearity of atomically thin PtS2 will be discussed in the next chapter.

Table 4.1 Comparisons of mode-locked Er-doped fibre laser based on low-dimensional

material SAs. (SPF: side polished fibre, PVA: Polyvinyl alcohol, BP: Black phosphorus)
SA SA form Modulation Saturable Center 3dB Pulse Ref
Materials depth Intensity Wavelength bandwidth width ’
Direct
deposit on 0.34
MoS, ﬁger end 354 % MW/cm? 1568.9 nm 2.6 nm 1.28 ps [34]
face
MoSe; Deps";;t on 1.4% / 1557.1 nm 2.3 nm 1.09ps | [35]
Direct
deposit on N 157.6 1.49
WS, fiber end 15.1 % MW/em? 1568.3 nm 1.94 nm ps [36]
face
WSe, Deps";;t on 03 % / 1556.7 nm 2 nm 131ps | [35]
Graphene PVA- 13% / 1559 nm 524nm | 464fs | [37]
composite
Direct
deposit on o 6.55
BP hor ond 8.1% MW o 1571.5 nm 2.93 nm 946 fs | [32]
face
Deposit on 1.11-4.90 | 340-1230
PtSe, Mircofiber % MW/cm? 1563 nm 6 nm 1.02ps | [22]
PVA- o 9+0.5 2.47+0.29 2.064+ | This
PiS, composite 7£03% MW/cm? 1572+ 1 nm nm 0.22 ps | work
PiTe Deposit on 1.39+0.1 400 £5 1560.6 = 1.2 4.4+033 1.66 = | This
2 SPF % MW/cm? nm nm 0.3 ps | work
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4.3 Passively mode-locked Erbium-doped fibre laser based on PtTe>-SA

In the application of optical communication, infrared pulsed fibre laser is
extensively utilised, in which a functional material possess with relative narrow
bandgap is preferable for applying as SA and incorporating within the infrared
fibre laser system [38]. Generally, group 6 TMDs have a relative broader bandgap,
for instance, the bandgap energy of monolayer MoS: and WS> are 1.78 eV [38]
and 2.1 eV [39], respectively. And thus the resonant absorption wavelength of
group 6 TMDs is typically located in the visible range. Literature had suggested
that the electronic structure of TMDs can be modulated by modifying the
stoichiometric ratio of the material, where the introduction of lattice detects will
result in the production of intermediate energy state located within the bandgap
[38, 40] and hence assisting the light absorption in the infrared region. However,
the precise control and quantification of the stoichiometric ratio are lengthy and
complicated, which still tapered off the practicability of the wide bandgap TMDs-
SA. Among the group 10 platinum-based TMDs, PtTe> demonstrates the smallest
monolayer indirect bandgap of 0.4 eV (~3 um optical wavelength) and also
exhibits semi-metallic behaviour as from bilayer to bulk form [7]. This distinctive
bandgap structure of PtTez permit the direct electron excitation from the valence
band to the conduction band and does not require the assistant of intermediate
energy state, which suggests PtTe: is a potential broadband saturable absorber

candidate.
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4.3.1 PtTez-SA based mode-locked EDFL cavity setup

For the cavity setup of PtTe2-SA based mode-locked EDFL, it is similar to that of
the PtS2-SA based system, and which several of modifications had processed to
optimise the mode-locking performance. As shown in Fig. 4.10, the cavity was
composed of a 0.7 meter long Erbium-doped single-mode fibre (LIEKKITM Er
110- 4/125), a 980nm/1550nm wavelength-division multiplexer (WDM), a 10 %
output coupler, a polarisation-independent isolator, and a 3-paddle polarisation
controller. The substitution of the in-line PC to a 3 paddle type is to provide
sufficient freedom of polarisation manipulation within the cavity. The total cavity
length is about 12.3 meters. Meanwhile, a new SA incorporation method was
utilised where the exfoliated PtTe2 nanosheets were coated onto the side-polished

fibre.

=)76nm pump diode
e

980/1550nm
WDM

Erbium-

SPF-based PtTe,-SA

PtTe,-SA

Fig 4.10 The schematic diagram of the PtTe,-SA based EDFL cavity
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4.3.2 The fabrication and characterisation of PtTe>-SA

As same as the preparation method of PtS> nanosheets, liquid phase ultrasonic
exfoliation was applied to sever the interlayer bonding of the bulk PtTez sample.
And an alternative exfoliation solvent, isopropanol (IPA), was used instead of
NMP. Under prolonged observation (exceed three months) after the successful
exfoliation, there was no any aggregation recorded and suggested that IPA can
provide high diffusivity and high solvation power, which is comparable to NMP
and also suitable for the liquid exfoliation of Pt-based TMDs. First, the PtTe>
powder, which purchased from Six Carbon Inc., was mixed with IPA in 1 mg/ml
ratio and followed by continuous probe sonication (SCIENTZ-1200E, Ningbo
Scientz Biotechnology Co., Ltd.) for more than 20 hours. The temperature of the
exfoliating solution was remaining at 20 °C to prohibit the degradation of the
powder. The material qualities of the exfoliated PtTe> nanosheets were then
characterized

The prepared PtTe: sample was first examined by using field emission
transmission electron microscopy (FETEM - JEM-2100F). The TEM and HRTEM
observation of a randomly selected nanosheet is shown in Fig. 4.11 (a). The lateral
size of the PtTe2 nanosheet are around 181.7 nm and 85.5nm as respective to long-
axis and short-axis, respectively. The inter-plane distance measured from the
HRTEM observation is about 0.29, which agree well with the crystalline structure
of (011) plane of PtTez [41]. Furthermore, as shown in Fig. 4.11 (b), the energy-
dispersive X-ray spectroscopy (EDS) measurement (Tescan VEGA3) illustrates

that no impurity was observed in the prepared PtTe2 sample (The presented Si peak
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is originated from the Silicon substrate holder for the EDS measurement). Then
the sample was further characterised by applying Raman spectroscopy (LabRAM
HR 8000- 488nm Argon ion laser light source). The Raman spectrum is shown in
Fig. 4.11(c), where two major peaks are located at 108 cm™ and 154.3 cm™ with
respect to the in-plane Eg vibration mode and out-of-plane A vibration mode. The
Raman data agree well with the result of previous literature (Eg: 109.05 cm™, A1g:
154.74 cm™ and layer thickness of 10.8 nm [42]), and suggests a successful

exfoliation of the PtTe2 sample.
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Fig 4.11 (a) The TEM and HRTEM observation a PtTe, nanosheet. (b) The energy-dispersive X-
ray spectroscopy (EDS) and (c) Raman spectrum of the exfoliated PtTe, sample.

The morphology of the PtTe2 nanosheets was also examined by applying atomic
force microscopy (Bruker Nanoscope 8). Fig. 4.12 shows the statistical
distribution of the layer thickness and lateral size(along with long- & short-axis)
of the prepared PtTe2 supernatant. The distribution was obtained by analysing 120
AFM data of exfoliated PtTe2 nanosheets. The peaks of the lateral size distribution
along long- and short-axis are located at 188 nm and 130 nm, respectively, which
are coherent with the TEM observation result. Meanwhile, the most prevalently

recorded layer thickness is about 16 nm.
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Fig 4.12 The statistical distribution of (a) layer thickness and lateral size along (b) long axis, and
(c) short axis of the prepared PtTe, nanosheets.

Different from the PVA-based PtS2-SA incorporation method, the introduction
of PtTe2 within the EDFL cavity was by depositing the prepared sample on side-
polished fibre (SPF). The custom-made SPF was prepared by polishing one side
of an SMF 28e single fibre. The polishing depth is around 1 um above the fibre
core and accompanying with a polishing width of 10 mm. The PtTe2 nanosheets
were coated on the SPF polished surface by evanescent-light guiding method,
where a light source with a wavelength of 1566 nm and 20 mW CW average power
was injected into the SPF before the immersion of the SPF in the prepared PtTe>
supernatant. After the deposition, the nonlinear saturable absorption properties of
this SPF based PtTe:-SA was measured by the twin-balanced detector
measurement system. The laser source of the measuring system possesses 2.09 ps
pulse duration and 1560 nm centre wavelength. Equation 4.1 was utilised to fit the
experimental data. Fig. 4.13 shows the measured nonlinear input intensity-
dependent transmission curve of the prepared SPF-based PtTe:-SA, where the
estimated modulation depth and saturable intensity are 1.39 % and 400 MW/cm?,

respectively.
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Fig. 4.13 The measured nonlinear saturable absorption of SPF-based PtTe,-SA.

4.3.3 PtTez-SA based mode-locked EDFL laser performance and discussion

By connecting the SPF-based PtTe2-SA into the ring cavity, the measured insertion
loss and polarisation-dependent loss (PDL) of the PtTe>-SA at 1.56 um were ~ 9.7
dB and ~ 2.8 dB, respectively. Afterwards, by gradually scaling up the input pump
power to the threshold value of 90 mW, a stable CW mode-locked pulses train was
observed, as shown in Fig. 4.14 (a). The measured pulses interval time of 82.2 ns
and corresponding repetition rate of 12.2 MHz are matched with the theoretical
round trip cavity time and the cavity length (~12.3 m), which indicates the
successful mode-locked operation. As shown in Fig. 4.14(b), the tunable range of
the average output power is 0.073 mW to 0.499 mW under an input pump power
range of 90 mW to 201.8 mW. As the input pump power scaled beyond 201.8 mW,
the CW mode-locked output signal was restored to pure CW mode due to the over-
saturation of the SA [32-33]. Fig. 4.14(c) shows the observed wavelength spectrum

of the mode-locked signal, where the centre wavelength locates at 1560.6 nm with
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a 3-dB bandwidth of 4.4 nn. The SNR value of 43 dB showed in the RF spectra
(Fig. 4.14(d), in a span of 20 MHz with RBW of 40 kHz) also indicating that the
CW mode-locked operation within the cavity possesses with high stability. Besides,
the pulse duration of the mode-locked pulses was measured by using
Autocorrelator (Femtochrome 103XL). Fig. 4.15 depicted that the autocorrelation
trace can be well fitted by the hyperbolic secant function with a full width at half
maximum (FWHM) value of 2.57 ps, which indicates the real pulse width of
approximately 1.66 ps. Meanwhile, the calculated time-bandwidth product is 0.9
and suggests the pulse width can be further compressed (The minimum time-

bandwidth product of Sech?-shaped pulses: ~0.315).
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Fig. 4.14. SPF-based PtTe,-SA mode-locked laser performance: (a) output pulse train. (b) The
average output power varies with pump power. (¢) wavelength and (d) radio frequency (RF)
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Fig. 4.15 The autocorrelation trace and Sech? fitting curve of the PtTe,-SA based mode-locked
EDFL output signal.

A greater modulation depth will enhance the pulse shaping effect of the
saturable absorber, which leads to shorter pulse duration and reliable self-starting
of the passively mode-locked operation[43]. However, it may also induce Q-
switching instabilities, and hence the magnitude of the SA modulation depth need
to be optimised precisely with respect to the laser dynamic parameters within the
cavity, for instance, saturation energy of the gain medium [44]. To compare with
PtS2-SA, the modulation depth of the SPF-based PtTex-SA is relatively lower
(PtTe2-SA: 1.39%; PtS2-SA: 7 %). The modulation depth of the SPF-based SA can
be enhanced by increasing the deposition thickness of the PtTe2 nanosheets on the
SPF evanescent field region, in which the injected light power into the SPF can be
further scaled up to elevate the light-guiding effect during the immersion of the
SPF in the PtTe2 supernatant. Besides, as refer to the work of Song et. al.[45], it
showed that the Y component of the LPo1 mode of the propagating wave within
SPF is broader than the X component, where a functional material (e.g. SWCNT)
with anisotropic optical absorption will have the maximum absorption efficiency

as if aligned along the direction of LPo1 Y-mode. Based on the experience of
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sputtering deposition and post-annealing of TMDs, which discussed in chapter 3,
one of our current works aims to study the anisotropic optical absorption properties
of Pt-based TMDs by depositing the vertically aligned nanosheet onto the SPF.
The modulation depth, as well as the mode-locking performance (e.g. pulse
duration) of the growth direction-controlled TMDs-SAs, are expected to be
improved due to a stronger nonlinear optical absorption.

As regard to Table 4.1, the measured saturable intensity of SPF-based or
microfiber-based SAs (including PtTe2-SA) are relatively higher as compared to
another SAs which under alternative incorporation methods, such as polymer
composite. Generally, the mode-locking threshold value of the 976 nm input pump
power is promoted for triggering the nonlinear optical absorption of the SPF-based
SA. But since only the evanescent field of the propagating wave will interact with
the SA material, and thus the thermal-induced damage problem within SA was still
prohibited. Different from the PVA-based PtS2-SA, there is no any degradation
recorded under the prolonged operation of the SPF-based PtTe2-SA, which proved
the superior competitiveness of evanescent-field interaction-based (SPF or
microfiber) saturable absorber.

For the mode-locked EDFL performances based on either PtS2 and PtTez-SA,
the achieved pulse duration in both cavities are comparable to other low-
dimensional materials based saturable absorber as shown in Table 4.1, and hence
indicates the air-stable group 10 TMDs possess the potential and promising ability
to act as the structural material for next-generation SA. The demonstrations of the

mode-locked EDFLs are just the preliminary study work, and it needs a in-depth
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investigation of the laser system applicability and optical nonlinearity of the novel

group 10 TMDs, which is part of the outlooks of our research work.

A% Beam Randomly Sprayed CNTs _SWNT Film  osaresessests
I (¥-Direction) in X-Z Plane VA-SWNT Film . cstatutatiutii) .
X - N, R
A LP,-X N A
Z LPyZ ke LP,-Y S L,,-v i /
(\mn-? = -l (Full . Sg;‘fggg‘oalz
= Interaction : ~Shape Interaction Core K
LPymY ks ertically v / CNTs) | Core Fiber w/ CNTs) |~ ‘11531:%.:1?11[
I ligne LP,-X K LP,-X CNTs
Beam L (Partial-interaction (\""1"('..[{'{."']"""
(Z-Direction) w/ CNTs) WIS
(@) (b) (©)

Fig. 4.16 (a) Schematic diagram showing the anisotropic light absorption from the single-walled
carbon nanotube (SWCNT). (b) The deposition of SWCNT on side-polished fibre under (b)
randomly and (c) vertically aligned manner [45].

4.4 Chapter summary

In this chapter, both PtS>-SA and PtTe2-SA based passively mode-locked EDFLs
are experimentally demonstrated. Two separate synthesis methods were applied to
fabricate the SAs. For the PtS>-SA, the ultrasonic exfoliated PtS2 nanosheets were
incorporated within polyvinyl alcohol (PVA) polymer to form a matrix composite
thin film and followed by sandwiching between two FC/APC fibre connectors.
And for the PtTe2-SA, the ultrasonic exfoliated PtTez nanosheets were deposited
onto the evanescent-field region of a side-polished single-mode fibre. The
achieved pulse duration of the mode-locked EDFLs are 2.064 ps and 1.66ps with
respect to the PtS>-SA and PtTe2-SA, respectively, which is comparable to other
low dimensional materials-based result. And indicates that both of the platinum-
based TMDs can act as a promising nonlinear saturable absorber. To the best of
our knowledge, the demonstrations of these mode-locked EDFLs based on PtS:

and PtTe2-SA are still a pioneer study within the nonlinear photonic field.
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CHAPTER S

Size-Dependent Nonlinear Optical Properties of
Atomically Thin PtS; nanosheet

To control the nonlinear optical (NLO) properties of functional materials and
further apply to synthesise practical photonic device by cost-saving and
straightforward manner is a sustained and attractive topic among the research
community. The NLO properties of the novel material can be extensively applied
to different fields, for instance, compact optical switcher, ultrashort laser pulses
generation (saturable absorber), optical limiter for protecting the components
within the optical communication system, even biomedical sensors. In this chapter,
the dependence of NLO properties on the layer thickness and lateral size of the
platinum disulfide PtS: is experimentally demonstrated. As a pioneer study on the
nonlinear optical absorption (NOA) features of group 10 TMDs, the Z-scan results
show that the NOA response of PtSz depends significantly on the lateral size and
layer thickness of the nanosheets, where a transition of NOA behaviour from

reserve saturable absorption to saturable absorption is demonstrated.

5.1 Background and motivation

Different from layered mono-element materials, for instance, graphene and black
phosphorus (BP), the material properties and crystalline structure of 2D transition
metal dichalcogenides (TMDs) depend heavily on the d-electron configuration of

the transition metal. The intralayer bonding, energy bandgap structure, lattice
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vibration [1], as well as the macroscopic properties (e.g. electrical conductivity[2],
and optical absorption behaviors [3-4]) of the TMDs will be influenced by the d-
electron number of transition metal. Meanwhile, literature had reported the
modification of bandgap and nonlinear optical response of TMDs by modulating
the morphological characteristics of the materials [4-5], in which significant
nonlinear optical properties, such as optical limiting is able to be promoted by
reducing the average lateral size and layer thickness of the TMDs (e.g. WSz [4, 6]).
Noticeably, it had also been shown that the ultrashort laser pulses generation can
be achieved by utilizing 2D TMDs with subsided nanosheets lateral size and layer
thickness [7-10]. The availability of manipulating the optical nonlinearity of novel
TMDs material is an essential foundation for the development of advanced laser
systems as it provides the strategy for optimisation of different TMDs-SA-based
pulsed laser systems with respect to extensive operation wavelength range.
Undoubtedly, the maturation of NLO properties engineering on 2D TMDs can
induce great impact on various application fields, from energy harvesting [11-12],
photodetectors [13-14] to optical modulators for optical communication [15].

In the previous chapter, it had been demonstrated that Pt-based TMDs possess
superior nonlinear saturable absorption property. And it is worth to has a further
investigation on the influence of material morphological features on the NOA
response of Pt-TMDs, in which a Z-scan measurement was conducted on several
PtS2 samples with different nanosheet lateral size and thickness and the results will

be discussed as follow.
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5.2 Setup of the Z-scan measuring system and sample preparation

As shown in Fig. 5.1, a standard open-aperture Z-scan system was constructed to
test the NOA properties of PtSz samples. An Nd: YAG Q-switched laser was
utilised as the excitation light source, where the operation wavelength, pulse
duration and repetition rate of the laser are 532nm, 8 ns and 10Hz, respectively.
Meanwhile, a fixed single pulse energy value of 670 nJ was selected for triggering
the NLO response of the samples. In the setup, the laser beam was split into two
paths by the 50:50 beam splitter, where one of the beams will be incident on the
pyroelectric energy meter D1 to monitor the operating state of the laser source.
And the second laser beam will be focused by the Plano-Convex Lens with a focal
length of 50 mm. The PtS2 samples were presented as a liquid form during the Z-
scan test, where the prepared PtS>-NMP suspensions were filled into a quartz
cuvette with 1 mm optical path and mobilised along the Z-optical path of the
focused laser beam. Pyroelectric energy meter D2 was used to record the
transmittance change of the samples according to different incident light intensity.
Noticeably, to avoid heat accumulation and consequent micro-bubble formation
within the suspension, an electrical shutter was installed in the system to modulate
the laser pulse incident frequency on the cuvette as 1Hz. Otherwise, the thermal-
induced micro-bubble will generate extra optical loss and thus interfere with the

result of the Z-scan measurement.
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Fig. 5.1 The schematic diagram of the open aperture Z-scan measurement setup(D: Detector; L:
operational length; f: focal length; OP: optical path).

To obtain PtS: samples with the different distributions of lateral size and
thickness, a modulation of centrifugal force was applied in the centrifugation
process. The utilised PtS2-NMP exfoliated suspension is identical to that used in
chapter 4, and hence the material characterisation data can refer to the section 4.2.2.
After successful ultrasonic exfoliation, the PtS2-NMP suspension was individually
centrifuged at different angular velocities for 30 minutes, where the value of the
speeds are 9000, 7000, 5000, and 3000 rpm, corresponding to relative centrifugal
force (RCF) of 9072, 5488, 2800 and 1008 g, respectively. The supernatants were
extracted in each individual centrifugations and named as S3000, S5000, S7000,
and S9000, respectively (S- Centrifugation speed (rpm)). The lateral size and
thickness distribution of different centrifugated PtS: samples were measured by
using atomic force microscope (AFM-Asylum MFP-3D Infinity) in tapping mode.
Fig 5.2 illustrated the measured average values in different PtSz samples, which
the statistical measurement is achieved by analysing exceed 60 recorded AFM data.
Both the lateral size and layer thickness of PtS: nanosheets decreased as the
centrifugation speed scaled up. The average nanosheets lateral size decreased from

around 565 nm of S3000 (RCF: 1008 g) to 110 nm of the S9000 sample (RCF:
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9072 g), and which the corresponding layer thickness subsided from 30 nm to 10
nm. It shows that the average nanosheet size and layer thickness of sample S9000

is about one-third of that of sample S3000.
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Fig. 5.2 The measured average lateral size and thickness of different centrifugated PtS, samples
vary with centrifugation speed.

5.3 The result of Z-scan measurement and discussion

After the individual centrifugations, the concentrations of each sample were
modified, in which the initial transmission ratio of all PtSz samples were set to be
67% to confirm fair comparison. The measured NOA responses of four PtS:z
centrifugated samples and the control data were shown in Fig. 5.3. Pure NMP
solvent was utilised as the control data set, in which there was none of the
observable NOA response recorded from the control set and proved that all the
measured NOA responses were originated from the exfoliated PtS: nanosheet
solely. From Fig. 5.3(a) and 5.3(b), it shows that except for S9000, all other PtS>
samples exhibited reverse saturable absorption (RSA) response, which the

normalised transmittances of the materials were reduced as the input intensity
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raised up and is also well-known as optical limiting. The RSA response of the PtS»
samples became weaker as the nanosheet lateral size, and layer thickness subsided,
where the tunable normalised transmittance range of sample S7000 (1 to 0.74) is
about half of that of sample S3000 (1 to 0.42). Meanwhile, the NOA starting
thresholds (Fs), defined as the input fluence value where the normalised
transmittance starts to diverge from linearity, had increased from 0.023 J/cm? of
sample S3000 to 0.043 J/cm? of sample S7000, indicating that the RSA response
of sample S3000 is stronger than that of sample S7000. Furthermore, the nonlinear
absorption coefficients f were calculated by fitting the experimental data with the
nonlinear propagation equation [16],

dl/dz = - (ool + BP) (Eq.5.1)

where ao and [ represent the linear absorption coefficient and the laser beam
irradiance onto the samples, respectively. As shown in Table 5.1, the g value
reduced from 1.113 cm/GW of sample S3000 to 0.28 ci/GW of sample S7000,
also suggests a weakening of RSA response as the nanosheets size and thickness

dropped.
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Fig. 5.3 The Z-scan result of PtS, samples with different nanosheets size and layer thickness
distributions at 532 nm wavelength. (a) The output fluence and (b) the normalised transmittance
vary with Input fluence. (c) The variation of Nonlinear absorption coefficient (), NOA starting
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nm.

Table 5.1 The nonlinear optical parameters, including of NOA starting thresholds (Fs),
optical limiting thresholds (For), Nonlinear absorption coefficient (f) and normalised
transmittance at peak input fluence (focus, 0.52 J/cm?), for different centrifugated samples.

PtS, Average | Average NLO F For | p(cm/GW) | Normalised
samples | Thickness Size response | (J/cm?) | (J/cm?) Transmittance
(nm) (Long at peak Input
Axis) fluence
(nm)
S3000 29.7 565 RSA 0.023 0.42 1.113 0.42
+0.12
S5000 22.3 399 RSA 0.029 / 0.7+0.11 0.55
S7000 17.2 151 RSA 0.043 / 0.28 £0.03 0.74
S9000 10.2 110 SA 0.038 / -0.1 +0.02 1.13
059000 10.2 110 SA 0.049 / -0.34 +£0.04 1.71

Remarkably, the sample S9000 exhibited a distinctive NOA behaviour, where

an RSA response was presented in the input fluence range of 0.018 J/cm?to 0.13

J/em?® and the RSA behaviour was switched to saturable absorption (SA) as the

input fluence scaled beyond 0.13 J/cm?. As shown in Fig. 5.3(b), the normalised

transmittance of sample S9000 was gradually rising as the input fluence elevated

92



from 0.13 J/cm?to 0.52 J/cm?. This switch of optical response from RSA to SA
had been demonstrated in other nonlinear materials [17-19]. In the situation of low
input fluence providing to the nonlinear materials, the photon absorption is
dominantly based on the group state excitation, and hence only linear absorption
behaviour is observed. However, the electron population density of the first excited
state will be dramatically increased because of high-intensity irradiation onto the
nonlinear materials and consequently, electron excitation. As a result, the photon
absorption from the first excited state to a higher energy level will be enhanced
and eventually induce a significant contribution to the overall optical absorbance.
This effect is well-known as excited-state absorption (ESA). The extra absorbance
caused by the ESA effect will make the overall transmittance decreased under the
situation of high-intensity irradiation onto the materials, which lead to RSA
behaviour [5]. Nevertheless, if the input fluence further scaled up, the available
excitation electrons are depleted, and hence the ESA effect will be saturated. It
leads to a drop in the overall absorbance of the materials and causes the RSA
behaviour switch to SA, as demonstrated within the sample S9000 [17].

For the observation of RSA response weakening from sample S3000 to S7000,
the trend is different from the previous result of the NOA study on WS: [4], where
the optical limiting behaviours of the WS: samples were promoted as the
nanosheets lateral dimension, and layer thickness decreased. And it can be
explained by utilising free-carrier absorption (FCA) model which proposed by
Boggess et al. [20]. The model suggested that the photon-induced electron
excitation within the nonlinear materials can be contributed by both excited-state

absorption and two-photon absorption (TPA) effect simultaneously. As shown in
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Fig. 5.4, if the layer thickness of the TMDs reduced, the expanded bandgap of the
materials will facilitate the TPA effect, which may promote electron population
density of the first excited state, as well as the RSA response [4]. Meanwhile, the
drop of lateral dimension will generate more active edge site on the TMDs
nanosheet, and eventually induced numerous localised edge energy states located
near the Fermi-level in the bandgap. These edge energy states may also promote
the RSA response [5, 21-22]. In this work, for the NOA response of PtS2 sample
S3000, it is already close to the RSA saturation limit, in which a further promotion
of photon absorption by reducing the nanosheets size and thickness will lead to the
depletion of available excitation electron and thus weakening of the RSA response.
It may also use a four energy model as shown in Fig 5.5 to explain the switch of
nonlinear optical response. The energy model composed of four energy levels, Li,
L2, Ls, Ls4, with corresponding population densities Ni, N2, N3, and Na4. The
population N4 is typically negligible as the lifetime of L4 is tend to be 0. oij stands
for the absorption cross-section of different energy-level transition. At low incident
fluence, excitation from ground state L1 to first excited state L» is dominated,
where linear absorption is solely be demonstrated. Nevertheless, as the input
fluence scaled-up, the magnitude of N2 and N3 were enhanced. Thus, the upper-
state excitation becomes significant and greatly contribute to the overall photon
absorption. This phenomenon is known as excited-state absorption (ESA). For the
result of the S9000 PtS: sample, the initial RSA performance is due to the
unsaturation of the second excited state Ls. But at strong input fluence, the
absorption cross-sections will become o12 < 023 > 034. The accumulation of N3

population will prohibit further photon absorption by depleting the number of
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available electrons in Li and La. Thus it causes a drop in the corresponding
absorption coefficient, as well as the overall ESA and RSA response (known as
bleaching). As a result, the NOA response will be switched to saturable absorption
(SA), as shown in Fig. 5.3 (b) .

Besides of the NOA dependence on the nanosheets size and thickness, the
concentration of the nonlinear materials or light-matter interaction length also
interfere with the NOA response of the material system. One of the examples is
the interaction length (evanescent field) of the saturable absorber material coated
side-polished fibre will affect to the modulation depth of the absorber [23]. As
shown in Fig. 5.3(d), a further modification of the PtS> nanosheets concentration
in sample S9000 was processed where concentration optimised sample OS9000
had shown an improved saturable absorption response (The concentration of PtS2
nanosheets in OS9000 is 35 % higher than that of sample S9000). The sample
0S9000 has an initial transmission ratio of 49 %, which is lower than that of S3000
to S9000 samples (67 %). Remarkably, the maximum achieved normalised
transmittance of OS 9000 had improved to a value of 1.71 and is way beyond of
sample S9000 (1.13). This NOA response dependence on material concentration
has been demonstrated in different function materials previously, including

graphene oxide [24] and TMDs-WS2[25].
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Fig. 5.4 Schematic diagram illustrating the photon absorption process within a four-energy level
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respectively. 1PA and 2PA represent the single-photon absorption and two-photon
absorption,respectively. ESA stands for the excited-state absorption[26].
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Fig. 5.5 Four energy level electronic transition model.

As a pioneer work for studying the NLO properties of group 10 TMDs material,
there are several follow-up works can be applied to enrich the understanding of
the NOA behaviors of Pt/Pd based TMDs, one example is to investigate the NOA
response of the nonlinear material in picosecond or femtosecond interaction time
regime and process a comparison with the result in nanosecond regime. Previous
liteture had reported the pulse duration-dependent NOA response of the nonlinear
TMDs material [25] and suggested that the interband exciton decay lifetime and
intraband relaxation life-time of the nonlinear materials have a significant

influence on the NOA response of the material, which a pump-probe measurement
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should process to quantify the corresponding decay parameters. Second, it is worth
to expend the NOA study among the Pt/Pd TMDs group, where it had been
demonstrated that both PtSe: and PtTe: also possess with superior nonlinear
saturable absorption property and able to induce ultrafast laser pulses, even one of
our preliminary works had shown that the PdS: and PdSe: also possess SA

behaviour as well.

5.4 Chapter summary

To the best of our knowledge, this is the first demonstration of modulating the
NOA response of Pt-based TMD by controlling the morphological features of the
nonlinear material. In the experiment, four PtS: samples with different
distributions of nanosheets lateral dimension and layer thickness were prepared by
using individual centrifugation method with distinct centrifugal forces. The
samples are named as S3000, S5000, S7000, S9000, corresponding to the
centrifugal speed of 3000 rpm (Relative Centrifugal Force RCF:1008 g), 5000 rpm
(RCF:2800 g), 7000 rpm (RCF: 5488 g), and 9000 rpm (RCF: 9072 g), respectively.
The AFM measurement shows that the average nanosheet lateral size and layer
thickness dropped from around 565 nm to 110 nm, and 30 nm to 10 nm,
respectively according to the samples from S3000 to S9000. By the Z-scan test, it
shows that as the material nanosheets size and thickness reduced, it will enhance
the excited state photon absorption (ESA) effect and two-photon absorption (TPA)
effect, which promotes the reverse saturable absorption (RSA) response of the PtS:

samples. As the sample S3000 is already close to the saturation limit of the RSA
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response, further enhancement of photon absorption is resulting in a weakening of
the RSA response, eventually induced a change of the nonlinear optical absorption
behaviour from RSA of sample S3000 to saturable absorption (SA) of sample

S9000.
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CHAPTER 6

Conclusion

6.1 Conclusion

In this thesis, the research work is mainly focused on the explorations of the
nonlinear optical properties of novel two-dimensional layered transition metal
dichalcogenides, where the TMDs materials were applied as saturable absorber
and installed into different laser cavity to induce ultrashort laser pulses generation.

The applied laser systems include of diode-end-pumped solid-state (DPSS)
Nd:YVOs4 laser and Erbium-doped fibre ring cavity laser. And the studies on
materials NOA properties began with the promising nonlinear TMD, group 6
tungsten disulfide (WS2). The WS: saturable absorber was fabricated by a two-
step synthesis method, which consists of RF magnetron sputtering deposition of
WS: precursor and followed by a post-annealing treatment. The synthesised WSz
thin film was deposited on a highly-transmissive quartz substrate to act as a
transmission type saturable absorber and inserted within a DPSS Nd: YVOs laser
cavity to test the corresponding NOA properties. Restricted by the experimental
conditional, Q-switched operation was solely be demonstrated, where maximum
single pulse energy of 145 nJ was achieved and is comparable to the results of
others WS2-SA-based Q-switched laser, including erbium-doped fibre laser
(EDFL) and ytterbium-doped fibre laser (YDFL). This work has enriched the
understanding of the applicability of WS2-SA in diverse laser systems. Meanwhile,

in the two-step synthesis process, experiences of controlling the material qualities
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of TMDs materials were obtained, in which different synthesis parameters, such
as the thickness of the precursor thin film, post-annealing time and temperature
profile will significantly affect to the nanosheets growth direction, crystalline
structure and stoichiometry ratio of the synthesised TMDs thin film. These
experiences had built the foundation of the successor works of applying vertically
aligned group 10 TMDs to fabricate high-efficient photodetector and image sensor,
which was demonstrated and published in high-quality Journal.

To move on, the NOA study of TMDs material had also extended to group 10
air-stable candidates, which both PtS: saturable absorber and PtTe: saturable
absorber-based passively mode-locked EDFLs were experimentally demonstrated.
Two separate synthesis methods were applied to fabricate the saturable absorbers.
For the PtS> saturable absorber, the ultrasonic exfoliated PtS> nanosheets were
incorporated within polyvinyl alcohol (PVA) polymer to form a matrix composite
thin film and followed by sandwiching between two FC/APC fibre connectors to
act as a transmission type saturable absorber. And for the PtTe>-SA, the ultrasonic
exfoliated PtTe2 nanosheets were deposited onto the evanescent-field region of a
side-polished single-mode fibre. It is found that incorporation method of the
saturable absorber will prominently interfere with the passively mode-locking
performance, especially the thermal-induced damge problem and the laser stability.
The achieved pulse duration of the mode-locked EDFLs are 2.064 ps and 1.66 ps
corresponding to the PtS: saturable absorber and PtTe: saturable absorber,
respectively, which are comparable to other low dimensional materials-based
results. It indicates that both of the platinum-based TMDs can apply as a promising

nonlinear saturable absorber. To the best of our knowledge, the demonstrations of
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mode-locked EDFLs based on PtS; saturable absorber and PtTe: saturable
absorber are a pioneer study within the nonlinear photonic field and has not been
reported previously.

After the study works on the ultrafast laser pulses generation, the NOA
dependence on the lateral size and layer thickness of PtS: nanosheets was also
demonstrated. By using the individual centrifugation method with distinct
centrifugal forces, four PtS2-NMP suspension samples with different distributions
of lateral dimension and thickness were prepared. The samples are named as S3000,
S5000, S7000, S9000, corresponding to the centrifugal speed of 3000 rpm
(Relative Centrifugal Force RCF:1008 g), 5000 rpm (RCF:2800 g), 7000 rpm
(RCF: 5488 g), and 9000 rpm (RCF: 9072 g), respectively. The AFM measurement
shows that the average PtS: nanosheets lateral size and layer thickness dropped
from around 565 nm to 110 nm, and 30 nm to 10 nm, respectively, as the
centrifugation speed raised from 3000 rpm to 9000 rpm. By the Z-scan
measurement, it shows that as the PtS> nanosheets lateral dimension and layer
thickness reduced, it will enhance the excited state photon absorption (ESA) effect
and two-photon absorption (TPA) effect, which promoted the reverse saturable
absorption (RSA) response of the PtSz samples. As the sample S3000 is already
close to the saturation limit of the RSA response, further enhancement of photon
absorption was resulting in a weakening of the RSA response, and eventually
induced a change of the NOA behaviour from RSA of sample S3000 to saturable
absorption (SA) of sample S9000. This work provides the method and strategy for
further optimising the group 10 Pt/Pd-based saturable absorber performance by

modifying the morphological features of the TMDs nanosheets.
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6.2 Future works

As emphasised previously, ambient air stability is a critical factor for
commercialising the newly-developed functional materials as nonlinear photonic
devices. Our future works will mainly focus on the air-stable group 10 TMDs
family. The NOA properties study, as well as the fabrication of group 10 TMDs-
based saturable absorber, will extend to the palladium (Pd) based family, where
preliminary works on the manufacturing of PdS2 and PdSe: saturable absorber is
in progress.

Second, the application of the group 10 TMDs in diverse laser systems is also
worth to be further studies, where we had preliminarily applied the PtS2 and PtTez
saturable absorber in the 1 um ytterbium-doped fibre ring cavity for laser pulses
generation. The parameters of the absorbers, including of modulation depth, initial
transmission ratio, need to be further optimised to adjust to the laser system with
different operational wavelength. Meanwhile, the group 10 TMDs absorber will
also apply to compact DPSS and waveguide laser system.

Third, the NOA properties of group 10 TMDs materials will be
comprehensively investigated, in which the NOA response of group 10 TMDs in
different pulse duration regime, from nanosecond to femtosecond will be studied
in order to analyse the relation between the electronic structure and the NOA

response of the Pt/Pd-based TMDs materials.
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Appendix

ABCD matrix program code(for simulation the radius variation of the lasing
mode with the solid-state laser cavity):

% lasing cavity with thermal lensing effects introduced by the pumped
% crystals in (mm)

cle;

clear;

Rl=; % Ml

R2=; % M2 concave mirror 808HT 1064HR coating

R3=; % M3 thermal lensing

R4=; % M4 Output coupler Transmission mirror T=20% with 2-degree cutting
n=1;

lambda=1.064*10"-3; % wavelength in mm scale

dl=; %Distance between M1 and M2

d2=;  %Distance between M2 and M3

d3=; %Distance between M3 and M4

m=d1+d2+d3; %Total cavity length (mm)

for x=0:1:m

if (x>=0&&x<=d1) %begin from any one point of the back of M1
ml=[1,x;0,1];
m2=[1,0;-2/R1,1];
m3=[1,d1;0,1];
m4=[1,0;-2/R2,1];
m5=[1,d2;0,1];
m6=[1,0;-2/R3,1];
m7=[1,d3;0,1];
m&=[1,0;-2/R4,1];
m9=[1,d3;0,1];
m10=[1,0;-2/R3,1];
ml1=[1,d2;0,1];
ml12=[1,0;-2/R2,1];
ml13=[1,d1-x;0,1];

elseif (x>d1&&x<=d1+d2) %begin from any one point of the back of M2

ml=[1,x-d1;0,1];

m2=[1,0;-2/R2,1];

m3=[1,d1;0,1];

m4=[1,0;-2/R1,1];

m5=[1,d1;0,1];

m6=[1,0;-2/R2,1];

m7=[1,d2;0,1];
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m&8=[1,0;-2/R3,1];
m9=[1,d3;0 1];
m10=[1,0;-2/R4,1];
ml1=[1,d3;0 1];
m12=[1,0;-2/R3,1];

m13=[1,d1+d2-x;0,1];

else
ml=[1,x-d1-d2;0,1];
m2=[1,0;-2/R3,1];
m3=[1,d2;0,1];
m4=[1,0;-2/R2,1];
m5=[1,d1;0,1];
m6=[1,0;-2/R1,1];
m7=[1,d1;0,1];
m8=[1,0;-2/R2,1];
m9=[1,d2;0 1];
m10=[1,0;-2/R3,1];
m11=[1,d3;0,1];
m12=[1,0;-2/R4,1];

m13=[1,d1+d2+d3-x;0,1];

end

%begin from any one point of the back of M3

M=m1*m2*m3*m4*mS5*m6*m7*m8*m9*m10*m11*m12*m13;

end

a=M(1,1);
b=M(1,2);
c=M(2,1);
d=M(2,2);
if (abs((a+d)/2)<=1)

w(n)=sqrt(lambda*abs(b)/(pi*sqrt(1-((a+d)/2)"2)));

y(n)=x;

z(n) =abs((a+d)/2);

n=n+1;
end

plot(y,w,'r);
hold on;
xlabel('Position within the laser cavity (mm)');
ylabel('Lasing mode radius (mm)");

title('Lasing mode radius for the 4 mirror cavity')
plot(y,z,'r);
hold on;

Y:

v

W=w"

C:

horzcat(Y, W);

xlswrite('LD1.xls', C);
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List of abbreviations

WX B WD —

W W W W NN NN NN DNDDNDNFE e e e
WINN—OVOVooOINWUnPWNN—LOOVOIDNWN P WN—O

Two-dimensional layered transition metal dichalcogenides(2D-TMDs)
Diode-end-pumped solid-state (DPSS)

Erbium-doped fiber laser (EDFL)

Nonlinear optical absorption (NOA)

Tungsten disulfide (WS,)

Saturable absorber (SA)

Platinum disulfide (PtS,)

Platinum ditelluride (PtTe;)

Excited state photon absorption (ESA)

. Two-photon absorption (TPA)

. Reverse saturable absorption (RSA)

. Nonlinear optical absorption (NOA)

. Acousto-Optical Modulators (AOM)

. Electro-Optical Modulators (EOM)

. Semiconductor saturable absorber mirror (SESAM)
. Metal oxide chemical vapor deposition (MOCVD)
. Gallium arsenide (GaAs)

. Silicon (Si)

. N- methyl-2-pyrrolidone (NMP)

. N-vinyl-2-pyrrolidone (NVP)

. Isopropanol (IPA)

. Dimethyl sulfoxide (DMSO)

. Dimethylformamide (DMF)

. Polyvinyl alcohol (PVA)

. Electron density of state (eDOS)

. Continuous wave (CW)

. Radio frequency (RF)

. Direct-current (DC)

. Highly reflective (HR)

. Highly transmissive (HT)

. Partially transmissive (PT)

. Output coupler (OC)

. Wavelength-division multiplexer (WDM)
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