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ABSTRACT 

FATEMEH HADAVAND-MIRZAEE.  Controlling Exciton Emission Direction through 
Optical Spin-Orbit Interaction with Metallic Nanogrooves. 

(Under the direction of DR. TSING-HUA HER) 

The recently introduced class of two-dimensional materials, monolayer Transition Metal 

Dichalcogenides (TMDs), are emerging as highly promising candidates to enhance data 

transfer capacity in the field of Valleytronics. Strong “atomic spin-orbit interaction” in 

monolayer TMDs locks spin of electrons to degenerate valleys with different momenta. 

These locked valley-spin pairs respond differently to different circular polarizations of 

light. However, this feature vanishes at room temperature. To address this issue, the 

coupling between the exciton emissions and photonic modes are under extensive 

investigation. 

This dissertation explores the control over TMD valley-polarized emission by 

coupling the exciton emission to the plasmonic mode. Specifically, we take advantage of 

the strong coupling between monolayer WS2 and metallic nanogrooves to enhance 

information routing, thereby achieving higher data capacity.  

The first part of this study is focused on analyzing the interdependence between the 

nanogroove parameters and the coupling condition. In the second part, we will 

demonstrate the k-space separation of valley excitons in monolayer TMDs through the 

"optical spin-orbit interaction." This separation implies that the helicity of photons 

determines a preferred emission direction. 

This research can serve as a guideline for designing structures and pave the way to 

transport and read out the spin and valley degrees of freedom in two-dimensional 
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materials. By addressing current challenges in the field of Valleytronics, it offers guidance 

for future advancements in this area. 
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CHAPTER 1:   INTRODUCTION 

While most electronic systems use the electric charge of electron as a carrier, it is feasible 

to construct devices that utilize other characteristics of electron, instead of charge. In this 

way, new degrees of freedom are introduced to increase data transfer capacity. As an 

example, electron spin makes the basis for spintronics in which different spins of electron 

respond in different ways to an external field [1], [2]. Valleytronics is a relatively newer 

area of research that exploits materials with multiple equal energy minima levels located 

at different momentum positions in their band structure. In such material, the regions with 

minimum energy are practically identical to each other, except for their orientations with 

respect to the crystal axis. As a result, when electrons are excited from valence to the 

conduction band, they will have the same energy, yet exhibit different momenta in that 

region. These energy minima are called valleys and selective population of one 

momentum-specified valley, referred to as valley polarization, makes the foundation of 

Valleytronics [3]. 

In general, due to the weak coupling between valley state of a particle and any 

externally applied field, targeting valleys is not straightforward and detailed study to 

address the issue is desired. In this research, we investigate the potential of a strongly 

coupled layer of 2D semiconductor material with an array of metallic nanogrooves for 

efficient applications in Valleytronics. The current chapter will introduce the study by first 

discussing the research context and problems followed by the literature survey, the 

research objectives and finally the significance of the work. 
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1.1   Research context  

1.1.1  Transition Metal Dichalcogenides (TMDs) in Valleytronics 

Although the concept of using valley index as an information carrier was initially 

proposed in the study of conventional semiconductors like Silicon and Aluminum 

Arsenide [4], yet these materials do not exhibit strong coupling between valley index and 

an external field. Since the discovery and isolation of graphene and its unique electric and 

optical properties in 2004 [5]–[7], it has been widely considered as a possible solution for 

Valleytronics. However, in addition to spin degeneracy, we need a kind of material with 

asymmetric structure to differentiate between two valleys. Although graphene has the 

required degenerate valleys, the inversion symmetry of the material (Fig. 1.1) must be 

broken to be functional in Valleytronics applications [8], [9].  

A recently introduced class of materials, monolayer Transition Metal 

Dichalcogenides (TMDs), with the hexagonal graphene-like structure (Fig. 1.2a), along 

Fig. 1.1 Graphene hexagonal structure. 
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with intrinsic broken inversion symmetry, have become a more promising candidate for 

Valleytronics [10]–[12]. Monolayer TMDs are atomically thin semiconductors of the type 

MX2 with one layer of M atom (a transition metal atom like Mo, W, etc.) sandwiched 

between two layers of  X atoms (a chalcogen atom like S, Se, etc.). These materials have 

a direct band gap with two energy degenerate valleys (Labeled by K and K′) in the visible 

to near infrared region. Due to the lack of inversion symmetry in these materials, a strong 

“atomic spin-orbit coupling” is observed that traps electrons with opposite spins at 

different valleys (see Fig. 1.2b). These locked valley-spin pairs, named “valley 

pseudospins”, respond differently to different circular polarizations of light (optical spin 

angular momentum or helicities). In simple words, the right-handed (RH ∶ 𝜎ି)/ left-

handed (LH ∶  𝜎ା) circularly polarized light excites the valley located at K′/K [13], [14]. 

Due to the the time-reversal symmetry (𝐊ᇱ = −𝐊 ), the excited electron in each valley will 

have opposite k-vector. Fig. 1.3 is the pictorial explanation of this feature. Generating two 

Fig. 1.2 (a) The crystal structure of a typical TMD. Upper panel: Top view of the lattice and the band 
structure at the band edges located at the K′ and K locations. Lower panel: 3-D unit cell view. (b) A 
schematic preview of the optical selection rule in TMD band structure. 𝝈ି : Right-handed (RH) 
excitation. 𝝈ା: Left-handed (LH) excitation. 
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distinguishable circular polarizations provides us with a binary system with potential 

applications in data encoding. 

However, there are two challenges compromising the application of Valleytronics! 

1- short propagation length & 2- fast depolarization of these valley-polarized exciton 

emissions at room temperature. At room temperature the exchange of phonons can supply 

the momentum required for inter-valley scattering (transition of electrons between valleys 

K ↔ K′) and disrupt the distinguishability of the two valleys [15]. Therefore, it is not easy 

to spatially transport the valley information except in cryogenic temperatures, which limits 

the applications [14], [16], [17]. 

It is known that the emission of a quantum emitter can be modified by the local 

photonic environment due to light-matter interactions [15]. Therefore, by strongly couple 

TMD excitons (matter) to a resonant cavity mode (light), an enhanced valley polarization 

for TMD excitons at room temperature can be achieved. 

1.1.2  Strong coupling between TMD excitons and plasmonic modes 

A strong coupling between light and matter occurs when coherent energy exchange 

between the two components exceeds the rate of losing energy to the medium [18]–[20]. 

As half-light half-matter particles, the newly formed states combine the advantages of 

Fig. 1.3 The electrons excited in each valley with opposite k-vectors will propagate in opposite 
directions. (a) Linear excitation light (b) σିexcitation. (c) σା excitation. 
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photons, such as negligible effective mass, fast propagation, and high spatial and temporal 

coherence, with the properties of matter, like strong interparticle interactions. These 

features make them good candidates to enhance light-matter interactions for applications 

such as all-optical switches, quantum information processing, etc. Such strong couplings 

between an emitter and resonant cavity modes have already been reported in Fabry-Perot 

cavities [21], semiconductor microcavities [22]–[24] and photonic crystals [25], [26]. In 

contrast to these mentioned structures, surface plasmons supported by plasmonic 

nanostructures can compress light in to a subwavelength region and provide ultrasmall 

mode volumes [27]–[30]. Moreover, they perform pretty well in ambient conditions. The 

strong coupling between plasmonic nanostructures and molecular excitons at room 

temperature have been reported in the literature [31]–[36]. 

The spectral indicator of strong coupling between two states (here light and matter) 

is the splitting of the -hybrid structure- absorption band into two new polaritonic states, 

corresponding to upper (E+) and lower (E-) polaritonic states (Fig. 1.4a). This phenomenon 

is evidenced by the anti-crossing dispersion in the angle resolved absorption spectra. The 

amount of energy splitting between these states quantifies the coupling strength (g) and is 

called Rabi energy (ℏΩR). Fig. 1.4b shows the absorbance spectra of individual systems 

of light and matter, and the consequence of strong coupling between them. Fig. 1.4c 

schematically explains strong coupling between a nondispersive exciton and a dispersive 

photonic mode [37]. 

In general, the coupling strength is enhanced by increasing the number of coupled 

excitons (𝑔 ∝  √𝑁) to the cavity mode or coupling to a highly confined mode with 
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ultrasmall mode volume (𝑔 ∝
ଵ

√௏
) [15], [32], [33], [38]. Therefore, by providing a proper 

condition for strong coupling between monolayer TMD excitons and metallic 

nanostructures we can achieve collectively large number of excited excitons (𝑁), with 

strong localization due to the small mode volume (𝑉) feature in plasmonics. This 

partnership shapes plasmon-exciton hybrid states and can help short-lived valley-

polarized excitons in monolayer TMDs survive up to room temperature.  

In addition to the PL enhancement, when guiding the plasmon-excitons, the 

mediating nanostructure must also preserve the valley polarization of TMD exciton 

Fig. 1.4 (a) Formation of hybrid states as the result of the coupling between light and matter. (b) 
Absorbance spectra of an individual photonic resonance (light), excitonic resonance (matter), and the 
resultant coupled resonances. (c) Strong coupling between angle-dispersive photonic mode and 
nondispersive excitonic mode.  
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emissions. In the next section, the ability of plasmonic nanostructures to maintain valley 

polarization will be discussed. 

1.1.3  Chiral plasmonics and optical spin-orbit interaction  

Optical spin-orbit interaction locks optical spin and the direction of propagation of the 

electromagnetic wave together in the presence of chiral polarization. Such coupling 

between the light polarization and its spatial properties is known as optical spin Hall 

effect, analogous to the classical Hall effect observed in the motion of charged particles 

in a magnetic field. This feature has been exploited during the last few years [39], [40]. 

The polarization-dependent propagation direction can be visualized through the near-field 

interference resulting from the vectorial nature of the exciting field [41]. If we assume a 

dipole close to a waveguide, the selective excitation of waveguide modes propagating in 

different directions can be achieved by destructive and constructive near-field interference 

or -in other words- interference between the evanescent components of the field. It has 

been demonstrated that circular dipoles with opposite polarizations and an out-of-plane 

component (Px ± iPz) can couple to the guided modes propagating in opposite directions 

in a waveguide (Fig. 1.5) [41]. Based on the handedness of the polarization, the circular 

dipole can  provide destructive interference in one specified direction and the propagation 

Fig. 1.5 Asymmetric excitation of the plasmonic mode by an out of plane circular dipole.  
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of a mode in the opposite direction. This is what we call “control over the direction of 

propagation of the guided mode”. 

One may ask if the plasmonic structures exhibit such distinct responses to different 

circular polarizations of light, why do we bother using TMDs to achieve control over 

directionality? Well, due to the loss issue in plasmonics, we need field enhancement 

through strong coupling between the plasmons and excitons. However, the second and the 

more important reason is that such near-field interference picture can only be realized by 

the vectorial character of the exciting field source at the close proximity of the waveguide 

(here plasmonic nanogrooves). When we illuminate the hybrid structure (nanogrooves – 

TMD on top) with laser, the valley-polarized excitons of the TMD serve as circularly 

polarized dipole sources at subwavelength distance from the plasmonic nanostructure.  

With these concepts in mind, we started to investigate the potential of such hybrid 

structure to alleviate the problem of valley depolarization in the context of Valleytronics 

applications. Next section is dedicated to a summary of the literature on the strong 

coupling between TMDs and plasmonic nanostructures, particularly for the purpose of 

valley polarized exciton routing. 

1.2   Literature review 

In this section we review the existing relevant literature and the relation to this research 

to identify the research aims we are targeting. As mentioned in the previous section, 

monolayer TMDs with degenerate valleys are good candidates for the applications in 
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Valleytronics. However, their strong phonon-assisted intervalley scatterings limit their 

applications in room temperature. Several structures have been implemented to help 

monolayer TMDs maintain their valley polarization in room temperature, but plasmonic 

nanostructures seem to be more efficient. Thanks to their very small  mode volume which 

makes the coupling between plasmons and excitons very strong. 

What follows is a brief survey summarizing: first, the recent efforts made in design 

and implementations of strong plasmon-exciton couplings in plasmonic nanostructures 

and TMDs, and second, the steps taken to achieve control over the TMD exciton emission 

through its interactions with plasmonic nanostructures at room temperature. 

1.2.1  Strong coupling in TMDs and plasmonic nanostructures 

As mentioned earlier, in light matter interactions, a strong coupling regime is the condition 

in which the rate of energy exchange between light and matter is fast enough to overcome 

the decay and dissipation rates. In this regime, the energy exchange between light and 

matter leads to vacuum Rabi splitting of the hybrid light-matter states. From the broader 

scope of strong coupling between two-dimensional semiconductors and photonic modes, 

we focus on the strong plasmon-exciton coupling between monolayer TMDs and 

plasmonic nanostructures. On the excitonic side, monolayer TMDs are the winner because 

of their direct bandgap, optical stability, large dipole moments and binding energy, 

relatively ordered transition dipole moment orientation and other intriguing features like 

the valley degree of freedom [42], [43]. From the photonic side, plasmonic nanostructures 

and nanocavities support surface plasmon polaritons and can overcome the diffraction 

limit to achieve sub-wavelength mode volumes.  
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The conventional idea of energy detuning between the resonance energy of 

plasmonic structures and TMDs was based on utilizing different samples with different 

resonance spectrums to match the TMD resonance, statistically. This approach is not ideal 

since it suffers from uncertainties due to different sample inhomogeneities, etc. From the 

very first tunable coherent coupling between single nanoparticles and monolayer TMDs, 

is the experimental study from Zheng et al [44], which was performed in 2017. This group 

have successfully measured the dispersion relation of the plasmon-exciton for a single 

silver nanorod strongly coupled with a monolayer WSe2 (tungsten diselenide) by 

continuous deposition of alumina layers and measuring the corresponding scattering 

spectra (Fig. 1.6a). By successive deposition of alumina, the plasmon resonance redshifted 

to cross the WSe2 exciton peak (Fig. 1.6b, Fig. 1.6c). In this way they could tune the strong 

coupling between excitons and plasmons and a Rabi splitting of 49.5 meV was achieved 

(Fig. 1.6d). The above study shows the anti-crossing behavior in the dispersion as an 

indicator of coherent energy exchange between excitons and plasmons, however, the 

detuning  approach is not reversible. To perform such active and reversible control over 

Fig. 1.6 (a) Ag nanorod-WSe2 structure. (b),(c) The variations in the scattering spectra of Ag 
nanorod with successive alumina deposition without and with WSe2, respectively. (d) The energy 
dispersion of the hybrid plasmon-excitons of the Ag nanorod-WSe2 structure showing anti-
crossing feature.(e) Au nanorod- monolayer WS2. (f) Scattering spectra of the Au nanorod-WS2

by temperature variations. (g) Energy splitting as the result of plasmon-exciton strong coupling. 
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the coupling, Wen et al [45] reported a temperature dependent tunable coupling between 

gold nanorod and monolayer WS2 (tungsten disulfide) (Fig. 1.6e). The resonance of their 

structure was controlled by scanning the temperature and they were able to achieve Rabi 

splitting energies of 91-133 meV from the structure scattering spectra (Fig. 1.6f and  Fig. 

1.6g). Later in another study [46] they reported 1187-fold photoluminescence (PL) 

enhancement for the light emitted from the hybrid structure compared to a bare monolayer 

WS2. 

Although convenient tuning for the strong coupling between individual plasmonic 

nanoparticles and TMD excitons was reported by mentioned groups, several other works 

have also studied the strong plasmon-exciton coupling in TMDs and nanoparticles-over-

mirror (NPoM) as depicted in Fig. 1.7 [34], [47]–[50]. The reason is that a typical 

plasmonic cavity made from placing nanoparticles over a flat metal film can confine the 

electric field to within a very small volume below 10-7 (λ/n)3 in the nanogap between the 

particle and the metal plate [51]. As mentioned earlier, small mode volume is desired for 

strong coupling strength in plasmon-excitons. In such structures, the tuning is generally 

Fig. 1.7 The schematic of NPoM coupled with a  monolayer TMD. 
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achieved through varying the size and shape of the nanoparticles and also by changing the 

thickness of the nanogap between the nanoparticle and the mirror.  

 In addition to the strong coupling, the confined mode volume can effectively 

decrease number of excitons to a single emitter level [49], for some applications like single 

atom lasers [52], single photon switches [53], [54] and quantum information processing 

[55]. In this regard Sun et al [49] observed the coherent coupling in a system of nanocube-

over-mirror and WSe2 by tuning the alumina coating in the gap between the gold film for 

various sizes of silver nanocubes. Although their achieved coupling was at the border of 

the weak and strong coupling regime (intermediate coupling regime) with Rabi splitting 

of 36.7 meV, they were able to get a large brightness for the PL emission. Later other 

researchers showed strong coupling of plasmon-excitons for the same structure of 

nanocube-over-mirror, with other TMDs. Han et al [34] were able to achieve Rabi splitting 

of 145 meV for the strong coupling within silver nanocube-over-silver and monolayer 

WS2. They controlled the nano gap thickness and nanocube size to adjust the plasmonic 

resonance to match monolayer WS2 exciton resonance. One year later, Hou et al [48] 

showed continuous transition from weak coupling regime to strong coupling regime with 

Rabi splitting up to 190 meV for the hybrid structure of MoS2 and silver nanocube-over-

gold plate. 

Because of the orientation mismatch between the plasmonic field (mainly out of 

plane) and monolayer TMD excitons transition dipole moments (in plane) [43], [56], the 

resultant coupling is not usually strong enough, however, it improves by increasing TMD 

layers [47]. On the other hand, plasmonic periodic arrays offer significant benefits, 
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including local field enhancement through localized surface plasmon resonance by orders 

of magnitude, along with high quality factor for its coupled lattice resonances. Therefore, 

they appear to be promising components for a strong plasmon-exciton coupling. In 2016, 

Liu et al [36] demonstrated strong coupling between array of silver nanodisks and 

monolayer MoS2. The strength of the coupling was controlled by the geometry of the 

nanodisks and Rabi splitting of 58 meV at 77 K was achieved. Although showing decline 

in strength, the strong coupling could survive up to the room temperature. In the same 

year, room temperature splitting up to 60 meV by coherent coupling of gold hole arrays 

and monolayer WS2 was also reported [35]. In 2019, another group could improve the 

Rabi splitting of their structure from 85 meV to 300 meV at room temperature [57]. A flat 

silver mirror, MgF2 spacer as a substrate for monolayer WS2, and periodic array of silver 

nanodisks were employed (Fig. 1.8a). They somehow combined the idea of strong 

coupling between monolayer TMDs with plasmonic NPoM and arrayed nanostructures, 

making arrayed nanoparticles-over-mirror. Then, they achieved ultra strong coupling by 

placing the Ag-WS2 heterostructure in an optical cavity to enhance the coupling (Fig. 

1.8b). This is an example analogous to a system of 3 coupled oscillators (Fig. 1.8c), 

supporting 3 kinds of resonance between Exciton, plasmonic mode and the cavity mode. 

Fig. 1.8 (a) 1L WS2 on top of the periodic array of Ag nanodisks. (b) Ag-WS2 heterostructure in 
an optical cavity. (c) Three coupled oscillator model. 
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Finally, another group demonstrated strong coupling with Rabi splitting up to 86.5 

meV for a hybrid structure of monolayer WS2 and deep nanogrooves carved on a silver 

slab [58]. They investigated the strong coupling condition relation to the nanogroove 

depth, width and refractive index of the dielectric filled in to the nanogrooves, using TM  

polarized incident light (Fig. 1.9a-e). In their results they reported angle independent 

strong coupling within such structure (Fig. 1.9e). 

The proposed structure is similar to the structure we are mainly investigating in the 

first part of this thesis. However, there are some points to mention. Firstly, They only  

investigated the TM polarized incident light in xz incident plane, meaning that they just 

considered the plasmonic modes travelling along the periodic direction (x). Providing a 

proper incident condition, i.e. TE polarized light in yz incident plane, such a structure can 

also support guided plasmonic modes along the grooves, which are known as channel 

polaritons [59], [60]. Fig. 1.10a and Fig. 1.10b picture the two kinds of supported modes 

Fig. 1.9 (a) The side-view of the structure used to investigate the strong coupling between 
nanogrooves and 1L WS2. (b-e) Absorption spectra of the hybrid structure with different (b) 
nanogroove depth, (c) medium refractive index, (d) nanogroove width and (e) incident angle. 
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within a plasmonic nanogroove array. In the pictures 𝜃௜௡௖ represents the angle between k-

vector and normal to the surface and 𝜙௜௡௖ measures the angle between the projection of 

k-vector on the surface and x-axis. TM and TE incident lights are chosen such that the 

electric field at the illuminated point is always along the periodicity of the structure [61]. 

Second, they have reported angle independent strong coupling in the structure 

because the magnetic field of the TM-polarized light does not change by changing the 

angle of incidence. We would challenge their justification with our results using TM- 

polarized light with other groove parameters and attribute “the angle independent 

coupling” limited to structures with specific parameters as theirs. Having said this, their 

result is not inclusive. Lastly, in addition to the mentioned parameters, we are taking into 

account the effect of more groove parameters, like groove wall angle and groove edge-

roundness which are inherent to the nanoscale fabrication process. 

Fig. 1.10 The incident light k-vector (a) for the case with 𝜙௜௡௖ = 90°, in which the incident k-vector 
has ky (along the grooves) and kz components. (b) for the case with 𝜙௜௡௖ = 0, in which the incident 
k-vector has kx (perpendicular to the grooves) and kz components. 
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In the next section we review the literature about the second part of this dissertation, 

which is achieving control over the TMD exciton emission direction through its 

interactions with plasmonic nanostructures at room temperature. 

1.2.2  Separation of valley-polarized excitons 

As mentioned in section 1.1, among many interesting properties of monolayer TMDs, is 

their valley dependent optical selection rule [62], i.e., the electron located in their K′ and 

K valley can only be excited by right and left circularly polarized light, respectively. This 

feature provides monolayer TMDs with an additional degree of freedom, which makes 

them very promising for opto-electronic applications involving information storage and 

transfer [15]. The valley optical selection rule in monolayer TMDs has already been 

proved through several experimental studies [14]–[17], [63] at low temperature up to 90 

K. However, due to the intervalley scatterings, the demonstration of this feature at room 

temperature faces restrictions. Recently, researchers have started to employ the coupling 

between monolayer TMD excitons and photonic modes not only to maintain the feature 

at room temperature [64], [65], but also to direct the valley polarized exciton emission to 

different directions. In 2017, Chen et al, [66] used a dielectric microcavity strongly 

coupled with monolayer MoS2 to achieve the exciton valley-polarization at room 

temperature. Dielectric metasurfaces have also been investigated for this purpose [67]. 

Since the purpose of this thesis is plasmon assisted-valley exciton emissions, we mainly 

focus on the literature about valley-polarized exciton routing achieved with spin-orbit 

coupling in metallic structures.  

The very first report of showing coupling (not STRONG coupling) of valley-

polarized excitons in TMDs and plasmonic nanostructures at room temperature was the 
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research published in early 2018 by Gong et al [68]. This group used a few layers of WS2 

in the vicinity of a plasmonic nanowire and they were able to achieve spatial separation 

of valley index by directionally guiding light (Fig. 1.11a). In their structure, the 

propagation direction of the plasmonic guided mode of the nanowire was determined by 

a combination of the exciton position (in y) and helicity of the incident light as shown in 

Fig. 1.11b. Fig. 1.11c, d show the fluorescence images of the emission of valley polarized 

excitons and line cuts of the intensity profiles under left and right-handed circular 

polarization excitation, respectively. To quantify the directionality as a function of the 

position of the excitons, they defined experimental valley dependent directionality (κୣ୶୮) 

by κୣ୶୮(𝑦) =
[ூై(௬)ିூ౎(௬)]

[ூై(௬)ାூ౎(௬)]
, where 𝐼୐(𝑦) and 𝐼 (𝑦) are the peak intensities at the left and 

right end of the nanowire, showing the amount of emission which is coupled to the left- 

and right- propagating plasmonic modes. From Fig. 1.11e, f is clearly observed that for 

the same excitation spot (y), with opposite excitation helicities, the exciton emission 

couples to plasmonic modes propagating in opposite directions. In other words, a 𝜎ା (𝜎ି) 

polarized source near the nanowire at y > 0 will excite surface plasmon polariton (SPP) 

propagating to the left (right). The effect is inverted when the source is positioned at y < 0. 

So, the propagation direction of the mode in the nanowire is locked to the helicity of the 

incident light in the presence of the layered WS2. In this way, valley information can be 

transferred to other valley devices on a chip for Valleytronics applications. 
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Although, the valley exciton separation is demonstrated in the mentioned study, the 

direction of valley separation highly depends on the position of the excitation laser spot 

relative to the nanowire, restricting the applications of the approach. Later in 2019, another 

group [69] demonstrated a more general design of a hybrid structure consisting of 

monolayer MoS2 and plasmonic metasurface (asymmetric groove arrays as shown in Fig. 

1.12a) to achieve separation of valley excitons (𝜌) up to 18% (Fig. 1.12e). They did not 

observe any exciton valley polarization for the MoS2 over symmetric nanogrooves (Fig. 

1.12c) and MoS2 over flat metal surface (Fig. 1.12d) at room temperature. However, by 

placing MoS2 on top of the asymmetric nanogrooves, it was not only valley excitons that 

Fig. 1.11 (a) Conceptual demonstration of valley-polarized exciton emission in WS2. (b) Illustration 
of the directional propagation, which is dependent on the exciton position and incident light helicity. 
(c, d) The fluorescence image of the valley polarized exciton emission and line cuts of the intensity 
profiles under (c) left- and (d) right-handed circular polarization excitation. (e, f) Directional 
coupling efficiency as the function of position with (e) left- and (f) right-handed circularly polarized 
incident light. 
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were separated in real space (Fig. 1.12b); emitted photons with different helicity were also 

separated in momentum space. They concluded that this valley index separation is 

facilitated by near-field coupling between excitons and guided surface plasmon polariton 

modes propagating along the grooves (channel polaritons). 

In another attempt, Chervy et al [70] designed and fabricated a sample with WS2 

over a plasmonic metasurface with rotated rectangular nanoapertures (Fig. 1.13a) that 

yielded exciton-valley contrast up to 40% at room temperature at the onset of strong 

coupling regime. The valley contrast persisted even after 200 ps lifetimes, while bare 

TMD valley polarized exciton lifetime is less than 10 ps [68]. As shown in Fig. 1.13b, the 

angle-resolved reflection spectra demonstrated a Rabi splitting of around 40 meV. As the 

result of the coupling, the momentum of the surface in the plasmonic array is locked to 

the valley degree of freedom in WS2. This can be shown clearly in the angle resolved 

Fig. 1.12 (a) Asymmetric nanogroove array used to excite guided SPPs by circularly polarized light. 
b-d, Color plots of valley polarization contrast in real space measured for (b) MoS2 asymmetric 
nanogrooves (c) MoS2 symmetric nanogrooves and(d) MoS2 flat silver film. 
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differential left and right circularly polarized PL spectra in Fig. 1.13c. The optical spin–

orbit interaction locks SPP modes propagating along +x(-x) with the photon helicity 𝜎 

 = +1(-1). 

The literature mentioned here demonstrates that the plasmonic structures are suitable 

to be used to control the valley index of freedom. The performance of these systems is 

dependent on SPPs propagation guiding feature, the ultrafast dynamics of excitons and 

howe these two states are entangled through plasmon-exciton coupling. Our approach 

differs from these studies as neither of them operated in a strong coupling regime. 

Additionally, the research on asymmetric nanogroove arrays [69] asserts that symmetric 

arrays are incapable of separating valley-polarized excitons. Here, we are designing 

simple symmetric nanogrooves within the strong coupling regime to achieve the same 

valley-polarized exciton routing with a different detection mechanism. 

Fig. 1.13 (a) The plasmonic metasurface with ϕ-rotated rectangular nanoapertures. (b) Angle-
resolved absorption spectrum of the sample analyzed in left circular polarizations, with the best fit 
drawn. (c) Angle-resolved differential left and right circularly polarized PL spectra. 
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1.2.3  Summary of the literature review 

In this section we reviewed the recent work on the role of plasmonic nanostructures to 

enhance and maintain the TMDs valley-polarized exciton emission. Enhancing the TMD 

exciton at room temperature is the base of the issue, maintaining and routing the valley 

polarized exciton emission at room temperature is the second order issue which needs to 

be resolved. The former problem is extensively investigated through numerous research 

on strong coupling between TMDs and various plasmonic nanostructures which is 

summarized in Table 1.1. However, the research on the latter is less extended. In Table 

1.2 the literature about employing plasmonic nanostructures to direct and spatially 

separate TMDs valley polarized exciton emission is summarized. 
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Table 1.2 Summary of the literature on TMD exciton routing using plasmonic structures. 

year Structure Result 

2018 
[68] 

Ag nanowire – ML 
WS2 

Propagation direction of the nanowire guided mode is determined 
by a combination of excitation spot location and the chirality of 

incident light. Achieved valley dependent directionality up to 35%. 
Not in strong coupling regime. 

2018 
[70] 

Plasmonic rotated 
rectangular 

nanoapertures -1L 
WS2 

Valley polarized exciton-plasmon was achieved at room 
temperature close to the strong coupling regime. 

2019 
[69] 

Asymmetric Ag 
nanogrooves – 1L 

MoS2 

Nonradiative energy transfer between exciton-SPP caused room 
temperature valley polarization up to 18%. 

Not in strong coupling regime. 

2019 
[71] 

Ag nanowire – ML 
WS2 

Routing of a chiral Raman signal into propagating surface plasmon 
polaritons along a silver nanowire based on spin-orbit interaction 

of light. 

1.3   New platform for valley-polarized plasmon-exciton routing 

1.3.1  Aims and objectives 

As mentioned in the previous section, researchers have started employing integrated 

plasmonic nanostructures and TMDs to lay the foundation for Valleytronics, given that 

such hybrid structures perform very well at room temperature [15], [72]. However, this 

field of research is pretty new and there have been few clear directions for future research. 

Ideally, a simple plasmonic nanostructure without complicated and detailed components 

for fabrication purposes, with high performance in guiding the encoded information is 

desired. There is still a need to explore the potential and efficiency of different platforms 

for applications in Valleytronics.  
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Recently, our collaborators in Taiwan used a platform to investigate exciton routing 

and propagation angle (𝜃ௌ௉௉) on the surface. The experimental setup consists of an array 

of carved nanogrooves on the surface of a silver slab and a layer of WS2 on top of it. The 

valley excitons generated by illuminating the monolayer WS2 (alone) with a linearly 

polarized light are expected to have equal populations at both K and K′ valleys (Fig. 

1.14a). The idea is that, with the proper design of a simple plasmonic nanostructure, we 

can enhance and direct the WS2 exciton emissions from K and K′ valleys to different in-

plane directions (based on their helicity) at room temperature (Fig. 1.14b, Fig. 1.14c). To 

aim for an efficient design, a complete knowledge of the light behavior in response to 

varying the geometrical parameters of the structure, such as period, width, and depth, is 

essential. 

 As shown in Fig. 1.16 and Fig. 1.15, in the experimental result, the propagation of 

valley emissions was detected for two nanogroove samples with different groove periods 

(Λ), widths (w), and depths (d). Fig. 1.16a and Fig. 1.15a show the unpolarized PL image 

of the two samples which does not indicate any asymmetry in k-space, as expected. Then, 

Fig. 1.14 The valley-exciton emission generated by illuminating the combination of monolayer 
TMD-Plasmonic structure. (a) Excitation by linearly polarized light excites exciton populations 
from K and K′ valleys in TMD, equally (b, c) Excitation by (b) right-handed and (c) left-handed 
polarized light just excites the population in K′ and K (K′ = -K), respectively. The role of the 
plasmonic structure is to propagate the coupled excitons and plasmons, to transfer information. 
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polarization-resolved k-space images were captured using a combination of polarizers and 

waveplates in the detection path. As is evident in Fig. 1.16b, Fig. 1.15b and Fig. 1.16, Fig. 

1.15c, the propagation direction is different for right-handed (𝜎ି) and left-handed 

(𝜎ା) components of the PL emission. While the experimental results clearly show the 

spin-dependent direction of light propagation on the x-y plane, a complete investigation 

is needed to understand the relationship between the plasmonic nanogrooves’ parameters 

and the performance of the system. 

Fig. 1.16 Experimental k-space PL image of a sample with nominal values of Λ=400 nm, w=50 
nm and d=70 nm (a) Unpolarized PL. (b) Right-handed PL. (c) Left-handed PL. 

Fig. 1.15 Experimental k-space PL image of a sample with nominal values of Λ=400 nm, w=40 
nm and d=30 nm (a) Unpolarized PL. (b) Right-handed PL. (c) Left-handed PL. 
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In this theoretical research, our aim is to comprehend and justify the mechanism of 

operation in plasmonic nanogrooves in maintaining the valley polarization of TMD 

excitons at room temperature. We want to control the plasmon-exciton direction of 

propagation on the surface (the chiral response of the structure) by manipulating the 

groove parameters, while maintaining the system in the strong coupling region. More 

specifically, the first part is focused on analyzing the interdependence between the 

groove parameters and the strong coupling regime.  

In the second part, we will justify the origin of the polarization resolved far-field 

PL patterns obtained in the experiment. Mainly, the underlying reason for the difference 

between the left-handed and right-handed components of the far-field images. Then, by 

using the results from the first part, we will examine how the strength of the system in 

maintaining the circular polarization of TMD excitons is influenced by the strong coupling 

criteria, specifically the depth of the nanogrooves. In order to study this part, we take 

advantage of a combination of analytic calculations and numerical modeling with FDTD 

method and Mode Solution.  

A list of topics that are addressed during this thesis are: 

First part: We perform a detailed study on the effect of groove parameters on the 

strength of the coupling regime. These parameters include groove depth (d), groove width 

(w), groove wall angle (𝜃௚) and groove edge roundness (R). 



27 

 
 The investigation is initiated by the numerical calculation of the angle resolved 

reflection spectrum of the Ag nanogrooves-WS2 with Finite-Difference Time-

Domain (FDTD) method. 

 Having the dispersion data and based on the absorption energy of WS2, we identify 

the range of the proper groove parameters for the spectral overlap between 

nanogrooves and WS2 to occur. 

 By calculating the Rabi splitting for the cases with coupling, the strength of 

couplings is identified. 

 Finally, by measuring the bandwidth of the individual WS2 and nanogrooves, we 

will determine whether the coupling meets the criteria for strong coupling or not. 

Second part: the purpose of this part is mainly to comprehend and investigate the 

performance of the structure in real applications. 

 We start by analytical calculation for an ideal scenario. To facilitate calculations, 

we assume an ideal case of a single groove with infinite depth, instead of the real 

case of nanogrooves with finite depth. We also assume a single circular dipole 

representing TMD valley polarized excitons. Then we analytically calculate the 

Poynting vector of such dipole at the vicinity of the groove. 

 Next, employing the optimal parameters for strong coupling (from part one), we 

calculate the structure's capability to distinctly route the valley information of the 

excitons. In order to do this, we capture polarization resolved far-field images in 

FDTD and quantify valley polarization in k-space by calculating the degree of 

polarization.  
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1.3.2  The significance of the work 

This study will contribute to the nascent field of Valleytronics since it provides exact 

design parameters for an optimal nanostructure to strongly couple to the WS2 monolayer.  

The design of groove parameters is the first step to build the hybrid structure. In addition 

to the initial design, a comprehensive knowledge about the effect of fabrication errors on 

the performance of the strong coupling is essential. By a proper design and knowing the 

effect of fabrication defects on the performance of the system, high degree of polarization 

can be achieved at room temperature. 

The thesis will undoubtedly help to clarify the mechanism for achieving robust light-

matter interactions in plasmonic nanostructures and TMDs, as a new pathway using spin-

valley degree of freedom in 2D materials toward applications in Valleytronics. 

1.4   Outline 

The chapters of this dissertation are organized as follows. In CHAPTER 1, the context of 

the study was introduced. Following a brief review of the relevant literature, the research 

objectives were explained and signified. In CHAPTER 2, the methodology for different 

parts of the dissertation has been investigated. This includes the procedures applied to 

design the structure, along with the basic theory of the analytical calculations. This is 

followed by CHAPTER 3, which is dedicated to the first part of the thesis. There, we will 

demonstrate a detailed study on the effect of groove parameters on the strength of the 

coupling regime. It is demonstrated that the groove depth has the most significant effect 
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on the coupling between plasmons and excitons, compared to other groove parameters. In 

CHAPTER 4, supporting directionality by an ideal system is proved analytically. In the 

ideal system the dimensions of the grooves are considered to be infinite. Hence, to study 

a real case, we focus on the impacts of the groove depth in controlling exciton emission 

direction, through numerical FDTD simulations.  
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CHAPTER 2:   DESIGN OF NANOSTRUCTURE & CONTROL OF EMISSION 

DIRECTION  

As discussed in the introduction chapter, our main goal in this research is twofold. Firstly, 

to find an optimal design for the plasmonic nanogroove array to strongly couple to TMD 

valley polarized excitons at room temperature. Secondly, to examine and justify the 

performance of the designed structure in exciton emission routing. We start this chapter 

by discussing our structure design procedure to achieve strong coupling between plasmons 

and excitons. Following that, our analytical and numerical approach to investigate the 

effect of the surface geometry on the observed directionality is presented. We close the 

chapter with a brief conclusion section. 

2.1    Structure design procedure 

2.1.1   Choice of TMD 

In order to make the strong coupling between plasmons and excitons occur, it is imperative 

to select materials and the structure architecture precisely. Monolayer TMDs with time 

reversal and broken inversion symmetry have appeared as good candidates for applications 

involving light-matter interactions. Among the choices of monolayer TMDs, monolayer 

WS2 has the advantage of having well-isolated absorption peaks of the “A-exciton” at 

around 2.02 eV and the “B-exciton” at around 2.4 eV with energy separation of 0.38 eV 

(Fig. 2.1a-d). A-exciton and B-exciton refer to the lowest and second lowest excitonic state 
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in the TMDs. It also displays an intense luminescence peak at around 2.016 eV Fig. 2.1e). 

Thus, it is a good choice for our purpose of light-matter strong coupling in Valleytronics 

applications. 

2.1.2   Choice of the plasmonic nanostructure 

Here, the role of the plasmonic structure is to sustain and propagate valley polarized 

exciton emission at room temperature. The radiative decay of the valley-polarized exciton 

emission is represented by a circular dipole. It has been demonstrated that circular dipoles 

with opposite polarizations and an out-of-plane component can couple to SPPs 

propagating in opposite directions on a flat metallic interface [39], [41]. However, TMDs’ 

bright exciton transition dipole moment possess in-plane circular polarization 𝐸௫ ± 𝑖𝐸௬ 

with no out-of-plane component [43], [56]. Having said this, a flat plasmonic surface 

cannot exhibit chiral response to these materials with in-plane circularly polarized dipoles, 

meaning that it cannot differentiate between TMD exciton emissions from 𝐊 and 𝐊ᇱ 

valleys (Fig. 2.2). To resolve this issue, we introduced nanogrooves on the flat plasmonic 

Fig. 2.1 Free stand absorbance of monolayers(a) MoSe2 (b) WSe2 (c) MoS2 (d) WS2. (e) PL 
spectrum of the monolayer WS2. 
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surface. In this way, the in-plane dipoles generated in the TMD are now out of plane 

(perpendicular) with respect to the groove walls and we can somehow take advantage of 

the chiral response of the groove walls to the dipoles. It is best to design the plasmonic 

nanostructure in such a way that its resonance frequency matches with the TMD 

absorption frequency. Thus, we need to have a precise nanogroove design, which provides 

efficient coupling to the TMD excitons.  

In our collaborator’s experiment, the nanogrooves were fabricated with a rectangular 

shape and nominal geometrical values of Λ=400 nm, w=50 nm and d=70 nm. Fig. 2.3a 

Fig. 2.3 (a) The fabricated groove based on the AFM data. The red structure is with nominal values, 
and the green one is the final product sketched on top of that. (b) The SEM image of the structure. 
Both images show deviations from the rectangular shape due to inevitable  fabrication errors. 

Fig. 2.2 (a) Thea emission of an in plane circular dipole near a metallic surface does not exhibit 
any directional propagation. (b) For a circular dipole with an out of plane component near the 
same metallic surface, directionality is observed. 
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and Fig. 2.3b show the AFM and SEM images of the fabricated structure, respectively. 

The red area in Fig. 2.3a refers to the ideal groove with nominal parameters. As we see in 

both figures, due to the limits of fabrication methods, the outcome is more like a trapezoid 

than a rectangle. Also, the edges of the groove are not sharp. Other than the angled walls 

and curved edges, the width and depth of the final product may have deviations from the 

nominal values. Each of these four geometrical parameters along with the k-vector of the 

incident light, which is defined by 𝜃௜௡௖  and 𝜙௜௡௖ in Fig. 2.4  play a significant role in the 

condition and strength of the coupling.  

2.1.3   Strong coupling between the monolayer TMD and plasmonic nanogrooves 

In our model, the TMD over plasmonic nanostructure is illuminated by a linearly polarized 

incident light. Some part of the incident light is absorbed by the TMD and generates 

excitons. Another part is reflected and the remining portion transmits and hits the 

plasmonic structure. The generated TMD dipoles (excitons) originate from the separation 

of positive and negative charges in the TMD molecular structure by the electric field of 

incident light 𝐄𝐢𝐧𝐜. Hence, the generated dipoles are linear, with the direction 

corresponding to the direction of 𝐄𝐢𝐧𝐜. It worths to mention that we have the requirement 

of having an electric field component along the periodicity of the structure for all 

illumination conditions (Fig. 2.4)[61].  

While the behavior of the TMD does not change by changing the angle of incidence, 

the response of the plasmonic structure is different to incident light with different k-

vectors. The geometry of the groove is anisotropic along x (direction of periodicity) and y 

(along the grooves) direction. When the incident light provides a momentum component 
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along the nanogrooves (the simplest case is when 𝜙௜௡௖ = 90°), the groove can support 

channel polaritons or channel modes [59], [60]. For the case with 𝜙௜௡௖ = 0, a wavevector 

component along the groove periodicity is provided and the excited modes can propagate 

along the periodicity of the structure and on the surface. Fig. 2.4 further clarifies the 

concept. Any incident light with 0° < 𝜙௜௡௖< 90° can be decomposed into the two orthogonal 

directions with 𝜙௜௡௖= 0° and 90°. 

As mentioned above, each individual component in this hybrid structure interacts 

with the incident light. If we consider the incident light as a ground state |0>, the TMD 

exciton’s energy level as |1> and the plasmonic resonance state energy level as |1´>, the 

interaction between the incident light with the TMD and the plasmonic structure can be 

shown by |0>→|1> and |0>→|1´>, respectively (Fig. 2.5a). If the energy of the plasmon 

resonance approaches the TMD excitonic energy level(Fig. 2.5b), then a coherent energy 

exchange between the plasmon resonance and the excitonic emission occurs |1>↔|1´>. 

Fig. 2.4 Incident light wavevector and polarization direction for (a) TE incident planewave with 𝐤𝐢𝐧𝐜 =
𝑘௬𝐲ො + 𝑘௭𝐳ො. In this case the polarization would be 𝐄 = 𝐸௫𝐱ො. (b) TM incident planewave with 𝐤𝐢𝐧𝐜 =

𝑘௫𝐱ො + 𝑘௭𝐳ො, with 𝐄 = 𝐸௫𝐱ො + 𝐸௭𝐳ො. 
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As a result of such transition two new hybrid states of plasmon-excitons forms, which are 

different from initial plasmonic and excitonic states [58]. 

These two newly formed hybrid states can be described by the two-coupled-

oscillator model [34]–[36], [44]–[48], [58] which satisfies the eigenvalue equation as: 

Where 𝐸௣௟ and 𝐸௘௫ refer to the energies of the uncoupled plasmon and exciton, 

respectively. The corresponding dissipation rates are given by 𝛾௣௟ and 𝛾௘௫ and 

characterized by the linewidth of the corresponding absorption peaks. 𝐸ା and 𝐸ି are the 

eigen energies of the coupled system corresponding to upper energy branch (UEB) and 

lower energy branch (LEB), respectively. g is the coupling strength and 𝛼 and 𝛽 make the 

 ൮
𝐸௣௟ −

𝑖𝛾௣௟

2
𝑔

𝑔 𝐸௘௫ −
𝑖𝛾௘௫

2

൲ ൬
𝛼

𝛽
൰ = 𝐸± ൬

𝛼

𝛽
൰ (2.1) 

Fig. 2.5 (a) schematic interaction between incident light as a ground state |0>, with individual TMD 
exciton energy state |1> and the plasmonic state |1´>. (b) The coherent energy transfer between 
excitonic and plasmonic states as their energy level approaches together.  
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eigen coefficients satisfying |𝛼|ଶ + |𝛽|ଶ = 1. By solving the above eigen value equation, 

the energy of the hybrid states will be given by: 

in which 𝛿 = 𝐸௣௟ − 𝐸௘௫ is the detuning energy between each individual state, here, 

plasmon and TMD A-exciton energy. The Rabi splitting of the hybrid structure is defined 

as: 

So, we will have: 

There have been several criteria reported to distinguish the “strong” coupling regime 

[15], [73]. Arguably the simplest criterion for strong coupling is the splitting of the peak 

in the absorption spectra. So, the occurrence of an intensity minimum between two peaks 

would be considered as a strong coupling regime. However, this criterion alone can be 

misleading as it is possible to misinterpret original split spectra as being the splitting 

caused by strong coupling. This issue has led to the categorization of an “intermediate 

coupling regime” as identified in experiments involving strong coupling scattering [73]. 

Among the criteria considered for strong coupling [74], the most intuitive one for 

strong coupling criteria is defined as [32], [34], [48], [73], [75], [76]: 

 𝐸± =
1

2
቎ 𝐸௣௟ + 𝐸௘௫  ±  ඨ4𝑔ଶ + ቆ𝛿 −

𝑖

2
൫𝛾௣௟ − 𝛾௘௫൯ቇ

ଶ

 ቏  , (2.2) 

 ℏΩୖ =  𝐸ା − 𝐸ି    𝑎𝑡   𝛿 = 0  (2.3) 

 ℏΩୖ = ඨ4𝑔ଶ −
൫𝛾௣௟ − 𝛾௘௫൯

ଶ

4
  . (2.4) 



37 

 

in which  
ఊ೛೗ାఊ೐ೣ

ଶ
 represents the average linewidth of uncoupled excitonic and plasmonic 

states. 

In this work, in order to define the strong coupling criteria and rule out intermediate 

and weak couplings, we follow the steps below. A structure which fulfills the first 

condition is in the intermediate coupling regime, and a structure passing both criteria will 

be considered as working in the strong coupling regime. 

1. First, structures without mode splitting in their absorption spectra are ruled out. 

Here, mode splitting refers to the occurrence of a minimum between two maxima 

in the absorption spectrum. This criteria accounts for the spectral overlap and 

satisfies the intermediate coupling condition [73]. The upper panel in Fig. 2.6 

corresponds to a situation passing this criteria. Fig. 2.6a) shows the dispersion 

pattern and an obvious splitting between the plasmonic and the excitonic states. 

The maximum points of the dispersion map are shown in fig Fig. 2.6b by small 

circles. The angle corresponding to the minimum amount of splitting (Rabi 

splitting ℏΩୖ) between two states is the coupling angle and is shown as 𝜃஼  in Fig. 

2.6c. Finally, fig Fig. 2.6d shows the absorption spectrum at the 𝜃௜௡௖ = 𝜃஼ ,which 

clearly presents the dip between two maxima. 

We disregard the cases with the minimum splitting at the limits of the incident 

angle (at normal or large incident angles). As we see in the lower panel of Fig. 2.6, 

specifically Fig. 2.6e and Fig. 2.6f, although the exciton and plasmon lines are 

 ℏ𝛺ோ >
𝛾௣௟ + 𝛾௘௫

2
   , (2.5) 
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disturbed as the result of spectral proximity, and a dip is sandwiched between two 

maxima, there is no local minimum in the Fig. 2.6g depicting the energy difference 

between upper and lower energy states. This criteria guarantees that the observed 

dip in the spectrum is the result of coupling and anti-crossing between the two 

states and disregards any originally split spectra beside each other. 

2. After passing the above prerequisite, eq. (2.5) defines whether the strong coupling 

criteria is fulfilled or not. Based on this condition, if the peak splitting is larger 

than the average of the uncoupled peak linewidths, the system is in a strong 

coupling regime. 

Fig. 2.6 Upper panel: (a)A clear demonstration of coupling between plasmonic and excitonic states 
in a dispersion map. (b)Extracted maxima from the dispersion map. (c)The energy difference 
between two states as a function of 𝜃௜௡௖. A local minimum in this plot is an indicator of strong 
coupling and its value shows Rabi splitting. (d) Absorption spectrum at 𝜃௜௡௖= 𝜃஼ showing the 
sandwiched dip between two maxima. Lower panel:(e),(f) Dispersion map and its maxima for a 
structure not fulfilling strong coupling criteria. (g) No local minimum in the energy difference vs. 
𝜃௜௡௖. (h) Absorption spectrum showing a dip sandwiched between two maxima, although the 
structure is not considered in strong coupling regime. 
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Here, the effects of nanogrooves’ parameters on the strength of plasmon-exciton 

coupling are analyzed in FDTD. Under a broadband plane wave source excitation, by 

varying the angle of incidence (𝜃୧୬ୡ) and (at constant azimuthal angles of 𝜙௜௡௖= 90° and 

𝜙௜௡௖= 0), reflection spectra of the hybrid WS2-nanogroove structure are recorded. The 

regions of spectral overlap between the individual TMD and plasmonic nanogroove 

dispersion profiles are an indicator of the coupling and formation of the hybrid plasmon-

exciton states. Fig. 2.7 represents an example of coupling region for the hybrid structure of 

WS2-nanogroove and its dependence on varying 𝜃௜௡௖ for 𝜙௜௡௖ = 90°. In the given angle-

resolved reflection spectra, the nearly horizontal dark zones pointed by a small red and blue 

triangle represent the absorption line of WS2 “A-exciton” and “B-exciton”, which are 

almost constant at 2.02 eV and 2.4 eV for any angle of incidence. The curved dark zone is 

attributed to the dispersion of the nanogroove structure. As we see at the regions of 

Fig. 2.7 A sample of angle resolved reflection spectra from the hybrid structure of TMD-nanogrooves 
with constant azimuthal angle 𝜙௜௡௖ = 90°. The red circles show the anti-crossings at strong coupling 
regions. The red and blue triangles point the A-exciton and B-exciton of WS2, respectively. 
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coupling, marked by red dash circles, the two profiles do not fully cross due to the anti-

crossing phenomenon. As mentioned earlier, the anti-crossing behavior is a typical 

characteristic of enhanced light-matter interaction following the strong coupling [77], [78]. 

2.2    The effect of the surface geometry on directionality 

As stated earlier, in monolayer TMDs the valley pseudospin response is different to 

incident lights with different circular polarizations. By incorporating metallic structures, 

we can preserve the valley distinguishability feature at room temperature. In the second 

part of this dissertation, our goal is to demonstrate the effect of the surface geometry on 

directionality theoretically and show that through engineering the metallic structure, we 

can control the angle of propagation on the surface. 

Due to the limitations of analytical calculations which will be explained in the 

following section, we investigate an ideal case analytically. Then we transition to the 

numerical calculations using FDTD to thoroughly examine how surface geometry 

influences the observed exciton routing. 

2.1.1   Analytical calculations 

The radiative decay of the valley-polarized exciton emission is represented by a circular 

dipole. Our analytic calculations are based on phase matching condition between a 

circularly polarized dipole and the nanogroove plasmonic mode. To simplify the model, 

we replace the valley polarized TMD excitons with two opposite circularly polarized 

dipoles located close to the metallic structure. In mathematical study, an ideal case of 



41 

 
single groove is considered, instead of the case of periodic structure. By analyzing the 

“Poynting vector” of the coupled radiation of the dipole and the plasmonic mode, the 

possible control over directionality on the surface is investigated.  

First, we consider a general dipole with dipole moment 𝐏 located at 𝐫𝟎 = (𝑥଴, 𝑦଴, 𝑧଴) 

in an isotropic and homogeneous medium characterized by 𝜇 and 𝜀. To find the vector 

potential of the dipole 𝐀(𝐫) at position 𝐫 in the medium, we need to solve the 

inhomogeneous Helmholtz equation 

where 𝑘 is the wavenumber and 𝐣(𝐫) represents the dipole current density given by: 

Here, 𝜔 = 𝑐𝑘 is the angular frequency of the field. Using the Green’s function 

method, the spatial representation of the vector potential of the dipole will be obtained as:  

which can be written in cartesian coordinate as: 

According to the Weyl identity, the vector potential at any arbitrary image plane 

(z=const.) is expressed as [78]: 

 [∇ଶ + 𝑘ଶ]𝐀(𝐫) = −𝜇𝜇଴𝐣(𝐫) , (2.6) 

 𝐣(𝐫) = 𝑖𝜇𝜇଴𝜔 𝐏 δ(𝐫 − 𝐫𝟎) , (2.7) 

 𝐀(𝐫) = 𝐏
𝑘ଶ

𝑖𝜔𝜀𝜀଴

𝑒±௜௞|𝐫ି𝐫𝟎|

4𝜋 |𝐫 − 𝐫𝟎|
     , (2.8) 

 𝐀(x, y, z) = 𝐏
𝑘ଶ

𝑖𝜔𝜀𝜀଴

𝑒±௜௞ඥ(௫ି௫బ)మା(௬ି௬బ)మା(௭ି௭బ)మ

4𝜋ඥ(𝑥 − 𝑥଴)ଶ + (𝑦 − 𝑦଴)ଶ + (𝑧 − 𝑧଴)ଶ
  . (2.9) 
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where 𝑘௭ = ඥ𝑘ଶ − 𝑘௫
ଶ − 𝑘௬

ଶ  with 𝐼𝑚{𝑘௭} ≥ 0. Such assumptions of Weyl identity apply 

the plasmonic feature of the surface. The integrand in eq. (2.10) represents the expansion 

of the field into plane and evanescent waves (the angular spectrum representation). 

Maxwell’s equations give the electric field 𝐄(x, y, z) and magnetic field 𝐇(x, y, z), 

as 

By representing the electric and magnetic fields as their inverse 2-D Fourier 

Transforms 𝐄෠ and 𝐇෡  

the k-space Poynting vector of a dipole emission in the x-y plane will be given by: 

𝐀(x, y, z) = 𝐏
𝑘ଶ

8𝜋ଶ𝜔𝜀𝜀଴
ඵ

𝑒±௜[௞ೣ(௫ି௫బ)ା௞೤(௬ି௬బ)ା௞೥|௭ି௭బ|]

𝑘௭
𝑑𝑘௫𝑑𝑘௬

ஶ

ିஶ

  , (2.10) 

 

𝐄(x, y, z) = 𝑖𝜔 ൤1 +
1

𝑘ଶ
∇∇. ൨ 𝐀(x, y, z)  ,  

𝐇(x, y, z) = (𝜇𝜇଴)ିଵ𝛻 × 𝐀(x, y, z)  .  

(2.11) 

 

𝐄(x, y, z) = ඵ 𝐄෠൫k୶, k୷; z൯𝑒ି௜[௞ೣ௫ା௞೤௬]𝑑𝑘௫𝑑𝑘௬

ஶ

ିஶ

   , 

𝐇(x, y, z) = ඵ 𝐇෡൫k୶, k୷; z൯𝑒ି௜[௞ೣ௫ା௞೤௬]𝑑𝑘௫𝑑𝑘௬

ஶ

ିஶ

   , 

(2.12) 

 𝐒෠൫k୶, k୷; z൯ =
1

2
𝑅𝑒൛𝐄෠൫k୶, k୷; z൯ × 𝐇෡ ∗൫k୶, k୷; z൯ൟ  .  (2.13) 
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The above derivations are for a general form of a 3D dipole with dipole moment 𝐏. 

In our calculations, we assume a circularly polarized dipole in the x-y plane with the dipole 

moment ൣ𝑝௫ , 𝑝௬൧ = 𝑝଴[𝑖 ± 1], to specifically represent in plane valley polarized excitons. 

2.1.2   Numerical study of valley-polarized exciton routing 

The FDTD method is employed to numerically study the polarization-dependent 

propagation due to the circularly polarized emission from different WS2 valleys. To 

simplify the scenario, the radiative decay of the unpolarized TMD exciton is represented 

by a single linearly polarized dipole. This substitution provides all the possible angles of 

illumination (covering all 𝜃௜௡௖ and 𝜙௜௡௖). The dipole is placed on top of the periodic 

structure at the location of the monolayer TMD. The propagation of the coupled plasmon-

excitons is investigated by analyzing the k-space PL images due to their capability in 

simplifying our interpretation. A planar field profile monitor is placed on the horizontal 

surface and the k-space PL images are achieved by the projection of this surface monitor 

data to the surface of a hemisphere in the Far-field region. The final result is an image of 

the field intensity on the hemisphere, as viewed from above (Fig. 2.8a). 

The coupling between exciton emission near-field with the SPP forms plasmon-

exciton pairs that can propagate along the nanogrooves (the guided SPP in the y direction) 

and perpendicular to the nanogrooves (the surface confined SPP in the x direction). Fig. 

2.8b shows an example of a far-field image detected at the wavelength corresponding to 

the strong coupling region (E ~2.02 eV, λ~616 nm). The azimuthal angle in such polar 

image ranges from 0 to 2π covering the whole region of the in-plane monitor. The 
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azimuthal angles with high intensity of far-field show the propagation direction on the 

surface. 

After capturing the k-space PL distribution, we need to extract the polarization 

dependent PL coupling. As mentioned earlier, PL emission from different valleys of WS2 

carries opposite circular polarizations. In the experiments, this separation can be 

accomplished by using a combination of polarizers and waveplates in the detection path. 

In our simulated k-space images, we separate different circular polarizations by separating 

the electric field components through 𝐸௫ ± 𝑖𝐸௬ with the negative sign for right-handed 

(𝜎ି) emission and the positive sign for left-handed (𝜎ା) emission. As a result, a separated 

emissions of 𝐼(𝜎ା) and 𝐼(𝜎ି) polaritons in momentum space can be observed. This 

separation qualitatively indicates that the polaritons at the K and K′ valleys are routed in 

opposite directions. However, to have a hybrid structure with the best performance, we 

need to quantify these polarization separations. This can be done by defining a parameter 

Fig. 2.8 The simulation setup and projection mechanism for obtaining far-field images. (b) An 
example of a far-field intensity image. Angle 𝜙 represent the azimuthal angle which corresponds to 
the angle of propagation in the surface. 
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“degree of circular polarization (DCP)” by dividing the difference between the two 

circularly polarized PL components by sum of them: 

The DCP at any point in the k-space can range between 1 to -1 corresponding to 

maximum possible left/right-handed polarization content. This number can quantify the 

amount of circular polarization at each point in the k-space. However, to efficiently find 

the location in k-space with maximum of both field distribution and degree of circular 

polarization, we need to calculate the coupling strength in that specific location. The 

position dependent coupling coefficient is defined as: 

Combining these two above parameters gives the chiral coupling strength or 

𝜅௖௛௜௥௔௟൫𝑘௫ , 𝑘௬൯ at each points in the k-space. 

This parameter can range from -1 to 1 depending on the structure. For a specific 

structure, the maximum positive (negative) value shows the location in k-space with the 

best possible degree of coupling strength for left- (right-)handed circular polarization. 

 𝐷𝐶𝑃(𝑘௫ , 𝑘௬) =
𝐼(𝜎ା) − 𝐼(𝜎ି)

𝐼(𝜎ା) + 𝐼(𝜎ି)
  . (2.14) 

 𝜅(𝑘௫ , 𝑘௬) =
𝐼(𝜎ା) + 𝐼(𝜎ି)

𝑚𝑎𝑥 [𝐼(𝜎ା) + 𝐼(𝜎ି)]
 (2.15) 

 𝜅௖௛௜௥௔௟൫𝑘௫ , 𝑘௬൯ = 𝜅൫𝑘௫ , 𝑘௬൯. 𝐷𝐶𝑃(𝑘௫ , 𝑘௬). (2.16) 
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2.3    Summary and conclusion 

In summary, this chapter outlined the research methodology for both parts of this 

dissertation. We started with the procedures applied to design the monolayer TMD-

nanogrooves hybrid structure. This includes the selection of TMD material, choice of 

groove parameters and the criteria necessary for achieving a strong coupling regime. In 

the second section, we presented the analytical approach and FDTD mechanism that were 

employed to explore and quantify the capability of the designed structure to guide valley 

polarized TMD exciton emissions into different directions. 
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CHAPTER 3:   STRONGLY COUPLED PLASMONS AND EXCITONS  

Given the constant and non-dispersive absorption of TMDs, achieving strong coupling 

between monolayer TMD and plasmonic nanogrooves requires a precise nanogroove 

design. This design should ensure not only the resonance frequency of the TMD, and 

nanostructures coincide, but also the strong coupling regime is achieved. The resonance 

frequency of the metallic nanogrooves is highly sensitive to the geometrical features of 

the groove (groove period, width, and depth). Other than these nominal parameters, errors 

in the fabrication process are inevitable parts of the experiments, while they impact the 

conditions of the strong coupling. That being said, a complete knowledge about the 

relation between each geometric feature and the resultant coupling in the hybrid structure 

would be desired. 

We start this chapter by presenting our numerical findings regarding the effects of 

the nanogroove parameters on the occurrence of strong coupling in the hybrid structure of 

monolayer WS2-nanogroove. The discussion and interpretation of the data will follow the 

results section. 

3.1   Geometry and design of nanogrooves: simulation structure 

Our first purpose is to theoretically investigate how varying each individual geometrical 

parameter of the nanogrooves can change the strong coupling condition where the anti-
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crossings (spectral overlap) between WS2 and nanogrooves absorption occur. We study 

this in FDTD by evaluating the status of the coupling as a function of an individual groove 

parameter (depth and width) while others are fixed. 

As mentioned in the methodology chapter, we design an infinite periodic Ag grooves 

with rectangular cross section. The refractive index of the Ag is chosen from Lumerical 

data base “Ag(Silver) – Palik (0-2 um)”. In order to match with an actual structure which 

is commonly used in experiments, a 4 nm uniform coating of Al2O3 with Palik refractive 

index covers Ag to protect it from oxidation. A single layer of WS2 with 0.618 nm 

thickness and adopted experimental dielectric function from [79] is placed on top. See 

Fig. 3.1 for a clear picture of the structure. For brevity, whenever we call the structure 

“WS2-nanogrooves” we mean the hybrid structure of “monolayer WS2 and coated Ag 

nanogrooves”. 

The infinite periodicity of the grooves is applied by employing periodic boundary 

condition (PBC) in the x direction. The minimum mesh size around the groove region is 

chosen 0.5 nm in x and z directions to precisely account for variations in groove width 
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and depth. To resolve the extremely thin region of the monolayer WS2, a mesh size of 0.1 

nm is employed along the vertical direction (z) of the layer. 

Under a broadband plane wave excitation, by scanning the angle of incidence (θ୧୬ୡ) 

and at constant azimuthal angles of ϕ୧୬ୡ= 90° and ϕ୧୬ୡ= 0 the reflection and -following 

that- absorption spectra are recorded by varying one of the groove parameters, while 

others are fixed. We have done the study of four -isolated- errors, errors in 1. depth, 2. 

width, 3. straightness of groove walls and 4. roundness of the groove edges. In all cases 

the coupling is sensitive to deviations from nominal values. TM and TE polarizations for 

the incident lights are chosen such that the electric field at the illuminated point always 

has a component along the periodicity of the structure. To clarify please refer to Fig. 2.4. 

Fig. 3.1 (a) The simulation setup consisting of an infinite array of Ag nanogrooves, coated with 4 
nm Al2O3 and a layer of WS2 on top. (b) Side view representation of the structure. 
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Introducing the Al2O3 coating to the nanogrooves causes a redshift due to the 

dielectric screening which is caused by higher refractive index of the coating compared to 

that of air [80]. The amount of the redshift depends on the thickness of the coating chosen. 

As mentioned above, we keep the coating as a uniform layer of 4 nm for all the study. Fig. 

3.2a shows an example of the angle resolved absorption spectra of coated Ag nanogrooves 

without the WS2 with p=400, d=50 and w=50 nm (constant 𝜙௜௡௖= 90°). Upon introducing 

the monolayer WS2 in Fig. 3.2b , not only the coupling between two states occurs, but also 

Fig. 3.2 Angle resolved absorption spectra of (a) Al2O3 coated Ag nanogrooves. (b) hybrid structure of 
coated nanogrooves-WS2. The redshift and anti-crossing after adding WS2 to the structure is observed.
The dashline is WS2 absorption line. (c) The absorption spectrum at fixed angle of incidence = 50°, along 
the red dot line in fig (a). The inset shows the electric field intensity at peak. (d) ) The absorption 
spectrum at the coupling angle (𝜃௜௡௖ = 50°) along the red dot line in fig (b). The insets shows the electric 
field intensity at labled energies by  E+, Eex and E- from top to bottom, respectively. 
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the absorption profile of the nanogrooves is red shifted due to the much larger refractive 

index of the WS2 [44].  

3.2   Results and discussion 

3.2.1   The effect of depth on the coupling (𝜙௜௡௖= 90°) 

After characterizing the structure and the effect of each component in the resonance 

spectrum, we move on to study the effect of individual groove parameters on the coupling. 

To this aim, the angle resolved absorption spectra of WS2-nanogrooves by varying 

individual groove parameters are recorded. Fig. 3.3 monitors the absorption spectra and 

the coupling for sharp-edged rectangular grooves with Λ=400 nm, w=50 nm and varying 

groove depths with 𝜙௜௡௖ fixed at 90° . In Fig. 3.3a the WS2 “A-exciton” line at around 

2.02 eV does not cross the dispersion curve of the nanogrooves implying that no coupling 

with “A-exciton” exists there. The bright green line around 2.4 eV is an indicator of the 

spectral proximity of the nanogroove resonance with WS2 “B-exciton”, which is out of 

the scope of our topic. In Fig. 3.3b and Fig. 3.3c, the nanogroove dispersion shifts to lower 

energies (redshifts) and couples to WS2 by passing its absorption line. In Fig. 3.3d the 

spectral overlap is at the very edge of the large incident angles. We do not consider the 

cases with the spectral overlap at the limit of large (or small) incident angles. This 

guarantees that the observed dip in the spectrum is the result of coupling and anti-crossing 

between the two states, not just two individual absorption lines close together (refer to 

Fig. 2.6). 
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As is evident, the incident angle corresponding to the coupling regions increases for 

grooves with larger depths, meaning that by increasing the depth, to still get the coupling, 

we need to increase the angle of incidence for up to an upper limit of depth. Passing that 

limit, as it is seen in Fig. 3.3e, no coupling is achievable for d=80 nm by changing the 

angle of incidence. 

As mentioned in the methodology chapter, not every anti-crossing indicates a strong 

coupling. In order to quantify the strength of coupling between two states, we measure the 

amount of splitting between two absorption lines at “anti-crossing” locations, i.e., the Rabi 

splitting. If the criterion imposed by Eq. (2.5) and its prerequisite are met, then we claim 

that the hybrid plasmon-exciton state is in the strong coupling regime. 

Fig. 3.3 FDTD simulated angle resolved absorption spectra of the hybrid structure with 𝛬=400 nm, 
w=50 nm, and varying depths by scanning 𝜃௜௡௖ and constant 𝜙௜௡௖=90°. The grooves are rectangular 
with sharp edges. The dashed lines show the range of 𝜃௜௡௖ at which the coupling occurs. 
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In order to study the relation between the strength of coupling and depth variations 

with 𝜙௜௡௖= 90°, first, we rule out the cases without obvious mode splitting, which refer to 

the Fig. 3.3a and Fig. 3.3e with d=30 and 80 nm. Regarding the structure with d = 60 nm, 

the absorption maxima in the dispersion is depicted in Fig. 3.4a. The absence of a local 

minimum in the plot of  𝛥𝐸 vs. 𝜃௜௡௖ (Fig. 3.4b) places this structure out of the strong 

coupling regime based on our criteria. This structure may show a local minimum if we 

scan angles further than 70°, but we just avoid such couplings at large incident angles. 

For the remaining options, which are nanogrooves with d=40 and d=50 nm and two 

more interim cases with d=45 and d=55 nm, in Fig. 3.5 the Rabi splitting from the 

simulated absorption profiles are calculated. Each box corresponds to a specific groove 

depth. In each group, the top-left panel illustrates the absorption maxima in the angle-

resolved dispersion profiles along with the amount of Rabi splitting. The bottom-left panel 

depicts the energy difference between the upper and lower states (Δ𝐸) as a function of 

Fig. 3.4 (a)Absorption maxima in the dispersion plot of the structure with d=60 nm. (b) Energy 
difference between UEB and LEB as the function of incident angle. 
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incident angle. The range of angles corresponding to the minimum value of Δ𝐸 are the 

incident angles in which the coupling in the structure is possible and we call them 𝜃஼  . As 

an example, for the groove with d=40 nm, The minimum amount of splitting (Rabi 

splitting) between the two graphs in the dispersion map is ℏΩR=86.11 meV and this 

minimum splitting occurs at 𝜃௜௡௖ =  𝜃஼~1° − 10°. This range of angles are marked with 

red arrow in the dispersion figure at the top left and circled with dashed red line in the Δ𝐸 

graph at bottom left of the box (a) in Fig. 3.5. 

The right panel in each figure group depicts the absorption spectra for different 

incident angles (𝜃௜௡௖ ranging from 0 to 70° with step of 5°).  The absorption spectra at the 

angles corresponding to 𝜃஼  are shown in red; the spectra corresponding to the 𝜃௜௡௖ = 1° −

10° for the case with d= 40 nm in box (a). While the angle resolved dispersion profiles 

clearly show the anti-crossing between the two states, the absorption profile and the Δ𝐸 

graph can define the Rabi splitting and the angle at which the splitting has occurred. 
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Fig. 3.5 Each figure group contains: Top left: the absorption maxima in the angle-resolved dispersion 
profiles. Bottom left: the energy difference between the upper and lower states (𝛥𝐸) as a function 
of incident angle. Right: absorption spectra for different 𝜃௜௡௖ with the step of 5° for a hybrid structure 
with  rectangular nanogrooves and Λ=400, w=50, (a) d=40 nm. (b) d=45 nm. (c) d=50 nm. (d) d=55 
nm. 𝜙௜௡௖= 90°  is constant for all cases. 
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Now using Eq. (2.5) we define whether these couplings fulfill strong coupling 

criteria or not. The mentioned equation looks for the structures with Rabi splitting larger 

than the average dissipation rate of the uncoupled plasmon and exciton states. The average 

dissipation rate is defined by the linewidth of the individual absorption peaks. The 

linewidth of WS2 is obtained by fitting the complex dielectric function of WS2 monolayer 

to the multi-Lorentzian model and is equal to 𝛾௘௫ = 30 meV [79] . For the plasmonic 

nanogrooves linewidth, we record the absorption profile of the plasmonic nanogrooves 

without the presence of the WS2 layer for each case at the angle that the coupling occurs. 

As an example, Fig. 3.6 shows the absorption line of the Ag nanogroove structure with 

d=55 nm under broadband planewave excitation at θinc = 60°. The groove parameters for 

this figure correspond to the structure in Fig. 3.3d and the 60° is the coupling angle. For 

the cases with more than one coupling angle, the average of the linewidths is considered. 

Knowing the dissipation rates and the value of Rabi splitting, using Eq. (2.5) we 

define Figure of merit (FOM) for each case.  

Fig. 3.6 The absorption line of the individual nanogrooves with d=55 nm at θinc = 60° (coupling angle).
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where, 𝛾௔௩ =
ఊ೛೗ାఊ೐ೣ

ଶ
 is the average dissipation rate in the WS2-nanogrooves 

structure. The cases with FOM larger than one, satisfy strong coupling criteria rigorously. 

Table 3.1 summarizes the status of the coupling (for 𝜙௜௡௖ = 90°), by varying groove 

depth. As we move toward deeper grooves, the amount of splitting between two states 

increases, however, only the structure with d=55 nm satisfies the strong coupling criteria. 

For d=40,  45, and 50 nm, although we observe coupling, they are not classified within 

the strong regime. Structures with d=30, 60, and 80 do not show coupling. 

Table 3.1 Summary of the groove depth study when the incident angle has k-component along the 
grooves (𝜙௜௡௖ = 90°). Rabi splitting (ℏ𝛺ோ), the average dissipation rate (𝛾௔௩) and FOM are calculated 
for each case. 

Depth Study - 𝝓𝒊𝒏𝒄 = 𝟗𝟎° 

Λ (nm) d (nm) w (nm) shape ℏ𝛺ோ(𝑚𝑒𝑉) 𝛾௔௩(𝑚𝑒𝑉) FOM 

400 

30 

50 rect 

No splitting observed. 

40 86.11 109 0.79 

45 96.88 112.5 0.86 

50 96.88 108 0.89 

55 105.49 102.99 1.02 

60 Splitting observed. No local minima in Δ𝐸 
graph. 

80 No splitting observed. 

 𝐹𝑂𝑀 =
ℏ𝛺ோ

𝛾௔௩
, (3.1) 
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3.2.2   The effect of width on the coupling (𝜙௜௡௖= 90°) 

Now, after identifying the effect of the depth variations on the coupling condition in the 

WS2-nanogroove structure, we move to the investigation of the groove width. Fig. 3.7 

depicts the dispersion graph and coupling region occurrence for sharp-edged rectangular 

grooves with depth of 60 nm and varying widths. Upon increasing the groove width from 

50 nm to 90 nm, although we observe a blueshift in the nanogroove dispersion along with 

decrease in the incident angle required for coupling; the change is not as significant as the 

result for varying the groove depth. It means that the dispersion of the structure is less 

sensitive to the fabrication errors due to the width compared to the depth of the 

nanogrooves. Also, as the groove width increases, the anti-crossing region becomes less 

resolvable due to the broadening of the absorption lines. 

Fig. 3.7 FDTD simulated angle resolved absorption spectra of the hybrid structure with rectangular 
grooves 𝛬=400 nm, d=60 nm, and varying widths by scanning 𝜃௜௡௖ and constant 𝜙௜௡௖=90°. 
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We have already investigated the dispersion observed in Fig. 3.7a for the 

nanogrooves with d=60 nm and w=50 nm. As shown in Fig. 3.4, due to the absence of a 

local minimum in the Δ𝐸 graph (Fig. 3.4b) we do not consider this as a good structure for 

strong coupling.  For the remaining cases, we calculate the amount of Rabi splitting and 

the range of coupling angles, as we did for the groove depth study.  

Fig. 3.8 shows the result of the width study. As a representative for each group of 

figures, in Fig. 3.8a for the groove with w=60 nm and d=60 nm, we observe splitting in 

the absorption maxima of the dispersion map at large incident angles. The minimum 

amount of splitting is 103.33 meV and based on Δ𝐸 graph at the bottom left of the box, 

we find that this splitting occurs at the angles within the range of 61°-65°. 

The right panel depicts the absorption spectra for fixed incident angles (θinc ranging 

from 0 to 70). The spectra corresponding to the 𝜃௜௡௖ = 65° is shown in red. 

Now we use eq. (2.5) and (3.1) along with the linewidths of individual components 

of the hybrid structure to find whether any of these couplings can be classified as strong 

or not. The result of the calculation is summarized in Table 3.2. As we see, by increasing 

the groove width, the amount of Rabi splitting and the dissipation rate of the structure 

increase and the value of the FOM moves away from 1, which is the transition from 

intermediate to the strong regime. None of the structures in this group fulfill the strong 

coupling criteria. 
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Fig. 3.8 Top left: the absorption maxima in the angle-resolved dispersion profiles. Bottom left: the 
energy difference between the upper and lower states (𝛥𝐸) as a function of incident angle. Right:
absorption spectra for different 𝜃௜௡௖ with the step of 5° for a hybrid structure with  rectangular 
nanogrooves and Λ=400, d=60, (a) w=60 nm. (b) w=70 nm. (c) w=80 nm. (d) w=90 nm. 𝜙௜௡௖= 90°  is 
constant for all cases. 
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Table 3.2 Summary of the groove width study when the incident angle has k-component along the 
grooves (𝜙௜௡௖ = 90°). 

Width Study - 𝝓𝒊𝒏𝒄 = 𝟗𝟎° 

Λ (nm) d (nm) w (nm) shape ℏ𝛺ோ(𝑚𝑒𝑉) 𝛾௔௩(𝑚𝑒𝑉) FOM 

400 60 

50 

rect 

Splitting observed. No local minima in Δ𝐸 
graph. 

60 103.33 111.33 0.93 

70 94.72 122.16 0.77 

80 83.96 140.37 0.6 

90 66.74 157.77 0.42 

 

3.2.3   Fabrication errors: The effect of groove wall angle and edge roundness on 
the coupling (𝜙௜௡௖= 90°) 

In addition to the errors in nominal values of the groove parameters, we also identified 

two possible geometrical errors. First, the deviation from a straight groove wall, which is 

quantified by the angle of the groove wall with respect to a perfect straight wall. Second, 

the deviation from sharp edged groove toward curved edges. We examine the effect of 

each individual error, while the groove parameters, “Λ”, “d” and “w” are constant.  

Fig. 3.9 shows the trend of the dispersion graph of a nanogroove with different 

groove angles with Λ=400, d= 60 and w = 50 nm. By increasing the deviation from a 

straight wall, we observe blueshift in the absorbance profile of the nanogrooves and 

following that a decrease in the coupling incident angle. The structure with 𝜃௚= 0° 

corresponds to the same structure which was already investigated in Fig. 3.4 showing no 
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local minimum in the graph of Δ𝐸 vs.  𝜃௜௡௖. The Δ𝐸 plot for nanogrooves with the 𝜃௚ = 5° 

also do not show any local minima (Fig. 3.11) and we take it out of the coupling group. 

The Rabi splitting and coupling angles for the structures with 𝜃௚= 10°  and  𝜃௚= 15° are 

demonstrated in Fig. 3.10. The value of the Rabi splitting, dissipation rates and FOM are 

summarized in the Table 3.3. None of the structures in this group satisfy the eq. (2.5) 

condition and the value of the FOM seems to degrade by increasing the groove wall angle, 

meaning that the more deviation from straight groove wall degrades the strength of the 

coupling.  

Fig. 3.9 FDTD simulated angle resolved absorption spectra of the hybrid structure with 
𝛬=400 nm, d=60 nm, w=50 nm by scanning 𝜃௜௡௖ and constant 𝜙௜௡௖=90°. The groove walls 
are tilted with varying angles in steps of 5°.   
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Fig. 3.10 Each figure group contains: Top left: the absorption maxima in the angle-resolved 
dispersion profiles. Bottom left: the energy difference between the upper and lower states (𝛥𝐸) 
as a function of incident angle. Right: absorption spectra for different 𝜃௜௡௖ with the step of 5° for 
a hybrid structure which has nanogrooves with angled walls and Λ=400, d=60, w=50 nm (a) 
𝜃௚=10° and (b) 𝜃௚=15°. 𝜙௜௡௖= 90° is constant for all cases. 

Fig. 3.11 (a)Absorption maxima in the dispersion plot of the structure with Λ=400, d=60, 
w=50 nm 𝜃௚=5° (b) Energy difference between UEB and LEB as the function of incident 
angle. 
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Table 3.3 Summary of the groove wall angle study when the incident angle has k-component along 
the grooves (𝜙௜௡௖ = 90°). 

Groove wall angle Study - 𝝓𝒊𝒏𝒄 = 𝟗𝟎° 

Λ (nm) d (nm) w (nm) 
shape 
(𝜃௚) ℏ𝛺ோ(𝑚𝑒𝑉) 𝛾௔௩(𝑚𝑒𝑉) FOM 

400 60 50 

0° Splitting observed. No local minima in Δ𝐸 
graph. 

5° Splitting observed. No local minima in Δ𝐸 
graph. 

10° 96.88 101.38 0.96 

15° 92.57 100.46 0.92 

 

Now we proceed to the second error which is the deviation from rectangular shape 

groove toward curved edges. Fig. 3.12 shows the dispersion graph of curved edge grooves 

with Λ=400, d = 60 and w = 50 nm with different edge roundness. The amount of 

Fig. 3.12 FDTD simulated angle resolved absorption spectra of the hybrid structure with 𝛬=400 
nm, d=60 nm and w=50 nm by scanning 𝜃௜௡௖ and constant 𝜙௜௡௖=90°. The groove wall edges are 
curved with varying  radii of curvature. 
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roundness is quantified by the radius of curvature of internal and external groove edges 

considering the existence of the 4 nm groove coating. 

As the deviation from a sharp-edged groove increases, we observe blueshift in the 

trend of the graph. The rectangular shape groove with mentioned period, depth and width 

was out of the coupling group as we verified in Fig. 3.4b. For the other curve edged 

grooves the condition of coupling is investigated and depicted in Fig. 3.13. The amount 

of Rabi splitting, average dissipation rates and FOM are calculated and shown in Table 

3.4. As we see for the case with R = 5 nm the coupling criteria is rigorously satisfied, 

however, as we deviate more from rectangular groove shape, the strength of coupling 

declines. For the the case with R =20 nm, the anti-crossing is not even resolved due to the 

broadening and small value of the Rabi splitting. This deviation also degrades the 

condition of strong coupling as the FOM reaches below 0.5. 
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Fig. 3.13 Top left: the absorption maxima in the angle-resolved dispersion profiles. Bottom left: the 
energy difference between the upper and lower states (𝛥𝐸) as a function of incident angle. Right:
absorption spectra for different 𝜃௜௡௖ with the step of 5° for a hybrid structure which has nanogrooves 
with round edges and Λ=400, d=60, w=50 nm (a) R=5 nm, (b) R=10 nm, (c) R=15 nm and (d) R=20 
nm. 𝜙௜௡௖= 90°  is constant for all cases. 
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Table 3.4 Summary of the groove edge roundness study when the incident angle has k-component 
along the grooves (𝜙௜௡௖ = 90°). 

Groove Edge Roundness Study - 𝝓𝒊𝒏𝒄 = 𝟗𝟎° 

Λ (nm) d (nm) w (nm) 
shape 
(𝑅) 

ℏ𝛺ோ(𝑚𝑒𝑉) 𝛾௔௩(𝑚𝑒𝑉) FOM 

400 60 50 

0 Splitting observed. No local minima in Δ𝐸 
graph. 

5 nm 105.49 102.99 1.02 

10 nm 92.57 117.14 0.79 

15 nm 77.5 125.8 0.62 

20 nm 62.43 127.63 0.49 

 

All the above-mentioned parameters play an important role in the strength and the 

region in which the strong coupling occurs. In all cases the coupling is sensitive to 

deviations from nominal values, but the sensitivity looks more prominent for variations of 

depth. The above results were obtained for the cases with constant azimuthal angle 

𝜙௜௡௖=90°), however, we need to analyze the dispersion diagrams for 𝜙௜௡௖= 0° to cover all 

the possible illumination directions. Since the dispersion graph is more sensitive to the 

groove depth, only the dependence of dispersion pattern on the groove depth is 

investigated for the case of 𝜙௜௡௖= 0. 

3.2.4   The effect of depth on the coupling (𝜙௜௡௖= 0°) 

The dispersion patterns for a sharp-edged rectangular groove with width of 50 nm and 

varying depths under the incident light with 𝜙௜௡௖= 0 is shown in Fig. 3.14. Here, we 

observe more interesting phenomena. First, just like the case for 𝜙௜௡௖= 90°, we observe 
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redshift in the groove dispersion as we go toward larger depths. In Fig. 3.14a and Fig. 

3.14b the anti-crossing between the plasmonic nanogroove and the “A-exciton” of WS2 

around 2.02 eV is evident. For the depth of 50 nm in Fig. 3.14c the spectral overlap 

between WS2 and nanogrooves is not full. In Fig. 3.14d and Fig. 3.14e the absorption 

profile of the nanogrooves is well below that of WS2 and there is no anti-crossing between 

the two profiles. 

The sloped line, roughly fixed for all the cases is the Rayleigh anomaly which is a 

phenomenon that occurs when light interacts with a periodic structure [81]. It results in 

the appearance of anomalies or deviations in the scattering or diffraction pattern at certain 

angles. In this kind of anomaly, the scattered wave on the surface of the periodic grating 

emerges tangential to the surface. As we see, this feature was not present in the Fig. 3.3 

Fig. 3.14 FDTD simulated angle resolved absorption spectra of the hybrid structure with with 
rectangular grooves 𝛬=400 nm, w=50 nm, and varying depths by scanning 𝜃௜௡௖ and constant 𝜙௜௡௖ = 0 .
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dispersions with 𝜙௜௡௖= 90°, when the incident does not contain any k-vector component 

along the periodicity of the grooves. Writing the grating equation for an incident light with 

wavevector 𝑘଴ and incident angle of 𝜃௜௡௖ on a periodic grating with periodicity of Λ: 

 with 𝑘௚ =
ଶ஠

ஃ
 , 𝜃ௗ௜௙௙

(௠)  the 𝑚௧௛ diffracted order angle, gives the incident angles that 

correspond to this anomaly. The Rayleigh anomaly solely depends on the gating period, 

appears in the dispersion of the structure as sharp, discontinuous changes in 

reflectivity/absorption, and is independent of the grating material [81]. Fig. 3.15a depicts 

the analytic angles which experience Rayleigh anomaly within the range of scanned 

energy in our study for a grating with the period of 400 nm. In Fig. 3.15b this anomaly is 

plotted on top of the dispersion plot from Fig. 3.14c.  

 𝑘଴ቀ𝑠𝑖𝑛𝜃௜௡௖
 ± 𝑠𝑖𝑛𝜃ௗ௜௙௙

(௠)
ቁ = ±𝑚𝑘௚  , (3.2) 

Fig. 3.15 (a) Rayleigh anomaly for a grating with the period of 400 nm derived from Eq. (3.2) 
(b) The analytic Rayleigh anomaly occurrence on top of the FDTD dispersion from Fig. 3.14c. 
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To study the the change in the coupling as the function of depth for this case, we 

follow the same procedure as we did for the cases with 𝜙௜௡௖= 90°. First, we rule out the 

cases without obvious mode splitting, which refer to the Fig. 3.14c, d, e with d=50, 60 and 

80 nm. The dispersion and coupling in the nanogrooves with d=30 and d=40 nm and two 

more interim cases with d=35 and d=45 nm is shown in Fig. 3.16. Each box in this figure 

corresponds to a specific groove depth corresponding dispersion figure.  We take out the 

groove with d=45 nm from coupling group, since in Fig. 3.16d the energy difference plot 

as the function of incident angle does not show any local minima. 

Now using Eq. (2.5) we can check for the strong coupling criteria. The result of 

calculation for this case is given in the . As we move toward deeper grooves, the amount 

of splitting between two states increases, while the plasmonic linewidth decreases.  

For the structure with d=30 nm, despite the lower Rabi splitting compared to other cases, 

it exhibits a significantly better FOM, making it the structure with the strongest coupling. 

The nanogroove-WS2 with d=35 nm also fulfills the criteria for strong coupling, whereas 

the case with a diameter of 40 nm does not meet the criteria. 
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Fig. 3.16 Top left: the absorption maxima in the angle-resolved dispersion profiles. Bottom left: the 
energy difference between the upper and lower states (𝛥𝐸) as a function of incident angle. Right:
absorption spectra for different 𝜃௜௡௖ with the step of 5° for a hybrid structure with rectangular 
nanogrooves and Λ=400, w=50, (a) d=30 nm. (b) d=35 nm. (c) d=40 nm. (d) d=45 nm. 𝜙௜௡௖= 0°  is 
constant for all cases. 
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Table 3.5 Summary of the groove depth study when the incident angle has k-component normal to the 
grooves (𝜙௜௡௖ = 0°). 

Depth Study - 𝝓𝒊𝒏𝒄 = 𝟎° 

Λ (nm) d (nm) w (nm) shape ℏ𝛺ோ(𝑚𝑒𝑉) 𝛾௔௩(𝑚𝑒𝑉) FOM 

400 

 30 

50 rect 

60.28 51.57 1.48 

 35 66.74 87.48 1.14 

40 81.81 166.64 0.83 

45 Splitting observed. No local minima in Δ𝐸 
graph. 

50 No splitting observed. 

60 No splitting observed. 

80 No splitting observed. 

3.3   Summary and conclusion 

This chapter started by presenting our FDTD findings regarding the impact of nanogroove 

parameters on the occurrence and strength of strong coupling in the hybrid structure of 

monolayer WS2-nanogrooves. We conducted a detailed study on the effects of four 

isolated parameters, including the groove depth, width, straightness of groove walls, and 

roundness of the groove edges. 

Initially, we recorded the absorption spectra of the hybrid structures by scanning the 

angle of incidence (𝜃௜௡௖) at constant azimuthal angle of 𝜙௜௡௖= 90° for grooves, while 

varying individual parameters. In all cases, the coupling exhibits sensitivity to deviations 
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from nominal values, but the dependence on groove depth looked more prominent. So, to 

cover all the possible illumination directions, for the cases with  𝜙௜௡௖= 0°, we continued 

to focus on depth variations and studied only the dependence of coupling on the groove 

depth. Finally, we were able to identify a range of parameters for nanogrooves supporting 

strong coupling. 

In the next chapter, we study the exciton emission routing on the WS2-nanogroove 

structures. The effect of groove depth variations on exciton emission routing will be 

discussed in detail. 
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CHAPTER 4:   DIRECTIONAL PROPAGATION ON  WS2-NANOGROOVE 

STRUCTURE 

4.1   Analytical result 

To understand the observed routing analytically, we calculate the Poynting vector of the 

coupled radiation of a circular dipole at the vicinity of a metallic nanogroove with infinite 

depth. Just as a reminder, the circular dipole represents the radiative decay of the TMD 

valley-polarized exciton emission. In order to avoid complications, a single dipole is 

assumed, although the number of TMD excitons in a real scenario is higher [15]. 

Fig. 4.1 shows a groove and a nearby single circular dipole. Here, we face 3 kinds 

of surfaces interacting with the circular dipole, the horizontal part of the surface (S) and 

the groove walls on the left and right side of the dipole (L , R). We study each surface 

independently and wrap up the individual results for a conclusion. 

Fig. 4.1 Schematic representation of a single circular dipole close to an individual
groove. Three kinds of surfaces are interacting with the nearby dipole. 
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4.1.1  Poynting vector on the flat horizontal surface  

First, we only consider the horizontal part of the surface (S) below a circularly polarized 

dipole with ൣ𝑝௫ , 𝑝௬൧ = 𝑝଴[𝑖 + 1] to represent the emission from the TMD valleys with 

momentum K (blue area in Fig. 4.2a). In chapter 2, we described the analytical model to 

calculate the Poynting vector of a general dipole close to a metallic surface. So considering 

surface S, the TM component of the vector potential in angular spectrum representation is 

given by [78]:  

with the vector potential definition in k-space: 

that gives: 

A(x, y, z) =
1

2π
ඵ A෡൫k୶, k୷; z൯ 𝑒±௜[௞ೣ(௫ି௫బ)ା௞೤(௬ି௬బ)ା௞೥|௭ି௭బ|]𝑑𝑘௫𝑑𝑘௬ ,

ஶ

ିஶ

 (4.1) 

 𝐴መ൫𝑘௫ , 𝑘௬; 𝑧൯ = න 𝑑𝑥
ஶ

ିஶ

න 𝑑𝑦 𝐴(𝑥, 𝑦, 𝑧)𝑒ି௜ൣ௞ೣ௫ା௞೤௬൧
ஶ

ିஶ

  , (4.2) 

Fig. 4.2 (a) Considering the dipole interaction with horizontal surfaces of the nanogroove (surfaces 
S , colored blue). (b) Simplification of the analytic integral by assuming the limit of 𝑤 → 0, 
corresponding to an infinite flat/horizontal surface below the dipole. 
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Here, 𝑘௫ and 𝑘௬ are surface propagating wavevectors with 𝑘௧
ଶ = 𝑘௫

ଶ + 𝑘௬
ଶ and 𝑘௭ is 

the evanescent component normal to the interface with 𝑘௭ = ඥ𝑘ଶ − 𝑘௧
ଶ as an imaginary 

number. In order to solve the integral in eq. (4.2) analytically, we need infinite limits for 

the integral over dx, while for the case of single groove, based on Fig. 4.1 we will have: 

න 𝑑𝑥
ି௪/ଶ

ିஶ

+  න 𝑑𝑥
ஶ

௪/ଶ

 

To resolve this issue, we approximate the limit of 𝑤 → 0 which is equivalent to a 

case of flat infinite surface, as shown in Fig. 4.2b. Now the infinite dimensions in x 

direction are easily achieved. 

Based on eq. (4.3), since we have no 𝑝௭ components for the dipole, the k-space 

vector potential becomes: 

Following Eq. (2.11) and (2.13) we calculate the k-space electric field, magnetic 

field and the Poynting vector of a circular dipole coupled radiation near the surface in Fig. 

4.2b. We are detecting the PL on the surface; we just care about in-plane components of 

the Poynting vector. The Poynting vector in the 𝑘௫-𝑘௬ plane is:  

 A෡൫k୶, k୷; z൯ =
𝜔𝜇𝜇଴

4𝜋
 
∓𝑝௫𝑘௫𝑘௭ ∓ 𝑝௬𝑘௬𝑘௭ + 𝑝௭𝑘௧

ଶ 

𝑘௭(𝑘௧
ଶ)

 . (4.3) 

 𝐴መ൫𝑘௫ , 𝑘௬; 𝑧൯ =
𝜔𝜇𝜇଴

4𝜋
 
∓𝑝௫𝑘௫𝑘௭ ∓ 𝑝௬𝑘௬𝑘௭ 

𝑘௭(𝑘௧
ଶ)

 . (4.4) 

 𝐒෠ ൫𝑘௫ , 𝑘௬; 𝑧൯ = S෠୶xො + S෠୷yො  , (4.5) 
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with S෠୶ and S෠୷ calculated as: 

that gives: 

where 𝛼 is a wavelength dependent term 

Fig. 4.3a shows the magnitude of the Poynting vector of a circular dipole with 

ൣ𝑝௫ , 𝑝௬൧ = 𝑝଴[𝑖 + 1] near a flat metal surface. The Poynting vector is min at the center. 

Moving further away from the center radially, the exponential term decreases but, 𝑘௧ 

 

S෠୶൫𝑘௫ , 𝑘௬; 𝑧൯ = 𝛼𝑘௫𝑒ଶ௜௞೥|௭ି௭బ|  , 

S෠୷൫𝑘௫ , 𝑘௬; 𝑧൯ = 𝛼𝑘௬𝑒ଶ௜௞೥|௭ି௭బ|  , 

(4.6) 

|𝑆| = 𝛼 𝑘௧𝑒ଶ௜௞೥|௭ି௭బ|, (4.7) 

𝛼 =
𝜔

(8𝜋ଶ)ଶ 𝜀𝜀଴

𝑝଴
ଶ

2
   . (4.8) 

Fig. 4.3 The homogeneous distribution of the magnitude of the Poynting vector of a circularly 
polarized dipole emission near a flat metal surface (a) in k-space from analytical calculations (b) in 
real space as an interpretation. 



78 

 
increases dominantly. The dashed circle shows the region in which the in-plane 

propagation wavevector of the dipole radiation kሬ⃗ ୲ = 𝑘௫𝑥ො + 𝑘௬𝑦ො is equal to the SPP 

wavevector 𝑘ௌ௉௉ = 𝑘଴ට
ఌ೏ఌ೘(ఠ)

ఌ೘(ఠ)ା ఌ೏
 (with 𝑘଴ assumed to be incident light wavevector). As 

is evident, the k-space Poynting vector distribution is highly symmetric where the SPP 

condition is satisfied (and elsewhere) and no preferred directionality is observed. The 

interpreted real space picture of such k-space Poynting vector distribution on the surface 

is shown in Fig. 4.3b. 

4.1.2  Poynting vector on the groove walls 

Next, to investigate the groove wall effects, the Poynting vector of the same circular dipole 

for a vertically oriented plane in y-z plane is calculated (Fig. 4.4a). In this scenario, 𝑘௬ , 𝑘௭ 

are in-plane propagating wavevectors, and 𝑘௫ is the evanescent wavevector in the angular 

spectrum representation. The same as the previous case, the complexity of the analytical 

Fig. 4.4 (a) Considering the dipole interaction with groove walls (surfaces 
L and R). (b) Simplification of the analytic integral by assuming the limit 
of 𝑑 → 0, corresponding to a groove with infinite depth. 
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Fourier integral in eq. (4.2) forces us to consider an infinite wall (groove with infinite 

depth) as shown in Fig. 4.4b. Now the vector potential for the interaction of the dipole 

near surfaces R and L will become: 

The sign ∓ depends on the location of the dipole with respect to the groove walls. 

Considering the interaction of the dipole with the left or right groove wall the upper and 

lower sign will be adopted, respectively. Similar to the method used for surface S, the y 

component of the Poynting vector on the groove walls is obtained as: 

with 𝑘௧
ଶ = 𝑘௬

ଶ + 𝑘௭
ଶ as the total SPP wavevector and 𝑘௫ = ඥ𝑘ଶ − (𝑘௧

ଶ) = 𝑖𝜅௫ as an 

imaginary number. First, we assume the dipole emission near the left wall in Fig. 4.4a 

which takes the − sign. The bracket demonstrates interference behavior and has two real 

terms: 𝑘௧
ଶ is always positive and the term 𝑘௬𝜅௫ with the sign depending on the sign of  𝑘௬, 

which is the propagation direction along y axis. For propagation along +𝑦, 𝑘௬ > 0 and 

the term inside the bracket is a subtraction, while having 𝑘௬ < 0, the two terms add up to 

reinforce each other. This implies that the the propagation along +𝑦 is suppressed, while 

−𝑦 is enhanced. The magnitude of the y component of the Poynting vector in k-space for 

the left groove wall based on the derived analytic formula of Eq. (4.10) is shown in Fig. 

4.5a with 𝑘଴ as the wavevector of air to be the dielectric medium. Fig. 4.5b shows the 

 𝐴መ൫𝑘௬ , 𝑘௭; 𝑥൯ =
𝜔𝜇𝜇଴

4𝜋
 
∓𝑝௬𝑘௬𝑘௫ + 𝑝௫𝑘௧

ଶ 

𝑘௫(𝑘௧
ଶ)

  . (4.9) 

 𝐒෠𝐲൫k୷, k୸; x൯ = 𝛼
𝑘௬

𝑘௧
ଶ  𝑘௫

ଶ
 ൣ𝑘௧

ଶ ∓ 𝑘௬𝜅௫൧ 𝑒ଶ௜௞ೣ|௫ି௫బ|  , (4.10) 
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interpreted real space picture of the field distribution on the left groove wall. The figure 

explicitly indicates asymmetric distribution in the k୷-k୸ plane outside the white circle. To 

clarify, in Fig. 4.5c, the colored area is the region in which 𝑘௧ > 𝑘଴ (outside the light cone) 

Fig. 4.5 (a) The k-space magnitude of Sy on the left infinite groove wall based on 
the analytic result. (b) Interpretation of the k-space distribution in real space. (c) 
Illustration on the behavior of the Poynting vector at different regions. The white 
area is where we have  𝑘଴ > 𝑘௧, which is inside the light cone. The colored area is 
out of light cone and where we have 𝑘௧ > 𝑘଴.  SPP momentum matching 𝑘ௌ௉௉ = 𝑘௧

is satisfied outside the light cone. The black dashed circle represents the total 𝑘ௌ௉௉

on the y-z plane. (d),(e) k-space and interpreting real space Poynting vector 
distribution for the right groove wall. 



81 

 
and the white area shows 𝑘௧ < 𝑘଴ (inside the light cone). The SPP condition implies that 

𝑘௫
ଶ < 0. Considering the momentum matching relation 

SPP condition is only satisfied outside of the light cone, meaning that we need to 

look at the colored area to see the role of SPP in directionality. In this area the distribution 

is asymmetric. However, the corresponding area to the white circle in Fig. 4.5a, is inside 

the light cone, perfectly symmetric, and with uniform distribution. So, the directionality 

is solely attributed to the propagating SPPs on the groove wall. 

 For the other groove wall (surface R) , we need to consider the + sign, which will 

indicate the opposite directionality with the same reasoning as shown in Fig. 4.5d and e. 

4.1.3  Conclusion of the analytical calculation 

In the last two sections we investigated the interaction of the dipole with each individual 

surfaces S, L and R. The result demonstrated homogeneous distribution of the Poynting 

vector on the horizontal part of the surface and asymmetric distribution on nanogroove 

walls based on the helicity of the nearby dipole. Fig. 4.6a wraps up the analytic result by 

showing all three individual surfaces and the corresponding real space Poynting vector 

distribution. What we are looking for is the proportion on the horizontal plane. The upper 

edge of the grooves is a shared boundary between the horizontal surface and the walls and 

incorporates groove wall’s contribution to the detected field on the surface. So, the final 

detected field on the surface will take an asymmetric pattern, although the horizontal 

surface alone does support symmetrical. A pictorial explanation is demonstrated in  Fig. 

4.6b.  

 k଴
ଶ − 𝑘ௌ௉௉

ଶ = 𝑘௫
ଶ  , (4.11) 
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Although the above analytic study is proof of directional propagation detection on 

the surface, our calculations were based on two approximations. we have initially assumed 

a single nanogroove with zero width and infinite depth, which is unrealistic. In practice, 

several number of grooves will be targeted by the spot size of the incident beam. 

Therefore, the contribution of the groove edges on the horizontal plane field can add up 

and show a more significant effect. For the real case of arrayed nanogrooves with finite 

depth, and to find the relation between DCP and nanogroove parameters, we need to 

employ numerical calculations. In the next part, the numerical study of the groove depth 

using FDTD simulation is presented.  

4.2   Numerical calculation of k-space images 

Before demonstration of the valley exciton emission in the hybrid structure of WS2-

nanogrooves, we first calculate the unpolarized k-space (far-field) images for different 

Fig. 4.6 (a) Interpretation of the analytic result for all the individual involved surfaces: horizontal 
surface (S) and two groove walls (L & R) with left-handed circular dipole as the excitation source. 
(b) The final Poynting vector distribution on the surface of the grating, considering all surfaces. 



83 

 
groove depths using FDTD software. With a linear dipole (Px) representing the 

unpolarized TMD valley exciton emission, a sufficiently large simulation region and 

monitor are designed to minimize the effects of field truncation at the boundaries of the 

monitor. Using the collected near-field data by the black in-plane monitor in Fig. 4.7, we 

detect the far-field images as explained in section 2.2.1. 

To ensure the accuracy of far-field projections, it is essential that all the near-field 

radiation propagating to the far-field passes through the designated monitor on the surface. 

The assumptions made by far-field projection functions in FDTD assume that 

electromagnetic fields are negligible beyond the boundaries of the monitor. This 

effectively truncates the near-fields at the monitor edge and such truncation results in the 

presence of high-frequency ripples in the far-field projected data. The far-field filter 

option in FDTD allows us to apply a spatial filter to the near-field data, smoothly reducing 

the field to zero. When the fields go more smoothly to zero, instead of an abrupt cut, the 

Fig. 4.7 The simulation setup for obtaining far field images. Blue and black rectangles represent 
two surface monitors, different in size, recording the near-field data. 
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high frequency ripple is removed from the projection. Fig. 4.8a and c show the raw far-

field image for a specific structure calculated from the blue and black monitors in Fig. 4.7, 

respectively. Although derived from the same simulation, the images look different, 

because a larger fraction of the near-field data from the blue monitor is truncated.  

Fig. 4.8b and d display the respective far-field data from the blue and black monitors, with 

the spatial filter implemented. The filter has effectively removed the ripples caused by 

field truncation at the boundaries of the monitor, however the total pattern for the larger 

monitor is less manipulated by the filter. Ideally, an excessively large monitor would be 

required to eliminate ripples, which is impractical. However, we aimed for time-wise 

efficiency and selected a monitor size that sufficiently minimizes manipulation. The 

interpretations of the far-field images will be discussed later in this section. 

 Fig. 4.9 illustrates the unpolarized far-field images of the grooves with depths 

corresponding to the structures exhibiting mode splitting in the absorption profile of the 

WS2-nanogroove structure, as outlined in the depth-dispersion study in the sections 3.2.1 

Fig. 4.8 The effect of monitor size and spatial filter on the far-field electric field patterns obtained 
from projection of data from surface monitors in Fig. 4.7. (a) Raw Far-field from small monitor. 
(b) Spatially filtered Far-field from from small monitor. (c) Raw Far-field from large monitor. (d)
Spatially filtered Far-field from from large monitor. 
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(for 𝜙௜௡௖ = 90°) and 3.2.4 (for  𝜙௜௡௖ = 0°). To have better images with resolved colors, 

each figure is normalized to its own maximum intensity. 

Before proceeding further, let’s get some insight into the far-field images 

interpretation. As we move from shallow grooves to deeper ones, the field intensity 

distributes more along the vertical axis (ky). This is in accordance with our dispersion data 

in the previous chapter. As shown in Table 4.1, the shallower gratings with a larger FOM 

demonstrate more pronounced coupling when 𝜙௜௡௖= 0°. By increasing the groove depth, 

the coupling for the cases with 𝜙௜௡௖= 90° becomes prominent. Based on Fig. 2.4, when 

𝜙௜௡௖= 0°, there is no ky component provided by the incident planewave and following the 

conservation of momentum [82], the SPPs generated in the structure do not possess ky (net 

momentum component along y direction). The same holds for the cases with 𝜙௜௡௖= 90° 

and kx component. So, when 𝜙௜௡௖= 0°, the coupling corresponds to a net SPP propagation 

along x axis, just as the coupling for the cases with 𝜙௜௡௖= 90° corresponds to propagation 

along y axis. 

Fig. 4.9 Far-field intensity images and their relation to the dispersions for nanogrooves with 𝛬=400 
nm, w=50 and varying groove depths. The azimuthal angle in such polar image ranges from 0 to 
2𝜋 covering the whole region of the in-plane monitor. 
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Table 4.1 Comparing the trend in FOM variations as the result of groove depth 
changes. 

Depth Study 

Λ (nm) d (nm) w (nm) shape 
FOM 

𝜙௜௡௖ = 0° 
FOM 

𝜙௜௡௖ = 90° 

400 

30 

50 rect 

1.48 No splitting. 

40 0.83 0.79 

45 
Splitting at 
the edge. 0.86 

50 No splitting. 0.89 

55 No splitting. 1.02 

60 No splitting. 
Splitting at 

the edge 

80 No splitting. No splitting. 

 

In the far-field simulations, all the k components are provided by a dipole as the 

source. The shallower structures weakly couple with the ky components though. The same 

scenario holds for the deeper grooves and kx component. So, we expect that by increasing 

the groove depth, further propagation is supported along the grooves (channel polaritons 

on the groove walls), and this is what we observe in the far filed images with enhanced 

intensity along y direction (Fig. 4.9d and Fig. 4.9e). For the nanogroove structure with 

d=40, 45 nm, coupling in both directions is possible, and this is why the far-field pattern 

shows hybrid distribution along vertical and horizontal axis (Fig. 4.9a and Fig. 4.9b). 

Also, there is no directionality observed in these unpolarized far-field images, and 

the reason is that due to the linear excitation source, the created valley exciton emissions 
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are expected to have equal populations at both K and K′ valleys. In the next section, we 

investigate the capability of these hybrid structures in separating right/left-handed 

circularly polarized emission, which defines the ability of the structure to support 

directionality. 

4.3   Separation of valley-polarized emission in k-space 

After realizing the formation of the unpolarized k-space PL distribution, we move on to 

examine the polarization-dependent PL of the coupled WS2-nanogroove arrays. As 

mentioned earlier, PL emission from different valleys of WS2 carries opposite circular 

polarizations. In the experiments, this separation can be accomplished by using a 

combination of polarizers and waveplates in the detection path. In our simulated k-space 

images, we separate different circular polarizations by separating the electric field 

components through 𝐸௫ ± 𝑖𝐸௬ with the negative sign for right-handed (𝜎ି) emission and 

the positive sign for left-handed (𝜎ା) emission. Fig. 4.10 shows the polarization resolved 

k-space images by varying groove depth. A separated emissions of 𝜎+ and 𝜎 − polaritons 

in the momentum space can be observed in all cases. This separation qualitatively 

indicates that the polaritons at the K and K′ valleys are routed in opposite directions. 

To quantify the performance of the hybrid structure in routing, we calculated the 

degree of circular polarization (DCP) and chiral coupling strength (𝜅௖௛௜௥௔௟) in k-space 

from Eqs. (2.14) and (2.16), and the calculation is given in Fig. 4.11a and Fig. 4.11b, 

respectively. From the figures we see that, although the value of DCP reaches up to 1, 
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which means 100% efficiency in separating opposite circular polarizations, the  𝜅௖௛௜௥௔  

for our studied structures does not exceed 0.16.  

In Fig. 4.11b from left to right, we observe that by increasing the depth of the 

nanogrooves the amount of 𝜅௖௛௜  increases. Such trend supports our analytic calculations 

indicating that the directionality of the structure is triggered by the modes propagating 

along the groove and the SPPs generated on the groove walls. 

Fig. 4.10 Polarization resolved far-field images for nanogrooves with 𝛬=400 nm, w=50 and varying 
groove depths. In each group left to right: 𝜎ି component measured with  𝐸௫ − 𝑖𝐸௬  and 𝜎ା

component measured with  𝐸௫ + 𝑖𝐸௬ , respectively. 
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As mentioned in the chapter 2, the maximum value of 𝜅௖௛௜௥௔  at any k-space location 

is an indicator of the best “coupling and DCP” in the structure. Also, the point with 

maximum value of 𝜅௖௛௜௥௔௟ can be an indicator of the angle of propagation on the surface 

with the best overall performance of the system. We defined such angle in for the studied 

structures and are shown by cross mark in Fig. 4.11b. The angular coordinate of this point 

increases as we move toward deeper grooves. This fact can be a guideline to spot the 

monitor for detection purposes. 

Fig. 4.11 (a) DCP and (b) chiral-coupling strength in k-space  for nanogrooves with 𝛬=400 nm, 
w=50 and varying groove depths. 
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4.4   Summary and conclusion 

To understand the spatial separation of monolayer TMD valley excitons in the vicinity of 

a plasmonic nanogroove array, this chapter started with an analytical calculation for an 

ideal case. We calculated the Poynting vector of a circularly polarized dipole, as a 

representative of the valley-polarized exciton emission, near a single groove with infinite 

dimensions. The analytical computation aligns with experimental findings that suggest an 

“inclined orientation” in the PL resulting from opposite circular polarizations on the 

surface. However, in practice, more than one groove of the array is illuminated by the spot 

size of the incident beam. So, the detected field intensities in real experiments would be 

the collective response of several nanogrooves. Also, with the assumption of infinite 

dimensions for the slit, we were unable to observe the impact of groove parameters, such 

as width and depth, on the structure's performance. 

Numerical study using FDTD simulations can be employed as an approach to 

facilitate transition from the ideal scenario to a real case. To this aim, we detected k-space 

intensity of a linear dipole emission located above the plasmonic nanogroove array. Then, 

the 𝜎ା and 𝜎ି components of the PL emission in k-space were separated through post-

processing. These components serve as the valley-polarized emissions of the TMD. The 

distinct emission patterns of 𝜎ା and 𝜎ି components in momentum space indicate 

polarization-dependent routing of PL in different directions. Such distinct emission 

directions implies that the helicity of photons determines a preferred emission direction. 
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Finally, to quantify the relation between different groove depths and the 

performance of the structure, we calculated the degree of circular polarization (DCP) and 

chiral coupling strength (𝜅௖௛௜௥௔ ). The chiral coupling strength is introduced as a rough 

measure of dominance of 𝜎ା and 𝜎ି components in plasmon-exciton emissions with 

different polarization. 
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CHAPTER 5:   SUMMARY & CONCLUSION 

The idea of this research is to optimize the design of a miniature structure capable of 

generating a binary optical system to be utilized in electro-optical circuits. The most 

significant features of the output of this structure are the high efficiency and maximum 

separability of the two states. We have used the recently introduced 2D materials 

(monolayer TMDs) to provide a 2-state physical system as a bit source. Locked valley-

spins in TMDs exhibit distinct responses to opposite circular polarizations of incident 

light. The purpose is to spatially separate the two excitations with high intensity. The 

excitations decay very fast at room temperature though. To maintain the high intensity 

and further the propagation distance, the coupling of the exciton emission to SPP modes 

is employed. To this end, TMD is placed on top of a metallic (silver) plate. However, the 

SPPs on a uniform metallic surface do not differentiate between the two valley-spin states 

of in-plane TMD excitons. To resolve the issue of indistinguishability of the flat surface, 

nanogrooves are carved on the metal slab. The groove walls, being perpendicular to the 

plane of TMD excitons, exhibit distinct responses from different valley-spins. This is 

proved theoretically through analytical calculation of the Poynting vector of a circular 

dipole near a nano-slit with infinite depth. This feature results in the propagation of SPPs, 

generated by distinct circular polarizations, in opposite inclined orientations. This feature 

facilitates the separation of the two bits. 

The nanogrooves are designed as a rectangular shape with nominal values of depth 

and width. However, due to fabrication limitations, errors are indispensable. The 
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optimization is done by analyzing the effects of nanogroove parameters such as depth, 

width, sharpness of edges and the verticality of the groove walls with the aid of FDTD 

method. To quantify the strength of coupling between plasmons and excitons, the concept 

of Rabi splitting is introduced. Rabi splitting is a measure of the amount of splitting 

between the absorption profiles of TMDs and nanogrooves. We observed that the amount 

of Rabi splitting is sensitive to depth more than other parameters of the grooves. On the 

other hand, since the walls were analytically proved to be responsible for the directionality 

of SPPs propagation, the separation of the two circular polarizations is highly dependent 

on the depth. Therefore, by analyzing the combination of dispersion profiles and valley 

polarized k-space images in FDTD, we are able to find the nanogroove parameters, which 

can provide the best performance with valley-contrasting propagation. We evaluated the 

structure's ability to separate valley-polarized exciton emission by the chiral coupling 

strength parameter (𝜅௖௛௜௥௔ ). This parameter captures the structure overall effectiveness in 

achieving valley-polarized routing with high-strength. A larger maximum value of 𝜅௖௛௜௥  

makes  any structure a better candidate as an interface between photonic and valleytronic 

devices.  

The study can be further improved by investigating the higher orders of the 

plasmonic mode inside the nanogrooves. By designing a hybrid structure involving 

monolayer TMD-plasmonic arrays with deeper nanogrooves, while keeping the system in 

the strong coupling regime, the  chiral coupling strength of the system can be investigated.  

This would be advantageous, considering that the literature suggests such a structure can 

offer angle-independent strong coupling between the plasmonic and excitonic modes [58]. 

Additionally, an increased contribution of the channel mode in deeper grooves may 
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enhance the performance of the structure. This is supported by our findings, demonstrating 

that directionality is primarily facilitated by the mode inside the groove. This research can 

serve as a guideline for designing structures and pave the way to transport and read out 

the spin and valley degrees of freedom of valley excitons in two-dimensional materials, 

thereby contributing to potential applications in Valleytronics. 
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