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1.1. T WO-DIMENSIONAL (2D) MATERIALS
Materials can be classified into zero, one, two, and three dimensions based on the confinement of electron motions in materials. 2D materials are nanosized (a few nanometres or less)
in only one out of three dimensions (Figure 1.1). Many exotic phenomena appear when materials are thinned to nanoscale size because of the quantum confinement effects and the
symmetry changes in lower dimensions [1–4]. Optically, 2D materials can cover a wide
electromagnetic spectral range from ultraviolet to radiowaves because of their diverse electronic properties, as shown in Figure 1.2, making 2D materials attract increasing attentions
for optical applications. [5–8].

1.1.1. T RANSITION METAL DICHALCOGENIDE (TMD)
Among the 2D materials, layered TMDs have attracted particular attention because they exhibit a wide range of novel electrical/optical properties [9–12] and are readily available via
simple preparations. TMDs have a chemical formula MX2 , where M stands for a transition
metal atom (Mo, W) and X stands for a chalcogen atom (S, Se, or Te). The study of those
materials is dated back to the 60 to 70th [13–15]. But the materials were only studied by a
small group of people until the discovery of graphene [16], especially when many novel phenomena were found in graphene [17, 18]. The findings in the twisted bilayer graphene [19]
further interested researchers in 2D TMDs since the same methodologies can be borrowed
from the studies of graphene.
Molybdenum and tungsten dichalcogenides (S, Se), as the semiconducting members of
TMDs, have been widely studied in the fields of photonics and optoelectronics because of
their indirect to direct bandgap transition [4] and inversion symmetry breaking [21] when
thinned to monolayers. However, it is difficult to prepare TMD monolayers of large size
and high quality. The general methods to obtain TMD monolayers can be classified into
two categories: the "top-down " and the "bottom-up", as shown schematically in Figure 1.3.
The typical "top-down" method is exfoliations, which include both mechanical and chemical exfoliations. The mechanical exfoliation from bulk crystal with a scotch tap is a highly
accessible and inexpensive method to get high-quality samples. But this method suffers
from the small uniform size and low yeild. To improve this technique, strategies such as
gold film-assisted exfoliations have been developed [22, 23]. With the help of gold film,
the size of cleaved TMD monolayers can be increased significantly, even reaching to centimeter scale [24]. Meanwhile, this strategy also introduces other problems. The gold film
promotes the exfoliation of TMD monolayers by tightly attaching to the flake. The interaction between gold and TMDs will quench the photoluminescence (PL) of TMD monolayers and also make the flakes more difficult to be peeled off and get transferred. These
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Figure 1.1 Zero-dimensional, one-dimensional, 2D, and three-dimensional materials. Reproduced with permission
for Ref. 20. Copyright (2021) IntechOpen.

impede the further applications of TMD monolayers obtained from gold-assisted cleavage.
Liquid-phase exfoliation through Li intercalation is another exfoliating method to get TMDs
monolayers. This method is scalable but can not be used to obtain TMD monolayers of large
sizes. Furthermore, it was reported that the crystal structure can be modified because of the
intercalation of Li, causing loss of the pristine semiconducting properties [25].
The "bottom-up" method is simply grow the materials, which is mainly composed of
molecular-beam epitaxy (MBE), chemical vapor deposition (CVD), and their derivative
techniques. The MBE is widely used as a epitaxy method for depositing films and highquality crystals. In addition, it has also been used to grow TMD monolayers [26, 27]. The
ultrahigh-vacuum condition in this method allows the growth of high-quality TMD monolayers. In addition, the weak van der Waals interaction can be exploited to achieve epitaxial
growth, in which the lattice structure of the substrate can be used to align the orientation of
the overlayer. This can also be used to grow high-quality TMD monolayers [5, 28].
The most practical way to grow high-quality and large-sized TMD monolayers is CVD,
which does not require strict conditions, such as a high vacuum, making it well accepted
to the industry applications. For example, using the CVD method, the WS2 monolayer was
synthesized by Guti et al. via the sulfurization of ultrathin WO3 films [29] in 2012. With the
Molten-salt-assisted CVD method, Zhou et al. [30] have synthesized a library of atomically
thin metal chalcogenides. The WS2 monolayers used in chapter 2 and chapter 3 are obtained
3
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Figure 1.2 The spectral range covered by 2D materials a) Electromagnetic spectrum. Applications that utilize the
different spectral ranges are presented on the top of the panel. NIR, MIR, and FIR indicate near-, mid-, and farinfrared. The atomic structures of hBN, MoS2 , BP, and graphene are shown at the bottom. The possible spectral
ranges covered by different materials are indicated using colored polygons. b–e, Band structures of single-layer
hBN (b), MoS2 (c), BP (d), and graphene (e). Reproduced with permission for Ref. 8. Copyright (2014) Nature
Publishing Group.

by salt-assisted CVD growth, which will be discussed in detail in chapter 2.

1.1.2. H EXAGONAL BORON NITRIDE (hBN)
The hBN is an insulating 2D material. The hBN layers are stacked through weak van der
Waals forces, and each layer consists of alternating boron and nitrogen atoms hexagonally
bound by covalent 𝑠𝑝2 bonds with a lattice constant of 2.5 Å. With a large bandgap (∼ 5.9
eV) and atomic flatness free of dangling bonds, the hBN is widely used as a substrate and
dielectric isolating layer in 2D material heterostructures. In addition, the hBN is chemically
inert, making it possible to protect samples. When used as substrates, hBN can reduce the
charge scattering and trap sites compared with other substrates such as SiO2 [31]. Hence it
4
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Figure 1.3 a) The two main approaches to obtaining 2D TMD monolayers. b) The methods of these two approaches
contained. Reproduced with permission for Ref. 40. Copyright 2020, De Gruyter.

can improve the mobility of charges significantly [32, 33]. Furthermore, optically, the hBN
encapsulation can enhance the diffusion length of excitons [34] since it efficiently suppresses
the inhomogeneous contribution to the TMD monolayers. Thus the PL from hBN encapsulated TMDs can reach extremely narrow exciton linewidth [35]. Apart from the functions
mentioned above, hBN has also been studied in quantum emitters, photonic crystal cavities,
and waveguides, which have already attracted broad interest in nanophotonic circuits and
quantum information processing [36–39]. In this thesis, we have made an comprehensive
exploitation of the properties of hBN. The atomic flatness, high dielectric constant, high mechanical manipulation, and chemical reaction resistance were utilized to improve the optical
properties of WS2 . (chapter 2, chapter 3, and chapter 5)

1.2. SURFACE PLASMON
After the introduction of the 2D TMDs and the hBN, I will turn the focus to the other important part of this thesis, surface plasmon. A surface plasmon is plasma oscillations that exist
at the interface between two materials where the real part of the dielectric constant changes
across their interface. But to better understand surface plasmon, the basis of plasma and
plasmon will be introduced first.

1.2.1. PLASMA AND PLASMON
Plasma is one of the five states of matter that contains an equal number of positive and
negative charges coexisting in space. The resonance frequency of such a state, 𝜔𝑝 can be
5
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Figure 1.4 Schematics of a) localized surface plasmon and b) surface plasmon polariton modes at metal-dielectric
interfaces, showing both the charge density oscillations in the metal and the electric fields in the surrounding
dielectric.

determined by the following relationship:
𝜔𝑝 =

ne2
𝜖0 m

(1.1)

where n is the number density of mobile charge carriers, e is the electron charge, m is their
mass and 𝜖0 is the relative dielectric constant in vacuum.
Plasmon is the quantization of oscillations of the plasma, with the resonant frequency
arising from the restoring force of the perturbed charge distribution. The resonance is highly
frequency dependent. When light incident on the plasma at a frequency lower than the
plasma frequency, the induced motions in the charge carriers will act to screen out the incident field, which means the light will be reflected. When the frequency of incident light is
above the plasma frequency, the charge carriers are unable to respond fast enough to screen
out the incident field therefore the light will be transmitted [41].
Depends on whether the surface plasmon can propagate or not, surface plasmon can
be classified as localized surface plasmon (LSP) at the closed surface of a small object
(Figure 1.4a) and transportable surface plasmon polariton (SPP) at a planar interface (Figure 1.4b) [42].

1.2.2. LSP AND SPP
The LSP is non-propagating excitation of the electrons that typically exists in metal nanoparticles. The resonance of LSP is an optical phenomenon caused by the interaction between
light and conductive nanoparticles, whose size is smaller than the incident wavelength. The
electric field of incident light can collectively excite electrons, resulting in coherent localized
plasmon oscillations with a resonant frequency that is strongly dependent on the composition, size, geometry, optical environment [43], and neighboring distance of nanoparticles
6
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[44]. The SPP is a propagating plasmonic mode made up of electromagnetic wave that is
coherently coupled with the collective oscillations of mobile charges on the metal’s surface.
Typically, it can be excited by prism coupling or grating coupling.

1.2.3. M ODES

EVALUATION OF

LSP

AND

SPP:

QUALITY FACTOR

(Q-

FACTOR )

Both LSP and SPP can confine the electromagnetic wave in small volumes. And the Qfactor is used to quantify the capabilities of electromagnetic confinement of LSP and SPP.
The Q-factor is a dimensionless quantity that describes how an oscillator or resonator is
dampened. It is generally defined as the ratio of initial energy stored in the resonator to the
energy lost in one radian of the oscillation cycle. And it can also be defined as the ratio of
an oscillator’s center frequency to its bandwidth [45, 46].
𝑄=

𝜕𝑅𝑒𝜖𝑚 (𝜔)
𝜔
𝜔
=
2𝛾
2𝐼𝑚𝜖𝑚 (𝜔)
𝜕𝜖

(1.2)

where 𝜔 is the plasmon resonance frequency, 𝛾 is the decay rate (or alternatively spectral
width) and 𝜖𝑚 is the permittivity of metal. The Q-factor can also be expressed by the raito
of the local field (E) compared with the incident field 𝐸0 , namely Q ∼ E/𝐸0 . For a single
metal nanoparticle, its Q-factor can not be very high, typically 10 ∼ 20 due to the loss in
metals.

1.3. A PPLICATIONS OF SURFACE PLASMON IN 2D TMD S
Both surface plasmon and 2D TMDs have obtained increasing attentions in the past decade.
Many interesting branches appeared along with the development and hybridization of these
two fields [42, 47–50]. Plasmonics which relates to surface plasmon is the study of optical
phenomena at the interfaces between the nanostructured metals and dielectrics or semiconductors, obtaining increasing attentions due to their capacity to localize and intensify the
electromagnetic field. Whereas the 2D TMDs, because of their direct and large transition
bandgap, high optical linearity/nonlinearity, and compatibility, have attracted broad interests
from researchers in the fields such as photonics, plasmonics, and optoelectronics. In spite
of these promising perspectives, 2D TMDs suffer from low absorption and low quantum
efficiency, which limits their further applications. To solve this problem, various attempts
have been tried [51–54]. As a solution, hybridizing TMDs with plasmonic structures is
an efficient way that has been widely studied in the fields of strong coupling and radiation
enhancement [49, 55].
7
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1.3.1. STRONG COUPLING
Typically, interactions between the TMDs and plasmonic structure modify only the spontaneous emission rate, leaving the emission frequency unchanged. However, if the interaction
is strong enough, the energy levels that are responsible for the emission are also changed
as they become intimately coupled with the modes of the plasmonic structure. The energy
levels of this hybrid system may be considerably different from the individual TMDs or
plasmonic systems. This is referred to as strong coupling [56]. The new quasi-particles
separated by the Rabi splitting are called exciton-polaritons. Liu et al. [57] reported strong
exciton-plasmon coupling in silver nanodisk arrays and monolayer MoS2 hybrid structure.
It was demonstrated that the hybrid structure has three forms of resonances: excitons, lattice resonances, and LSP resonances (LSPRs). The coupling between lattice diffraction and
LSPR grows stronger as the disk diameter increases. The maximized coupling strength of
exciton-LSPR is obtained when the LSPRs and "A" exciton of TMDs resonances settle on
the same spectral wavelength. In the MoS2 /Ag nanodisks hybrid structure, the coupling
strength between exciton and lattice diffraction mode is the smallest. The coupling strength
between exciton and plasmon is dominating. And this strong coupling effect mainly relies
on the LSP. Notably, a large-scale coherent coupling can exist, which breaks the confined
area of LSPRs and improves the coupling impact of diverse resonances.

1.3.2. PL AND R AMAN SCATTERING ENHANCEMENT
The plasmonic structures can confine the incident light in a small volume, resulting in a substantial enhancement of electromagnetic field at the interface between plasmonic structure
and dielectrics. The confined field can be used to enhance the optical responses of TMDs,
including PL, Raman, and high-order harmonic generation (Figure 1.5). Two factors determine the enhancement. First, the spectral range of surface plasmon resonance should
overlap with the excitation and emission wavelengths. The overlap with the excitation wavelength increases the absorption. Whereas the overlap with the emission wavelength range
can enhance the emission due to the Purcell effect [47]. Second, the TMDs layers should be
placed as closely as possible to the metal/dielectrics interface to maximize the electric field
enhancement since the field decay exponentially away from the interface.
Following these ideas, Hao et al. [62] demonstrated a device which integrated MoS2
monolayer with a large-area nano dimmer array. The narrow gap of a dimer (sub-10 nm ) can
confine strong electromagnetic fields when excited by polarized light parallel to the dimer
axis, leading to a strong PL emission up to 160 times and Raman scattering enhancement up
to 36 times. Wang et al. [58] placed WSe2 flakes onto sub-20-nm-wide trenches in a gold
substrate. They achieved a giant PL enhancement of ∼ 20000-fold, which they attributed to
8
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Figure 1.5 The plasmonic enhanced PL, Raman, and second harmonic generation radiation of TMDs [47, 58–61].
Reproduced with permission for Ref. 47. Copyright (2018) American Chemical Society. Reproduced with permission for Ref. 60. Copyright (2016) Wiley Online Library. Reproduced with permission for Ref. 61. Copyright
(2020) American Chemical Society. Reproduced with permission for Ref. 58, Ref. 59. Copyright (2016) Nature
Publishing Group.

the enhanced absorption of the pump laser due to the lateral gap plasmons confined in the
trenches and the enhanced Purcell factor by the plasmonic nanostructure. Similar devices
were also fabricated to study the plasmon-enhanced second harmonic generation (SHG).
And a ∼ 7000-fold SHG enhancement can be achieved without peak broadening or background in the spectra compared to that in pristine WSe2 [47]. The effective second-order
nonlinear susceptibility obtaining from experiments is 2.1 × 104 pm/V. In the pumping range
from 800 to 900 nm, three orders of magnitude amplification were also obtained, surpassing
the constraint of a narrow pump wavelength range for cavity-enhanced SHG.

1.4. M OTIVATIONS AND OUTLINES OF THIS THESIS
This thesis focuses on the optical properties of 2D material heterostructures and the WS2
monolayers integrated with plasmonic structures. First of all, the CVD-grown twisted bilayer WS2 and the mechanically-stacked WS2 /perovskite heterostructure were studied. And
the surface plasmon enhanced PL and Raman scattering of a WS2 monolayer were also
investigated. In addition, technical details such as preparing WS2 monolayer, plasmonic
metastructures, and transferring 2D materials will be discussed. Then we study the op9
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tical properties of plasmonic structures and their hybrid system with WS2 by measuring
and analyzing the spectra of PL, Raman, reflection/absorption, and angle-resolved reflection/absorption. Besides, numerical simulations (FDTD) were also introduced to understand our results from theoretical aspects. Specifically, the contents of each chapter can be
highlighted as fellow.
Chapter 2 first illustrates the salt-assisted CVD method for the growth of WS2 monolayer
and the optical properties of CVD-grown twisted WS2 bilayers. Then with the as-grown
WS2 monolayer, hBN encapsulated WS2 and (PEA)2 PbI4 heterostructures were prepared.
And their properties related to charge transfer were studied.
Chapter 3 reports the PL of the hybrid system composed of a nanodisk array and hBNencapsulated WS2 monolayer. The influence of nanodisk geometry and bottom hBN thickness on the PL are investigated. In addition, the excitonic process on bottom hBN with
different thicknesses were also investigated.
Chapter 4 is devoted to investigating the plasmonic modes of randomized and periodic nanodisks-insulator-metal film systems (MIM). First, the physical nature of different
plasmonic resonances has been identified. Then the differences between randomized and
periodic cases were compared. In the metastructure array, a hybrid plasmonic mode was
observed in the periodic case, which originates from the strong coupling between the SPP
and the dark LSP resonances. Furthermore, a bound state in the continuum, namely a BIClike mode, was found by analyzing the hybrid models.
Chapter 5 introduces a plasmonic enhancement system combining the SPP and LSP to
enhance the Raman scattering and PL in an Ag-nanodisk-array/hBN-encapsulated-WS2 /Agfilm system. The Raman scattering and PL of WS2 can be simultaneously enhanced for
more than one order of magnitude. The concurrence comes from the fact that many available plasmonic modes can be conveniently designed to couple with WS2 spatially with the
electromagnetic field confinement in metal/insulator/metal systems, and also the dispersive
nature of SPP mode and the hybrid SPP-LSP mode. This chapter demonstrates the advantages of utilizing the SPP and its coupling with the LSP for the simultaneous enhancement
of Raman scattering and PL.
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