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Abstract 

The large binding energies of excitons (up to 500 meV) in two-dimensional (2D) 

transition metal dichalcogenides (TMDCs) enable thermally robust excitonic responses 

even at room temperature, which is highly desired for many optoelectronic applications. 

In particular, the hexagonal lattice of 2D TMDCs exhibits strong spin-orbital coupling 

(SOC) and inversion symmetry breaking, which gives rise to pronounced valley 

coherence for important valleytronic applications. 

 

The strong SOC and inversion symmetry breaking in TMDCs also results in energy 

splitting of their conduction bands (CBs), leading to the existence of optically bright 

(XO) and dark intra-valley excitons (XD). The bright excitons originate from the 

combination of electrons and holes with antiparallel spins, and can be coupled directly 

with in-plane polarized photons. On the other hand, the dark excitons originate from 

the combination of electrons and holes with parallel spins, and have a near-zero in-

plane dipole moment and thus a considerably longer lifetime than bright excitons, 

resulting in an optically inactive property under conventional normal-incidence 

illumination. Despite these fascinating optical properties, the low quantum yield (QY) 

of photoluminescence (PL) in TMDCs has significantly limited their optical and 

optoelectronic applications. Many studies have discovered that defect-mediated non-

radiative recombination restricts the QY of pristine exfoliated TMDC monolayers (ML) 

to ~1 %. 
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In this thesis, by coupling various plasmonic nanostructures with 2D TMDCs, I 

discovered and discriminated different physical mechanisms responsible for the 

nanoscale light-matter interaction between 2D excitons and plasmonic nanocavities, 

and achieved significantly enhanced PL from both bright and dark excitons. Firstly, I 

studied the strong coupling phenomena between single gold core-silver shell 

nanocuboids (Au@Ag NC) and the bright excitons of WS2 and MoS2 monolayers under 

thermal tuning. By fitting the temperature-dependent dark-field scattering spectra of the 

Au@Ag-WS2 and Au@Ag-MoS2 systems with a classical coupled oscillator model 

(COM), I observed that the thermal evolution of their coupling strengths were opposite. 

Such a counter-intuitive observation revealed an indirect coupling channel between the 

plasmon mode of the Au@Ag NC and the bright and dark excitons of WS2 and MoS2, 

which is often ignored in previous studies on TMDC-based plasmon-exciton coupling 

interactions.  

 

Secondly, I employed a gold (Au) nanoparticle-on-mirror (NPoM) nanocavity to 

enhance the PL emission of bright excitons and explored the enhancement mechanism. 

In this study, a CVD-grown MoS2 ML was transferred to an alumina (Al2O3)-coated 

gold mirror through a standard wet transfer method, and the sample was then covered 

with another Al2O3 layer before drop-casting of Au nanospheres to form Al2O3–MoS2–

Al2O3-sandwiched Au NPoM nanocavities. The thicknesses of both Al2O3 spacers were 

precisely controlled by the number of cycles of atomic layer deposition (ALD) to 
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optimize the plasmon-enhanced PL from MoS2, showing a 7-fold PL intensity 

enhancement at 5 nm thick Al2O3. Finite-difference time-domain (FDTD) simulations 

were conducted to quantify the contribution of plasmonic near-field enhancement, 

antenna efficiency and Purcell effect on the enhanced bright exciton emission. 

 

Lastly, I used a single plasmonic NPoM nanocavity to induce significant radiation from 

the spin-forbidden dark excitons of WSe2 at room temperature, and unravelled an 

interesting mechanism based on polarization-dependent plasmon-exciton coupling. In 

this study, the NPoM nanocavity was utilized to sandwich a mechanically exfoliated 

pristine WSe2 ML that supported a higher-lying bright exciton state and a lower-lying 

dark exciton state. To ensure the formation of a compact NPoM nanocavity, a template-

stripped gold film was used to as a flat metal mirror supporting good adhesion with a 

WSe2 ML, which strongly quenched the bright exciton emission but, in the meanwhile, 

largely enhanced the dark exciton emission when coupled to an Au nanosphere on top. 

The sample was then exposed to directional argon ion bombardment in an inductively 

charged plasma (ICP-RIE) etching machine. Since the metal nanoparticle functioned as 

a shadow mask to shelter the underlying WSe2 ML during the etching process, only the 

WSe2 outside the nanoparticle region was removed. PL spectroscopic measurements of 

the etched system showed that the PL intensity from the dark excitons was comparable 

with the bright excitons when resonantly interacting with the gap plasmon cavity mode. 

I used a double-Lorentz fitting on the PL spectra, suggesting a 60 meV energy 

difference between these two excitonic states. The numerical aperture (NA) dependent 



 

IV 
 

PL and enhanced radiation decay rate unambiguously verified the out-of-plane dipole 

nature of the dark exciton states. 

 

The results presented in this thesis provide an effective paradigm for manipulating the 

electromagnetic coupling between surface plasmons and 2D excitons through ultra-

compact plasmonic nanocavities at room temperature. This study paves way for further 

understanding the excitonic dynamics of 2D TMDCs and employing them in quantum 

information and nanoscale optoelectronic devices. 
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Chapter 1 Introduction and Literature 

Review 

1.1 Coupling Regime Between Quantum Emitter and Cavity 

The coupling between quantum emitters (QE) and photons depends on not only 

the intrinsic properties of QE but also the surrounding photonic environment that 

modifies the local density of state (LDOS) of the optical field experienced by the 

QE1,2. Fermi’s golden rule in quantum optics denotes that the density of coupled 

photon state justifies the probability of absorbing\emitting photons during the 

atomic-vacuum coupling1. Consequently, resonant cavities that exhibit intense 

LDOS at resonant frequency manifest a wide range of optical phenomena and 

applications. 

 

In the weak coupling regime, where the energy exchanging rate is slower than the 

dissipation of the modes, the spontaneous radiative decay rate of QE is altered by 

the photonic structure (Figure 1.1 (a) and (b))3. Through proper engineering of the 

photonics systems, both acceleration of emission and suppression of radiation in 

the on-resonant cavity and off-resonant cavity photonics systems can be realized, 

respectively3. The acceleration of QE radiation in optical cavity was firstly 

recognized by Purcell in 1940s1,4,5. He revealed that a resonant optical cavity with 

the same resonance as QE’s emission supports intense LDOS at the cavity resonant 



 
 

2 
 

frequency which promotes the radiative relaxation of QE. This famous Purcell 

enhancement equation F = 3/(4π2)λ3Q/V quantitively reflects that high quality 

factor (Q-factor) and small mode volume are two crucial elements to facilitate the 

interaction between the optical cavity and QE for accelerating the radiative decay 

of QE. Interestingly, even though Purcell description fails on a strong coupling 

regime, the Q-factor and mode volume relation on strong coupling are still valid 

even in this condition6. 

 

In the strong coupling condition, where the energy exchange rate is considerably 

higher than the dissipation of the modes, two distinct hybridized modes that 

possess coherent and reversible oscillations between light and matter states are 

formed (Figure 1.1 (c) and (d)). The spectral distinction of hybridized states is 

termed vacuum Rabi splitting. Those nonclassical modes, which exhibit partial 

light modes (low nonlinearity and high transportability) and partial matter states 

(high nonlinearity and low transportability) features, realize the novel and 

anomalous phenomena such as Bose-Einstein condensates7,8, nonlinear optical 

switching9, and polariton lasers10–12. These quantum properties open new ways of 

photonics applications such as single photon switches and quantum computing, etc. 

In recent years, manipulating the photonic environment of quantum emitters in the 

strong coupling regime to control the potential landscape has been recognized in 

realizing many intriguing light-driven nanochemistry phenomena13. 
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Figure 1.1 (a) Schematic representation of a dielectric optical cavity coupled with QE in weak 

coupling condition, the energy has been dissipated into surrounding bath before finishing the 

oscillation between two modes; (b) Population of the QE state under the spontaneous emission 

condition; (c) Schematic diagram of an optical cavity coupled with QE in strong coupling condition, 

EM oscillation between the QE and cavity occurs before energy dissipation; (d) Population of the 

QE state under the Rabi oscillation3. 

 

To facilitate the coupling between photons and matter in visible and near infrared 

range, a high Q-factor dielectric cavity was firstly utilized to optimize the photon-

matter interaction time between before the optical field dissipation. Several 

previous studies, including distributed Bragg reflector (DBR) microcavity7,8 or 

defects in photonics crystal14, have already demonstrated the realization of strong 

coupling with QE such as quantum dots (QD). With the constraint of dielectric 

cavities, the modal volume of the light field has been restricted to the size of the 

diffraction limit. The demanding low loss cavity and emitters usually request 

cryogenic condition to suppress the intrinsic loss of both modes. Those issues 

constrain the size of cavities, operation temperature, and bandwidth of cavities, 

which restrict the potential functionality such as nanochemistry manipulation13, 
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etc.  

 

Plasmonic cavities, which shrunk light deeply beyond the diffraction light, have 

become one of the research focuses on light-matter interaction in recent years. 

Even the wider bandwidth of plasmon modes exhibits larger energy loss in both 

radiation and ohmic loss. The radiative dominated losses (~50%) in plasmonic 

cavity15 provide better extraction of the photon from the nanocavities which is 

highly desirable for nano-optics application. The broader linewidth of plasmon 

mode also furnishes certain flexibility of variation in QE’s resonance frequency. 

Meanwhile, the ultra-small mode volume of plasmonic cavities indicates less 

demand on low loss cavities and QE, which is highly desirable for realizing strong 

coupling even at room temperature conditions for unusual applications such as 

nanochemistry manipulation13. 

1.2 Surface Plasmon Polariton 

Surface plasmon polariton (SPP), a coupled mode of optical field and collective 

oscillation of free electrons, is confined at the interface between metal and 

dielectric material. Benefited from the bosonic surface wave nature of SPP, the 

local field is strongly confined at the interface beyond the diffraction limit and 

decays exponentially along the surface normal. This property attains intense near-

field enhancement which magnifies diverse optical phenomena, including surface-

enhanced photoluminescence or surface-enhanced Raman scattering (SERS). 



 
 

5 
 

 

Through solving the Maxwell equation with boundary condition across the 

interface between semi-infinite dielectric metal and dielectric material, the famous 

classical dissipation relation of SPP mode is obtained as following: 

𝑘SPP =
𝜔

𝑐
√

12

1 + 2
 

(Eq. 1.1) 

Where k, ω, c, ε1 and ε2 denote the momentum of SPP, frequency of SPP, speed of 

light, the permittivity of metal, and permittivity of dielectric, respectively. We 

consider the dielectric medium as air and the metal’s properties as described by 

Drude model: 

𝜀 = 1 −
𝜔𝑝

2

𝜔2
 

(Eq. 1.2) 

We can derive an analytical solution of dispersion relation for SPP as shown: 

𝜔2 = 𝑐2𝑘2 +
𝜔𝑝

2

2
+ √𝑐4𝑘4 +

𝜔𝑝
4

4
 

(Eq. 1.3) 

From the above equation, the dispersion relation of SPP demonstrates dramatic 

distinction with the dispersion relation of propagation photon in free space, as 

shown in Figure 1.2 (a). Under certain conditions with the conservation of 

momentum, a resonant absorption of light is realized (Figure 1.2 (b) and (c)). At 

small momentum regime, the dispersion relation of SPP is in proximity with the 

light cone such that the LDOS is limited at those frequencies. At the large 
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momentum regime, the dispersion curve of SPP rapidly bends toward the value of 

ωP/√2 which implies significant LDOS for various optical phenomena. 

 

Figure 1.2 (a) Dispersion relation of SPP along the planar surface between air and Drude metal; (b) 

Dispersion relation of SPP under the incident angle tuning; (c) The corresponding reflectance at a 

certain frequency as shown in (b)16. 

 

It is worth noting that the dispersion relation of SPP is always beyond the light 

cone in the same dielectric medium. Based on Noether’s theory, the violation of 

momentum conservation between light in dielectric and SPP at the same plane 

indicates that direct coupling between incident electromagnetic wave in dielectric 

and SPP is unrealizable along a translational symmetric surface. Consequently, 

several schemes, including near-field coupling, prism coupling, and grating 

coupling have been proposed to achieve momentum matching.  

1.3 SPP Coupling Scheme 

Prism coupling, which employs the evanescent wave from the total internal 

reflection inside the prism, accomplishes the momentum matching condition 

between the light propagation and SPP16. In the Otto scheme17, as shown in Figure 
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1.3 (a), a single prism is placed slightly above a metal substrate with an air gap. 

When the light is incident on the prism/air interface, total internal reflection occurs. 

The evanescent component of the total internal reflected wave is capable of 

decaying through the air gap and excite SPP at air/metal interface. Considering the 

larger momentum of propagating light in a prism, the coupling between those light 

mode and SPP mode is accomplishable at a certain incident angle for momentum 

matching17. In Kretschmann scheme18, as demonstrated in Figure 1.3 (b), thin 

metal mirror is directly deposited on prism surface to form prism/metal interface. 

Likewise, the total internal reflection induces an evanescent wave that 

exponentially decays through the thin metal mirror. SPP at the adjacent metal/air 

interface is then excited by the evanescent wave18. 

 

Grating coupling utilizes the periodicity of grating to alter the corresponding 

dispersion relation of SPP for momentum matching with propagating light wave19. 

Similar to the electronic band structure of the crystal, SPP in grating exhibits 

periodic dispersion relation, as illustrated in Figure 1.3 (c)16. The periodicity of the 

dispersion is defined by the reciprocal of grating geometry as G = 2π/a20. This 

periodic dispersion relation further results in opposite extrema at the adjacent SPP 

bands that open up the bandgap in the dispersion relation. The extrema, which 

shows zero slope at the dispersion relation, implies an intense optical density of 

state. 
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Figure 1.3 (a) Schematic diagram of Otto schemed prism coupling; (b) Schematic diagram of 

Kretschmann schemed prism coupling; (c) Dispersion relation of SPP in grating coupling. The 

dashed line denotes the dispersion relation of light cone16. 

 

1.4 Localized Surface Plasmon Resonance 

Metallic nanostructure in subwavelength scale, which traps light and focuses it in 

a localized region, sustains localized surface plasmon resonance (LSPR)21,22. 

Owing to the breaking of transitional symmetry of nanostructure, LSPR of the 

nanostructure is free to couple with propagating light wave without considering 

the momentum conservation issue. More intriguingly, since the 

scattering/extinction cross section of a plasmonic structure at LSPR is even larger 

than the actual geometric cross section, light-matter interaction is strongly 

facilitated by the highly confined field21,22. The most fundamental resonance of 

LSPR is the electric dipole resonance that mimics half-wavelength resonance in 

the optical cavity. The local field of the plasmonic cavity is confined at the two 

ends to form hot spots which extends only in tens of nm. Through plasmon 

hybridization (which will be discussed in the next session) of these antennas pairs, 

plasmonic hot spots are even able to be shrunk into nm scale. 
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Among different optical resonances in various geometries, only the spherical and 

cylindrical nanostructures have analytical solutions in the corresponding optical 

spectra. Mie resonances of a metallic nanosphere, an elementary series of LSPR, 

provides an intuitive insight in unveiling the nature of LSPR23. Based on the 

multipole expansion on Mie’s theory (as shown in Figure 1.4), the optical features 

of nanosphere/nanocylinder including scattering, extinction and absorption can be 

expressed as a series of superposition of various resonance modes as23: 

𝐶𝑠𝑐𝑎 =
2𝜋

𝑘
∑(2𝑛 + 1)(|𝑎𝑛

2| +

∞

𝑛=1

|𝑏𝑛
2|) 

(Eq. 1.4) 

𝐶𝑒𝑥𝑡 =
2𝜋

𝑘
∑(2𝑛 + 1)(𝑅𝑒(𝑎𝑛) +

∞

𝑛=1

𝑅𝑒(𝑏𝑛)) 

(Eq. 1.5) 

𝐶𝑎𝑏𝑠 = 𝐶𝑒𝑥𝑡 − 𝐶𝑠𝑐𝑎 

(Eq. 1.6) 

The scattering, extinction and absorption coefficients are termed Csca, Cext and Cabs, 

respectively. The coefficients an and bn, which are obtained from resolving the 

boundary conditions of the spherical or cylindrical nanostructures, indicate the 

fraction of Nth optical resonance in the corresponding responses at a certain 

wavelength.  
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Figure 1.4 (a) Extinction spectrum of gold nanospheres with diameter evolution from 0 to 400 nm 

compared with the prediction of Mie’s theory; (b-h) Near field distribution of gold nanospheres 

with different sizes and resonances23. 

 

Over the past decades, the Mie scattering theory has been generalized to core-shell 

nanospheres24 or multiple-layered nanocylinders25，which preserve the same 

symmetry properties as nanospheres and cylindrical structures. It is also extended 

to lattice systems (e.g. periodic nanospheres or cylinders systems) to unveil the 

potential in studying lattice systems. Even the classical electromagnetic responses 

of different nanostructures are fully described by Maxwell equations. Finding all 

the analytical solutions for LSPR in all optical systems is unrealizable and 

inefficient in actual applications. Numerical methods, including finite element 
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method (FEM) and finite-difference time-domain method (FDTD), have been 

developed to discretize Maxwell’s equations for solving an approximate solution 

in integral form or time domain for studying the optical phenomenon of different 

nanostructures. 

 

To capture the insight of LSPR, quasi-static approximations have been employed 

to study the optical resonance phenomenon in noble metal nanospheres. Following 

the long wavelength and small particle assumption (a/λ << 1), the nanosphere 

structure experiences an optical field that can be approximated as a uniform static 

electric field. In this quasi-static picture, the corresponding polarizability of the 

excited nanosphere can be analytically resolved as21: 

𝛼 = 4𝜋𝑎3
𝜀1 − 𝜀2

𝜀1 + 2𝜀2
 

(Eq. 1.7) 

Through resolving the polarizability, the scattering cross section and absorption 

cross section can be directly expressed as: 

𝐶𝑠𝑐𝑎 =
𝑘4

6𝜋
|𝛼|2 =

8

3
𝜋𝑘4𝑎6 |

𝜀1 − 𝜀2

𝜀1 + 2𝜀2
|

2

 

(Eq. 1.8) 

𝐶𝑎𝑏𝑠 = 𝑘 𝐼𝑚(𝛼) = 4𝜋𝑘𝑎3𝐼𝑚 (
𝜀1 − 𝜀2

𝜀1 + 2𝜀2
) 

(Eq. 1.9) 

From the above equations, it can be observed the clear resonance features when 

the dielectric constants of metal and dielectric obey the famous ε1 = −2ε2 relation. 

This emphasizes the importance of LSPR in strong interaction with light. 
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1.5 Plasmon Hybridization 

To further tailor plasmonic properties for different functionalities, engineering the 

plasmonic nanostructures through plasmon coupling has been proposed. Owning 

to the strong Coulomb interaction between nearby plasmonic structures, the modes 

of individual nanostructure are significantly perturbed by the coupling process 

while the structures are in proximity. In 2004, Peter Nordlander analogized the EM 

coupling between plasmon modes in each nanostructure as the quantum interaction 

of electron cloud in nearby atoms in his plasmonic hybridization model.26 

Considering the dimer nanoparticles system (which mimics a two-atom system) in 

the hybridization model, the same dipole modes in individual nanoparticles 

hybridize into bonding and anti-bonding modes, which are the in-phase and anti-

phase coupling of the original eigenmodes (Figure 1.5) 27. This manifests 

superradiant and nonradiant characteristics in the above hybridized plasmonic 

modes respectively. The superradiant mode is also termed the bright mode which 

exhibits significant net dipole moment for radiative coupling with plane wave in 

free space. Besides the optically active nature of the bright mode, the plasmonic 

hot spot in between the gap of dimer structures is one of the most facilitating 

properties in dimer structure. Upon the resonant excitation of superradiant mode, 

an external field larger than geometric cross section is shrunk into an ultrasmall 

mode volume, which serves as a compact nanocavity for promoting light-matter 

interaction.  

The nonradiant mode is frequently named as a dark mode that carries zero net 
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dipole moment. Due to the nearly zero-dipole moment, the dark plasmon mode is 

inactive towards plane wave excitation. However, some special approaches, such 

as electron beam focusing, evanescent wave and vector beam, can also realize the 

excitation of such a dark mode28. The plasmonic hybridization model is also 

generalized to multiple nanostructures coupling or even lattice-plasmon systems 

for revealing an intuitive physical picture of modes interaction29. 

 

Figure 1.5 Hybridization model of dimers through the longitudinal and transverse coupling. 

 

To capture the insight of the plasmon hybridization model, the EM coupling 

phenomenon between the dimer nanospheres under the concept of model is 

revealed. In the plasmon hybridization model, the conduction electrons are 

considered as incompressible charged liquid, which are bounded by a uniform 

geometrically defined positive charge ion core background as described in the 

Jellium model30. This plasmon hybridization model is linked to only instantaneous 

electrodynamics response, which is valid on the deep sub-wavelength scale system. 

Under the hydrodynamics model, the resonance of intrinsic plasmon modes in 

metallic nanosphere is expressed as: 
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𝜔 = 𝜔𝑝√
𝑙

2𝑙 + 1
 

(Eq. 1.10) 

where ωp and l correspond to bulk plasmon frequency and angular momentum of 

spherical harmonic such as dipolar (l = 1) and quadrupole (l = 2), etc. In general, 

those eigen plasmon modes can hybridize with each other to form different mixing 

modes. The energy detuning between eigen plasmon modes suppresses the 

hybridization phenomenon between hetero plasmon modes. By considering only 

the plasmon hybridization in eigen dipole modes (l = 1) in dimer, the dipole modes 

are either polarized along the dimer axis or perpendicular to it. For the case of 

dimer axis parallel to the polarized dipole modes, the strong EM coupling induces 

large energy splitting in the bonding mode and anti-bonding mode. For dimer axis 

perpendicular to the polarized dipole modes, the relatively weak EM coupling 

prompts small energy splitting in the bonding mode and anti-bonding mode. 

1.6 Functionality of Metal Nanoparticle on Mirror (NPoM) System 

As mentioned previously, with the dual (or multiple) nanostructures neighboring 

each other, a localized plasmonic hot spot is formed inside the gap regime. This 

plasmonic hot spot yields significant localized field enhancement or LDOS which 

amplifies various optical phenomena like surface enhanced Raman scattering 

(SERS)31–33, surface enhanced photoluminescence (PL)34 and even strong plasmon 

exciton polariton coupling (plexciton)6,35. With the limitation of current electron 

beam lithography technologies, the edge-to-edge spacing between dimers can only 
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be narrowed down to sub-10 nm regimes which restricts the confinement of 

plasmonic hot spot (Figure 1.6 (a) and (b))36. As a result, metal nanoparticle on 

mirror (NPoM) has been proposed to replace lithographic dimer structure own to 

the capability of realizing sub-nm scale gap as shown in Figure 1.6 (c) and (d)37. 

In this section, the properties of NPoM are further discussed to reveal the origin of 

gap plasmon in NPoM. 

 

Figure 1.6 (a) Schematic diagram of lithography dimer structures; (b) SEM images of the 

lithography dimer structures36; (c) Schematic diagram of NPoM structure with WSe2 spacer; SEM 

images of the NPoM structure37. 

 

When a metallic nanoparticle stands on top of the metallic mirror and exhibits 

plasmon oscillation, image charge oscillation is sequentially induced at the 

metallic mirror and couples back with the original plasmon mode in metallic 
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nanoparticle38,39. Under far-field excitation, transverse mode and vertical gap 

mode are typically featured40–42. Distinguished from the transverse mode which 

manifests transverse antibonding mode, the gap plasmon mode displays plasmonic 

hot spot43. The potential of utilizing the ultrasmall nanocavity in the gap mode of 

NPoM is the key feature of NPoM structure. A precise deposing optical active 

material such as QE, photochromic molecule44 (Figure 1.7 (a)), thermoresponsive 

polymer45 (Figure 1.7 (b)) and even two dimensional (2D) material35 (Figure 1.7 

(c)) has been envisioned at the heart of fundamental cavity quantum 

electrodynamics (CQED), optical switching, nano actuator and surface plasmon 

amplified stimulated emission of radiation (spaser) applications. In this 

perspective, in comparison with other chemically synthesized dimer structures, 

NPoM presents self-assemble properties and high conformity of plasmonic hot 

spots, which are desirable for scalable fabrication and usage. Own to the new 

scheme of developing the template stripping metal film, a large scale ultrasmooth 

metallic film tat has been implemented, openimg up the new opportunity for 

extreme nanophotonics such as sub-nanometer plasmonic rules46,47, plasmonic 

nonlocal effect48 and even plasmonic quantum tunneling effect49. 
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Figure 1.7 (a) NPoM dye molecule Cy5 assembled by DNA Origami44; (b) NPoM coated with 

poly(N-isopropylacrylamide) (PNIPAM) for actuator function45; (c) NPoM with TMDC35; (d-f) PL 

and Scattering spectrum for above structures. 

 

1.7 Transition Metal Dichalcogenide (TMDC) 

The group VI semiconducting class of few layers transition metal dichalcogenides 

(TMDC) have launched intense interests due to their promising properties for 

photonics and optoelectronic applications. With the enhanced quantum 

confinement and small dielectric screening effect in two-dimensional material 

(Figure 1.8 (a) and (b)), the strong Coulomb interaction in TMDC thus presents 

profound excitonic responses (Figure. 1.8 (c))50,51. Especially when TMDC is 

thinned down to ML, its direct bandgap nature facilitates excitonic emission at Κ 

(Κ-) point of Brillouin zone which carries valley polarization for providing a new 

degree of freedom for electronics and photonics application52. The two-

dimensional (2D) hexagonal lattice of TMDC consists of internal layer transitional 
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metal atoms (e.g., Mo, W) sandwiched with two layers of chalcogen atoms (e.g., 

S, Se). The breaking of inversion symmetry in the 2D hexagonal crystal lattice 

with strong spin-orbital interaction induces two degenerated energy states at 

valleys Κ (Κ-), which serves as valley pseudospins53–55.  

 

Figure 1.8 (a) schematic diagram od exciton in bulk TMDC; (b) schematic diagram od exciton in 

1L TMDC; (c) the binding energy comparison between exciton in 3D and 2D system50. 

 

1.8 Coulomb-Bound Electron-Hole Pairs 

Owing to the many-body effects such as Coulomb interaction between multiple 

electrons in matter, the transition of an electron from the valence band (VB) to the 

conduction band (CB) experiences the interaction from the remaining electrons in 

the conduction band56. This complex understanding of the many-body system can 

be simplified as a CB electron coupling with the VB hole through Coulomb 

interaction. The influence of interaction between electron and hole is categorized 

into direct and exchange interaction ,which contribute to both long-range and 

short-range coupling. In the semiclassical approach, the long-range coupling is 
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considered as the classical attractive Coulomb interaction between the negatively 

charged electrons and positively charged holes. Accordingly, the negative potential 

energy in Coulomb interaction induces electron-hole pair bound states which are 

frequently termed as neutral excitons (XO). In common with the hydrogen model, 

excitons in TMDC consist of series of principal orbitals such as 1s, 2s, 3s, etc50, 

depending on the spacing between the electron and hole. However, distinct from 

the traditional 2D hydrogen model, the energies of principal orbitals series in 

TMDC deviate from the tendency of any 2D hydrogen-like system as shown 

Figure 1.9 (a-c)50. This discrepancy originates from the considerable variation of 

experienced effective dielectric function for different orbitals of exciton as shown 

in Figure 1.9 (d). The non-uniform dielectric environment induces a variation of 

the experienced effective dielectric function. While the distance between electron 

and hole is small (at low principal orbitals), a larger fraction of electric field leaks 

out of the TMDC layer. It illustrates a more significant reduction of dielectric 

screening. While the spacing becomes larger, the majority of electric field 

maintains inside the TMDC layers and experiences less “antiscreening” effect. The 

experimental results at large principal orbitals thus match with the initial prediction 

of 2D hydrogen model. 
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Figure 1.9 (a) the nonhydrogenic Rydberg series of neutron exciton in WS2; (b) energy of Rydberg 

series in both experimental and theoretical studies, comparison with traditional 2D hydrogen model; 

(c) comparison of exciton energy in traditional 2D hydrogen model and screen 2D system; (d) the 

schematic diagram of effective dielectric media experienced by the nonhydrogenic Rydberg series 

of different orbitals of XO
50. 

 

Apart from the principal quantum number in the excitonic Rydberg series, the 

azimuth quantum number also plays a crucial role in the excitonic responses of 

TMDC. Two-photon photoluminescence (TPL) spectroscopy experimentally 

probed the existence of 2p, 3p states of neutron exciton (XO) which have angular 

momentum dependent energy and are optically forbidden under single-photon 

process due to parity restriction (Figure 1.10 (a) and (b))57–59. Resulting from the 

intense density of state at those orbitals and breaking of centrosymmetry, the TPL 

has a giant emission feature under two photons resonant excitation at p states. This 

feature unveiled that the importance of different optical selection rules in various 

optical transition processes. 
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Figure 1.10 (a) the schematic diagram of the energy level of probing dark states under Two-photon 

photoluminescence (TPL) spectroscopy; (b) the two-photon photoluminescence (TPL) along 

different excitation frequency under equal power pumping57. 

 

Despite the similarity in the direct Coulomb interaction of exciton and a hydrogen 

atom, the exchange Coulomb interaction has no direct semiclassical analogue in 

understanding the underlying physics. This property originates from the fermionic 

nature of electrons and holes in exciton which should obey the Pauli exclusion 

principle to form antisymmetric wavefunction of excited carriers with respect to 

the remaining carriers. To mimic the direct Coulomb interaction, exchange 

Coulomb interaction can also be expressed in both short- and long-range 

interaction. The short-range exchange Coulomb interaction which, has a high 

dependence on the spin and valley states on electron/holes, introduces fine energy 

splitting in the bright and dark exciton states (will be discussed in the next section). 

Meanwhile, the long-range exchange interaction in TMDC, which behaves like a 

backaction of induced EM field with corresponding exciton, enables the 

interchanging of excitons at opposite valleys to justify the relaxation path of 

excitons. 
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1.9 Dielectric Function of TMDC 

The dielectric function, which is a mesoscopic cognition of electromagnetic 

properties in materials, connects the experimentally observed phenomenon to the 

theoretical understanding of band structure in materials. The understanding of the 

dielectric function of TMDC launches the opportunity in numerous functionalities 

such as photonics, optoelectronics application, etc. To access the in-plane 

dielectric function of TMDC, a microscope study on the reflection or transmission 

spectra is one of the most convenient methods to explore the corresponding 

mesoscopic properties60–62. After measuring the reflection (transmission) of white 

light from TMDC and substrate, Kramers-Kronig constrained analysis is 

subsequently applied on the measured spectra to obtain the dielectric function of 

TMDC. 

 

Figure 1.11 The reflectance of WS2, MoS2, WSe2, MoSe2 on SiO2 substrate and the corresponding 

dielectric function ε1 + iε2
60. 
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As shown in Figure 1.11, every reflection spectrums of the group V TMDC 

including WS2, MoS2, WSe2 and MoSe2 demonstrate two resonant peaks which 

are considered as the A and B excitons at the K(-K) valley60. Those two 

experimental observed resonant absorptions show a nice agreement with the 

density functional theory (DFT) calculated spin-orbital coupling splitting in 

valence band at Κ(-Κ) valley. For the other profound resonant features in group V 

TMDC, the origin is still highly debatable. Daichi Kozawa et al. proposed the “C 

exciton” in MoS2 originated from the parallel band edges of CB and VB across Г 

and Κ points in the bandstructure63. This band nesting phenomenon potentially 

induces considerable joint density of states (JDOS) which intensify the absorption 

of light at a certain wavelength. Meanwhile, the large background dielectric 

constant in both 1L and bulk group V TMDC is one of the most underrated optical 

features in TMDC. To contemplate the high anisotropy of the dielectric function 

of the TMDC, with the proper design of the geometry, a multiple layers TMDC 

Mie resonator with anapole mode resonance64,65 or multiple layers TMDC 

dielectric grating66 are able to be realized. These resonances of nanostructure are 

capable of coupling with the corresponding intrinsic exciton to form anapole 

exciton polariton or plasmon-exciton polariton, which support novel functionality 

for nanophotonics applications. 
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1.10 Dark and Bright Excitons 

In TMDC ML, the exciton-photon coupling phenomenon is dominanted by the 

bright exciton at the K(-K) valleys, which couples with σ+(σ-) polarized photon 

due to the C3h group symmetry in the crystal lattice. Under the scattering-induced 

spin-flipping and changing of momentum by scatters including multiexcitons, 

electrons, phonons or defects, dark excitons are potentially induced under the near-

resonance excitation at near incidence. Especially when the TMDC is non-

resonantly excited, the relaxation process induces multiple channels to various 

excitonic states, including dark exciton states.  

 

The derivation of spin configuration between bright and dark exciton governs the 

properties in corresponding emission. The bright exciton emerges from the optical 

transition at K(-K) valleys which corresponding CB and VB have the same spin 

polarization. Deviated from bright exciton, the dark exciton arises from K(-K) 

valleys that corresponding CB and VB have antiparallel spin polarization67–70. The 

symmetry analysis by G. Wang et al. on ML TMDC revealed that bright excitons, 

including A and B bright exciton, have dipole moments in the in-plane direction 

(xy plane) as shown in Figure 1.12 (a, c), while dark exciton has dipoles in the out-

of-plane direction (z plane) as shown in Figure 1.12 (b, d)71. It signifies that the 

spin-forbidden dark exciton still has a nonzero transition dipole moment, which 

originates from the spin-orbital mixing phenomenon in the valence band. The near 

tangential collection of PL from WX2 thus has the finest collection efficiency of 
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those dark exciton emissions. Coupling the out-of-plane dipole of dark excitons 

with a strong out-of-plane field in SPP is an alternative to observe dark exciton 

emission (Figure 1.12 (e))72. Through encapsulating the WSe2 with h-BN layers 

on a silver mirror, dark exciton interacts with the near field of SPP mode for out-

coupling to surface normal (Figure 1.12 (f)). 

 

Figure 1.12 (a,b) Schematic diagram of normal collection of bright exciton emission and tangential 

collection of dark exciton emission; (c,d) Corresponding spectrum of (a,b) configuration71; (e) 

Schematic diagram of SPP coupled dark exciton emission; (f) Corresponding spectrum of SPP 

coupled dark exciton emission72. 

 

Hybridizing the characteristics of bright exciton and dark exciton through an 

intense in-plane magnetic field is a novel approach in direct probing the existence 

of dark exciton. In TMDC ML, the spin-orbital interaction (SOI) induced splitting 

is at the order of hundreds of meV for holes in VB and tens of meV for electrons 

in CB69,70,73,74. This phenomenon induces an effective magnetic field (Beff) for 

electrons and holes generally proportional to corresponding SOI. Based on order 
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of magnitude difference in Beff, the tiling of spin by an external magnetic field (Bext) 

is pronounced in CB but inconspicuous in VB (Figure 1.13 (a-c)). Under the non-

parallel spin states in CB and VB for dark excitonic transition, the breaking of 

orthogonality suggests the allowance of mixing bright exciton’s property with dark 

exciton’s which intensifies the dark exciton oscillator strength and inclines the 

emission into normal direction. 

 

Figure 1.13 (a) Schematic diagram of admixing the properties of bright and dark exciton through 

in-plane magnetic field tiling of spin states in CB; (b) Experimental observation of PL under 

varying magnetic field69.  
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Chapter 2 Nanostructure Preparation and 

Metal Mirror Fabrication 

In this thesis, I introduce gold core-sliver shell nanocuboid (Au@Ag NC in Figure 

2.1 (b)) and gold particle on metal mirror (NPoM in Figure 2.1 (a)) as the two 

major plasmonic nanocavities to study the potential in coupling phenomenon with 

TMDC including MoS2, WS2 and WSe2. The first section of this Chapter is about 

the sample preparation on nanostructure, including TMDC synthesis, exfoliation, 

and metal mirror deposition. The second part introduces the characterization of 

nanostructure, including morphology under various conditions. The last part of this 

Chapter discusses the working principle and details of different optical 

spectroscopy setups in the experiments.  

 

Figure 2.1 (a) Schematic diagram of reactive ion etching (RIE) of WSe2-NPoM structure; (b) 

WSe2/MoS2-Au@Ag NC structure with encapsulation from Al2O3 layers to form a high chemical 

resistivity and refractory nanostructure. 

2.1 Deposition of Metal Mirror 

To fabricate the NPoM nanostructure, the gold mirror was firstly deposited through 

the electron beam vapor deposition. As shown in Figure 2.2, electron beam 
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deposition employs a magnetic field to guide the electron beam generated from the 

electron gun to hit the source material. Under the high vacuum in the chamber, the 

source material is heated up and directly evaporates into vapour. The stream of 

material vaporizes and deposits on the substrates and form a thin film. The 

thickness and surface roughness of thin films are two elemental parameters to 

assess the quality of the metal mirror. The vacuum condition in the chamber 

significantly lengthens the mean free path of the residual gas which has less 

collision with the stream of rare material. Under this suspended scattering between 

stream of rare material and residual gas, the smoothness of the metal mirror 

subsequently improves. Optimizing the deposition rate is another approach in 

forming a smooth metal mirror with minimized surface roughness. Even the 

vacuum level is high inside the chamber, an unavoidable chemical reaction 

between a stream of rare material and residual gas still exists. A faster deposition 

rate suppresses the duration of possible chemical reaction and improve the film 

uniformity. However, an overly rapid deposition rate induces bombardment of the 

previously formed crystal grains and restricts the growth of grain size. The smaller 

grain size thus induces larger roughness on the film surface. A certain deposition 

rate is necessary for obtaining the optimized smoothness of thin films. 

 

To advance the surface smoothness of metal mirror for approaching SPP limits and 

realizing extreme optics studies, a template stripping technique was investigated 

to form ultra-smooth metal mirror which can be further patterned into other 
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nanostructures75–77. This scheme utilizes the poor adhesion between noble metal 

and traditional substrates such as glass and silicon wafer to facilitate the exfoliation 

of metal mirror from the smooth template substrates. Once the noble metal mirror 

is deposited on the template, adhesion glue is successively coated on the exposed 

metal surface and is stuck with an actual substrate. Benefited from the mature 

semiconductor fabrication technology, a template such as a silicon wafer might 

have a root mean square (RMS) roughness of ~ 0.2 nm. The template stripping 

noble metal mirror thus has a roughness of ~ 0.3 nm (Figure 2.3 (b)). 

 

Figure 2.2 Schematic diagram of electron beam evaporation of gold mirror. 

 

In the actual experiment, the electron beam deposition of the gold mirror was 

conducted in a commercial system (Denton Vacuum). A silicon wafer was loaded 

on the sample holder with a rotation rate of 5 rpm to get a uniform deposition. A 

24 K gold target was mounted on the target holder. The chamber was pumped down 

to 8 x 10-8 Torr through 15 minutes pumping by mechanical pump and 2 hours 

pumping by turbomolecular pump. The electron beam was focused on the target 

crucible under an operation current at 53 mA. This corresponds to a deposition rate 
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of ~ 1.5 Ås-1. After ~ 23 minutes of deposition, a 200 nm-thick gold mirror was 

formed. A UV-sensitive photopolymer (Norland Optical Adhesive 61, Norland 

Products) was dropped on the exposed gold surface and glued with another silica 

substrates (Figure 2.3 (a)). The photopolymer was sequentially cured by 30 

minutes exposure of UV light. The metal mirror was lastly peeled off from the 

silicon template with the help of a razor blade.  

 

Figure 2.3 (a) Schematic diagram of template stripping method of the gold mirror from silicon 

substrate; (b) Our template stripped 200 nm gold mirror with root mean square roughness of ~ 0.32 

nm. 

2.2 Micromechanical Exfoliation of TMDC on Gold Mirror 

Surface 

Similar to graphite structure, TMDC crystals consist of multilayers of TMDC ML 

which are attracted together through weak van der Waals force. Due to the orders 

of magnitude difference in strength between covalent bond in intralayer attraction 

and van der Waals force of interlayer attraction, ML TMDC can be exfoliated from 

the bulk crystal without damaging the intralayer structure. The idea of mechanical 
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exfoliation of TMDC are classified as using normal force or lateral force in 

exfoliation processes78. In this thesis, I only consider the traditional normal force 

method, which is also the method initially demonstrated by the Nobel laureates 

Andre Geim and Konstantin Novoselov. In their classical experiment, Scotch tape 

was applied to stick on the high ordered pyrolytic graphite (HOPG) and repeatedly 

thinned down the HOPG crystals through utilizing the normal force to cleavage 

the HOPG. By repeating the process several times, ML TMDC potentially existed 

on the Scotch tape. After the direct adhesion of Scotch tape on the substrate, ML 

TMDC was left on the substrate. 

 

Even though the traditional Scotch tape method is intuitive and simple, this 

micromechanical cleavage method leaves numerous residues on the substrate or 

even TMDC flakes by cause of the strong adhesion from the soft polymer in Scotch 

tape, as shown in Figure 2.4 (a). Those residues might influence the optical 

measurements and pollute the samples which obstruct the formation of ideal WSe2-

NPoM nanostructures. To fabricate clear WSe2-NPoM nanostructures, I utilized a 

Gelfilm (GelPak) as a stamp for transferring the WSe2 flakes from Scotch tape to 

gold mirror substrate. After several times of folding and exfoliation on Scotch tape, 

instead of direct adhesion the tape on the substrate, we adhered Gelfilm on those 

few-layered TMDC on Scotch tape. Quick removal of Gelfilm in the normal 

direction sequentially permitted the exfoliation of large area TMDC flake from the 

tape. The Gelfilm was then adhered to a gold mirror, followed by a gentle removal 
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of Gelfilm for better TMDC gold mirror adhesion. Since Gelfilm is a viscoelastic 

material that has a rigid polymer structure, significantly fewer residues would be 

adhered on WSe2 flake or substrates (Figure 2.4 (b)).  

 

Figure 2.4 (a) WSe2 on Au mirror structure prepared by traditional Scotch tape mechanical 

exfoliation method; (b) WSe2 on Au mirror structure prepared by modified Scotch tape mechanical 

exfoliation method with Gelfilm in the transfer process. 

2.3 Preparation of Single Nanostructure 

The gold core-sliver shell nanocuboid (Au@Ag NC) and gold nanosphere (AUNS) 

were synthesised by NanoSeed Ltd. (Hong Kong) through the wet chemical 

method. The AUNS sample has an average size of 120±10 nm diameter. The 

Au@Ag NC sample has a gold core nanorod with 32±3 nm diameter and 83±7 nm 

length, while the corresponding silver shell is 7 nm thick in the side region and 5 

nm thick in the end region. The surface of both nanostructures is surrounded by a 

single layer of cetyltrimethylammonium bromide molecules (CTAB) which is 

positive charged to avoids aggregation of nanostructure through repulsion. To 

remove the excess CTAB, the solution of Au@Ag NC and AUNS was centrifuged 

at the speed of 5000 rps for 20 minutes and 15 minutes, respectively. After 

removing the previous solution, a double amount of deionized (DI) water was 
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added back to the solution for dilution. The Au@Ag NC was dropped on 

WS2/Al2O3 and MoS2/Al2O3 samples. The AUNS was dropped on WSe2-Au mirror 

structure. After around 30 seconds of immersing in AUNS solution, the samples 

were tilted to remove the residual solution and absorbent paper was used to absorb 

the remaining droplets on the samples. 

2.4 Atomic Layer Deposition 

Atomic layer deposition (ALD) is a layer-by-layer chemical vapor reaction process 

to fabricate thin films in nanoscale. In the deposition process, two gas phase 

precursors are necessary to perform layer by layer deposition. To prevent chemical 

reaction of precursors before adhesion on substrate, the inflow of precursors is 

restricted as sequential, non-overlapping pulses with noble gas as nitrogen purging 

to remove unreacted gas phase precursors inside the chamber as shown in Figure 

2.5. Controlling the numbers of cycles in ALD induces a precise deposition of 

amorphous phase nano thin films. 

 

In my experiment, I utilized ALD to deposit alumina (Al2O3) layers to encapsulate 

the Au@Ag NC. The main function of alumina layers was to prevent chemical 

reaction between Au@Ag NC and sulfur atoms in WS2 or ambient environment. 

It also suppressed the potential of Au@Ag NC deformation under rising 

temperature. The spacer layer wais limited to ~ 0.8 nm for compensating coupling 

between Au@Ag NC and WS2 and potential sulfurization. The upper layer was set 
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as ~ 2 nm which has proven refractory properties even at several hundred 

centigrade79.  

 

The deposition of alumina layers was done in a commercial ALD system 

(Savannah G2, Ultratech). The entire ALD process was held at 80oC to ensure no 

deformation or sulfurization in WS2 and Au@Ag NC. For the inflow of alternating 

gas, pulse duration of both gases was limited to 0.015 s for every 10 s of reaction 

time. During the switching between those gas phase precursors, 5 sccm nitrogen 

was flushed into the chamber to remove the remaining precursors. It took 7 cycles 

(27 cycles) to deposit 0.5 nm (2 nm) thick alumina layers.  

 

Figure 2.5 The mechanism of atomic layer deposition through n-th cycles of chemical deposition. 

2.5 Reactive Ion Etching 

The reactive ion etching (RIE) is a traditional dry etching technology, which drives 

plasma ions to engrave the surface of the sample anisotropically. A regular 13.56 

MHz radio frequency (RF) electric field ionizes the gas source to form the plasma. 

Through biasing the top and bottom electrodes in the chamber, ions are driven 
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toward the sample subsequently. It gives a fine anisotropic etching of 

nanostructures. 

 

We exposed WSe2-NPoM in the directional argon plasma in the multifunction RIE-

ICP platform (TRION, Phantom RIE ICP), as shown in Figure 2.6. To achieve high 

anisotropicity propose, we only applied the RIE function of the platform to obtain 

a high anisotropic etching. The power of the 13.56 MHz RF generator was 

regularized at 10 W to suppress the over-etching of the remaining parts in WSe2. 

The operating pressure of the chamber was maintained at 10 mTorr with a flow of 

2 sccm argon gas to generate low yield of argon ions for precise directional etching. 

Considering the atomic thin WSe2 ML, we held the etching process for a total of 

10 s, which included 5 s warm up process and 5 s steady argon ion bombardment. 

 

Figure 2.6 (a) Schematic diagram of RIE etching of WSe2 outside the AUNS shadow mask; (b) the 

finalized structure of WSe2-NPoM. 

2.6 Dark Field Spectroscopy 

Relied on the nearly free background noise from the dark field (DF) spectroscopy, 

DF scattering of plasmonic structures has become one of the most elementary 
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methods to study the corresponding optical responses. The main discrepancy 

between BF and DF microscopy is the illumination scheme of samples. In DF 

microscope, a near grazing incidence of light illuminates on samples and leaves 

from the collection path of microscope to construct a scattering imaging with 

nearly free background signal. Commercial DF microscopies are catalogized into 

reflected and transmitted modes of illumination. In the reflected mode of DF 

microscopies, a white light beam initially passes through the ordinary path of BF 

with filtering from a ring-like light stop. That light is reflected on the ring-like 

condenser by a beam splitter. Those light beam then loosely focuses on the sample. 

In the transmitted mode of DF microscopies, the light also experiences the ring 

shaped spatial filter. The beam transmits through the glass slide and is then focused 

on the sample by a condenser.  

 

Figure 2.7 (a) Working principle of reflected mode of DF microscopy; (b) Working principle of 

transmitted mode of DF microscopy. 

 

In the actual DF experiments, the DF measurements are conducted in a customized 

microscope system (BX 51, Olympus) coupled with a 100X DF objective (LM-
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Plan, NA 0.8) under a reflected mode configuration. The white light was 

modulated into a cylindrical beam through a spatial filter and focused on the 

sample through the condenser in the outer shell of the DF objective, as shown in 

Figure 2.7 (a). The backscattered radiation from a single nanoparticle was 

collected through the same objective. The collected scattering radiation was then 

split into two paths. One path of light formed the image through the eyepieces and 

the other path of the light beam was focused on the spectrometer (Princeton 

Instruments, SP2300i) equipped with TE-cooled CCD (Pixis, 400 BR-eXcelon). 

The two-dimensional array of CCD was adopted to measure spectra not only from 

a single point but also from a line of spectra. In obtaining these spectra, we 

restricted the images of nanoparticles within the microscale width slit region. It 

isolated the desired nanoparticles region from the background. The spectrometer 

was then changed to spectrum mode by rotating the grating to the appropriate 

orientation for dispersion of light. A line of spectra was then captured by the TE-

cooled CCD. 

2.7 Photoluminescence Spectroscopy 

The photoluminescence (PL) spectroscopy was conducted in a commercial 

confocal Raman mapping system (Witec, UHTS 600 VIS). The 532 nm diode laser 

was guided into the microscope system through a photonic crystal fiber. The green 

laser was focused by a 100x/50x fluorescence objective (Epiplan-Neofluar, NA 

0.9/NA 0.55) to form a ~ 1 µm laser spot. The ~ 100 nm scale WSe2-NPoM was 
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carefully adjusted to overlap with the laser spot. The photoluminescence from the 

WSe2-NPoM was collected by the same objectives and coupled to spectrometer 

through photonic crystal fiber. A 150 lines/mm grating was used to disperse the 

signal for width range measurements. 
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Chapter 3 Revealing the Role of Dark 

Exciton in Unusual Temperature 

Tendency of Electromagnetic Interaction 

between Plasmonic Cavity and Exciton in 

TMDC 

The electromagnetic interaction between modes in photonics cavities and quantum 

states in materials has prompted various fundamental studies especially in 

quantum optics. While the energy exchange interaction rate between excitons and 

plasmonic nanocavities overcomes the damping rate in the corresponding 

eigenstates, a strong coupling phenomenon is formed and produces a hybrid state 

called “plexciton”, which acquires mixed properties of both light as well as 

matter1,16,80. The plexciton serves as a fundamental constituent for quantum 

electrodynamics studies such as quantum entanglement80–82, polariton laser10–12 

and Bose-Einstein condensation7,8,83. The promising potential of nanophotonics 

applications, including quantum communication82, single-photon switches, 

nonlinear optics84 and threshold-less lasing etc., raises strong motivation in related 

research studies. To realize strongly coupled plasmon and exciton states, 

facilitating coupling strength and suspending dissipation are two elemental 

requirements5. The ratio of Q-factor to mode volume (Q/V) defines a cavity’s 

ability to boost the interaction with QEs. Plasmonic nanocavities, which confines 

light into subwavelength scale, can amplify the light-matter interaction so as to 
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form plexciton states. 

 

As mentioned in previous chapters, TMDC MLs possess unusual excitonic 

properties in comparison with conventional QEs such as dye molecules6,84, j-

aggregates85–88 and QDs14,89. Benefited from small dielectric screening and large 

quantum confinement, effects from the atomically thin crystal structure, the robust 

exciton dominates the optical response in TMDC51,60,90,91. The combining of the 

breaking inversion symmetry and pronounced spin-orbit coupling (SOC) results in 

energy splitting of valence and conduction bands (VBs and CBs) based on spin 

states52,92. As a direct consequence of spin splitting in CB, the bright (XO) and dark 

(XD) excitons in TMDC MLs consist of antiparallel spin states for exciton-hole 

pairs and parallel spin states for exciton-hole pairs respectively68,69,93. Based on 

the symmetry analysis, the bright exciton is optically sensitive to out-of-plane 

propagating light when the dark exciton is weakly sensitive to in-plane propagating 

light71,72,94. Consequently, dark exciton’s contribution to nanophotonics systems is 

frequently omitted. 

 

In this Chapter, I examine the role of dark exciton in plexciton systems through a 

comparative DF study of the thermal tuning response on two distinct polariton 

systems including MoS2-Au@Ag NC and WS2-Au@Ag NC. In comparison with 

smooth gold nanorod (AUNR) core, the open Au@Ag NC plasmonic nanocavity 

contains sharp corners which confine the optical field into a smaller mode to better 
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interact with bright excitons of MoS2/WS2 ML, as schemed in Figure 3.5 (a). The 

first two sections (3.1 and 3.2) of this Chapter focus on the discussion about 

temperature dependent intrinsic optical properties of TMDC and Au@Ag NC, 

respectively. After understanding those characteristics of individual systems, 

section 3.3 extends the discussion into the hybrid systems including WS2-Au@Ag 

NC and MoS2-Au@Ag NC for comparison. The analysis of numerical studies on 

those hybrid systems are presented in section 3.4 to exploit the underlying physics 

of the similarity and difference in those plexciton systems. The conclusion will be 

lastly drawn by introducing an intuitive two-level model to explain the distinctions 

between WS2-Au@Ag NC and MoS2-Au@Ag NC. 

3.1 Reflectance of Pristine TMDC ML Under Various Temperature 

To start the study, I tested the thermal sensitive excitonic properties of pristine 

MoS2 and WS2 ML through differential reflectance(ΔR/R0). Figure 3.1 (a) and (b) 

present the series of the thermal tendency of the measured ΔR/R0 (where R0 and 

ΔR represent the reflection of light from the sapphire substrate and the difference 

of reflection from substrate and TMDC ML) of MoS2 and WS2 ML between 1.7 to 

2.3 eV92. The ΔR/R0 of MoS2 (WS2) ML illustrates two (one) resonances in the 

experimental spectrum, which corresponds to resonant light absorption by bright 

A- and B-excitons in MoS2 (A-exciton in WS2). These excitonic resonances are 

highly asymmetric in the measured spectra due to the occurrence of intense JDOS 

along the band structure. Considering the 3 orders of magnitudes difference 
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between atomically thin ML and optical wavelength, it is highly desirable to apply 

thin-film approximation to directly link ΔR/R0 of TMDC ML with the imaginary 

part of the dielectric function as following (see Appendix for derivation): 

∆𝑅

𝑅𝑂
= −

𝜋𝐸

310
𝑎𝑛𝑚

𝑏

𝑟𝑂
[∑ 𝑓𝑛

𝐸𝑛
2Г𝑛𝐸

(𝐸𝑛
2 − 𝐸2) + 𝐸2Г𝑛

2

𝑁

𝑛=1

] 

(3.1) 

where E indicates corresponding energy in eV, anm indicates TMDC ML’s 

thickness in nanometer, b and r0 are relative permittivities of air and sapphire (see 

the appendix), and the bracket term consists of N Lorentz resonances to describe 

the multiple excitonic resonances.  

 

Figure 3.1 ΔR/R0 from pristine (a) MoS2 ML and (b) WS2 at a varying temperature condition. 

 

The two (one) resonances in ΔR/R0 for the MoS2 (WS2) ML are relevant to 
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resonant absorption of light by intense oscillator strength of bright A- and B-

excitons in MoS2 (A- exciton only in the case of WS2). Considering the large JDOS 

in the band structure at a higher energy level, these resonances of ΔR/R0 appear to 

be highly asymmetric. To accurately describe features in TMDC ML, those spectra 

in MoS2 (WS2) spectra in Figure 3.1 (a) ((b)) are fitted by eq 1 which includes 

three Lorentz resonance (two Lorentz resonances in the case of WS2) for exploring 

excitonic features such as exciton resonance EA/B, excitonic damping ΓA/B, and 

excitonic oscillator strength fA/B for corresponding states under thermal tuning. 

The extracted parameters of EA/B and ΓA/B are shown in Figure 3.2. The confidence 

interval of each fitting parameter was introduced in each figure as fitting errors to 

visualize most possible distribution of each parameter in Figure 3.2. In general, the 

uncertainty of extracted parameters in MoS2 was more significant than the WS2’s, 

since MoS2 has more excitonic resonances in the observed range. I applied similar 

sensitivity analysis on the remaining results in this Chapter. 

 

The thermal tendency of fitting extracted excitonic energies for both TMDC ML 

obey the mathematical description of the thermal tendency of conventional 

semiconductor under O’Donnell model95: 

𝐸𝐴/𝐵(𝑇) = 𝐸𝐴/𝐵(0) − 𝑠〈ℏ𝜔〉 {𝑐𝑜𝑡ℎ [
〈ℏ𝜔〉

2𝑘𝐵𝑇
] − 1} 

(3.2) 

where EA/B (0), s, ⟨ℏω⟩ and kB represent the resonance of exciton at 0 K, the 

coupling coefficient of exciton−phonon interaction, means phonon energy, and 
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Boltzmann constant, respectively. Meanwhile, the extracted linewidths follow a 

single-phonon anti-Stokes scattering96,97: 

𝛤𝐴/𝐵(𝑇) = 𝛤𝐴/𝐵(0) + 𝛼𝑇 

(3.3) 

where ΓA/B(0) and α corresponds to the intrinsic dissipation of TMDC ML at 0 K 

and exciton−phonon coupling strength, respectively. As observed in Figure 3.2 (c) 

and (d), the extracted temperature dependent linewidths for both MoS2 and WS2 

nicely comply with the single-phonon anti-Stokes scattering model. The nice 

agreement between experimental results and phenomenological model (Eq. 3.2 

and Eq. 3.3) shown in Figure 3.2 reveals that the fitting parameters extracted 

excitonic features are trustworthy and matches with the physical understanding. It 

undoubtedly affirms the accuracy of the Lorentz model in studying the thermal 

tendency of excitonic features. From results shown about pristine TMDC ML, it 

reveals the potential of utilizing the redshift exciton resonance under the elevated 

condition to tune the coupling with a plasmonic cavity for strong plexciton effect 

among different systems.  
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Figure 3.2 (a, b) Thermal tendency of A-exciton energy and (c, d) damping rate for (a, c) MoS2 ML 

and (b, d) WS2 ML, obtained from their differential reflectance spectra in Figure 3.1 using Eq. 3.1 

(see symbols). Inserts in (a, b) show corresponding results for the B-exciton of MoS2. Solid lines 

in (a, b) are fits with the O’Donnell model (i.e. Eq. 3.2) and that in (c, d) with Eq. 3.3. 

3.2 Scattering of Au@Ag NC under Various Temperature 

Distinct from excitonic energy, the plasmon energy of Au@Ag NC is inactive to 

thermal alteration. However, plasmon damping is considerably strengthened due 

to enhanced electron−phonon interaction (Figure 3.3)98. Transmission electron 

microscopy (TEM) was conducted to trace potential nanomorphological changes 

of Au@Ag NCs under elevated temperatures. To observe the real time changes of 

nanostructures, an electrical controlled in situ heating TEM grid was applied to 

increase the temperature of sample inside the chamber under direct TEM imaging. 

In each step of changing the temperatures, the sample was firstly increased to the 

desired temperature and kept for 10 minutes to ensure sample in steady condition. 



 
 

46 
 

At a certain temperature, a video was recorded to ensure any potential variations 

of nanostructures. Video recording of TEM images along various Au@Ag NCs 

disclosed on obvious nanoscale deformation or atomic redistribution process in the 

examined temperature range (Figure 3.4). This TEM imaging demonstrated 

consistency with the reversible measured thermal tuning scattering spectra. This 

evidenced that the measured broadening in plasmon linewidth emerged from the 

increased electron−phonon interaction. 

 

Figure 3.3 (a) Thermal tendency of scattering spectrum for a plasmonic Au@Ag NC on Al2O3; (b, 

c) Extracted plasmon energy (b) and resonance linewidth (c) from 3.3 (a). 
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Figure 3.4 TEM images of Au@Ag NCs at (a) 45 oC, (b) 80 oC, (c) 120 oC, and (d) 160 oC. The 

sample was held at each temperature for 10 min to ensure the sample stability. 

3.3 Spectral Decomposition of Plexciton States in WS2-Au@Ag NC 

and MoS2-Au@Ag NC Systems under Various Temperature 

Through dispersing Au@Ag nanocavities on MoS2/WS2 ML distanced by a ~ 0.5 

nm Al2O3 layer as illustrated in Figure 3.5 (a) and (c), plasmon-exciton coupling 

ensues and forms two mixed states with energies at ω+ and ω-, as revealed by those 

three resonances for MoS2-Au@Ag NC in Figure 3.5 (d) and two resonances for 

WS2-Au@Ag NC in Figure 3.5 (e). The series of scattering spectra under thermal 

tuning apparently reveal that the plasmon−exciton coupling is remarkably tailored 

by temperature. Based on the characteristics from pristine MoS2/WS2 ML and pure 

Au@Ag NC plasmonic nanocavity, thermal tailoring of MoS2/WS2-Au@Ag NC 
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polariton is dominated by the thermal sensitive excitons in TMDC ML. Under 

cavity-coupled excitons surpassing the quantum limit of cavity-coupled excitons 

systems, the polariton mechanism was equivalently precise in the description of 

the fundamental Jaynes−Cummings model (JCM) and phenomenological coupled-

oscillator model (COM)16,35,88,99–104. Under the assumption in the model and the 

additional condition of suspending coupling between excitons in room temperature 

environment62, the plasmon-exciton coupled system is simply treated as an 

external-field-driven oscillator (plasmon) coupled with internal oscillators 

(excitons) under a coupling strength κ. The Hamiltonian for single plasmon mode 

coupled with one exciton mode is written as: 

(
𝐸𝑝𝑙 − 𝑖𝛤𝑝𝑙 𝜅𝐴

𝜅𝐴 𝐸𝐴 − 𝑖𝛤𝐴
) (

𝛼
𝛽) = 𝐸 (

𝛼
𝛽) 

(3.4) 

And for the case of two excitons modes, the Hamiltonian transforms to: 

(

𝐸𝑝𝑙 − 𝑖𝛤𝑝𝑙 𝜅𝐴 𝜅𝐵

𝜅𝐴 𝐸𝐴 − 𝑖𝛤𝐴 0
𝜅𝐵 0 𝐸𝐵 − 𝑖𝛤𝐵

) (

𝛼
𝛽
𝜒

) = 𝐸 (

𝛼
𝛽
𝜒

) 

(3.5) 

where Epl, EA, and EB present the resonance energy of plasmonic mode, bright A- 

and B-excitons mode of TMDCs ML, respectively, and Γpl, ΓA, and ΓB are their 

relevant dissipation. The coupling strengths between plasmon mode and A/B-

excitons modes are termed as κA and κB, respectively. In the above equation, α, β, 

and χ represents the eigenvectors of hybridized polaritons to illustrate the ratio of 

eigenmodes in those hybridized states. We applied the first Hamiltonian to describe 

WS2-Au@Ag NC polariton and the second Hamiltonian to describe MoS2-
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Au@Ag NC polariton. The scattering spectra on WS2 polariton system were fitted 

with the following equation: 

𝜎𝑠𝑎𝑐 = 𝐴𝐸4 |
𝐸2 − 𝐸0

2 + 𝑖𝛤0𝐸

(𝐸2 − 𝐸0
2 + 𝑖𝛤0𝐸)(𝐸2 − 𝐸𝑝𝑙

2 + 𝑖𝛤𝑝𝑙𝐸) − 4𝜅2𝐸2
| 

(3.6) 

 MoS2 system with following relation: 

𝜎𝑠𝑎𝑐

= 𝐴 |
(𝐸𝐴 − 𝐸 −

𝑖𝛤𝐴

2 )(𝐸𝐵 − 𝐸 −
𝑖𝛤𝐵

2 )

−𝜅𝐴(−𝜅𝐴𝐸𝐵 + 𝜅𝐴𝐸 +
𝑖𝜅𝐴𝛤𝐵

2 ) + (𝐸𝐴 − 𝐸 −
𝑖𝛤𝐴

2 )(𝜅𝐵
2 − (𝐸𝐵 − 𝐸 −

𝑖𝛤𝐵

2 )(𝐸𝑝𝑙 − 𝐸 −
𝑖𝛤𝑝𝑙

2 ))

| 

(3.7) 

By fitting the spectra with the above equations, the resonance energy, linewidth, 

and coupling strength are obtained simultaneously. 
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 Figure 3.5 (a) Design of TMDC-Au@Ag NC with clothing of alumina layers; (b) TEM of single 

Au@Ag NC; (c) DF of Au@Ag NC on/off the WS2 ML; Thermal tendency of scattering in (d) 

MoS2-Au@Ag NC and (e) WS2-Au@Ag NC. 

 

During the COM fitting process from the above equations, the energies Epl, EA, 

and EB have certain flexibility to alter slightly with respect to experimental results 

of eigen systems (Figure 3.4 (b) for Epl, Figure 3.2 (a) and (b) for EA and EB), with 

the following adjustment. The actual values of each parameter in COM are listed 

in Tables A1 and A2 of Appendix. Figure 3.6 (a) and (b) illustrate the thermal 

tuning energy of A-exciton in MoS2 and WS2 ML, respectively, obtained through 

applying COM fitting on experimental results in Figure 3.5. By comparing the A(B) 

exciton energies of MoS2 from both COM (Figure 3.6(a)) and ΔR/R0 (Figure 3.2 

(a)), A 30 meV (35 meV) energy deviation was clearly shown. For WS2 systems, 

the energy deviation became 20 meV (see Figure 3.6 (b) and Figure 3.2 (b)). The 

energy deviation was attributed to the fluctuation of excitonic energy from local 

doping by CVD-prepared TMDC or local strain applied from above Au@Ag NC.  

 

Figure 3.6 Thermal tendency of A-exciton energy for (a) MoS2 and (b) WS2 MLs, obtained from 

COM fitting on measurement in Figure 3.5. The insert (a) represents the fitted energy of B-exciton 

in MoS2 ML. The lines denote relevant energy level under O’Donnell model. 
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To visualize the potential local variation of excitonic energy, a PL wavelength 

mapping was made for a WS2 ML. Despite the high uniformity of optical image in 

CVD grown WS2 (Figure 3.7 (a)), the PL mapping presented in Figure 3.7 (b) 

unveils considerable deviation in the PL energy along the ML flake. This may 

originate from local strain and doping effects of the non-ideal deposition process. 

Moreover, multiple DF scattering of several Au@Ag NCs deposited on several 

WS2 ML flakes were measured (Figure 3.7 (c)). The Fano window of scattering 

spectra, which is linked with the resonance energy of A exciton, ranges from 1.99 

to 2.03 eV at ambient conditions. Those experiments confirmed that variation of 

exciton energy along TMDC flake dominated the energy mismatch of exciton 

between ΔR/R0 and DF scattering. Lastly, it should be emphasized that the large 

background dielectric constant (~15-20) of underneath TMDC ML could shift the 

plasmon resonance of Au@Ag NC, specifically when the excitonic responses of 

TMDC ML has considerable spatial fluctuation. The Au@Ag NC plasmonic 

nanocavity applied in the study has an ultrasmall mode that interacts with the 

underneath TMDC ML within a few tens of nm2, illustrating susceptible plasmonic 

responses on the fluctuation of local excitons. In the fitting values from COM, the 

thermal tuning of plasmon damping Γpl across the measured temperature regime 

approximates a linear relation as shown in Figure 3.3 (c), while the excitonic 

dissipation ΓA and ΓB follows the linear single-phonon anti-Stokes scattering in 

Figure 3.2 (c) for MoS2 and 3.2 (d) for WS2. To obtain a good fitting with scattering 
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measurement in Figure 3.5 (d) and (e), it is necessary to reduce excitonic damping 

observed from the ΔR/R0 to indicate the exciton damping in COM (35 and 10 

meV shrinking of A-exciton dissipation for MoS2 and WS2, respectively). This 

shrinking of excitonic damping could be emerged from reduced inhomogeneous 

broadening and metal-induced dielectric screening in TMDC MLs by the Au@Ag 

NC. 

 

Figure 3.7 (a) BF image of a WS2 ML flake under a 100× objective (NA 0.9); (b) PL mapping of 

the same flake under 532 nm CW laser excitation; (c) Energy of A-exciton in WS2 ML obtained 

from COM fitting of scattering spectrums in different WS2-Au@Ag NCs. 

 

Through employing those principles in fitting, the coupling strength between 

plasmonic cavity mode and A-exciton mode for both TMDC MLs was explored, 

with results illustrated in Figure 3.8 (a) and (b). Surprisingly, the coupling 

strengths for MoS2-Au@Ag NC and WS2-Au@Ag NC illustrates reversed thermal 

tendency: by rising the temperature of the nanostructures from 25°C to 165°C, the 

MoS2-Au@Ag polariton coupling strength falls from 31.2 meV to 18.1 meV, while 

WS2-Au@Ag NC polariton coupling strength raises from 36.2 meV to 41 meV. In 
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principle, the vacuum Rabi splitting of polariton is defined as ΩRabi = 2κ, which is 

the energy derivation of those two hybridized polariton states at zero detuning. To 

stress the potential thermal tendency of coupling strength κ in our polariton 

systems, ΩRabi was set as 2κ to quantify effective Rabi splitting on different 

temperatures. Nonetheless, such equivalent Rabi splitting is distinct from actual 

Rabi splitting since actual detuning is nonzero in the polariton systems. In the study, 

the thermal-induced evolution of the coupling strength in two polariton systems is 

more crucial than actual Rabi splitting. The relatively small energy derivation 

between the A- and B-excitons in MoS2 ML prompts a dual coupling phenomenon 

with low Q-factor plasmon mode. The coupling strength polariton specifies the 

intuition in studying the originality of the anomalous thermal tendency of different 

systems. The coupling strength illustrated in Figure 3.8 reveals that effective Rabi 

splitting of the polaritonic coupling for MoS2-Au@Ag NC diminishes from 62.4 

meV at room temperature to 36.2 meV at 165°C; surprisingly, that for WS2-

Au@Ag NC ascents from 72.4 meV to 82 meV. To investigate the discrepancy, I 

employed a semiclassical model to theoretically study the thermal tendency of 

coupling strength κ6: 

𝜅 = 𝜇√
4𝜋ℏ𝑁𝑐

𝜆𝜀𝜀𝑜𝑉
 

(3.8) 

where μ, N, V, ε, ε0, ℏ and c correspond to transition dipole moment, the number 

of coupled excitons involved, the mode volume of the plasmonic nanocavity, ε 

indicates the dielectric constant of TMDC ML, the vacuum permittivity, Plank 
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constant and the speed of light. The V of the plasmonic Au@Ag NC open cavity 

and ε of TMDC MLs were assumed to be temperature insensitive61,62,105. Under 

the assumption of the thermal robust transition dipole moment of exciton, the 

polariton coupling strength is dominant by the thermal tendency in linear 

proportionality of a number of coupled bright excitons and excitonic oscillator 

strength, f ∝ N. Combining previous argument and Eq. 3.8, it links proportionality 

between coupling strength and the square root of excitonic oscillator strength, i.e., 

κ ∝ f1/2. To check the mathematical relation, the coupling strength and exciton 

oscillator strength of two extreme temperatures 25 and 165 °C (κ165/κ25 and f165/f25) 

are firstly compared. The κ165/κ25 for MoS2 (WS2) polariton is approximately 0.58 

(1.13), which is near the value 0.75 (1.06) of (f165/f25)
1/2. This estimation probably 

affirms the conformity between coupling strength obtained from COM (Figure 3.8 

(a) for MoS2 and (b) for WS2, respectively) and - oscillator strength obtained from 

ΔR/R0 (Figure 3.8 (c) for MoS2 and (d) for WS2). 
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Figure 3.8 (a, b) Coupling strengths for (a) MoS2-Au@Ag NC and (b) WS2-Au@Ag NC hybrid 

systems obtained from COM. (c, d) oscillator strengths for bright A-exciton in (c) MoS2 and (d) 

WS2 MLs under elevating temperature obtained by Lorentz model fitting. 

3.4 Numerical Study on WS2-Au@Ag NC and MoS2-Au@Ag NC 

Systems 

Despite the nice conformity between coupling strength for polariton system and 

excitonic oscillator strength in TMDC MLs through the semiclassical model, there 

is still argument on the applicability of those initial approximations including 

thermally stable dipole moment and plasmonic mode distribution, and the validity 

of COM fitting under significant changes in a TMDC’s dielectric properties at 

elevated temperatures. A numerical study is needed to validate the linkage between 

excitonic oscillator strength and polaritonic coupling strength under thermal 

tuning. For this reason, I performed numerical studies on the polariton states in the 
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WS2/MoS2-Au@Ag NC nanostructures through calculating the thermal tendency 

of scattering spectrums by finite element method (FEM). In the FEM simulation, 

the TEM imaging determined geometry and size parameters of Au@Ag NC are 

modelled with reasonable adjustment to account for the size inhomogeneity of 

actual nanostructures in order to match with measured scattering spectra. Without 

loss of generality, I only considered the variation of excitonic responses in TMDC 

MLs under elevated temperature and omitted the thermal enhanced plasmon 

dissipation in Au@Ag NCs. This simplified model is reasonable since the thermal 

enhanced plasmon dissipation occurs in both WS2- and MoS2 polariton systems, 

which would not emerge the reversal trends of coupling strength with temperature. 

Additionally, fixing the plasmonic response of Au@Ag NC prevents introducing 

additional uncertainty in the fitting process of COM, thereby giving an intuitive 

understanding of the thermal active excitonic response of the TMDCs in polariton 

systems. The dielectric function of WS2 (MoS2) ML was regarded as highly 

anisotropic dielectric material with a constant out-of-plane dielectric constant εout 

and an in-plane dielectric function εin(E, T) with large background dielectric 

constant and thermal active single (double) Lorentz resonances term106: 

𝜖𝑖𝑛(𝐸, 𝑇) = 𝜖∞ +
𝑓𝐴(𝑇)𝐸𝐴

2(𝑇)

𝐸𝐴
2(𝑇) − 𝐸2 − 𝑖𝛤𝐴(𝑇)𝐸

 

(3.9) 

𝜖𝑖𝑛(𝐸, 𝑇) = 𝜖∞ +
𝑓𝐴(𝑇)𝐸𝐴

2(𝑇)

𝐸𝐴
2(𝑇) − 𝐸2 − 𝑖𝛤𝐴(𝑇)𝐸

+
𝑓𝐵(𝑇)𝐸𝐵

2(𝑇)

𝐸𝐵
2(𝑇) − 𝐸2 − 𝑖𝛤𝐵(𝑇)𝐸

 

(3.10) 
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With applying the previous mentioned uniaxial dielectric function of WS2 ML, I 

firstly made a virtual control simulation on scattering properties from WS2-

Au@Ag NC polariton through tuning the excitonic oscillator strength (fA) with 

fixing all the other excitonic properties (EA = 2.024 eV and ΓA = 0.055 eV were 

chosen to represent equivalent properties of WS2 ML at 25 °C). By applying COM 

to fit the simulated scattering spectrums, I acquired the correlation between 

polariton coupling strength and exciton oscillator strength, which generally 

confirmed the k ∝ f1/2 relation as illustrated in Figure 3.10. Then, I further took 

into consideration of the thermal tendency of exciton energy and dissipation in the 

uniaxial dielectric function in TMDCs ML as illustrated by Eq. 3.9 and 3.10. Here, 

EA/B(T) follows O’Donnell’s model (Eq. 3.2) in Figure 3.2 (a) and (b) with an 

energy shift ΔEA/B based on the previous argument on the spatiality of exciton 

energy along the sample, and ΓA/B(T) obeys the linearity on temperature under 

single-phonon anti-Stokes scattering. The trend of oscillator strength fA/B for WS2 

(MoS2) is modelled by a linear fit of values obtained from the measured ΔR/R0 

spectra in Figure 3.8 (c) and (d). The actual values for the anisotropic dielectric 

function of WS2 and MoS2 ML used in the numerical study are enumerated in Table 

1. We would like to stress that ΓA/B(0) for WS2 ML is negative as the single-phonon 

anti-Stokes scattering model omits the excitonic damping’s nonlinearity at low 

temperature, which leads to trival influence in ambient conditions. Employing the 

COM extracted values listed in Table 1 guarantees that thermal excitonic 

properties in numerical studies match with the experimental results. 
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Figure 3.9 (a) Simulation of oscillator strength varying WS2-Au@Ag NC with equal oscillator 

strength as WS2-Au@Ag NC from 20 oC to 165 oC. (b) COM-extracted polariton coupling strength 

with respect to the exciton oscillator strength. The solid line denotes the square root fit with 

oscillator strength. 

 

TMDC εout ε∞ EA/B(0) 

[eV] 

sA/B <hω>A/B 

[eV] 

ΓA/B(0) 

[eV] 

αA/B ΔEA/B 

[eV] 

WS2 2.9 17.7 2.024 3.47 0.063 -0.064 4E-4 0.0214 

MoS2 2.8 21 1.89 / 

2.02 

3.15 / 

7.61 

0.06 / 

0.111 

0.091 / 

1.38 

1.38E-4 / 

7.42E-4 

0.03 / 

0.037 

Table 1. Parameters for Modeling the thermal active uniaxial dielectric function of WS2 and MoS2 

ML 

 

The simulated thermal tuning scattering spectra for both WS2 and MoS2 polariton 

systems are shown in Figures 3.10 (a) and 3.11 (a), in accord with the measured 

scattering spectra in Figure 3.5 (e) and (d), respectively. Afterwards, I applied the 
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COM to the simulation results to study the polariton (plasmon coupled A exciton) 

coupling strength with respect to the temperature. In the fitting procedure of COM, 

the plasmon resonance of Au@Ag NC nanocavity mode Epl and dissipation rate 

Γpl were chosen as 2.007 eV for WS2-Au@Ag NC polariton (1.957 eV for Au@Ag 

NC−MoS2 polariton) and 0.235 eV for both systems to best fit the thermal tuning 

scattering spectra, while exciton resonance energy EA/B(T) and dissipation rate 

ΓA/B(T) were modelled by Eq. 3.2 and 3.3, respectively, with relevant values shown 

in Table 1. Apparently, the coupling strength for WS2-based polariton obtained 

from COM fitting (see Figure 3.10 (b)) progressively grows with rising 

temperatures when coupling strength for MoS2-based polariton (Figure 3.11 (b)) 

diminishes. Those simulated results of both WS2- and MoS2- based polariton 

demonstrated nice agreement with the experimental observations in Figure 3.8 (a) 

and (b). Curiously, κ/f1/2 in these two polariton systems are generally unchanged, 

as illustrated in the insets of Figures 3.10 (b) and 3.11 (b), which agrees with the 

indication of Eq. 3.8. This strongly supports our observed anomalous reversal 

thermal tendency on WS2/MoS2 polariton systems. Moreover, the polariton 

coupling strengths obtained from COM fitting on the thermal tuning scattering 

spectra in the Au@Ag NC-WS2 polariton system (Figure 3.10 (a)) and the control 

simulation (Figure 3.11 (a)) only demonstrate a very small deviation, which 

implies minor contribution of change of exciton energy and dissipation rate on the 

COM fitting. This result indirectly supports that k ∝ f1/2
 dominates the thermal 

tendency of both polariton systems such that the variance of exciton energy and 



 
 

60 
 

dissipation alter little on the polariton coupling strength. Meanwhile, since the 

light-matter interaction is amplified by a plasmonic cavity, coupling strength 

performs an apparently larger signal-to-noise ratio (SNR) than oscillator strength. 

As a result, the coupling strength k in a polariton system might potentially serve 

as a probe to explore the spatial alteration of exciton oscillator strength f. 

 

Figure 3.10 (a) Simulated thermal tendency of scattering spectrums for a single WS2-Au@Ag NC 

ML nanosystem; (b) Model obtained coupling strength for the WS2-Au@Ag polariton with respect 

to the temperature (blue dots). The thermal tendency of A-exciton oscillator strength of WS2 (red 

dots) was modelled by a linear fit of the experimental results in Figure 3.8 (d). the ratio of coupling 

strength to the square root of oscillator strength is plotted in the inset; (c) Local-electric field 

distribution in the polariton systems at resonances P1, D1, and P2 as marked in (a), with the upper 

part demonstrating the in-plane view and the bottom part showing the out-plane view of field 

distribution. 
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Figure 3.11 Similar simulation results to Figure 3.10 for a single MoS2-Au@Ag NC. 

 

Beyond previous spectral features, the strong polariton coupling in both hybridized 

nanostructures demonstrates novel features in their near-field distribution at 

hybridized resonances P1, D1, and P2, as illustrated in Figures 3.10 (c) and 3.11 (c). 

At each resonance, the intense in-plane dielectric function of TMDC ML prompts 

the formation of image charges that interacts with the longitudinal dipole plasmon 

mode of Au@Ag NC, confining the corresponding mode volume at four cuboid 

corners in contact with TMDC ML and hence enhances the polariton coupling 

phenomenon. In short, owing to the cavity-enhanced exciton conductance, the 

near-field quenching effect exists in the Fano transparency window to dramatically 

suspend the corresponding local field107. 
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After confirming the justifiability of the measured and simulated scattering 

spectrum, unveiling the origin in the opposite thermal tendency of oscillator 

strengths in MoS2 and WS2 ML became the center of this study. In general, the 

optical transition in a simple two-level system is governed by the densities of states 

in both ground and excited levels108,109. In the case of weak-field approximation, 

the external field modification of carrier density in the ground state is minor such 

that only the variation of carrier density in the excited state is necessary. Under 

this circumstance, the excitonic oscillator strength of this transition is linearly 

proportional to the transition dipole moment μ, exciton energy E0 and exciton 

density N/V, i.e., f ∝ μE0N/V16.  The thermal tendency of exciton oscillator 

strength is thus jointly determined by those factors which might also be altered 

under elevated temperatures. Specifically, increasing the temperature usually 

results in a shrinking of N and E0 due to raising dissociation of excitons and 

exciton−phonon interaction by thermal energy (~ 4% redshift in E0 under the 

O’Donnell model with temperature changing from 25 oC to 165 oC), respectively. 

As a result, a weaker exciton oscillator strength is expected at higher temperatures. 

However, this general physical picture is unable to unveil the reversal thermal 

tendency for the A-exciton oscillator strength in WS2 and MoS2 and the 

corresponding polariton coupling strength, i.e., gradually raised coupling strength 

for the previous polariton system (about 10 % increases for the same temperature 

variation) yet rapidly fallen coupling strength for the latter polariton system (more 

than 30 % decreases). 
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To fully unveil the anomalous thermal tendency of the A-exciton oscillator strength 

in WS2 and MoS2, the dark excitons in both WS2 and MoS2 systems must be 

considered, which have a tens of meV energy derivation with respect to bright 

excitons67,69,72,94. As mentioned in the previous Chapter, these dark excitons are 

forbidden to interact with out-of-plane propagation light and are merely allowed 

to interact with in-plane propagating light71. This feature leads to an imperceptible 

optical transition of dark exciton in comparison with the bright excitons (as 

schemed by the green arrows in Figure 3.12). The dark exciton thereby is forbidden 

to couple with the longitudinal plasmon mode in those polariton systems. However, 

the population of bright excitons is altered by the existence of dark excitons due 

to the potential thermal redistribution of the population between those two states, 

as will be detailly discussed later. It implies that the presence of dark excitons 

potentially tailors the coupling strength of polariton systems in an indirect manner. 

Such influence of dark excitons on polariton systems has been unconsciously 

integrated in conventional COM through modifying the oscillator strength of A 

excitons. Consequently, the scattering spectra of those WS2-/MoS2 polariton 

systems are well described by COM without treating dark excitons as extra 

oscillators. Considering the tens of meV energy derivation (ΔE) between the bright 

and dark excitonic levels and the 26 meV (25°C) to 38 meV (165°C) average 

thermal energy (kBT), the thermal-assisted transitions between those excitonic 

levels is considerable (as shown by the purple arrows in Figure 3.12), which 
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achieve equilibrium after thermalization of excitons. Assuming that the interaction 

between bright and dark excitonic states complies with a quasi-two-level system, 

it obeys a simple two-level Boltzmann distribution as NH = N0 

exp(−ΔE/kBT)/(exp(−ΔE/kBT) + 1) for the upper energy level and NL = 

N0/(exp(−ΔE/kBT) + 1) for the lower energy level. N0, which denotes the 

population of total photoexcited excitons, is linearly proportional to the optical 

excitation. A similar analysis of exciton thermalization on two levels system was 

firstly conducted in a former study based on time-resolved PL in WSe2 ML at 

cryogenic conditions67. The two-level Boltzmann distribution exhibits a decrease 

of density in the lower energy level and a corresponding increase of density in 

higher energy level under elevating temperature conditions. Earlier numerical 

studies discovered that the energy of dark exciton in MoX2 ML (X = S or Se) is 

larger than the bright exciton’s (see left panels of Figure 3.12 (a) and (b)), while 

dark exciton energy of the WX2 ML is smaller than the bright exciton’s (see right 

panels of Figure 3.12 (a) and (b))67,69. Correspondingly, under elevating 

temperatures, the bright excitons in MoS2 has reduced oscillator strength and the 

bright excitons in WS2 acquire oscillator strength. This physical picture 

qualitatively illustrates the reversal tendency results in WS2/MoS2 polariton and 

also introduces a unified image to explain former studies on thermal tuning 

oscillator strengths of MoS2
106, MoSe2

105, WS2
101, and WSe2

61 ML. 
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Figure 3.12 (a, b) Schematic representation of exciton densities of MoX2 and WX2 at low (a) and 

high (b) temperature. Solid black lines denote bright exciton states and gray dotted lines the dark 

exciton states. Solid green arrows represent the exciton radiation which is able to couple with 

plasmons mode. Solid purple arrows represent thermal induced transitions. Under rising 

temperature, the oscillator strength redistributes from low- to high-energy excitonic states, which 

consequently alters the density of bright exciton states coupled to the plasmonic nanocavity. 

 

Through modelling the thermal tendency of coupling strength in the WS2-Au@Ag 

NC polariton system shown in Figure 3.12 (b) with the simply two-level 

Boltzmann distribution, NH = N0 exp(−ΔE/kBT)/(exp(−ΔE/kBT) + 1, the relative 

energy of hidden dark excitonic state in WS2 polariton system is approximately 

estimated. As shown in Figure 3.13, the energy derivation between bright and dark 

exciton states in WS2 ML is 27 meV, which is around half of the former reported 

value (54 meV)71. The inconsistency between COM obtained value and the 

previously reported value might originate from the hidden coupling phenomenon 

between the bright exciton state and other states. Applying the model obtained ΔE 

values, investigating the variation of polariton coupling strength induced purely 

by the thermalization of excitonic population has been achievable. In the 

experimental temperatures (25 to 165oC), my model demonstrates a 12.4 % 
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coupling strength variation under the obtained energy deviation, which is 

considerably less than the 32.7 % variation from the reported energy deviation. It 

should be emphasized that as the energy derivation between two excitonic states 

is acquired through fitting the thermal tendency of coupling strength from COM, 

the dual fitting process may lead to the issues of accumulation of errors. This could 

be another potential reason for the difference of extracted energy deviation from 

the former experimental probed value at cryogenic temperatures71. 

 

Figure 3.13 A two-level Boltzmann model fit of the temperature-dependent coupling strength 

shown in Figure 3.9 (b). The energy deviation between bright exciton and dark excitons, ΔE, is 27 

meV. 

 

Note that in the previous argument, the phenomenological model excludes the 

existence of charged exciton states (such as trion state) in discussing the 

thermalization of exciton to simplify the understanding. Since the trion state is a 

lower energy state than the bright exciton state in both WX2 and MoX2 ML, the 

occurrence of trions would intensify the bright exciton oscillator strength in both 

systems under elevating temperatures. This potential phenomenon contradicts the 
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measured reversal thermal tendency of exciton oscillator strength and polariton 

coupling strength for WS2 and MoS2 systems. To induce the presence of charged 

exciton states at room temperature or elevated temperature, significant doping on 

TMDC MLs through optical pumping, strong chemical doping, or electrical gating 

etc., is indispensable. Since no doping mechanisms were employed in the 

experiment, I excluded the influence of trion state to the model. Nevertheless, more 

detailed studies are required to quantitatively explore thermal tendency of 

oscillator strength TMDC MLs. 

3.5 Conclusion 

To conclude, I explored the thermal tendency of polariton coupling strength in 

MoS2/WS2-Au@Ag NC MLs, respectively. Employing the COM, I revealed 

reversal tendencies of the coupling strength for the two polariton systems, 

consistent with the thermal trend of A-exciton oscillator strength of pristine 

MoS2/WS2 ML. Applying COM parameters determined from experiment, 

numerical studies nicely agreed with the scattering spectrums of those two 

polariton systems and demonstrated a nearly constant κ/f1/2 ratio as described in a 

cavity quantum electrodynamics model. Based on comprehensive studies on 

experiments and numerical studies, I introduced an intuitive two-level Boltzmann 

distribution phenomenological model which consists of energy arrangement of 

bright and dark excitons for performing reversal thermal energy (kBT) activated 

redistribution of the excitons. This subsequently contributes to diminished 
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excitonic oscillator strength in MoS2 ML yet raised excitonic oscillator strength in 

WS2 ML, providing a unified physics picture of recently reported thermal tendency 

oscillator strengths of MoX2 and WX2. The results not only introduce a new vision 

for studying the thermal tendency of cavity−exciton strong coupling but also 

emphasize the importance of dark excitonic states in modulating the 

plasmon−bright-exciton coupling strength. It should be stressed that the reversal 

thermalization of excitonic density is essentially justified by the intrinsic exciton 

energy level of MoX2 and WX2 MLs and does not rely on the plasmonic properties 

of specific metallic nanostructures employed in the polariton system. It is expected 

that the thermal tailoring of plasmon bright-exciton coupling features is capable of 

exploring the fine structures of TMDC MLs. For example, it is potential to probe 

the local dark exciton energy more precisely by applying plasmon nanocavities 

with higher Q-factors and smaller model volumes to realize strong light-matter 

interaction.  
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Chapter 4 Studying Impact of Gap 

Thickness in Metal Nanoparticle on 

Mirror (NPoM) Structure on Bright 

Exciton Emission 

Benefited from the direct bandgap nature of TMDCs ML, TMDCs perform 

facilitating properties in photonics and optoelectronics application, such as single-

photon emitter, photodetectors and flexible optoelectronic diodes. However, the 

intrinsic quantum efficiency of pristine TMDC, such as MoS2 ML, is usually less 

than 1 % owing to its considerable defect density. Therefore, various photonic 

approaches, such as dielectric cavity or plasmonic structure, have been proposed 

to enhance the PL emission of MoS2 ML. 

 

One of the most fundamental plasmonic nanostructures used for the PL 

enhancement of quantum emitter is the metallic nanosphere which behaves like 

optical nanoantennas. Through forming metal nanoparticle on-mirror (NPoM) 

structure, I present an extremely confined optical field inside the gap between the 

nanoparticle and mirror for enhancing light-matter interaction. The NPoM has 

demonstrated various potential applications such as nanoscale chemical reaction 

sensors, single-molecule polariton, and picocavity for surface-enhanced Raman 

scattering (SERS) of molecules, etc. Benefiting from the self-assembling nature of 

nanospheres on metallic mirror, NPoM is one of the simplest dimer structures to 
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form a sub-nanometer gap. However, in contrast to numerous researches on the 

various geometry of nanostructures, studies on the precise tuning of gap thickness 

are relatively limited. Considering the plasmonic hybridization between the dimer-

like structure, the local field and density of state of NPoM have exponential 

relation to the thickness of the gap. As shown in previous studies, when the QE 

approaches the nanostructure, the PL usually experiences strong enhancement due 

to the strong local field enhancement and LDOS. While the QE is too close to the 

metallic surface (below 10 nm), the antenna efficiency diminishes and non-

radiative decay dominates, which is termed photoluminescence quenching. These 

two effects compete in NPoM, highly depending on the thickness of the dielectric 

spacer. It is curious to utilize the potential of NPoM in PL enhancement of various 

excitonic states of TMDC through manipulating the gap thickness.  

 

In this Chapter, I examine the critical role of dielectric spacer thickness in NPoM 

to intensify the PL of MoS2. Different from tungsten-based TMDC (WX2), 

molybdenum based TMDC (MoX2) including MoS2 consists of a bright exciton 

state with smaller energy than the dark exciton state. This property of MoS2 

advances the study of observation in plasmonic enhanced PL from purely bright 

exciton since the higher energy dark exciton is less favorable in radiation. Section 

4.1 will briefly introduce the preparation process of MoS2-NPoM structure. The 

spectroscopy results of both MoS2-NPoM and MoS2-AUNS systems will be 

introduced in section 4.2 to observe the experimental result of PL from those 
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structures with tuning the gap thickness. Section 4.3 will extend the study in 

numerical aspect through finite-difference time-domain method (FDTD) to 

explore potential reasons for optimizing PL at particular gap thickness. The 

conclusion will summarize the correlation between experimental and numerical 

results. 

4.1 Sample Design 

To conduct a statistical study on the MoS2-NPoM system with various spacer 

thicknesses, I adopted the CVD grown MoS2 ML in this experiment for large scale 

fabrication of the structure. I firstly tested the PL spectrum from reference sample 

MoS2-SiO2, as shown in Figure 4.1 (a), through wet-transferring MoS2 MLs onto 

standard silicon wafer with 300 nm thick SiO2. The MoS2-NPoM system is shown 

in Figure 4.1 (d), where a gold mirror with a thickness of 150 nm is deposited 

between the MoS2 ML and SiO2 substrate through electron beam evaporation. The 

dispersed colloidal AUNS on top of MoS2 ML has a diameter of 200 nm.  
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Figure 4.1 (a) Schematic representation of MoS2 ML on a standard silicon substrate with 300 nm; 

(b) PL intensity map and SEM image of MoS2 ML on a standard silicon substrate with 300 nm; (c) 

PL spectra of MoS2 ML in (b) (black dashed circle); (d) Schematic representation of MoS2-NPoM; 

(e) PL intensity map and SEM image of MoS2-NPoM and MoS2-Au mirror; (f) PL spectra of MoS2 

ML on the Au mirror with and without AUNSs (red and blue curves, respectively), corresponding 

to (e) (red arrow and black dashed circle, respectively). 

 

4.2 Photoluminescence Spectroscopy on MoS2-NPoM Structure 

To explore the role of gap thickness in MoS2-NPoM structure, the PL spectroscopy 

of both bare MoS2-NPoM and MoS2-AUNS were firstly examined (Figure 4.1). 

From a comparison of the PL mappings in Figure 4.1 (b) and (e), a near 6-fold PL 

enhancement was clearly observed at MoS2-NPoM which was confirmed by the 

SEM image shown in insets of Figure 4.1 (b) and (e). The corresponding PL 

spectra of those local spots in Figure 4.1 (b) and (e) are shown in Figure 4.1 (c) 

and (f). The spectra (black curve) in Figure 4.1 (c) exhibits two peaks at 680 and 

623 nm, which were termed as A and B exciton emission of MoS2, are consistent 

with the previous studies for pristine MoS2 ML110. The PL spectrum of MoS2-

NPoM exhibits a pronounced enhancement at the A exciton in comparison to 

MoS2-Au mirror’s. In this Chapter of study, I compared only the A exciton 

emission in studying PL enhancement. The counts at the A exciton emission were 

labelled as Ncoupled and Nfilm for the red and blue curves, respectively. To exclude 

the contribution the dark count Ndark of the spectrometer, the experimental 

observed PL enhancement factor is simply defined as (Ncoupled-Ndark)/(Nfilm-Ndark). 
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In our case, A ~ 600 value of dark count was observed through measuring the 

samples without laser excitation. To have a fair comparison, both the spectra of 

MoS2-NPoM and MoS2-Au mirror obtained from the same MoS2 flake (red and 

blue curves) were used. In addition to the pronounced PL enhancement, a blue-

shift of exciton emission was observed in MoS2-NPoM in comparison to MoS2-

Au mirror. This might originate from plasmon induced dark exciton emission from 

the MoS2-NPoM71,72,94,111. 

 

After realizing the PL enhancement effect of bare MoS2-NPoM, I try to 

demonstrate the modification of the PL enhancement factor through introducing 

equal thickness dielectric spacer pairs between MoS2 ML and the gold 

nanostructures. As illustrated in Figure 4.2 (a), two layers of Al2O3 with same 

thickness of t were deposited before and after MoS2 ML was transferred onto the 

Au mirror. These formed spacers between MoS2 and the plasmonic structures (i. 

e., Au mirror and AUNS), modifying the gap of NPoM structure, and hence thus 

modulated the local electric field in exciton excitation of MoS2 and LDOS for 

enhancing exciton radiative decay. In Figure 4.2 (b-d), the measured PL for 

samples with different thickness are presented, where the thicknesses of Al2O3 

spacer are t = 3 nm (Figure 4.2 (b)), t = 5 nm (Figure 4.2 (c)), and t = 7 nm (Figure 

4.2 (d)), respectively. Similar to the previous bare MoS2-NPoM, plasmonic 

enhanced PL was found in those local regions. As the previous spectrum of bare 

MoS2-NPoM in Figure 4.1 (f) (t = 0 nm), the PL spectrums presented enhancement 

when AUNSs were involved. The A exciton emission experienced the best 
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enhancement when t = 5 nm. For t = 3 nm, since the PL from B exciton presented 

comparable PL to A exciton, the A exciton is not distinguishable.  

 

Figure 4.2 (a) Schematic representation of MoS2-NPoM system with Al2O3 spacers. (b–d) PL 

intensity maps of MoS2 ML samples. Insets: SEM image of each sample type. The thickness t of 

spacer is (b) 3 nm, (c) 5 nm and (d) 7 nm; (e–g) PL spectra of MoS2 ML on Au mirror with and 

without AuNSs (red and blue curves), corresponding to the position in (b–d) (red arrow and black 

dashed circle, respectively). 

 

The spacer thickness dependence of PL in MoS2-NPoM is shown in Figure 4.3. 

The corresponding average PL enhancement factors are 4.38 for t = 0 nm, 6.89 for 

t = 3 nm, 7.74 for t = 5 nm and 2.22 for t = 7 nm, respectively. Thus, the 

enhancement factor of the MoS2-NPoM system is maximized when the thickness 

of the Al2O3 spacer is 5 nm. Besides, I also redefine the enhancement factors as 

the average PL enhancement as shown in Figure 4.3. The full spectrum 

enhancement of average PL of the t = 3 nm samples was highest because of the 

broad spectra enhancement. However, in this study, since the focus was on the 
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enhancement phenomenon on only the A exciton emission rather than the full 

spectra enhancement, I would focus the discussion on the A exciton in the 

numerical study. 

 

Figure 4.3 PL enhancement factors for the spectrums at the A exciton with different spacer 

thicknesses. The thickness of Al2O3 spacer was 0, 3, 5, and 7 nm. The red denotes the total intensity 

comparison of PL enhancement while the blue bar denotes the peak intensity comparison of PL 

enhancement. 

 

4.3 Numerical Study on MoS2-NPoM Structure with Tuning Al2O3 

Layer 

Figure 4.4 (a) presents the schematic diagram of numerical study in NPoM system 

with Al2O3 spacer (n = 1.5) thickness varying from 2 to 12 nm. For simplicity, 

MoS2 ML was also treated as a dielectric spacer with a thickness of 1 nm in the 

numerical study112. Thus, the total spacer thickness altered from 3 to 13 nm to 

mimic the gap spacing variation of NPoM in the actual experiment. An in-plane 

dipole consisted of parallel or perpendicular polarization with respect to the 
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displace axis was used to denote the possible in-plane bright exciton emission from 

MoS2 ML. In the actual experiment, the 532 nm laser was focused on the MoS2-

NPoM after passing through a 100X objective lens. However, as the excitonic 

responses in MoS2 ML are highly susceptible to the in-plane polarized electric field, 

I concentrate the numerical study on the in-plane electric field component and also 

approximate the 532 nm Gaussian beam as a simple normal incidence plane wave. 

In the 532 nm excitation, the optical field distribution of MoS2-NPoM is dominated 

by the transverse mode, as shown in Figure 4.4 (b). The optical mode confined in 

the gap is highly similar to electric quadrupole mode, which induces two hot spots 

in MoS2 ML. The two hot spots, which consist of the intense out-of-plane electric 

field, show antiphase oscillation (Figure 4.4 (c)). When the gap widens, the 

localized electric field enhancement is reduced (Figure 4.4 (d)) due to the 

diminished coupling with the image charge in the gold mirror. There is equal 

contribution of PL from both orthogonal in-plane dipoles in the MoS2-NPoM, 

since the degree of valley polarization in TMDC is minimal at room temperature. 

In addition, to approximate the plasmonic enhancement of PL from both A and B 

exciton, I employed Purcell effect F(ω) at 650 nm and antenna efficiency ηa(ω) to 

simulate the general plasmonic enhancement of radiation as following: 

𝑓𝑒𝑚 =
1

(1 − 𝜂0(𝜔))/𝐹(𝜔) + 𝜂0(𝜔)/𝜂𝑎(𝜔)
 

(Eq. 4.1) 

The intrinsic quantum efficiency η0(ω) of MoS2 is treated as 1 %113. As illustrated 
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in Figure 4.4 (e), the enhancement of in-plane dipole is limited when the width of 

gap in NPoM is at 3 nm. The PL enhancement rapidly raises as the spacer broadens 

until PL enhancement saturates at 9 nm. This could stem from the transition of 

NPoM’s local field distribution from the quadrupole mode into the transverse 

dipole mode during the widening of the gap thickness. To review the details of 

optical mode distribution under 532 nm excitation, the in-plane view of electric 

field distribution is revealed in Figure 4.5, which shows the x- (Figure 4.5 (a)) and 

y- (Figure 4.5 (c)) components of the electric field for the 3 nm spacer thickness 

demonstrating more complex field patterns than that for the 13 nm spacer thickness 

(Figure 4.5 (b) and (d)) due to more intense mode hybridization in the former 

system. This strongly influences the excitation enhancement: 

𝑓𝑒𝑥 =
|𝜇 ∙ 𝛦|4

|𝜇 ∙ 𝐸𝑜|4
 

(Eq. 4.2) 

Through cooperative excitation enhancement fex and emission enhancement fem, 

the total enhancement ftot could be observed as: 

𝑓𝑡𝑜𝑡 = 𝑓𝑒𝑥𝑓𝑒𝑚 

(Eq. 4.3) 

As a result of quenched fem and rising fex upon narrowing the spacing, the mean ftot 

along the displace axis is optimized when the width of the spacer is near 8 nm 

(Figure 4.4 (e)), which is close to the experimental results (equivalent to 11 nm in 

simulation). Even though the simulation results only discuss the single diameter 

line distribution of emission enhancement rather than the total enhancement, it 
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provides a nice agreement with the experimental observation.  

 

Figure 4.4 (a) Schematic diagram of MoS2-NPoM simulation, green arrows corresponds to the 

direction of excitation and polarization of the 532 nm laser, while red arrows denote those two 

possible polarizations of in-plane dipole; (b) Near-field distribution of the middle region of the 

dielectric spacer at 532 nm excitation; (c) Near-field distribution of the out-of-plane field 

component; (d) Local field amplitude enhancement at 532 nm; (e) Dipole emission enhancement 

at 650 nm; (f) Average emission enhancement of the MoS2-NPoM system as a function of spacer 

thicknesses. 
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Figure 4.5 In-plane view of electric field distribution for (a) x-direction at 3 nm total thickness 

spacer system; (b) x-direction at 13 nm spacer total thickness system; (c) y-direction at 3 nm total 

thickness spacer system; (d) y-direction at 13 nm total thickness spacer system. 

 

The potential reasons for the deviation between the simulated predictions and 

experimentally observed optimal spacer thickness is now discussed. The MoS2-

NPoM system in the numerical simulation is simply modelled as a perfect Au 

nanosphere placed on a perfectly flat Au mirror distanced by two smooth Al2O3 

layers encapsulated MoS2 ML. Those approximations deviate from the actual 

experimental conditions. The colloidal AUNS used in the experiment could consist 

of small facets inducing more complex resonances, such as cavity modes that 

hybridize with antenna modes in NPoM structure114,115. Meanwhile, the surface 
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roughness of Au mirror and Al2O3 layers might induce fluctuating features in the 

gap of NPoM and local strain in MoS2
116, which both alters the PL enhancement 

and the even intrinsic quantum efficiency of MoS2 ML. 

4.4 Conclusion 

I examined the PL enhancement of MoS2 ML sandwiched in an NPoM nanocavity 

with tuning the thickness of Al2O3 spacer (i.e., the cavity gap thickness). The 

experimental reveals that a strong electric field does not always enhance the PL 

spectra distinctly. Through conducting a spacer thickness dependent PL 

measurement, I found the optimal thickness (t) of the Al2O3 spacer to be 5 nm. In 

the experiment, the MoS2-NPoM system with a 5 nm spacer provided a 7.74 fold 

plasmonic enhancement of PL. Systematic numerical simulation revealed that the 

average PL enhancement of the system achieved maximum value at a spacer 

thickness of approximately 4 nm, which is close to the experimental result. The 

results could be widely applied in Purcell enhancement experiments with such 

NPoM configuration to enhance the radiation of in-plane dipole QEs.  
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Chapter 5 Probing the Dark Exciton 

Through Metal Nanoparticle on-Mirror 

(NPoM) 

In TMDCs ML, as a result of broken inversion symmetry and strong SOI 

phenomenon, a spin-split of energy bands exists especially in the VB93. 

Considering the spin-split in CB is limited but nonzero, the electrons in the two 

corresponding states of the split CBs have spins with anti-parallel orientations93. 

These electrons in CBs are bound with the holes in relevant VB through Coulomb 

interaction, giving rise to the bright (XO) and dark excitons (XD)93,111. The recent 

symmetry analysis illustrates that bright and dark excitons consist of in-plane and 

out-of-plane dipoles, respectively71. Different from bright excitons, dark excitons 

have a much longer lifetime due to the non-radiative nature and the spin-flipping 

property during the transition process94,117. Such unique features of dark excitons 

have attracted enormous research interests for unusual photonics applications, 

such as coherent two-level systems for Bose-Einstein condensation118 and 

quantum information processing119. However, the optical selection rules permit 

optical transitions when the spins state of carrier retains. Consequently, the loose 

dark exciton state emits an extremely low yield of photon, which is even 

unnoticeable at room temperature. 

 

In this Chapter, I directly probe the PL from dark excitons of WSe2 ML through 
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coupling with the gap plasmon mode in a NPoM nanocavity at ambient conditions. 

The gap plasmon mode consists of an intense vertical dipole moment that is able 

to efficiently interact with the out-of-plane dark excitons. In section 5.1, PL 

spectroscopy of reactive ion etched WSe2 coupled with NPoM will be shown to 

reveal undiscovered radiation below the bright exciton energy as compared with 

unetched WSe2 coupled with NPoM system. A double Lorentz fitting model was 

applied to quantify the corresponding resonance energy and intensity for bright 

and dark excitons which presented ~ 60 meV energy difference. The observed 

energy difference slightly deviates from the formerly reported values (40-50 meV) 

which might come from unanticipated local compressed strain due to the placing 

of Au nanoparticle or RIE etching process. In section 5.2, the results of numerical 

aperture (NA) dependent PL spectroscopy will be demonstrated to have direct 

evidence of coupling of out-of-plane dark exciton state and gap plasmon mode in 

NPoM. Section 5.3 will summarize the results of the experiments which 

demonstrates the distribution of a statistic with linewidth approximating the gap 

mode damping.  

5.1 Dark Field Scattering and Photoluminescence Spectroscopy on 

WSe2-NPoM Systems 

Both former theoretical and experimental reports have accentuated the in-plane 

essence of bright exciton dipole and out-of-plane essence of dark exciton dipole as 

shown in Figure 5.1 (a)71. To simultaneously intensify the dark exciton emission 
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and quench the bright exciton emission, I applied gap plasmon mode of NPoM 

with a gap down to ~ 1 nm level to support intense LDOS for accelerating vertical 

dipole radiative decay. Figure 5.1 (b) illustrates the setup of the DF scattering and 

PL microscope system for measuring the optical features of unetched WSe2-NPoM 

nanocavities and etched WSe2-NPoM nanocavities as maintained in Chapter 2. 

The RIE process on WSe2-NPoM was also conducted as according to the receipt 

in Chapter 2. 

 

To realize intense LDOS for dark exciton radiation, a near resonance NPoM cavity 

was necessary to enhance the radiative decay. I employed DF scattering 

spectroscopy to examine the plasmonic properties of NPoM cavity with etched 

WSe2 ML as shown in Figure 5.1 (c). The DF scattering for the etched WSe2-

NPoM nanocavity clearly reveals two resonance modes at 1.57 eV and beyond 

2.05 eV which are gap mode and transverse mode, respectively. Note that no clear 

sign of Rabi splitting is observed in the DF scattering of the etched WSe2-NPoM 

nanocavity under oblique white light illumination, indicating no strong plasmon-

exciton coupling. On one hand, since the vertical plasmonic dipole moment 

associated with gap mode is orthogonal to bright excitons’ in-plane dipole in WSe2 

ML, dipole orientation mismatch strongly inhibits effective electromagnetic 

coupling35. On the other hand, even though the gap plasmon mode of nanocavity 

has the same dipole alignment as that of the dark excitons in WSe2 ML, the 

electromagnetic coupling between those two modes is inadequate to form strong 



 
 

84 
 

coupling since the transition dipole moment of the dark exciton is 2 to 3 orders of 

magnitude smaller than the bright exciton’s68,71,93. The small transition dipole 

moment of dark excitons restricts the coupling strength with plasmonic nanocavity 

under weak illumination, leading to no polariton signature in DF scattering. 

 

Figure 5.1 (a) Schematic diagram of dipole in bright- (left) and dark-exciton (right) with respect to 

TMDC ML. The energy diagram shows the spin configuration of bright exciton and dark exciton, 

respectively; (b) Schematic configuration of DF scattering and PL system. DM: dichroic mirror, 

BS: beam splitter; (c) Scattering spectra of the WSe2-NPoM; (d, e) PL spectra from (d) unetched 

WSe2-NPoM and (e) etched WSe2-NPoM. Those inserts are those corresponding schematic 

diagrams of the nanostructure. 

 

The local coupling efficiency of both bright and dark excitons at various position 

with NPoM strongly affects the overall PL spectrum. The spectra of single WSe2-

NPoM nanocavity before and after the etching process are demonstrated in Figure 

5.1 (d, e) respectively. To prevent undesirable nonlinear emission from bi-exciton 

which exists in high power pumping120–122, the optical density (OD) of 532 nm 
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excitation laser was diminished to 1.27 x 1010 W/cm2. The PL spectrum of 

unetched WSe2-NPoM in Figure 5.1 (d) illustrates a clear bright exciton emission 

at 1.66 eV with a small broad shoulder at a lower energy level. The broad shoulder 

might come from the mixing of dark exciton emission at both strongly enhanced 

section (gap regime) and weakly enhanced section (outside the gap) which present 

different emission features. To validate the physical origin, the weakly coupled 

part of WSe2 ML flake was selectively etched out through directional argon ion 

bombardment in the RIE process. The etched WSe2-NPoM demonstrates two 

apparent emissions at 1.66 eV and 1.6 eV (Figure 5.1 (e)). The 60 meV energy 

difference between those two states slightly differs from the previously reported 

energy difference (40-50 meV) between bright and dark exciton states69,123. This 

might come from the unexpected compressive strain in etched WSe2 from the 

placing of AUNS124 or during RIE etching process. 

 

The ion beam irradiation process (such as electron irradiation or RIE) potentially 

induces chalcogen vacancies in WSe2 for bounded exciton emission, which might 

be mixed up with dark exciton due to corresponding similar emission energy125. 

To verify the potential of defects bounded exciton emission from RIE-treated 

WSe2, I examined the DF scattering and PL of the WSe2-AUNS system on silica 

substrate as illustrated in Figure 5.2. Since the Au mirror has been changed to silica 

substrate (Figure 5.2 (a)), the DF scattering in Figure. 5.2 (b) presents only a broad 

electric dipole resonance beyond the interested regime. From the comparison of 
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PL spectroscopy on both unetched and etched WSe2-AUNS systems on silica 

substrate (Figure 5.2 (c, d)), only the bright exciton emission presents in both 

spectra. This control experiment generally excluded the possibility of defect 

bounded exciton emission from RIE-treated WSe2. 

 

Figure 5.2 (a) Schematic configuration of DF scattering and PL system. DM: dichroic mirror, BS: 

beam splitter; (b) Scattering spectra of the WSe2-AUNS system on silica substrate; (c, d) PL spectra 

from (c) unetched WSe2-AUNS system on a silica substrate and (d) etched WSe2-AUNS system 

on a silica substrate. Those inserts are those corresponding schematic diagrams of the nanostructure. 

5.2 Directionality of Bright and Dark Exciton Coupled with Gap 

Plasmon Mode of NPoM 

To reveal the detailed property of plasmonic nanocavity on the excitonic emission 

from WSe2 ML, I then explored the directional emission properties of the etched 

WSe2-NPoM through performing numerical aperture (NA) dependent PL 

spectroscopy. Figure 5.3 (a) and (b) show the PL spectrums of the same etched 



 
 

87 
 

WSe2-NPoM nanocavity under 50X objective and 100X objective for both 

excitation and signal collective. As shown in the inset of Figure 5.3 (b), the ratio 

of dark exciton intensity to bright exciton intensity (AD/AO) changes from 0.53 to 

1.32 when the objective changes from 50X to 100X. The dramatic variation of 

spectra was attributed to the collection angle in different objectives. With resonant 

coupling between gap plasmon mode and bright/dark exciton, their corresponding 

emission pattern is considerably altered by the plasmonic feature of gap mode. For 

this reason, I employed numerical simulation to study angular radiation pattern on 

gap mode in NPoM nanocavity through field transformation method replied on 

reciprocity arguments on the near field to far field transformation (NFFT)126. 

Unlike transverse mode, gap mode behaves like vertical bonding dipole mode in 

dimer nanostructure42,43. The radiation pattern on gap mode presents a cone-like 

emission shape (Figure 5.3 (c)). It slightly differs from the donut-like radiation 

pattern of the vertical dipole. As the presence of metal mirror introduces anisotropy 

of the dielectric environment, the radiation pattern is strongly reformed. In 

consideration of large negative dielectric function in metal and small positive 

dielectric constant in air, the vertical dipole of NPoM thus trends to radiate into 

the air rather than the metal mirror. The gap plasmon mode consequently radiates 

as a cone-link pattern toward the air side. By comparing the collection efficiency 

of gap mode under various NA shown in Figure 5.3 (d), the dramatic discrepancy 

can be observed. Since the dark exciton in NPoM is an out-of-plane dipole finely 

interacted with gap plasmon mode, the corresponding emission pattern mostly 
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obeys the gap plasmon radiation pattern. Consequently, the emission of dark 

exciton in WSe2-NPoM system can only be selectively collected by a large NA 

objective in normal incidence PL spectroscopy. Meanwhile, due to the limited 

coupling between in-plane bright and gap mode, the corresponding radiation 

pattern exhibits a partial gap plasmon radiation pattern with keeping partial feature 

of in-plane dipole radiation. This clarifies the significant distinction of observed 

spectrums under 50X and 100X objectives’ collection. 

 

Figure 5.3 (a, b) PL spectra for a single etched WSe2-NPoM nanocavity with (a) 50X objective 

(0.55 NA) and (b) 100X objective (0.9 NA) for excitation and collection. Insert shows the intensity 

ratio between the dark exciton to bright exciton at difference numerical aperture in experiment; (c) 

3D simulation result of gap mode (1.6 eV) radiation pattern in NPoM; (d) 2D simulation result of 

gap mode (1.6 eV) radiation pattern in NPoM. Grey (Blue) line indicates the collection angle of 

100X objective (50X objective). 
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5.3 Statistical Studies on Dark Exciton Emission Coupled with 

NPoM 

To further study the two excitonic resonances in Figure 5.1 (e), I utilized double 

Lorentz fitting on the spectra of multiple etched WSe2-NPoM nanocavities to 

conduct a statistical analysis on the corresponding radiation properties across 

various nanocavities. Figure 5.4 (a) presents the statistical emission energy of two 

distinct excitons states across various nanocavities. Consistent with the previous 

results in Figure 5.1 (e), the average energy difference between those two excitons 

states is ~ 60 meV. Curiously, the fluctuation of the dark exciton energy in PL 

spectrum is clearly larger than the bright exciton's. I believe the distinct sensitivity 

to dielectric screening between bright and dark exciton is the main cause of such 

a phenomenon. Considering the out-of-plane dipole nature of dark exciton, the 

dark exciton is anticipated to experience stronger influence from the local 

dielectric environment. Consequently, a small local variation of the dielectric 

environment has a considerable modification of dark exciton energy. The dielectric 

screening phenomenon might also lead to the derivation of the measured energy 

difference to the previously reported value. The PL enhancement from a coupling 

between gap plasmon mode in NPoM and dark exciton has been illustrated in 

Figure 5.4 (b). Across the statistical analysis of the intensity ratio of the dark 

exciton to bright exciton (AD/AO), a Lorentz like distribution with a peak at 20 

meV detuning between dark exciton energy and plasmon energy was discovered. 

The ~ 100 meV linewidth of the resonant like feature in Figure 5.4 (b) 
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approximates to the measured linewidth in DF scattering of NPoM (Figure 5.1 (c)). 

It suggests that resonant like distribution of intensity ratio AD/AO originated from 

the gap plasmon mode resonant Purcell enhancement on dark exciton radiation. 

The small energy detuning between dark exciton and plasmon energy in resonance 

enhancement might arise from the small resonance mismatch between the near 

field and far field optical response which frequently exists in the large 

nanostructure. 

 

Figure 5.4 (a) Statistics of excitonic emission energy of both bright and dark exciton; (b) Ratio of 

the dark exciton to bright exciton emission intensity across energy detuning between plasmon 

energy and dark exciton energy. 

5.4 Conclusion 

In summary, I introduced an alternative nanoplasmonics approach to brighten the 

dark exciton in a WSe2 ML at room temperature by sandwiching the ion etched 

WSe2 ML inside a NPoM nanocavity. I unveiled that the gap mode of NPoM with 

a vertical plasmonic dipole moment consists of efficient coupling with the dark 

excitons of WSe2 ML and leads to a strong PL due to enhanced radiative decay of 

the out-of-plane dipole inside the coupled nanocavity system, making the dark 
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excitons optically observable at room temperature. By varying the numerical 

aperture through switching objectives and employing a double Lorentz fitting 

model, I determined the emission properties of the bright and dark excitons 

including radiation pattern, emission energy, intensity and linewidth, matching 

with the theoretical understanding of plasmon-modulated radiation and radiative 

decay of a dipole located in the NPoM nanocavity. The findings open up flexibility 

in controlling excitonic emissions and probe the fine structures in the energy levels 

in TMDCs ML and find potential applications in polariton systems, paving the way 

for employing the dark excitons of TMDCs for nanophotonics and optoelectronic 

devices.  
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Chapter 6 Conclusion and Outlook 

In this thesis, I demonstrated the studies on the coupling phenomenon of exciton 

in TMDC and plasmon mode in various colloidal plasmonic cavities. The 

spectroscopy ranging from the DF scattering to PL measurement were performed 

to fully understand the details of coupling phenomenon ranging from 1) role of 

dark exciton in Rabi oscillation of bright exciton and plasmon states, 2) Purcell 

enhanced LDOS of both bright exciton and quenching PL in poor antenna 

efficiency. 3) brightening dark exciton inWSe2 in ultra-compact plasmonic 

structure. 

 

To study the role of dark exciton in bright exciton based polariton, I carried out 

thermal tuning DF spectroscopy on WS2-Au@Ag NC and MoS2-Au@Ag NC 

systems which consisted of reversal order of energy level in dark exciton and 

bright exciton states. The DF spectroscopy revealed the rising coupling tendency 

in WS2 based polariton and lessening coupling in MoS2 based polariton under the 

elevated temperature circumstance. In the meantime, the ΔR/R0 spectroscopy 

revealed a similar phenomenon one excitonic oscillator strength in pristine WS2 

and MoS2 ML. FEM numerical simulation was performed to check the validity of 

the experimental results which demonstrated nice agreement. The consistence 

between phonological model, experiment and simulation suggested the existence 

of underly physics on the anomalous tendency over those two polariton systems. 
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To understand the phenomenon of exciton dynamics, I introduced a two level 

model which was based on thermodynamics. Owing to the reverse order of bright 

and dark exciton states, bright exciton in WS2 ML gained oscillator strength and 

bright exciton in MoS2 ML lost oscillator strength under elevated temperatures. 

This phenomenon hence altered the thermal tendency of corresponding polariton 

systems to induce thermally robust WS2 based polariton and fragile MoS2 based 

polariton.  

 

Besides the coupling phenomenon between horizontal plasmon mode and bright 

exciton, I performed PL spectroscopy on MoS2-NPoM to explore other novel 

phenomena of vertical gap mode and bright exciton. To explore the hidden 

properties of MoS2-NPoM in details, I utilized ALD to deposition equal thickness 

Al2O3 layers pair to distance MoS2 from the AUNS and Au mirror under proper 

distance. An optimal spacer thickness (5 nm) was discovered through tuning the 

thickness of Al2O3 layers by controlling the cycle number of the deposition process. 

Numerical FDTD was performed to study the potential resonance of saturated PL 

enhancement. The results of the numerical study suggested that the rapidly decay 

optical antenna efficiency for in-plane exciton overwhelmed the saturated Purcell 

factor of the in-plane dipole at small spacing MoS2-NPoM nanostructure. This 

clarified the necessity of proper engineering of the vertical plasmon mode and in-

plane dipole to realize the strongest PL enhancement. 
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In light of the experimental observed PL quenching of bright exciton and potential 

enhancing dark exciton emission, I anticipated ultrasmall gap in NPoM can be 

utilized to brighten dark exciton radiation which was extremely challenging to be 

observed in room temperature conditions. As a demonstration, I performed the PL 

spectroscopy with switching objectives of various numerical apertures to confirm 

both directionality and spectrum of dark exciton emission in WSe2-NPoM. FEM 

numerical studies have confirmed the consistency with the experimental results. It 

suggests another alternative scheme to realize dark exciton emission under room 

temperature condition. 

 

Throughout this thesis, TMDC MLs have demonstrated fruitful excitonic 

responses which are able to couple with various plasmonic cavities. It opens up 

the numerical opportunity in forming novel phenomena ranging from strong 

coupling to enlightening dark exciton emission at room temperature. Further 

studies about mixing plasmonics and excitons in TMDC are expected in future to 

explore the additional novel phenomenon and even integrate into photonics circuit 

for actual applications. 
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Appendix 

Transfer Matrix Study on the Differential Reflectance of a TMDC ML 

I consider a pristine TMDC ML (region 2) sandwiched with two semi-infinite 

materials, air (region 1) and sapphire substrate (region 3). In ΔR/R0 measurement, 

since incident light transmits through the uniaxial principle axis of MoS2 (WS2), 

only in-plane dielectric permittivity of MoS2 (WS2) determines the impedance in 

reflection or transmission. Employing the transfer matrix method (TMM), the 

reflectance from the TMDC corresponds:  

𝑟 = −
(𝑍3 − 𝑍2)(𝑍2 + 𝑍1)𝑒𝑖𝑘2𝑎 + (𝑍3 + 𝑍2)(𝑍2 − 𝑍1)𝑒−𝑖𝑘2𝑎

(𝑍3 − 𝑍2)(𝑍2 − 𝑍1)𝑒𝑖𝑘2𝑎 + (𝑍3 + 𝑍2)(𝑍2 + 𝑍1)𝑒−𝑖𝑘2𝑎
 

                                 (S1) 

where Zi = (μiμ0/εiε0)
1/2 (i = 1, 2, 3) is the impedance of each region, k2 and a the 

light wavevector and the TMDC ML thickness, εi and μi the relative permittivity 

and relative permeability. Considering all materials in the structure are non-

magnetic in the optical regime, so μi = 1. Then Eq. (S1) is further rewritten: 

𝑟 = −
(√𝜀3 − √𝜀2)(√𝜀2 + √𝜀1)𝑒𝑖√𝜀2𝑘0𝑎 + (√𝜀3 + √𝜀2)(√𝜀2 − √𝜀1)𝑒−𝑖√𝜀2𝑘0𝑎

(√𝜀3 − √𝜀2)(√𝜀2 − √𝜀1)𝑒𝑖√𝜀2𝑘0𝑎 + (√𝜀3 + √𝜀2)(√𝜀2 + √𝜀1)𝑒−𝑖√𝜀2𝑘0𝑎
 

             (S2) 

As the thickness of TMDC ML is smaller than the wavelength of interest, k0a << 

1. To simplify k0a = Δ and to take a first-order approximation of Δ, I can reduce 

Eq. (S2) as: 
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𝑟

≈ −
(√𝜀3 − √𝜀2)(√𝜀2 + √𝜀1)(1 + √𝜀2∆) + (√𝜀3 + √𝜀2)(√𝜀2 − √𝜀1)(1 − √𝜀2∆)

(√𝜀3 − √𝜀2)(√𝜀2 − √𝜀1)(1 + √𝜀2∆) + (√𝜀3 + √𝜀2)(√𝜀2 + √𝜀1)(1 − √𝜀2∆)
 

             (S3) 

By having several algebraic steps, simplify Eq. (S3) as follows: 

𝑟 =
𝜀1 − 𝜀3 + 2𝑖∆(√𝜀1𝜀2 − √𝜀1𝜀3) − ∆2(𝜀1𝜀3 − 𝜀2

2)

(√𝜀1 + √𝜀3)2 + ∆2(√𝜀1𝜀3 + 𝜀2)2
 

                                     (S4) 

Based on the previous Δ argument, a second approximation was employed to 

eliminate the terms including Δ2, Eq. (S4) becomes:  

𝑟 ≈
√𝜀1 − √𝜀3

√𝜀1 + √𝜀3

+
√𝜀1𝜀2 − √𝜀1𝜀3

(√𝜀1 + √𝜀3)2
2𝑖𝑘0𝑎 

                                (S5) 

Defining 𝑟0 = (√𝜀1 − √𝜀3)/(√𝜀1 + √𝜀3) , 𝑏 = 2√𝜀1/(√𝜀1 + √𝜀3)
2

, and 

−𝑏𝜀3 = 𝑑, to obtain: 

𝑟 = 𝑟0 + 𝑖∆𝑏𝜀2 + 𝑖∆𝑑 

                     (S6) 

where ε2 = 𝜀2
′ + ε2

" . Through several steps of simplifications: 

𝑅 = 𝑟2 = 𝑟0
2 − 2∆𝑏𝜀2

" 𝑟0 + ∆2𝑏2[𝜀2
"2 + (𝜀2

′ − 𝜀3)2] 

 (S7) 

eliminate Δ2 related terms, one finally obtains: 

∆𝑅

𝑅𝑜
=

𝑅 − 𝑅𝑜

𝑅𝑜
= −

2∆𝑏𝜀2
" 𝑟0

𝑟0
2 = −

2∆𝑏𝜀2
" 𝑟0

𝑟0
2  

                                        (S8) 
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where R0 is the reflectance from the substrate without TMDC ML. Lastly, consider 

the permittivity of WS2/MoS2 ML with two/three Lorentz resonators in the 

measured spectral region. By representing energy and thickness in a unit of eV and 

nm, the differential reflectance ΔR/R0 is defined as: 

∆𝑅

𝑅𝑂
= −

𝜋𝐸

310
𝑎𝑛𝑚

𝑏

𝑟𝑂
[∑ 𝑓𝑛

𝐸𝑛
2Г𝑛𝐸

(𝐸𝑛
2 − 𝐸2) + 𝐸2Г𝑛

2

𝑁

𝑛=1

] 

                            (S9) 

which can be applied to fit the experimental spectrums and extract Lorentz 

parameters including resonance energy, damping rate and oscillator strength 

 

COM Fitting Parameter of MoS2 and WS2 Coupled Polariton Systems 

T 

(oC) 

A EA 

(eV) 

ΓA 

(eV) 

EB 

(eV) 

ΓB 

(eV) 

Epl 

(eV) 

Γpl 

(eV) 

κA  

(eV) 

κB  

(eV) 

25 0.0011

8 

1.8811

3 

0.0589

3 

2.0377

1 

0.1652

1 

1.9606

9 

0.1970

7 

0.0311

6 

0.0620

4 

35 0.0011

9 

1.8753

6 

0.0600

6 

2.0311

2 

0.1726

3 

1.9593

4 

0.1981

6 

0.0308

5 

0.0636 

45 0.0011

6 

1.8701

3 

0.0612 2.0282

6 

0.1800

5 

1.9591

6 

0.1992

5 

0.0298

9 

0.0641

9 

55 0.0011

2 

1.8650

4 

0.0623

4 

2.0234

5 

0.1874

7 

1.9585

2 

0.2003

4 

0.0297

2 

0.0656

4 

65 0.0011

9 

1.8641

9 

0.0634

8 

2.0196

5 

0.1948

9 

1.9571

6 

0.2014

3 

0.0287

7 

0.0648

9 

75 0.0011

6 

1.8583

7 

0.0646

2 

2.0139

4 

0.2023

1 

1.9548

4 

0.2025

2 

0.0277

1 

0.0655

1 

85 0.0011

9 

1.8519

2 

0.0657

6 

2.0089

8 

0.2097

3 

1.9568

7 

0.2036

1 

0.0267

2 

0.0668

7 
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95 0.0011

1 

1.8453

6 

0.0669 2.0002

3 

0.2171

5 

1.9485

4 

0.2047 0.0274

4 

0.0681 

105 0.0011

4 

1.8427

8 

0.0680

3 

2.0005

1 

0.2245

7 

1.9528

9 

0.2057

9 

0.0249

4 

0.0674

1 

115 0.0011

1 

1.8401

6 

0.0691

7 

1.9994

3 

0.2319

9 

1.9594

1 

0.2068

8 

0.0227

8 

0.0663

2 

125 0.0011

2 

1.8333

5 

0.0703

1 

1.9923

1 

0.2394

1 

1.9510

9 

0.2079

7 

0.0236

3 

0.0683

9 

135 0.0010

2 

1.8265

3 

0.0714

5 

1.9842

3 

0.2468

3 

1.9440

8 

0.2090

6 

0.0254

3 

0.0703

7 

145 0.0011

2 

1.8170

4 

0.0725

9 

1.9849

3 

0.2542

5 

1.9520

1 

0.2101

5 

0.0211

8 

0.0683

2 

155 0.0011 1.8163

5 

0.0737

3 

1.9800

7 

0.2616

7 

1.9506 0.2112

4 

0.0197

9 

0.0685

7 

165 0.0010

4 

1.8059 0.0748

6 

1.9770

4 

0.2690

9 

1.9496

1 

0.2123

3 

0.0180

8 

0.0680

4 

Table A1 COM fitting parameter of MoS2 polariton system 

 

T (oC) A EA (eV) ΓA (eV) Epl (eV) Γpl (eV) κ (eV) 

25 1.79E-04 2.02088 0.06467 2.00914 0.19707 0.0362 

35 1.77E-04 2.02117 0.06682 2.01272 0.19816 0.03563 

45 1.90E-04 2.01509 0.06897 2.01338 0.19925 0.03563 

55 2.10E-04 2.01087 0.07111 2.01007 0.20034 0.03661 

65 2.11E-04 2.00685 0.07326 2.01019 0.20143 0.03717 

75 2.29E-04 2.00237 0.0754 2.0124 0.20252 0.03683 

85 2.13E-04 1.99602 0.07755 2.00775 0.20361 0.03781 

95 2.12E-04 1.9916 0.0797 2.00686 0.2047 0.03863 

105 1.88E-04 1.98637 0.08184 2.00509 0.20579 0.03892 

115 1.99E-04 1.98257 0.08399 2.00868 0.20688 0.03784 
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125 2.08E-04 1.97906 0.08613 2.0103 0.20797 0.03756 

135 2.11E-04 1.97231 0.08828 2.00504 0.20906 0.03949 

145 2.22E-04 1.9701 0.09043 2.00616 0.21015 0.03852 

155 2.27E-04 1.96771 0.09257 2.00704 0.21124 0.03972 

165 2.21E-04 1.96177 0.09472 2.00193 0.21233 0.04098 

Table A2 COM fitting parameter of WS2 polariton system  
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