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SUMMARY
Semiconductors play an indispensable role in modern life. They are crucial components of
electronic devices that enable advances in computing, telecommunication, and household
appliances. Also, semiconductors and their related information technologies are widely
used in banking, security, healthcare, transportation, manufacturing, and countless other
applications, influencing almost every aspect of modern society. Efforts from generations
have been put into this field, especially in searching for and studying new semiconducting
materials. The widely used semiconductors are silicon, germanium, gallium arsenide, and
elements nearby in the element table. Silicon is the most critical element for fabricating
most electronic circuits. Along with the development of manufacturing technology, the size
of Si transistors has reduced to a few nanometers, approaching the physical limits of bulk Si
material and thus hindering the development of new electronic devices.
2D materials, because of their nanosized thickness and novel physical properties, have
evoked increasing interest in recent years. Among them, the 2D semiconductors are believed to be an alternative to Si for next-generation semiconductor devices. Moreover, when
the thickness of 2D semiconductors, such as some TMDs (MoS2 , WS2 , WSe2 , MoSe2 ), is
thinned down from a multilayer into a monolayer, the bandgap will transform from indirect
to direct bandgap, making them very attractive to applications in photonics and optoelectronics.
This thesis focuses on the optical properties of 2D material heterostructures and the WS2
monolayer integrated with plasmonic structures. First, 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.
Technical skills such as obtaining WS2 monolayers, preparing plasmonic metastructures,
and transferring 2D materials have been discussed. Then the optical properties of plasmonic
structures and their hybrid system with WS2 have been studied by measuring and analyzing spectra of PL, Raman, reflection/absorption, and angle-resolved reflection/absorption.
In addition, numerical simulations (FDTD) were also introduced to understand our results
from theoretical aspects.
2D materials have shown a lot of potential applications because of their excellent physical properties. In addition, their stacks manifest unexpected new phenomena since the
properties of the stack are not just a superposition of the parent materials but are determined
by lattice reconstruction, interlayer coupling, and twist angle between the stacking layers.
Fabricating the vertical stack of 2D layers mechanically is a quick and convenient way. In
addition, CVD has been another promising method for fabricating 2D stacks, which not only
provides large-sized 2D materials for mechanical assembling of the stacks, but also prepares
the stacks by growing various stacking structures directly. Chapter 2 first illustrates the salt87
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assisted CVD method for the growth of WS2 monolayer. And the twisted WS2 bilayers have
been grown successfully by CVD. From the study of optical properties, we found that the
energy of the interlayer exciton shows the dependence of a twist angle. Besides, with the
as-grown WS2 monolayer, hBN encapsulated WS2 and (PEA)2 PbI4 heterostructures were
also prepared mechanically. And the optical studies identified the directional hole transfer
from WS2 to PEPI.
When thinned the multilayer into monolayers, the band structure of WS2 will transform
from an indirect into a direct bandgap, making it suitable for applications in photonics and
optoelectronics. However, the atomic thickness suffers from a low absorption coefficiency,
resulting in a low quantum yield and thus limiting its further applications. To solve this
problem, plasmonic structures, which can enhance absorption and emission, are integrated
with WS2 . Chapter 3 reports the PL of a nanodisk array and hBN encapsulated CVD WS2
monolayer hybrid system. To maximize the PL, the pitch size of the array was tuned, matching the wavelengths of plasmonic modes with the wavelengths of WS2 emission and laser
excitation. Furthermore, the influence of bottom hBN thickness on PL is also investigated.
We found that the PL enhancement from optimized plasmonic array structures is the dominating factor that shows stronger enhancement than that contributed by bottom hBN. At
80 K and 293 K, ∼ 13.1 and ∼ 15.6-fold enhancement from plasmonic coupling (P = 320
nm), ∼ 8.5 and ∼ 4.4-fold PL enhancement from an optimized thickness of bottom hBN
(thickness = 45 nm) were observed, respectively. With strong light-matter interaction and
structural stability at low temperature, this system opens up a reliable platform for developing plasmon-enhanced optoelectronic devices and, more broadly, paves a way to explore
exotic exciton-polariton effects based on 2D materials and plasmonics.
We proceed further by integrating TMD with MIM because of the richness of plasmonic
modes in MIM. On the other side, the plasmonic modes in the MIM system is complicated.
So we determined to study the MIM plasmonic structure first. Chapter 4 is devoted to investigating the plasmonic modes of randomized and periodic MIM systems. First, the physical
nature of different plasmonic resonances has been identified. And from the comparison between randomized and periodic nanodisk arrays, a hybrid plasmonic mode was identified in
the periodic case. The hybridization originates from the coupling of the SPP and the dark
LSP. The hybrid LSP-SPP mode has been investigated by calculating the electric and magnetic field distributions, total electrical field intensities, and Q-factors. The Q-factor of the
BIC-like mode can be over 50 at a small incident angle. Finally, we found that the intensity enhancement of fundamental 𝜆/2 resonances in the periodic array increased three times
compared to the randomized case. These detailed studies are essential for the design and
optimization of applications relying on high local fields confinements and large Q-factors
in plasmonic systems, such as light-matter interaction, lasing, perfect absorbing, and other
optoelectronic devices
In chapter 4, the plasmonic modes in MIM plasmonic structure have been studied systematically. And the WS2 monolayer was then integrated into the MIM structure based on
the results. Chapter 5 introduces a plasmonic enhancement system combining the SPP and
LSP to enhance the Raman scattering and PL in an Ag-array/hBN-WS2 /film system. The
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Raman scattering and PL of WS2 can be simultaneously enhanced for more than one order
in magnitude. The concurrence comes from the fact that the dispersive SPP mode and the
LSP modes can be conveniently designed to couple with WS2 spectrally. Comparing the
pristine WS2 monolayers, the Raman scattering for E12𝑔 mode and A1𝑔 mode has increased
11.7 and 8.5 times because of the enhancement by coupling to the SPP modes, whose spectral range covers the wavelengths of both excitation and Raman scattering. Meanwhile, the
PL intensities for X and X− have also increased 12.8 times and 10.7 times because of the
enhancement from SPP modes, whose spectral range covers the wavelength of excitation,
and the hybrid SPP-LSP mode, whose spectral range covers the emission wavelengths of
both X and X− . The simultaneous substantial enhancements of Raman scattering and PL
benefit from the dispersive nature of SPP and hybrid plasmonic modes. Our Ag array/hBNWS2 /film system shows potential applications for multi-functional devices in plasmonics,
photonics, and optoelectronics. This chapter demonstrates the advantages of utilizing the
SPP and LSP modes to enhance Raman scattering and PL simultaneously.
This thesis has studied the optical properties of stacks and plasmonic hybrid structures of
TMD devices. Our results enrich the content of 2D TMDs in photonics and optoelectronics.
However, challenges still remain in commercializing 2D TMD photonic and optoelectronic
devices.
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