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ABSTRACT

Two-dimensional (2D) layered transitional metal dichalcogenides (TMDs) materials
have shown considerable potential in various optical performances. Among them,
platinum disulfide (PtS2), which is newly developed group-10 2D layered TMDs
materials, offers great potential for the laser photonic applications owing to its high
carrier mobility, broadly tunable natural bandgap energy, and stability. Numerous
studies have been conducted to explore the performance of 2D layered nano-
materials based saturable absorber (SA) for pulsed laser applications, recently. The
study of pulsed laser performance based on the SA prepared by layered materials
with bulk-micro sizes have gained a great attention due to the simple preparation
process, low energy consumption and simple expertise. Hence, in the first part of
this study, the first passively Q-switched Erbium doped fiber laser is demonstrated
with an operational wavelength of 1568.8 nm by using PtS2z microflakes SA,
fabricated by a simple liquid exfoliation in N-Methyl-2-pyrrolidone (NMP) and then
incorporated into polyvinyl alcohol polymer thin film. A stable Q-switched laser
operation is achieved by using this PtS2-SA within a fiber laser ring cavity. The
maximum average output power is obtained as 1.1 mW, corresponding to the
repetition rate of 24.6 kHz, pulse duration of 4.2 us, and single pulse energy of 45.6

nJ.

The achievement in Q-switched application arouses my interest in further exploration

on other optical potential of PtS2. It is reported that photoluminescence (PL)
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behaviour of PtS2 still remains obscure. Inspired by other works on TMDs quantum
dots (QDs), which are believed having the capability to enhance PL property
compared to the bulky or layered structure owing to their quantum confinement
effects, the fabrication of PtS2 QDs suspension via a low-cost liquid exfoliation
technique is demonstrated in this work. The PtS2 QDs with an average diameter of
3.9 nm and average thickness of 2.9 nm are observed, respectively. For the first time,
the PL spectra of PtS2 QDs suspension are successfully obtained and monitored
over time. The PL spectra display an excitation-dependent luminescence. The
maximum emission peak is observed at 407.2 nm for the excitation wavelength of

330 nm. This PtS2 QDs also shows a decent long-term stability.

The next part of this study moves to expand the PL research from PtS2to other
group-10 TMDs materials, so far whose PL natures of QDs structure still remain to
be revealed. In this study, 3 typical types of group-10 TMDs materials (PtS2, PdS2,
and PdSe2) QDs are fabricated via liquid exfoliation using NMP solvent. The
absorption and PL spectra of these QDs solutions are studied, exhibiting excitation
wavelength-dependent behavior and large stokes shifts. Furthermore, the quantum
yield and decay lifetime are also investigated and analyzed. The obtained results
suggest promising optical performances of group-10 TMDs materials and indicate

their prospective applications in the future.
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Figure 33 Normalized absorption spectra (black curve), photoluminescence
excitation (PLE) spectra (red curve), and the maximum emission spectra

(blue curve) of (a) PtS2 QDs solution, (b) PdS2 QDs solution, and (c)

PdSe2 QDS SOIULION. ..o, 91

Figure 34 Decay profile of PtS2 QDs solution, PdS2 QDs solution, and PdSe2 QDs
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Chapter 1 Introduction

1.1 Motivations

In recent years, group-10 transitional metal dichalcogens (TMDs) drew substantial
attentions as novel semiconducting materials due to their unique properties such as
superconductivity, high carrier mobility, broad tunable band gap, and stability in the
air. Advanced optoelectronics applications, for examples, photocatalyst, field-effect
transistors (FET), logical junction, thermal electricity, and photodetectors have
received promising improvements with the aid of group-10 TMDs materials.
Increasingly, they have grown more appealing to further applications. Though
several achievements have been obtained with their few-layer to monolayer
structures, the fabrication techniques and properties of group-10 TMDs quantum

dots (QDs) still remains to be revealed.
1.1.1 PtS2 based saturable absorber for passively Q-switched laser

Attribute to the low repetition rate and corresponding high pulse energy and peak
power [1], Q-switched laser is one of the most popular types of laser, which is widely
being applied in laser materials processing, microfabrication, remote sensing, range
finding, skin treatment, tattoos removal, pumping source for nonlinear frequency
conversion devices, and medical surgery [2], [3]. Drifted by the strong commercial
interests, the Q-switched laser has gained a considerable attention within the
modern industry and science communities. Unlike the costly, complex, and bulkiness

of active electro- or acousto- optic modulators which can be utilized within the laser
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cavity to generate Q-switched laser pulses [4]. The passive Q-switching technique
with saturable absorber (SA) offers a simple, low cost, compact and reliable
alternative way to produce Q-switching pulses. Furthermore, the low energy

consumption and lightweight properties have made it more suitable for the practical

applications of some portable devices e.g. range finder.

Usually, doped crystal, e.g. Co:MALO [5], Cr:YAG [6] etc. are used for the
fabrication of commercially produced passive Q-switching systems. However, these
crystal-based Q-switchers require expensive crystal growth process and doping
techniques [7]. Hence, simple fabrication methods with novel saturable absorber
materials are quite encouraging. In the past decade, numerous studies have been
carried out implementing carbon-based nano-materials e.g. graphene [8], [9],
graphene oxide [10], [11], and carbon nanotube [12] SA to generate Q-switching
pulses. Graphene-based SA exhibits zero or small bandgap energy, offering a broad
response wavelength ranging from UV to mid-infrared. However, the weak layer
absorption significantly limits the light modulation ability [7]. Recently, the research
interest of graphene has been extended to other two-dimensional (2D) layered
materials with nature bandgap, stronger layer absorption, and modulation depth.
Black phosphorus (BP) has shown strong layer dependent bandgap energy [13],
which has also been used to fabricate SA for Q-switching pulse generation [14].
TMDs compounds, a different type of 2D layered materials, have demonstrated
excellent properties based on the atomic ratio [15] and d-electron number of the

transition metal [16]. TMDs has the stoichiometry of MXz. Each layer is composed of
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a single plane hexagonally arranged with groups 4-10 transition metal atoms
sandwiched between two of chalcogen atoms (S, Se, or Te) [7]. The demonstration
of group-6 TMDs materials as SA e.g. MoS:2 [17], [18], MoSe2 [19], WS2 [20]-[22],
and WSe:2 [21] for Q-switching or mode locking laser systems have also recently
been achieved. These 2D materials have gained huge interest due to their unique

electrical and optical properties, which can be further tailored for the laser pulse

generation and according to the application needs.

The newly discovered group-10 TMDs layered materials such as platinum diselenide
(PtSe2) and platinum disulfide (PtSz2) have recently attracted great attention, which
have been demonstrated to be capable of enabling high performance optoelectronic
devices due to their high carrier mobility and broadband light absorption [23]-[25].
In a typical octahedral unit cell structure of group-10 TMD material, one transition
metal atom is surrounded by 6 chalcogen atoms [26], [27]. Their potential
applications have already been demonstrated in photocatalyst [23] and field-effect
transistors [24], [28]. Under the ambient temperature, PtS2 exhibits a considerable
electrical conductivity of 1107 cm? V~' s™', which is comparable to that of black
phosphorus [29], [30]. PtSz exhibits a layer dependent tunable and indirect bandgap
behavior ranging from 1.6 eV for monolayer to a bandgap of 0.25 eV for bulk
materials [27]. Such a broad bandgap range of the material allows to utilize it as a
SAfrom mid to near infrared region of the wavelength spectrum. Hence, the inherent
properties of noble PtS2 material system open up new doors to study the nonlinear

absorption properties. So far, chemical vapor deposition (CVD) [27] and molecular
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beam epitaxy (MBE) [23], [24] techniques have been used for fabricating few layered
group-10 TMDs materials. However, the costly and complicated preparation process
of CVD and MBE techniques prevent the realization of making PtSz films.
Nevertheless, the use of micro-size bulk-structured WTez has been demonstrated as
a promising approach to fabricate SA in generating ultrafast mode locking pulses in
a fiber laser cavity [31]. The approach has also gained a lot of attention as a cost-
effective technique for mass production of bulk-like materials by crashing the
materials mechanically or exfoliated with the help of ultrasound in liquid. In this study,
the possibility to use the microflakes of the novel PtS2 2D material in Q-switching
laser application will be explored [31]. A low-cost ultrasound liquid exfoliation method
will be employed to produce micro-size PtS2, which is used for fabricating saturable

absorber. The fabricated PtS2 based saturable absorber will be used to study a

passively Q-switched Erbium (Er)-doped fiber laser operating at 1569 nm.
1.1.2 PtS2 quantum dots and its photoluminescent behaviour

In the past decade, layered materials have gained considerable attention in the
optoelectronics materials and devices [32]-[34]. The optical and electrical properties
of layered materials can be tailored by precisely controlling the size and dimension
according to the applications needs, which could as a consequence significantly
enhance the performance along with the expansion of their applications. Due to the
excellent electrical properties and low Johnson noise of graphene after scaling down
from bulk graphite to two-dimensional (2D) structure, it has become a competitive

candidate for the channel of field effect transistor [32]. Similar to graphene, layered



Qb "rl:(I]IIEYlIi&NI_(I\t?E‘: IT:JI{;J IVERSITY {ﬂ) ?\i:t;?;: \Trs?cF s

Q&P S e O UNIVER L LCELS

TMDs materials such as MoS2 or WS2 outperform in a wide range of applications
including but not limited to catalysis, energy storage, electronics devices, and bio-
pharmacy [33]-[35]. Unlike the conventional transition metal sulfides such as PbS
or CdS, TMD materials are arranged in 2D layered structures and their bandgaps
exhibit layer-dependent property [34]. Many of the research efforts are focused on
the optimization of the fabrication process of low dimension of these layered

nanomaterials as it benefits in a wide range of research fields ranging from material

science to the novel device applications [34], [36].

Quantum dot (QD) was explored by further reducing dimensions of 2D layered
materials to ideally zero dimension. This novel structure of material exhibits strong
quantum confinement and boundary effect leading to unique and excellent electrical
or optical properties that exceed its few- or mono-layer counterpart [37]. For instance,
carbon QDs, generally defined as carbon that smaller than twice the size of its
exciton Bohr radius, resulting in quantum confinement, exhibits distinguished optical
properties of tunable fluorescence emissions and up-conversion fluorescence
compared to the bulky graphite or graphene sheet [38]. The QDs materials also
exhibit larger transition energy in comparison to the layer structure due to quantum
confinement effects that are capable to obtain enhanced photoluminescence (PL) in
certain spectra [37]-[40]. QDs have played prominent roles for a wide range of novel
applications including non-linear optics [41], [42], photo-catalysis [43], [44],
photovoltaics [45], and bio-imaging [46]. The fabrication of quantum dots with the

novel 2D materials is currently considered to be a crucial and demanding research
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field due to exclusive characteristics and wide applied areas.

In the previous work, the Q-switched performance of PtS2 has been demonstrated
and motivate me to explore the other optical performances of this novel materials. It
encounters a confinement that the PL signals exhibited by PtS2 at a scale from bulk
to monolayer are too weak to be detected [26]. This issue aroused our interest to

further investigate its PL behaviors.

Quantum dots are reported to exhibit larger transition energy in comparison to the
layer structure due to quantum confinement effects that are capable to obtain
enhanced PL in certain spectra [37], [39], [40]. Inspired by quantum confinement
effect, the current study is focused on the fabrication of PtS2 QDs suspension to
enhance its PL performance and obtain the emission spectra. Expensive techniques
such as Chemical Vapor Transport (CVT) [26], [27] and Molecular Beam Epitaxy
(MBE) [23], [24] are generally utilized to produce few-layer group-10 TMDs materials.
The synthesize methods and characteristics of PtS2 QDs are rarely reported so far.
In this work, PtS2 QDs suspension is successfully obtained by a low-cost liquid
exfoliation method. The emission spectra of PtS2 QDs are successfully confirmed
and firstly demonstrated in this work. The characterizations of PtS2 QDs and their PL
behaviors reveal the potentiality of this material in the field of luminescence related

applications such as imaging, light-emitting diode, or bio-sensor.

1.1.3 Typical group-10 TMDs (PtS2, PdS2, and PdSe2z) Quantum dots and

their photoluminescent behaviours



Q THE HONG KONG DEPARTMENT OF
Qb POILYTECHNIC UNIVERSITY APPLIED PHYSICS

F e H T AR WEHES
Even though PtS2 QDs exhibit potentials in optical applications, the PL behaviors of
majority of group-10 TMDs QDs are rarely being investigated yet. Unlike to the
traditional TMDs materials these advanced TMDs materials again exhibit several
unique material properties, such as superconductivity, high carrier mobility, broad
tunable band gap, and stability in the air [24], [26], [27], [47], [48]. The application of
such materials in optoelectronic devices is also wide with remarkable performances.
For instance, PtS2 with (0.25 (bulk) to 1.6 eV (monolayer)) indirect band gap [26],
[27] has been applied in field-effect transistor (FET) [26], and catalysis [49]. PtSez,
with a tunable indirect band gap from 0 (bulk) to 1.2 eV (monolayer), has also been
used in SA [50] and broadband photodetectors [51], [52]. Then electronic, optical,
and catalytic properties with bandgap tunability have also been studied in PdS:2
under tensile strain, exhibiting semi-metallic characteristic even for the bilayer
structure [53]. Furthermore, the indirect bandgap with 1.0 eV is found to appear in
PdS2 when it reaches monolayer thickness, whereas the metallic characteristics are
exhibited for its bulk counterpart [53]. A PdS:2 logical junction has also recently been
reported with 2.5 nm channel length and a gate voltage dependent |-V characteristic
[54]. Additionally, indirect bandgap PdSe2z with a bandgap of 1.31 eV has been
exhibited for its monolayer structure and metallic for the bulk counterpart [47]. The
applications of PdSe2 based thermal electricity [55], FET [56], and photodetector
[57] suggest its exceptional optoelectronics properties. In the beginning, the PtS2
was anticipated and experimentally demonstrated as that the PL signal is “too weak
to be detected” owing to its indirect bandgap, even for the case of its monolayer

structure [27]. Nonetheless, the PL behavior of PtS2 has successfully observed via
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scaling down to QDs in the previous work mentioned above [58]. However, the PL
behaviors of PdS2 and PdSe: are still remained obscure. Since PdS2 and PdSe2

exhibit similar crystal structure with PtS2, including the indirect bandgap, such group-

10 TMDs materials arouse our interest for the investigation of PL performance.

In a previous study, | successfully fabricated luminescent PtS2 QDs via low cost liquid
exfoliation with water [58]. Herein, 3 typical group-10 TMDs materials (PtS2, PdSz,
and PdSe2) QDs are fabricated with the aid of similar liquid exfoliation technique,
while NMP is selected as solvent for its better compatibility of surface energy as
compared to the water. To my knowledge, this is the first experimental demonstration
of optical characteristics of PdS2 and PdSe2 QDs, where the UV-Vis spectra, PL
spectra and the decay lifetimes of PtS2 QDs, PdS2 QDs, and PdSe2 QDs are

monitored and analyzed by comparing with each other.
1.2 Thesis outline

In this study, the layered PtS2 microflakes based saturable absorber is fabricated
and its performance in g-switching laser cavity is studied. Then, the size of PtS2 is
further shrunk into QDs in order to obtain and investigate its PL property.
Furthermore, the discover of this PL behavior arouse my interest to explore the other
group-10 TMDs, such as PdS2 and PdSe2, QDs fabrication techniques and optical
performance. For the sake of coherent understanding, the thesis is divided into five

parts. A summary and an outlook follow straight after the main body.

Chapter 2 “Backgrounds, Principles, and Characterizations”
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Chapter 2 reviews the general background from the beginning of the 2D materials to
the advancing group-10 materials which are investigated in this study. The
fundamental principles of laser Q-switching and photoluminescence are introduced

for better explaining the novelties of my study in the following parts. The

characterization techniques used for my study are presented in this part as well.
Chapter 3 “Q-switched Laser with PtS; microflakes saturable absorber”

Chapter 3 introduces the novel newly discovered group-10 TMDs, PtS2, can be used
as saturable absorber for generating Q-switched laser pulses. The achieved pulse
energy is comparable to those reported Q-switched Er-doped fiber lasers by using
other 2D TMDs-SA such as WSz and MoS2. Moreover, the materials used for this
study is microflake that can be mass produced easily and cost effectively by simple
liquid exfoliation method. The study could open up a gateway to develop the micro-

size PtS2 nonlinear optical materials.
Chapter 4 “Fabrication of Luminescent PtS,; Quantum Dots”

Chapter 4 demonstrats the first fabrication technique of PtSz QDs, that obtained via
a low-cost liquid phase exfoliation method with DI water as solvent. The PL spectra
of PtS2 QDs are observed for the first time, while the PL signal is reported too weak
to be detected for the multi- and single-layer PtS2 nanosheet. The PL behaviors
under 6 months was monitored confirming the long-term stability of PtS2 QDs. The

findings of PtS2 QDs’ PL behaviors indicate the promising future for luminescence
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applications and the study could open up a gateway to develop other group-10 TMDs

2D materials-based QDs for a wide range of applications.

Chapter 5 “Photoluminescence of Group-10 Transitional Metal

Dichalcogenides (PtSz, PdS,, and PdSe»z) Quantum Dots”

Chapter 5 profoundly describes the PL properties of group-10 TMDs materials, PtS2,
PdS2, and PdSe2 QDs have been fabricated via a low-cost liquid phase exfoliation
method. The PL spectra of their QDs were observed and analyzed by comparing to
each other. To our knowledge, so far this is the first demonstration of fabrication
techniques and PL behaviors for PdS2, and PdSe2 QDs. The findings of these three
typical QDs’ PL behaviors indicate the promising future for luminescence
applications and the study could open up a gateway to develop other 2D group-10

TMDs-based QDs for a wide range of applications.
Chapter 6 “Summary and future work”

Chapter 6 summarizes the above 5 chapters from the PtS2 based saturable absorber
to group-10 TMDs QDs and their PL behaviors. Additionally, this chapter also

includes a brief explanation on some relevant future works.

10
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Chapter 2 Backgrounds, Principles, and

Characterizations

2.1 Backgrounds

2.1.1 Nanomaterials

Nanomaterials extensively attracted attentions of materials research field in recent
years. Nanomaterial can be delineated when at least one of its dimension reaches
nanometer scale, leading to many alterations in fundamental characteristics. Size-
effects, exclusively observable in various nanomaterials, can give rise to several
brand new features, for example, surface plasmon resonance in metal nanoparticles;
guantum confinement in semiconductor nanomaterials; and superparamagnetism in
magnetic nanomateirlas. Nanomaterials can be generally defined as two-
dimensional (2D) materials when single dimension is confined; one-dimensional (1D)
materials when two dimensions under limitations; or zero-dimensional (OD) materials

for three of their dimensions are structured at nanometers scales.
2.1.2 Two-dimensional materials

Therefore, characteristics of the materials can be determined not only by the sizes,
but also by the dimensions as an essential factor. Carbon materials with sp2
hybridization in Figure 1 can well illustrate such perspective by observing diverse
properties in their fullerences structure in OD form, nanotubes structure in 1D form,

graphene structure in 2D form, and graphite structure in 3D form. Carbon materials

11
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Figure 1 OD fullerenes, 1D carbon nanotubes, or 3D graphite can be constructed by

using 2D graphene as standard model [32].
are generally taken as a case to study the chronicles of development of materials
dimensions. Graphite was put into widespread use in 16" century for steel
production, dry lubricating agent, or serving as brake lining in several devices.
Allotropes of carbon were not brought to forefront until the discover of fullerences in
the year of 1985 [59]. Following with fullerences, carbon nanotube, as 1D structure
of graphite, was then firstly revealed in 1991 [60]. Despite the theoretical study in

graphite, fullerences, or nanotubes took single layer graphite as fundamental model,

12
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it was successfully isolated from the nature and defined as monolayer graphene until
2004 [61]. In the same year, carbon QDs, a 0D structure carbon nanoparticles in
atomic scale, was firstly obtained during purification of single-walled carbon
nanotubes, exhibiting strong and unique fluorescent property [62]. Begin with
graphene, considerable 2D layered materials such as hBN [63], black phosphorus
[13], [14], transition-metal dichalcogenides (TMDs) [64], and group-10 TMDs [24],
[27], [49], [57] with distinct features are broadly discovered and developed over time.
The layered structure of 2D materials promote many promised characteristics, e.g.
oriented heat conduction, electric conduction, and tunable band gap, proving their
attractive features in the field of fundamental materials research, and their potentials
for applications in novel techniques. 2D materials receive high expectations in many

prospective applications, including but not limited to support membranes, gas

storage, catalysis, sensors, inert coatings, optoelectronics devices, and biomedicine.

Graphene is the first monolayer 2D material separated from the nature, displaying
as a single layer graphite. Researchers endeavor to obtain single layer graphite
during the past 5 decades, in order to verify the theoretical model of carbon materials
consisting of tight bonding sp2 hybridization structure with single atomic thickness.
Most traditional fabrication methods are failed to produce such structure in the past.
The majority of researches are devoted to graphite intercalation compound in 1960s,
which contains some host molecules sandwiched between graphite layers, leading
to weaken the interlayers Van der Waals forces. A ductile graphite, which can extend

its volume over 1,000 times by rapidly raising the temperature, was considered as

13
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the most potential compound, ending up at 10 — 50 layers’ thickness. Even with the

development of fabrication techniques in the following decades, only few of cases

can are able to obtain graphite with 10 layers’ thickness.

Monolayer graphene holding atomic thickness and macroscopic size is attained for
the first time by Andre Geim’s group in the year of 2004 [65]. They applied
mechanical cleavage to highly oriented pyrolytic graphite, yielding graphite flakes
with an average thickness of 10 layers, and, surprisingly, single layer structure
graphene as well. The monolayer characterization techniques stand equally vital
comparing to the fabrication method. Even though monolayer graphene is
transparent, it is still discernable when attaching to oxidized silicon substrate. Thanks
to phase contrast effect, monolayer 2D material is thick enough to obstruct the light
paths comparing to bare substrate. The yield of monolayer structure is yet too low to
satisfy the mass production in industrial techniques, however, such cleaving method
is sufficient for fundamental research supply [32]. The monolayer graphene was
proved to be highly crystallized and continuous in visible scales, resulting in opening

a brand new research field of 2D materials and their fabrication methods.

Graphene was successfully obtained with several advanced fabrication methods
later on. Deposit hydrocarbon on the surface of appropriate metal crystal, e.g. Pt, Ir,
and Ru, via CVD technique, following by the growth of graphene assisted with
catalysis [66], [67]. Graphene was also reported grown on SiC substrate via
graphitization techniques under ultrahigh temperature and pressure [68]. Both

fabrication methods encounter limitations due to requirement of rigorous

14
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environment and certain substrates. Self-assemble was proposed convert organic
precursors into graphene via cyclodehydrogenations reaction, yielding so-called
nanographenes with the largest diameter of only 3.1 nm [69]. Due to existence of
many confinements, scientists never cease to pursue the simple, efficient, large-

scale, and low-cost fabrication method of graphene.

Solvent-soluble graphene was achieved by using extensive graphite as starting
materials following by chemical reaction [70]. The removal of accompanying coating
of organic molecules unfortunately causes aggression of graphene. Finding a
certain solvent may improve the dispersibility of graphene in order to avoiding further
aggression. Though colloidal graphene suspension was obtained via ultrasonic
exfoliation of graphite using organic solvent NMP as solvent [70], the issues of low

concentration and yield still remain to be resolved.

Taking graphite oxide as starting material is considered as a promising solution to
solubility issue of graphene [71]. Yet controversy remains in chemical composition
of graphite oxide [72], [73], its structural composition is well known as formation of
multiple graphene oxide (GO) layers stacking together. Such structure contains
complex carbon network, where majority of carbon atoms attach with hydroxyl
groups or play as a part of epoxide groups. The appearance of those function groups
weaken the interplanar forces and affect the hydrophilia, sequentially leading to
isolation of graphite with less assistance of stir and ultrasonic energies and higher
yield of monolayer graphene. GO acts as a promising insulator comparing to

graphene thanks to the interference of aromaticity in graphite. Recovering from GO

15
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to graphene for the excellent conductivity is craved due to numerous demanding
from advanced applications. Deoxygenation is considered as the most efficient
approach to retrieve conductivity. Removing oxygen atoms essentially plays a role
in recovering the aromatic carbon network, resulting in improvement of conductivity
of GO. Many progressive achievements promoted the conductivity of exfoliated
graphene in recent years via such reduction approach [74]. The reduced GO thin
film drew significant attentions as a better electrode material for solar cell comparing

to metal oxides, owing to its high transparency and conductivity [75], [76].
2.1.3 The development of Transition-metal dichalcogenides

A sort of 2D materials exhibit wide spectrum comparing to graphene. The band gap
structure of such materials dramatically differ when scaling down close to monolayer
comparing to their thicker counterparts [77]. These so-called transition metal
dichalcogenides (TMDs) showed many prospective optical and electrical properties
outmatching graphene. They were also regarded as advanced 2D semiconductor
materials attracting attentions from research community as shown in Figure 2 and

development of optoelectronics applications [78].

TMDs materials gather of over 40 species of 2D layered materials structured in MX2
formula, where M represents group 4 to group 7 transition metals in general, X
symbolizes one type of chalcogen, such as S, Se, or Te. Common TMDs materials,
e.g. MoS2, WSz, or WTez, exhibit semiconducting characteristics thanks to their band
gap which absence in graphene. Bulky TMDs materials are studied for many

decades for their prospect of representing compounds with various electronic

16
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structure in specific formulation. The bulky TMDs formed by piling up several single

layers via Van der Waals force. Each single layer TMDs material structured M and

X atomics by strong atomic bonding in a specific geometric configuration, where M

atom is sandwiched between two X atoms. The layered structure allows external

energies, such as exfoliation or CVD, to detach it into monolayer. The decreasing of
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Figure 2 Publication trends in 2D materials beyond graphene [79].
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thickness confines charge carriers in directions of 2D spaces, giving rise to many
unique properties due to lack of interactions and reactions in z-direction. Comparing
to their bulky counterparts, monolayer 2D materials thus exhibit some
distinguishable characteristics bringing promising future to widespread applications,

for example, optoelectronic devices, catalysis, and biomedicine.

A lot of issues forthcoming remain to be resolved in order to reveal the potentials of
2D layered TMDs materials. Devoting to the fundamental experiments and theories
of their electronic structure and oscillation characteristics, researchers discovered
novel properties and opportunity in realistic applications. Fabrication of TMDs in
mass production with high quality and scalability has become a popular interest of
research. Developing the fabrication methods by tailoring them to specific

applications drew considerable attentions in recent years.

The mainstreams of fabrication techniques of 2D TMDs materials are including wet-
chemical reactions, vapor-chemical reactions, and liquid exfoliations [16], [80], [81].
Vapor deposition is the most extensive technique for growth of TMDs materials due
to its high scalability and precise control of morphology. The vaporized precursors
contain the metal atoms, e.g. WOs, MoOs, or (NH4)2Mo0S4 [81], contacting with
chalcogen elements on the surface of substrate. The 2D TMDs materials emerge
when vapor-solid phases reaction take place. Confined by growth condition of
vaporized reactants, such approach produce 2D TMDs with flaws in uniformity and
morphologies. Aiming at resolving the issues mentioned above, vapor phase

chalcogen, such as hydrogen sulfide, was adopted as reactant substituting solid
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phase chalcogen [82]. Besides, thickness controllable 2D MoS:2 nanocrystal was
synthesized in centimeter scale via sulfuration of molybdenum chloride [83]. The
scalability is enhanced later by precisely controlling the pressure balance of
vaporized MoS: [84]. Large-scale 2D TMDs production with morphology control is

successfully achieved by implementing reactions between vapor phase chalcogen

(b) (©)

(C,Hy),S

el
WO .:.:
= 8

H, and Ar

(d) Mose; - Edge Site
- = Terrace Site
\ = Substrate

MoS, growth

Figure 3 Fabrication techniques of various 2D TMDs [79]. (a) illustration of MOCVD
technique. (b) Continuity of 2D monolayer MoS, shown by TEM image. (c) photograph of
2D monolayer MoS, grown upon 4-inches wafer. (d) Vertically oriented growth of 2D
MoSe,. (e) Large-scale fabrication of Vertically oriented growth of 2D MoS2/WS, (f)

Schematics of CVD techniques of and (g) 2D MoS; grown at selective position.
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and substrate deposited with metals [85]-[92]. The seed-promoting molecule, such
as perylene-3,4,9,10-tetracarboxylic acid tetra-potassium salt (PTAS), is proved to
benefit uniformity enhancement of the growth of 2D TMDs. Thanks to the favorable

solubility of PTAS, the seed solution is able to homogeneously scatter on the

hydrophilic surface of substrate [93], [94].

Molecular beam epitaxy (MBE) is favored in growing 2D TMDs materials with high
quality and electronic scale precision thanks to the in situ characterizations during
the fabrication process [95]-[100]. Recently, large-scale and monolayer 2D MoS: is
continuously grown on the surface of 100 mm wafer via metal-organic CVD based
on vapor phase precursors as shown in Figure 3(a) to 3(c) [101]-[103]. Growth
orientation, number of layers, chemical compositions, and positions are the essential
keys to the controllable growth. Vertically and horizontally orientated 2D layered
structure are capable growing controllably based on the thickness of metallic seed
layers via thermal evaporation CVD technique, shown in Figure 3(d) and 3(e) [87],
[104], [105]. By controlling reactions between multiple metallic precursors and vapor
phase cholcogens, the chemical composition of 2D TMDs materials can be tuned
and thus their properties can be affected. For example, 2D monolayer MoW 2xS2
[106], [107] and 2D monolayer MoSxSez2x [108]-[110], can be fabricated via
controlling the ratio of each elements leading to tunable band gap energies. The
tuning of stoichiometry of MoS:2 could give rise to various electrical and optical
properties [111]-[113]. Apart from adjusting stoichiometric ratio during the

fabrication process, conversion of chemical composition afterwards the growth of 2D
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TMDs drew considerable attentions. The 2D MoSe2 can be converted from 2D MoS2
through ion-exchange reaction, resulting in enhancement of the optoelectrical
properties [114], [115]. The selective growth of 2D TMDs materials may benefit the
applications with special requirements. The 2D MoS:2 could be fabricated out of
specific morphology and pattern, shown in Figure 3(f) and 3(g), under guidance of
the lithographic technigques on the substrate following by spin-coating ammonium
heptamolybate [116]. Certain surface treatment such as plasma etching is capable
to strictly control the thickness and positions of 2D monolayered MoS:2 grown based
on SiO2 substrate [117]. In spite of those encouraging achievement mentioned
above, the electrical properties of large-scale 2D TMDs are still insufficient for the
requirement of realistic applications. For instance, 4 inches 2D MoS:2 based field-
effect-transistor (FET) with uniformed thickness exhibits only 30 cm?V-1st [102]
mobility, which is ten times lower than the devices crafted via mechanical exfoliation.
The primary factor is the nature defects induced during chemical synthesis, such as
vacancies known as intrinsic defects in 2D grains and grain boundaries known as
interfacial defects. Major fabrication techniques of 2D TMDs materials are

summarized in

Table 1 [79].
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Table 1 Table showing various fabrication techniques of 2D TMDs materials.

Powder Mechanical Liquid
Techniques MBE MOCVD
Vaporozation exfoliation (and CVT) Exfoliation
. 2H MoSe:>
Single 1T MoX2 1T, 2H MoXz 1T, 2H MoXz 1T, 2H MoXz
2H Wse:2
phase TMDs WXz 1T, 2H WX2 1T, 2H WXz 1T, 2ZH WXz
1T PtSez
MoSxSe2-x
MoxW2.xS2
TMDs Alloy - - MOWxS2-x -
MoxW2-xSe2
Au-doped MoS:
Doped Mn-doped MoS:2
- - Re-doped MoS:2 -
TMDs Co-doped MoS:2

Nb-doped MoS:2
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Powder Mechanical Liquid
Techniques MBE MOCVD
Vaporozation exfoliation (and CVT) Exfoliation
1T MoXz2-2H MoXz
2H MoX2-2H WXz 2H(M0S2-WSy)
2H MoS2-BP 2H(M0S2-WSez)
. 2H MoX2- 2H MoSz-graphene
Vertical
MoSe:z- MoS2-WS2- graphene 2H WS2-graphene
hetero- -
graphene graphene 2H WX2-graphene 2H MoX2-hBN
structures
2H MoS2-2H 2H WX2-hBN
WSe2-graphene 2H WSe2-1T SnSe2
2H WS2-hBN 2H MoS2-BP
2H MoS2-SnSe:2
Lateral 1T MoS2-2H MoS:
hetero- - - - 2H MoX2-2H MoXz -
structures 2H WX2-2H WXz
Achieve- High High High
High scalability High crystallinity
ments scalability scalability scalability

23



Q THE HONG KONG DEPARTMENT OF
Qb POILYTECHNIC UNIVERSITY APPLIED PHYSICS

i TR WA B %
Powder Mechanical Liquid
Techniques MBE MOCVD
Vaporozation exfoliation (and CVT) Exfoliation
Defect Defect control, Small
control, Defect uniformity, Thickness control, crystallites,
Challenges
domain control stoichiometry yield, not scalable thickness
size control control, yield

*BP stands for Black Phosphorous

2.1.4 Electronical and optical properties of TMDs

2D TMDs materials is considered as a promising candidate for next generation FET
for its capability to significantly reduce the size of device by serving as channel
materials with atomic thickness. The main confinement of 2D TMDs materials comes
from the contact issue of source and drain [118]-[122]. In traditional silicon based
FET devices, the doping scheme was utilized to control the contact resistance and
adjust the carrier type. Nonetheless, the lack of sufficient doping scheme in 2D TMDs
materials leads to the requirement of metals with various work functions in order to
fulfill the tasks. Since Schottky barriers will be engendered when forming the
contacts between metal and 2D TMDs materials, the improvement of the
transmissions of carriers will contingent on choice of appropriate materials with
similar Fermi level, e.g. contacts between n-type MoS2 and Sc [121], and between
p-type MoS2 and MoOx [120]. Graphene, as mentioned before, holding a tunable

Fermi level based on gate bias, usually forms contact with WSe2[118], [121]. Apart
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from playing with work functions, doping is an alternative to control the properties of
FET. Inducing metallic 1T phase in the contact between source and drain was
reported with an enhancement of performance of MoS:2 FET [122], [123]. M0oS:2 and
MoSe2 based FET were known as electrons transmissions dominated devices,
whereas the ambipolar of WS2 and WSe: affect the FET devices with both electrons
and holes transmissions. With such unique property, the Fermi level of metal
materials can be fixed at a certain value having no concern with its own work function
[124]. In MoX2 based FET the value can be maintained close to conduction band,

while it can be kept in the middle of band gap in WXz based FET. The applications

with SnSz, HfSe2, GaS, In2Ses were benefited from such property as well [125]-[128].

The criterion of carrier mobility reveals weaker capability of carrier transportation in
TMDs materials comparing to graphene, as shown in Figure 4(a) [129]. The high
intensity of energy levels concentrating in the center of band gap may attribute to
the disarrangement [130], originated from dislocations, vacancies, disvacancies,
adsorbate or bonding between metal and chalcogen elements [131]-[133],
impacting carrier mobility of TMDs materials. Fortunately, the mobility did not limit
the development of 2D TMDs FETs based IC applications, such as signal generator
[134], and digital inverters [135], as shown in Figure 4(b) and Figure 5(a),
respectively. 2D TMDs materials exhibit encouraging potential on applications of thin
film transistor (TFT) thanks to their vdW epitaxy and atomic thickness resulting in
flexibility and transparent nature [129]. WSe2 based TFTs were fabricated with

promising performances shown in Figure 5(b) [121]. TMDs were regarded as ideal
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candidate for sensor and detector due to their high specific area. MoS2 and WS:2
based FET have been implemented in sensing of toxic, pH value of protein, and
biologic molecules with unknown constituents as shown in Figure 5(c) [136]-[138].
TMDs also drew significant attentions in the field of energy storage because of their

promising light absorption and conductivity [139].
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Figure 4 (a) Carrier mobility of various semiconducting materials [129]. (b) Signal generator

based on graphene/MoS; heterojunction [134].
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Figure 5 (a) Digital inverter based on WSe: [135]. (b) WSe2 based thin film transistor (TFT)

for flexible electronic [121]. (c) A MoS; FET based biosensor [137].
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2D TMDs were implemented into thin film devices to study the principles of light

absorption and emissions, offering opportunities in exploring advancing

optoelectronic devices, such as light emitting diodes (LEDs), photodetectors, lasers,

optical cavities, and so on [140]-[146]. Even limited by contact resistance, the first
generation 2D phototransistors showed a high photoresponsivity with 120 mA/W
[144]. The contact resistance was received a reduction by applying single layer
WSe: as active layer, obtaining 1.8x10° A/W photoresponsivity [146]. Later on, the
photoresponsivity was enhanced up to 5x108 A/W by combining graphene which
holds excellent carrier mobility and MoS:2 into graphene-MoS:2 hybrid phototransistor
[140]. Photodetectors were also benefited from two local bottom gates in 2D TMDs,
exhibiting efficiency of 320 mA/W with WSe2 p-n photodiodes. The 2D TMDs are

regarding as a candidate to replace Silicon based photodetectors [141].

2D TMDs also stimulate the development of other optical applications. Generally,
the light absorbent film in atomic scale is critical to solar cells or photodetectors. The
common structure is based on Salisbury screen. A cavity is formed by depositing an
absorbent layer at the position of 1/4 wavelength from reflecting bottom layer. Such
structure enhances absorption of atomic layer thin film, however, confines the light
wavelength due to Fabry-Perot resonance [147]. Solutions to broaden the absorptive
light wavelength are suggested to took considerations of light anisotropy which
originated from principles of electromagnetics. Therefore, layered structure materials
are failed to accord with many photonic structures due to their exclusive absorption

for electric field parallel to the plane [148]. Techniques such as plasmonic techniques
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[149], and structures of dielectric gap-mode [150], are able to significantly increase
the electric field perpendicular to the plane [151]. Similar anisotropy was observed
in photoluminescence (PL) of MoS2 [152]. The photonic structures require taking

consider of anisotropy at the stage of experiment design in order to enhance the light

emission [153], [154].
2.1.5 Group-10 TMDs

Group-10 TMDs materials started to receive attentions from the works of
PdS2/PdSe2 and PtS2/PtSez reported by Grenvold and Kjekshus’s group,
respectively [155]-[157]. There was a debate on-going in 1970 about the electronic
structure of Platinum chalcogens, with or without semiconducting properties [158].
The fabrication and application of those materials was at period of infancy due to the
cost of noble metals. As the development of fabrication and exfoliation techniques,
achieving the few-layer or monolayer of group-10 TMDs becomes capable with a
relatively low cost. The price no longer serves as the confinement to their

fundamental researches and applications.

Similar to other 1 T-TMDs members, such as MoS2 and WSz, group-10 TMDs consist
of a group-10 noble metal sandwiched by 6 chalcogen atoms, forming an octahedral
structure [16]. Because group-10 noble metals hold binding energies of their valence
d-orbitals which are very similar to that of valence p-orbitals in chalcogen elements,
the electronic structures of group-10 TMDs materials drew significant attentions in

recent years [159], [160]. Exceeding of various hybridizations are drew forth owing
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to this similarity comparing to traditional 4-9 groups TMDs materials [161], giving rise

to advancing electronic structures and properties remains to be discovered.

Platinum disulfide (PtS2) recently was reported exhibiting 1107 cm?V~1s™ of phonon-
limited mobility under room temperature [23], [162], [163]. Apart from the promising
conductivity, group-10 TMDs show outstanding performances in superconductivity,
broad tunable band gap, and stability. PtS2 was applied on and considered as a
candidate for novel optoelectronic devices, such as Q-switched laser [164], field-
effect transitor (FET) [26], and catalysis [49], thanks to its tunable indirect band gap
from 0.25 eV of bulky structure to 1.6 eV of monolayer structure [26], [27]. PdS2 was
revealed to be semiconductor with 1.00 eV of indirect band gap only when it reached
monolayer thickness [53]. Researchers recently focused to study its performances
on catalysis, optical, electrical applications [54]. PdSez holds similar electronic
properties to PdS2, showing metallic to a 1.31 eV indirect band gap of
semiconducting characteristic when the thickness scaled down from bulk to its
monolayer counterpart [47]. Its promising optoelectronic properties benefit the
development of novel semiconducting devices such as FET [56], photodetector [57],

and thermal electricity [55].
2.1.6 2D TMDs Quantum Dots

Quantum Dots (QDs) were widely implemented into advancing research fields such
as imaging, sensing, or labeling, for their exceptional optical properties [165]-[169].
QDs are defined as the size of material reaches nanoscale, specifically smaller than

their bohr radius, resulting in unique properties that attribute to edge and quantum
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confinement effects [170]. For TMDs family, MoS2, WSz, MoSez: QDs were
extensively investigated over years due to their atomic scale sizes, considerable
specific surface area, active edge sites and direct band gap semiconducting
characteristics [171]. For example, WSz QDs exhibit a strong florescence thanks to
the 3.16 eV direct band gap. WSz QDs are also considered as promising materials
for spintronics applications for their huge spin-valley coupling [37]. TMDs QDs exhibit
competitive performance as electrocatalysts for hydrogen evolution reaction (HER)
thanks to their similar hydrogen absorption energy to Platinum [40], [170]. Even
though TMDs QDs received many attentions from the society, the understand and
applications in this field are still in the babyhood. For now, majority of researchers
are focusing on the nanosheet structure of TMDs materials. The QDs counterpart

still requires further explorations on the synthesis, principles, and application-related

aspects.
2.1.7 Synthesis of TMDs QDs

Owing to weak Van der Waals force between adjacent layers, TMDs materials are
capable separated by expanding the interlayer spacing. This opens up the gate for
fabricating TMDs QDs. Several fabrication techniqgues of TMDs QDs have been
developed, such as mechanical exfoliation, chopping, chemical vapor deposition
(CVD), intercalation, laser pulse ablation [170], [172], and hydrothermal reactions,

and summarized in

Table 2.
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Table 2 Fabrication techniques for TMDs QDs, where N/A means not applicable.

Techniques TMDs QDs Process Yield Ref.
Mechanical MoS: Ultrasonication in DMF N/A [173]
exfoliation and MoS; Ultrasonication in NMP N/A [174]
chopping
MoS: Ultrasonication in TBA N/A [175]
MoS, WS, Mechanical exfoliation in DMF N/A [176]
MoS2/WSex/WS; Ultrasonication in PVP N/A [177]
WS, Vigorous stirring in NMP N/A [178]
WS, Mechanical exfoliation in non-ionic N/A [179]
pluronic surfactant
MoSe; Probe ultrasonication in NMP 5.2— [180]
8.1%
MoSe> Ultrasonication in DMF and alkali metal ~ 4.84% [181]
ions
Intercalation- WS, Heating followed by ultrasonic vibrator in 4% [182]
assisted EtOH/H.O
exfoliation WS, Exfoliated by electric field in propylene 5% [183]
carbonate with 0.1 wt% LiClO4
WSe; Vigorous stirring in dimethylsulfoxide N/A [184]
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Techniques TMDs QDs Process Yield Ref.
MoS; Ultrasonication in water 11% [178]
MoS; Vigorous stirring in DMF 2.28% [185]
MoS; Ultrasonication in H.SO4 9.65% [186]
Free radical MoS: Etching by electro-Fenton reaction in N/A [187]
etching electrolytic cell
WS, Work as electrode by mixing with N/A [188]
acetylene black and poly(vinylidene
fluoride) (PVDF) in NMP
Hydrothermal WS, Ultrasonication-hydrothermal 1.8% [189]
reaction MoS; Ultrasonication in DMF and heating in oil  5.6%  [190]
bath
MoS; Ultrasonication-hydrothermal 3.2% [191]
MoSA/WS; Exfoliation in DMF followed by stirring and N/A [40]
heating
MoS; Hydrothermal in autoclave 10.3% [192]
Other synthesis  MoS: MoCls, L-cysteine and OLA precursors N/A [193]
methods heated in three-neck round bottom flask

at 60 °C for 1 h under Ar
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Techniques TMDs QDs Process Yield Ref.
MoS; (NH4)-Mo0S;, oleic acid, OLA and 1- 4.4% [194]

octadecene precursors heated at 120 °C
under vacuum followed by heating under

250 °C with nitrogen atmosphere

MoS; Implementing bulk MoS; in temporally N/A [195]

shaped femtosecond laser ablation

WS, Using WS, powder and 15.2% [196]
diethylenetriamine (DETA) as dopant to

conduct pulse with laser ablation

In general, mechanical exfoliation represents for a category of approaches weaken
the interlayer interactions via external influences, for instance, grinding, ultrasonic
vibration, cutting, or other mechanical energies. Mechanical exfoliation is considered
as a convenient and environment friendly technique for mass-production of TMDs

QDs.

Intercalation-assisted exfoliation enhances efficiency for achieving TMDs QDs. The
inserted atoms, ions, or molecules expand the interlayer spacing and weaken the
Van der Waals interaction between adjacent layers. Combining intercalation with
liquid exfoliation becomes a convenient and low-cost technique to produce TMDs
QDs. Assisted via the grinding, electrochemical process, and ultrasonic vibrations,

the alkali materials or other small molecules are easily inserted into layers. Such
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efficient technique also encounters limitation of ion pollutions, which induce various
types of atoms, ions, or molecules into the final product, resulting in engendering
some unexpected consequence on the performance. For example, alkali metals,
such as butyl lithium [197], may cause phase transition in QDs and absence of

semiconducting properties.

Hydrothermal reaction has been developed extensively to fabricate TMDs QDs. The
fabrication process generally includes 2 steps: implementing liquid exfoliation to
disassemble bulk TMDs materials into nanosheet counterpart; obtaining QDs via a
top-down hydrothermal reaction. QDs achieved by such technique usually display
promising dispersion ability, low toxicity to organism, small size, and high

compatibility to various biology environment.

Apart from technigues mentioned above, the fabrication methods of TMDs QDs are
investigated over time. Several techniques, e.g. CVD and laser pulse ablation, are
capable to produce high quality TMDs QDs as well. Han’s group reported fabrication
methods to obtain MoS2 QDs via insulating copolymer patterning and oxygen plasma
etching [198]. An environment friendly alternative to fabricate MoS2 QDs were also
developed by Li’'s group via conducting ablation to bulk materials in water with
femtosecond laser [195]. Functionalized TMDs QDs were successfully obtained via
continuous femtosecond laser treatment, that reduced TMDs bulk to nanoscale
thanks to Coulomb explosion and destroyed bonding between 2D materials and
solvent molecule, resulting in a simultaneous functionalization and fabrication of

TMDs QDs.
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2.2 Principles

2.2.1 Q-switching

The peak power of laser is dominated by two factors: the pulse duration and the
pulse energy. The shorter pulse duration is, the energy is higher, and the peak power
then becomes higher. Another parameter that plays important role in pulse
generation is the resonator quality factor Q, which is defined as the ratio of the
energy stored in cavity to the energy dissipated during each cycle. The higher the
factor Q, the higher will be the energy in the cavity, or the lower will be the energy
loss per radian of oscillation. Manually switching the value of Q will generate laser
pulse of enforcement. Q-switching laser is therefore named. Once the Q-switching
activation condition is fulfilled, the stored energy will be released in the form of a
single pulse. The energy in the cavity is originated from population inversion via
pumping. Resonator is used to store the energy for controlling the Q factor and
process of Q-switching lasing. Even though the stored energy exceeds the threshold
of lasing, the cavity gives no energy output due to the low Q state which is controlled
by resonator. The loss is set to be too high for generating laser. In such statues, the
population inversion process is accumulating, and the energy stored in high energy
level is not capable to relax to ground state. When the resonator sets the cavity in
high Q factor, the Q-switching takes place. In other words, the laser is generated in
a very short single pulse with releasing all the energy stored before. The procedures

of Q-switch pulse are shown in Figure 6 [199]. Since the peak power of Q-switching
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laser is extremely high, this technique usually is applied on microstructuring, remote

sensing, generating pumping source, and so on.

In general, Q-switching includes active and passive Q-switching technique. For
active Q-switching, the factor Q is dominated by an active modulator, for example,
an acousto-optic or electro-optic modulator. The pulse generation can be mandatory
conducted by electrical signal. Mechanical modulators such as spinning mirrors are
used for Q-switching as well. The gain medium plays vital role in controlling the pulse
energy and pulse duration.
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Figure 6 Mechanism of Q-switched pulse: (a) pumping, (b) quality factor Q switching process,

(c) energy stored in the system, (d) the generation of the pulse [199].
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Passive Q-switching usually controls the losses via adding a component name
saturable absorber (SA). When the energy stored in SA accumulated to certain
intensity, the pulse then will be generated. The pulse energy and pulse duration
generally are not affected by changing pump power, except for pulse repetition rate.
The common materials for passive Q-switching include: Cr#*:YAG for 1-uym YAG
lasers, Co?*:MgAl204 for 1.5-um erbium lasers, V3*:YAG crystals for 1.3-um region

and so on. Passive Q-switching is usually considered a better solution due to the

simple fabrication, low cost, and reliable operation.
2.2.2 Saturable absorber

It is known that two important factors of Q-switching are controllable resonator quality
factor Q, and rapid switch between low and high value of Q. In passive Q-switching,
SA is introduced in the cavity for the solution. The passively Q-switched lasing
generally occurs spontaneously in SA when the activation condition is once fulfilled.
SA normally experience an unsaturated loss process during receiving energy from
pumping. The molecules are excited to upper level and the energy are accumulating
until the depletion of ground state. Once SA is saturated, a single pulse with entire
stored energy will be released. The higher unsaturated losses may enlarge the delay
between pumping and pulse generation, leading to higher energy stored before
release. As a consequence, the pulse will be generated with higher pulse energy
and shorter pulse duration. Nevertheless, the exorbitant unsaturated losses may

eliminate the lasing process.
2.2.3 Photoluminescence
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Photoluminescence performances are generally expressed as a diagram of
fluorescence emission spectra where photoluminescence intensity (Y-axis) versus
to wavelength or wavenumber (X-axis). As two typical emission spectra shown in
Figure 7, perylene, a very traditional fluorephore, holds individual vibrational energy
level, where quinine exhibits emission spectra independent to vibrational structure
[200]. Different chemical composition and solvent may engender profound difference

in photoluminescence performance.
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Figure 7 Absorption and fluorescence emission spectra of perylene and quinine [200].
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The relationship between absorption and emission is generally depicted in Jablonski
diagram as shown in Figure 8. Various processes can be explained as transitions in
excited states, where singlet ground state, 15t and 2" electronic states can be
represented as SO, S1, and S2. Every electronic energy state includes several
vibrational energy levels, such as 0, 1, and 2 vibrational energy level shown in SO
states. The transitional within the energy levels or states are shown as arrows
signals, illustrating the instantaneous processes (within 10-15s) of absorptions or

emissions of natural optical energy. Such rapid processes are commonly too short

for taking place of nuclei displacement.

S: AT
| Internal
1 Conversion
1
S, — Intersystem
- w}.ng_ -
' — T
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Phosphorescence,
N v |
So ! - -

Figure 8 A typical Jablonski diagram [200].

The vibrational energy levels can be individually told from spacing of energy peaks
appearing in perylene’s emission spectrum, as shown in Figure 7. The absorption
and emission process usually give rise to molecules with the lowest vibrational
energy. Under room temperature, the heat energy is not sufficient for transition

between excited and ground vibrational states. In other words, the significant
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difference between SO and S1 can only be overcome by light induction rather than
heat energy. Several processes will be caused after light absorption. Few of
molecules in condensed phase will follow internal conversion rule via dropping to the
lowest vibrational level in S1. This sudden process usually takes place in 10%%s
which is much shorter than an average 1038s for fluorescence. Due to internal
conversion, the PL emission generally is a transition process taking place from

thermally equilibrated excited state, in other words, the lowest vibrational energy

level in S1, to SO energy states.

Molecules will return to an excited vibrational energy level after relaxation from
higher energy state to lower energy state. Another 101? s are required to achieve
thermal equilibrium. The typical vibrational structure of emission spectrum of
perylene shown in Figure 7 is attribute to this relaxation when molecule return to an
excited vibrational level of SO state. The absorption spectrum normally illustrates a
mirror structure with emission spectrum due to nuclear geometry which is remaining
unaffected during excitation process. Therefore, the vibrational energy levels in
higher energy state (S1 or S2) are similar to the ground energy state (S0), resulting

in mirror spectra of absorption and emission process.

The molecule under excited energy state may undergo a spin conversion and
therefore relax on first triplet state (T1). The emission generated from T1 is known
as phosphorescence, which generally decay to longer wavelengths. The transition

which is so called intersystem crossing from S1 to T1 is nonreversing. The
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phosphorescence normally exhibits rate constants far smaller than that of

fluorescence.
2.2.4 Stokes shift

Jablonski diagram shown in Figure 8 illustrates a phenomenon that the energy of
emission is always less than that of excitation [200]. In other words, the emission
usually occurs at longer wavelength comparing to excitation wavelength. This fact
was firstly discovered by Sir. G. G. Stokes in 1852 [201]. Such energy loss between
excitation and emission is then widely observed in several fluorescence materials.
The differential of excitation wavelength and emission wavelength is defined as
stokes shifts. Its origin is generally considered as the presence of energy loss during
internal conversion process. Additionally, the emission process normally decays to
an excited energy level in SO state, giving rise to thermalization process for relaxing
extra vibrational energy to ground energy level. Apart from transition process,
several factors may also take part in stokes shifts, for example, solvent reaction,

chemical composition, energy transfer, or excited-state reactions.
2.2.5 PL properties of TMD QDs

TMDs QDs display promising optical properties. Thanks to quantum confinement
effect, QDs structure significantly enhances PL intensity comparing to their bulk
TMDs and nanosheet counterparts. MoS: is affirmed to exhibit layer-dependent
band gap according to Heinz’s study. Its indirect band gap for bulk structure can be

transform into direct band gap nature when the thickness is reduced to few layers.
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The PL Quantum Yield (QY) is capable to be enhanced along with the decrease of
thickness. However, QY of few-layered MoS: exhibit a value of around 10-°-10°.
Likewise, its monolayer counterpart shows only 4x102 of QY. Such poor QY leads
to undetectable PL intensities by instruments, resulting in limitation in optical
applications. Fabrication of TMDs QDs becomes a solution to enhance the QY. In
order to tailor the QDs into practical applications, it is critical to understand the

fundamental PL nature of TMDs QDs.

Size plays a decisive role to influence the PL behavior of TMDs QDs. Size-
controllable single layer WSe2 QDs is successfully achieved by Jin’s group [184].
They announced that PL spectra of colloidal WSe2 QDs blue-shift along with the
decrease of radius of QDs, indicating the exist of quantum confinement effect. An
exitonic PL related to single-layer WSe2 nanosheet has been detected, implying
presence of defect emissions or heterogeneous broadenings. The PL and PL
excitation (PLE) spectra of single WSe2 QD are investigated to understand the
principles of emission, as shown in Figure 9. Other than colloidal solution, single QD
exhibit a distinct excitation independent property. Such unique behavior may be due
to the uniform size distribution and enhanced vibronic coupling. Hence, owing to
size-dependent optical band gap, stokes shift and spectra width increase with the

decrease of QDs sizes.

Size effect is capable to determine the PL behavior. Luan reports that the PL
behaviors at ultraviolet and visible range are dominated by different principles

according to the study of MoSe2 QDs [180].PL emission in ultraviolet range is

43



Q THE HONG KONG DEPARTMENT OF
?b POILYTECHNIC UNIVERSITY APP.LlED Pi_'IYSlCS
& frt 8 T A8 WRHES R

a EMCCD :
sy — |
— | iii
Lens  |maging z
Objective Spectrograph E
s g
0 [
fz = =
£ Prism 350 450 550 650
Light Wavelength (nm)
C d
. .’Hl " 390 nm . ) \
S 4 B g
é ;1 ) htal ‘? IM—
wy I wy
c c
g/ S BN
£ £ é
350 450 550 650 3‘50 560 650 860
Wavelength (nm) Wavelength (nm)
e f
%\ 0.5 . 30
= m Stokes shift .
% 0.4 A FWHM . (2.9 nm) .
S
= 03 A Los
P (3.8 nm) >
o o>
& 0.2 A 5
‘5\ (oo) ] I.E 2.0
$ 014 A (5.3 nm)
-y
[e] =
A 0 T T 1.5 T T T 143
1.5 2 25 3 3 6 9 co
EpL (eV) Diameter (nm)

Figure 9 WSe, QDs PL and PLE behaviors [202]. (a) Schematic diagram of the setup for
the instruments for PL and PLE measurement. (b) Charge-coupled device (CCD) image
and PL spectrum of a single WSe, QD. (c) Excitation-wavelength-independent PL
behaviors for a single WSe; QD. (d) PL (dotted) and PLE (solid) spectra of different single

WSe; QDs. (e) PL width (FWHM) or stokes shift versus peak energy of PL, where @ sign
represents for the 2D exciton in single-layer WSe; sheets. (f) The 0-0 energy (Eoo) of

single WSe, QDs (red dot); Ep. of diameter-dependent WSe, QD solution (blue square);
and the estimated bandgap (Eg) energy according to the effective mass approximation as

a function of diameter [184].
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resulted from transitions between valence band and the conduction band. The red-
shifts or blue-shifts of the emission signal due to quantum confinement effect. PL
emission in visible spectrum range may attribute to nonradiative recombination
which is owing to surface defect. The decrease of size will enlarge the band gap
according to Gan’s study of MoS2 QDs [203]. When the size shrinks from bulk to
nanoscale, four typical excitonic absorption bands will vanish and the spectra will
undergo a blue-shift. Along with the agglomeration of QDs, red-shift phenomenon
can be observed which agrees with quantum confinement effect. Gopalakrishnan
successfully fabrications MoS2 QDs in ionic liquid solution via electrochemical
process [204]. He announces that the PL of MoS2 QDs arises from recombination
occurring at uncompensated electron or hole traps. A red-shift stems from reduces
of size contradicting to quantum confinement effect was observed, attributing to the
formation of deeper traps. Specific surface area will rise when the size of QD
decrease, accompanying with increase of traps states due to increase of

uncompensated metal ions or sulfions.
2.2.6 Excitation-dependent PL behavior

Excitation-dependent PL behaviors can be observed in the majority of TMDs QDs
[180], [204]-[208]. The emission generates at longer wavelength with the red-shift
of excitation wavelength. As Gopalakrishnan reports, red-shift may be triggered by
deeper trap states. The principles of excitation-dependence in TMDs QDs yet remain
to be revealed, however, several possibilities are under concerned. The main factors

are taken for (1) polydispersity of QDs; (2) various discretions of energy states in
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QDs; (3) trap states; (4) hot PL affected by K point of Brillouin zone; (5)
inhomogeneous ground states [178], [209]. For instance, the recombination process
arising at surface of quantum-confined MoS2 QDs gives rise to PL emission peak at
570 nm under 500 nm excitation wavelength [174]. The bottom-up synthesis
technique is reported by Wand and Ni. The excitation-dependent PL ascribes to
polydispersity of MoSz QDs and hot PL at K point of Brillouin zone [206]. The
outstanding excitation-dependent PL performance of MoSe2 QDs may be due to the
polydispersity as well [208]. WSz QDs fabricated by electrochemical technique
exhibit excitation-dependent PL, attributing to oxygen moieties adsorbed at the edge
of QDs [183]. The defect states and edge site introduced during fabrication process

are as well fulfilling important roles to dominate the excitation-dependent behaviors

of TMDs QDs [175], [210].

Excitation-independent properties are observed in TMDs QDs. Zhang’s group
reports MoS2 QDs fabricated via sulfuric acid-assisted ultrasonic exfoliation with
absence of excitation-dependent behavior [186]. M0oS2 QDs obtained via wet
grinding-assisted co-solvent sonication exhibit high uniformity, resulting in a distinct
PL emission wavelength at 448 nm under various excitation wavelength [191].
Cheon’s group discovered excitation-independent PL behavior from colloidal and
single-particle WSe2 QDs [184]. They explain such behavior may ascribe to

homogeneous size distribution, which is agreed with Zhu’s study for MoS2 QDs [211].

2.3 Characterizations
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In my PhD study period, | am mainly working on the optical performances, such as
laser Q-switch and photoluminescences, of novel group-10 TMDs materials. In order
to understand the relationships between their optical performances and the features
of materials, several characterization techniques are engaged in this study. For
identifying materials chemical composition and structure, the characterization
techniques include field emission scanning electron microscopy, transmission
electron microscopy, atomic force microscopy, X-ray photoelectron spectroscopy.
The optical properties are measured by ultraviolet—visible absorption spectroscopy,
photoluminescence spectroscopy. Details can be found in the relevant section in the

following chapters.
2.3.1 Scanning Electron Microscopy

Scanning electron microscopy is a universal approach to study the materials in
microcosmic due to its capability in producing images with information about surface
morphology and structure in high resolution. Images of SEM are generated by
interaction of high-energy beam of electrons. After electrons hitting the sample,
secondary electrons (SE), reflected or back-scattered electrons (BSE), characteristic
Cathodoluminescence (CL), absorbed current (specimen current) and transmitted
electrons are produced. Certain images are then produced after signals collected by
detectors. This technique is considered to be non-destructive due to no volume
dissipated during the test. The morphology of PtS2 microflakes presented in this

thesis is shot by S-4800 SEM as shown in Figure 10.
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Figure 10 S-4800 Scanning Electron Microscopy.

2.3.2 Transmission Electron Microscopy

Transmission electron microscopy (TEM) is an advanced instrument to produce
high-resolution image by a beam of electrons that pass through a grid attached with
samples. An image is then formed by magnification and focusing on an imaging
screen. Such image holds extremely high resolution which is able to capture the
crystal details of single atoms due to the small de Broglie wavelength of electron.
The TEM images of group-10 TMDs microflakes and QDs in this study are achieved

by Jeol JEM-2100F as shown in Figure 11.
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Figure 11 Jeol JEM-2100F Transmission Electron Microscopy.

2.3.3 Atomic Force Microscopy

Atomic Force Microscopy (AFM) is kin to scanning probe microscopy. The

measurement is analogous to “touching” or “feeling” the surface by a probe. The

probe is raster-scanned over the surface of samples with assistance of precise
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movement owing to piezoelectric elements. The topography image is then produced
with accurate feedbacks from the probe. AFM measurement is friendly to both
conductive or non-conductive samples thanks to its principle of tip-sample interaction.
The AFM mapping images of group-10 TMDs microflakes and QDs in this work are

obtained by Bruker Nanoscope 8 as shown in Figure 12.

Figure 12 Bruker Nanoscope 8 Atomic Force Microscopy.

2.3.4 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) is an advanced analyzation technique for

elemental composition, empirical formula, chemical state and electronic state of
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materials. The mechanism is irradiating a beam of X-rays to the sample and
simultaneously analyze the kinetic energy of electrons that emitted from the surface
of sample. The ejected electrons are counted according to a range of electron kinetic
energy. The energy and intensity of photoelectron peaks is capable to be identified
and qualified. The XPS spectrums of group-10 TMDs materials in this works are
obtained from ESCALAB 250Xi with achromatic 200W Al Ka as the X-ray source and

the resolution of 0.10 eV as shown in Figure 13.

Figure 13 ESCALAB 250Xi X-ray photoelectron spectroscopy.

51



Qb THE HONG KONG DEPARTMENT OF

POLYTECHNIC UNIVERSITY APPLIED PHYsICS
A T AR ERAHESR

2.3.5 Ultraviolet—visible absorption spectroscopy

Ultraviolet—visible absorption spectroscopy (UV-Vis) is used to analyze the light that
affected by chemicals in visible and adjacent ultraviolet range. In such
electromagnetic spectrum, the electronic transitions from the ground state to the
excited state are able to be recorded with typical characteristic waveforms, which is
complementary to photoluminescence spectroscopy. The UV-Vis spectra of group-
10 TMDs QDs in this study are recorded by Shimadzu UV-2550 as shown in Figure

14.

Figure 14 Shimadzu UV-2550 Ultraviolet—visible absorption spectroscopy.
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2.3.6 Photoluminescence spectroscopy

Photoluminescence spectroscopy is a contactless, non-destructive technique to
reveal the electronic structure of samples. Excitation and emission spectra of group-
10 TMDs QDs were obtained using an Edinburgh CD920, shown in Figure 15,
conducting under room temperature with Xenon lamp as excitation source. Time-
Resolved measurements were monitored by HORIBA Fluorolog-3 spectrometer for
ultrafast studies and time-correlated single-photon counting (TCSPC) accessory for

lifetime determinations.

. :
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Figure 15 Edinburgh CD920 Photoluminescence spectroscopy.
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Chapter 3 Q-switched Laser with PtSz microflakes

saturable absorber

3.1 Introduction

TMDs exhibit potentials as an alternative to traditional doped crystal for saturable
absorber (SA), due to its stability and economical fabrication. Few layer MoS:2
exhibits Q-switching ability that generates 2.88 us pulses at 74 kHz repetition rate,
with 100 nJd pulse energy [17]. The Q-switched signals are successfully achieved in
ytterbium-, erbium- and thulium-doped fiber lasers using MoSe2 as SA [19]. Wu
reports a WS2 based SA producing Q-switching laser with tunable repetition rate
from 90 kHz to 125 kHz and pulse energy with tens of nJ [20]. Later, Q-switching
pulse generated by WSe2 SA is developed with similar performance with WS2 based
SA.

The traditional TMDs based SAs show encouraging Q-switching behavior with low-
cost, simple fabrication process. This stimulates me to explore more uncharted
candidates for SA development. Novel group-10 TMDs start achieving attentions due
to their tunable bandgap, high electrical properties, and air stability. In this work, PtSz,
a member of group-10 TMDs family, microflakes based SA is produced, following by

an analyzation of its Q-switching performance.
3.2 PtS; saturable absorber fabrication and characterizations

The PtS2 microflakes are fabricated via liquid exfoliation to separate layered
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materials from the bulk counterparts as shown in Figure 16. NMP was chosen as
solvent for conducting liquid exfoliation due to its great compatibility of surface
energy with TMDs materials. 50 mg bulk PtS2 powder (Alfa Aesar) was added into
250ml NMP solvent followed by probe sonication using SCIENTZ-1200E (Ningbo
Scientz Biotechnology Co., Ltd). The sonication was conducted under the power of
1200 W with 20 kHz below 27 °C for 3 h, with an ultrasound probe time of 2 s at an
interval of 4 s. The as-prepared PtS2 microflakes solution was centrifuged in the
ambient environment at 1500 rpm for 5 min to precipitate the large bulks that are not
sufficiently separated. Then the supernatant liquor was taken for further
characterizations. The sample was prepared by drop casting the PtS2 supernatant
solution on the surface of the quartz substrate and then drying in glove box with
nitrogen atmosphere to prevent it from oxidization. A 15.0 g of polyvinyl alcohol (PVA)
was dissolved in 85 g of NMP to give a 15 wt. % gel-like solution. Then, 0.4 g of this
solution was mixed with 2.0 g as-prepared PtS2 supernatant liquor and stirred for 30
min to produce the SA. The mixture was dried under 60 °C for 48 h in the oven,

yielding PtS2/PVA composite film.

L ( A 4 ) 4
Centrifuge

Probe for 1500rpm

sonication Smin

—_— —) \

1200W 1 A

3h Take supernatant 'h ‘
B 28

Figure 16 Fabrication of PtS, microflakes.

55



G PR R avensrry Y Arries Pavacs

F e H T AR WEHES
The dominant PtS2 samples with similar dimensions were observed by field emission
scanning electron microscope (FESEM, S-4800, Hitachi — Science & Technology),
as shown in Figure 17(a). The statics of size distribution among 170 flakes
represents that an average dimension along the short-axis is 1.35 ym roughly and
an approximately 2.40 um size for long-axis, as shown in Figure 17(b) and 9(c),
respectively. The atomic force microscopy (AFM, Bruker Nanoscope 8) was carried
out to measure the thickness of the exfoliated PtS2 samples. Topology graph of a
typical sample and associated height variations along the marked lines are depicted
in Figure 18(a) and 10(b). The lateral dimensions of 3.16 um for long-axis and 1.59
pm for short-axis agree with the statics of SEM distribution. The thickness was
measured to be around 0.35 pm which explains that it is far beyond the nano-regime.
Combining the thickness with SEM analysis, those dimensions indicate that the
ultrasound energy is not high enough to weaken the Van der Waals forces between
each interlayer, resulting in uniform micro-size flakes.
One of the PtS2 micro-flakes was identified by the scanning transmission electron
microscopy (STEM, JEM-2100F) as shown in Figure 19(a). A high resolution of the
FETEM image of the micro-flake is shown in Figure 19(b), which illustrates a clear
lattice fringe with an interplanar space of 0.303 nm. This is indicating an in-plane
lattice constant of a = 0.350 nm, which is very close to the DFT value of 0.358 nm
as reported in a recent literature [24].
Chemical compositions were characterized by X-ray photoelectron spectra (XPS,
ESCALAB 250Xi, Thermo Fisher Scientific), shown in Figure 20, with achromatic

200W Al Ka as the X-ray source and the resolution of 0.10 eV. XPS spectra of core
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Figure 17 (a) SEM image of PtS, microflakes; and statics of SEM distribution of 170

flakes along the lateral dimensions for the (b) short axis and (c) long axis.
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Figure 18 (a) Atomic force microscopy image of the prepared PtS; microflake on a quartz

substrate. (b) The height profile measured along the blue and red lines shown in (a).
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level Pt4f region and the core level regions for S2p are depicted in Figure 20(a) and
12(b), respectively. The predominant Pt state is identified to be Pt(ll) at 72.58 eV and
75.92 eV. Peaks at 163.73 eV and 165.14 eV correspond to S2p3/2 and S2p1/2,
respectively. Atomic percentages for Pt4f, S2p, and C1s are recorded as 15.01%,
26.05%, and 58.93%, respectively. The chalcogen-to-metal ratios are calculated to
be 1.74, indicating a partial oxidization occurs on the surface of the sample.
Oxidation may also appear during liquid exfoliation when bubbles meet the heated
surfaces that are induced by violent vibration caused by sonication. The presence of
considerable sulphate series in XPS spectrum of S2p leads to a major contribution

of Pt(ll) at the localized oxidation of the sample.
3.3 Laser experiment and results discussion

In order to test the nonlinear property of the fabricated PtS2-SA, an Er-doped fiber
laser with ring cavity was constructed. The cavity consists of a 0.7 m long Er-doped
single mode fiber (LIEKKI™ Er110-4/125), a polarization-independent isolator, a
10% output coupler, and a polarization controller. The total cavity length is about 11.5
m. The 1 mm x 1 mm size PtS2-SA was integrated into the cavity by sandwiching
between the two FC/APC connectors as shown in Figure 21. The utilization of
FC/APC connector instead of FC/PC was to eliminate the parasitic reflection and to
maintain the stability of the Q-switched system opseration. A pure PVA thin film with
the same thickness as the PtS2-SA was integrated into the fiber laser system as
shown in Figure 21 to serve it as a control experiment. In this setting, various pump

power level and the polarization direction were adjusted to confirm that no mode
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Figure 19 (a) FETEM image of a PtS2 microflake, (b) High resolution TEM image of (a).

locking pulse is observed by using the pure PVA sample.
Then the pure PVA thin film in between the connector junctions was replaced by the
fabricated PtS2-SA. In this case, a stable pulse train was detected, when the pump

power was scaled beyond 53 mW. The modulation range of the repetition rate and
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Figure 20 High resolution X-ray photoelectron spectra of the respective chalcogen for (a)

PtS, (Pt4f region) and (b) PtS; (S2p region).

the full width at half maximum (FWHM) of the pulse duration were observed as 18.1
kHz - 24.6 kHz and 9.6 ps - 4.2 us, respectively, by changing the pump and the
output power as shown in Figure 22(a). The pulse duration can be further minimized
by shortening the total cavity length [4] and enhancing the modulation depth of the
PtS2-SA.
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Figure 21 Schematic experimental set-up of the Q-switched Er doped fiber laser ring

cavity.
The maximum achieved single pulse energy is 45.6 nJ with respect to 84 mW
pumping power. The achieved pulse energy is comparable to those reported in Q-
switched Er-doped fiber laser by using other 2D TMDs-SA such as WS2 (46.3 nJ)
[20] and MoS:2 (63.2 nJ) [212]. The corresponding pulse train, single pulse profile,
and wavelength spectrum are shown in Figure 22(b)-22(d), respectively. Beyond this
pumping power, the Q-switched operation became unstable and eventually vanished.
This phenomenon may be due to the oversaturation of the PtS2 saturable absorber
and the instability of laser cavity in the high pump power [213]. A further modification
of the cavity setting may further improve the stability of the laser and thus enhance

the obtained maximum pulse energy and the peak power.
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Figure 22 Q-switched laser characteristics: (a) Variation of repetition frequency and pulse

duration with respect to different output power. (b) Pulse train, (c) Single pulse profile,

and (d) Output spectrum of the output pulse energy of 45.6 nJ.
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3.4 Conclusions

In this study, for the first time a Q-switched laser based on PtS2 microflakes saturable
absorber fabricated by low cost ultrasonic liquid exfoliation method was
demonstrated. Stable 1569 nm Q-switching pulses were obtained from the laser
system. The demonstrated pump power depending on the repetition rate and the
pulse duration range are 18.1 to 24.6 kHz and 9.6 to 4.2 ps, respectively, with respect
to pump power ranging from 53 mW to 84 mW. The maximum output power is about
1.1 mW. This work proves the potential of newly developed layered PtS2 microflakes
saturable absorber fabricated by low-cost ultrasound techniques for laser Q-

switching applications.
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Chapter 4 Fabrication of Luminescent PtS; Quantum

Dots

4.1 Introduction

The discovering of Q-switching behavior of PtS2 based SA arouses my interest to
investigate other optical performances of this novel material. Photoluminescence
(PL) plays a critical role in optical applications in development of displays, imaging,
and bio-sensor. The photoluminescence of group-10 TMDs materials are rarely
reported at present. Some frontiers admitted that the PL signal of PtS2 monolayer “is
too weak to be detected” [27].

Quantum dot (QD) is known with a definition: the materials size reaches to less than
twice of its exciton Bohr radius. Due to strong quantum confinement effect and
boundary effect, QDs show extremely large transition energy comparing to the layer
or bulk counterpart, resulting in distinct enhancement in PL performances. Thanks
to this fundamental understand, this work undertakes an enhancement to PtS2’s PL
performance by shrinking its size to QDs scale. The QDs are fabricated by a low-
cost liquid exfoliation technique. The PL spectra are achieved and studied in

association with QDs structures and chemical compositions.

4.2 Experimental Section

4.2.1 Materials Fabrication

PtS2 QDs suspension was fabricated by high intensity ultrasonic liquid exfoliation
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followed by dialysis shown in Figure 23. The 50 mg bulk PtS2 powder (Alfa Aesar)

was added into 250 ml of deionized (DI) water. Then the probe sonication (SCIENTZ-
1200E, Ningbo Scientz Biotechnology Co., Ltd.) was conducted to the mixture under
the power of 1200 W with 20 kHz below 27 °C for 12 hours, while an ultrasound
probe time of 2 s at an interval of 4 s was maintained. Afterwards, a sonication bath
with 40 kHz for 6 h was applied to the mixture and followed by centrifuging at 8000
rpm for 20 min to eliminate unexfoliated bulky PtS2. The collected supernatant liquor
was subjected to dialysis using a dialysis membrane (cut-off 3.5 kDa) for 24 h. The
solution outside the dialysis membrane was taken as the PtS2 QDs solution kept in

ambient environment for several days, 3 months, and 6 months.

3 Y F 5 S 7

Probe
sonication

L 12h ’ centrifuge Dialysis
Sonication | . . | 8ooorpm | _ “ ~ 24h
w bath : 2 ) 20min < %
n- e ’
A0 )

Figure 23 Schematic representation of the synthesis process of PtS, QDs.

B W ~ J

4.2.2 Characterizations

The PL emission spectra of as-prepared PtS2 QDs solution were recorded using
Edinburgh CD920 on excitation at given wavelength. The measurement is conducted
under room temperature by using Xenon lamp as excitation source. Time-Resolved
measurements were monitored by HORIBA Fluorolog-3 spectrometer for ultrafast
studies and time-correlated single-photon counting (TCSPC) accessory for lifetime

determinations. UV-Vis absorption spectroscopy was conducted by Shimadzu UV-
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2550. The PtS2 QDs solution was contained in quartz cuvettes for PL and UV-Vis
characterizations. The morphology and lattice fringes were observed by Scanning
Transmission Electron Microscopy (STEM, Jeol JEM-2100F). The height information
of PtS2 QDs was measured by Atomic Force Microscopy (Bruker Nanoscope 8). The
AFM sample was prepared by spin-coating the solution on the surface of quartz
substrate followed by drying in the ambient laboratory condition. X-ray photoelectron
spectroscopy (XPS, ESCALAB 250Xi, Thermo Fisher Scientific) was carried out to
reveal the chemical composition with achromatic 200W Al Ka as the X-ray source
and the resolution of 0.10 eV. The powder of the raw material was kept in the oven

with 60 °C for 3 h for drying before conducting the XPS characterization.
4.3 Results and Discussion

In this work, PtS2 QDs were fabricated by conducting ultrasonic exfoliation in DI
water. The electrical energy in the equipment was firstly converted to mechanical
energy via piezoelectric effect. When sonication probe introduces, an intense
mechanical vibration is generated in liquid. As a consequence of that an acoustic
energy is generated in the form of ultrasonic waves. The ultrasonic waves are strong
enough to oscillate the liquid, resulting in the circulation of low and high pressure in
DI water. In the period of rarefaction, many vacuum bubbles are generated within

the mixture of DI water and PtS2 powder attributing to the increase of molecular
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Figure 24 (a) TEM image of as-prepared PtS; solution; (b) High-resolution TEM image of a
typical QD in (a); (c) Size distribution of PtS2> QDs in (a); (d) TEM image of PtS, solution
stored for 3 months; (e) High-resolution TEM image of a typical QD in (d); (f) Size
distribution of PtS2 QDs in (d); (g) TEM image of PtS; solution stored for 6 months; (h) High-
resolution TEM image of a typical nanoparticle in (g); (i) Size distribution of PtS,

nanoparticles in (g).

distance. When the rarefaction alternates with compression, those bubbles are
intensely collapsed. Localized high temperature, high pressure and wild flow of liquid
are induced accompanied by the implosion. This so called cavitation process offers
massive kinetic energy to overcome Van der Waals force for decomposing and
grinding the PtS2 bulk powder into smaller particles and quantum dots counterpart

[214], [215].
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Figure 25 AFM image of as-prepared PtS, QDs, the height profile along the straight lines

(inset), and the statics of height distribution.

The PtS2 QDs are observed by TEM as shown in Figure 24. The as-prepared PtS:2
QDs and the statistics of size distribution are depicted in Figure 24(a) and 24(c)
demonstrating an average diameter of 3.9 nm obtained by measuring 44 QDs.
Figure 24(b) captured by a high-resolution of TEM shows the crystalline
characteristic of a typical as-prepared QD with a diameter of 3.74 nm. The sharp

lattice fringe with a 0.29 nm of interplanar spacing corresponding to the (001) planes
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of PtS2 [26], [27], indicating its single crystalline nature. After 3 months storage under
ambient conditions, PtS2 QDs remained the well-dispersive status in DI water as the
TEM images shown in Figure 24(d) and 16(e). The average diameter among 43
QDs become 4.3 nm, shown in Figure 24(f), possibly due to PtS2’s poor solubility in
water. The significant size increase of PtS2 nanoparticles was observed after 6
months storage as shown in Figure 24(g). By magnifying the scale to high resolution,
Figure 24(h) can be obtained displaying several QDs agglomerate into one larger
nanoparticle, which is counted as one particle for statistics of size distribution, shown
in Figure 24(i). This increase of size may also because of restacking of the exfoliated
nanoparticles to thicker ones by the Van der Waals forces. The average size of 44
nanoparticles is about 10.5 nm.
The as-prepared PtS2 QDs were found scattering on the quartz substrate sample by
conducting AFM measurement. The 1x1 uym? image of the substrate surface, the
section analysis (inset), and the thickness analysis are presented in Figure 25. Two
sharp signals of PtS2 QDs can be recognized precisely along the section with height
of 4.0 nm and 3.4 nm, respectively, suggesting they consist of 8 and 7 layers [27].
The average thickness of PtS2 QDs is obtained to be 2.9 nm by measuring 36 QDs.
By comprehensive analysis of size characteristics obtained by AFM and TEM, the
intense ultrasonic energy is proved to be capable to weaken the Van der Waals force
inside the particles and even break them into the form of nanoscale QDs.
The chemical composition in raw material of PtS2 powder was investigated by XPS
measurement, whereas the signal of as-prepared QD sample is too weak to be

detected for its insufficient quantity in the solvent. As observed in XPS spectrum in
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Figure 26 (a) and 26(b), the chalcogen in PtS2 can be split peaks into 162.9 eV and
164.2 eV, respectively, arising from the S2p1/2 with lower binding energy and S2p3/2
with higher binding energy in spin-orbit splitting. On the surface of the sample, a part
of S% in PtSz2 is transformed to sulphate series. The peak detected in Figure 26(b) at
binding energy of 169.6 eV indicates that the sulphates may exist as forms of HSO*
or SO4? [21,26]. These considerable sulphate series might produce compound such
as PtSO4, Pt(HSO4)2-H20 etc., which significantly contribute to the Pt(ll),
corresponding to Pt4f7/2 and Pt4f5/2 signals at 72.2 eV and 75.5 eV, respectively,
on the surface of PtS2. The predominant Pt(Il) rather than Pt(IV) (at binding energy
of Pt4f7/2 = 73.1 eV and Pt4f5/2 = 76.5 eV) and the presence of sulphate series
illustrate the phenomenon of partial oxidation on the surface of the sample during
the drying process. The atomic percentages deduced from XPS test were
determined to be 15.01% and 26.05% for Pt4f and S2p, respectively, from the
integrated areas of their peaks. The stoichiometric ratio of S2p to Pt4f is less than
the expected value of 2. This deviation may attribute to the absence of chalcogens
due to yielding the sulphate series by cause of oxidization.
The PL spectra of the PtS2 QDs samples were measured under various excitation
wavelengths. Figure 27(a) presents the emission spectra of as-prepared PtS2 QDs
sample. The red-shifts of emission peaks ranging from 395.7 nm to 464.4 nm
account for increasing excitation wavelength from 300 nm to 390 nm. This excitation-
dependent luminescent property has also been reported on various types of QDs
such as carbon QDs [216], [217], alloying inorganic semiconductor QDs [218], [219],

and traditional TMDs QDs [39], [40]. The mechanism attribute to the size effect on
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the band gap energies of the QDs. Excited by Xenon arc lamp, the smaller QDs with
wider band gap emit at shorter wavelength while the larger QDs with narrow band
gap emit at longer wavelength, indicating the poly-dispersity characteristic of this

PtS2 QDs sample. The excitation wavelength versus the peak position of emission

is illustrated in Figure 27(d). This figure explains that the as-prepared QDs
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Figure 26 High resolution X-ray photoelectron spectra of PtS; for (a) Pt4f region and (b)

S2p region.
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according to the excitation wavelengths; (e) Diagram of quantum size effect.
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suspension exhibits a linear behavior, attributing to the quantum size effect which is
schematically explained in Figure 27(e), that the bandgap energy is dependent on
the size of QD. The consistency of emission wavelengths provides the evidence of
quantum confinement effect. The observed luminescent intensity keeps increasing
during the red-shift of excitation wavelength starting from 300 nm and reaches to the
maximum signal of 407.2 nm excited at 330 nm. Photoluminescence excitation (PLE)
spectrum for the highest emission peak occurring at 407.2 nm wavelength was
depicted in Figure 28. The excitation peak appearing at 328.5 nm wavelength can
be considered as major contributor to 407.2 nm emission wavelength. The UV-Vis
spectrum of PtS2 QDs solution was scanned and included in Figure 28 as well. The
absorbance curve displays an absorption peak at 271.5 nm. The weak absorption

trend appears between 311-387 nm might attribute to nanoparticles in larger scales.

This excitation wavelength dependent behavior may also due to various pathways
including but not limited to poly-dipersity. Forster resonant energy transfer (FRET),
as a result of re-absorption between neighboring QDs, can be responsible for the
red-shift of the spectrum [220]. Another scenario would account for the excitation
wavelength dependence could be the fickle surface morphology of the quantum dots.
After absorption process, the charges will be separated and trapped at surface
locations. A recent work reported that the radiative recombination of these charges,
governed by radiative rates, differ from various surface structure of quantum dots
[221]. The inhomogeneous distribution of absorption spectrum reflected increasing

radiative rates and at higher-energy and decreasing radiative rates at lower-energy
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in Figure 28, agreeing with the fact in Figure 27 that the PL emissions intensity
increases from shorter wavelength and decreases from a certain wavelength to
longer wavelength. The energy transfer in functional groups may also alter the
emission spectrum [222]. Since the raw materials is pure PtS2, and the solvent is DI

water, the functional groups are assumed to play a minor role to the influence of

emission spectrum in this work.

A 0.73 eV stokes shift is observed for 328.5 nm excitation wavelength and the 407.2
nm emission wavelength. Such large value might due to the quantum confinement
effect, which leads to interaction between discrete levels of electron and hole. The
spatial overlaps for wave functions of electron and hole increase dramatically when
the materials sizes decrease to QD scale [223]. Therefore, the fine structure splitting
between the lowest active singlet excitonic states and passive triplet states are much
larger than its layer or bulk counterpart [223], [224]. Deexcitation, which origins when
rapid thermalization takes place from higher active energy states to passive ftriplet
states, results in a red shift of emission spectra. As a consequence, it yields a larger
stokes shift. The environment might also take account for the stokes shift. Since
water is polar solvent, it can reorient the excited state dipole of quantum dots, which
leads to lower energy and red shifts of emission wavelength. This so called solvent
relaxation might lead to substantial stokes shifts [200]

As shown in Table 3, the PL Quantum Yield (QY) of PtS2 QDs was estimated to be
1.28% by comparing the emission peak occurring at 407.21 nm and absorbance of

as-prepared sample with the reference 1,8-ANS of known QY (0.0032) [225]. The
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1,8-ANS was dissolved in water. Since the solvent of PtS2 QDs is water as well, the

refractive index of the sample and the reference can be considered to be equal, and

the value is 1.33. The QY for the PtS2 QDs sample can be calculated as Equation 1.

_ 1% 1 Ares
QY - QYref ngef Iref A (1)

where QY'rer is the quantum yield of the reference compound, n is the refractive index
of the solution, | is the integrated emission intensity and A is corresponding to the

absorbance of the sample and the reference.

Table 3 Quantum Yield of PtS, QDs.

Sample I Absorbance n QY
1,8-ANS 97.2924 0.87011 1.33 0.0032 [225]
PtS2 QDs 97.9681 0.21925 1.33 0.0128

The long-term PL stability of PtS2 QDs are monitored at stage of 3 months and 6
months stored under ambient conditions, shown in Figure 27(b) and 27(c). To
illustrate the difference of the emission peak positions of the three samples, emission
peak wavelengths are plotted against the excitation wavelengths shown in Figure
27(d). The emission peak was red shifted significantly from 394.4 nm and 395 nm
representing for as-prepared sample and 3 months sample, respectively, to 423.6
nm for 6 months sample under 300 nm of excitation wavelength. The 390 nm of

excitation wavelength gives emission peaks at 455.7 nm, 447.3 nm, and 449.7 nm
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Figure 28 Normalized Absorbance spectrum (black curve), Photoluminescence excitation
spectrum (red curve), and Photoluminescence spectrum (blue curve) for the highest

emission peak occurring at 407.21 nm of as-prepared sample.

for as-prepared, 3 months, and 6 months sample, respectively. These results
indicate 61.3 nm, 52.3 nm, and 26.1 nm emission peak positions shifted for 3
samples mentioned above, respectively, when the excitation wavelength was tuned
from 300 nm to 390 nm. The emission peak excited under 300 nm wavelength and
smaller range of emission peak shifted for the 6 months sample represent its weaker
excitation-dependent property compared with the as-prepared and 3 months
samples. These results agree well with the size of nanoparticle shown in Figure 24.
The strong excitation-dependent property of 3 months sample shows well-dispersive
status of QDs in the solution according to the quantum size effect. The weak

excitation-dependent property of 6 months sample indicates that large nano-
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particles started to dominate the PL process instead of small QDs. Even though
showing weak excitation-dependent property, the sample still exhibit PL signals
enduring 6 months exposure to the ambient conditions. This evidence the decent

long-term stability of PtS2’s PL nature.
4.4 Conclusions

In summary, the fabrication of PtS2 QDs suspension via a low-cost liquid exfoliation
technique was demonstrated for the first time and the PL signals of PtS2 QDs were
clearly observed. The statistics of QDs illustrates an average dimension of 3.9 nm
diameter with 2.9 nm thickness. The as-prepared PtS2 QDs produce the maximum
luminescent emission peak with a wavelength of 407.2 nm under the excitation
wavelength of 328.5 nm. The excitation dependent luminescent property and size
distribution of QDs confirm the quantum confinement effect. The great long-term
stability of PtS2 QDs may benefits prospective optics application. These findings

indicate a promising future for luminescence applications.
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Chapter 5 Photoluminescence of Group-10 Transitional

Metal Dichalcogenides (PtS2z, PdS2, and PdSe2) Quantum

Dots
5.1 Introduction

Achieving PL spectra of PtS2 QDs opens a gate for my following study. Many group-
10 TMDs materials exhibit layer-dependent tunable band gap, which benefits several
advancing applications. For instance, PtSez exhibits a tunable band gap from 0 (bulk)
to 1.2 eV (monolayer) and performs well in photodetectors [25], [52]; PdS2, shows
an indirection band gap from metallic to 1.0 eV when the thickness shrinks from bulk
to monolayer, benefiting logical junction [54], [226]; and PdSe2 shows metallic similar
to PdS2 for bulk structure, while 1.31 eV for monolayer, leading to promising
properties in application of FET and photodetector [55], [227]. Different from the deep
understanding of their electrical properties, the optical behaviors, especially PL, still
remain obscure yet. The tunable band gap may also benéefit their optical properties

thanks to quantum confinement effect when shrinking to QDs scales.

Learning from the previous PL study of PtS2 QDs, the yield and dispersity of QDs
require improvement. In this work, 3 typical group-10 TMDs, PtS2, PdS2, PdSe2, QDs
are fabricated by liquid exfoliation with NMP solvent in order to solve the previous
issues. The characterizations of their morphologies, crystal structures, absorptions,

and emissions are collected and analyzed for investigating their PL nature.
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5.2 Experimental section

5.2.1 Materials Fabrication

In this study, PtS2, PdS2, and PdSe2 QDs were fabricated via liquid exfoliation from
their bulk powder raw materials. NMP was selected to be the solvent for its
compatible surface energy, resulting in stabilizing and preventing TMDs
nanoparticles from agglomeration. In the first step of the fabrication process, a 50
mg of PtS2 raw material (Alfa Aescar) was poured into 250 mL of NMP solution. Next,
a probe sonication was applied to the mixture under 250 W power with 20 kHz
frequency for about 3 hours long, while 27 °C temperature was maintained
throughout the process. In this case, the operation time of ultrasonic probe was set
to 2 s at an interval of 4 s. Then, 2/3 of dispersion close to the liquid level was taken
and stirred for 6 h under 140 °C. The supernatant liguor was obtained by
centrifugation at 2000 rpm for 5 min to separate QDs from bulky raw materials. This

QDs as-prepared solution was taken for the experiments and characterizations.
5.2.2 Characterization

The high-resolution images and lattice fringes of as-prepared QDs were observed
via Scanning Transmission Electron Microscopy (STEM, Jeol JEM-2100F). The
thickness of QDs was scanned under tapping mode with the aid of Atomic Force
Microscopy (AFM, Bruker Nanoscope 8). Each of the AFM samples for QDs were
prepared via drop casting the as-prepared QDs solution on the surface of quartz

substrate followed by drying under 80 °C in the air atmosphere. Chemical
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composition of raw materials was detected by X-ray photoelectron spectroscopy
(XPS, ESCALAB 250Xi, Thermo Fisher Scientific) with achromatic 200W Al Ka as
the X-ray source and the resolution of 0.10 eV. Before conducting the XPS
measurement, the powders of raw materials were utilized to eliminate water in the
oven under 60 °C for 3 h. The PL measurement was performed with Edinburgh
CD920. The emission spectra of QDs solution were monitored on excitation at given
wavelength under ambient environment. The excitation source was Xenon lamp.
Time-Resolved measurements were monitored by HORIBA Fluorolog-3
spectrometer for ultrafast studies and time-correlated single-photon counting
(TCSPC) accessory for lifetime determinations. UV-Vis absorption spectroscopy was

recorded by Shimadzu UV-2550.
5.3 Results and discussion

Figure 29 is an illustration of STEM images for PtS2 PdS2, and PdSe2 group-10
TMDs materials QDs. The STEM samples were prepared by drop-casting as-
prepared PtS2, PdS2, and PdSe2 QDs suspensions on holey copper grid, followed
by a drying process in the ambient environment under 60 °C for 1 h. The
morphologies and scattered distributions of PtS2, PdS2, and PdSe2 QDs can be

clearly observed from

Figure 29(a), 29(b), and 29(c), respectively. The statics of the corresponding size

distributions are depicted in

Figure 29(g), 29(h), and 29(i) for number of 143 PtS2, 104 PdS2, and 106 PdSe2 QDs,
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respectively, pronouncing a statistical estimation of their average diameters of 4.73,

4.99, and 4.17 nm. High resolution images of PtS2, PdS2, and PdSe2 QDs were

captured in

Figure 29(d), 29(e), and 29(f), respectively, indicating the high crystallinity of the as-

prepared samples. The interplanar spacing of 0.29 nm for PtS2 QDs as observed in

Figure 29(d) is corresponding to (100) plane [26], [27]. For the PdS2 QDs with a
determined lattice distance of 0.27 nm is corresponding to the (200) plane, which
agrees well with a simulated data as recently reported in the literature [226]. Then
the PdSe2 QDs shows a 0.27 nm lattice periodicity that matches its (200) crystalline
plane [228]. The results imply that the ultrasonic energy is sufficient to separate
layered group-10 TMDs materials from the Van der Waals forces and even split them
into nanoscales. Thanks to outstanding stability of group-10 TMDs materials, which
allows to obtain good crystallinity in the materials. Further investigation on QDs’
height profiles and height distributions were conducted via AFM measurement as
shown in Figure 30. The QDs were scattered on the quartz substrates by scanning
processes. The scan size was set to be 1x1 ym? and the observation of QDs was
taken place randomly on the substrates. The height variation of PtS2, PdS2, and
PdSe2 QDs can be clearly distinguished along line profiles as depicted in Figure 30(a),
30(b), 30(c), respectively. The average height of 38 PtS2 QDs is determined to be
2.82 nm, suggesting 5 to 6 layers’ thickness [27], and their height distribution is
depicted in Figure 30(d). The statics of 54 PdS2 QDs are shown in Figure 17(e),

indicating an average height of 2.61 nm, which can be considered as 6 to 7 layers
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[229]. The height information of 25 observed PdSe2 QDs is recorded in Figure 30(f).

The thickness of such QDs are assumed to be 4 to 5 layers referring to 1.99 nm

average height [229].
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Figure 29 STEM images of (a) PtS, QDs solution, (b) PdS, QDs solution, and (c) PdSe;
QDs solution; High resolution STEM images of a typical (d) PtS2 QD, (e) PdS, QD, and (f)

PdSe; QD; Size distributions based on multiple images of (g) PtS. QDs, (h) PdS; QDs,
and (i) PdSe; QDs.

Due to the scarce quantity in the solutions, the signals of QDs were difficult to be
detected. Therefore, the XPS measurement was conducted on the raw powder

materials counterparts in order to investigate their chemical compositions as shown
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in Figure 31. For Pt4f spectra of PtS2, deconvolution of the line shape reveals two
doublets, Pt?* and Pt**, essential to reconstruct Pt signals, as shown in Figure 31(a).
Pt2* with level positions of Pt4f7/2 and Pt4f5/2 are fitted at 71.98 eV and 75.38 eV,
along with Pt**4f7/2 and Pt**4f5/2 fitted at 71.98 eV and 75.38 eV, respectively. S2p
deconvolution as shown in Figure 31(b) can be conducted showing one doublets:
S2p3/2 at 162.78 eV and S2p1/2 at 164.18 eV. The signal with 168.08 eV binding
energy refers to sulphate series constituting HSO* or SO4?~ [49], [230]. Such
considerable intensity of sulphate signal indicates partial oxidation on the surface of
the PtS2 raw materials, resulting in Pt?* as predominant doublet. The atomic
percentage of Pt and S is determined to be 17.79% and 27.97%. The stoichiometric
ratio is obtained as less than 0.5, which may be due to the origination of sulphate
series from surface oxidation during drying process. For PdS2, signals of Pd3d5/2
and Pd3d3/2 are shown in Figure 31(c) with binding energies of 336.08 eV and
341.38 eV. The S2p spectra for PdS2 can be divided into two chemical states [231]
as shown in Figure 31(d). For the case of PtS2 raw materials, S(1)2p3/2 and S(1)2p1/2
are simulated at 161.08 eV and 163.38 eV, while S(11)2p3/2 and S(l1)2p1/2 with
162.28 eV and 164.38 eV exhibit similar to the S2p spectra. The absence of sulphate
series in PdS2 is caused may be due to the fact of its distinguished stability. The
atomic percentage of Pd and S are found to be 3.08% and 6.96% on the surface,
exhibiting a stoichiometric ratio very close to 72 due to probably the absence of
oxidation. The level positions of Pd3d5/2 and Pd3d3/2 in PdSe2 with 336.18 eV and
341.48 eV as depicted in Figure 31(e) agree well with the presence of Pd signals in

PdS2. The deconvolution of Se element gives rising to Se3d5/2 signal at 54.18 eV
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and Se3d3/2 signal at 54.98 eV as shown in Figure 31(f). The atomic percentage of

6.76% and 15.11% for the Pd and Se elements support the idea of air stability as

recently reported in the literature [47].

Frequenc
—
o N b
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—
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2 3 4 5 6 1 2 3 4 5 6 1 2 3
Height (nm) Height (nm) Height (nm)

Figure 30 Line profiles and corresponding AFM images of (a) PtS; QDs, (b) PdS, QDs, and
(c) PdSe, QDs; height distributions based on several images of (d) PtS, QDs, (e) PdS, QDs,

and (f) PdSe; QDs.

The PL emission spectra of PtS2, PdS2, and PdSe2 QDs show excitation wavelength-
dependent behaviors, i.e. the wavelength of PL emission peak red-shifts under
crescent excitation wavelength, which have been widely reported by several studies
on semiconductor QDs [218], [219], traditional TMDs QDs [39], [232], and carbon
QDs [217], [233]. Due to quantum size effect, the poly-diversity of QDs sizes give
rising to the variation of band gap energies. The larger QDs exhibit lower band gap

energies, and vice versa. The PtS2 QDs sample exhibits PL peak wavelength
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ranging from 381.5 to 548 nm while excitation wavelength shifts from 300 nm to 480
nm as shown in Figure 32(a). The maximum emission peak could be found at 468.5
nm for the excitation wavelength of 380 nm. The PL spectra of PdS2 QDs as shown
in Figure 32(b) were observed from 400 nm to 567 nm under the excitation ranging
from 320 nm to 480 nm. The highest PL peak is determined to be 491 nm for the
excitation wavelength of 400 nm. The PL spectra of PdSe2 are depicted in Figure
32(c), displaying emission peaks ranging 379 nm to 551 nm, while the excitation
wavelength was being tuned from 300 nm to 480 nm. The 340 nm excitation
wavelength presents a maximum emission peak at 413 nm. It is noteworthy that the
sharp peaks occurring at 450 nm for all spectra are possibly due to the presence of
NMP solvent, which is excluded from this QDs’ PL analysis. The maximum emission
peak wavelengths demonstrate a trend of PdSe2 QDs < PtS2 QDs < PdS2 QDs,
which might be owing to including but not limited to their intrinsic chemical property.
This PL emission peak trend also accords with their average sizes determined via

STEM characterizations, which may further prove the quantum size effect.

The absorption spectra are depicted in Figure 33 with black lines. The distinct
absorption peaks at 307, 330, and 274 nm can be observed in Figure 33(a), 33(b),
and 33(c) for the solutions of PtS2, PdS2, and PdSe2 QDs, respectively. The
maximum emission peaks (in blue lines) for all QDs samples and their corresponding
photoluminescence excitation (PLE) spectra (in red line) are also displayed in Figure

33. The maximum emission peak for PtS2, PdS2, and PdSe2 QDs samples exhibit at

377, 397.5, 346 nm as shown in Figure 33(a),33(b), and 33(c), respectively. These
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Figure 31 High resolution X-ray photoelectron spectra of PtS, for (a) Pt4f region and (b)
S2p region; PdS; for (c) Pd3d region and (d) S2p region; PdSe; for (e) Pd3d region and (f)

Se3d region.

PLE peaks agree well with the previous PL emission analysis, implying to 0.64 eV,
0.59 eV, and 0.58 eV stokes shifts for the PtS2, PdS2, and PdSez, respectively. Such
large stokes shifts are caused by the quantum confinement effect when materials
size approaches to the atomic scale, resulting in dramatic expansion of spatial
overlaps for electron-hole wave functions [234]. The splitting of the lowest singlet
fine structure states and highest triplet states grows much larger comparing to their

layers or bulky structure [224], [234]. The dark exciton ensues when excitation
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Table 4 Quantum yields of PtS, QDs solutions PdS, QDs solution, and PdSe, QDs solution.

A I n QY
1,8-ANS 0.60 97.29 1.33 0.32% [225]
PtS. QDs 0.39 137.80 1.47 0.78% This study
PdS: QDs 0.65 141.24 1.47 0.47% This study
PdSe2 QDs 0.04 149.43 1.47 8.69% This study

experiences a rapid thermalization process from active singlet state to passive triplet
state, leading to red shift of PL emission spectrum and larger stokes shift. QY of PtSz,
PdS2, and PdSe2 QDs are evaluated to be 0.78%, 0.47%, and 8.69%, respectively
and tabulated in Table 4, while QY of 0.32% along with absorbance and emission
data of 1,8-ANS is used as a reference [225]. The PL QY for as-prepared QDs

samples are calculated by Equation 2.

2 I Ape
QY = QY,ef #ETf (2)

Where, n represents the refractive index of the solvent. The 1,8-ANS is dissolved in
water which holds refractive index of 1.33, while the QDs is dissolved in NMP
solution which holds a refractive index of 1.47. | and A are referring to the integrated
emission intensity and absorbance, respectively for samples and reference
compound. Errors may exist in the exceptional large value of PdSe2 QDs solution

due to obvious distinction between its integration of | and A and the reference.
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Figure 32 Emission (Em) spectra of (a) PtS2 QDs solution, (b) PdS2 QDs solution, and

(c) PdSe2 QDs solution.
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In the next step, the time-resolved PL decay measurement is performed at room
temperature as depicted in Figure 34, while PtS2, PdS2, and PdSe2 QDs samples
are excited by 377, 397.5, and 346 nm wavelengths, respectively. The decay lifetime
curves of QDs samples are monitored and fitted by dual-exponential function. The
function presented in Eq. 3 explains that the decay curve is dominated by two de-
excitation processes in the surface states and the core states, corresponding to a
long-lived component 11 and a short-lived component 12 [235], [236]. The average
lifetime (Tave) is estimated by substituting parameters of Eq. 3 into Eq. 4. The fitted
values as listed in Table 5 suggest that 11 dominates the decay lifetime for all QDs
samples, indicating that their core states fulfill essential role in the PL decay kinetics.
The Pd based QDs may exhibit prolonged decay lifetimes than the Pt based group-
10 TMDs QDs according to Tave. The better stabilities of PdS2 and PdSe2 may

attribute to this longer decay lifetime.

Al =a, exp(_T/Tl) +a; exp(_T/Tz) 3)
_ al‘[12+a2122
Tave - aitit+ast; (4)

Table 5 Fitted decay lifetimes for PtS,; QDs solution, PdS; QDs solution, and PdSe; QDs
solution

ai T1/NS a T2/NS Tave/NS
PtS; QDs 0.098 1.15 0.902 0.21 0.56
PdS, QDs 0.215 6.25 0.786 0.38 5.18
PdSe; QDs 0.230 3.64 0.770 0.33 2.88

90



Q THE HONG KONG DEPARTMENT OF
?b POILYTECHNIC UNIVERSITY APPLIED PHYSICS

HBE T AP W SR

— Absorbance — PLE

— Emission
(a)
S
8
=
‘W
[
@
I=
250 350 450 550 650

Wavelength (nm)
(b

[

Intensity (a.u.)

250 350 450 550 650
Wavelength (nm)

—
)
"

Intensity (a.u.)

250 350 450 550 650
Wavelength (nm)

Figure 33 Normalized absorption spectra (black curve), photoluminescence excitation
(PLE) spectra (red curve), and the maximum emission spectra (blue curve) of (a) PtS»

QDs solution, (b) PdS, QDs solution, and (c) PdSe; QDs solution.
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Figure 34 Decay profile of PtS, QDs solution, PdS, QDs solution, and PdSe; QDs solution.

5.4 Conclusions

In this study, 3 typical group-10 TMDs materials QDs were fabricated via solvent
exfoliation. The as-prepared PtS2, PdS2, and PdSe2 QDs exhibit average diameters
of 4.73 nm, while their average thicknesses were determined as 2.82 nm, 2.61 nm,
and 1.99 nm. Very good air stabilities were observed for PdS2 and PdSez2. The optical
characteristics for those QDs solutions were monitored, exhibiting excitation
wavelength-dependent behavior and large stokes shifts. The PL emission
wavelengths might be strongly related to the size of QDs due to quantum size effect.
This study is basically a short demonstration of simple synthesis process using
solvent exfoliation and several optical performance parameters for three different
group-10 TMDs materials of PtS2, PdS2, and PdSe2 QDs. Most importantly, to our
knowledge, so far this is the first demonstration of PL behaviors for PdS2, and PdSe:2

QDs. We believe that this study with some excellent optical properties of these noble
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2D materials should be beneficial for applications related to real time imaging, single
molecule detection, light-emitting diode, and bio-sensing in addressing some

analytical and biological issues which are currently being encountered in the fields.
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Chapter 6 Summary and future works

In this chapter, a summary of this thesis is discussed and future works are presented.
The summary includes 3 parts: PtS2 based SA for Q-switching laser application; PtS2
QDs fabrication and its photoluminescence behavior; PL performances of 3 typical
group-10 TMDs (PtS2, PdS2, PdSez2) QDs. The plans for future study is briefly

discussed in the end of this thesis.
6.1 Summary

The novel 2D TMDs materials become attractive for saturable absorbers application
due to their low-cost, simple, and compact advantages. PtSz, a member of group-10
TMDs materials, based SA is then developed for the first time in this work via
ultrasonic liquid exfoliation. This SA is then composing into laser cavity and a stable
1569 nm Q-switching pulses are achieved. Along with pump power increase from 53
mW to 84 mW, the pulse duration varies from 9.6 to 4.2 ps, and repetition rate
increases from 18.1 to 24.6 kHz. The maximum value of output power is 1.1 mW.
This work exhibits the Q-switching capability of PtS2 and shed light upon exploring

other optical performances of this material and its group-10 TMDs family.

Inspired by Q-switching laser performances of PtS2 microflakes, the other optical
performances of this materials seem charming for further exploration. Even though
the frontiers report no PL signal can be detected in monolayer PtS2, in my following
work, the PL behaviour of PtS2 is obtained for the first time by shrinking the size to

QDs scale via a low-cost liquid exfoliation method. The as-prepared QDs hold an
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average dimension of 3.9 nm diameter with 2.9 nm thickness, exhibiting typical
excitation dependent PL spectra. Such behaviour verifies the quantum confinement
effect of as-prepared PtS2 QDs. The 328.5 nm excitation wavelength produces the

maximum PL emission peak at 407.2 nm wavelength. The observation of promising

long-term stability proves PtS2 QDs’ potential in future PL applications.

The discovery of PtS2 QDs PL signals encourages me to expand my research
interests to other group-10 TMDs materials. In this part, PtS2, PdS2, and PdSe2 QDs
are fabricated and their PL behaviors are presented via comparison to each other.
In order to solve the low yield issue in previous work, NMP is chosen as the solvent
thanks to its good compatibility with 2D layered TMDs materials. The as-prepared
PtS2, PdS2, and PdSe2 QDs hold average diameters of 4.73, 4.99, and 4.17 nm, and
average thicknesses of 2.82 nm, 2.61 nm, and 1.99 nm, respectively. The XPS
analyzation proves good air stability for PdS2 and PdSe2. The PL spectra of PtSz,
PdS2, and PdSe2 QDs are achieved, displaying excitation dependent characteristic
and the highest emission peaks appear at 468.5, 491, and 413 nm, respectively. The
large stokes shifts are also observed in such 3 typical group-10 TMDs QDs. Time-
resolved PL decay measurement is also conducted for these QDs samples,
illustrating that Pd based group-10 TMDs QDs hold longer decay lifetimes than that
of Pt based QDs. In addition, to my best knowledge, this is so far the first reveal of
PL performances of PdS2, and PdSe2 QDs. Even though the research of optical
performances of group-10 TMDs materials are still in their initial stages, my study

may suggest their potentials that are capable to benefit future optical, photo-voltage,
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or bio-medicine applications.

6.2 Future works

Thanks to quantum confinement effect, group-10 TMDs QDs encounter opportunity
to show their potentials in future optical, photo-voltage, or bio-medicine applications.
Since PtSz exhibit the capability of Q-switching lasing, logically further study can be
done on other group-10 TMDs materials, such as PtSez, PdS2, PdSe2.Even though
distinct PL performances are confirmed in PtS2, PdS2, and PdSe2 QDs, their up-
conversion PL performance still remain obscure. The realistic optical applications of
such QDs become attractive. Learning from recent study of bio-imaging using
traditional TMDs materials based QDs, the group-10 TMDs QDs may found their
possibility in this advancing field. Apart from optical applications, several few-layer
group-10 TMDs materials based FETs have been reported with promising
performances. The typical tunable band gap of group-10 TMDs may also benefit
some electrical applications, such as FETs, and memory devices, it is intriguing to

explore the improvement by further shrinking monolayer structure to QDs scale.
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