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Abstract 

Controlling light at the nanoscale underpins the advancement of next-generation photonic and 

optoelectronic technologies, with particular relevance for on-chip integration, optical 

communication, and quantum information processing. Traditional photonic systems face 

fundamental limitations, such as diffraction, weak light-matter interactions, and inefficient 

nonlinear effects at sub-wavelength scales. Overcoming these challenges requires new 

platforms that facilitate strong coupling between electromagnetic fields and material 

excitations, enabling light confinement, guidance, and control beyond the capabilities of 

conventional optics. Polaritonic excitations and nonlinear optical processes provide 

complementary strategies, supporting both efficient light propagation and enhanced light 

generation in compact systems. 

Polaritons, arising from the strong coupling between photons and material excitations such as 

phonons and excitons, enable electromagnetic fields to be confined and guided far below the 

diffraction limit, offering a pathway toward highly directional energy transport. Nonlinear 

optical processes also play an important role in enabling functions such as frequency 

conversion and quantum light generation, both of which are essential for advanced photonic 

technologies. Although these effects occur in different operating regimes, together they provide 

a common basis for strengthening and exploiting light-matter interactions at the nanoscale. 

However, achieving deterministic control over excitation pathways, maintaining long-range 

and low-loss propagation, and translating these effects into practical photonic architectures 

remain fundamental challenges. 

Low-dimensional and anisotropic materials provide a very promising way to overcome these 

limitations, although making full use of them requires careful design and control. Anisotropic 

polar dielectric crystals, for example, can support hyperbolic dispersion, which allows 

polaritons to propagate in naturally directional ways. Van der Waals materials, because of their 

reduced dimensionality enable strong optical confinement and tunable light-matter interaction. 

Among these materials, TMDCs stand out for their strong excitonic resonances and symmetry-

dependent optical behavior, making them very appealing for both polaritonic and nonlinear 

optical studies. Still, having these favorable material properties is not enough on its own. To 

achieve selective mode excitation, low-loss propagation, and practical device integration, the 

surrounding environment and the photonic structure must be designed with great care. 
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To address these challenges, this thesis develops a systematic approach to engineering light-

matter interactions by controlling guided polaritonic modes and nonlinear processes. The first 

part of this thesis focuses on the linear regime and the control of polariton direction and 

propagation. In anisotropic materials, polaritons behave in unusual ways because of hyperbolic 

dispersion, which allows light to travel in a highly directional manner while remaining confined 

far below the diffraction limit. A particularly interesting example is the ghost hyperbolic 

phonon polariton (g-HP), a special type of hybrid mode that travels along the surface while 

forming oblique wavefronts inside the material, giving rise to long-range, ray-like, and nearly 

diffraction-free propagation. Even though these modes are highly attractive for nanoscale light 

guiding, it has remained difficult to excite only the low-loss modes in a controlled way and to 

precisely steer the propagation direction. In this thesis, this challenge is addressed by 

developing a mode-selective excitation approach based on structural asymmetry, where 

carefully designed micro and nano-antennas act as momentum-selective sources that 

preferentially launch the desired polariton modes. This approach enables highly directional 

propagation and significantly extended propagation lengths, demonstrating that polariton 

transport can be actively controlled through excitation engineering. These results establish a 

new route for manipulating hyperbolic polaritons in natural anisotropic materials, opening 

opportunities for long-range energy transport and functional nanophotonic applications in the 

mid-infrared regime. 

This idea is pushed even further in atomically thin materials, where exciton polaritons emerge, 

making TMDC monolayers stand out for their very strong excitonic response. At the same time, 

guiding light in a true monolayer is not straightforward, since such ultrathin systems suffer 

from weak confinement, mode cutoff, and a strong dependence on the surrounding dielectric 

environment. Through the second work discussed in this thesis, these limitations are addressed 

by using a suspended monolayer design, which makes it possible to observe guided exciton 

polaritons directly in real space for the first time. Near-field imaging and dispersion 

measurements clearly verify the fundamental guided mode and show pronounced light-matter 

coupling close to the excitonic resonance. Altogether, these findings open up a promising route 

toward ultracompact photonic devices with strong optical confinement based on monolayer 

materials. 

Building on these advances, the thesis introduces an interaction-induced approach to generating 

topological polaritonic states. Unlike conventional systems in which non-trivial topology is 

encoded in the underlying photonic structure, the photonic and material subsystems considered 
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here are initially topologically trivial. Strong light-matter coupling induces band hybridisation 

and inversion, resulting in a topological transition and the emergence of an interface-localised 

hybrid polaritonic edge state. This mechanism is experimentally demonstrated through near-

field imaging and frequency-dependent measurements, supported by theoretical band-structure 

calculations and control experiments on the uncoupled photonic system. The interaction-

induced nature of the topological transition also provides opportunities for tuning the 

polaritonic response by modifying the light-matter coupling strength. While static control 

through hBN thickness is investigated, further theoretical analysis suggests the possibility of 

dynamic tuning using external stimuli such as mechanical strain or electrostatic gating. These 

findings establish a promising framework for developing reconfigurable topological 

polaritonic devices, with experimental realisation of dynamic switching remaining an 

important direction for future research. 

The second part of the thesis focuses on nonlinear light-matter interactions in integrated 

photonic systems, where compact frequency conversion and controlled routing of optical 

signals remain significant challenges. To address these challenges, a nonlinear meta-waveguide 

platform based on non-centrosymmetric 3R-WS₂ is developed by integrating a patterned 

TMDC metasurface with a dielectric waveguide. The proposed structure exploits the strong 

second-order nonlinear response of 3R-WS₂ and metasurface-induced geometric phase control 

to investigate spin-selective optical coupling and directional routing. Experimental 

characterisation provides an initial demonstration of helicity-dependent directional coupling, 

while the relatively weak second-harmonic generation and guided-mode signals indicate that 

further optimisation is required to improve the nonlinear performance of the device. This 

exploratory demonstration establishes a foundation for developing integrated nonlinear 

photonic platforms, with potential future applications in more advanced frequency-conversion 

processes and quantum light generation. 

In summary, this thesis develops strategies for controlling light-matter interactions across both 

linear and nonlinear regimes. Advances in guided polariton transport, interaction-driven 

topological states, and integrated nonlinear and quantum photonic platforms have helped 

connect fundamental studies of light-matter interaction with the development of practical 

device technologies. These results offer new approaches for nanoscale light manipulation and 

support the development of multifunctional photonic and optoelectronic systems based on low-

dimensional material platforms. 
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1. Introduction 

1.1 Controlling light at the nano scale 

The ability to control light at the nanoscale represents one of the most fundamental challenges 

in modern photonics and optoelectronics. Integration of conventional optical systems in these 

devices and technologies is constrained by the diffraction limit. This limitation arises from the 

wave nature of light, which imposes fundamental constraints on the miniaturization and 

integration density of photonic devices. As a result, it hinders the development of compact, 

energy-efficient, and high-performance optical systems across a wide range of technological 

applications. In areas such as mid-infrared sensing, it reduces both the achievable spatial 

resolution and the strength of local field enhancement1,2. It also creates a serious challenge for 

emerging quantum technologies, where controlling light precisely at subwavelength scales is 

often essential2. Also, the conventional optical platforms often suffer from weak light-matter 

interaction because the optical field does not overlap strongly enough with the material, which 

in turn reduces the efficiency of light emission and nonlinear optical processes. Overcoming 

these limitations requires new platforms that can confine light much more tightly, strengthen 

its interaction with matter, and still remain practical for compact photonic integration3,4. 

Efforts to overcome the diffraction limit have led to the investigation of alternative light-control 

platforms. Plasmonic systems can confine light very strongly at the nanoscale, but their 

performance is often limited by high optical losses5. Photonic crystals and metamaterials offer 

greater control over dispersion through careful structural design, although they are still 

generally restricted by wavelength scale modes and can be challenging to fabricate6. Dielectric 

resonators and high-index waveguides help reduce these losses, but their performance is still 

tied to the refractive index contrast that can realistically be achieved in the material system7,8. 

A particularly promising way to overcome these limitations is through polaritons9, which are 

hybrid quasiparticles formed by the strong coupling of light with material excitations. Because 

of this mixed light-matter nature, polaritons can support both deep subwavelength confinement 

and relatively long-range propagation. This makes them a powerful platform for controlling 

light at the nanoscale and allows them to bypass some of the key limitations associated with 

both conventional photonic systems and plasmonic structures3,9,10. Van der Waals materials are 

especially well suited for polaritons, offering smooth interfaces, tunable properties, and a wide 

range of excitations across the electromagnetic spectrum9,10. 
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The applications enabled by nanoscale light control are vast and transformative. On-chip 

photonic communication could greatly benefit from ultracompact waveguides, modulators, and 

switches that use less space and consume less power, helping photonic circuits move closer to 

the integration density already achieved in electronics11,12. At the nanoscale, thermal 

management, which is crucial for high-power electronic devices and energy harvesting 

systems, could also be transformed by using polariton-mediated heat transfer pathways that go 

beyond the limits of conventional phonon-based conduction13,14. In the mid-infrared range, 

sensing and spectroscopy for applications such as environmental monitoring, medical 

diagnostics, and security could become far more sensitive and spatially precise by taking 

advantage of the strong field confinement and spectral selectivity offered by phonon 

polaritons15-17. In addition, quantum technologies such as single-photon sources, entangled 

photon-pair generators, and quantum repeaters depend on precise control over photon emission, 

polarization, and routing, all of which can be further improved through carefully engineered 

light-matter interactions in low-dimensional material systems18,19. 

The main aim of this thesis is to develop more effective methods for controlling guided 

polaritons and nonlinear light-matter interactions in van der Waals materials and hybrid 

photonic structures, with a clear focus on future on-chip photonic20 and optoelectronic 

devices21.  A major part of the work is focused on tackling some of the key obstacles that still 

stand in the way, such as how to selectively excite the right modes, control the direction of 

propagation, improve topological robustness, and achieve efficient nonlinear frequency 

conversion. By addressing these issues, the thesis tries to connect fundamental polariton 

physics with the kind of practical design strategies needed for device integration. It looks at 

both the linear regime, where strong coupling changes the dispersion and leads to unusual 

propagation behavior, and the nonlinear regime, where stronger light-matter interaction can be 

used for frequency conversion and quantum light generation in compact integrated structures. 

1.2 Light-matter interaction beyond the diffraction limit 

The transition from weak to strong light-matter coupling represents a fundamental change in 

how a photonic system behaves. In the weak coupling regime, light and matter still act largely 

as separate entities: a photon can be absorbed, or an excited state can emit a photon, but the 

two do not lose their individual character. In this case, the interaction is mainly described in 

terms of energy transfer and decay by Fermi's golden rule and the density of photonic and 

material states22. The situation changes fundamentally in the strong coupling regime. In this 



Chapter 1 : Introduction 

 

3 
Manuka Suriyage – April 2026 

case, the coherent exchange of energy between light and matter occurs at a rate that exceeds 

the dominant loss and dephasing processes. As a result, the system can no longer be described 

as independent photonic and material excitations; instead, they hybridize to form new 

eigenstates known as polaritons9,10. 

Polaritons are quasiparticles that embody the hybridization of electromagnetic fields with 

material excitations. This hybridization is not just a mathematical description. It is a real 

physical effect that can be directly observed through clear experimental signatures such as 

anticrossing in the dispersion, mode splitting in spectroscopy, and changes in decay behaviour 

that reveal the mixed light-matter nature of the states. Once polaritons are formed, the 

relationship between energy and momentum is fundamentally reshaped, giving rise to 

propagation behaviour that cannot be achieved in systems that are purely optical or material. 

Depending on the type of material excitation involved and the surrounding photonic structure, 

polaritons can display remarkable properties such as hyperbolic dispersion, flat bands, and 

topological edge states, all of which create new possibilities for controlling light at the 

nanoscale9,10. 

 

Figure 1.1 | Polaritons in vdW materials and other hybrid systems.  

Van der Waals materials and other low-dimensional systems host a wide range of polaritons, 

each arising from the coupling of light to a distinct material excitation9,10. Plasmon polaritons, 

for example, arise when light couples to the collective motion of free carriers in metals or doped 

semiconductors23,24. In graphene and related two-dimensional conductors, these modes can 

confine light extremely strongly, with wavelengths compressed by well over two orders of 

magnitude, and can also be tuned electrically through gating, which makes them especially 

attractive for reconfigurable nanophotonic applications24. Phonon polaritons10,25, in contrast, 

originate from the coupling of light to optical phonons, that is, lattice vibrations in polar 
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dielectric crystals where ionic motion produces oscillating dipoles. In materials such as 

hexagonal boron nitride (hBN)26 and α-phase molybdenum trioxide (α-MoO₃)27, these 

polaritonic modes can exhibit hyperbolic dispersion, allowing light to travel in highly 

directional ways, remain tightly confined far below the diffraction limit, and persist with 

relatively long lifetimes in the mid-infrared28. Another major class of polaritons is exciton 

polaritons9, which are formed when photons strongly interact with excitons, that is, bound 

electron-hole pairs in semiconductors. In Transition metal dichalcogenides (TMDCs) such as 

WS2
29, WSe2

30, MoS2
31, and MoSe2

32, exciton polaritons inherit the valley-dependent optical 

properties of the underlying excitons, opening up exciting possibilities for valleytronic 

concepts and topologically protected photonic states. 

Beyond these canonical examples, the polariton family extends to more exotic members. 

Cooper pair polaritons involve coupling between photons and the superconducting condensate 

in superconductors, potentially enabling ultra-low-loss quantum circuits and novel quantum 

phase transitions33. Magnon polaritons result from hybridization with spin waves in magnetic 

materials, offering routes to integrate spintronics with photonics and to explore magnetically 

tunable optical responses34. Although experimental studies of Cooper-pair polaritons and 

magnon polaritons in van der Waals materials are still quite limited, early theoretical ideas and 

initial proposals suggest that these systems could become an exciting direction for future 

research9. This wide variety of polariton types highlights just how rich the underlying material 

excitations are in van der Waals and other low-dimensional platforms. Each class of polariton 

appears in its own spectral range, has its own dispersion and loss behaviour, and responds 

differently to external controls such as electric fields, magnetic fields, strain, and temperature9. 

This diversity enables a modular approach to nanophotonic design. By selecting the appropriate 

material system and engineering the photonic environment, one can tailor polariton properties 

confinement, propagation length, group velocity, nonlinearity to match the requirements of 

specific applications9,10. 

This thesis looks at two closely connected aspects of light-matter interaction. The first, 

discussed in Sections 1.3 and 1.4, focuses on polaritons in the linear optical regime, where 

strong coupling changes the dispersion and allows electromagnetic energy to propagate in 

guided, directional, and even topologically protected ways at the nanoscale. Within this part of 

the work, three main polaritonic platforms are explored. Phonon polaritons in hyperbolic 

materials (Section 1.3.1), exciton polaritons in low-dimensional semiconductors (Section 

1.3.2), and topological polaritons that emerge from interaction-driven band topology (Section 
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1.3.3). The second part of the thesis, covered in Sections 1.5 to 1.7, turns to nonlinear light-

matter interactions, where strong field confinement and intrinsic material nonlinearities make 

it possible to achieve efficient frequency conversion, valley-selective photon generation, and 

compact on-chip quantum light sources. Taken together, these two regimes provide a broad 

framework for understanding and engineering light-matter interactions beyond the diffraction 

limit, with clear relevance for future integrated photonic and optoelectronic technologies. 

1.3 Polaritons as a platform for guided and directional light control 

1.3.1 Phonon polaritons (PhPs) and Hyperbolic media 

Phonon polaritons in polar dielectric crystals arise from the resonant coupling between infrared 

photons and transverse optical (TO) phonons lattice vibrations that generate oscillating electric 

dipole moments9,10. The frequency-dependent dielectric response of such crystals exhibits 

characteristic Lorentzian resonances, with the real part of the permittivity becoming negative 

between the TO and longitudinal optical ( LO ) phonon frequencies, a spectral window known 

as the Reststrahlen band9,10. Within this band, electromagnetic waves cannot propagate in the 

bulk but instead couple to surface or guided modes, forming phonon polaritons with 

wavelengths far shorter than the free-space wavelength and lifetimes that can exceed hundreds 

of optical cycles. 

 

Figure 1.2 | Polaritonic material platforms and respective dispersion characteristics. 
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The dispersion and propagation characteristics of phonon polaritons are profoundly influenced 

by the anisotropy of the host crystal. In isotropic polar dielectrics, such as silicon carbide35 

(SiC), the dielectric tensor is scalar and the isofrequency contours surfaces of constant 

frequency in momentum space are circular, leading to isotropic propagation with no preferred 

direction (Figure 1.2a). In uniaxial crystals(Figure 1.3a), such as hexagonal boron nitride 

(hBN)26,36, the dielectric tensor has two distinct principal values, One for the in-plane directions 

and one for the out-of-plane direction. When these two components have opposite signs within 

the Reststrahlen band, the isofrequency contour becomes a hyperboloid rather than an ellipsoid, 

a condition known as hyperbolic dispersion9,10,26,27. Hyperbolic dispersion enables highly 

directional propagation, with energy flowing along rays that can be steered by engineering the 

crystal orientation or the excitation geometry9,10,27. 

 

Figure 1.3 | Hyperbolic PhPs in uniaxial and biaxial material platforms. a, PhPs 

propagating in hBN36. b, PhPs propagating in α-MoO₃. Two slabs of α-MoO₃ are stacked to 

tune the twist angle to control the in-plane hyperbolic dispersion. Topological transition is 

achieved through the twist angle engineering and the elliptical, canalization and hyperbolic 

propagations are evident with the bottom near field images27.  

Hyperbolic dispersion in uniaxial materials is classified into two types based on the signs of 

the dielectric tensor components of the dielectric permittivity tensor. For uniaxial crystal with 

its optic axis along the z-direction Type I hyperbolic dispersion occurs when the in-plane 

permittivity components are positive while the out-of-plane permittivity is negative. This 

produces a two-sheet hyperboloid in three-dimensional momentum space, with the two sheets 
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separated along the optic-axis direction. In contrast, Type II hyperbolic dispersion arises when 

the in-plane permittivities are negative and the out-of-plane permittivity is positive, resulting 

in a one-sheet hyperboloid extending along the optic-axis directions10,23,26,27. hBN exhibits 

Type I and Type II hyperbolic behavior in two distinct Reststrahlen bands, enabling out-of-

plane hyperbolic phonon polaritons that propagate with oblique wavefronts and extreme 

confinement. In contrast, biaxial crystals such as α-MoO₃27 possess three distinct principal 

dielectric values, leading to in-plane hyperbolic dispersion where the hyperboloid opens within 

the plane of the crystal. This in-plane anisotropy (Figure 1.3b) enables directional propagation 

along specific crystallographic axes and subdiffractional focusing without the need for complex 

nano structuring. 

 

Figure 1.4 | Different types of Hyperbolic PhPs. a, Volume confined hyperbolic PhPs 

propagating inside hBN. Simulated electric-field distributions at various excitation frequencies 

showcasing the hyperbolic bulk propagation in both Type I and Type II regimes.37 b, Surface 

PhPs in hBN nanodiamonds. Left top panel shows the experimental near field setup. The 3 

near-field images demonstrate the surface polaritons for a 25nm thick hBN with different 

diamond corner angles.38 c,  Left panel: Schematic of a vertical dipole launching g-HPs on a 

calcite surface. Middle panel: Simulated near-field Re(Ez) at ω = 1470 cm⁻¹. Right panel :  

Fourier magnitude of the field distribution. d, cross section near-field distribution of g-HPs 

with surface mode coupled with oblique wavefronts in the bulk39. 

Phonon polaritons in hyperbolic media can be further classified based on their confinement and 

propagation characteristics (Figure 1.4). Volume confined hyperbolic (Bulk) phonon 

polaritons37,40 propagate within anisotropic media (Figure 1.4a) with highly directional 
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wavevectors governed by hyperbolic dispersion9,10. Surface-confined phonon polaritons38 are 

bound to interfaces between materials with different dielectric properties and decay 

evanescently into both media, with their dispersion and confinement determined by the 

permittivity contrast (Figure 1.4b). Most recently, g-HPs39 have been reported (Figure 1.4c), 

showing in-plane hyperbolic dispersion at the surface of a polar uniaxial crystal and oblique 

wavefronts in the bulk (Figure 1.4d), similar to the ghost waves predicted earlier41. Owing to 

its oblique crystal lattice, and the ability to tune the orientation of the optical axis relative to 

the surface through mechanical cutting and polishing, calcite offers precise control over its 

polaritonic response.  

The directionality of polaritons is important for many applications3,42-44, especially where 

controlling electromagnetic energy flow at the nanoscale is required45,46. Previous studies have 

demonstrated directional propagation using several approaches, including grating diffraction, 

where polaritons are launched preferentially to one side of the grating46, topological transitions 

in the surrounding medium, such as in photonic crystals47, through layered structures with twist 

angles48, hybrid plasmonic structures49 and more recently, through polarized dipoles50,51 and 

polaritonic crystals52. 

 

Figure 1.5 | Directional Propagation of Hyperbolic PhPs. a, The schematic representation 

of the grating assisted unidirectional PhPs in α-MoO₃46. b,  Illustration of the grating (top panel) 

numerically simulated electric-field in the middle panel and the FT image in the lower panel46. 

c, Schematic of the two-slab twisted structure of α-MoO₃. d, Optical image of the actual twisted 
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heterostructure. e, Topological nature variation against the twist angle. f, Numerically 

simulated field distribution for different twist angles48. 

The applications of phonon polaritons9,10,53,54, and particularly of engineered hyperbolic 

phonon polaritons, span multiple domains. In on-chip mid-infrared photonics, phonon 

polaritons offer a pathway to ultra-compact waveguides, modulators, and resonators that 

operate in the molecular fingerprint region, enabling integrated spectroscopic systems for 

chemical sensing and environmental monitoring. In thermal management13,14, phonon 

polaritons mediate radiative heat transfer at the nanoscale, with hyperbolic dispersion enabling 

enhanced heat flux and quasi-ballistic thermal transport over distances far exceeding those 

accessible through phonon-phonon conduction. Experimental demonstrations have shown that 

surface phonon polaritons can carry heat over hundreds of micrometers in thin polar 

membranes, with apparent thermal conductivities that exceed bulk values and that can be tuned 

by engineering the polariton dispersion. Furthermore, hybrid plasmonic-phononic systems, 

where graphene or other two-dimensional conductors are integrated with polar dielectrics, 

exhibit coupled plasmon-phonon polaritons with tunable dispersion and enhanced near-field 

radiative transfer, offering additional degrees of freedom for thermal engineering55. 

1.3.2 Exciton-polaritons (EPs) in low-dimensional materials 

Exciton polaritons arise from the strong coupling between photons and excitons Coulomb-

bound electron-hole pairs in semiconductors9. TMDC layered semiconductors with the 

chemical formula MX₂, where M is a transition metal (Mo, W) and X is a chalcogen (S, Se) 

have emerged as a premier platform for exciton polaritonics in the 2D limit30. Monolayer 

TMDCs exhibit exceptionally strong excitonic resonances56-58 due to reduced dielectric 

screening and enhanced Coulomb interactions in two dimensions, with exciton binding 

energies reaching hundreds of meV an order of magnitude larger than in conventional III-V 

quantum wells59,60. This strong binding ensures that excitons remain stable at room 

temperature, enabling robust exciton-polariton formation under ambient conditions59,60. 

EPs in TMDCs can be realized in two distinct operational modalities as cavity EPs (Figure 1.6) 

and  guided EPs. Cavity EPs are formed by embedding TMDC monolayers or few-layers in 

Fabry-Pérot microcavities, where the excitons couple to discrete cavity photon modes61-63. 

Early theoretical work on quantum well EPs, based on distributed Bragg reflectors, paved the 

way for realizing cavity EPs with different optical resonances coupled to excitons61. More 

recent studies have explored a range of exciton complexes, including trions62 (Figure 1.6a-c) 
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and defect-bound excitons64, particularly in atomically thin TMDCs63 (Figure 1.6d,e), 

revealing new cavity polariton behavior. However, cavity EPs are limited by fast radiative 

decay and low group velocity. 

 

Figure 1.6 | Cavity EPs. a, Schematic of the optical cavity containing a monolayer MoSe2 

layer inside two Bragg mirrors. b, A coupled spring and mass oscillatory system representing 

the three coupled system in the cavity EP presented in a. c, Dispersion diagram for the 

uncoupled  cavity and exciton and strongly coupled EP system. 62  d,  Schematic of the cavity 

EP device where bilayer MoS2 is sandwiched between two hBN layers and then placed in Bragg 

reflective mirrors. e, White light differential reflection measurement showcasing the dispersion 

relation of the strongly coupled cavity EP system63. 

To overcome this, excitons have been coupled to non-radiative waveguide modes in TMDCs, 

which offer higher group velocities and longer propagation lengths32,65, making them more 

suitable for photonic applications in the near infrared65 to visible range66,67. These guided EP 

modes (Figure 1.7) have been used to probe optical anisotropy in van der Waals materials and 

to develop waveguided polariton lasers. Experimental demonstrations of guided EPs have been 

reported in multilayer TMDCs such as WS₂68,69, MoS₂31,70, WSe₂65, and MoSe₂32. Despite this 
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progress, achieving guided EPs in monolayers and very thin layers remains difficult. As 

thickness decreases, several limitations arise, including mode cut-off70, reduced confinement, 

and strict boundary conditions. Still, monolayer TMDCs, with thicknesses of only a few 

angstroms, can sustain high current densities and show strong light-matter interaction, making 

them promising for nanoscale light control. While cavity EPs have been demonstrated in 

monolayers, experimental realization of guided EP modes in these systems is still lacking. 

 

Figure 1.7 | Guided mode EPs in TMDCs. a, Schematic of concentric waveguide modes in 

MoSe₂ excited by a laser-illuminated s-SNOM tip. b, Corresponding s-SNOM images of a 156 

nm thick MoSe₂ planar waveguide recorded at different excitation energies.32. c, Guided EPs 

in 260 nm thick WSe₂. Selected near-field images recorded at different excitation 

wavelengths.65. d, Schematic of the guided Eps on MoS2 characterized by a s-SNOM setup. e, 

Near-field images and fringe profiles of an 81-nm-thick MoS2 sample. 70 
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Surface  related Polaritonic guided modes in plasmonic and phononic systems, such as SPPs 

and SPhPs, arise near resonances where the real part of the permittivity becomes negative9. 

These effects are well understood and widely observed across different materials9,10. In 

contrast, surface or guided EPs, although predicted theoretically71, have not yet been 

experimentally demonstrated in natural materials. The idea of guided EPs in monolayer 

TMDCs originates from earlier studies on graphene, where Sergey Mikhailov and Karl 

Ziegler72 showed that weakly confined TE modes can exist within a narrow spectral range 

where graphene’s permittivity becomes positive. Building on this, Jacob Khurgin73 proposed 

the possibility of a fundamental TE guided mode in monolayer TMDCs. While a few studies 

have discussed this concept in ultrathin layers, experimental realization of such guided modes 

remains elusive. 

If guided exciton polaritons could be realized in monolayer TMDCs, they would open the door 

to a wide range of new device possibilities. For example, valley-selective polariton waveguides 

could make it possible to build on-chip valleytronic circuits, where information is carried not 

by charge alone but by the valley degree of freedom and directed using valley-dependent 

optical selection rules. In the same spirit, topologically protected polariton edge states formed 

by the coupling of valley excitons with topological photonic modes could provide robust 

optical pathways resistant to backscattering, which would be highly attractive for reliable on-

chip light transport and communication. Furthermore, the strong nonlinearities inherent to 

monolayer TMDCs, including second-harmonic generation, four-wave mixing, and saturable 

absorption could be enhanced by the increased light-matter interaction in guided polariton 

geometries, enabling compact nonlinear optical devices and quantum light sources. 

1.3.3 Topological polaritons 

The concept of topology in condensed matter physics emerged from the discovery of the 

quantum Hall effect and was later generalized to time-reversal-invariant systems through the 

theoretical prediction of topological insulators74,75. Topological insulators are materials that are 

insulating in the bulk but host conducting edge or surface states protected by the nontrivial 

topology of the bulk band structure75,76. The seminal work of Kane and Mele in 2005 introduced 

the concept of the quantum spin Hall effect in graphene77, where spin-orbit coupling opens a 

topological gap and gives rise to helical edge states. Shortly thereafter, Bernevig, Hughes, and 

Zhang predicted the quantum spin Hall effect in HgTe/CdTe quantum wells, a prediction that 

was experimentally confirmed and established the field of topological insulators78. The central 

idea is that the topology of the bulk bands, described by quantities such as the Chern number 
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or the Z2 index, governs whether edge states can exist and what properties they will have74-76. 

These edge states are especially important because they can remain stable even in the presence 

of disorder or imperfections, as long as the relevant underlying symmetries are preserved. 

The transfer of topological ideas from electronic systems into photonics began with the 

landmark work of Haldane and Raghu in 2008, who proposed a photonic version of the 

quantum Hall effect in a two-dimensional photonic crystal with broken time-reversal 

symmetry79. They showed that by introducing a periodic refractive index structure together 

with an effective magnetic field, photonic bands could acquire nontrivial topology and support 

one way edge states that are immune to backscattering. This prediction was soon followed by 

experimental demonstrations, most notably the observation of topological photonic edge states 

in a microwave photonic crystal (Figure 1.8a) containing gyromagnetic elements80. Together, 

these studies laid the foundation for topological photonics and showed that the ideas of 

topological band theory are not limited to electronic matter, but can also be applied to classical 

waves, opening up new possibilities for robust waveguiding, lasing, and quantum photonic 

functionalities. 

 

Figure 1.8 | Topological Photonics. a, Schematic of a gyromagnetic photonic-crystal 

waveguide. b, Simulated 𝐸𝑧field at 4.5 GHz shows unidirectional propagation. c, when a large 

obstacle is introduced, transmission remains unaffected, routing around the scatterer without 

backscattering80.  

The extension of topological concepts to polaritons hybrid light-matter quasiparticles 

introduces additional richness and complexity. Early theoretical work in this area mainly 

looked at creating topological polaritons by breaking time-reversal symmetry, usually through 

external magnetic fields or magneto-optical effects, so that nontrivial band topology could 

emerge. This opened up an entirely new setting in which topology and strong light-matter 

coupling could act together, making it possible to realize optical states that are not only robust 

but also highly tunable, and that would not normally appear in systems that are purely photonic 

or purely material. Karzig et al.81 in 2015 proposed a scheme for realizing topological 
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polaritons in EP systems by applying a magnetic field to lift the spin degeneracy and to induce 

a synthetic gauge field, thereby opening a topological gap with nontrivial Chern number. 

 

Figure 1.9 | Topological exciton and phonon Polaritons. a, calculated band structure for the 

helical topological polariton realized through coupling a  monolayer WS2 to a hexagonal 

photonic crystal. b, Helical topological interface polariton states at a zigzag domain wall 

between two polaritonic crystals with distinct topologies. 82 c, Schematic of the topological 

metasurface incorporating an hBN spacer with a MoSe₂ monolayer on top. d, alculated bulk 

band structure for a single (pseudo-)spin, shown without exciton–photon coupling (blue 

dashed) and with coupling 𝑞𝑑  included (red solid).83 e, SEM image of the metasurface showing 

trivial (orange) and topological (green) domains separated by an armchair-shaped domain wall. 

Insets display AFM images of hBN-covered regions, highlighting the domains and interface. f, 

Fourier tomogram slices reveal frequency bands along the x direction, comparing photonic (no 

hBN) and polaritonic (with hBN) responses. 84 g, Schematic of a topological point defect 

formed by stitching domains with three distinct unit cell configurations, with corresponding 

real-space field images showing confinement along line and point defects. h, Experimental 

real-space intensity distributions at on- and off-resonance wavelengths of the higher-order 
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topological (HOT) point defect under right- and left-circularly polarized excitation. i, Top view 

of the trapezoidal structure composed of interconnected line defects and zigzag domain walls85. 

Subsequent developments found a more practical way forward by removing the need for 

external magnetic fields altogether. Instead, nontrivial topological behaviour can emerge 

simply through the way the photonic structure is designed. By deliberately breaking certain 

spatial symmetries and carefully controlling the geometry, coupling, and material composition, 

systems such as photonic crystals and metasurfaces can develop topological band structures 

without relying on external magnetic fields. In this sense, the topology is built directly into the 

structure itself through design (Figure 1.9). 

A landmark experimental demonstration Liu et al.82 demonstrated that coupling a monolayer 

WS2 to a hexagonal photonic crystal can realize a quantum spin Hall-like system, supporting 

helical topological polaritons observable up to 200 K (Figure 1.9 a, b). Importantly, these states 

can be tuned via temperature and external fields, offering a highly flexible platform for 

exploring tunable topological phases beyond conventional condensed matter systems. In a 

similar direction Li et al. in 2021, realized Z₂ topological exciton polaritons in a TMDC coupled 

photonic metasurface83. By combining monolayer WSe2 with a photonic metasurface 

engineered to support a topological band structure, they were able to observe spin-polarized 

polariton edge states forming at the interface between two topologically different regions of 

the metasurface (Figure 1.9 c,d). These edge states travelled in only one direction and remained 

stable even when disorder was present, providing clear evidence of their topological protection.  

A similar strategy has also been extended to phonon polaritonic systems using engineered 

photonic and metasurface platforms. Sriram Guddala et al.84 demonstrated topological phonon 

polaritons in structured van der Waals materials, where tailored nano-resonator arrays enable 

robust, directional propagation of phonon polariton modes (Figure 1.9 e,f). More recently, this 

concept has been extended beyond propagating edge states to the realization of strongly 

localized topological modes. In particular, the study by Daria et.al85 demonstrates the 

emergence of zero-dimensional (0D) topological defect states in phonon polaritonic systems, 

where the polaritonic energy is confined to spatially localized regions rather than propagating 

along one-dimensional interfaces (Figure 1.9 g-i). Together, these studies highlight that the 

combination of metasurfaces and photonic crystals provides a versatile route to extend 

topological protection beyond exciton polaritons to phonon-based platforms, opening new 

opportunities for low-loss, nanoscale light-matter control. 
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A common feature of these demonstrations is that the photonic structure is pre-designed to have 

nontrivial topology, and the material excitations (excitons, phonons) are then coupled to this 

topological photonic environment. The photonic system whether a metasurface, photonic 

crystal, or waveguide array possesses a trivial region and a nontrivial region, with an interface 

that generates topological edge states. The role of the material excitation is to hybridize with 

the photonic modes, thereby transferring the topological character to the polariton bands82-84. 

While this approach has proven highly successful, it requires precise nanofabrication of the 

photonic structure and offers limited tunability once the device is fabricated. 

This thesis introduces a fundamentally different paradigm which is interaction-driven 

topological polaritons in a completely trivial photonic system. In this approach, the photonic 

structure itself is topologically trivial it consists of two domains with trivial photonic band 

structures and no intrinsic topological invariants. However, when the photonic system is 

coupled to a material excitation (e.g., excitons in a TMDC monolayer) the strong light-matter 

interaction converting the trivial photonic bands into nontrivial polariton bands in one domain 

as designed. The interface between the trivial and nontrivial domains in the coupled system 

then hosts topological edge states, not because of pre-engineered photonic topology, but 

because the interaction itself induces the topology. 

The advantages of interaction-driven topological polaritons are manifold. First, topology is not 

pre-engineered but emerges from the coupling, meaning that the same photonic structure can 

be reconfigured to exhibit different topological phases by tuning the material properties or the 

coupling strength. Second, dynamic tunability becomes possible whereby applying external 

stimuli such as strain, electrostatic gating, or optical pumping, one can modulate the exciton 

resonance energy, oscillator strength, or spatial distribution, thereby controlling the topological 

phase in real time. 

The realization of interaction-driven topological polaritons in van der Waals materials represent 

an exciting new direction in topological photonics, with strong potential for applications such 

as robust on-chip optical communication, topologically protected lasing, and quantum 

information processing. By showing that topological behaviour can emerge purely from light-

matter interactions, even in photonic systems that are otherwise topologically trivial, this thesis 

points to a new way of designing tunable and reconfigurable topological devices. In doing so, 

it highlights how the unique properties of two-dimensional materials and hybrid photonic 

platforms can be used to create new opportunities for future photonic technologies. 
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1.4 Nonlinear light-matter interactions in Nanophotonics 

Nonlinear optical processes, in which the optical response of a material depends nonlinearly 

on the intensity of the incident light, are central to modern photonics, enabling functionalities 

that are impossible in the linear regime. Among the most important nonlinear processes are 

second-harmonic generation86,87 (SHG), in which two photons at a fundamental frequency are 

converted into a single photon at twice the frequency, and spontaneous parametric down-

conversion88,89 (SPDC), in which a single pump photon spontaneously splits into a pair of 

lower-energy photons (signal and idler). SHG is widely used to convert light into new 

frequency ranges that are difficult to reach directly with conventional lasers90, and it also plays 

an important role in the characterization of ultrafast optical pulses91. SPDC, on the other hand, 

is a central process in quantum optics and is commonly used to produce entangled photon 

pairs92,93 for applications in quantum communication, quantum computing, and fundamental 

quantum studies. 

Despite their importance, nonlinear optical processes are difficult to implement in compact 

photonic systems. A key limitation is the weak nonlinear response of most materials94. Since 

the efficiency of second-order processes depends on χ⁽²⁾ and the square of the optical intensity, 

significant conversion typically requires long interaction lengths87 (millimetres to centimetres), 

which is incompatible with chip-scale devices operating at micrometre scales. In addition, 

materials with strong nonlinearities, such as lithium niobate95 and KTP, are challenging to 

integrate with platforms like silicon due to material and fabrication mismatches96. 

A second major challenge is phase matching, where the interacting waves must remain in phase 

as they propagate. In dispersive materials, different refractive indices at different frequencies 

cause phase mismatch, limiting conversion efficiency over short coherence lengths97. In bulk 

systems, phase matching can often be achieved through well-established methods such as 

birefringence98, temperature tuning, or periodic poling99. In nanophotonic structures, however, 

this becomes much more challenging because strong optical confinement and geometry-

dependent dispersion make the phase-matching condition highly sensitive to the device design. 

As a result, the waveguide geometry and material platform must be engineered with great 

precision 

1.5 2D materials and anisotropic platforms for nonlinear optics 

Monolayer TMDCs possess a unique combination of properties that make them exceptionally 

attractive for nonlinear optics and valleytronics100-102. The broken inversion symmetry in 
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monolayer TMDCs, combined with strong spin-orbit coupling, leads to the formation of two 

inequivalent valleys in the Brillouin zone labeled K and K′ where the conduction and valence 

band extrema are located. These valleys are related by time-reversal symmetry but are not 

equivalent under spatial inversion, resulting in valley-contrasting physical properties such as 

Berry curvature, orbital magnetic moment, and optical selection rules103. The valley-selective 

optical selection rules in monolayer TMDCs are among their most remarkable features. Due to 

the combination of broken inversion symmetry and strong spin-orbit coupling, excitons in the 

K valley couple selectively to right-circularly polarized (σ⁺) light, while excitons in the K′ 

valley couple to left-circularly polarized (σ⁻) light. 

While monolayer TMDCs exhibit strong excitonic resonances and valley-selective optical 

properties, their second-order nonlinear susceptibility χ⁽²⁾ is limited by the atomic-scale 

thickness and the relatively weak oscillator strength of the exciton transition. To overcome this 

limitation, researchers have turned to 3R-phase (rhombohedral) TMDCs104, where non-

centrosymmetric stacking of multiple layers breaks inversion symmetry across the entire 

multilayer structure, enabling a bulk-like second-order nonlinearity. In 3R-stacked 

TMDCs87,105, each layer contributes coherently to the nonlinear response, resulting in a χ⁽²⁾ that 

scales with the number of layers and can exceed that of monolayers by several orders of 

magnitude. Additionally stacking these materials with twist angles can boost the nonlinear 

response due to the quasi-phase matching106.  

1.6  Metasurfaces and waveguide integration 

Metasurfaces, composed of subwavelength resonators, enable compact control of light’s 

amplitude, phase, and polarization by introducing abrupt phase shifts at the nanoscale. This 

allows a wide range of planar optical functionalities, including beam shaping107, focusing, and 

nonlinear frequency conversion. In nonlinear optics108, they offer key advantages such as 

precise control of emission direction through phase engineering, enhancement of second-order 

nonlinear processes via symmetry breaking in otherwise centrosymmetric systems  and strong 

local field enhancement that significantly boosts nonlinear conversion efficiency.  

Meta-waveguides combine metasurfaces and waveguides into a single platform, enabling 

simultaneous control of phase, polarization, and emission direction while preserving strong 

confinement and long interaction lengths. This approach addresses a key challenge in nonlinear 

photonics by allowing both generation and routing of chiral or valley-polarized photons within 

one integrated system.  Recent approaches using 3R-TMDC waveguides combine counter-
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propagating pumping ensuring momentum conservation and photonic band-edge enhancement 

to increase interaction time and improve conversion efficiency. However, realizing such meta-

waveguide platforms requires overcoming challenges in fabrication, including precise 

alignment, low-damage patterning, and high-quality interfaces to reduce losses. Despite these 

challenges, meta-waveguides offer a promising route toward compact and efficient nonlinear 

photonic devices by combining metasurface-based phase control and field enhancement with 

waveguide-based confinement and routing, enabling integrated light sources, frequency 

converters, and quantum photon-pair generators 

1.7 Thesis outline and scope 

This thesis centres on developing new methods to engineer guided polaritons and nonlinear 

light-matter interactions in van der Waals materials and hybrid photonic structures, with the 

broader goal of supporting future on-chip photonic and optoelectronic technologies. To address 

this aim in a clear and structured way, the thesis is organized into seven chapters that move 

progressively from fundamental concepts and theoretical understanding to experimental 

realization and device-oriented demonstrations. In doing so, it covers both the linear polaritonic 

and nonlinear optical regimes, while throughout focusing on the key challenges and 

opportunities associated with nanoscale light control. 

Chapter 2 presents the experimental methods and describes the fabrication techniques used to 

prepare the samples and device structures, as well as the optical characterization tools used to 

probe their behaviour. Particular emphasis is placed on scattering-type scanning near-field 

optical microscopy (s-SNOM), which enables real-space imaging of polaritons at the 

nanoscale. In addition, the chapter introduces the spectroscopic methods employed to 

investigate excitonic resonances, polariton dispersion, and nonlinear optical responses.  

Chapter 3 focuses on how g-HPs can be excited selectively and steered in chosen directions 

through antenna design. By using asymmetric triangular gold antennas with carefully tuned 

apex angles and orientations, the study shows that both the propagation direction and the modal 

content of g-HPs in calcite can be controlled through engineering the nano/microstructure used 

to excite the PhPs. Near-field optical microscopy and infrared spectroscopy are then used to 

directly visualize the launched polariton fields. These experimental results are further 

supported by numerical simulations, which help explain the observed behaviour and provide 

practical design rules for controlled g-HP excitation. 
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Chapter 4 presents the first direct real-space experimental observation of guided exciton-

polariton propagation in a free-standing single-monolayer WSe₂ waveguide, extending earlier 

studies of propagating exciton polaritons in multilayer and few-layer TMDC structures. By 

suspending monolayer WSe2 on a pre patterned substrate realized guided mode EPs, thereby 

overcoming the modal cutoff that normally prevents guided modes in the monolayer limit. 

Near-field optical microscopy directly reveals the guided modes, including the characteristic 

anticrossing between the excitonic resonance and the waveguide dispersion. The study also 

examines the confinement, propagation behaviour, and loss mechanisms of these modes in 

detail, with numerical simulations supporting and clarifying the experimental observations.  

Chapter 5 explores interaction-induced topological polaritons, demonstrating how non-trivial 

topology can emerge through strong light-matter coupling between initially trivial photonic 

and material subsystems. Theoretical analysis shows that sufficiently strong coupling can 

induce band inversion and open a topological band gap, supporting an interface-localised 

hybrid polaritonic edge state. Near-field optical microscopy and frequency-dependent 

measurements experimentally reveal pronounced field localisation at the interface, supported 

by spatial-decay analysis and control measurements on the uncoupled silicon grating. 

Theoretical investigations further examine the effects of dissipation and suggest potential 

routes for dynamically tuning the topological phase through mechanical strain or electrostatic 

gating. These findings establish an interaction-driven approach to engineering topological 

polaritonic states and provide a foundation for future reconfigurable photonic devices. 

Chapter 6 introduces a meta-waveguide platform designed for valley-selective second-

harmonic generation (SHG) and chiral photon routing in TMDC-based systems. In this 

approach, a non-centrosymmetric 3R-phase TMDC metasurface is integrated directly with a 

dielectric waveguide, forming a unified structure in which nonlinear light generation and 

optical routing occur simultaneously. In this system, circularly polarized excitation selectively 

excites valley states in the TMDC, leading to helicity-dependent second-harmonic generation 

mediated by the material’s nonlinear response. The generated signal is then directionally 

coupled into guided modes of the waveguide through a metasurface-imposed geometric phase 

gradient. This demonstrates an integrated platform for generating and guiding chiral photons, 

with potential for compact valley-multiplexed photonic circuits. The chapter also covers device 

design, fabrication, and experimental characterization. 
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2. Experimental Techniques 

2.1 Sample and Device fabrication 

2.1.1 Mechanical Exfoliation, Dry transfer and physical stacking 

Mechanical exfoliation is a widely used technique for obtaining thin and bulk TMDC flakes. 

This process is typically performed using either dry or wet exfoliating techniques. Dry 

exfoliation with Scotch tape yields high-quality flakes but provides limited control over flake 

size, thickness, and uniformity, and may leave adhesive residues1. Initially, this method was 

used to isolate graphene layers and later played a key role in advancing the field of 2D materials 

by enabling the study of monolayer and thin layer properties2. But still, this technique is 

difficult to scale and generally requires significant manual effort. 

Because of the limitations of dry exfoliation, researchers have developed several wet 

exfoliation techniques, such as liquid phase exfoliation via intercalation or sonication3. While 

these techniques allow processing larger volumes of material, they also have drawbacks. 

Mostly, the chemical solvents leave residues or cause partial delamination.  Then steps like 

sonication may break the flakes into smaller fragments. In addition, these methods often require 

controlled environments, higher temperatures, and longer processing times4. 

In this thesis, the dry exfoliation technique was employed throughout to obtain materials of 

varying thicknesses for transfer onto substrates and waveguides. The mechanical exfoliation 

and transfer process is illustrated in Figure 2.1. The procedure consists of repeatedly peeling 

adhesive tape from a bulk crystal to thin the material using scotch tape. Then the tape with the 

thinnest flakes is attached to a PDMS (Gel film) layer, and using a cotton bud, pressure is 

applied to transfer it to the PDMS layer. These flakes may be monolayers, thin layers or bulk 

flakes of the TMDC material. Suitable flakes on the gel film are identified using an optical 

microscope when we observe clear optical contrast and colour profiles. Then the thickness will 

be confirmed with optical measurement techniques such as phase-shifting interferometry (PSI), 

vertical scanning interferometry (VSI), Raman spectroscopy, and photoluminescence (PL). The 

selected flakes with the desired thickness are then transferred onto substrates and waveguides 

using a transfer stage. The PDMS layer is attached to a glass slide, which is then mounted to 

an x,y,z-controlled stage to properly align the flake with the markers on the substrate or sample. 

Then the flake will come into contact with the sample / substrate. Depending on the flake 

thickness and the substrate, based on experience, different heating temperatures and pressures 
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will be applied to assist the transferring process. Following transfer, the flakes are re-examined 

to confirm thickness using optical and topographical characterization methods, including 

atomic force microscopy (AFM) and a surface profiler. 

 

Figure 2.1 |  Schematic of the mechanical exfoliation and dry transfer process. Thin flakes 

are exfoliated from a bulk crystal using Scotch tape, transferred onto a PDMS stamp, aligned 

with the target substrate, and then deposited onto the sample by controlled contact, heating, 

and slow PDMS peeling. 

2.1.2 Electron Beam Lithography 

In almost all project fabrication processes, photolithography or electron beam lithography 

(EBL) was used multiple times to fabricate different nano/microstructures. These processes 

were used to pattern nanostructures, metasurfaces, alignment marks, and metal masks for 

etching5.  These are similar processes which only differ based on the exposing mechanism of 

the photoresist. As illustrated in Figure 2.2, samples will first be spin-coated with a suitable 

photoresist. For the works discussed in this thesis, multiple photoresists were used due to 

different requirements at different stages of fabrication. Mainly AZ MIR 701 and LOR 3A 
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photoresists were used for photolithography. ZEP and ARP photoresists were used for EBL 

processes. After spin coating the electron beam resist, with different spinning recipes to achieve 

different thicknesses the sample will be baked at 180 degrees Celsius for ZEP and at 150 

degrees Celsius for ARP. 

 

Figure 2.2 | Schematic of the electron beam lithography (EBL) process. The substrate is 

spin coated with resist, baked, and coated with a conductive layer before electron beam 

exposure. After pattern writing, the conductive layer is removed and the resist is developed, 

rinsed, and dried to produce the final patterned sample. 

Then the sample will be coated with a thin conductive layer (typically 10nm Au layer) with a 

thermal evaporator, or a conductive polymer layer is spin coated on to the resist. Then the 

sample will be exposed with an electron beam (in EBL) to pattern the resist (UV light is used 

in photolithography to expose and a conductive layer is not needed for this). After exposing the 
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conductive layer was removed using an etchant or DI water. Then the Resist is developed in 

the developer solution followed by an IPA bath to clean the sample. In most of these works, 

positive photoresists were used, with the exposed area developed and etched thoroughly. After 

that, in most works, a metal mask is deposited on the patterned areas using electron-beam 

evaporation, and then the remaining unexposed area is lifted off. In one work, since the metal 

mask is not suitable, the photoresist itself was used as the mask. Once the mask is deposited 

and patterned, the samples will be etched using Inductive coupled plasma-Fluorine (ICP-F) 

based etching to fabricate the patterns and the metasurfaces. 

2.1.3 Electron Beam Evaporation 

Electron beam (E-beam) evaporation is a high vacuum physical vapor deposition (PVD) 

technique in which a focused, high energy electron beam is used to heat a solid source material 

until it melts and evaporates, forming a vapor that condenses as a thin film on cooler substrates. 

In a typical system as illustrated in Figure 2.3, electrons are emitted from a heated filament, 

accelerated to several kilovolts, and magnetically focused onto a small area of the target (ingot 

or pellets) held in a water-cooled hearth.  

 

Figure 2.3 | Schematic of the electron beam evaporation system. An electron beam heats 

the source material in a crucible under vacuum, causing it to evaporate and deposit onto the 

rotating substrate, while the film thickness is monitored during deposition. 
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The very high-power density in this localized region heats the material well above its melting 

point, while the bulk of the source and crucible remain comparatively cool, enabling efficient 

evaporation of even high melting point metals and ceramics with minimal contamination from 

the crucible. Under high vacuum, the evaporated atoms travel predominantly in straight lines 

(line of sight) to the substrates, where they nucleate and grow into a thin film and the thickness 

and microstructure are controlled by parameters such as beam power, deposition rate, chamber 

pressure, and substrate temperature. Because the beam power can be adjusted over a wide 

range, electron beam evaporation can achieve both very low and very high deposition rates and 

is widely used for depositing metals, oxides, and nitrides in microelectronics, optics, and 

plasmonic devices. 

2.1.4 Inductive coupled Plasma-fluorine (ICP-F) etching 

In almost all projects, employing a top‑down fabrication approach, the samples were etched 

using ICP‑F etching. Silicon, silicon nitride (Si₃N₄), and various TMDC materials were etched 

using ICP‑F. CHF₃, SF₆, and Ar were used as process gases in different ratios, flow rates, and 

ICP parameters to realize the required etch depths and profiles for metasurfaces, gratings, and 

waveguides. The specific process recipes and gas compositions used for each device are 

described in the corresponding chapters, together with a detailed discussion of the rationale 

behind the chosen parameters. 

ICP F etching uses a high-density plasma generated by inductive coupling to provide a large 

flux of reactive fluorine species to the surface, and controls ion energy independently via the 

RF bias at the substrate as shown in Figure 2.4. This decoupled control over ion flux and ion 

energy enables highly anisotropic, high selectivity etching, enabling the formation of high 

aspect ratio nanostructures with well-defined sidewalls. In an ICP reactor, RF power applied to 

an inductive coil generates a high-density plasma consisting of ions, electrons, and reactive 

radicals. A separate RF bias on the substrate accelerates ions toward the surface, enabling 

directional (anisotropic) etching. The overall etching behavior is determined by a combination 

of chemical reactions, ion assisted sputtering, and surface passivation. SF₆ works as the main 

source of fluorine radicals, which react chemically with Si, Si₃N₄, and TMDCs during the 

etching process. Etch rate can be increased by increasing SF₆ flow, but this results in isotropic 

etching.  CHF₃, while providing fluorine for etching, produces C-based species that attach to 

the sidewalls, and this stops lateral etching and leads to vertical sidewall profiles. As an inert 

gas, Ar promotes physical sputtering. Ar⁺ ions mainly help remove reaction by-products while 
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cleaning the surface. These Ions break the passivation layer at the bottom of the features, 

enhancing anisotropy. 

 

Figure 2.4 | Schematic of the inductively coupled plasma (ICP) etching system. Process 

gases are introduced into the chamber and ionised by the ICP coil to generate a high-density 

plasma, while RF bias at the sample stage drives directional ion bombardment for substrate 

etching under vacuum. 

Throughout this thesis, the ICP F parameters (gas ratios, pressures, ICP power, and RF bias) 

are tailored to each material system and device geometry. The corresponding chapters provide 

detailed recipes and discuss how these parameters were optimized to achieve the target etch 

profiles for Si, Si₃N₄, and TMDC based nanophotonic structures. 

2.1.5 Chemical Vapor Deposition (CVD) 

Chemical Vapour Deposition or CVD is a widely used technology, characterized by its ability 

to produce high purity and quality deposition of thin films from a vapour phase onto the 

substrate through a series of chemical reactions6. In a typical CVD process, the precursor gases 

are delivered through a controlled gas delivery system into a heated chamber containing the 

substrate, and the supplied thermal energy promotes the decomposition or chemical 

transformation of the gaseous species into reactive intermediates. These species then adsorb 

onto the substrate surface, where surface diffusion, nucleation, and subsequent growth take 
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place, leading to the formation of the desired thin film. The overall deposition behavior and 

film quality are strongly influenced by process parameters such as temperature, pressure, and 

gas flow rate, as these govern both the gas phase reactions and the surface reaction kinetics7. A 

conventional CVD system therefore generally consists of a reaction chamber, gas delivery 

system, heating arrangement, and substrate holder, all of which must be carefully controlled to 

achieve uniform film thickness, composition, and material quality8. Depending on the material 

system, deposition requirements, and desired film characteristics, several CVD variants can be 

employed. 

A well-established CVD technique is Plasma Enhanced Chemical Vapor Deposition (PECVD) 

which is widely used to deposit films like SiOx, SiNx, α-Si, with high uniformity at relatively 

lower temperatures compared to the traditional thermal CVD technique. The PECVD process 

chamber (Figure 2.5) consists of two parallel electrodes, where the upper electrode is connected 

to plasma generators operating at high and low radio frequencies, while the lower electrode is 

grounded and functions as the substrate holder. The use of mixed frequency plasma excitation 

provides improved control over important film properties, particularly the residual stress within 

the deposited layer. To enhance the density and overall quality of the deposited films, the 

substrate holder can be heated during the process, while the chamber pressure is maintained at 

650mTorr for SiOₓ, SiNₓ and at 1500mTorr for α-Si deposition ensuring stable plasma 

generation. 

 

Figure 2.5 | Schematic of the PECVD system used for thin film deposition. The chamber 

consists of parallel electrodes, where RF plasma is generated at the upper electrode and the 



Chapter 2 : Experimental Techniques 

 

38 
Manuka Suriyage – April 2026 

grounded lower electrode acts as the heated substrate holder for uniform deposition of SiOₓ, 

SiNₓ and α-Si films. 

Different precursor gas combinations are introduced depending on the thin film to be deposited. 

For silicon oxide (SiOₓ) deposition, silane (SiH₄), nitrous oxide (N₂O), and nitrogen (N₂) are 

introduced into the chamber at flow rates of 9.7 sccm, 710 sccm, and 161 sccm, respectively. 

The deposition is carried out at a substrate temperature of 300 °C with an RF power of 40 W. 

For silicon nitride (SiNₓ) deposition, silane (SiH₄), ammonia (NH₃), and nitrogen (N₂) are used 

at flow rates of 16 sccm, 14 sccm, and 980 sccm, respectively, with the substrate maintained at 

300 °C and an RF power of 20 W. For amorphous silicon (a-Si) deposition, silane (SiH₄) and 

helium (He) are supplied at flow rates of 25 sccm and 475 sccm, respectively, while the 

substrate temperature is maintained at 150 °C and the RF power is set to 40 W. Under radio 

frequency plasma excitation, these reactant gases are dissociated through capacitive coupling 

discharge between the electrodes, generating reactive species that undergo a series of chemical 

reactions and subsequently deposit as thin films on the substrate surface. 

2.1.6 Focused Ion beam 

Focused ion beam (FIB) is a micro and nanoscale processing technique in which a beam of 

high energy ions which are typically produced from a liquid metal ion source, most commonly 

using gallium ions and are generated, focused, and scanned across a specimen surface for both 

imaging and direct material modification. Unlike electron beams, ions are much more massive, 

and this greater mass gives them a much stronger ability to alter the sample surface during 

irradiation. As a result, FIB is not only an imaging tool but also a machining platform capable 

of performing highly localized surface processing. There are mainly four basic FIB functions: 

milling, deposition, implantation, and imaging. 

FIB Milling occurs when energetic ions strike the surface and, through predominantly elastic 

collisions, eject surface atoms from the material in a sputtering process. Because this removal 

can be confined to a selected region, FIB milling is particularly useful for site specific 

machining, allowing the user to excavate material with high positional accuracy. This capability 

can be used for relatively simple operations, such as drilling probe holes, as well as more 

advanced procedures, including the preparation of precise 3D cross sections. A major strength 

of FIB milling is that it can isolate and modify only the region of interest while preserving the 

integrity of the surrounding sample. This makes the technique highly suitable for localized 

structural analysis and sample preparation9. 
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FIB can also be operated in deposition mode, which significantly broadens its fabrication 

capability. In this process, a gas delivery system introduces a precursor gas, often an 

organometallic species, into the path of the ion beam just above the sample surface. The 

interaction of the beam with this gaseous layer promotes localized deposition of material 

exactly where the beam is directed, commonly enabling the growth of metallic features. The 

source emphasizes that when deposition is combined with milling, the FIB can fabricate highly 

complex microstructures and perform both additive and subtractive processing within the same 

instrument. Another important process is ion implantation, in which incident ions become 

incorporated into the near surface region of the specimen and thereby modify the surface. 

Consequently, FIB is not limited to material removal alone but can also be used as a flexible 

platform for surface engineering and localized fabrication9. 

 

Figure 2.6 | Schematic of the dual-beam FIB-SEM system. The instrument combines a 

focused gallium ion beam for site specific milling, deposition, implantation, and ion beam 

imaging with an electron beam column for high resolution, less destructive SEM imaging of 

the same sample region. 
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Imaging is the fourth major FIB function and is closely linked to the same ion-solid interactions 

that enable processing. When the ion beam strikes the sample, it generates secondary electrons 

and secondary ions that can be collected to form an image, allowing the specimen to be 

observed before, during, and after modification. This real time imaging capability is 

particularly useful because it enables direct monitoring of milling, deposition, and implantation 

processes at the target site. However, the FIB system can introduce unwanted damage to the 

specimen, which is one limitation of ion beam processing. To address this, dual beam systems 

were developed by integrating FIB with scanning electron microscopy in a single instrument. 

In such systems, the FIB provides precise machining and site-specific processing, while the 

SEM contributes high resolution and less destructive imaging. This combination is especially 

powerful for structural, chemical, and geometrical analysis of cross sections in complex 

materials, making dual beam FIB-SEM platforms particularly valuable for advanced 

characterization and nanoscale fabrication9. 

2.2 Structural and Optical Characterization 

2.2.1 Scanning electron microscope (SEM) 

Scanning electron microscopy (SEM), shown in Figure 2.7 is a powerful imaging technique in 

which a focused beam of high energy electrons is directed onto a sample surface to generate 

signals that can be used to reveal the topography, morphology, composition and the 

crystallographic information of the material. In SEM technology, the study of the material is 

based on mainly two different types of signals, namely, secondary and backscattered electrons. 

Secondary electrons (SEs) are mainly produced through inelastic interactions and scattering 

between the incident primary electrons and the atoms in the sample. Because these electrons 

have relatively low kinetic energy (less than 50eV), only those generated very close to the 

sample surface can escape and be collected by the detector. As a result, SE imaging is highly 

sensitive to surface and is particularly useful for examining fine topographical details and 

surface morphology10,11. 

Back scattered electrons(BSEs), in contrast retain a much larger fraction of the energy of the 

incident beam. They originate from primary electrons that are scattered back out of the sample, 

either after elastic scattering or after limited energy loss. Owing to their higher energy, BSEs 

can escape from deeper within the interaction volume compared to SEs. The intensity of the 

BSE signal depends strongly on the atomic number of the material, with regions containing 

heavier elements appearing brighter than those composed of lighter elements. For this reason, 
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BSE imaging is especially valuable for distinguishing material contrast and identifying 

compositional variations across the sample10,11. 

In this thesis, an FEI Verios 460 SEM system was used for the morphological characterization 

of waveguides and metasurfaces. In this instrument, a monochromatic electron beam is 

generated using a Schottky field emission gun and accelerated at voltages typically ranging 

from 1 to 30 kV. The beam is then shaped and focused onto the sample surface by a series of 

electromagnetic lenses, including the condenser and objective lenses, to produce a probe of the 

desired size. An aperture is used to restrict the electron beam and reduce spherical aberration, 

thereby improving image quality. Raster scanning of the beam across the sample surface is 

achieved using scanning coils. For conventional surface imaging, the microscope collects 

emitted electrons using detectors such as the Everhart Thornley detector (ETD) and the through 

the lens detector (TLD), which are primarily used for SE and general surface sensitive imaging. 

In addition, a mirror detector (MD) positioned within the objective lens is employed in atomic 

number contrast or Z contrast imaging mode to detect high energy BSEs. 

 

Figure 2.7 | Schematic of the SEM system used for morphological characterisation. A 

focused accelerated electron beam scans the sample, while secondary electrons (SEs) and BSEs 

are collected to obtain surface morphology and Z contrast images. 
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2.2.2 Phase Shift Interferometer (PSI) 

PSI is a rapid, non-invasive optical technique used to characterize the surface topography and 

layer number of two-dimensional materials. For atomically thin systems such as MoS2, WS2, 

graphene, hBN and black phosphorus, thickness strongly influences the electronic and optical 

response, making accurate layer identification essential. Compared with conventional 

techniques such as AFM, TEM and STM, PSI offers a simpler and faster route to thickness 

determination because it does not require slow scanning or invasive tip-based probing. Instead, 

it measures the optical response of the flake relative to the substrate and converts this into a 

surface height related optical path length (OPL), making it particularly attractive for routine 

characterization of fragile and ultrathin 2D materials. 

 

Figure 2.8 | Schematic of the phase-shifting interferometry (PSI) system. The inset shows 

the Mirau interferometer, where the reference and sample beams are split and recombined to 

generate the interference signal used for measurement. 1. Reference mirror; 2. First reflection 

of the reference beam; 3. Third reflection of the reference beam; 4. Reflection of the 

test/objective beam; 5. Semi-transparent mirror. 2-1-3 represents the reference beam and 2---3 

represents the test/objective beam. 

The working principle of PSI is based on optical interference. In a typical PSI system as shown 

in Figure 2.8, light from a filtered source is divided into a reference beam and a sample beam 

through a Mirau interferometer integrated into the microscope objective. The sample beam 
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reflects from the 2D material and the underlying substrate, while the reference beam follows a 

known optical path, which is the two beams recombining at the detector to generate an 

interference signal. By introducing a controlled phase shift between the beams and analyzing 

the resulting interferograms, the system calculates the phase difference and hence the optical 

path difference. For 2D material measurements, the quantity of interest is the OPL contrast 

between the flake and the substrate, which is then correlated with layer thickness. In this way, 

PSI provides a quantitative optical map of the sample without physically contacting or 

damaging the surface. 

A major strength of PSI for 2D material characterization is its combination of speed, simplicity 

and high sensitivity. The method has been shown to provide OPL values that scale linearly with 

layer number for materials such as MoS2, phosphorene, hBN and graphene, with good 

agreement between experiment and simulation. Importantly, the optical contrast can be much 

larger than the true physical thickness; for example, a monolayer MoS2 thickness of about 0.7 

nm can produce an OPL signal amplified by more than fifty times, greatly improving layer 

discrimination. PSI is also especially valuable for air sensitive materials because it uses a low 

density, non-focused LED source and enables one step measurement with minimal sample 

handling. Although the measured OPL depends on parameters such as substrate, refractive 

index and illumination wavelength, this sensitivity can be advantageous, since it allows PSI to 

serve as a robust and versatile platform for rapid thickness identification and surface 

topography analysis of a wide range of 2D materials. The Vecco NT9100 PSI system is used 

in this thesis with a green LED light source at 535 nm and a 10 nm bandpass filter. 

2.2.3 Scattering field scanning near field optical microscope (s-SNOM) 

s-SNOM has opened up the pathway for nanoscale optical imaging. In these systems, the 

localized interaction between a sharp metallic probe and the sample is used to probe the near 

field E field distributions. Compared to diffraction limited far field techniques, s-SNOM can 

access the evanescent near field and convert it into propagating radiation via tip scattering, 

which is then detected to image the near field interaction. This is essential for exploring near 

field light matter interactions, especially in this thesis, to investigate propagating polaritonic 

modes in materials. 

As illustrated in Figure 2.9, a metal coated atomic AFM tip is illuminated by a focused laser 

beam, acting as an optical nanoantenna. In this dissertation, we have used the s-SNOM system 

in both the visible and mid-IR regimes. So, a Mir cat mid-IR laser (5.5um to 7.7um) and a 
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Maitai laser (690nm - 1040nm), coupled with an OPO (345nm - 2.5um), are used to excite the 

samples. 

 

Figure 2.9 | Schematic of the s-SNOM setup used in this work. The system employs a metal 

coated AFM tip illuminated as an optical nanoantenna, with excitation provided by a Mai Tai 

laser/OPO for the visible-NIR range and a Mircat QCL laser for mid-IR measurements. 

The lasers are guided using the optical path towards the Michelson interferometer. As 

illustrated in Figure 2.10, the incoming beam is split into two paths to the sample stage, and 

the oscillating mirror defines the two optical paths in the interferometer. The beam that goes 

towards the sample stage and the AFM is then focused onto the AFM tip by a parabolic mirror, 

where the focus beam spot is around 20nm in size. The incident field is strongly confined at 

the tip apex, generating a highly localized electromagnetic field that interacts with the sample. 

This interaction induces a dipolar response that depends on the local dielectric environment 

beneath the tip. The scattered field from the tip contains both near-field and background 

contributions. The other beam will be modulated by the oscillating mirror at a frequency M in 

our setup, which is 3 MHz. 

A key challenge in s-SNOM is the separation of the weak near field signal from the much 

stronger background scattering. This is achieved by operating the AFM in tapping mode, where 

the tip oscillates vertically at a frequency Ω, periodically modulating the tip-sample distance. 

Because the near field interaction decays rapidly with distance, it is strongly modulated by this 

oscillation. In contrast, the background scattering varies only weakly with the tip position. By 

demodulating the detected signal at higher harmonics of the tapping frequency (typically 𝑛Ω, 

with 𝑛 ≥ 2), the near field contribution can be selectively extracted. 
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Figure 2.10 | Schematic of the s-SNOM interferometric optical setup. The incident beam is 

split into reference and sample arms, with the sample beam focused onto the AFM tip by a 

parabolic mirror to generate a localized near field signal. 

Higher-order harmonics provide enhanced near field sensitivity and effective suppression of 

background signals. In this dissertation, the near field amplitude and phase are primarily 

obtained from the 2nd harmonic and 3rd harmonic demodulated signals, ensuring that the 

measured response is dominated by localized tip-sample interactions. Both the amplitude and 

phase of the scattered near field is accessed through the interferometric detection scheme. The 

scattered light from the tip is combined with a reference beam in a Michelson-type 

interferometer, enabling coherent detection of the optical signal. 

A pseudo-heterodyne detection method is used, in which the reference mirror is periodically 

modulated to introduce a controlled phase shift. This modulation allows simultaneous 

extraction of the amplitude and phase of the near field signal through lock-in detection. The 

resulting complex signal can be expressed as a complex quantity, 
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• The amplitude, which is sensitive to local field enhancement and absorption  

• The phase, which reflects the local dielectric response and resonant behaviour  

This phase-resolved detection is particularly important for studying polaritonic systems, where 

both amplitude and phase carry essential information about mode propagation and interference. 

All measurements in this thesis were performed using a commercial s-SNOM system (Neaspec 

GmbH) integrated with a tapping-mode AFM. A tunable mid-infrared laser source (MIRcat) 

was used to illuminate the tip-sample region. 

The incident beam is focused onto the metallic AFM tip at an oblique angle, enabling efficient 

excitation of the tip dipole and coupling to in-plane momentum components. The scattered 

light is collected in the far field and directed to the interferometric detection unit for amplitude 

and phase retrieval. 

The main components of the setup include: 

• A metal coated AFM tip acting as a nanoscale optical antenna  

• Tapping-mode operation for distance modulation  

• A tunable laser source for spectral and resonant excitation  

• An interferometric detection system for phase-resolved measurements  

• Lock-in detection for harmonic demodulation  

The spatial resolution is determined by the tip apex radius (~10–30 nm), allowing optical 

imaging well below the diffraction limit. In addition to probing the local optical response, the 

s-SNOM tip also acts as a nanoscale source of high momentum fields capable of launching 

polaritons in the sample. Upon illumination, the tip provides the necessary momentum to 

couple incident photons into confined polaritonic modes. This tip or metallic nano structures 

launched polaritons propagate along the material surface. The interference of these polaritons 

with the incident beam or the interference between the excited polariton and edge reflected 

polaritons generate the interference fringes. The spatial periodicity of these fringes has a 

relation to the polariton wavelength, enabling direct extraction of dispersion relations. 

Furthermore, the decay of fringe amplitude provides insight into propagation losses and mode 

confinement. 
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2.2.4 Reflection and Transmission SHG 

SHG is a nonlinear optical response where two photons with angular frequency ω interact with 

a nonlinear material to generate a single photon with angular frequency 2ω. A home built 

optical setup was used for all the SHG measurements carried out in this thesis as shown in 

Figure 2.11. The Mai tai laser (690nm -1040nm) coupled with an OPO (345nm - 2.5um) was 

used to excite the samples. The measurements were carried out with linear and circular 

polarized light, so the beam excitation side contains a half wave plate and a quarter wave plate 

to control the polarization. 

 

Figure 2.11 | Schematic of the optical setup used for reflection and transmission second-

harmonic generation (SHG) measurements. The fundamental laser beam is directed onto the 

sample, and the generated SH signal is collected in both the reflected and transmitted directions 

for nonlinear optical characterisation 

For reflection SHG, the second harmonic light is collected on the same side as the incident 

beam (Figure 2.11), and this is the most common geometry for exfoliated, or CVD grown 2D 

flakes on SiO2/Si substrates. SHG measurements were carried out both in reflection and 

transmission modes. Depending on the wavelength range being measured, the signal was 

recorded with either a silicon CCD detector or a liquid-nitrogen-cooled InGaAs detector. 
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2.2.5 Photoluminescence (PL) Spectroscopy 

PL spectroscopy is a widely used optical characterization technique for studying how a material 

emits light upon optical excitation. Because it is a non-contact, non-invasive, and versatile 

method, it is particularly useful for investigating delicate samples without changing their 

properties. In semiconductor and materials research, PL is commonly used to examine 

electronic structure, optical transitions, defect states, and impurity-related effects, all of which 

strongly influence device performance. By analyzing the emitted light in terms of wavelength, 

intensity, spatial distribution, and temporal behavior, valuable information can be obtained 

about a material's band structure and overall optical quality. For this reason, PL spectroscopy 

is especially important in the study of light-emitting materials used in devices such as LEDs 

and lasers. 

In this thesis, PL measurements were carried out using a commercial Horiba LabRAM micro-

PL spectroscopy system equipped with confocal optics, giving an excitation spot size of about 

0.5 μm on the sample surface. The samples were excited using either a 532 nm diode-pumped 

solid-state laser or a SuperK EXTREME supercontinuum laser, which allows wavelength-

tunable excitation. The light emitted by the sample was collected and guided through a focusing 

mirror, then sent into a double monochromator, and the desired spectral components are 

selected. Depending on the wavelength range being measured, the signal was recorded with 

either a silicon CCD detector or a liquid-nitrogen-cooled InGaAs detector. To improve 

sensitivity and achieve a cleaner signal, a standard lock-in detection method was used. 

This setup makes it possible to record luminescence from materials such as silicon over a very 

wide dynamic range, reaching up to five orders of magnitude. However, despite its high 

sensitivity, the relatively large excitation spot limits the spatial resolution of the system. As a 

result, when the sample contains features smaller than about one micrometer, it becomes 

difficult to isolate their optical response from that of the surrounding region. Even so, the 

system remains a powerful and reliable tool for obtaining detailed optical information from a 

broad range of semiconductors and photonic materials. 
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3. Long Propagating Ghost polaritons Enabled by selective 

mode excitations  

Controlling light at the nanoscale using strong light-matter interactions has opened new opportunities 

in nanophotonics applications ranging from on-chip optical communication1-4 to quantum information 

computation5,6. Among these, PhPs have attracted significant attention for their ability to confine light 

well below the diffraction limit with relatively low losses7,8. One important class of polaritonic systems 

arises in anisotropic materials9, which exhibit different dielectric permittivities along different crystal 

lattice axes. In such systems, when the permittivity tensor has principal components with opposite signs, 

the dispersion of these PhPs becomes hyperbolic7,9,10. This results in  highly directional energy 

propagation, enabling phenomena such as sub-diffraction focusing and canalization11,12. These 

hyperbolic PhPs can propagate either on the surface or within the bulk of the material resulting in two 

different forms of propagating polaritons7 named surface13,14 and bulk PhPs15.  

Most recently, g-HPs were discovered16, which exhibits in-plane hyperbolic dispersion on the surface 

of a polar uniaxial crystal as well as oblique wave fronts in the bulk, similar to recently predicted ghost 

waves17. This hybrid nature of long-range, ray-like propagation, making g-HPs highly attractive for 

applications requiring low-loss and directional energy transport. However, obtaining greater control 

over directionality and propagation length remained a challenge, and in this work, we showcase how 

this can be achieved by selectively exciting specific polariton modes to achieve controlled directionality 

and long propagation lengths. We explored the behaviour of conventional excitation approaches, such 

as dipole-like nanoantennas and AFM tips, and found that these techniques excite a broad spectrum of 

polariton modes simultaneously, resulting in an energy distribution across multiple modes. This 

excitation generates polaritons with weak directionality and shorter propagation lengths, mainly limited 

by the presence of high-loss modes or by mode accumulation. 

The experimental observation of g-HPs in calcite was first established by Ma et al. 16, who demonstrated 

their distinctive dispersion characteristics, long-range directional propagation, and dependence on 

excitation conditions, including illumination and antenna dimensions. Building on this foundation, Hu 

et al. 18 subsequently demonstrated that the excitation-source configuration could be used to control the 

asymmetry of hyperbolic polariton propagation by adjusting the effective in-plane polarization of the 

source. These studies established that both the intrinsic anisotropic dispersion of calcite and the 

configuration of the excitation source play important roles in determining the observed polariton 

propagation characteristics. 

The present work builds upon these advances by investigating a complementary aspect of polariton 

excitation, where the selective coupling of incident light into a restricted range of polariton wavevectors 
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through finite antenna geometry. Rather than focusing primarily on controlling the relative intensity of 

different propagation directions, this approach explores how the physical edges and vertices of an 

asymmetric triangular antenna influence the momentum distribution of the excited polaritons. In 

particular, the inclined antenna edges preferentially enhance coupling to wavevectors oriented 

approximately normal to the corresponding edge, while the vertices contribute to the initial excitation 

of a broader range of modes. By adjusting the triangle geometry, the relative excitation strengths of 

different modes along the isofrequency contour can be controlled. 

This edge-assisted momentum-selection mechanism is investigated through theoretical analysis, 

numerical simulations, Fourier-space analysis, and experimental s-SNOM measurements. The resulting 

selective excitation favours particular propagating components, including long-lived modes, providing 

a means of engineering the observed directionality and propagation characteristics without modifying 

the intrinsic dispersion of calcite. Specifically, we demonstrate that structural asymmetry can be used 

as a mechanism for mode-selective excitation. By tailoring the geometry of a micro/nano antenna, 

particularly using an asymmetric triangular design, it is possible to: 

• selectively excite specific g-HP modes, 

• achieve highly directional propagation, 

• and greatly improve propagation length. 

This approach is based on a newly identified mechanism, termed edge-assisted mode selection19, in 

which the physical edges of the antenna act as momentum filters, preferentially coupling light into 

polariton modes with specific wavevectors. In this framework, the antenna geometry does not merely 

act as a passive scatterer but actively defines the momentum distribution of the excited modes. 

The results obtained through theoretical analysis and numerical simulations are further validated 

experimentally through near-field optical measurements of fabricated samples. We demonstrate that this 

approach enables efficient excitation of long-propagating g-HP modes with significantly extended 

propagation distances19. These results establish that long-range polariton propagation is not solely 

determined by intrinsic material losses but can be actively engineered through selective excitation of 

low-loss modes. This chapter therefore introduces a unique and novel framework for controlling 

polariton excitation, demonstrating that mode selectivity enabled by structural engineering, combined 

with material properties is key to achieving both high directionality and long-range propagation in 

polaritonic systems. 
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3.1 Theoretical Framework of g-HPs inside the Anisotropic Media 

3.1.1 Anisotropic Dielectric Properties and Hyperbolic Dispersion in Calcite 

The optical response of an anisotropic crystal is governed by a tensorial permittivity which 

leads to fundamentally different behaviour of light propagation compared isotropic materials. 

Calcite, a uniaxial crystal, has a dielectric tensor in its principal coordinate system that is 

expressed as follows: 

𝜀 = (

𝜀⊥ 0 0
0 𝜀∥ 0

0 0 𝜀⊥

) 

Where 𝜀∥ and  𝜀⊥ denote the permittivity components parallel and perpendicular to the optic 

axis. In calcite, the optical axis is inclined16 with respect to the surface, and therefore the tensor 

must be rotated accordingly to introduce the coupling between field components. Under 

specific frequency ranges, the principal components of the permittivity tensor can take opposite 

signs16,19, satisfying: 

𝜀⊥ ⋅ 𝜀∥ < 0 

This condition defines a hyperbolic medium, (Figure 3.1a). Based on the real part of the 

permittivity extracted from IR reflectance measurements calcite exhibit two spectral regions; 

Lower and upper Reststrahlen bands where the 𝜀∥ and 𝜀⊥ have opposite signs. These regions 

give rise to hyperbolic dispersion, where the isofrequency surface becomes an open hyperbola 

in momentum space, enabling highly anisotropic propagation. These regions correspond to 

Type I and Type II Hyperbolicity. In this work, we focus on the Type II region, and the 

corresponding permittivity for calcite (100) calculated using the Lorentz oscillator model is 

presented in Figure 3.1c,d19. In hyperbolic media, the direction of energy flow (group velocity) 

is not aligned with the wavevector, leading to highly directional, ray-like propagation. This 

property is central to the behaviour of ghost polaritons explored in this chapter. 

Even though many anisotropic crystals support hyperbolic PhPs, calcite offers a unique 

advantage. Here the propagation behaviour can be tuned through crystallographic orientation 

without requiring complex heterostructures. By rotating the optic axis (OA), the polariton 

dispersion can be modified in all spatial dimensions (Figure 3.2). This can be achieved by 

mechanically cutting the calcite substrate in a specific crystalline orientation, as shown in 

Figure 3.2 b. For example, if cut in a plane where 𝜃 = 23.3° we can get a sample with a surface 

along the (100) crystal orientation and if  𝜃 = 90° the surface crystal orientation would be 
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(001). This provides a direct experimental handle to control the isofrequency contour (IFC) 

shape and therefore the polariton propagation behaviour 

 

Figure 3.1 | Permittivity tensor of calcite and its hyperbolic behavior. a, Real part of the 

permittivity tensor of calcite. b, Schematic illustration of the three-dimensional Type I and 

Type II hyperbolic dispersion of calcite within the lower and upper Reststrahlen bands. c, Real 

and imaginary parts of calcite’s permittivity tensor component 𝜖⊥. d, Real and imaginary parts 

of calcite’s permittivity tensor component 𝜖∥. 

The orientation of the optic axis relative to the calcite-air interface plays a critical role in 

determining the dispersion and propagation characteristics of hyperbolic phonon polaritons. 

Varying the crystallographic orientation modifies the projected in-plane isofrequency contours 

and can produce transitions between different polaritonic regimes. For tilted optic-axis 

configurations, such as the (100)-oriented calcite surface with 𝜃 = 23.3°, the anisotropic 
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dispersion and electromagnetic boundary conditions can support ghost hyperbolic surface 

polaritons, characterized by hyperbolic in-plane propagation and simultaneous phase 

progression and evanescent decay within the crystal. 

 

Figure 3.2 | Effect of crystallographic orientation on the dispersion and propagation 

characteristics of phonon polaritons in calcite. a, Schematic illustrating the crystallographic 

planes of calcite and the corresponding angle (θ) defined relative to the optic axis (black dashed 

arrow). The characteristic (100), (001), and (104) planes are marked by green, red, and blue 

lines, respectively. b, Geometry of a selected crystallographic plane in calcite, where the optic 

axis lies in the y-z plane and the interface is defined in the x-y plane. θ is measured between 

the optic axis and the y axis. The blue and purple surfaces denote the (100) plane at 𝜃 = 23.3° 

and the (001) plane at 𝜃 = 90°, respectively. c, Projected in-plane isofrequency contours (IFCs) 

at 𝜃 = 23.3°, 𝜃 = 48.5°, 𝜃 = 90° illustrating the transition from anisotropic hyperbolic to 

rotationally symmetric dispersion. d, Schematic representations of the corresponding polariton 

propagation patterns for the three characteristic planes when 𝜃 = 23.3°, 𝜃 = 48.5°, 𝜃 = 90°. 

In contrast, when 𝜃 = 90°, the optic axis is perpendicular to the interface, resulting in 

rotationally symmetric in-plane dispersion. This configuration is associated with a different 

polaritonic regime and should not be identified as a ghost hyperbolic surface mode. The 

experimental investigations in this chapter primarily focus on (100)-oriented calcite with 𝜃 =

23.3°, where the ghost-polariton mode is supported and its excitation can be engineered using 

appropriately designed micro- and nanoantennas. 
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3.1.2 Ghost polariton formation at calcite-air interface. 

We verify the existence of ghost polariton modes at the interface between calcite and vacuum. 

Consider the interface between anisotropic calcite crystal (𝑧 < 0) and vacuum (𝑧 ≥ 0). The 

optic axis (OA) of the calcite crystal is initially aligned with the y-axis and then rotated by an 

angle 𝜃about the x-axis. The permittivity tensor in the rotated coordinate system is therefore 

given by: 

𝜀̿ = 𝑅𝑥(−𝜃) ∙ (

𝜀⊥ 0 0
0 𝜀∥ 0

0 0 𝜀⊥

) ∙ 𝑅𝑥(𝜃),   

where 𝑅𝑥(𝜃) represents the rotation matrix with respect to x-axis. The permittivity tensor can 

be derived as: 

𝜀̿ = (

𝜀⊥ 0 0

0 𝜀∥ cos2 𝜃 + 𝜀⊥ sin2 𝜃 (𝜀∥ − 𝜀⊥) sin 𝜃 cos 𝜃

0 (𝜀∥ − 𝜀⊥) sin 𝜃 cos 𝜃 𝜀⊥ cos2 𝜃 + 𝜀∥ sin2 𝜃

) 

Wave propagation inside the anisotropic media is described using Maxwell’s equations in the 

frequency domain: 

∇ × ∇ × 𝐄 − 𝑘0
2𝜀 ⋅ 𝐄 = 0 

where 𝑘0 denotes the wave vector inside vacuum. By focusing on eigenmodes with 𝑒𝑖𝑘⃗ ∙𝑟 

dependence. The above Maxwell’s equation is thus simplified: 

𝑘⃗ × 𝑘⃗ × 𝐸⃗ + 𝑘0
2𝜀̿ ∙ 𝐸⃗ = 0. 

Denote the components of 𝑘⃗  as 𝑘⃗ = [𝑘𝑥, 𝑘𝑦, 𝑘2𝑧]. The fact that this equation has non-zero 

solution for 𝐸⃗  indicates that the following determinant equals zero: 

|

−𝑘2𝑧
2 − 𝑘𝑦

2 + 𝜀⊥𝑘0
2 𝑘𝑥𝑘𝑦 𝑘2𝑧𝑘𝑥

𝑘𝑥𝑘𝑦 −𝑘2𝑧
2 − 𝑘𝑥

2 + 𝑘0
2(𝜀∥ cos2 𝜃 + 𝜀⊥ sin2 𝜃) 𝑘2𝑧𝑘𝑦 + 𝑘0

2(𝜀∥ − 𝜀⊥) sin𝜃 cos 𝜃

𝑘2𝑧𝑘𝑥 𝑘2𝑧𝑘𝑦 + 𝑘0
2(𝜀∥ − 𝜀⊥) sin𝜃 cos𝜃 −𝑘𝑥

2 − 𝑘𝑦
2 + 𝑘0

2(𝜀⊥ cos2 𝜃 + 𝜀∥ sin2 𝜃)

| 

After factorization, this yields two equations. 

𝑘𝑥
2 + 𝑘𝑦

2 + 𝑘𝑧
2 = 𝜀⊥𝑘0

2, 

(𝑘𝑦 cos 𝜃 + 𝑘2𝑧 sin 𝜃)2

𝜀⊥
+

𝑘𝑥
2 + (𝑘𝑦 sin 𝜃 − 𝑘2𝑧 cos 𝜃)2

𝜀∥
= 𝑘0

2. 
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The first equation corresponds to ordinary wave (o-wave), while the second equation 

corresponds to extraordinary wave (e-wave). The ordinary wave exhibits isotropic behaviour, 

while the extraordinary wave shows anisotropic dispersion. The extraordinary wave is 

responsible for hyperbolic dispersion under appropriate conditions. These two eigenmodes 

form the basis for constructing polaritonic solutions at solid material interfaces. For arbitrary 

given 𝑘𝑥 and 𝑘𝑦, the value of 𝑘2𝑧 can be derived by solving the quadratic equation: 

𝑘2𝑧 =
−𝑘𝑦(𝜀∥ − 𝜀⊥) sin 𝜃 cos 𝜃 ± √∆

𝜀⊥ cos2 𝜃 + 𝜀∥ sin2 𝜃
 

where ∆ = 𝜀⊥[𝜀∥𝑘𝑦
2 + (𝜀⊥ cos2 𝜃 + 𝜀∥ sin2 𝜃)(𝑘𝑥

2 − 𝜀∥𝑘0
2)]. When ∆ < 0, 𝑘2𝑧 under the 

appropriate hyperbolic and optic-axis orientation conditions, the normal wavevector 

component of the extraordinary wave becomes complex, possessing both nonzero real and 

imaginary parts. Consequently, the electromagnetic field exhibits simultaneous phase 

progression and exponential decay along the direction normal to the calcite-air interface. This 

produces oblique wavefronts within the crystal while maintaining surface confinement. 

Importantly, this complex normal wavevector is an intrinsic consequence of the anisotropic 

electromagnetic dispersion and can exist even in the ideal lossless limit, where the permittivity 

tensor components are purely real. Therefore, the ghost-wave character is fundamentally 

different from the complex wavevectors that arise solely due to material absorption. The 

resulting surface-bound solutions, satisfying the electromagnetic boundary conditions at the 

calcite-air interface, are referred to as ghost hyperbolic surface polaritons because they 

combine propagating and evanescent field characteristics within the crystal bulk. The 

corresponding IFC can be approximated as: 

𝑘𝑥
2

𝑐𝑥
−

𝑘𝑦
2

𝑐𝑦
= 1 

3.1.3 Propagation length and decay mechanism 

The electric field of a polaritonic mode propagating along the calcite-air interface can be 

written as, 

𝐸(𝐫) ∝ 𝑒𝑖(𝑘𝑥𝑥+𝑘𝑦𝑦) 

Here, the in-plane wavevector components are complex and can be expressed as: 

𝑘𝑥 = Re(𝑘𝑥) + 𝑖 Im(𝑘𝑥), 𝑘𝑦 = Re(𝑘𝑦) + 𝑖 Im(𝑘𝑦) 
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It is important to distinguish the complex in-plane wavevector components, which describe the 

attenuation of the polariton during propagation along the interface in the presence of losses, 

from the complex normal wavevector component responsible for the characteristic ghost-wave 

behaviour inside calcite. The latter can possess both real and imaginary parts even in the 

lossless limit, arising from the anisotropic dispersion and the inclination of the optic axis rather 

than material absorption. Substituting these into the field expression separates the solution into 

oscillatory (propagating) and exponentially decaying components: 

𝐸(𝐫) ∝ 𝑒𝑖(Re(𝑘𝑥)𝑥+Re(𝑘𝑦)𝑦) 𝑒−Im(𝑘𝑥)𝑥  𝑒−Im(𝑘𝑦)𝑦 

The real part of the in-plane wavevector determines the phase propagation of an individual 

polariton eigenmode, whereas its imaginary part governs the spatial attenuation of the field. 

Since g-HP propagation is highly anisotropic, the attenuation length depends on the direction 

along which the field is evaluated. Consequently, the field-amplitude propagation length 𝐿𝑝 of 

an individual polariton mode, defined as the length at which the electric field’s magnitude 

decays to 1/𝑒 can be expressed as: 

𝐿𝑝 =
1

√Im(𝑘𝑥)2 + Im(𝑘𝑦)2
 

Here, the denominator represents the magnitude of the imaginary in-plane wavevector. This 

expression gives the field-amplitude attenuation length when the measurement direction is 

parallel to the imaginary in-plane wavevector. For an arbitrary direction defined by 𝑆̂ =

(cos∅ , sin∅), where ∅ is the angle measured relative to the positive x-axis, the propagation 

length is instead determined by the projection of the imaginary wavevector onto that direction 

given by the following expression: 

𝐿𝑝(∅) =
1

Im(𝑘𝑥) cos∅ +  Im(𝑘𝑦) sin∅
 

The projected attenuation coefficient is assumed to be positive along the selected measurement 

direction. Importantly, the intrinsic propagation length of an individual polariton eigenmode is 

determined by the electromagnetic properties of the calcite–air interface at a given frequency 

and propagation direction. Changing the excitation antenna does not modify the intrinsic 

attenuation of the same eigenmode in an otherwise unchanged, uniform structure. Instead, 

antenna geometry controls the relative excitation amplitudes of the available modes, thereby 

influencing the spatial decay, interference, and visibility of their measured superposition. 
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The finite propagation length of g-HP modes arises due to intrinsic material losses and modal 

dispersion. Inside anisotropic polar crystals such as calcite, the permittivity is frequency-

dependent and exhibits dispersive behaviour due to phonon damping. This behaviour can be 

described using a Lorentz oscillator model. 

𝜀(𝜔) = 𝜀∞ (1+
𝜔𝐿𝑂

2 − 𝜔𝑇𝑂
2

𝜔𝑇𝑂
2 − 𝜔2 − 𝑖𝜔Γ

) 

Where, Γ represents phonon damping, 𝜔𝑇𝑂, 𝜔𝐿𝑂 are transverse and longitudinal optical phonon 

frequencies. The imaginary component of the permittivity introduces absorption, resulting in 

complex-valued wavevectors and therefore finite propagation lengths for all polariton modes.  

To quantitatively determine the dispersion and propagation characteristics of g-HP modes, the 

full electromagnetic boundary problem at the calcite-air interface must be solved. For a given 

in-plane wavevector (𝑘𝑥 , 𝑘𝑦), the eigenmodes in both media are first obtained. 

In air (𝑧 > 0), the wavevector is given by: 

𝑘⃗ 1 = [𝑘𝑥, 𝑘𝑦 , 𝑘1𝑧] 

𝑘1𝑧 = 𝑖√𝑘𝑥
2 + 𝑘𝑦

2 − 𝑘0
2 

The eigenmodes can be decomposed into two independent solutions, corresponding to the plane 

wave solutions with TM and TE polarizations: 

𝐸⃗ TM~[−𝑘𝑥𝑘1𝑧, −𝑘𝑦𝑘1𝑧, 𝑘𝑥
2 + 𝑘𝑦

2] 

𝐸⃗ TE~[−𝑘𝑦, 𝑘𝑥, 0] 

For eigenmodes inside calcite, denote the wave vector as: 

𝑘⃗ 2 = [𝑘𝑥, 𝑘𝑦 , 𝑘2𝑧] 

Two solutions exist and for the ordinary wave (𝐸⃗ 𝑜) we use 

𝐸⃗ 𝑜 = 𝑘2𝑧 = −𝑖√𝑘𝑥
2 + 𝑘𝑦

2 − 𝜖⊥𝑘0
2 

to make sure that the electric field decays to zero when 𝑧 → −∞. For the extraordinary wave 

(𝐸⃗ 𝑒) two 𝑘2𝑧 solutions are obtained by solving the quadratic equation. Note that only the 

solution which satisfies Im[𝑘2𝑧] < 0 will be used Once the valid 𝑘2𝑧 values are obtained, the 
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corresponding electric field 𝐸⃗ 𝑜 (o-wave) and 𝐸⃗ 𝑒 (e-wave) can be derived by solving the source-

free Maxwell’s equation: 

𝐸⃗ 𝑒 = 𝑘⃗ 2 × 𝑘⃗ 2 × 𝐸⃗ + 𝑘0
2𝜖̿ ∙ 𝐸⃗ = 0. 

which is a linear equation with respect to 𝐸𝑥, 𝐸𝑦, 𝐸𝑧 components. The g-HP mode is constructed 

as a superposition of eigenmodes in both regions (calcite and vacuum). Specifically, in 𝑧 > 0 

region the electric field distribution can be written as: 

𝐸⃗ (𝑧 > 0) = 𝑎TE𝐸⃗ TE + 𝑎TM𝐸⃗ TM 

while in 𝑧 < 0 region the electric field distribution can be written as: 

𝐸⃗ (𝑧 < 0) = 𝑎𝑜𝐸⃗ 𝑜 + 𝑎𝑒𝐸⃗ 𝑒 

where  𝑎TM/𝑎TE and 𝑎𝑜/𝑎𝑒 are the coefficients of eigenmodes inside air and calcite, 

respectively. Applying the continuity of tangential field components (𝐸𝑥, 𝐸𝑦, 𝐻𝑥, 𝐻𝑦)at the 

interface (at 𝑧 = 0 ) leads to a system of linear equations: 

𝐴 ⋅ 𝐚 = 0 

(

 
 

𝐸𝑥
𝑜 𝐸𝑥

𝑒 −𝐸𝑥
TM −𝐸𝑥

TE

𝐸𝑦
𝑜 𝐸𝑦

𝑒 −𝐸𝑦
TM −𝐸𝑦

TE

𝐻𝑥
𝑜 𝐻𝑥

𝑒 −𝐻𝑥
TM −𝐻𝑥

TE

𝐻𝑦
𝑜 𝐻𝑦

𝑒 −𝐻𝑦
TM −𝐻𝑦

TE
)

 
 

(

𝑎𝑜

𝑎𝑒

𝑎TM

𝑎TE

) = 0⃗                          

A non-trivial solution exists only when the determinant of this system vanishes:  

det(𝐴) = 0 

det(𝐴) = |
 

𝐸𝑥
𝑜 𝐸𝑥

𝑒 −𝐸𝑥
TM −𝐸𝑥

TE

𝐸𝑦
𝑜 𝐸𝑦

𝑒 −𝐸𝑦
TM −𝐸𝑦

TE

𝐻𝑥
𝑜 𝐻𝑥

𝑒 −𝐻𝑥
TM −𝐻𝑥

TE

𝐻𝑦
𝑜 𝐻𝑦

𝑒 −𝐻𝑦
TM −𝐻𝑦

TE

|
 = 0       

This condition defines the dispersion relation of the g-HP modes. For any given g-HP mode 

lying on the IFC, both the real and imaginary components of the in-plane 𝑘𝑥, 𝑘𝑦 can be 

calculated numerically. The corresponding coefficients 𝑎TM, 𝑎TE, 𝑎𝑜, 𝑎𝑒, and electromagnetic 

field distributions, can then be obtained numerically. 

To investigate the variation in intrinsic modal attenuation across the isofrequency contour, the 

field-amplitude propagation lengths of the numerically calculated g-HP eigenmodes were 

evaluated using the magnitude of the imaginary in-plane wavevector, as defined previously. 
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The resulting propagation lengths, normalised to the free-space wavelength 𝜆0, are presented 

in Figure 3.3. 

 

Figure 3.3 | Momentum-space visualization of g-HP propagation lengths on the IFC. a – 

c, Numerically calculated propagation lengths normalized to the vacuum wavelength 𝜆0 for 

excitation at 𝜔 = 1450 𝑐𝑚−1 , 1460 𝑐𝑚−1  𝑎𝑛𝑑 1470 𝑐𝑚−1. 

These results illustrate the variation in intrinsic propagation characteristics between different 

polariton modes, independently of the antenna geometry used for excitation. There are several 

points that we observed through this numerical analysis. 

• While high-𝑘 g-HP modes cannot propagate long, the propagation length 𝐿𝑝 can be 

large (> 10𝜆0) for certain low-𝑘 g-HP modes. 

For example, at 1470 cm-1 the predicted 𝐿𝑝 of the g-HP mode located at (Re𝑘𝑥, Re𝑘𝑦) =

(−1.544𝑘0, −0.295𝑘0) can exceed 162.7 𝜇m, which is remarkable and justifies the 

improvement in this work. 

• For small |𝑘𝑦|, no valid g-HP solution can be found numerically, meaning that g-HP 

mode does not exist if the angle is too small.  

We’ve verified that this behaviour comes from the fact that neither of the two 𝑘2𝑧 solutions for 

e-wave can satisfy the Im(𝑘2𝑧) < 0 condition. Without a valid e-wave mode, the g-HP mode 

cannot be constructed by imposing the boundary conditions, leading to a large |det(𝐴)| value. 

The directionality angle increases with increasing frequency, consistent with the literature and 

our experimental results16,19. 
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3.1.4 Numerical simulation techniques 

The simulations for this work were primarily carried out by my collaborator, Qingyi Zhou, at 

the University of Wisconsin-Madison. COMSOL Multiphysics 5.1 was used to simulate the 

electric-field distribution of g-HPs excited by a gold antenna. The simulations were designed 

to replicate experimental conditions. Since the s-SNOM system that we use has an oblique 

incident, the simulations were with a p-polarized plane wave, with a defined incident angle 

(𝜑 = 60° ) was used to excite the nano/micro antennas. This configuration ensures efficient 

field confinement at the antenna, enabling the launch of polariton waves along the calcite 

surface. The scattered electric field was computed using the finite-element method, and the 

near-field intensity was evaluated at a plane located 100 nm above the calcite surface to enable 

direct comparison with experimental s-SNOM measurements The frequency-dependent 

permittivity of calcite was modelled using a Lorentz oscillator model: 

𝜀⊥ = 𝜀∞,1 (1 +
𝜔𝐿𝑂,1

2 − 𝜔𝑇𝑂,1
2

𝜔𝑇𝑂,1
2 − 𝜔2 − 𝑖𝜔Γ1

+
𝜔𝐿𝑂,2

2 − 𝜔𝑇𝑂,2
2

𝜔𝑇𝑂,2
2 − 𝜔2 − 𝑖𝜔Γ2

) 

𝜀∥ = 𝜀∞,3 (1 +
𝜔𝐿𝑂,3

2 − 𝜔𝑇𝑂,3
2

𝜔𝑇𝑂,3
2 − 𝜔2 − 𝑖𝜔Γ3

) 

The optic axis is initially aligned along the y-axis and subsequently rotated about the x-axis by 

𝜃 = 23.3° consistent with the experimental geometry. 

The permittivity of gold (Au) was taken from experimentally measured data20. Within the 

wavelength range of interest, gold exhibits a large negative permittivity. As a result, the gold 

antenna behaves similarly to a perfect electric conductor (PEC): with negligible electric field 

inside the metal. Solving Maxwell’s equations in the frequency domain for anisotropic 

materials such as calcite can lead to poor convergence when iterative solvers are used. 

Therefore, the direct solver “PARDISO” is used in all our COMSOL simulations.  

3.2 Selective mode excitation via antenna engineering 

3.2.1 Conventional excitation 

As discussed in the previous section, calcite can generate a broad range of modes across the 

IFC. These modes exhibit significantly different propagation lengths depending on their loss 

characteristics. Low-k modes exhibit long propagation distances, whereas high-k modes decay 

more readily while being tightly confined. This variation in propagation length across the IFC 
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highlights the importance of selectively exciting low-loss modes to achieve long-range 

propagation. 

 In most experimental studies in literature, PhPs are excited using localized sources such as 

AFM tips or symmetric metallic nanoantennas (e.g., disks), which strongly confine the incident 

electromagnetic field and enable efficient coupling to phonons. These excitation sources can 

be approximated as dipole emitters, generating highly localized fields in real spaces. As a 

consequence, they produce a broad Fourier spectrum containing a broader range of in-plane 

momenta. These sources efficiently excite polaritons but can introduce limitations for 

controlled excitations of PhPs or in this case g-HPs. 

While this enables efficient excitation, it also introduces several limitations. First, multiple 

polariton modes across the IFC are excited simultaneously, rather than selectively. As a result, 

the injected energy is distributed across modes with different propagation characteristics. These  

modes can also interfere with each other as they propagate leading to complex wavefronts and 

reduced control over directionality. While localized dipole-like sources enable efficient 

polariton excitation, they generally couple to a broad range of wavevectors along the IFC. 

Consequently, multiple g-HP modes with different intrinsic attenuation characteristics can be 

excited simultaneously. The resulting near-field distribution represents a superposition of these 

modes, whose relative amplitudes, propagation directions, and interference determine the 

observed spatial envelope. Although long-lived, low-loss modes may also be excited, their 

contribution to the measured field can be less prominent when other momentum components 

are strongly excited. Therefore, broadband excitation can produce a spatially complex near-

field response with a relatively short effective decay length along a selected observation 

direction. This motivates excitation strategies that preferentially couple energy into a restricted 

range of long-lived modes, improving the directionality and spatial extent of the observed 

polariton field without modifying the intrinsic attenuation of the individual modes. 

3.2.2 Directional propagation tuning through excitation 

A key requirement for achieving selective excitation of polariton modes is the breaking of 

spatial symmetry in the excitation process. In symmetric excitation geometries, such as disk 

antennas, the structure is rotationally invariant, and all directions in momentum space are 

equivalently accessible. As a result, polariton modes are excited symmetrically across the IFC 

leading to nearly identical excitation of the four polaritonic branches defined as (U+, U−, L+, 

L−) (Figure 3.4a) and producing symmetric hyperbolic propagation patterns. 
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Figure 3.4 | Polariton parameters and asymmetric excitation scheme. a, Schematic of the 

four polariton branches of polaritons U+ (upper positive), U- (upper negative), L+ (lower 

positive), L- (lower negative) together with the propagation direction angle γ. b, Schematic of 

the illumination geometry, where the incident angle 𝝋 is measured relative to the sample 

surface (x-y plane). c, Schematic of the polarization angle, corresponding to the incident angle 

of the photon in the x-y plane. d-f, Simulated near-field images of antenna-excited g-HPs. g-i, 

Fourier transformed |𝑬𝒛|, corresponding to the disk-antenna excitations shown in (d–f). The 

white arrows indicate the wave vectors of the modes excited by the antenna. 

To introduce directionality, several approaches can be explored, including variation of the 

incident angle, polarization control, and geometrical asymmetry. First, we examine the effect 

of the incident angle φ, as illustrated in Figure 3.4(b).We observe a change in the intensities 
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propagating through the 4 different polariton branches. When it is a normal incident (𝜑 = 90°) 

the propagation is symmetric in all directions as evident from the simulation results shown in 

Figure 3.4d. If we further analyse the data in Fourier space, we can see that the gold antenna, 

when coupled to normal incident light, excites modes across all four branches simultaneously 

(Figure 3.4g), as indicated by the 4 bright, symmetrical regions in the FT image. As the incident 

angle deviates from normal incidence, we observe a slight asymmetry in the propagation of the 

four polaritonic branches.  

The formation of these symmetric g-HPs on the right and left sides of the disk antenna can be 

explained by the localized electric fields on either side of the nanometallic disk. As illustrated 

in Figure 3.5a and b, if the Au antenna is excited with a normal incident, the two ends of the 

Au antenna will have a symmetric E field distribution, resulting in a symmetric polariton mode 

excitation. If the Au antenna is excited with an oblique incident as illustrated in Figure 3.5 

panel c, a larger E field, which indicates a higher local photonic DOS, is confined at the right 

side of the Au antenna. This allows the right side to excite more polaritons, leading to 

preferential excitation of polaritons on that side. At the same time, in both cases, the excited 

polaritons will propagate away from the metal disk, and therefore the interference fringes that 

we observe will have equal distributions in the normal incident case but will showcase different 

gaps between fringes in the oblique incident case.  

 

Figure 3.5 | Asymmetric distribution of g-HPs under oblique excitation. a, b, Schematic 

illustrations of the excitation conditions for (a) normal and 16 oblique incidence, showing the 
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corresponding symmetric and asymmetric field confinement (hot spots) at the two edges of the 

nanoantenna. c, d, Isofrequency contours (IFCs) for the normal and oblique excitation cases in 

a and b, respectively, highlighting the shift in the IFC under oblique incidence due to 

asymmetric excitation. e, simulated electric field distribution of a disk nanoantenna under 

oblique incidence, demonstrating the asymmetric field profile. f, Corresponding FFT of e, 

revealing the presence of two IFC branches and their relative shift. 

The spacings of the illumination fringes  on the left side are 𝛿𝑙𝑒𝑓𝑡 =
2𝜋

𝑘𝑝−𝑘0 𝑐𝑜𝑠 𝜑
. This explains 

the larger gap between the fringes that is observe on the left side in the oblique incident 

compared to the normal inside as evident by comparing Figure 3.4 panel d and e. Similarly, the 

illumination fringe spacing on the right side is 𝛿𝑟𝑖𝑔ℎ𝑡 =
2𝜋

𝑘𝑝+𝑘0 𝑐𝑜𝑠 𝜑
 which explains why the 

right-side fringes look merged together to form a ray like propagation. This asymmetric 

distribution occurred due to the difference in energy confinement at the two ends of the antenna 

(Figure 3.5 e).  

As illustrated in Figure 3.5f, oblique illumination produces an apparent displacement and 

asymmetry of the Fourier-space features associated with the excited polariton interference 

patterns (two different hyperbolic IFCs in k-space with a shift of ± 𝑘0 𝑐𝑜𝑠 𝜑). This 

displacement arises from the contribution of the in-plane illumination wavevector and the 

interference between the polariton and reference fields, rather than a modification of the 

intrinsic g-HP dispersion. Such illumination-dependent shifts in the apparent Fourier contours 

were also discussed by Ma et.al16. Therefore, the observed Fourier-space response reflects both 

the underlying polariton modes and their excitation and interference conditions. 

In addition to the excitation angle, the polarization angle ∅ can be controlled to tune the 

directional excitation of polaritons, as observed in the simulation results. This effectively 

introduces an additional degree of freedom in the excitation technique for such polaritons to 

achieve directional propagation. As illustrated in Figure 3.6, the light is excited with the oblique 

incident angle 𝜑 = 60°, but for each simulation a-e, the excitation angle in the x-y plane 

(polarization angle ∅) has changed. This clearly affects the symmetry of the polariton excitation 

at the surface, and when the polarization of the light is aligned along a principal axis (∅ = 0°), 

the induced field distribution is symmetric (the slight asymmetry we observe is due to the 

incident angle in the x-z plane 𝜑 = 60°). But as shown in panels b and c, when the polarization 

angle is changed from ∅ = 0° to ∅ = 30° till ∅ = 60° the polariton-propagating directions U- 
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and L+ become more dominant, making the propagation directional. Here, when the 

polarization angle is rotated, the projection of the E field onto the metal disk antenna becomes 

asymmetric, leading to an uneven local field confinement and intensity. 

 

Figure 3.6 | Asymmetric distribution based on the different polarization angle excitation. 

a-d, left panel: polarization angle and the dipolar electric field of the disk nano antenna. right 

panel: Simulated near-field g-HPs distribution at the illumination frequency of ω =

1460 𝑐𝑚−1 with an incident angle of 𝜑 = 60°. 

This asymmetry in the local field modifies the local photonic DOS across different regions of 

the antenna, enhancing propagation of g-HPs in specific directions.  This is the ability to alter 

the coupling efficiency between the incident wave and the polaritonic modes on the IFC in the 

Fourier space. While we observed these effects of incident light on the directionality of 

polariton mode propagation, another work also reported this in detail18. These results explain 

how a-symmetric g-HPs can be excited using metallic nano- and micro-antennas. However, 

from an application perspective, this approach alone is not sufficient. Therefore, in this chapter, 

we explore other techniques to control the directionality and excitation of these polariton 

modes, not only by controlling excitation via the light source or intrinsic material properties, 

but also by introducing engineering solutions for mode selection and polariton excitation with 

greater tunability.  
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3.2.3 Engineering the nano antenna shape for tuning polariton excitation 

This section details how different shapes of the nano antenna affect the excitation of the g-HPs. 

The antenna geometries were chosen to balance fabrication simplicity with sufficient structural 

complexity to enable tunable polariton excitation. We first consider the simplest structure, a 

disk antenna, and investigate how varying its diameter influences polariton excitation (Figure 

3.7).  

 

Figure 3.7 | Comparison of polariton propagation lengths for disk nanoantennas of 

different sizes. a-l, Simulated near-field images of disk-launched hyperbolic polaritons for a 

range of disk antenna sizes at an illumination frequency of 1460 cm-1. 

When the disk diameter is reduced, the disk becomes smaller and confines light strongly, 

coupling it to high-k modes, resulting in ray-like propagation. Notably, even these high-k 

modes in calcite can propagate over ~16 µm, which is relatively long compared to other phonon 

polariton systems. When the disk gets bigger, the excitation becomes more complicated, instead 

of behaving as a single dipole, multiple excitation points emerge along the antenna perimeter 
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leading to more complex fringe patterns. But increasing the diameter does not tune the 

directionality or the propagation length, it primarily modifies the distribution of excited modes 

without enabling selective excitation. When the diameter is larger, it confines more energy, but 

rather than having a high-intensity local field, it has a complex E field that couples the energy 

to many modes, including low- and high-k propagation modes. This indicates that simply 

modifying the antenna size does not provide sufficient control over the momentum distribution 

of excited modes and therefore cannot achieve true mode selectivity. 

Instead of limiting to a disk structure, we explored a few other shapes, including an ellipse, a 

square, a rectangle, and a triangle with different sizes and geometrical conditions. First, 

Numerical simulations were performed for these geometries under varying size parameters and 

excitation conditions, as shown in Figure 3.8. The simulations reveal that polariton excitation 

is predominantly localized at the edges of the structures, with multiple excitation points 

becoming more prominent as the antenna size increases. These results indicate that the 

curvature of the antenna vertices plays a key role in determining which momentum components 

are excited on the IFC. Sharper features tend to excite higher-k components, while smoother 

or more extended features allow coupling to a broader range of modes. To analyse all these in 

actual fabricated samples, we fabricated these structures and explored the s-SNOM images as 

discussed in section 3.3. 

 

Figure 3.8 | g-HPs excitation through different shapes. a-c, simulated near-field images for 

different shaped, square 1x1 𝜇m (a),  rectangle 1x2 𝜇m(b) and an ellipse micro antenna 

launched hyperbolic polaritons for the illumination frequency 1460 cm-1. 
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3.2.4 Directionality metric and observed directional propagation 

To quantitatively evaluate the degree of directional excitation, a directionality parameter is 

introduced based on the relative near field amplitudes of the upper and lower polariton 

branches. The directionality factor 𝛽 is defined as: 

𝛽 =∣
Amplitude of the upper polariton branch

Amplitude of the lower polariton branch
∣ 

The directionality parameter was evaluated using the experimental s-SNOM line-cut profiles 

extracted from the U- and L-  polariton branches. The line cuts were selected to provide 

maximum fringe contrast, and the corresponding branch amplitudes were determined from the 

difference between the maximum and minimum near-field signal values. The ratio of these 

amplitudes was used to calculate 𝛽 values, as discussed in section 3.4.1. This analysis 

quantifies the relative excitation strength of the two branches rather than the selectivity of 

individual wavevectors along the isofrequency contour. This parameter provides a direct 

measure of the imbalance between different propagation channels (i.e., polariton propagating 

branches). 

• 𝛽 ≈ 1: symmetric excitation (no preferred direction) 

• 𝛽 > 1: preferential excitation of one branch 

• 𝛽 ≫ 1: strong directional propagation 

For dipole-like or symmetric antennas, the excitation of polariton branches is nearly equal, 

resulting in 𝛽 ≈ 1 . As asymmetry is introduced into the antenna geometry, the excitation 

becomes increasingly biased toward specific branches, and the value of 𝛽increases, leading to 

more pronounced directional propagation. This directional behaviour is observed in real-space 

polariton patterns as the suppression of certain propagation directions, enhancement of others, 

and the formation of anisotropic, ray-like wavefronts.  However, this parameter alone is not 

sufficient to fully characterize mode excitation and tunability. Therefore, Fourier-transformed 

(FT) images of both numerical and experimental data are used to analyse the distribution of 

excited modes on the IFC.  While directional propagation can be achieved through antenna 

geometry, this does not necessarily imply selective excitation of a single mode.  Directional 

bias can still arise from multi-mode excitation with unequal intensities, rather than true mode 

selectivity. In the next section, we introduce edge-assisted mode selection, which enables true 

mode selectivity and is validated through both simulations and experiments. 
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3.2.5 Edge assisted mode selection for directionality and long propagation 

The ability to selectively excite specific ghost hyperbolic phonon polariton (g-HP) modes is 

governed by the interaction between the excitation source and the anisotropic dispersion of the 

material. As discussed in Section 3.2, previous studies have established that the directional 

propagation and excitation asymmetry of g-HPs can be controlled through the illumination 

conditions, source configuration, and antenna dimensions. The present analysis focuses more 

specifically on the distribution of excited polariton wavevectors along the isofrequency 

contour. While a localized dipole-like excitation can couple to multiple available polariton 

modes, introducing an extended antenna edge modifies the relative coupling strengths of these 

momentum components. In particular, the finite edge preferentially enhances wavevectors 

oriented approximately perpendicular to its direction, thereby restricting the dominant excited 

momentum range. This mechanism, referred to here as edge-assisted mode selection, provides 

an additional degree of control over the excited modal distribution through antenna geometry. 

By adjusting the edge orientation, vertex curvature, and overall antenna dimensions, the 

momentum-space excitation profile can be engineered to favour selected propagating modes, 

including components associated with longer propagation lengths. 

The edge-normal momentum-selection rule provides an approximate description of the 

dominant excitation mechanism, assuming that the antenna edge can be treated as a locally 

straight and coherently excited source. For an ideal infinitely extended edge with uniform 

excitation, momentum selection would be strongly constrained by the translational symmetry 

along the edge. However, the finite length of the physical antenna edge introduces a finite 

momentum acceptance range, while nonuniform excitation, vertex curvature, and contributions 

from neighbouring edges can further broaden the excited momentum distribution. Therefore, 

the edge-normal construction identifies the preferentially excited momentum components 

rather than enforcing coupling to one exact wavevector. The experimentally observed mode 

distribution is consequently determined by the overlap between the antenna-induced 

momentum spectrum and the available polariton states along the isofrequency contour. 

In this mechanism, the vertices of the antenna geometry excite polaritonic modes, and the 

sharpness of the vertex determines the range of momentum components that can be excited. 

Sharper vertices preferentially excite higher-k modes, while smoother or more curved vertices 

generate a broader distribution of momentum components. The key principle in this mechanism 

is that antennas with straight physical edges (e.g., square, rectangular, or triangular geometries) 
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can act as momentum-selective boundaries. Specifically, the antenna edges preferentially 

enhance coupling to polariton modes whose wavevectors are oriented perpendicular to the 

edge. Based on simulations of various geometries (Figure 3.8 and Figure 3.9), triangular 

antennas were selected due to their ability to independently control vertex curvature and edge 

orientation, providing greater flexibility in tuning momentum selectivity. The interplay 

between vertex-driven excitation and edge-induced momentum filtering enables selective 

coupling into a limited set of g-HP modes, and in some cases near single-mode excitation. 

As shown in Figure 3.9a, the interaction between the IFC and the triangular antenna geometry 

determines which modes are excited. The momentum-space schematic shows the IFC for three 

different excitation frequencies  1430 𝑐𝑚−1 (blue), 1460 𝑐𝑚−1 (black), 1490 𝑐𝑚−1 (red). The 

three vertices of the triangle antenna (A,B,C) are allowed to excite a set of modes on the IFC 

with respect to the excitation wavelength. As demonstrated, the angle δ can be tuned to change 

the position and angle of the AC physical edge.  As shown in panel a, when the triangle vertex 

A excites a certain set of modes, the physical edge can selectively enhance the coupling 

efficiency of the mode on the IFC with momentum perpendicular to the physical edge. Thus, 

the edge acts as a momentum filter, selecting modes at the intersection between the IFC and 

the edge-normal direction.  So, if we use the green triangle shape, the vector 𝐾𝑒1 is a momentum 

vector corresponding to a mode on the IFC for excitation at 1430 𝑐𝑚−1, and it is normal to the 

AC edge. Therefore, the triangle can effectively couple the mode 𝑀𝑒1, and the polariton will 

then propagate on the surface with a group velocity 𝑉𝑔𝑒1. But if we use an excitation frequency 

like 1490 𝑐𝑚−1, the triangle edge is not perpendicular to any of the modes on the respective 

IFC, so the AC edge cannot enhance the coupling of any modes for this excitation frequency. 

Instead of using a single triangle and relying on the excitation frequency, if a specific mode or 

a set of modes needs to be excited selectively for a specific excitation frequency, the AC edge 

of the triangle can be tuned accordingly. As illustrated in the schematic in Figure 3.9b, the black 

IFC (for an excitation frequency of 1460 𝑐𝑚−1) can excite any of the modes on the IFC. 

However, due to the confining limitations, only a limited region of the IFC can be excited, as 

highlighted in the yellow region. Within this range of the IFC, the A vertex of the triangle can 

excite a collection of modes, and the confinement ability (curvature of the vertex) determines 

how many and which k modes are excited, and how the coupling energy is distributed among 

them. But if the AC edge is perpendicular to any momentum vector of a mode allowed by the 

calcite substrate for 1460 𝑐𝑚−1, the edge can strengthen the coupling and excite the mode 

selectively. As demonstrated in panel b, three different angles of δ generate three separate 
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triangles with different AC edge orientations. The smallest triangle with the smallest δ angle 

has an AC physical edge where the perpendicular direction to the AC edge (𝑙1 dotted line) does 

not intersect with any points on the IFC. Therefore, the smallest green-coloured triangular 

shape can’t excite a single mode or assist efficient strong coupling to a single mode via the AC 

edge. As the angle δ increases, as demonstrated with the red and blue triangles, the 

perpendicular lines to those two respective triangles (𝑙2 and 𝑙3 dotted lines) intersect with the 

IFC at two different points with momentum vectors 𝑘𝑒2 and 𝑘𝑒3, so those two triangles can 

selectively excite too separate modes with different momenta. As evident by increasing the δ 

angle, lower-k modes can be selectively excited, and by tuning the δ properly, it is possible to 

excite any k mode allowed by the material at the excitation frequency. Therefore, by tuning the 

antenna geometry, it is possible to select specific regions of the IFC and target modes with 

desired propagation characteristics. 

 

Figure 3.9 | Conceptual and theoretical description of the edge assisted mode selection 

mechanism. a, Schematic of frequency-dependent mode selection by a triangular antenna. The 

blue, black, and red solid curves show the IFCs of calcite at 1430 𝑐𝑚−1,
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1460 𝑐𝑚−1, 1490 𝑐𝑚−1 respectively. 𝑙1  is the line normal to the AC edge, 𝑀𝑒1 is the selected 

mode at the IFC and 𝑙1 intersection. 𝐾𝑒1 is the wave vectors and 𝑘𝑖 is the incident wave vector. 

b, Schematic showing mode selection controlled by the triangle size. The black solid curve is 

the IFC at 1490 𝑐𝑚−1. Green, red, and blue triangles correspond to 𝛿 = 𝛿1, 𝛿2, 𝛿3 with  

𝑙1, 𝑙2 , 𝑙3 normal to the AC edge. 𝑀𝑒2 , 𝑀𝑒3 denote the selected modes and 𝐾𝑒2 and 𝐾𝑒3, their 

corresponding wave vectors. c, Simulated g-HP excitation by a single dipole and by a dipole 

array with 𝑁 = 51 dipoles and 𝑑 = 0.04𝜆0, matched to the mode at 𝑘𝑥 = −1.604𝑘0, 𝑘𝑦 =

−0.648𝑘0 calculated at frequency 1460 cm−1. d, |𝐸𝑧| linecuts taken along the green dashed 

lines in (a). (e) Momentum-space map of g-HP propagation lengths on the IFC at 1460 cm−1, 

normalized to 𝜆0. 

This selective excitation mechanism not only enables directional propagation but also plays a 

critical role in achieving long propagation lengths. As discussed in Section 3.1.3, the intrinsic 

propagation length of a given g-HP mode is determined by the imaginary part of its in-plane 

wavevector components and varies significantly across the IFC. Low-𝑘 modes exhibit 

substantially longer propagation lengths compared to high-𝑘 modes, as illustrated in Figure 

3.3. Therefore, long-range propagation is not solely determined by material properties but is 

strongly dependent on how efficiently energy is coupled into low-loss modes. The intrinsic 

propagation length of an individual g-HP mode is determined by its complex wavevector and 

the associated material and electromagnetic properties of the calcite-air interface. As illustrated 

in Figure 3.3, different modes along the IFC can exhibit substantially different attenuation 

lengths. The antenna geometry does not modify these intrinsic modal properties in the uniform 

region away from the excitation source. Instead, it determines the relative excitation strengths 

of the available modes. By preferentially coupling incident light into a restricted momentum 

range containing long-lived polariton components, the antenna can produce a near-field 

distribution with a longer effective decay length and improved directional visibility. Thus, the 

observed enhancement in propagation distance arises from selective excitation of inherently 

low-attenuation modes, rather than a reduction in the material absorption or intrinsic damping 

of individual polariton modes. 

To further understand this, we analyse the excitation behaviour using simplified models, as 

shown in Figure 3.9 (c-e). In the case of a conventional dipole-like excitation source, such as a 

small disk antenna or AFM tip, the excitation is highly localized in real space. This results in a 

broad distribution of momentum components in Fourier space, allowing simultaneous coupling 

to a wide range of g-HP modes across the IFC. Therefore, both low-𝑘 (long-lived) and high-𝑘 
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(rapidly decaying) modes are excited. Since the injected energy is distributed among multiple 

modes with different propagation characteristics, the overall observed propagation is 

dominated by the faster decaying components, leading to a relatively short effective 

propagation length, as demonstrated in Figure 3.9c (top panel). 

In contrast, when the excitation is extended spatially in a controlled manner, such as using a 

dipole array with a defined orientation, the coupling becomes highly selective. As shown in 

Figure 3.9c (bottom panel), a dipole array aligned along a specific direction preferentially 

excites modes with wavevectors matching this orientation. This effectively suppresses coupling 

to unwanted high-𝑘 modes and concentrates the energy into a narrow region of the IFC. The 

corresponding line profiles in Figure 3.9d clearly show a significantly slower decay for the 

dipole-array excitation compared to the single dipole case, indicating a substantial 

enhancement in propagation length. This behaviour can be directly correlated with the 

propagation length distribution shown in Figure 3.9e, where the selectively excited modes lie 

in the low-𝑘 region associated with long propagation distances. 

Importantly, the triangular nanoantenna operates under a similar physical principle. While it is 

not explicitly a dipole array, its extended edges act as a distributed excitation source, effectively 

mimicking a collection of closely spaced dipoles. The vertices of the triangle provide the initial 

broad excitation, while the edges impose momentum-selective constraints, filtering out 

unwanted modes and enhancing coupling into specific low-𝑘 branches of the IFC. This 

combined effect enables efficient loading of energy into long-lived g-HP modes, thereby 

significantly increasing the observed propagation length. 

Therefore, the long propagation demonstrated in this work does not arise from a reduction in 

intrinsic material losses, but rather from the ability to selectively excite modes with inherently 

low attenuation. This highlights the importance of excitation engineering in polaritonic 

systems, where controlling the distribution of energy in momentum space is key to accessing 

the full potential of long-propagating modes. 

3.3 Sample Fabrication 

To demonstrate the proposed concepts, a set of samples were fabricated as discussed in this 

section. Since hyperbolic dispersion is observed for the (100) crystal orientation, all results 

discussed here are based on samples fabricated on (100) calcite substrates. Micro- and nano-

antennas were fabricated on the calcite surface using EBL. The fabrication process is illustrated 

in Figure 3.10. 
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Figure 3.10 | Nano / Micro antenna fabrication process. 

The fabrication process begins with spin-coating a high-resolution electron beam resist onto 

the calcite substrate (calcite substrate is 1x1cm with a thickness of 0.5mm). ARP 6200.09 resist 

was chosen after testing ZEP and different types of ARP resists. Although ZEP provides high-

resolution patterning, its post-bake temperature (~180 °C) caused cracking of the calcite 

substrate, making it unsuitable for this process. The ARP 6200.09 resist was spin-coated in a 

two-step process: the sample was ramped to 3000 rpm over 5 seconds and maintained at this 

speed for 55 seconds. The one-minute spin-coating process deposited an ARP 6200.09 resist 

layer of 150–200nm. Then, a 10nm gold layer was deposited using a thermal evaporator to 

provide a conductive layer that minimizes charging effects during electron beam exposure.  

Then the sample was patterned using EBL (20 kV acceleration voltage, ~50 pA beam current, 

10 nm step size, and ~100 µC/cm² dose). A dose factor of 0.6 was used for the exposure. After 

electron beam exposure, the sample was treated with an Au etchant to remove the Au layer, 

followed by cleaning with DI water. Then the sample was developed in the ARP developer 

solution for 1 minute, followed by a 1-minute dip in IPA solution for rinsing, then  𝑁2 gas 

drying. Subsequently, a thin metallic Cr/Au (5nm/45nm) layer is deposited by E-beam 

evaporation. The Cr layer serves as the adhesion layer between the calcite substrate and the 

45nm gold layer. The Au 45 nm layer is deposited under high vacuum pressure at 9𝑒−6 𝑇𝑜𝑟𝑟. 

Then the sample was left in the ARP remover solution overnight to perform the lift-off, and the 

final antenna structures were obtained. 
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Three distinct antenna geometries, disks, rectangles, and triangles were fabricated using the 

same lithographic process on multiple calcite substrates that were mechanically cut along two 

different crystalline orientations (001)  and  (100) The antennas were patterned with varying 

sizes and orientations, and in some cases arranged as arrays to investigate collective excitation 

effects. 

To systematically study the role of geometry, each antenna shape was designed to introduce a 

different level of symmetry. Disk antennas, being fully symmetric, act as reference dipole-like 

sources with no preferential directionality. Rectangular antennas introduce partial asymmetry, 

enabling a degree of directional bias in the excitation. In contrast, triangular antennas exhibit 

strong geometric asymmetry and are central to enabling mode-selective excitation in this work. 

These behaviours are validated through near-field imaging and numerical simulations, as 

discussed in the following sections. 

3.4 Demonstration of edge assisted g-HPs through Near-Field Imaging  

The excitation and imaging of g-HP modes were performed using an SNOM system as 

discussed in chapter 2.2.2. The mid-IR laser and the wavelengths within the Reststrahlen band 

of calcite are used for the characterization. 

3.4.1 Shape dependent Directional excitation 

Using disk, rectangle, triangle, and a few other antenna geometries, the g-HPs' excitation and 

propagation are demonstrated. This analysis highlights the role of antenna geometry in 

controlling g-HP excitation and propagation on the calcite substrate. The near-field 

experimental images, the corresponding numerical simulation results, and the FT images are 

presented in Figures 3.11-3.14. Figure 3.11(a-c) shows the experimentally measured s-SNOM 

near-field amplitude distributions of g-HPs launched by disk, rectangular, and triangular 

antennas respectively, at an excitation frequency of  ω = 1460 cm−1. The corresponding 

numerical simulations shown in Figure 3.11(d–f) reproduce the observed propagation patterns 

with excellent agreement. Importantly, the simulations were performed without including the 

AFM tip, confirming that the observed interference fringes originate from the nanoantenna 

rather than tip-induced effects. This confirms that the nanoantenna acts as the primary 

excitation source for the g-HP modes.  

As observed, a clear transition from symmetric to highly directional propagation occurs when 

the antenna shape is modulated from a disk to a triangle. As shown in Figure 3.11a, the disk 
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antenna excites polariton wavefronts symmetrically in both upper and lower branches. Minor 

asymmetry in fringe spacing arises from oblique illumination, as discussed previously. The 

symmetric distribution arises from the dipole-like nature of the disk antenna. The disk confines 

the incident field, generating a localized excitation with a broad momentum distribution across 

all four branches (U+, U−, L+, L−), as evident in Figure 3.11a. As a result, multiple modes 

across the IFC are simultaneously excited, leading to weak directionality (Figure 3.11g).  

 

Figure 3.11 | Asymmetric g-HP excitation from shape dependent micro/nano antennas. a-

c, Experimental near-field images of g-HPs launched by disk, rectangular, and triangular 

antennas at ω = 1460 cm−1. d-f, Corresponding simulated near-field images. g-i, Magnitude 

of the Fourier transforms of (a-c), where the bright features indicate the excited modes. White 
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arrows mark the wave vectors of the antenna-launched g-HPs, green arrows indicate the group 

velocityVg(i) and the white dotted curves show the left and right IFCs. 

The directional propagation is quantified using two techniques. The first uses the directionality 

parameter 𝛽, defined as the ratio between the amplitudes of the upper and lower polariton 

branches. For the polaritons generated by the three shapes we calculated the amplitude profile 

of the upper and lower branches of the polariton by considering a line cut profile for the 

obtained results (Figure 3.12a, d and g). The line cuts were produced such that the polariton 

intensity contrast (ratio between the highest and the lowest values) is the maximum. For the 

three main nano antenna shapes the directionality constant results are as follows (amplitude 

values shown in Figure 3.12 c, f and i). 

β𝑑𝑖𝑠𝑘 = |
0.113

0.108
| = 1.046 

β𝑟𝑒𝑐𝑡𝑎𝑛𝑔𝑙𝑒 = | 
0.446

0.149
| = 2.99 

β𝑡𝑟𝑖𝑎𝑛𝑔𝑙𝑒 = | 
0.474

0.109
| = 4.348 

The calculated value 𝛽 ≈ 1 for the disk shape antenna indicates nearly equal excitation of both 

branches, consistent with symmetric propagation. This is further confirmed by the FT images 

(Figures 3.11g and 3.12j).  When the antenna geometry is modified to a rectangle (Figure 3.11b) 

and a triangle (Figure 3.11c), the polariton excitation and distribution becomes increasingly 

asymmetric. This is evident in the directionality parameter calculations, which show an 

increase in the directionality parameter (β𝑟𝑒𝑐𝑡𝑎𝑛𝑔𝑙𝑒 = 2.99 and β𝑡𝑟𝑖𝑎𝑛𝑔𝑙𝑒 = 4.348), confirming 

preferential excitation of one polariton branch over the other. In momentum space, the FT 

images (Figure 3.11h,i) show reduced mode distribution, with intensity concentrated in fewer 

regions of the IFC. This indicates partial momentum selectivity, where certain modes are 

suppressed while others are enhanced. The most pronounced directional behaviour is observed 

for the triangular antenna. As shown in Figure 3.11c, the near-field image exhibits highly 

asymmetric, ray-like propagation predominantly along a single branch.  The corresponding 

line-cut analysis (Figure 3.12g-i) results in a calculation of 𝛽 = 4.348 ≫ 1, demonstrating a 

pronounced imbalance between the upper and lower polariton branches and confirming the 

strongly directional excitation achieved using the triangular antenna. 
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Figure 3.12 | Directionality analysis of g-HPs excited by antennas of different shapes. a, 

d, g, 50 µm × 25 µm s-SNOM images of disk, rectangular, and triangular antennas, 

respectively, with the upper- and lower-line cuts marked as D-ULC/D-LLC, R-ULC/R-LLC, 

and T-ULC/T-LLC. b, e, h, AFM images of the corresponding antennas: disk antenna (diameter 

= 1.5 µm), rectangle antenna (W × H = 1.2 µm × 3.2 µm), and triangle antenna (L × H = 8.8 
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µm × 4.9 µm). c, f, i, Upper and lower line-cut intensity profiles extracted from (a), (d), and 

(g). j-l,  Absolute value of the Fourier transforms of the images shown in (a), (d), and (g). m-o 

FFT amplitude profiles taken along the green dotted lines in (j-l), showing the excited modes 

𝑀1𝑇 , 𝑀2𝑇 , 𝑀3𝑇.  

To further evaluate the momentum selectivity of the different antenna geometries, one-

dimensional Fourier amplitude profiles were extracted along the selected momentum-space 

directions, as shown in Figures 3.12m-o. These profiles provide a consistent representation of 

the relative excitation strengths of different polariton wavevector components. While the disk 

antenna produces a relatively broad momentum distribution, the rectangular antenna exhibits a 

more pronounced dominant spectral feature. In contrast, the triangular antenna produces 

several distinguishable peaks corresponding to preferentially excited polariton modes 𝑀1𝑇, 

𝑀2𝑇  and 𝑀3𝑇.  The FFT analysis further clarifies this behaviour. The FT image (Figure 3.12l) 

show discrete, localized bright spots corresponding to a limited number of excited polariton 

modes ( 𝑀1𝑇 , 𝑀2𝑇 , 𝑀3𝑇). Unlike disk and rectangular antennas, the triangular antenna 

concentrates energy into specific regions of the IFC. This indicates strong momentum 

selectivity introduced by the antenna geometry. This demonstrates that momentum-space 

selectivity directly translates into directional propagation in real space.  

As discussed above Fourier analysis was performed on the simulated and experimental near-

field distributions to investigate the momentum-space characteristics of the excited g-HP 

modes. The numerical simulations provide the electromagnetic field distribution, from which 

the relevant field component or amplitude can be selected for Fourier analysis. For the 

experimental s-SNOM measurements, both the second-harmonic-demodulated near-field 

amplitude and phase were recorded, as shown in Figures 3.13a and 3.13b, respectively. 

These measurements were combined to reconstruct the complex near-field signal according to, 

𝐸 = 𝐴 × 𝑒𝑖∅ 

where A and ∅ represent the measured near-field amplitude and phase. The Fourier transform 

of this reconstructed complex signal was then used to obtain the momentum-space distribution 

presented in Figure 3.13c. This complex-field reconstruction preserves the phase information 

that would otherwise be lost when Fourier transforming the amplitude alone. This Fourier 

analysis provides a direct link between real-space propagation patterns and the underlying 

modal distribution on the IFC. 
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Figure 3.13 | Fourier analysis of the s-SNOM images. a, Experimental near-field amplitude 

image of g-HPs launched by a triangular antenna at the illumination frequency 𝜔 =

1440 𝑐𝑚−1. b, Corresponding near-field phase image. c, Magnitude of the Fourier transform 

of the reconstructed complex near-field signal, obtained from the experimental s-SNOM 

amplitude and phase measurements in panels (a) and (b). The dotted blue circle marks the 

excited mode, the white arrow shows its wave vector, and the green arrow denotes the polariton 

group velocity. 

To further understand the role of antenna geometry, the evolution of polariton excitation from 

symmetric to asymmetric structures is illustrated in Figure 3.14. We investigated polariton 

excitation behaviour through the experimental near-field results for a few different disk 

antennas with increasing diameters (see Figure 3.14a-c).  As the diameter increases, the electric 

field distribution becomes more complex, allowing multiple curved points along the antenna 

edge to excite polaritons. As illustrated in Figure 3.14c, the disk antenna (radius = 2 µm) 

showcases four curved points (A-D) where polariton rays are excited. When the diameter 

decreases, these points come closer together, resulting in highly confined polariton excitations. 

If the disk structure is extended along the y or x axis to generate an elliptical shape, we observed 

that two curved points dominate the excitation of polariton modes. As illustrated in Figure 

3.14d, the vertical ellipse with a major axis in the y direction (major axis = 8 µm, minor axis = 

4 µm) excites two portions at curved points C and D. The interference fringes of both those 

excited polaritons (at points C and D) towards the left side (- branch) can be observed clearly. 
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So overall, disk and elliptical antennas exhibit smooth curvature, leading to multiple excitation 

points distributed along their edges and broad momentum excitation. 

 

Figure 3.14 | Effect of antenna curvature and edges on polariton excitation from disk to 

triangular geometries. a-c, 50 × 30 µm s-SNOM images of disk antennas with radii of 0.75 

µm, 1 µm, and 2 µm; A–D denote the four curved edge points. d, 20 × 20 µm near-field image 

and schematic of an ellipse antenna with minor and major axis diameters of 4 µm and 8 µm, 

respectively; A–D mark the curved edge points. e, 20 × 20 µm near-field image and schematic 

of a small triangular antenna with curved point D of radius of curvature 1.5 µm and height 4.5 
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µm; α is the open angle between the two dotted lines. f, g, 50 × 30 µm s-SNOM images of the 

ellipse and triangle antennas shown in (d) and (e). h, i, 20 × 20 µm near-field images and 

schematics of triangular antennas with curved points at A, B, and C having radii of curvature 

1.2 µm and 1 µm, respectively, and a height of 5 µm; α is indicated by the two dotted lines in 

(i). j, k, 50 × 30 µm s-SNOM images of the triangular antennas shown in (h) and (i). δ denotes 

the internal angle of the triangle and describes the inclination of its side. 

Then we extended the design to a triangle with three curved points (vertices) named A, B, and 

C (see Figure 13.4i, left panel; near-field image). These three vertices will act as polariton 

excitation points, and the curvature will determine which modes are most efficiently excited 

by the curved points of the triangle micro antenna. For a triangle-shaped antenna, the left side 

polariton branches (- branch) are assisted by the collective excitation of the two vertices A and 

C of the triangle. By changing the curvature of the curved points A and C, the excited mode 

can be altered. Then the inclined edge AC of the triangle can either enhance or suppress the 

excited polariton modes. This behaviour is further discussed in Section 3.4.2, where the edge-

assisted mode-selection mechanism determines the excitation of modes in a triangle where only 

modes with wavevectors aligned perpendicular to the antenna edges are efficiently coupled. 

Therefore, the observed increase in directionality from disk to rectangle to triangle can be 

understood as a transition from broadband excitation to selective mode excitation. The disk 

antenna excites a wide range of modes with no directional preference, the rectangular antenna 

introduces partial filtering of modes, and the triangular antenna enables strong momentum 

selectivity through its edges, resulting in highly directional propagation. Overall, the excellent 

agreement between experimental near-field measurements and numerical simulations, 

combined with the consistent trends observed in the directionality parameter β and FFT 

analysis, confirms that the directional propagation of g-HPs is governed by antenna geometry. 

By engineering the shape of the excitation source, it is possible to control the distribution of 

energy in momentum space, selectively excite specific polariton modes, and achieve highly 

directional and long-range propagation. 

3.4.2 Confirmation of edge assisted mode selection through near field imaging 

Following the demonstration of shape-dependent directional excitation, here we 

experimentally and numerically confirm the mechanism responsible for the observed tunability, 

referred to as edge-assisted mode selection. This mechanism predicts that the physical edges 
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of the nanoantenna act as momentum-selective boundaries, preferentially enhancing coupling 

to modes whose wavevectors are perpendicular to the edge. 

 

Figure 3.15 | Effect of physical edge to enhance coupling of modes for selective excitation. 

(a, b) Simulated near-field images of antenna-launched g-HPs for triangles with two distinct 

internal angles (δ). 𝛿1 =  70° and 𝛿2 = 30°.  (c, d) Absolute value of the Fourier transform of 

the images a and b. 𝑙𝑡1 and 𝑙𝑡2 are the perpendicular axis to the AC physical edge of the triangles 

with internal angles 𝛿1 and 𝛿2. 

First, this mechanism is confirmed through numerical simulations (Figure 3.15). Two triangular 

antennas with different internal angles (δ₁ = 70° and δ₂ = 30°) are simulated to demonstrate 

how edge orientation influences momentum coupling. The simulated near-field distributions 

(Figure 3.15a,b) show distinct propagation patterns despite identical excitation conditions. The 

corresponding FT images (Figure 3.15c,d) clearly show differences in mode excitation. For 

each triangle, the direction perpendicular to the AC edge (denoted as 𝑙𝑡1and 𝑙𝑡2) is defined. 

The FT results (Figure 3.15c,d) show that the excited modes are strongly influenced by the AC 

edge orientation. When the edge-normal direction intersects the IFC, a dominant mode is 

excited along this direction. This results in parallel fringes in real space, confirming that 

momentum selection is governed by the edge orientation. Conversely, when the edge-normal 



Chapter 3 : Long-Propagating Ghost polaritons Enabled by selective mode excitations 

 

85 
Manuka Suriyage – April 2026 

direction does not intersect the IFC, excitation becomes less selective , as observed for the 

second triangle where 𝑙𝑡2 does not intersect the IFC. This provides direct numerical evidence 

that the edge acts as a momentum filter, confirming the edge-assisted mode-selection 

mechanism observed in simulation. 

 

Figure 3.16 | Edge assisted mode selection. a, Schematic illustration of the edge assisted 

mode selection by a triangular antenna for different excitation frequencies. The green, black, 
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red solid line represents the IFC for calcite at 1430 𝑐𝑚−1, 1460 𝑐𝑚−1, 1490 𝑐𝑚−1. 𝑙1  is the 

line normal to the AC edge of the triangle. 𝑀𝑒1 is the mode at the intersection of IFC and 𝑙1 

lines. 𝐾𝑒1 represent the corresponding wave vectors for mode 𝑀𝑒1. 𝑘𝑖   represent the wave 

vector for the incident wave. b, Near-field amplitude images of a triangular antenna-launched 

g-HPs at the illumination frequency ω = 1430 cm−1. c, Absolute value of the Fourier 

transforms of the images shown in b. 𝑚𝑖 is the intersection point of line 𝑙𝑡 and the IFC at ω =

1430 cm−1. d, Near-field amplitude images of a triangular antenna-launched g-HPs at the 

illumination frequency ω = 1460 cm−1. Triangle inner angle 𝛿𝑡 = 43° and 𝑙𝑡 is the normal 

axis to the AC edge of the triangle. e, Absolute value of the Fourier transforms of the images 

shown in d. 𝑀1𝑡 and 𝑀2𝑡 are the antenna excited modes at ω = 1460 cm−1. 𝑀𝑖 is the 

intersection point of line 𝑙𝑡 and the IFC at ω = 1460 cm−1. f,  Schematic illustration of the 

edge assisted mode selection at the boundary by tuning the size of the triangle antenna. Black 

solid line represents the IFC for calcite at 1490 𝑐𝑚−1. Green, red, and blue triangles represent 

three separate triangles with three distinct angles 𝛿 = 𝛿1, 𝛿2, 𝛿3. 𝑙1, 𝑙2 , 𝑙3 are the three lines 

normal to the AC edge of each triangle. 𝑀𝑒2 , 𝑀𝑒3 are the two modes at the intersection of IFC 

and 𝑙2, 𝑙3 lines. 𝐾𝑒2  and 𝐾𝑒3 represent the corresponding wave vectors for modes 𝑀𝑒2 and  𝑀𝑒3. 

g, Near-field amplitude image antenna-launched g-HPs at the illumination frequency ω =

1460 cm−1 for a triangular antenna with a larger internal angle 𝛿𝑡 = 60° . 

This behaviour is further confirmed experimentally through near-field imaging (Figure 3.16). 

As discussed in section 3.2.5. Figure 3.16a  presents the conceptual framework, where the IFCs 

at different excitation frequencies are overlaid with a line ( 𝑙1) perpendicular to the AC edge of 

the triangular antenna. The intersection between this direction and the IFC determines the 

allowed excited mode , 𝑀𝑒1 with the corresponding wavevector defining the propagation 

direction. This is experimentally confirmed in Figure 3.16b for a triangle-shaped antenna with 

a small δ angle At a given excitation frequency of  1430𝑐𝑚−1 (Figure 3.16b), the FFT (Figure 

3.16c) shows a dominant bright spot located precisely at the intersection point between the IFC 

and the perpendicular line 𝑙𝑡. This indicates predominantly single-mode excitation (𝑀𝑖), with 

the measured Fourier response concentrated near the expected intersection between the edge-

normal direction and the isofrequency contour, consistent with the proposed momentum-

selection mechanism. For the same triangle at 1460𝑐𝑚−1 (Figure 3.16d,e two modes (𝑀1𝑇 and 

𝑀2𝑇) are excited, corresponding to complex excitation behaviour within the allowed excitation 

region.  
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Figure 3.17 | Edge assisted mode selection based on the rotational angle (σ ) of the 

micro/nano antenna. a-d, Experimental near-field images of antenna-launched g-HPs for the 

rotational angles σ = 0°, 30°, 60°, 90° . 𝑙𝑢1 and 𝑙𝑢2 are the perpendicular axis to the BA physical 
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edge of the triangles with rotational angles σ = 30°, 60°. e-h, Simulated near-field images of 

antenna-launched g-HPs, for the rotational angles σ = 0°, 30°, 60°, 90°. i, j, Absolute value of 

the Fourier transforms of the images b and c. Yellow AB line represents the AB physical edge 

of the triangle. 

In this case, although an intersection exists between 𝑙𝑡 and the IFC where the mode on the IFC 

is 𝑀𝑇, the vertex curvature limits efficient excitation of high-k modes to couple effectively by 

the edge. Therefore, the triangle antenna excites multiple modes depending on the complexity 

of the vertex A and the AC edge. But in this case, the angle delta is not large enough to excite 

a single k mode on the IFC. This highlights that both edge orientation and vertex curvature 

jointly determine mode selectivity.  

By modifying the triangle geometry (internal angle δ), the edge orientation and therefore, the 

direction of its perpendicular momentum selection can be tuned. This enables controllable 

selection of different modes across the IFC. As illustrated in Figure 3.16f,g, different triangle 

geometries excite different modes on the IFC. This behaviour can be understood by considering 

that each triangle vertex initially excites a broad distribution of polariton modes due to strong 

local-field confinement. However, only a subset of these modes is efficiently coupled and 

propagated, determined by the boundary condition imposed by the antenna edge. 

Specifically, the straight edge acts as a momentum-selective boundary, favouring modes with 

wavevectors perpendicular to the edge. This arises because efficient coupling occurs when the 

spatial phase variation of the polariton field matches the translational symmetry along the edge, 

leading to constructive interference and enhanced field buildup for those modes. As a result, 

the dominant excited modes correspond to the intersection points between the isofrequency 

contour (IFC) and the edge-normal direction. When the internal angle δ is varied, the 

orientation of the AC edge changes, thereby rotating the perpendicular direction in momentum 

space. Consequently, the intersection points between this direction and the IFC shift, leading 

to selective excitation of different polariton modes.  

In cases where the perpendicular direction does not intersect the IFC within the accessible 

momentum range, efficient coupling is suppressed, resulting in weaker or multi-mode 

excitation. Therefore, mode selectivity is not solely determined by the excitation frequency but 

can be engineered through the antenna's geometry by controlling the orientation of its edges 

relative to the IFC. To further demonstrate the controllability of this mechanism, we investigate 

the effect of rotating the triangular antenna in the x-y plane, as shown in Figure 3.17. By 
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rotating the triangle, the orientation of its edges and therefore the direction of the perpendicular 

momentum selection changes relative to the IFC.  

As shown in Figure 3.17(a), when the triangle is oriented at σ = 0°, the AC edge is aligned 

such that its perpendicular direction intersects the IFC along the U- branch. This results in 

highly directional propagation along this branch, as observed in the near-field image. When 

the triangle is rotated (Figure 3.17c), the relevant edge (now effectively the AB edge) becomes 

aligned such that its perpendicular direction intersects the IFC along the L- branch.  

 

Figure 3.18 | Determination of directionality of g-HPs and edge assisted mode selection 

for different rotational orientations of the triangle antenna. a-d, 50µm × 30µm s-SNOM 
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scan of a triangle-shaped nano antenna marked with the upper line cut (ULC) and lower line 

cut (LLC) profiles for the rotational angles β = 0°, 30°, 60°, 90°. e-h, Upper and lower line 

cut intensity profiles of s-SNOM images presented in a-d. i-l, Absolute value of the Fourier 

transform of the images shown in a-d. 

Consequently, the excitation shifts to this branch resulting in directional propagation along the 

L- branch. The corresponding FFT images (Figure 3.17i,j) clearly show that the excited modes 

shift position in momentum space in accordance with the rotation, providing direct evidence 

that the excited polariton branch is determined by the orientation of the antenna edge relative 

to the IFC. 

Finally, this behaviour is quantitatively confirmed using the directionality analysis presented 

in Figure 3.18. The s-SNOM images for different rotational angles (σ = 0°, 30°, 60°, 90°) are 

analysed using upper- and lower-line cuts to extract the directionality parameter β. As shown 

in Figure 3.18(e-h), the relative amplitudes of the polariton branches vary significantly with 

rotation, indicating a clear redistribution of energy between different propagation channels. 

The corresponding FFT images Figure 3.18(i-l) further confirm that the dominant excited 

modes shift across the IFC as the triangle is rotated. For orientations where the edge normal 

aligns with a specific branch, the 𝛽 parameter becomes significantly larger (𝛽 ≫ 1), indicating 

strong suppression of other branches and efficient single-branch excitation. In contrast, when 

alignment is less optimal, multiple modes are excited, reducing directionality. This establishes 

edge-assisted mode selection as the fundamental mechanism enabling both directional 

propagation and selective excitation of long-lived g-HP modes, providing a powerful and 

tunable approach for controlling polariton behavior in anisotropic materials. 

3.4.3 Confirmation of long propagation length of g-HPs 

As demonstrated in the previous sections, antenna geometry controls the relative excitation 

strengths of different g-HP modes and therefore influences the measured spatial extent of the 

resulting polariton field. To investigate this effect, the propagation characteristics of different 

antenna-launched fields were compared using numerical simulations and experimental near-

field measurements in this section. As discussed in Section 3.1.3, the intrinsic attenuation 

length of an individual polariton mode is determined by its complex in-plane wavevector along 

a specified propagation direction. However, when several modes are excited simultaneously, 

the measured near-field signal represents their superposition, and its spatial decay cannot 

necessarily be attributed to a single modal attenuation constant. 
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For a localized dipole-like source, the broad momentum distribution allows the simultaneous 

excitation of modes with different propagation directions and attenuation rates. Their combined 

contributions produce a spatial envelope whose effective decay length depends on the relative 

modal amplitudes and interference. In contrast, when the excitation is spatially extended, the 

coupling becomes highly selective. This was demonstrated using a dipole array consisting of 

𝑁 = 51dipoles with a spacing of 𝑑 = 0.05𝜆0, as shown in Figure 3.9c (bottom panel). In this 

case, the excitation is effectively restricted to a narrow range of wavevectors that match the 

orientation of the array. The corresponding field distributions along the dotted lines are 

presented in Figure 3.9d, where a clear difference in the decay behaviour is observed. By 

limiting excitation to fewer modes, the propagation length increases significantly 

(approximately fourfold. Importantly, the photonic environment, defined by the calcite-air 

interface, remains unchanged in both cases Therefore, the intrinsic modal properties remain the 

same the observed difference in decay behaviour arises solely from the way in which energy is 

distributed among the available modes. In the dipole case, the incident energy is shared among 

multiple modes, many of which decay rapidly, resulting in a short effective propagation length. 

In contrast, selective excitation concentrates energy into long-lived modes, enabling extended 

propagation. 

To quantitatively compare the experimentally observed propagation characteristics, near-field 

line profiles were extracted along a fixed direction relative to the crystallographic axes and 

fitted using a damped sinusoidal function. The corresponding fitted decay constants represent 

effective attenuation parameters of the measured near-field response. Since the signal may 

contain contributions from several excited polariton modes, these values should not 

automatically be interpreted as the intrinsic attenuation coefficients of individual eigenmodes. 

Instead, they quantify the spatial extent of the antenna-dependent field distribution along the 

selected measurement direction.  

This principle directly explains why long-propagating g-HP modes have not been observed in 

earlier works using disk antennas up to the level that we observe here in this work. Although 

such antennas can excite most of the available modes, including long-lived ones, the 

contribution of these modes is suppressed due to the simultaneous excitation of rapidly 

decaying high-𝑘 components. As a result, the overall propagation appears short. 
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Figure 3.19 | Highly enhanced propagation length of g-HPs through different shaped 

micro/nano antennas. a, Experimental near-field result of a disk-shaped nano antenna with a 

larger scanning area of 50 × 25 µm. b, Line cut profile data for the disk-shaped nano antennas 
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with an angle of  25° w.r.t the x axis. Dark red balls represent the actual line cut profile data 

and the purple line is the sine damp fitted function explained in supplementary note 5 with a 

decay constant of 1.579 × 105 𝑚−1 c, Experimental near-field result of a triangular-shaped 

micro antenna with an inner angle 𝛿 = 55°  and a scanning area of 70 × 50 µm. d, Line cut 

profile with an angle of  25° w.r.t the x axis for the triangle-shaped micro antenna in c. Blue 

balls represent the actual line cut profile data and the dark blue line is the sine damp fitted 

function with a decay constant of 1.44 × 104 𝑚−1. The error bars in e and g represent the 

fitting uncertainty. e, Experimental near-field result of a triangular-shaped micro antenna with 

an inner angle  𝛿 < 43°  and a scanning area of 70 × 50 µm. f, Line cut profile with an angle 

of  25° w.r.t the x axis for the triangle-shaped micro antenna in c. green balls represent the 

actual line cut profile data and the dark green line is the sine damp fitted function with a decay 

constant of 1.22 × 104 𝑚−1 . g, Experimental near-field result of a triangular-shaped micro 

antenna with an inner angle  𝛿 = 43°  and a scanning area of 70 × 50 µm. h, Line cut profile 

with an angle of  25° w.r.t the x axis for the triangle-shaped micro antenna in g. red balls 

represent the actual line cut profile data and the Brown is the sine damp fitted function with a 

decay constant of 3.0341 × 104 𝑚−1.  

In practice, implementing an ideal dipole array is challenging. As discussed in Sections 3.2.5 

and 3.4.2, the antenna edge acts as a distributed excitation source, effectively mimicking a 

closely spaced dipole array. The vertices provide broadband excitation, while the edges impose 

momentum-selective constraints, favouring modes with wavevectors perpendicular to the edge. 

This enables selective coupling into long-lived, low-loss modes. By aligning the edge 

orientation with the wavefront of a desired g-HP mode, the incident field is strongly coupled 

into a long-lived polariton branch. 

The experimental confirmation of long propagation is presented in Figure 3.19. The near-field 

images show highly collimated, directional polariton wavefronts extending over tens of 

micrometres from the excitation region, with minimal spreading and reduced attenuation. This 

behaviour is in strong contrast to the rapidly decaying patterns observed for symmetric 

antennas. To quantitatively extract the propagation length, line-cut profiles are taken along the 

propagation direction and fitted using a decaying sinusoidal function: 

 𝑦(𝑥) = 𝑦0 + 𝐴 × 𝑒−𝑑𝑥  × sin (
𝜋(𝑥 − 𝑥𝑐)

𝑤
)    
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where 𝑦0 = offset, 𝐴 = amplitude, 𝑑 = decay constant, 𝑥𝑐 = phase shift, 𝑤 = fringe period. The 

propagation length is given by 𝐿𝑝 = 1/𝑑. 

The fitted results show that the propagation length of the selectively excited g-HP modes 

exceeds 82 𝜇m. For comparison, Ma et al.16 previously demonstrated ghost hyperbolic surface 

polariton propagation over distances around 20 µm using near-field imaging. However, this 

reported observation distance does not represent a maximum propagation limit or an 

independently extracted 1/e decay length. The significance of the present results lies in 

demonstrating that geometry-controlled, edge-assisted excitation can preferentially couple 

incident light into a restricted momentum range containing long-lived polariton components. 

This produces an extended near-field response without modifying the intrinsic material 

attenuation. The Fourier-space analysis in Figures 3.16 and 3.17 further supports this 

interpretation by demonstrating that appropriately designed triangular antennas concentrate the 

excited polariton response within selected regions of the isofrequency contour, in contrast to 

the broader momentum distributions produced by symmetric excitation sources. 

Overall, these results demonstrate that the long propagation of g-HPs can be achieved by 

controlling the excitation mechanism. By transitioning from multi-mode excitation (dipole-like 

sources) to selective excitation (dipole array or edge-assisted excitation), it is possible to 

concentrate energy into long-lived modes and significantly extend the observable propagation 

length. This establishes excitation engineering as a powerful approach for accessing and 

controlling long-range polaritonic transport in anisotropic materials. 
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4. Real space imaging of guided exciton polaritons in 

suspended monolayer TMDCs 

In chapter 3, PhPs specifically, hyperbolic PhPs was explored by highlighting the tunability of 

PhPs to achieve selective mode excitation and long propagation lengths. PhPs mostly operate 

in the mid-IR regime and are governed by lattice vibrations. In this chapter, we explore a 

different class, EPs1,2 in which the coupling between excitons and photons is examined.  These 

EPs enable light-matter interactions at higher energies, extending into the visible and near-IR 

spectral regimes, and offer new opportunities for nanoscale photonic manipulation. 

As discussed in the introduction chapter, the TMDCs have attracted significant attention in 

exciton physics1, and among these materials 2D, and in particular monolayer TMDCs, are 

especially attractive due to the exceptionally strong exciton resonances3 they exhibit, driven by 

large binding energies4,5 and reduced dielectric screening in 2D. These properties provide ideal 

conditions to observe EPs with highly enhanced light-matter interactions. Research has been 

carried out to realize these EPs in TMDCs, and several works have established the basis of 

realizing cavity EPs2,6 in ultra-thin and monolayer TMDCs7. However, as discussed in detail in 

chapter 1, these are bound to the cavity and cannot propagate in-plane, unlike guided-mode 

EPs. These guided modes in thin and bulk TMDCs have been investigated by several groups 

up to the thickness limit of 7-10nn corresponding to several atomic layers8-13, but it remains 

fundamentally challenging to realize these guided-mode EPs in ultrathin or monolayer 

materials. There are certain limiting and dependent factors, such as cutoff conditions14, weak 

mode confinement in ultrathin TMDCs15, and the critical dependence on the dielectric 

environment surrounding the monolayer15,16. Although theoretical studies have proposed the 

existence of these EPs in monolayers and ultrathin samples16, their experimental realization 

has remained elusive.  

In this chapter, we present an experimental approach to overcome these challenges and 

demonstrate the real-space observation of guided EPs in a suspended monolayer TMDC using 

near-field imaging with a s-SNOM. The cutoff limitation is addressed through a suspended 

structure, and several sample-preparation modifications, and a proper understanding of s-

SNOM interference fringe formation in suspended samples enabled the realization of guided 

modes in monolayer TMDCs. Through combined theoretical and numerical analysis, we 

establish the physical origin of these fringes and develop a robust framework to extract the 

intrinsic polariton wavelength and dispersion directly from experimental data. Most 
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importantly, by extracting guided-mode propagation from near-field images over a broad 

excitation energy range near the A exciton of WSe2, we experimentally map the dispersion 

characteristics of guided EPs in a monolayer TMDC. We observe pronounced back-bending in 

the dispersion, confirming the existence of guided-mode Eps in monolayer TMDC. This 

behaviour is further supported by theoretical modelling based on the TMDC's surface 

susceptibility, which confirms the formation of a fundamental TE-guided EP mode. 

Overall, this chapter presents the first direct real-space experimental observation of guided EP 

propagation in a free-standing single-monolayer WSe₂ waveguide, extending previous 

demonstrations in thicker and few-layer TMDC structures to the suspended monolayer limit. 

The results not only deepen the understanding of light-matter interactions in 2D systems but 

also establish a foundation for integrating monolayer TMDCs into future nanoscale photonic 

and polaritonic devices. 

4.1. Challenges of realizing guided modes in Monolayer TMDCs 

As discussed in Chapter 1, EPs have been observed in bulk and multilayer TMDCs8-10. 

Extending these concepts to the monolayer or thin-layer limit presents several fundamental 

challenges. First, compared to thicker systems, monolayer TMDCs are in an extreme regime 

where the material thickness is multiple orders of magnitude smaller than the wavelength of 

the excitation light, which renders conventional waveguide-based descriptions of optical 

confinement and mode propagation in bulk materials inapplicable. Therefore, the existence of 

these modes strongly influenced by both intrinsic material properties and extrinsic boundary 

conditions16. 

In conventional dielectric waveguides, the mode confinement is achieved through total internal 

reflection15, and this requires a sufficiently large refractive index contrast and a considerable 

finite thickness to support the standing waves. This mechanism is not applicable to monolayers, 

as their atomically thin nature prevents the formation of such standing-wave confinement. The 

absence of thickness limits the confinement, leading to rapid leakage of the electric field into 

the surrounding medium9,15 and driving the system toward cutoff conditions, preventing stable 

mode propagation.  

In addition to confinement limitations, the strong dependence of exciton polaritons on the 

dielectric environment introduces another critical challenge. In monolayer TMDCs, the optical 

response is governed by a surface susceptibility16 rather than a bulk dielectric function15, 

meaning that the interaction between light and the material is highly influenced by the 
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refractive indices of the surrounding media. Even small asymmetries between the substrate and 

superstrate can significantly alter the electromagnetic boundary conditions, disrupting the 

balance required for guided mode formation. Consequently, achieving the appropriate 

dielectric environment is essential for sustaining EP propagation in ultrathin systems. 

Furthermore, the presence of strong excitonic absorption near resonance, while beneficial for 

enhancing light–matter coupling, can also contribute to increased optical losses. Near the 

exciton transition energy, the absorption reaches a maximum, thereby suppressing the 

propagation of guided modes and reducing their effective propagation length. This introduces 

a trade-off between strong coupling and efficient transport, requiring careful consideration of 

the excitation energy and material parameters when probing these modes. Overcoming these 

limitations requires a design strategy that simultaneously enhances field confinement, 

minimizes radiative leakage, and maintains dielectric symmetry around the monolayer. These 

challenges collectively define the extreme limit of guided mode formation in 2D systems, 

distinguishing monolayer TMDCs from conventional photonic waveguides. In this chapter, we 

demonstrate how these challenges can be overcome and confirm the existence of guided mode 

EPs in monolayer TMDCs. 

4.2. Theory of guided Exciton Polaritons 

A surface-response frame is used to describe guided EPs in monolayers rather than relying on 

bulk-optic principles. In this section, the theoretical framework for the existence of guided 

modes in monolayer WSe₂ is discussed by detailing the conditions for electromagnetic fields, 

the excitonic surface susceptibility, the dispersion relation, and the key parameters governing 

propagation and confinement. 

4.2.1. TE guided modes in monolayer WSe2 

As shown in Figure 4.1  a monolayer WSe₂ embedded between two dielectric media with 

refractive indices 𝑛1(superstrate) and 𝑛2(substrate), forming a three-layer system is considered. 

For the case of s-polarized excitation in the s-SNOM configuration, the electric field is oriented 

along the y-direction, and the guided mode propagates along the x-axis. 

The electric field associated with the guided mode can be expressed as 

𝐸𝑦 = 𝐸0𝑒
∓𝑞𝑧𝑒𝑖(𝛽𝑥−𝜔𝑡)                                                        (4.1) 

Here, 𝛽 is the generally complex in-plane propagation constant, 𝑞 is the complex out-of-plane 

decay constant, and 𝜔 is the angular frequency. The upper and lower signs ∓ apply to the 
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regions z > 0 and z < 0, respectively. For a physically confined guided mode, the selected 

solution must satisfy 𝑅𝑒[𝑞(𝜔 )] > 0, ensuring that the electromagnetic field decays away from 

the monolayer into the surrounding dielectric media. This condition determines the physically 

acceptable guided-mode branch and must be satisfied together with the electromagnetic 

boundary conditions at the monolayer interface. 

For a TE mode in a dielectric medium by applying the Maxwell-Faraday equation: 

∇ × 𝑬 = −𝜇0

𝜕𝑯

𝜕𝑡
 

Since Ez = Ex = 0 and considering i and k as unit vectors in x and z directions the Faraday law 

can be written as, 

                                                   −
𝜕𝐸𝑦

𝜕𝑧
𝒊 +

𝜕𝐸𝑦

𝜕𝑥
𝒌 = −𝜇0

𝜕𝑯

𝜕𝑡
   

−𝑞𝐸0𝑒
∓𝑞𝑧𝑒𝑖(𝛽𝑥−𝜔𝑡)𝒊 + 𝑖𝛽𝐸0𝑒

∓𝑞𝑧𝑒𝑖(𝛽𝑥−𝜔𝑡)𝒌 = −𝜇0

𝜕𝑯

𝜕𝑡
 

Therefore, the relative magnetic field components of the system can be described as, 

𝐻𝑥 = ∓
𝑖𝑞

𝜔𝜇0
𝐸0ⅇ

∓𝑞𝑧ⅇⅈ(𝛽𝑥−𝜔𝑡)                                                     (4.2) 

𝐻𝑧 =
𝛽

𝜔𝜇0
𝐸0ⅇ

∓𝑞𝑧ⅇⅈ(𝛽𝑥−𝜔𝑡)                                                     (4.3) 

 

Figure 4.1 | Field configuration and parameters of a TE-guided exciton polariton in a 

free-standing monolayer WSe₂. a, 2D schematic of the structure showing the monolayer 

embedded between two dielectric media with refractive indices n₁ and n₂. b, Corresponding 3D 

representation of the electric field distribution and cladding environment. β is the in-plane 

propagation constant, and q represents the out-of-plane decay constant.  
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By considering the wave equation in the dielectric for the applied s polarized electric field we 

can calculate the relationship between β, and q as follows: 

∇2𝐸 −
𝑛2

𝑐2

𝜕2𝐸

𝜕𝑡2
= 0 

𝛽2 − 𝑞2 =
𝑛2𝜔2

𝑐2                                                         (4.4) 

This expression describes the balance between in-plane propagation and out-of-plane 

confinement of the guided mode. 

4.2.2. Surface Susceptibility Model 

The electromagnetic field-material interaction in a monolayer system is governed by a surface 

polarization rather than a bulk dielectric response. The induced surface polarization along the 

𝑦-direction can be written as, 

𝑃𝑦
(𝑠)

= 𝜀0𝜒
(𝑠)𝐸𝑦                                                      (4.5) 

Where 𝜒(𝑠) is the complex surface susceptibility of the monolayer. This quantity captures the 

excitonic response and is generally frequency-dependent: 

𝜒(𝑠)(𝜔) =  𝜒𝑟
(𝑠)(𝜔) + 𝜒𝑖

(𝑠)
(𝜔)                                           (4.6) 

The presence of this surface polarization modifies the electromagnetic boundary conditions at 

the monolayer interface. By applying Maxwell’s equations across the interface and integrating 

over an infinitesimal thickness, the discontinuity in the magnetic field can be expressed as 

𝐻𝑥(+0) − 𝐻𝑥(−0) =  𝑖𝜔𝑃𝑦
(𝑠)

 

Substituting the expressions for the magnetic field leads to a relation between the decay 

constant and the surface susceptibility: 

2𝑞

𝜔𝜇0
= 𝜔𝜀0𝜒

(𝑠) 

which can be rearranged to give 

𝑞(𝜔) =
𝜔2𝜒(𝑠)

2𝑐2                                                         (4.7) 

 This expression highlights the direct role of the excitonic response in determining the 

confinement of the guided mode. To model the excitonic resonance, the surface susceptibility 

is described using a Lorentzian form: 
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𝜒(𝑠)(𝜔) =
𝛼max𝑐𝑛

𝜔
⋅

𝛾/2

𝜔0−𝜔−𝑖𝛾/2
                                            (4.8) 

where 𝛼max is the peak absorption coefficient, 𝛾 is the linewidth, and 𝜔0 is the exciton 

resonance frequency. The surface susceptibility in Eq. (4.8) represents the resonant excitonic 

contribution, without including a separate non-resonant background susceptibility. For the 

assumed field dependence in Eq. (4.1), the physical guided-mode solution must satisfy 

𝑅𝑒[𝑞(𝜔 )] > 0, ensuring exponential decay of the electromagnetic field away from the 

monolayer. According to Eq. (4.7), this condition is governed by the real part of the surface 

susceptibility. Within the present Lorentzian model, the required positive real part occurs on 

the lower-frequency side of the exciton resonance 𝜔 <  𝜔0. At resonance, the real part 

approaches zero, while on the higher-frequency side it becomes negative. Consequently, the 

dispersion obtained from the squared susceptibility should be interpreted together with the 

normal-decay condition, rather than regarding every mathematical branch as a physically 

confined guided mode. The inclusion of a non-resonant susceptibility contribution could 

modify the spectral interval over which this condition is satisfied. 

4.2.3. Dispersion Relations and key physical quantities 

By combining the field relations and the surface susceptibility model, the dispersion relation 

of the guided exciton polariton can be obtained. Substituting the expression for 𝑞(𝜔)into the 

wave equation yields the propagation constant as, 

𝛽(𝜔) ≈
𝑛𝜔

𝑐
[1+ (

𝜔𝜒(𝑠)

2𝑛𝑐 )

2

] 

This expression describes how the propagation constant deviates from the free-space dispersion 

due to the excitonic response of the monolayer. Near the exciton resonance, the surface 

susceptibility becomes large, leading to a strong modification of the dispersion. This results in 

a nonlinear behavior of 𝛽(𝜔), which is characteristic of strong light-matter coupling. In 

particular, the dispersion exhibits a back-bending feature near resonance, where the 

propagation constant increases sharply as the frequency approaches 𝜔0. This behaviour 

distinguishes guided exciton polaritons from conventional photonic modes and provides a 

direct signature of hybridization between light and excitons in the monolayer system.  
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Figure 4.2 | Physical parameters of the guided mode EP. Absorption profile (α), Propagation 

length (𝐿𝑝) and effective mode width (𝑊𝑒𝑓𝑓) of and EP of monolayer suspended WSe2 sample.   

The surface susceptibility is directly related to the absorption by the monolayer WSe2 according 

to the boundary conditions defined in16 and therefore according to the excitonic absorption 

(Lorentzian shape with peak absorption at the exciton resonance 𝛼𝑚𝑎𝑥 and FWHM linewidth 

γ) of WSe2 monolayer presented in Figure 4.2 the 2D susceptibility can be written as, 

𝜒(𝑠)(𝜔) =
𝛼𝑚𝑎𝑥𝑐𝑛

𝜔

𝛾
2

𝜔0 − 𝜔 − ⅈ
𝛾
2

 

Through combining above equations, the decay coefficient and the dispersion relations can be 

obtained in terms of the absorption parameters 𝛼𝑚𝑎𝑥 and γ as below. 

𝑞(𝜔) =
𝑛𝜔

𝑐

𝛼𝑚𝑎𝑥𝛾

4

1

𝜔0−𝜔−ⅈ
𝛾

2

                                                    (4.9) 

𝛽 =
𝑛𝜔

𝑐
[1 +

𝛼𝑚𝑎𝑥
2 ⋅𝛾2

32
(

(𝜔𝐴−𝜔)+ⅈ𝛾/2

(𝜔𝐴−𝜔)2+𝛾2∕4
)
2

]                                        (4.10) 
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Figure 4.3 | Dispersion characteristics for bulk and monolayer WSe2. a, Dispersion 

diagram for a 𝑊𝑆𝑒2 50nm flake on SiO2 substrate and air as the superstrate modelled based 

on a  dielectric constant as in8. b, Dispersion diagram for a monolayer WSe2 with symmetrical 

cladding with Air as the substrate and the superstrate based on the derived equation. UPB – 

upper polariton branch, LPB – Lower portion branch. 𝑈′′, 𝑈′ - the UPB starting point and 𝐿′′, 

𝐿′ - the LPB starting point, 𝑊𝐸𝑃
′′ , 𝑊𝐸𝑃

′  - width of the resonance, 𝐺𝐸𝑃
′′ , 𝐺𝐸𝑃

′  - Band gap for 50 nm 

flake and monolayer 𝑊𝑆𝑒2.   

This propagation constant relation is used to model the dispersion behavior shown in Figure 

4.3. The dispersion of a 50 nm thick WSe2 layer was modelled following the approach outlined 

in ref8, where a similar framework was applied to multilayer MoS2. As shown in Figure 4.3a, 

the resulting dispersion is characteristic of a slab-guided exciton polariton, where the finite 

thickness supports a waveguide mode. In this case, the TE-guided mode is governed by 

conventional waveguide dispersion, with the excitonic resonance incorporated through a 

dispersive dielectric function, capturing the hybrid light-matter nature of the mode. In contrast, 

the dispersion of a monolayer WSe₂ with symmetric air cladding, shown in Figure 4.3b, is 

described within a surface-susceptibility framework. Here, the propagation constant depends 

on the frequency-dependent surface susceptibility 𝜒(𝑠)(𝜔), which modifies the dispersion 

through the excitonic response of the atomically thin layer. 

As the excitation energy approaches the exciton resonance from below, the real part of the 

surface susceptibility increases, leading to an increase in the propagation constant β and hence 

a larger in-plane wavevector along the lower polariton branch (LPB). This reflects enhanced 

light-matter coupling and increased field confinement, rather than purely photonic behavior. 

Near resonance, the strong dispersive and absorptive response of the exciton causes a rapid 
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variation in 𝜒(𝑠)(𝜔) resulting in the characteristic back-bending of the dispersion. Importantly, 

although the wavevector exceeds that of free-space photons in the vicinity of the resonance, 

the mode remains only weakly bound compared to conventional surface polaritons, with 

confinement determined by the decay constant 𝑞(𝜔) This indicates that the mode is not a bulk 

exciton polariton, but rather a monolayer-guided 2D exciton polariton, supported by the 

excitonic response of the sheet. 

From the derived dispersion relation, several important physical quantities can be extracted to 

characterize the guided 2D exciton polariton (Figure 4.2). The propagation length 𝐿𝑝, which 

describes how far the mode can travel before decaying, is given by, 

𝐿𝑝 =
1

2 Im(𝛽)
                                                          (4.11) 

Here, 𝐿𝑝 is defined as the intensity propagation length, corresponding to the distance over 

which the guided-mode intensity decreases to 1/e of its initial value. For a complex propagation 

constant 𝛽, the intensity decays as 𝐼(𝑥)e−2Im(β)x, whereas the corresponding electric-field 

amplitude decays as 𝐸(𝑥)e−x/(2𝐿𝑝). This propagation length is strongly influenced by excitonic 

absorption and generally decreases near the exciton resonance due to increased optical losses. 

The effective mode width 𝑊eff, which characterizes the spatial confinement of the mode 

perpendicular to the monolayer, is defined as 

𝑊eff =
1

Re(𝑞)
                                                        (4.12) 

Near the exciton resonance, the increase in surface susceptibility leads to larger decay 

constants, resulting in stronger confinement and reduced mode width. It is important to 

distinguish the atomic-scale physical thickness of the WSe₂ monolayer from the spatial extent 

of the guided electromagnetic mode. Although the material consists of a single atomic layer, 

the associated electromagnetic field extends into the surrounding dielectric environment. The 

effective mode width defined in Eq. (4.12) characterises the exponential decay length of the 

field amplitude normal to the monolayer rather than the physical thickness of the material. 

Consequently, the guided mode can remain relatively weakly confined in the out-of-plane 

direction despite being supported by an atomically thin semiconductor. 

In addition to these quantities, the existence of a guided mode in a monolayer system imposes 

a constraint on the dielectric environment. Specifically, the difference in refractive indices 
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between the superstrate and substrate must remain within a certain limit to ensure sufficient 

confinement: 

Δ𝑛 = 𝑛1 − 𝑛2 <
𝛼max

2𝑛
⋅

𝛾2

(𝜔0−𝜔)2+𝛾2/4
                                    (4.13) 

This condition highlights the critical role of cladding symmetry in sustaining guided modes. 

As demonstrated by Khurgin16 The presence of a guided mode EP in ultrathin WSe2 is highly 

dependent on the refractive index condition in Equation 4.13. A significant mismatch in 

refractive indices between the 𝑛1 and 𝑛2 can greatly impact the electric field’s interaction with 

the monolayer, potentially creating a cutoff condition that disrupts the formation of a confined 

mode. However, when ∆𝑛 is within the acceptable range this cutoff is avoided, allowing the 

mode to remain confined even in extremely thin layers.  

4.3. Design strategy for Realizing guided modes in monolayers 

As discussed in the previous section, based on the theoretical framework, the existence of the 

guided-mode EP in a monolayer WSe₂ is governed by the perfect balance between EM 

confinement, the cladding condition, and the excitonic response. In particular, the requirement 

for refractive index symmetry in the cladding and the suppression of cutoff conditions impose 

strict constraints on sample design observe these guided modes. The design strategy used to 

overcome these limitations and enable the observation of guided-mode EPs in a monolayer 

WSe₂ is outlined below. .  

4.3.1. Concept of Suspended Monolayer 

In most conventional designs, a TMDC monolayer is simply placed on top of a substrate such 

as SiO₂ or sapphire. In these cases, the surrounding environment is clearly not symmetric, since 

the refractive index of the substrate is much higher than that of air. This leads to an uneven EM 

field distribution, causing leakage of the guided mode into the higher-index region.  As 

discussed in Section 4.2, this effect is more pronounced for ultrathin materials, where the field 

is already weakly confined and extends significantly outside the layer.  

To solve this problem, a suspended WSe₂ monolayer configuration is employed, as illustrated 

in Figure 4.4, where the monolayer is transferred onto a pre-patterned hole in the substrate. In 

this configuration, the monolayer is surrounded by air on both sides, creating a symmetric 

dielectric environment. As a result, the EM field spreads more evenly across the superstrate 

and the substrate, leading to reduced leakage into the cladding material and allowing a well-
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confined guided mode to form. Removing the high-refractive-index substrate further reduces 

optical losses,  by reducing unwanted losses, enabling longer-distance propagation. This can 

facilitate near-field observation of guided modes, as the long propagation length allows 

interference fringes to be observed in s-SNOM measurements.  

 

Figure 4.4 | Suspended monolayer WSe₂ geometry. a, 2D schematic of a free-standing 

monolayer suspended over a pre-patterned Si/SiO₂/Au substrate. b, 3D cross-sectional view 

illustrating the symmetric air cladding surrounding the monolayer.  

4.3.2. Numerical simulation of guided mode exciton Polaritons 

To validate the proposed design strategy, numerical simulations were performed to investigate 

the existence and behaviour of guided modes under different cladding conditions. The 

simulations were carried out using 2D and 3D models that capture the essential physics of the 

system while maintaining computational efficiency for an atomically thin structure. 

In the 2D simulation, the monolayer WSe2  is represented as a thin sheet characterized by its 

surface susceptibility, and the guided mode is excited as a propagating electromagnetic wave 

along the in-plane direction. The electric field distribution is evaluated in the x-z plane, 

allowing visualization of both the in-plane propagation and out-of-plane confinement of the 

modeThese 2D simulations are used to calculate the EP wavelength and propagation length, 

while systematically exploring different cladding conditions and to assess the leakage of those 

modes into the asymmetric superstrate and substrate. As discussed in section 4.2, the cladding 

condition affects the existence of the EP within the monolayers. While asymmetric cladding 

can still support guided modes in multilayer TMDCs. First to validate this, simulations were 

performed, as shown in Figure 4.5. As clearly observed in Figure 4.5 panel a and b when a 

multilayer WSE2 in this case a 30nm thick layer is considered even with symmetric or a-
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symmetric cladding conditions the EP guided modes are confined within the TMDC layer. In 

contrast when a monolayer WSe2 is considered as shown in panel c and d the leakage into the 

superstrate and the substrate is high as discussed in the previous sections. Even with different 

cladding conditions with Au, Silicon dioxide the a-symmetry of the substrate and the 

superstrate is affecting the existence and the guided modes of the EPs in monolayer WSe2 as 

evident by the simulation results inn Figure 4.4 panels d-f. 

 

Figure 4.5 | COMSOL simulations of guided exciton polaritons under different cladding 

conditions. a, b, 30 nm multilayer showing confined modes under symmetric and asymmetric 

cladding. c–f, Monolayer WSe₂ showing significant field leakage and suppression of guided 

modes under asymmetric environments. 

Then a 2D simulation was carried out to mimic the experimental device geometry to observe 

how the EP propagation and mode confinement behaves as illustrated in Figure 4.6a. 

Additionally a 3D simulation was carried out with the regions shown in Figure 4.6 b-d. In 

Figure 4.6a, two representative configurations were considered: a suspended WSe2 monolayer 

surrounded by air on the left, and a substrate-supported monolayer on a Si/SiO2/Au substrate. 

This represents a simplified cross-section of the experimental geometry in 3D (Figure 4.6 b-c), 

assuming the AFM tip is positioned at the centre  and the EP is coupled in the middle, the 

guided mode is excited from the left side edge in the 2D simulation layout, as shown by the 

yellow colour arrow in Figure 4.6a. In the suspended configuration, a well-defined guided 

mode is observed, with the electric field confined near the monolayer and propagating along 

the in-plane direction. In contrast, for the substrate-supported case (Si/SiO2/Au/WSe2) , the 

guided mode is significantly suppressed. Instead of Au, if the WSe2 layer is transferred onto 

SiO2, the field is still expected to leak into the substrate, as shown in Figure 4.5, resulting in a 
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failure to maintain a confined propagation profile. The 3D simulation, performed with the 

geometry shown in Figure 4.6b, c, with a dipole along the y-axis to mimic the AFM tip, further 

confirmed the existence of the TE-guided mode in monolayer WSe2 within the suspended layer. 

 

Figure 4.6 | 2D and 3D simulations of the conceptualized free-standing sample. a, 

Simulated 2D guided mode in half of the free-standing monolayer sample, illustrating the tip-

generated mode confinement and propagation when the tip is positioned at the centre of the 

free-standing monolayer region. b, exploded view of the OCMSOL 3D simulation model to 

showcase the simulated geometry. c, The corresponding cross section 2D image of  b to 

highlight the substrate, superstrate and the Au suspended layers and the 𝑊𝑆𝑒2 monolayer 

placement. d, COMSOL simulation of TE modes on the sample surface (X-Y plane  cut profile 

of the 3D simulation shown in (b)). Dipole 𝑃𝑦 was used to excite the polariton on the surface 

mimicking an AFM tip confinement. 𝜆𝑝 marks the TE mode wavelength. 

The XY plane 𝐸𝑦 profile at the surface of the suspended WSe2 monolayer shown in Figure 4.6d 

confirms the presence of a propagating field under the symmetric cladding condition. In 

comparison, if the air layer underneath is a different material, like SiO2, the TE modes no longer 

exist. These results confirm that the presence of a symmetric dielectric environment is critical 

for sustaining guided EPs in a monolayer system. The simulations also provide insight into the 

propagation characteristics of the mode, including its effective width and decay behaviour, 

which are consistent with the theoretical predictions presented in Section 4.2.3. These 

simulations demonstrate that a sufficiently symmetric dielectric environment is important for 

sustaining guided exciton polaritons in monolayer WSe₂ for the material and geometric 

parameters considered here. Although perfect dielectric symmetry is not strictly necessary, as 

indicated by the finite refractive-index mismatch tolerance in Eq. (4.13), the free-standing 
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configuration provides nearly symmetric air cladding on both sides of the monolayer. This 

minimises substrate-induced asymmetry and supports the formation and propagation of the 

weakly confined guided mode. 

4.4. Sample fabrication and Real-space observation of guided modes 

Following the design strategy outlined in the previous section, a suspended monolayer WSe₂ 

structure was fabricated to realize the conditions necessary for supporting guided exciton 

polaritons. near-field optical measurements were performed to directly visualize the 

propagation of these modes in real space. 

4.4.1. Device fabrication 

The patterned substrate was first fabricated by photolithography using a designed photomask 

with different shapes, as shown in Figure 4.7. A Si/SiO2 substrate was first spin-coated with a 

photoresist (AZ MIR 701 and LOR 3A). LOR 3A is applied by spin-coating the clean substrate 

at 500 rpm for 5 s and 4000 rpm for 45 s, followed by a 2-minute bake at 180°C. Subsequently, 

AZ MIR 701 positive resist is spin-coated at 500 rpm for 5 s, then at 6000 rpm for 1 minute, 

followed by a 2-minute bake at 85°C.  

 

Figure 4.7 | Fabrication process of the patterned substrate using photolithography, 

including resist coating, exposure, development, metal masking, and etching steps. 

Once the photoresist is applied, the next step is to align the photolithography mask with the 

substrate, which is performed using a Karl Suss MA6/BA6 mask aligner.  The photolithography 

mask is designed with Raith 150 e-beam lithography software. Following this alignment, the 

substrate is exposed for 35 seconds in soft-contact mode using UV light with a wavelength 

range of 280-350 nm. The sample is then developed using AZ 726 MIF developer for 45-60 
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seconds. Following the photolithography process, SiO2/Si substrates bearing photoresist 

patterns will be deposited with an Al mask using E-beam evaporation. Then the resist will be 

lifted off using Acetone overnight. After that, the patterns will be etched into the substrate using 

ICP-F etching. Finally, the Al mask will be etched, and the etched substrate with holes is 

cleaned using IPA and O2 plasma. To enhance the near-field signal and improve fringe visibility, 

a thin Au layer is deposited on the patterned substrate once again using e-beam evaporation. 

 

Figure 4.8 | Optical microscopy and AFM characterization of the fabricated sample. a, 

Optical image showing monolayer, bilayer, and bulk regions on the patterned substrate. b, AFM 

image of the suspended monolayer region. 

The suspended monolayer WSe₂ sample is then prepared using mechanical exfoliation and dry 

transfer. High-quality bulk WSe₂ crystals were first exfoliated to obtain monolayer flakes, 

which were subsequently identified through optical contrast and photoluminescence 

measurements. The monolayer was then transferred onto the pre-patterned substrate consisting 

of a Si/SiO2/Au stack, with circular and rectangular holes defined prior to transfer. Both circular 

and rectangular cavity geometries were fabricated to investigate the influence of the suspension 

boundary on guided exciton-polariton propagation and interference fringe formation. Multiple 

monolayer transfer attempts were carried out to obtain intact suspended regions suitable for 

near-field characterization, as the transfer process is sensitive to flake integrity, alignment and 

handling conditions. The selected circular holes typically had a diameter of approximately 5 

𝜇m and a depth of around 3 𝜇m, providing a sufficiently large, suspended region for optical 

measurements. By positioning the monolayer over these holes, a free-standing configuration 

was achieved (Figure 4.8) where the WSe₂ layer is surrounded by air on both sides. This 

geometry satisfies the symmetric cladding condition discussed in Section 4.2 and is essential 
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for supporting guided modes in the ultrathin limit. The fabricated samples contain regions of 

monolayer, multilayer, and bulk WSe2, allowing direct comparison of their optical responses 

within the same device. The suspended monolayer region, located above the circular hole, 

serves as the primary area of interest for investigating guided exciton polaritons. 

4.4.2. Near field imaging results for the suspended monolayer sample 

To probe the guided modes, real-space imaging was performed using a s-SNOM system similar 

to how the g-HPs were observed in chapter 3. In this case, a Mai Tai laser was externally 

coupled to the system instead of the mid-IR source. The incident laser was tuned across an 

energy range (1.37 eV to 1.8 eV) spanning the A-exciton resonance of WSe₂, and only s-

polarized light was used to selectively excite TE modes. The near-field signal was detected 

using a pseudo-heterodyne interferometric scheme, allowing both amplitude and phase 

information to be extracted. To suppress background contributions, the signal was demodulated 

at higher harmonics of the tip tapping frequency. For visible-range measurements, the third 

harmonic amplitude (O3A) and phase (O3P) signals were used. The resulting near-field images 

of the suspended monolayer region reveal clear interference fringe patterns. The appearance of 

such well-defined fringes indicates the presence of propagating modes within the monolayer 

and provides evidence of guided exciton polaritons (Figure 4.9a).  

 

Figure 4.9 | Experimental near-field images. a, suspended monolayer WSe₂ showing clear 

interference fringes. b, Control measurement on an empty hole without WSe₂, showing absence 

of guided mode fringes.  

In contrast, measurements on substrate-supported regions (Figure 4.9a, surrounding the 

suspended area) and on the empty hole without a transferred flake (Figure 4.9b) do not show 

comparable fringe patterns, underscoring the essential role of the suspended geometry in 

enabling guided mode propagation. These fringes are predominantly parallel or slightly curved, 

even though the guided modes are launched radially from the AFM tip. This arises from 
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boundary scattering at the circular edge and the s-SNOM detection mechanism, which is 

analysed in detail in the following section to extract the dispersion relations of the guided 

exciton polaritons. 

The fabrication of suspended monolayer WSe₂ devices involves a technically challenging dry-

transfer process, as successfully positioning atomically thin flakes over patterned cavities 

requires careful handling and depends significantly on the operator's experience. Consequently, 

the fabrication yield can vary depending on the transfer conditions and operator expertise. To 

evaluate the reproducibility of guided exciton-polariton propagation, approximately five to six 

independently fabricated samples incorporating both circular and rectangular cavities were 

investigated using s-SNOM near-field imaging. The consistency of the guided-mode response 

was evaluated by comparing interference fringe periods at selected excitation wavelengths 

above and below the A-exciton resonance across different samples. Although the fringe patterns 

were influenced by the cavity geometry and boundary-scattering conditions, the characteristic 

guided-mode behaviour was consistently observed across the investigated samples. These 

measurements also helped identify circular cavities as a more suitable geometry for obtaining 

well-defined interference fringes and performing reliable quantitative analysis. Subsequently, 

two independently fabricated suspended monolayer samples (with circular holes) were selected 

for detailed wavelength-dependent near-field characterization and dispersion analysis. 

4.4.3. Physical origin of results 

The observed fringe patterns arise from the interference between different optical pathways in 

the s-SNOM measurement. When the AFM tip is illuminated, it generates a localized 

electromagnetic field that excites guided exciton polaritons in the monolayer. These polaritons 

propagate radially away from the tip until they reach the boundary of the suspended region. At 

the circular edge, a portion of the guided mode is scattered back into free space as photons 

(Figure 4.10). These scattered photons travel towards the detector and interfere with the 

photons directly scattered from the AFM tip. As a result, the detected signal contains 

contributions from both the tip-scattered field (P1) and the edge-scattered field (P2). A third 

pathway (P3) may arise when polaritons reflected from the boundary are re-scattered by the 

AFM tip. Away from resonance, where the propagation length is larger, this pathway can 

contribute to the detected signal. However, its contribution is significantly weaker than that of 

P2 Near the exciton resonance, where the propagation length is strongly reduced, the 

contribution of P3 becomes negligible (Figure 4.2). Therefore, the fringe formation is assumed 
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to arise predominantly from the interference between P1 and P2. There are two main types of 

EP emission, scattering configurations that must be considered  (Figure 4.10 b and c). The first 

corresponds to tip-emission and edge-scattering, where the AFM tip launches polaritons that 

propagate toward the boundary. When the tip is positioned near the centre of the suspended 

region, the interference patterns are dominated by this mechanism. As the tip approaches the 

boundary, the incident field can also directly excite the edge. Therefore, both tip-launched and 

edge-excited contributions are present, leading to additional scattering pathways. Additionally, 

since the tip is closer to the boundary now the reflected EPs can also scatter back through the 

P3 scattering path. This explains why the fringe pattern becomes distorted or disappears near 

the boundary. 

 

Figure 4.10 | Exciton-polariton boundary scattering behaviour. a, Illustration of various 

photon collection paths by the s-SNOM detector. The red solid arrow indicates the incident 

beam, while the red dotted line shows the path of tip-scattered photons along P1. The blue 

solid and dotted lines represent the guided mode EP and edge-scattered photons, which are 

collected along path P2. Green solid and dotted arrows illustrate the edge-reflected guided 

mode and tip-scattered photons moving along path P3. b, Schematic illustrations of polariton 

generation and scattering conditions when the AFM tip is positioned near the centre of the 

circular boundary. c, Schematic illustrations of polariton generation and scattering conditions 

when the tip is closer to the boundary edge.  
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Therefore, the EP interference fringes observed in these experiments arise from the interference 

between the two propagation pathways, P1 and P2. The superposition of these contributions 

produces a spatial modulation in the detected signal, giving rise to the observed fringe patterns. 

The fringe periodicity is determined by the phase difference between these pathways, which is 

determined by the propagation characteristics of the guided mode within the monolayer. This 

interference mechanism forms the basis for quantitatively extracting the polariton wavelength 

from the observed fringe periodicity. 

An important feature of the experimental observations is that the fringes remain largely parallel 

over a wide region, even though the underlying polariton propagation is radial. This behaviour 

indicates that the interference is dominated by specific scattering pathways at the boundary, 

rather than by the full radial distribution of the mode. A detailed theoretical analysis of this 

phenomenon, including the role of boundary scattering and phase accumulation, that is 

presented in the following section. 

4.5. Fringe formation mechanism and Analysis 

The real-space near-field images presented in the previous section exhibit well-defined 

interference fringe patterns across the suspended monolayer region. While these fringes 

provide clear evidence of guided mode propagation, their nearly parallel appearance, despite 

radial excitation requires a detailed physical explanation. In this section, we develop a 

theoretical framework to describe the origin of these fringes, based on the interference between 

different scattering pathways (P1, P2 P3) in the s-SNOM measurement. 

4.5.1. Boundary scattering model 

To analyse the fringe formation, we consider the geometry of the suspended monolayer, where 

the AFM tip is located at a position defined in a coordinate system aligned with the incident 

beam (Figure 4.11a). As the guided EPs propagate radially from the tip, they reach the circular 

boundary and can be scattered back into free space. Due to momentum conservation at the 

boundary, only specific points on the circular edge contribute significantly to the detected 

signal. For a given tip position A (𝑑, 𝑑′), two dominant scattering points can be identified on 

the boundary, denoted as 𝐸1 and 𝐸2. These boundary points can scatter these polaritons toward 

the detector while conserving the momentum along the scattering boundary directions labelled 

BE1 and BE2. At these points the in-plane momentum of the guided mode is partially converted 

into free-space photon momentum directed towards the detector. Practically, in the s-SNOM 
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setup there is a small region of the boundary cantered at E1 and E2 that can scatter the light 

towards the detector since there is collection angle (for scattered photons) that depends on the 

physical placement of the parabolic mirror in the system as discussed in ref10. 

 

Figure 4.11 | Fringe formation and numerical simulation results. a, 2D Schematic of the 

guided mode with a wave vector 𝑞𝑝 scattering at boundary points 𝐸1 and 𝐸2  along the circular 

edge, producing free-space photons (𝑘0) directed towards the detector. 𝑟 = 2.5µ𝑚, where r is 

the radius of the hole. 𝑙1 and 𝑙2 are the propagation distances of the guided modes propagating 

from the AFM tip position to 𝐸1 and 𝐸2 scattering points. 𝛫1 and 𝛫2 are the guided mode edge 

scattering efficiencies for the two scattering points. 𝐸0 and 𝐸3 are the two points in the boundary 

with minimum and maximum boundary scattering efficiency. 𝜃 is the angle between OE1 and 

the d axis. 𝜑 represents the angle of  𝑞𝑝 w.r.t the d axis. d-𝑑′ coordinate frame is 45° rotated 

relative to the x-y sample coordinate frame to align the actual incident laser direction along the 

d axis. BE1 and BE2 are the scattering boundary edge directions at scattering points E1 and E2. 

b, Numerical simulation result of the total phase difference in the SNOM-detected signal for 

various AFM tip positions at fixed 𝑑 coordinates: 𝑑 = 0.4, 0.8, 1.2, 1.6 and 2 µ𝑚. c-f, 

Schematic of boundary scattering points for specific AFM tip positions within the circular 
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boundary. The dotted vertical arrows indicate AFM tip movement in each panel, with the d axis 

coordinate held constant at d = 0.4, 0.8,1.2, and 1.6 µm. 𝐸1 and 𝐸2 mark the scattering points 

for each AFM tip position. The purple boundary region and arrow depict changes in the 𝐸1 

scattering point, while the green boundary region and arrow represent changes in the 𝐸2 

scattering point as the AFM tip moves, shown by the dotted vertical arrows in each panel. 

But here for simplicity of the calculation, we assume that the collection angle is zero and only 

considers the edge scattered photons that moves directly towards the detector in the same path 

that the incident beam approached the AFM tip. The propagation distances from the AFM tip 

to these scattering points, denoted as 𝑙1and 𝑙2, determine the phase accumulated by the guided 

mode before scattering. The resulting scattered photons then interfere with the directly 

scattered photons from the tip, forming the detected signal. This boundary scattering 

mechanism is fundamentally different from conventional straight-edge systems, where the 

scattering geometry is simpler. In the present case, the circular boundary introduces a position-

dependent scattering condition, which plays a key role in shaping the fringe patterns. 

4.5.2. Phase interference model 

The interference pattern observed in the s-SNOM signal arises from the phase difference 

between photons collected through two main pathways P1 and P2 followed by propagation to 

the detector. The phase difference associated with the scattering at a given boundary point can 

be expressed as the sum of two contributions. The phase accumulated by the guided exciton 

polariton during propagation, and the phase associated with the free-space photon propagation 

after scattering. For the two dominant scattering points 𝐸1and 𝐸2, the phase differences of the 

photons scattered from path P1 and P2 can be written as, 

Φ1 = 𝑞𝑝𝑙1 + 𝑘0cos(𝛼) 𝑙1cos(𝜙)                                        (4.14) 

Φ2 = 𝑞𝑝𝑙2 + 𝑘0cos(𝛼) 𝑙2cos(𝜙)                                        (4.15) 

where 𝑞𝑝 is the in-plane momentum of the guided mode, 𝑘0is the free-space wavevector of the 

incident light, 𝛼 is the incident angle, and 𝜙 is the propagation direction of the guided mode 

relative to the coordinate system. 

For the guided mode EPs scattered at boundary points E1 and E2, momentum conservation 

along the scattering boundary must be maintained as follows: 

𝑞𝑝 sin(𝜃 − 𝜑) = 𝑘0 sin(𝜃) cos(𝛼)                                    (4.16) 
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Here, θ represents the angle between OE (the line connecting the centre to the scattering point) 

and the d-axis, which defines the direction of the scattering boundary. For a given AFM tip 

position, the guided exciton polaritons scattered from the two dominant boundary points, 𝐸1 

and 𝐸2, contribute complex optical fields with amplitudes 𝐴1 and 𝐴2 and relative phases Φ₁ 

and Φ₂, respectively. Taking the directly tip-scattered field as the phase reference, the combined 

edge-scattered field is obtained through coherent superposition of these two contributions. 

Therefore, the effective phase of the combined edge-scattered field relative to the tip-scattered 

reference is given by: 

𝛷edge = 𝑎𝑟𝑔(𝐴1𝑒
𝑖𝛷1 + 𝐴2𝑒𝑖𝛷2)                                          (4.17) 

The amplitudes of the scattered signals (𝐴1 and 𝐴2 ) from the two boundary points depend on 

factors such as propagation loss and scattering efficiency at the boundary. 

𝐴1 = Κ1𝑒
−𝜅𝑙1 

𝐴2 = Κ2𝑒
−𝜅𝑙2 

Here, Κ1 and Κ2 represent the effective scattering coefficients at the corresponding boundary 

points, while 𝑙1 and 𝑙2 denote the guided-mode propagation distances from the AFM tip to these 

points. Since the propagation length 𝐿𝑝(𝜔) defined in Eq. (4.11) corresponds to the (1/e) 

intensity decay length, the electric-field amplitude decreases as 𝑒−𝑙/(2𝐿𝑝). Accordingly, the 

amplitude attenuation coefficient is defined as: 

𝜅 =
1

2𝐿𝑝(𝜔)
 

Then the scattering boundary point has a scattering efficiency which is dependent on the angle 

of the direction of the propagating polariton and the respective boundary. Additionally, since 

our suspended layer is curved into the hole at the edges one half of the boundary is reducing 

the scattering efficiency much more. Therefore Κ1 and Κ2 introduce the scattering efficiencies 

at the respective boundaries. The scattering efficiency Κ1 is smaller when the scattering point 

is in the second or third quadrant (Figure 4.11c-f) due to the curved in nature of the suspended 

sample into the hole. We used a zero-scattering efficiency for Κ1 if it is scattered at the 

boundary point E0 (Figure 4.11a) and it gradually increased with the scattering angle up until 

point E3 (Figure 4.11a) where Κ (Κ1 𝑎𝑛𝑑 Κ2) is maximum.  

Using the equations above, we numerically simulated the total phase change (Φ𝑡𝑜𝑡𝑎𝑙) of the 

detected signal in the s-SNOM system, mapping it within the d-𝑑′ coordinate frame based on 
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the AFM tip’s position. According to the dispersion relation discussed in section 4.2.3 for 

guided mode EPs in monolayer WSe2, we simulated fringe formation across different excitation 

energies. As demonstrated by Khurgin16 the confinement of these guided mode EPs are closer 

to 1. We therefore selected multiple excitation energies where the EP confinement was close to 

this value and conducted numerical simulations. For the numerical phase calculation, the 

incident photon energy was set to 1.61 eV. The guided polariton and incident optical field share 

the same excitation frequency, while the polariton in-plane wavevector is determined by the 

dispersion relation evaluated at that frequency. The result obtained for this is shown in Figure 

4.11b. Even with variations in the assumed EP energy, the fringe patterns remained largely 

parallel, with phase values slightly adjusted for different ⟨𝑑, 𝑑′⟩ coordinates making the fringe 

period different. These results indicate that the fringes are nearly parallel, as illustrated in 

Figure 4.11b, enabling the AFM tip to travel along a line parallel to d axis to measure fringe 

periodicity and accurately determine guided mode parameters.  This formulation captures the 

essential physics of fringe formation, showing that the observed interference pattern is 

governed by the interplay between guided mode propagation and boundary scattering. 

4.5.3. Simplified fringe condition 

While the full interference model involves contributions from multiple scattering points, the 

fringe pattern can be significantly simplified under certain conditions. When the AFM tip is 

positioned along the central axis of the circular boundary, the symmetry of the system leads to 

a dominant contribution from a single effective scattering point. In this case, boundary 

scattering efficiency is minimum at E0 and maximum at E3, allowing only the edge point E3 to 

scatter photons along path P2 towards the detector. Under this condition, the total phase 

difference can be approximated as 

Φtotal ≈ (𝑟 − 𝑑)(𝑞𝑝 + 𝑘0cos(𝛼))                                            (4.18) 

where 𝑟 is the radius of the circular boundary and 𝑑 is the distance of the AFM tip from the 

centre. The fringe pattern corresponds to locations where the phase difference changes by 2𝜋. 

Therefore, the experimentally observed fringe period 𝜌 is given by 

𝜌 =
𝜆𝑝

1 +
𝜆𝑝

𝜆0
cos(𝛼)

 

which can be rearranged to express the polariton wavelength as 
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𝜆𝑝 =
𝜌 𝜆0

𝜆0−𝜌cos(𝛼)
                                                        (4.19)                                                         

where 𝜆0 is the free-space wavelength of the excitation laser. This result provides a direct 

relationship between the experimentally measurable fringe period and the intrinsic wavelength 

of the guided exciton polariton. 

4.6. Strong coupling and dispersion of guided exciton polaritons. 

The theoretical framework and analysis developed in the previous sections enable the 

extraction of the dispersion relation of guided EPs from real-space near-field measurements. 

The simplified fringe condition enables a practical method for extracting the dispersion of 

guided exciton polaritons from near-field imaging data. By measuring the fringe period 𝜌 from 

line profiles taken across the s-SNOM images, the polariton wavelength 𝜆𝑝 can be calculated 

using the relation derived (equation 4.18).  The line cuts for the SNOM measurements of the 

EPs near the exciton resonance are taken along a direction parallel to the incident beam axis, 

near the centre of the suspended region as shown in Figure 4.12. This also minimizes the 

influence of complex boundary effects and ensures accurate determination of the fringe 

spacing. Once the polariton wavelength is obtained, it can be converted into the in-plane 

wavevector using, 

𝛽 =
2𝜋

𝜆𝑝
                                                              (4.20) 

The experimental polariton wavevectors were determined from the measured interference 

fringe periods using Equations. (4.19) and (4.20). The uncertainty in the extracted wavevector 

arises primarily from the determination of the fringe period from the near-field line profiles 

and the experimental incidence-angle uncertainty. Combining the wavelength-extraction 

relations gives 𝑘𝑝 =
2𝜋

𝜌
− 𝑘0 cos(𝛼) , where 𝜌 is the measured fringe period and 𝛼 is the 

incidence angle. Assuming independent uncertainties, the corresponding wavevector 

uncertainty can be estimated through standard error propagation as: 

𝜎𝑘𝑝
= √(

2𝜋𝜎𝑝

𝜌2
)

2

+ (𝑘0 sin𝛼𝜎𝛼)2 

Here, 𝜎𝑝 and 𝜎𝛼 represent the uncertainties in fringe spacing and incidence angle, respectively, 

with the angular uncertainty expressed in radians. These uncertainties determine the precision 

of the experimentally reconstructed dispersion, particularly near the excitonic resonance where 

the fringe contrast decreases and accurate period extraction become more challenging. 
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Figure 4.12 │Dispersion analysis of the guided mode from a free standing monolayer 

WSe2. a-d, Experimental near-field images of guided modes in suspended monolayer WSe2 

at the excitation Energies of  𝐸 = 1.675 , 1.653, 1.642  and 1.610 𝑒𝑉. Colour bar represents 

the intensity of the s-SNOM amplitude signal S3. T1 and T2 are the AFM tip positions at the 
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start, and the end of the line cut profile. e, Line cut profile data for the near field images a-d 

parallel to the d axis and closer to  𝑑′ = 0. 𝜌 is the measured experimental fringe period. 

By repeating this procedure for excitation energies in the range of approximately 1.37 eV to 

1.8 eV, the dispersion of the guided mode was reconstructed experimentally. An important 

observation is that at the exciton resonance energy, the fringe pattern becomes significantly 

suppressed or disappears entirely as shown in Figure 4.12 panel b. This is attributed to the 

strong absorption at resonance, which reduces the propagation length of the mode and prevents 

the formation of well-defined interference fringes. Away from resonance, however, the fringes 

are clearly visible for other excitation energies, allowing accurate extraction of the dispersion. 

The resulting data reveal a continuous variation of the propagation constant with energy, 

indicating the presence of a well-defined guided mode supported by the monolayer. 

 

Figure 4.13 │ Experimentally reconstructed dispersion of guided exciton polaritons in a 

free-standing WSe₂ monolayer. Simulated dispersion relation of a 2D guided exciton 

polaritons (blue curve) alongside experimentally measured wave vectors (red dots) obtained 

from near-field imaging results. 
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The experimentally obtained data for the in-plane wave vector and the theoretical dispersion 

curve is plotted in Figure 4.13.   Here the experimentally calculated in-plane wavevectors are 

marked in alongside the derived dispersion curve in section 4.2.3.  

For the quantitative dispersion analysis, wavelength-dependent near-field measurements were 

performed on two independently prepared suspended monolayer WSe₂ samples. The 

interference fringe periods were extracted from the corresponding line-cut profiles, and the 

resulting measurements were combined through averaging to determine the experimental 

polariton wavevectors presented in Figure 4.13. This approach reduces the influence of device-

specific variations and improves the reliability of the experimentally reconstructed dispersion.  

The experimentally reconstructed dispersion shows a clear transition from predominantly 

photon-like to exciton-polariton behaviour. At energies well below the exciton resonance, the 

dispersion closely follows the free-space light line, indicating a predominantly photonic 

response with relatively weak excitonic influence. As the excitation energy approaches the 

exciton resonance, a pronounced deviation from the light line is observed, accompanied by an 

increase in the in-plane wavevector. This demonstrates the growing influence of the excitonic 

response on the guided optical mode. A key feature of the measured dispersion is the 

pronounced back-bending near the exciton resonance, indicating a significant modification of 

the guided optical response. This behaviour, together with the deviation from the free-space 

light line and agreement with the surface-susceptibility model, provides evidence of exciton-

photon hybridisation in the suspended monolayer waveguide. Unlike conventional cavity-

polariton systems, discrete normal-mode splitting is not resolved in the present propagating 

geometry. Instead, the reconstructed dispersion exhibits a continuous, strongly dispersive 

response near the excitonic resonance. At the resonance energy, the near-field fringes are 

strongly suppressed, indicating increased absorption and reduced propagation, consistent with 

the expected damping of the guided mode. 

As discussed in Section 1.2, a definitive identification of the strong-coupling regime requires 

the coherent exciton-photon interaction to be evaluated relative to the relevant optical losses 

and excitonic dephasing rates. In the present propagating monolayer geometry, the 

measurements do not independently determine the coherent coupling rate and the 

corresponding damping parameters required to establish a quantitative strong-coupling 

threshold. Therefore, although the observed back-bending and dispersion modification support 

exciton-photon hybridisation, they do not independently confirm that the strong-coupling 

condition has been satisfied. Further investigation of the complex mode dispersion, linewidths, 
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and damping characteristics would be required to evaluate the coupling regime quantitatively. 

Overall, these results demonstrate an exciton-modified guided polaritonic response in a 

suspended WSe₂ monolayer, with the dispersion evolving from predominantly photon-like 

behaviour away from resonance to pronounced excitonic influence near the resonance. 
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5. Induced Topological Phonon Polaritons  

Engineering band structures to have non-trivial topological invariants (non-zero Chern 

numbers or valley-dependent Berry curvatures) is the foundation of realizing topological 

photonic1-4  and polaritonic5-9 systems. Most work carried out in the recent past has observed 

topological polaritonic systems,  but almost all of this work relies on a photonic system 

designed to be topologically non-trivial and coupled to the  material excitation either phonons10 

(lattice vibrations), excitons9,11 (bound electron hole pairs), magnons, etc. in a wide range of 

electromagnetic spectrum based on the application and requirements12,13. These works have 

been demonstrated within the last 5 years, and topology is embedded in the photonic grating 

or metasurface9-11. This means it is introduced at the level of the photonic platform through 

techniques such as symmetry breaking, lattice engineering, or the design of artificial gauge 

fields, which are then coupled to the material excitations. The existence of these topological 

edge states or defect states is guaranteed by the geometry and the symmetry conditions of the 

photonic lattice design. So, in these kinds of systems, once the topological phase is structurally 

encoded into the photonic system, it remains fixed. 

In contrast to all those works, the work discussed in this chapter explores a fundamentally 

different approach to realizing the topological polaritonic systems. Here, the photonic and 

material systems are topologically trivial when uncoupled. In this work, the two systems are 

coupled to introduce topological edge states, with the topology emerging solely from the strong 

light-matter interaction. The coupling of the systems induces band hybridization and inversion, 

leading to a  topological phase transition. This new technique of realizing the topological state 

through an interaction-driven mechanism rather than depending on a pre-designed topological 

photonic lattice establishes a new paradigm for topological phase realization in photonic 

systems. In this work, the photonic system is designed to couple to phonon excitations, but the 

same principles and techniques can be applied to couple a similar photon-grating design to 

excitons or other material excitations. In this new framework, the topological transition is 

mainly induced by the hybridization of the two independent systems. Importantly, both systems 

individually show a Chern number C=0 (trivial topology), but still the interaction of the two 

systems gives rise to a topological system with non-trivial topological characteristics. 



Chapter 5 : Induced Topological Phonon Polaritons 

 

128 
Manuka Suriyage – April 2026 

5.1. Theoretical Background of Induced Topology 

5.1.1. Photonic system and trivial band structure 

The system's starting point is a periodic dielectric photonic structure, implemented as a Si 

grating. The optical response of such a structure is governed by Maxwell’s equations in a 

spatially periodic medium, 

∇ × (
1

𝜇0
∇ × E(r)) = 𝜔2𝜀(r)E(r) 

where E(r) is the electric field, ε(r) is the spatially periodic dielectric function, and ω is the 

angular frequency.  

Due to the periodicity of the grating, the dielectric function satisfies 

𝜀(r) = 𝜀(r + R), 

for  any lattice vector R. As a result, the eigenmodes of the system obey Bloch’s theorem, and 

can be written as 

E𝑛,k(r) = 𝑒𝑖k⋅ru𝑛,k(r), 

where k is the Bloch wavevector, 𝑛 is the band index, and u𝑛,k(r) is a periodic function with 

the same periodicity as the lattice. Solving this eigenvalue problem yields the photonic band 

structure 𝜔 = 𝜔𝑛(k), which describes how optical modes propagate within the periodic 

structure.  

In the absence of coupling to material resonances, the silicon grating behaves as a purely 

photonic system. Its band structure is governed by the grating geometry and symmetry and 

remains topologically trivial. The system preserves time-reversal symmetry and does not 

exhibit band inversion, resulting in a zero topological invariant. While structural parameters 

such as period, duty cycle, and asymmetry modify the dispersion, they do not by themselves 

induce non-trivial topology. Instead, they produce distinct but still trivial band structures. These 

differences, however, play a crucial role when forming interfaces between domains, as they 

allow the system to be engineered toward topological transitions under additional interactions. 

To understand the origin of the photonic bands and their interaction, we employ the guided-

mode expansion (GME) method, which forms the theoretical foundation for deriving the 

effective Hamiltonian14-17. The structure is modelled as a combination of a lower homogeneous 

dielectric slab and an upper periodically modulated grating layer (Figure 5.1a-c). This 
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decomposition allows the system to be treated as a perturbation of a slab waveguide. The 

permittivities of the lower and the upper layer of the grating structure are defined as, 

𝜀𝐿̂ = {
0, 𝑧 < 0, 𝑧 > 𝐿2,

𝜀̂ − 𝜀0, 0 < 𝑧 < 𝐿1,
 ;  𝜀𝑈̂ = {

𝜀̂ − 𝜀0,    𝐿1 <  𝑧 < 𝐿2,
0, 𝑧 > 𝐿2, 𝑧 < 𝐿1,

                     (5.1) 

Here 𝜀0 is the background (cladding) permittivity. The small asymmetry in low-index substrate 

and superstrate permittivities can be included as corrections to the refractive indices. First, the 

unpatterned dielectric slab (Figure 5.1c) is considered, which supports guided electromagnetic 

modes. For TE polarization, the electric field (with only y-component) can be written as 

𝐸𝑦(𝑥, 𝑧) = ℰ1(𝑧)𝑒
𝑖𝑘𝑥, 

where the transverse mode satisfies 

ℰ1(𝑧) ∝ {
cos[𝑘𝑧(𝑧 − 𝐿1/2)], even modes

sin[𝑘𝑧(𝑧 − 𝐿1/2)], odd modes
 

for |𝑧| <  𝐿1 with 𝑘𝑧 = √𝑘𝑥
2 − 𝑘0

2𝜀  and outside the slab, the field decays exponentially, 

indicating confinement as, 

ℰ1(𝑧 < 0) ∝ 𝑒
−√𝑘0

2𝜀0−𝑘𝑥
2 ∣𝑧∣

 

ℰ1(𝑧 > 𝐿1) ∝ 𝑒
−√𝑘0

2𝜀0−𝑘𝑥
2 ∣𝑧∣−𝐿1

 

By applying boundary conditions at the slab interfaces 𝑧 = 0 and 𝑧 = 𝐿1, the dispersion 

relation 𝜔(𝑘𝑥)of the guided modes is obtained. For small wavevectors near the Γ-point, this 

dispersion can be approximated as 

𝜔1
±(±(𝑘𝑥 + ∆𝑘𝑥)) ≈ 𝜔1

0 ± 𝑣1∆𝑘𝑥                                        (5.2) 

representing two counter-propagating modes with group velocity 𝑣1 which is valid for small 

wavevectors 𝑘𝑥. These two counter-propagating modes are uncoupled.  

Then, if we look at the upper grating, the total permittivity of the grating can be written as: 

𝜀2(𝑥, 𝑧) = 𝜀0 + 𝜀𝑈̂(𝑧) + 𝜀𝑑(𝑥, 𝑧) 

The periodic permittivity modulation of the grating, 𝜀𝑑(𝑥, 𝑧), is expressed as a Fourier series 

along the x-direction with spatial period Λ. This expansion decomposes the structure into 

discrete spatial harmonics, each corresponding to a diffraction order. Due to symmetry, the 

Fourier coefficients are real and satisfy 𝜀𝑑
(−𝑙)(𝑧) = 𝜀𝑑

(𝑙)
. The zeroth-order term defines the 

average permittivity of the structure, while higher-order terms describe the periodic 
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perturbation responsible for coupling between guided modes. Therefore, the periodic grating 

introduces a modulation in the dielectric function. 

𝜀(𝑥, 𝑧) = 𝜀av(𝑧) + ∑𝜀(𝑙)

𝑙≠0

(𝑧)𝑒−𝑖
2𝜋
Λ

𝑙𝑥, 

This periodic modulation couples modes with momenta differing by reciprocal lattice vectors 

(𝑘 → 𝑘 ± 2𝜋/Λ). This coupling leads to hybridization between forward and backward 

propagating modes, resulting in band folding and bandgap formation. 

 

Figure 5.1 | Si grating-based photonic system. a, Schematic illustration of the photonic 

auxiliary lattices used for theoretical analysis. b, Upper grating and its corresponding 

homogeneous slab. c, Lower plain homogeneous dielectric slab. d, e, Transverse profiles of the 

bound even fundamental modes in the homogeneous slabs for the lower and upper structures, 

respectively. f, Left panel : Schematic of the unit cell of the Si photonic grating. The parameters 
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of the unit cell : a is the period, hs represents the bottom slab thickness, hg and b are the grating 

bar height and grating bar width respectively, l1,2 are the bar off-centre shifts. g, 3D schematic 

of the photonic grating showing the two domains connected at the interface. h, Photonic bulk 

band dependence on reshaping factor χ at k = 0. Red curve indicates the high-Q mode, blue 

curve represents the low-Q mode. i, Numerically simulated electromagnetic energy spectrum. 

Importantly, this process gives rise to two dominant photonic modes with distinct spatial and 

radiative characteristics. First being a high-Q mode (BIC-like), primarily localized within the 

grating bars and weakly radiative and secondly a low-Q mode, predominantly confined in the 

slab region and strongly radiative. This spatial separation directly determines their radiative 

properties. The slab-localized mode exhibits strong overlap with the radiation continuum and 

therefore experiences significant radiative losses, resulting in a short lifetime and low-quality 

factor. In contrast, the grating-localized mode is weakly coupled to free-space radiation and 

forms a BIC, leading to suppressed radiative losses and a high-Q resonance. This distinction is 

consistent with the mode profiles observed in the system as shown in Figure 5.1f. 

Projecting the full Maxwell problem onto the reduced two-mode basis obtained from the GME 

method yields an effective Dirac-like Hamiltonian describing the photonic band structure near 

the Γ-point: 

𝐻̂0 = (
𝜔0 + 𝑀 + 𝛽1𝑘

2 𝑣𝐷𝑘

𝑣𝐷𝑘 𝜔0 + 𝑖𝛾𝑟 − (𝑀 + 𝛽2𝑘
2)

)                           (5.3) 

Here 𝜔0 is the mid-gap frequency, 𝑀 is the Dirac mass controlling band ordering, 𝑣𝐷 is the 

coupling strength between counter-propagating modes, 𝛽1, 𝛽2 describe band curvature. The 

term 𝑖𝛾𝑟 accounts for radiative loss of the slab mode. The off-diagonal terms 𝑣𝐷𝑘 arise from 

the periodic modulation, which couples modes of opposite momentum. This leads to 

hybridization and an avoided crossing between the bands. 

Importantly, the parameters of this effective Hamiltonian are not fixed but are directly 

determined by the geometrical properties of the grating. The unit cell of the structure (Figure 

5.1f left panel) is defined by parameters such as the slab thickness ℎ𝑠, grating height ℎ𝑔, period 

𝑎, filling factor 𝑓, and lateral asymmetry 𝛿. In particular, the period and filling factor are 

controlled through a reshaping parameter 𝜒, where 𝑎 = 55 nm ⋅ (𝜒 − 1) + 2965 nm and 𝑓 =

0.06 ⋅ (𝜒 − 1) + 0.5, while the bar positions are given by 𝑙1,2 = −𝑎/4 ± 𝛿. These geometrical 

parameters determine the modal confinement and coupling strength, and therefore directly 

influence the effective Hamiltonian.  As a result, the Dirac mass becomes a function of the 
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structural deformation parameter 𝑀 = 𝑀(𝜒), while the diagonal terms can be written in the 

form of a dispersive mass term 𝑚(𝜒) = 𝑀 + 𝛽1,2𝑘
2. This 𝑘2 dependent contribution captures 

the curvature of the bands and plays an important role in determining the topological properties 

of the system. Here 𝛽1,2 represents the effective band-curvature parameter (with 𝛽1, 𝛽2 > 0). 

The Dirac mass 𝑀 determines the ordering of the modes at the Γ-point (𝑘 = 0): 

𝑀 > 0 →  trivial phase 

𝑀 < 0 →  band inversion 

Physically, the sign of 𝑀 dictates the frequency ordering of the high-Q and low-Q modes at 

𝑘 = 0, such that a change in sign corresponds to an exchange of their modal character. The 

topological character of the bands can be captured by a winding number, which in this effective 

model depends on the sign of the Dirac mass term and the band-curvature coefficients. In 

particular, the invariant can be written as 

𝐶 = ±
sgn(𝑀)−sgn(𝛽1,2)

2
                                                   (5.4) 

Under this condition, 𝐶 = 0 corresponds to the trivial phase when 𝑀 > 0, while 𝐶 = ±1 

corresponds to a non-trivial phase when 𝑀 < 0. This demonstrates that a sign change of the 

Dirac mass directly corresponds to a topological phase transition. In the uncoupled photonic 

system, the geometry is chosen such that 𝑀 > 0, ensuring that the system remains 

topologically trivial. 

5.1.2. Strong light-matter coupling with hBN and hybrid polaritons 

To induce non-trivial topology, the photonic system is coupled to a material excitation. This is 

achieved using hBN, which supports phonon polaritons in the mid-infrared range. The 

dielectric response of hBN is described by 

𝜀(𝜔) = 𝜀∞

𝜔2 − 𝜔𝐿
2

𝜔2 − 𝜔𝑇
2 , 

where 𝜔𝑇 and 𝜔𝐿 are the transverse and longitudinal phonon frequencies. Within the 

Reststrahlen band, the permittivity becomes negative, enabling strong confinement and 

subwavelength localization. Unlike the dispersive photonic modes of the grating, the phonon 

mode of hBN is nearly dispersion less over the relevant momentum range and can therefore be 

treated as a flat band, which plays a key role in the hybridization process. When the photonic 
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modes of the grating are tuned close to the phonon resonance, strong light-matter coupling 

occurs. This leads to hybrid polaritonic modes described by 

𝜔±(𝑘) =
1

2
[𝜔ph(𝑘) + 𝜔𝑝 ± √(𝜔ph(𝑘) − 𝜔𝑝)2 + 4𝑞2]                        (5.5) 

where 𝜔ph and 𝜔mat represent the photonic and material dispersions, respectively, and q is the 

coupling strength. This results in the formation of an upper polariton branch and a lower 

polariton branch with an energy splitting proportional to the coupling strength. The hybrid 

modes inherit properties from both subsystems where photonic modes contribute dispersion 

and phonon modes provide confinement. This coupling modifies the underlying photonic band 

structure, which can be rigorously described using an effective Hamiltonian. 

To rigorously describe the coupled system (Interaction with hBN), the photonic Hamiltonian 

is extended to include the phonon mode (three-mode coupled Hamiltonian), 

𝐻̂3 = (
𝐻̂0 𝑄̂

𝑄̂† 𝜔𝑝 + 𝑖𝛾𝑝
)                                                (5.6) 

where 𝐻̂0 is the effective two-mode photonic Hamiltonian, 𝜔𝑝 is the phonon resonance 

frequency, and 𝛾𝑝 accounts for phononic losses. The coupling operator is given by 

𝑄̂† = (0    𝑞) 

indicating that only one of the photonic modes couples efficiently to the phonon. This 

asymmetry arises due to spatial overlap, where the high-Q mode, localized within the grating 

bars, interacts more strongly with the hBN layer, while the slab-localized mode remains weakly 

coupled. The resulting system therefore consists of two dispersive photonic modes interacting 

with a nearly dispersion less phonon mode, forming three hybrid polaritonic branches (Figure 

5.2). The hybridization leads to avoided crossings and significant reshaping of the band 

structure. 

From a theoretical perspective, the effective photonic Hamiltonian can be mapped onto a lattice 

model analogous to the Rice-Mele chain, which describes a one-dimensional system with 

alternating onsite energies and hopping amplitudes. In this mapping, the two photonic modes 

correspond to orbitals of opposite parity (s- and p-like states), while their coupling arises from 

inter-orbital hybridization. The corresponding lattice Hamiltonian in momentum space can be 

written as 
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𝐻̂RM = (
𝜀𝑠 − 2𝑡𝑠𝑠cos(𝑘𝑎) + 𝑖𝛾𝑟 −2𝑖𝑡𝑠𝑝sin(𝑘𝑎)

2𝑖𝑡𝑠𝑝sin(𝑘𝑎) 𝜀𝑝 − 2𝑡𝑝𝑝cos(𝑘𝑎)
)                  (5.7) 

where the effective parameters are related to the continuum model through 

𝜀𝑠,𝑝 = 𝜔0 ± 𝑀 ∓
2𝛽

𝑎2
, 𝑡𝑠𝑠,𝑝𝑝 = ±

𝛽

𝑎2
 𝑎𝑛𝑑 𝑡𝑠𝑝 = −

𝑖𝑣𝐷

2𝑎
. 

The curvature coefficients of the two bands are generally distinct. However, for simplicity, we 

assume that their difference is small, such that ∣ 𝛽1 − 𝛽2 ∣≪ 𝛽, where 𝛽 =
𝛽1+𝛽2

2
.  

 

Figure 5.2 | Coupled topological polaritonic system. a, Bulk band evolution at 𝑘 = 0 as a 

function of reshaping parameter χ. Thick curves represent the two photonic bands of the 

photonic grating. The three thin curves show the corresponding polaritonic bulk bands of the 

hBN-covered hybrid structure shown in b. Dashed vertical lines mark the selected values χ1 =

2.5 and χ2 = 0.5. b, Schematic of the hybrid structure with an hBN layer transferred onto the 

designed silicon grating. c, Numerically simulated electromagnetic energy spectra showing 

frequency bands labelled by the topological invariant 𝐶. The solid gray line denotes the hBN 

phonon resonance (corresponding to 7.3 𝜇m in the mid-IR), while the cyan line highlights the 

edge-state frequency. d, Phase diagrams in the parameter space defined by the phonon 
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frequency 𝜔𝑝 and the coupling strength 𝑞. Each triplet of integers represents the winding 

numbers of the three polaritonic bands, ordered from lowest to highest frequency.  

The effective Hamiltonian parameters were determined by fitting the two-band Dirac-like 

model in Eq. (5.3) to the photonic band structures obtained from full-wave finite-element 

simulations in COMSOL Multiphysics. The photon-phonon coupling coefficient (𝑞) was 

subsequently estimated from the splitting of the hybrid polaritonic bands calculated for 

different hBN thicknesses. For the two selected domains, 𝜒1 = 2.5 and 𝜒2 = 0.5, the 

representative fitting parameters are summarized in Table 5.1 for an hBN thickness of 50 nm. 

The three hybrid polaritonic branches were obtained by diagonalizing the coupled Hamiltonian 

in Eq. (5.6), while the corresponding full-wave band structures were calculated using 

COMSOL Multiphysics. Their topological properties were determined by evaluating the 

quantized Zak phases and corresponding winding numbers from the Bloch eigenvectors across 

the Brillouin zone. These calculations provide the theoretical basis for the band evolution and 

the interaction-induced topological transition presented in Figure 5.2. 

𝜒 
𝛽1  

(𝑚2𝐻𝑧) 

𝛽2 

𝑚2𝐻𝑧 

𝜔0 

(THz) 

𝑉𝐷 

106 𝑚. 𝐻𝑧 

M 

(THz) 

𝛾𝑟 

(THz) 

ℎℎ𝐵𝑁 

(nm) 

q  

(THz) 

𝜔𝑝 

(THz) 

𝑋1 = 2.5 20 10 41.394 7 0.1616 0.08 50 0.9 41 

𝑋2 = 0.5 20 10 41.234 7 0.6608 0.06 50 0.76 41 

Table 5.1 | Representative geometric and effective model parameters used in the numerical 

modelling. The total silicon thickness ℎ𝑔 + ℎ𝑠 = 2.7 𝜇𝑚 is fixed, with ℎ𝑠 = 0.6 𝜇𝑚 and ℎ𝑠 =

2.1 𝜇𝑚.  

As shown by the parameters in Table 5.1, both selected domains initially correspond to trivial 

photonic phases, with  𝑀(𝑋1) > 0 and 𝑀(𝑋2) > 0. Upon introducing the hBN layer, strong 

light-matter coupling modifies the hybrid polaritonic band structure. As the coupling strength 

increases, hybridization between the photonic and phononic modes drives a band inversion in 

one of the domains, leading to 

𝑀 > 0 → 𝑀 < 0 

as observed in the reversal of band ordering at the Γ-point. At an intermediate value of the 

deformation parameter, the bandgap closes and subsequently reopens, signalling a topological 

phase transition. As a result, the two interfaced domains become topologically distinct. 
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This transition can be detected through both near-field and far-field observables. In particular, 

the inversion of the bands is accompanied by a change in the polarization structure of the high-

Q mode, which acquires a non-trivial polarization texture associated with a topological charge. 

The resulting bandgap hosts a hybrid edge state localized at the interface between the two 

domains. 

The topological character of the system can be quantified by the winding number, which 

depends on the sign of the Dirac mass and the band curvature. For 𝑀 > 0, the system remains 

in the trivial phase with 𝐶 = 0, while for 𝑀 < 0, it transitions to a non-trivial phase with 𝐶 =

±1. This confirms that the sign change of the Dirac mass corresponds directly to a topological 

phase transition. The properties of the resulting edge states can be obtained by solving the 

effective Hamiltonian using an exponentially localized ansatz of the form ∼ 𝑒−𝜅∣𝑥∣. This yields 

analytical expressions for the edge-state frequencies and decay rates: 

𝜔± =
𝜔0+𝜔𝑝

2
± √(

𝜔0−𝜔𝑝

2
)
2

+
𝑞2

2
                                           (5.8) 

𝜅± = −
𝑀 + 𝜔0 − 𝜔±

𝑣𝐷
. 

A physically localized edge state corresponds to positive 𝜅, indicating exponential decay away 

from the interface. The existence of such a solution is directly linked to the topological 

distinction between the two domains. When both decay constants are negative, the system 

remains topologically trivial, whereas the emergence of a positive decay constant corresponds 

to the appearance of a topological edge mode. In realistic structures, both photonic and 

phononic modes exhibit losses, characterized by 𝛾𝑟 and 𝛾𝑝, respectively. However, in the 

regime where the hybridization strength exceeds the loss-induced broadening, the system can 

be well described by an effective Hermitian model. Under this condition, the topological 

bandgap remains open, and the edge states are robust against dissipation. 

The resulting edge states are hybrid polaritonic modes, combining photonic dispersion with 

strong phononic confinement. These states are localized at the interface and form a synthetic 

potential well that traps both photons and phonons. Importantly, the topological phase in this 

system is not encoded in the geometry alone but emerges dynamically through light-matter 

interaction, providing a fundamentally new mechanism for realizing topological phases in 

photonic systems. 
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5.2. Experimental Design and Fabrication 

For this work, Dr. Daria Smirnova performed the simulations in collaboration with her research 

group. Based on the theoretical framework and simulation results, an optimized grating design 

was established for the photonic system. A silicon-on-sapphire (Si/Al2O3) platform was 

selected as the substrate due to its high refractive index contrast where Si serves as the high-

index photonic layer (permittivity ≈ 11.69) and sapphire as the low-index substrate 

(permittivity ≈ 2.05). This high refractive-index contrast enables efficient confinement of the 

guided modes within the designed Si grating.  

This prevents leakage into the substrate and creates a well-defined photonic state, which is 

essential for the strong light-matter interaction expected to give rise to the polariton state. In 

addition to the refractive index contrast, the optical transparency of sapphire in the mid-IR 

range is crucial for the experimental realization, as the phonon reststrahlen band and resonance 

are around 7µm. 

5.2.1. Proposed grating design and hybrid structure based on simulation results 

 The proposed hybrid structure and its design parameters are illustrated in Figure 5.3. The 

silicon grating consists of two domains with different geometrical parameters. As shown in the 

figure, the left-hand domain (green region) has a wider grating and a smaller unit-cell gap 

compared to the right-hand domain (pink region). As discussed in Section 5.1, both domains 

are designed to be topologically trivial in the uncoupled photonic system. However, upon 

coupling with the hBN layer, one of the domains transitions to a non-trivial phase due to strong 

light-matter interaction. Based on the simulation results and theoretical analysis for the selected 

hBN thickness, appropriate shaping factors were chosen for the two domains. For an hBN 

thickness of 50-100 nm, the left domain is designed with a shaping factor of 2.5, while the right 

domain uses a shaping factor of 0.5. The interface gap between the two domains is set to 925 

nm, which defines the region where the topological edge mode is expected to be confined. 

The total silicon thickness is 2.7 μm. To ensure proper confinement of the guided modes within 

the slab region beneath the grating, numerical simulations were used to determine an optimal 

slab thickness of 0.6 μm. Consequently, the grating height is defined as 2.1 μm. In addition, to 

accommodate formation of the topological edge mode and its associated decay length within 

the bandgap, the lateral dimensions of the grating were carefully selected. The grating width 

was chosen to be at least 180 μm (𝑀 ≥ 180 𝜇𝑚), ensuring sufficient spatial extent for mode 

localization. The grating length was designed to be larger than the width (𝑚 ≥ 𝑀) to avoid 
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finite-size effects along the propagation direction. All these geometrical design parameters are 

illustrated in Figure 5.3. 

 

Figure 5.3 | Si grating design finalized parameters.  

5.2.2. Device Fabrication 

The first step of the fabrication is preparation of the silicon-on-sapphire substrate. The design 

of the Si grating was performed for a 2.7 𝜇m deposited on a sapphire substrate. This is a 

challenging task since the adhesion of the Si layer onto the sapphire is not high enough. After 
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depositing Si onto the sapphire substrate, it tends to peel off within a few hours. To overcome 

this issue, a SiO2 adhesion layer is introduced. First, the Sapphire substrate is subjected to an 

O2 plasma clean at 150 W with an 8 sccm flow rate for 1 minute. This step treats the substrate 

surface and improves the adhesion of the SiO2 layer to the sapphire substrate 

After that, using PECVD, a 45 nm SiO2 layer is deposited onto the substrate using the recipe 

discussed in chapter 2. After the SiO2 layer deposition, the sample was kept inside the chamber 

without being exposed to the atmosphere and the temperature was reduced from the SiO2 

deposition temperature of 300°𝐶 to 150°𝐶. Then, again through PECVD, with the 

corresponding recipe a 2.7 𝜇m  Si layer was deposited on the Sapphire/SiO2 substrate. The 

substrate is then spin coated with ARP 6200.13 resist with a spin speed of 1500 rpm for 1 

minute. The ARP resist thickness is measured to be around 400 nm. The thicker resist is 

required for a proper lift-off since a thicker Al mask is needed for the ICP-F etching in 

subsequent steps due to ICP-F RIE etching selectivity of Si and Al etch rates. After the ARP 

resist deposition, the sample is coated with a 10 nm Au layer using thermal evaporation. This 

is just a conductive layer to assist the EBL process.  

 

Figure 5.4 | Fabrication process of the silicon photonic grating. 

The sample is then subjected to EBL patterning using Elionix EBL tool. After the EBL 

exposure, the sample is first dipped in an Au etchant to remove the 10nm Au conductive layer 
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followed by a DI water rinse and N2 gas blow dry. Then the sample is developed using n-Amyl 

Acetate (AR 600 546) by dipping the sample in the developer for 1 minute followed by an IPA 

rinse and N2 blow dry. After patterning the resist, a 600 nm Al layer is deposited using an e-

beam evaporator. Then the sample is dipped in the ARP remover solution (Di-Methyl Acetate) 

overnight till the Al layer is lifted off to obtain the patterned Al mask for ICP-F etching. Then 

the sample is etched using ICP-F plasma RIE etching using gases SF6 ∶  CHF3 ∶ Ar with a ratio 

of flow rates 3.5 : 50 : 1 sccm for 16 minutes and 48 seconds ( etching rate:24.9 nm/min). with 

an ICP forward power of 401 W and a RF forward power of 20 W with a DC bias of 214 V.  

The chamber was pressurized at 15 Torr. 

One of the key fabrication challenges affecting the feature quality of the final grating structure 

arises from the limited etching selectivity between the metal mask and Si during the ICP-F 

etching process, which is approximately 5-6. Consequently, a relatively thick Al mask is 

required to achieve the desired etching depth without significant mask degradation. However, 

the use of a thick Al mask introduces additional challenges during EBL and the subsequent lift-

off process. In particular, the resist thickness must be sufficiently large, typically at least 

comparable to the deposited Al thickness, to facilitate successful lift-off. The increased resist 

and metal thicknesses can compromise patterning fidelity, potentially leading to variations in 

feature dimensions, incomplete lift-off, residual material, and increased edge roughness of the 

Al mask. These imperfections may subsequently be transferred to the Si structure during ICP-

F etching, resulting in increased sidewall roughness, deviations from the intended grating 

geometry, and reduced overall fabrication quality. 

5.2.3. Final device 

The fabricated Si grating is illustrated by the SEM images in Figure 5.5. As is evident, the 

grating is etched through consistently and the grating structures are well defined (Figure 5.5a). 

The 30-degree tilted image validates the etching depth of the grating to be around 2120 nm. 

When the total thickness of the underneath slab is considered, it was 530 nm. So, the total Si 

thickness deposited on the Sapphire substrate is 2650 nm. As measured in the two SEM images 

in panels c and d, the grating width, grating gap, unit cell gap and unit cell size (period) for 

both left and right-side domains are close to the designed values as shown in Figure 5.3. 

After fabrication of the Si photonic grating with the designed geometrical features, an hBN 

flake of suitable size (as required by the design in Section 5.2.1) was transferred onto the 

grating. The hBN flake was first obtained via mechanical exfoliation (Figure 5.6a), and its 
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thickness was characterized using PSI measurements. The transfer process was carried out 

using a stacking stage.  

 

Figure 5.5 | SEM images of the fabricated silicon grating. a, Tilted-view SEM image 

showing a large-area overview of the grating structure. b, Higher-magnification tilted SEM 

image of the region indicated by the dashed outline in a, with the measured grating bar height. 

c, d, Top-view SEM images displaying the geometrical parameters of the left and right domains 

of the grating.  

This step required careful handling due to the large aspect ratio of the grating, with bar heights 

of approximately 2120 nm, compared to the relatively thin (~80 nm) hBN flake. To ensure 

proper transfer, the flake was first precisely aligned with the grating using the transfer-stage 

microscope and then brought into contact with the structure using an xyz-controlled stage 

(Figure 5.6b). Gentle contact was initially established, followed by the application of slight 

pressure to ensure conformal contact between the flake, grating, and underlying substrate. 

Then, the sample (substrate/grating with the PDMS-supported flake) was maintained on the 

stage at 110 °C for approximately 4 hours to promote adhesion. The sample and the PDMS 

layer as a unit were then removed from the stage and kept under an aluminium block to apply 
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additional pressure for over 24 hours to assist the transfer process. Without this extra pressure, 

the flake does not transfer completely since the grating aspect ratio is too high. Finally, the 

PDMS (gel film) was carefully peeled off, resulting in the successfully transferred hBN flake, 

as shown in Figure 5.6c-f. 

 

Figure 5.6 | Flake transferring onto the Si grating a, Optical microscope image of the 

exfoliated hBN flake on a PDMS layer. b, Optical microscope image of the hBN layer 

transferred onto the Si grating during the transfer process on the transfer stage. c, Optical 

microscopic image of the fully transferred hBN layer onto the Si grating. d-f, SEM images of 

the final device.    

5.3. Near-field characterization and experimental realization of induced topological 

polariton mode 

The primary objective of this work is to experimentally demonstrate the induced topological 

polariton in the coupled system. To justify this, the Si grating platform is first investigated in 

the uncoupled regime, where both grating domains are shown to be topologically trivial. Upon 

coupling to the hBN layer, the experimental measurements confirm that one domain becomes 

non-trivial and that an edge mode arises due to the two topologically distinct domains being 

coupled. The main signature of confinement of the electric field at the interface (topological 

edge state) was expected to be observed in the near-field images, and the sample was analysed 

using the s-SNOM setup. As discussed in Chapter 2, the same s-SNOM setup and mid-IR laser 
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were used over the wavelength range of 6700-7300 nm. This section first examines the coupled 

system, where hBN on the grating leads to interaction-induced topology and the emergence of 

an edge state, as observed by s-SNOM measurements. The uncoupled photonic system is then 

analysed, confirming that the grating domains are topologically trivial without coupling. 

 

Figure 5.7 | Topological edge mode in the coupled hybrid system. a, Optical image of the 

fabricated sample with the hBN flake transferred onto the Si grating. b, Schematic showing the 

expected edge mode in the coupled system, arising from a topological transition in the left 

domain. c, AFM image of the transferred hBN flake used to verify its thickness.  

5.3.1. Characterization of the coupled hybrid system to investigate the induced 

topological polariton edge mode 

The grating with the transferred hBN flake was characterized using the s-SNOM setup. As 

shown in Figure 5.7a, a small central region (red dotted area) was selected for frequency-

dependent near-field measurements. The coupled system is expected to support an edge mode 

(Figure 5.7b) if strong coupling induces a band inversion in the left domain, making it 

topologically non-trivial. The thickness of the transferred hBN flake was first verified using 

AFM (panel c) to ensure it meets the design requirements. Near-field measurements were then 

performed over an excitation wavelength range of 6600–7300 nm. 
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Figure 5.8  | Near-field measurements of a 70 × 5 μm regions across the interface, used to 

identify the topological band gap. s-SNOM near-field amplitude maps, S2, measured over a 

broad excitation wavelength range covering the upper bulk band, the experimentally observed 

topological band gap, and the lower bulk band.  

Based on the simulation results discussed in Section 5.1.2, the band gap of the coupled system 

is predicted to lie between 7182–7207 nm (41.4 - 41.745 THz), with a band gap width of 25 

nm. However, the experimental results (Figure 5.8) show that the edge mode appears at shorter 

wavelengths, specifically between 7010-7040 nm, where a strong electric field is localized at 

the interface. As observed through the results in Figure 5.8 for wavelengths below 

approximately 7010 nm, the near-field response is dominated by the extended grating-

modulated bulk modes, and no strong localization is observed at the interface. Within the 

wavelength range of approximately 7010-7040 nm, a pronounced near-field enhancement 

appears at the interface, with the strongest response near the center of the band gap. For 

wavelengths above approximately 7040 nm, the localized interface enhancement disappears, 

and the response returns to an extended bulk-like distribution. 

Although the topological band gap is spectrally shifted, its measured width is ~30 nm, which 

is close to the simulated value. This shift can be attributed to differences between the simulated 

and experimental conditions. The simulations assume a silicon-on-sapphire structure under 

normal incidence, whereas the fabricated sample includes an additional SiO₂ layer between the 
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silicon and sapphire which was needed to increase the adhesion between the two layers. In 

addition, slight variations in grating parameters and fabrication imperfections are likely to 

further influence the position of the band gap. 

The initial measurements, showing a high electric field at the interface, are not sufficient on 

their own to confirm the existence of an edge mode, nor to claim an induced topological 

polariton edge state. After identifying the band gap, a higher-resolution measurement over a 

larger area was performed. Figure 5.9a shows the optical microscope image of the hybrid 

sample after hBN transfer, where two regions were selected for frequency dependent s-SNOM 

measurements. The blue rectangle marks a scan region centered on the domain boundary, used 

to directly probe the emergence of an interface-localized response. 

 

Figure 5.9 | Edge mode identification using s-SNOM measurements at the centre of the 

band gap. a, Optical microscope image of the hBN-integrated two-domain silicon grating. The 

blue rectangle marks the region used to acquire the s-SNOM image across the interface shown 
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in panel b, while the purple rectangle marks the 70 μm × 5 μm region used for the horizontal 

near-field scan shown in panel c. b, Experimental s-SNOM near-field image measured near the 

interface at 𝜆 = 7025 nm, corresponding to the centre wavelength of the experimentally 

observed topological band gap. The lower panel shows the measured near-field amplitude map, 

and the upper panel shows the corresponding horizontal line-cut profile. The vertical dotted 

line marks the interface, where a pronounced near-field maximum is observed. c, Horizontal 

70 μm × 5 μm s-SNOM near-field measurement across the interface at 𝜆 = 7025 nm. The 

light-blue horizontal line in the upper panel indicates the line cut used to extract the 

experimental near-field profile shown in the lower panel as a solid light-blue curve. The 

simulated field-intensity profile of the coupled system is plotted in purple for comparison. The 

labelled positions B, A and C correspond to the left grating domain, interface and right grating 

domain, respectively, and are used to extract the frequency-dependent near-field intensities 

shown in panel d. d, Frequency-dependent near-field intensity extracted from points A, B and 

C, representing the interface, left-domain and right-domain responses, respectively. The inset 

shows the intensity ratio between the interface (point A) and the left grating domain (point B). 

The vertical black solid/dotted line marks the theoretically predicted edge-state resonance 

frequency. The vertical orange lines indicate the simulated bulk band-gap edges of the left 

domain at 42.2 and 43.0 THz, while the vertical blue lines indicate the simulated bulk band-

gap edges of the right domain at 41.9 and 43.2 THz. 

The purple rectangle marks a longer horizontal region extending across the interface and into 

both domains, enabling the spatial decay of the mode away from the boundary to be evaluated. 

Figure 5.9b shows the near-field response measured at 𝜆 = 7025 nm, corresponding to the 

center of the experimentally observed topological band gap. The near-field map exhibits a 

pronounced intensity maximum at the domain boundary, which is also resolved in the 

corresponding line-cut profile. This behavior is absent in the bare silicon control structure 

(discussed in section 5.3.2), indicating that the interface response emerges only after coupling 

the photonic grating to the hBN phonon resonance. The spatial localization of this mode is 

further confirmed by the long horizontal scan in Fig. 4c. The 70 μm × 5 μm s-SNOM map 

shows that the near-field intensity is strongest at the interface and decreases into both adjacent 

domains, consistent with the expected real-space profile of an edge-bound polaritonic mode in 

Fig. 5.2b. The light-blue line drawn through the center of the near-field map indicates the line-

cut region used to extract the experimental spatial profile. The resulting average line-cut profile 

is shown as the light-blue curve in the lower panel of Fig. 5.9c, together with the simulated 
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field profile of the coupled system depicted as the purple dotted curve. Although the absolute 

resonance frequency is shifted relative to the idealized simulation, the experimental and 

simulated profiles show the same fringe periodicity and an interface-centered envelope, 

supporting the assignment of the measured response to the designed hybrid edge mode rather 

than to random local scattering. 

 

Figure 5.10 | Averaging method used to extract line profiles from experimental near-field 

images. 

To ensure that this behaviour is not due to a random local feature, the horizontal line cut profiles 

shown are averaged profiles obtained by taking five-line cuts at different positions across the 

image, as illustrated in Figure 5.10. These lines cut profiles were analysed within the identified 

band gap to further confirm the confinement of the E-field at the interface, as shown in Figure 

5.11. Within the band gap, a clear edge mode is observed, and its strength decreases as the 

excitation wavelength moves away from the centre of the band gap. At an excitation 

wavelength of 7025 nm, the line cut profile shows the highest intensity and the fastest decay. 

As the wavelength approaches 7010 nm and 7040 nm, the interface still exhibits higher 

intensity, but the decay of the E-field into the left and right domains becomes less pronounced. 
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Figure 5.11 | Experimental near-field measurements within the topological band gap, 

with corresponding line-cut profile analysis. 

While the line-cut analysis supports the presence of the interface-localized polaritonic mode, 

further frequency-dependent analysis was performed to quantify the relative near-field 

enhancement at the interface compared with the surrounding domains. For this purpose, a 



Chapter 5 : Induced Topological Phonon Polaritons 

 

149 
Manuka Suriyage – April 2026 

normalised near-field enhancement factor 𝜂(𝑥, 𝜆), was evaluated at three representative 

positions within the system, as shown in Figure 5.9d. This dimensionless quantity is defined as 

the ratio of the local near-field intensity to the spatially averaged intensity of the corresponding 

line-cut profile at each excitation wavelength,  

𝜂(𝑥, 𝜆) =
𝐼 (𝑥, 𝜆)

〈𝐼 (𝑥, 𝜆)〉𝑥
 

Here, 𝐼 (𝑥, 𝜆) represents the local near-field intensity at position (x) and wavelength 𝜆, while 

〈𝐼 (𝑥, 𝜆)〉𝑥 denotes the spatially averaged intensity of the corresponding line-cut profile. Since 

the measured second-harmonic demodulated s-SNOM amplitude 𝑆2 is proportional to the local 

near-field magnitude, the intensity is evaluated as 𝐼 ∝ 𝑆2
2. This normalisation enables 

comparison of the relative local field response at different excitation wavelengths while 

reducing variations in the overall measured signal level. Importantly, the normalised near-field 

enhancement factor provides an experimental measure of the relative local optical response. 

To evaluate the near-field enhancement of the coupled system, a representative position at the 

interface, labelled A in Figure 5.9c, was selected. At each excitation wavelength, the near-field 

intensity at this position was normalised to the spatially averaged intensity of the corresponding 

line-cut profile. The resulting normalised enhancement factor, represented by the green curve 

in Figure 5.9d, exhibits a pronounced increase within the experimentally identified topological 

band gap, reaching its maximum near the centre of the band-gap region. This indicates a strong 

relative enhancement of the local near-field response at the interface, consistent with the 

presence of an interface-localized polaritonic mode. 

For comparison, two additional positions were selected within the left and right domains(Point 

B and C), located approximately 10- and 7-unit cells away from the interface, respectively. The 

corresponding normalised near-field enhancement factors show weaker local responses within 

the relevant band-gap region, indicating that the measured enhancement is concentrated near 

the interface rather than uniformly distributed across the grating. This spatial and spectral 

contrast is consistent with the confinement of the hybrid polaritonic edge state predicted by the 

theoretical model. 

To further quantify the relative interface enhancement, the ratio between the near-field 

intensities at points A and B is plotted in Figure 5.9d inset. Within the topological band gap, 

the intensity at the interface is significantly higher than that measured in the left domain, 

whereas outside the band-gap region the intensities become comparable. Together with the 
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spatial confinement observed in the near-field maps and the absence of interface localization 

in the uncoupled photonic control, these results provide experimental evidence supporting the 

existence of the interaction-induced topological polaritonic edge state. 

The interaction-induced origin of the edge mode further implies that its strength can be 

controlled by the hBN thickness, which tunes the effective light-matter coupling. In the thin-

layer regime, the photonic field varies weakly across the hBN thickness, leading to a linear 

scaling of the induced polarization and an effective coupling that follows 𝑞 ∝ √ℎhBN. This 

perturbative description holds as long as the phase accumulation across the layer remains small, 

𝑘𝑧ℎhBN ≪ 1. Thus, the coupling strength can be tuned via thickness, while the edge-state 

response remains well defined from its onset at ∼ 15 nm up to ∼ 110 nm. The thin-layer 

approximation breaks down when 𝑘𝑧ℎhBN ∼ 1, marking the crossover to a finite-thickness 

waveguide regime. In the hyperbolic regime of hBN (𝜀∥ < 0, 𝜀⊥ > 0), the dispersion gives 

𝑘𝑧 ≈ √|𝜀∥|/𝜀⊥ 𝑘∥ ≈ (1.0 − 1.2) 𝑘∥ around 1400 cm−1. For the present structure, with spatial 

frequencies set by a ∼ 600 nm grating bar width and a ∼ 3 μm period, the estimated 𝑘∥ ∼ 2 −

10 μm−1 suggests a crossover scale ℎhBN ∼ 100 − 500 nm. This indicates a transition from a 

sheet-like anisotropic susceptibility regime to a finite-thickness hyperbolic waveguide regime. 

 

Figure 5.12 | Tunability of the interaction-induced topological phonon- polariton edge 

state through coupling strength. a, Calculated hBN-thickness dependence of the edge-state 

resonance frequency. The marker color and size indicate the estimated interface-to-bulk 

intensity enhancement ratio (evaluated approximately eight-unit cells away from the interface 

in the nontrivial hybrid domain), showing that the edge-mode response strengthens with 

increasing light-matter coupling before saturating and eventually weakening in the thick-hBN 

regime. The inset schematically shows the two-domain grating, with the left and right domains 
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indicated in light green and light pink, respectively. The blue layer represents the hBN flake, 

whose thickness controls the light-matter coupling strength between the silicon grating modes 

and the hBN phonon resonance. b, Frequency-dependent near-field intensity ratio between the 

interface (point A) and the left grating domain (point B) measured for hBN flakes with different 

thicknesses. The ratio 𝐼𝐴/𝐼𝐵 quantifies the relative enhancement of the near-field signal at the 

interface and therefore provides an experimental measure of edge-mode confinement. The inset 

indicates the positions of points A and B used to extract the near-field intensities for the ratio 

calculation. 

In simulations, the edge-state dispersion curve can be reliably traced under plane-wave 

excitation up to a thickness of approximately 110 nm. Beyond this regime, the coupling to the 

edge state becomes inefficient. Consequently, the dispersion is continued by identifying the 

resonant enhancement under near-field excitation conditions. In Fig. 5.12a, the markers 

represent the estimated field enhancement 𝐼(𝐴)/𝐼(𝐵), obtained theoretically from the 

characteristic localization length of the edge state.  

We experimentally verified this thickness dependence by transferring hBN flakes with different 

thicknesses onto nominally equivalent two-domain silicon gratings and measuring the near-

field response using s-SNOM. For each thickness, the local near-field intensity was extracted 

at the interface, point A, and in the left grating domain, point B, as indicated in the inset of 

Fig.5.12b. The ratio 𝐼(𝐴)/𝐼(𝐵) was then used as an experimental measure of the relative 

interface enhancement. As shown in Fig. 5.12b, the edge-mode response is strongest for the 80 

nm hBN flake, where a sharp enhancement appears near the edge-state frequency. For the 

thinner 40 nm flake, the interface enhancement is weaker, consistent with reduced light-matter 

coupling. For the thicker 110 nm flake, the enhancement is also reduced, indicating that the 

system has moved beyond the optimal coupling regime. When the hBN thickness is increased 

further to approximately 200 nm, the resonant interface enhancement disappears, consistent 

with inefficient excitation of the edge state in the finite-thickness hyperbolic regime. 

5.3.2. Trivial Photonic system characterization 

To confirm that the observed edge mode in the coupled system arises from strong light–matter 

interaction, the uncoupled photonic system (Si grating) was examined using the near-field 

setup. In order to confirm the trivial nature of the Si grating a frequency-dependent mid-

infrared s-SNOM measurements were performed over the range of approximately 41-47 THz 

with a selected region as illustrated in Figure 5.13a,b. Measurements were performed at the 
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same excitation wavelengths used for the coupled system, enabling a direct comparison while 

three representative s-SNOM amplitude maps are selected for Figure 5.13c. These maps 

correspond to excitation frequencies in the lower bulk-band region, the spectral window where 

the hybrid topological band gap is expected after hBN integration, and the upper bulk-band 

region. In all three cases, the near-field signal follows the periodic modulation of the grating, 

but no interface-centered field enhancement or localized spatial envelope is observed. The 

stronger signal from one bar within each unit cell is attributed to the oblique illumination 

geometry of the s-SNOM measurement. (7 scans from the full spectral series of near-field scans 

are shown in Figure 5.14 panel c with the respective line cut profiles in panel d). 

 

Figure 5.13 | Control near-field characterization of the uncoupled trivial photonic system. 

a, Tilted scanning electron microscope image of the fabricated two-domain silicon grating, 

showing the well-defined silicon bars and confirming the structural realization of the designed 

photonic domains. b, Optical microscope image of the fabricated bare silicon grating before 
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hBN integration. The white dashed rectangle marks the grating region selected for s-SNOM 

near-field imaging and used to generate the data shown in panels c-e. c, Experimental s-SNOM 

near-field amplitude maps recorded at three representative excitation wavelengths across the 

relevant mid-infrared spectral range. The top, middle and bottom panels correspond to the 

upper bulk-band region, the spectral region where the topological edge mode is expected only 

after hBN coupling, and the lower bulk-band region, respectively. No interface-localized 

enhancement is observed in the uncoupled photonic structure. d, Near-field map measured at 

𝜆 = 7025 nm, corresponding to the centre wavelength of the experimentally relevant spectral 

window. The labelled points B, A and C correspond to the left-domain bulk, interface region 

and right-domain bulk positions, respectively. The light-blue horizontal line indicates the line 

cut used to extract the near-field intensity profile shown in the lower panel. The profile shows 

grating-period oscillations but no interface-centered envelope or monotonic decay away from 

the domain boundary. e, Frequency-dependent normalized near-field intensities extracted at 

points B, A and C, together with multi-channel Fano fits. The spectra are described by bulk 

resonant channels only, with no additional interface-localized pole.  

To quantify this spatial response, we extracted a representative horizontal linecut profile from 

the near-field map, as shown below the s-SNOM images in Figure. 5.13d. The linecut captures 

the periodic grating response across both domains and was used to define three positions for 

spectral analysis: point A at the interface, point B in the left domain, and point C in the right 

domain. Using the frequency-dependent near-field data, we calculated the average local field 

magnitude at these positions across the measured spectral range.  

The resulting spectra from the three selected positions are shown in Figure. 5.13e and were 

used to quantify the near-field scattering characteristics of the bare grating. We fit the 

demodulated s-SNOM intensity profiles (𝐼 ∝  |𝐸|2, where the local near-field magnitude |𝐸| is 

directly proportional to the measured 𝑆2 signal amplitude) to a multi-channel Fano interference 

framework. Experimental raw magnitude data were squared to represent optical intensity and 

normalized to the global maximum to preserve relative cross-domain amplitudes and baselines 

across the three spatial positions. 

For a given spatial domain d, the total spectral intensity profile is modeled using the generalized 

multi-channel expression: 

𝐼𝑑(𝑓) = 𝐼bg,𝑑(𝑓) + ∑ 𝐴𝑗,𝑑𝑗 [
(𝑞𝑗,𝑑+𝛿𝑗,𝑑)2

1+𝛿𝑗,𝑑
2 − 1] ,                                    (3) 
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where 𝑑 ∈ {𝐴, 𝐵, 𝐶} serves as the spatial domain index corresponding to Point A (interface 

zone), Point B (left domain), and Point C (right domain), respectively. Here, 𝐼bg,𝑑(𝑓) represents 

the non-resonant continuum background, 𝐴𝑗,𝑑 is the coupling amplitude, 𝑞𝑗,𝑑 is the 

phenomenological Fano asymmetry parameter, and 𝛿𝑗,𝑑 = (𝑓 − 𝑓0,𝑗,𝑑)/𝛾𝑗,𝑑 defines the 

normalized spectral detuning relative to the resonance frequency 𝑓0,𝑗,𝑑 and damping half-width 

𝛾𝑗,𝑑 of channel 𝑗. 

 

Figure 5.14 | Near-field response of the uncoupled photonic system. a, b, Optical and 

scanning electron microscope images of the Si grating, highlighting the region probed to verify 

the uncoupled system. c, d, s-SNOM near-field measurements of the uncoupled Si grating 
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across the topological bandgap, with corresponding line-cut profiles (right) showing selected 

measurements taken within and outside the bandgap.  

In principle, a two-band description of the domains predicts four resonant states stemming from 

the bulk bands of the adjacent left and right trivial domains, which possess unequal bandgaps. 

However, in the fabricated sample, the resonances of two bulk modes are spectrally overlaid. 

We find that the generalized Fano framework restricted to three bulk channels (𝑗 ∈ {1,2,3}) 

yields a clean global fit to the collected data (Figure. 5.13e). To extract the shared pole structure 

of the system across spatial coordinates close to the interface, the central resonance frequencies 

(𝑓0,𝑗) and linewidths (𝛾𝑗) were treated as global parameters across all domains (𝛿𝑗,𝑑 = 𝛿𝑗), while 

the coupling amplitudes (𝐴𝑗,𝑑) and asymmetry parameters (𝑞𝑗,𝑑) varied locally. Optimization 

was performed using a multi-start Levenberg-Marquardt algorithm in MATLAB. This fitting 

configuration captures the defining spectral features of the system in Fig. 5.13e, notably the 

intensity drops between the upper bulk bands of the two domains (where a hybrid edge state is 

expected to reside) as well as the decay down to a baseline level of ∼ 0.4 away from the 

resonance region for all three spatial positions. 

This verifies that the uncoupled Si grating remains topologically trivial in the absence of strong 

light-matter coupling. Both domains behave as expected from the design and simulations, and 

the emergence of the edge state in the coupled system can therefore be directly attributed to 

interaction-induced topology.  

5.4. Discussion and future work. 

We have demonstrated that a topological polaritonic system can be created from a photonic 

structure that is initially trivial. In the absence of light-matter interaction, the system shows no 

topological features. However, once strong coupling with the phononic mode is introduced, the 

hybrid system becomes topological, confirming that the topology is induced by the light-matter 

interaction. This establishes a new paradigm that has not been experimentally demonstrated 

before. 

The experimental results presented in this chapter establish the existence of an interaction-

induced interface-localised polaritonic edge state through frequency-dependent near-field 

measurements, spatial confinement and decay analysis, and comparison with the uncoupled 

photonic control. However, the present experiments focus on the formation and localisation of 

the edge state rather than its directional transport properties. Consequently, unidirectional 

propagation, suppression of backscattering, and robustness against structural disorder have not 
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been independently verified experimentally. The theoretical analysis considers the influence of 

non-Hermitian losses on the topological properties of the hybrid system, but this should be 

distinguished from robustness against disorder-induced scattering. Furthermore, although the 

interaction-induced mechanism provides a potential route to actively tuning the topological 

phase, dynamic switching through externally applied strain or electrostatic gating has not yet 

been demonstrated experimentally. These aspects remain important directions for future 

investigation and device development. 

Although this work focuses on phonon polaritons, the same concept can be extended to other 

material excitations, particularly exciton polaritons. A trivial photonic platform can be 

engineered to acquire topological properties through strong coupling, offering a powerful route 

to design tunable topological systems. A key advantage of this approach is the potential to 

actively control the topology using external stimuli. 

To fully exploit this concept, further work is underway to investigate the dynamic tunability of 

the topological properties. One potential approach is strain engineering, which could modify 

the optical response and coupling conditions of the system, thereby influencing the emergence 

of topological transitions. However, implementing controlled and reversible strain in such 

hybrid structures presents significant experimental challenges, making this approach less 

practical for real-time modulation. A more promising direction is the development of 

electrically gated devices, where the optical properties and light-matter interactions could 

potentially be modified through an applied electric field. Such an approach could enable 

dynamic control over the topological phase and associated interface states. Introducing this 

additional temporal degree of freedom would represent an important step towards actively 

reconfigurable topological polaritonic devices, with potential applications in optical switching, 

modulation, and integrated photonic systems. 
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6. Spin-Selective coupling of SHG using 3R-WS2 metasurface 

The integration of nonlinear optical functions into compact photonic platforms is an important 

direction in modern nanophotonics, with relevance to on-chip light sources, signal processing, 

frequency conversion, and quantum photonics1-3. 2D TMDCs are attractive for this purpose 

because they combine strong light-matter interaction, excitonic resonances, and large nonlinear 

optical responses¹˒⁴. In monolayer TMDCs, the absence of inversion symmetry gives rise to a 

non-zero second-order nonlinear susceptibility, resulting in efficient SHG⁴˒⁵. At the same time, 

the electronic band extrema at the inequivalent K and K′ valleys can be selectively addressed 

using circularly polarized light, which gives  a direct relation between photon helicity and 

valley degree of freedom¹˒⁶. 

In conventional photonic systems, nonlinear generation and optical routing are often treated as 

separate functions. A nonlinear material generates light, while a separate photonic element, 

such as a grating, waveguide, or metasurface, controls its propagation. This separation 

increases fabrication complexity and can introduce additional losses, alignment constraints, 

and interface-related limitations. A more integrated approach is to combine nonlinear light 

generation and directional routing within the same photonic platform. This is the central 

motivation of the present chapter: to investigate a nonlinear valley-selective meta-waveguide 

platform in which helicity-dependent SHG generated in 3R-phase WS₂ is coupled directionally 

into guided modes of a Si₃N₄ waveguide. 

The physical principle of the device combines three effects. First, the non-centrosymmetric 

crystal symmetry of WS₂ enables second-order nonlinear generation⁴˒⁵. Second, valley-

dependent optical selection rules link the helicity of circularly polarized excitation to the 

valley-dependent nonlinear optical response¹˒⁶. Third, a geometric-phase metasurface imposes 

a helicity-dependent in-plane momentum, allowing the generated nonlinear emission to be 

routed into different waveguide directions⁷˒⁸. In this way, the platform converts polarization 

and valley information into spatially separated guided optical signals. 

This concept is related to recent demonstrations by our collaborators of valley optoelectronic 

meta-waveguide device, where valley-dependent chiral SHG photons from monolayer WS₂ 

were routed through a chirality-selective meta-waveguide and electrically detected using WSe₂ 

photodetectors⁹. That work demonstrated near-unity valley-dependent chiral SHG and high 

polarization selectivity in a meta-waveguide platform. However, the device investigated in this 

chapter differs in its material and implementation strategy. Instead of relying on monolayer 
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WS₂ combined with separate photodetectors, the present work focuses on a 3R-phase WS₂ 

platform, where multilayer non-centrosymmetric stacking preserves a strong second-order 

nonlinear response while providing a larger optical interaction volume¹⁰. The aim is therefore 

not to reproduce the full optoelectronic readout architecture, but to establish a nonlinear meta-

waveguide design in which the active TMDC layer itself participates in both nonlinear 

generation and metasurface-enabled routing. 

6.1. Physical Principles of Valley-Selective Nonlinear Photonics 

6.1.1. Valley dependent Optical Selection Rules in TMDCs 

Monolayer TMDCs such as WS₂ possess a hexagonal lattice with broken inversion symmetry. 

This gives rise to two inequivalent valleys located at the K and K′ points of the Brillouin zone. 

These valleys represent distinct extrema in momentum space and can be treated as an additional 

degree of freedom for carriers. Because of the symmetry of the Bloch states at the band edges, 

optical transitions at the two valleys couple selectively to opposite circular polarizations¹˒⁶. 

This valley–helicity correspondence can be written schematically as 

𝜎+ ↔ 𝐾, 𝜎− ↔ 𝐾′  

where σ⁺ and σ⁻ denote right- and left-circularly polarized light, respectively. 

For nonlinear processes, the relevant material response is described by the nonlinear 

polarization. For SHG, the second-order polarization at 2𝜔is 

𝐏(2)(2𝜔) = 𝜀0𝜒
(2): 𝐄(𝜔)𝐄(𝜔)  

where 𝜒(2)is the second-order nonlinear susceptibility tensor and 𝐸(𝜔)is the fundamental 

optical field. In centrosymmetric media, 𝜒(2)vanishes under the electric-dipole approximation. 

In non-centrosymmetric TMDCs, however, 𝜒(2) ≠ 0, enabling efficient SHG⁴˒⁵. 

Importantly, the valley selection rules are not limited to one-photon excitation. The two-photon 

transition amplitude involves a product of dipole matrix elements⁹, 

⟨𝜓𝑐 ∣ 𝑃̂± ∣ 𝜓𝑗⟩⟨𝜓𝑗 ∣ 𝑃̂± ∣ 𝜓𝑣⟩  

which, under threefold rotational symmetry, leads to valley-selective SHG processes⁹. 

6.1.2. Geometric phase metasurfaces 

For circularly polarized light, the geometric phase is given by 

𝜙 = 2𝜎𝜃  
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where θ is the meta-atom orientation angle and σ = ±1 represents helicity⁷˒⁸. This expression 

shows that the phase acquired by light interacting with the metasurface depends not only on 

the structural orientation of the meta-atoms but also on the polarization state of the incident 

field. As a result, opposite circular polarizations experience opposite phase shifts. 

The phase gradient produces an effective in-plane momentum: 

𝑘𝐺 =
𝑑Φ

𝑑𝑥
 

This momentum can be understood as arising from the spatial variation of the optical phase 

imposed by the metasurface, effectively modifying the propagation direction of the emitted 

light. In particular, for light incident under near-normal conditions, the in-plane component of 

the wavevector is negligible. Therefore, an additional in-plane momentum must be introduced 

to enable coupling into guided modes of a waveguide structure. 

Coupling into guided modes occurs when the momentum matching condition is satisfied: 

𝑘𝐺 ≈ 𝛽𝑤𝑔  

where 

𝛽𝑤𝑔 = 𝑛𝑒𝑓𝑓𝑘0  

is the propagation constant of the waveguide mode. Here, 𝑛𝑒𝑓𝑓represents the effective 

refractive index of the guided mode and 𝑘0is the free-space wavevector. This condition ensures 

that the momentum of the emitted light matches that of the guided mode, enabling efficient 

coupling. This principle is widely used in metasurface–waveguide systems to achieve 

controlled and directional coupling of optical signals⁹. 

6.1.3. Spin-momentum locking and Directional coupling 

Because the PB phase changes sign with helicity, 

𝜎+ → +𝑘𝐺 , 𝜎− → −𝑘𝐺  

leading to directional coupling into opposite waveguide modes⁹. This helicity-dependent 

momentum arises directly from the geometric phase response of the metasurface, which 

imparts opposite phase gradients to left- and right-circularly polarized light. 

When the metasurface is integrated with a waveguide, this momentum asymmetry results in 

preferential coupling of different polarization components into opposite propagation directions. 

This phenomenon is commonly referred to as spin–momentum locking, where the spin angular 

momentum (polarization) of light determines its propagation direction within the structure. 
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In the context of the present system, this effect operates on the nonlinear emission generated 

within the 3R-WS₂ layer. Circularly polarized excitation first produces helicity-dependent 

second harmonic signals, which are then converted into directional propagation by the 

metasurface. This establishes a direct mapping between excitation helicity and guided 

propagation direction, enabling polarization-controlled routing of nonlinear optical signals 

within the device. 

6.2. Device concept and numerical design 

Building upon the physical principles discussed in the previous section, the implementation of 

a nonlinear valley-selective photonic system requires the integration of a nonlinear material 

with a structure capable of controlling light propagation at the subwavelength scale. In this 

work, a meta-waveguide platform is developed to achieve this functionality by combining a 

Si₃N₄ waveguide with a patterned metasurface region formed on a 3R-phase WS₂ flake. This 

configuration enables the generation, manipulation, and routing of polarization-dependent 

nonlinear optical signals within a compact, integrated structure. 

The key idea of the proposed system is to exploit the intrinsic nonlinear response and valley-

dependent optical properties of 3R-WS₂, while using a geometric phase metasurface to convert 

the polarization state of the generated light into directional propagation along a waveguide. 

This eliminates the need for separate nonlinear and photonic components, allowing both light 

generation and routing to be realized within a unified platform. Similar metasurface–

waveguide architectures have been demonstrated for helicity-dependent routing of optical 

signals⁹, where the metasurface provides the required phase gradient for coupling into guided 

modes. 

The proposed device consists of three main components: a dielectric waveguide, a metasurface 

region, and input/output coupling structures. These elements are integrated on a fused silica 

(quartz) substrate to form a planar photonic platform capable of supporting guided optical 

modes and facilitating nonlinear light–matter interactions. 

At the core of the structure is a Si₃N₄ waveguide with a thickness of approximately 350 nm, 

which is designed to support a fundamental guided mode in the near-infrared spectral range. 

Si₃N₄ is chosen due to its low optical loss, high refractive index contrast with the substrate, and 

compatibility with standard nanofabrication processes⁷. The waveguide provides a confined 

optical mode that enables efficient transport of the generated signal over micrometre-scale 

distances. 
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A 3R-phase WS₂ flake is transferred onto the central region of the waveguide, forming the 

active nonlinear layer. Due to its non-centrosymmetric stacking, the 3R-WS₂ maintains a strong 

second-order nonlinear response even in multilayer form¹⁰. This enables efficient generation of 

second harmonic signals under optical excitation, while also preserving valley-dependent 

selection rules that link the polarization state of the emitted light to the excitation helicity. 

The metasurface is defined by patterning the 3R-WS₂ flake into an array of subwavelength 

nanostructures with spatially varying orientation. These structures act as anisotropic meta-

atoms that impart a geometric phase to the generated optical field⁷˒⁸. By introducing a 

controlled phase gradient across the metasurface region, an effective in-plane momentum is 

imposed on the emitted light, enabling coupling into the guided modes of the Si₃N₄ waveguide⁹. 

Because the geometric phase response is helicity-dependent, second harmonic signals 

generated under opposite circular polarizations are routed into opposite directions along the 

waveguide. This establishes a direct mapping between excitation helicity and propagation 

direction, consistent with the spin-momentum locking mechanism described earlier. As a result, 

the device enables polarization-controlled routing of nonlinear optical signals within a single 

integrated structure. 

To enable optical readout of the guided signals, scattering gratings are incorporated at both 

ends of the waveguide. These gratings convert the guided modes back into free-space radiation, 

allowing the directionally routed signals to be detected experimentally. This approach provides 

a practical method for characterizing the device without requiring integrated photodetectors, 

while still capturing the essential directional coupling behaviour. 

The design of the proposed meta-waveguide platform is based on the requirement of efficiently 

coupling the nonlinear optical signal generated within the 3R-WS₂ metasurface into the guided 

modes of the Si₃N₄ waveguide. This process is governed by momentum conservation and 

phase-matching conditions between the locally generated optical field and the supported 

waveguide modes. 

For near-normal excitation, the in-plane component of the incident wavevector is negligible. 

Therefore, an additional in-plane momentum must be provided to enable coupling into the 

guided mode. This is achieved through the geometric phase gradient introduced by the 

metasurface: 

𝑘𝐺 =
𝑑Φ

𝑑𝑥
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Efficient coupling occurs when this momentum matches the propagation constant of the 

waveguide mode: 

𝑘𝐺 = 𝑛𝑒𝑓𝑓𝑘0  

where 𝑛𝑒𝑓𝑓is the effective refractive index and 𝑘0is the free-space wavevector⁹. This condition 

ensures that the momentum of the emitted light matches that of the guided mode, enabling 

efficient coupling from the metasurface into the waveguide. 

The metasurface is implemented by arranging anisotropic nanoantennas with spatially varying 

rotation angle θ, each imparting a phase shift 

Φ = ±2𝜃  

By introducing a linear variation in θ across the metasurface, a constant phase gradient is 

achieved, leading to a well-defined in-plane momentum: 

𝑘𝐺 ≈
2𝜃

𝑝
 

where p is the metasurface period. This relation provides a direct link between the metasurface 

geometry and the momentum required for coupling into the waveguide. 

Numerical simulations were performed to validate this design approach. The nonlinear 

emission process was approximated using an array of in-plane electric dipoles positioned above 

the metasurface, representing localized second harmonic sources⁹. This approximation captures 

the essential coupling mechanism between the nonlinear emitter and the guided modes, while 

allowing efficient evaluation of the metasurface design. 

The simulations confirm strong helicity-dependent directional coupling, where opposite 

circular polarizations result in propagation in opposite directions. This demonstrates that the 

metasurface provides both the required momentum matching and polarization-selective 

routing, consistent with the physical principles described earlier. 

6.3. Fabrication of the Meta-waveguide platform and optical characterization 

To fabricate the designed and proposed meta-waveguide device perfectly, careful integration 

of the dielectric waveguide and the patterned 3R-WS2 metasurface is crucial. In this section, 

we detail the entire fabrication process, including the challenges and unique techniques used 

to fabricate the meta-waveguide device. 
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6.3.1. Substrate and waveguide fabrication 

The first step in the fabrication is selecting the substrate and fabricating the Si₃N₄ waveguide 

on it. In addition to the Si₃N₄ waveguide, alignment markers were fabricated in this step for use 

in subsequent EBL processes. As a low-index cladding material, quartz was used as the 

substrate, providing a low-loss, optically transparent platform for guiding light in the near-

infrared region. This helps with the transmission measurements at a later stage for optical 

characterization. The fabrication process began with depositing a 350 nm Si₃N₄ thin film using 

PECVD. Si3N4 is deposited by PECVD using SiH4, NH3, and N2, with a 1500 mTorr Pressure 

and 40W forward RF power. This recipe deposits Si₃N₄ at a deposition rate closer to, and the 

deposition was carried out for 20 minutes and 48 seconds to achieve the desired thickness. 

 

Figure 6.1 |Schematic of the fabrication process flow for the Si₃N₄ waveguide on a 

quartz substrate.  

Then the substrate was prepared for the EBL process by spin-coating the positive e-beam resist 

ARP 6200.09 for 1 minute at 3000 rpm. The spin-coated sample contains a resist layer of 150-

200nm in thickness, which is suitable for metal deposition and liftoff, as confirmed by 

ellipsometry and surface profiler measurements. To eliminate electron charging effects at the 

resist surface during lithography, a conductive polymer layer was spin-coated on the ARP 

6200.09 resist. Then, using an Elionix EBL tool to pattern the alignment markers and the 

waveguide with the gratings. For the EBL process, a 5nA beam current and a dose factor of 
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400 are used. After exposure, the sample is developed using a set of solvents. First, the sample 

is dipped in DI water for 1 minute to remove the conductive polymer, then dried under N2. 

Then the sample is dipped in the developer solution n-Amyl Acetate (AR 600 546) for 1 minute, 

followed by an IPA rinse for 1 minute and N2 blow dry. After confirming successful 

development under an optical microscope, the sample is deposited with an Al mask layer using 

an e-beam evaporator. A 30nm Al layer is deposited at a rate of 0.2 nm/s. After that, the resist 

will be lifted off, leaving the Al mask with the waveguide and grating patterns and alignment 

markers on the quartz/Si₃N₄ sample. Then the waveguide is defined using an ICP-F etching 

process. The gases with flow rates of 4:2:6 sccm were used for ICP-F RIE etching with an ICP 

power of 50W, a Bias power of 25W, and a He pressure of 2000Pa. After etching, the remaining 

metal mask is removed using a suitable wet etchant, leaving behind the patterned Si₃N₄ 

waveguides on the fused silica substrate. The alignment markers are crucial for subsequent 

EBL steps and for accurately positioning the patterns on the flake in the proper regions. The 

fabricated waveguides are inspected using optical microscopy to verify the pattern fidelity and 

alignment markers. Ensuring high-quality waveguide structures at this stage is essential, as any 

defects or irregularities can significantly affect the propagation and coupling of optical signals 

in subsequent steps 

6.3.2. Metasurface fabrication (with 3R-WS2) 

With the fabricated waveguides, the metasurface is fabricated. First, a Chromium protective 

layer is deposited on the waveguide. The metasurface should be placed in the middle of the 

waveguide. During metasurface fabrication, the TMDC flake needs to be etched using plasma; 

during this step, the waveguide or the scattering gratings should not be etched or damaged. 

Therefore, the Chromium protective layer is fabricated with a lithographic process. From steps 

1 to 3 in Figure 6.2, the patterned waveguide on the substrate is spin-coated with the ARP 

6200.04 resist and then patterned using EBL (Exposures and development). Then, from steps 

3 to 4, Chromium is initially deposited using an e-beam evaporator to a thickness of 20 nm. 

 

Figure6.2 | Fabrication process flow in creating the Cr protective layer for the Si3N4 

waveguide. 



Chapter 6 : Spin-Selective coupling of SHG using 3R-WS2 metasurface 

 

167 
Manuka Suriyage – April 2026 

Next, the metasurface fabrication process was carried out, which was the most challenging and 

critical step in realizing the circularly polarized-dependent meta-waveguide device. Unlike 

conventional metasurfaces patterned on uniform dielectric films or on random flakes on 

substrates (2D or bulk), this process involves fabricating subwavelength features directly on a 

mechanically transferred multilayer 3R-WS₂ flake at a predefined waveguide position. This 

makes the fabrication more challenging, particularly in ensuring good flake adhesion, 

achieving precise alignment, maintaining uniform resist coating, and preserving etching 

stability. 

The fabrication of the metasurface begins with exfoliating a 3R-WS₂ flake to the desired 

thickness. As discussed in Chapter 2, we use mechanical exfoliation to produce the thin TMDC 

flake, and then, based on the optical contrast (experience) of the flakes that is transferred onto 

the gel film (PDMS), we roughly select the flakes that we believe have a thickness closer to 

400nm. Then this flake is checked using PSI to obtain the optical thickness and confirm that 

the flake is 400nm or closer to that. The thickness measured by PSI on the gel film differs 

slightly from the actual flake thickness. To correct this, PSI measurements were performed on 

multiple flakes, which were then transferred to a substrate and measured using a surface profiler 

and AFM. This allowed calibration of the PSI optical thickness to the true flake thickness. 

After selecting a ~400 nm thick flake on the gel film, the first critical step is transferring it onto 

the waveguide. This step must be done carefully due to several challenges. Since a 20 nm Cr 

protective layer is present, it is important to ensure that the TMDC flake is not just resting on 

the Cr layer but is in proper contact with the underlying Si₃N₄ waveguide. To achieve good 

adhesion, the substrate and waveguide are placed on the transfer stage and brought into contact 

with the PDMS flake. The stage is heated, and the sample is kept in contact for more than 24 

hours. During the transfer, gentle pressure is applied multiple times with a slightly blunt 

tweezer or a curved-tip tool to improve contact and adhesion. This step is critical because the 

flake must withstand subsequent processes, such as EBL, plasma etching, cleaning, and wet 

etching, where poor adhesion could cause the flake or patterned structures to detach. After 

transfer, the sample is rinsed with IPA. This is not only for cleaning but also to test the adhesion 

quality, ensuring that the flake remains stable under liquid flow. 
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Figure 6.3 | Fabrication process flow for the 3R-WS2 metasurface fabrication.  

After that, the metasurface fabrication initiates with preparing the sample for the EBL 

exposure. The sample is first spin-coated with ARP 6200.09 resist at 3000 rpm for 1 minute 

and baked for 1 minute. The resultant resist coating is around 150 to 200nm thick, as confirmed 

by scratching the resist and measuring the thickness using the surface profiler. This is essential 

to ensure a proper lift-off.  Then, a conductive polymer layer is spin-coated onto the resist to 

assist the EBL process and eliminate charging effects that can degrade the quality of the 

patterned features. Then we expose the sample and pattern the features to the positive 

photoresist using the Elionix EBL system. A 500-pA current and a dose of 400 were used in 

the EBL process. Then the samples were immediately developed by first removing the 

conductive polymer by dipping the sample in DI water for 1 minute, then blowing dry with N₂ 

gas. Then the sample was dipped in the ARP remover (n-Amy Acetate (AR 600 546)) for 1 

minute, followed by a 1-minute IPA rinse (etch stopper) and a N₂ air blow-dry. After that, the 

sample was loaded into the e-beam evaporator, and an Al layer of 30 nm was deposited at a 

deposition rate of 1𝐴°/𝑠. Then the sample was dipped in the ARP remover solution (Di-Methyl 

Acetate) overnight until the Al layer was lifted off, yielding the patterned Al mask for etching. 
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As shown in step 6 of Figure 6.3, the sample was etched using ICP-F plasma RIE with a flow 

rate ratio of 4:4:6 sccm for 8 minutes (etching rate was 50 nm/s). The higher  ratio improved 

the quality of the sidewalls even though the etching rate was slightly reduced. After etching the 

3R-WS₂ and fabricating the expected metasurface pillars, the AL mask is first etched with Type 

A aluminium etchant, followed by DI water cleaning. Finally, the Chromium layer is etched, 

the sample is cleaned with DI water and IPA, and it is N₂-blown-dried to finalize the fabrication. 

This wet etching process is much more complex and presents multiple challenges that were 

practically addressed. These details are discussed in the following section, along with the actual 

fabrication details. 

6.3.3. Fabricated results and final devices 

As fully detailed in section 6.3.2 the fabrication was carried out to realize the meta-waveguide 

devices. As a summary the entire set of steps associated with the actual fabrication (eliminating 

sample cleaning) is illustrated in Figure below. 

 

Figure 6.4 : Fabrication flow diagram for the complete meta-waveguide device. 

A four-inch wafer was used to fabricate 38 sets of waveguide units as shown in Figure 6.5 panel 

a. Then the 38 units were cut into pieces using a micro diamond scriber setup to prepare squared 

shape unit (Figure 6.5b) sample which contains 10 waveguides fabricated with the Chromium 

protection layer and a window to transfer the TMDC flake onto the waveguide as shown in the 

optical microscopic image in Figure 6.5 panel c. Then the 3R phase WS2 flakes were exfoliated 
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onto a PDMS layer/gel film (Figure 6.5d), and the thickness of the flakes was measured using 

PSI, as shown in Figure 6.5 panels e and f. 

 

Figure 6.5 | Waveguide fabrication and flake transfer. a-c, Fabrication of waveguides on a 

4-inch Si wafer and optical microscope image showing the waveguide with a Cr protective 

layer. d, Exfoliated 3R-WS₂ flake selected by optical contrast (~400 nm thick). e, f, PSI 

thickness measurements of the flake in (d). g, Optical microscope image of the flake after 

transfer onto the waveguide. h, i, Optical image of another transferred flake (see Fig. 6.6) and 

its corresponding PSI thickness measurement after transfer.  
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After identifying the region of the flake that has a thickness of 400 nm, the flake is mechanically 

transferred onto the waveguide while leaving the gel film on top of the waveguide properly 

aligned and subjected to a temperature of 110 degrees, and by applying force multiple times in 

between the transferring time of 1 to 24 to 48 hours.  

 

Figure 6.6 | Key EBL and etching steps used in the fabrication of the final device, 

highlighting the critical stages.  

Two of the successfully transferred flakes onto the waveguide are shown in Figures g and h. 

Panel g is the transferred flake shown in panels d and e. After transferring to double-check the 

thickness of the flake on the substrate, another PSI measurement is taken, as illustrated in panel 

i of Figure 6.5. A small thickness contrast is visible on the transferred flake near the window 

and on the flake sitting on the Cr layer, confirming that the flake is in contact with the 

waveguide. The PSI measurement of the flake after transfer is very much closer to the actual 
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thickness, and for some samples, to confirm the thickness perfectly, an AFM scan or a surface 

profiler measurement was taken. 

 

Figure 6.7 | Microscopic images of the final fabricated device. a, Optical microscope image 

of the meta-waveguide device. b, SEM image of the complete device. c-f, SEM images of the 

metasurface showing feature sizes.  

After transfer, the sample is rinsed with IPA under flow to apply fluid force and test adhesion. 

If the flake remains in place, it is well attached to the waveguide and fabrication can proceed. 

As shown in Figure 6.6, the sample is then spin-coated, and the metasurface is patterned using 

EBL. After ICP-F RIE etching of the 3R-WS₂, it is important to follow a careful wet etching 

process. The final steps, including Al and Cr etching, are also carried out using wet processes. 
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Since the fabricated pillars have a high aspect ratio, they are prone to breaking or collapsing 

under strong liquid forces. To avoid this, the samples are not subjected to N₂ blow drying or 

agitation. Instead, they are cleaned by gently dipping them step by step in the required 

solutions, as illustrated in Figure 6.6. The final fabricated device is shown in figure 6.7.  

6.3.4. Optical characterization 

The fabricated meta-waveguide devices were characterized using a reflection SHG setup, as 

described in Chapter 2. The metasurface was excited with circularly polarized light to test spin-

selective SHG modes guided along the waveguide (Figure 6.8a). To first confirm that the 

waveguide was not over-etched and could support light propagation, one grating was excited 

with a 775 nm laser, and the scattered signal was observed from the opposite grating (Figure 

6.8b). Successful transmission confirmed that the waveguide was intact and not damaged. 

Next, the ability of the waveguide to selectively couple circularly polarized light and guide it 

in different directions was tested, as shown in Figure 6.8c-f. The metasurface demonstrated 

clear spin selectivity for the fundamental beam under circularly polarized excitation at 775 nm. 

 

Figure 6.8 | Spin-selective coupling and guiding in the meta-waveguide device. a, 

Schematic of the expected spin-selective guided modes. b, CMOS image showing light coupled 

into the waveguide and guided from the left scattering grating to the right, confirming that the 

waveguide is intact. c,d, Metasurface excitation with LCP light, showing guided modes 

propagating toward the left scattering grating. e,f, Metasurface excitation with RCP light, 

showing guided modes propagating toward the right scattering grating. 

The experimental results demonstrate the feasibility of helicity-dependent directional coupling 

in the fabricated 3R-WS₂ metasurface-integrated Si₃N₄ waveguide, providing an initial 

validation of the proposed spin-selective coupling mechanism. However, the second-harmonic 
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generation and guided-mode signals remain relatively weak in the current device, indicating 

that further optimisation is required to improve the overall nonlinear optical performance and 

coupling efficiency. In particular, improving the quality and uniformity of the fabricated 

metasurface structures, optimising their alignment and optical coupling with the underlying 

waveguide, and refining the excitation and collection conditions may help enhance the 

generated and guided optical signals. Therefore, the present work should be regarded as an 

exploratory proof-of-concept demonstration of the proposed meta-waveguide platform, rather 

than a fully optimised nonlinear photonic device. Further experimental investigation and device 

optimisation will be necessary to achieve more efficient SHG generation and directional 

coupling for practical integrated photonic and optoelectronic applications.  

Beyond second-harmonic generation, the nonlinear meta-waveguide concept offers 

opportunities for investigating SPDC and integrated photon-pair generation using non-

centrosymmetric 3R-phase TMDCs. Preliminary device development has also been explored 

using 3R-MoS₂ metasurface-integrated waveguide structures, with the aim of exploiting the 

material's second-order nonlinear response for guided photon-pair generation. However, 

experimental SPDC emission and photon-pair correlations have not been established as part of 

the work presented in this thesis. Further device fabrication, optical optimisation and quantum-

optical characterisation will therefore be required to evaluate the feasibility of this approach 

for integrated quantum light sources. 
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7. Conclusion and Future works. 

This dissertation explored different ways of light-matter interaction, mainly through 

polaritonics and nonlinear photonics to achieve light manipulation in ultra confined devices.   

The main focus was to develop engineered low dimensional, anisotropic material platforms to 

control the generation, propagation, and routing of optical signals at the nanoscale. The work 

presented here addresses several important challenges in nanophotonics, with a particular focus 

on controllable sub diffraction light propagation. 

In the first part of this thesis, ghost hyperbolic phonon polaritons in calcite were investigated 

as a platform for long-range and directional mid-infrared light transport. We proposed a design 

strategy to engineer nano- and microstructures to selectively excite modes, preserving energy 

to couple to a single mode and enabling directional, long-range propagation. Although this was 

demonstrated for calcite and g-HPs, the method can be applied to any hyperbolic medium. 

Directionality, especially, is extremely important for many applications, and instead of relying 

on complex nanoscale structuring or techniques such as creating twisted layered structures, the 

proposed technique can be used to control and manipulate polariton systems. Since PhPs have 

long lifetimes and operate in the mid-IR, where many biological and other organic molecules 

have resonances, they can be used for biosensing applications. Since the propagation speed is 

considerably lower than that of other polaritons, this allows biological molecules to interact 

with light and produce effects that can be detected. Most importantly, in compact and ultrathin 

devices, surface phonon polariton assisted heat transfer is much more efficient and useful. 

Designing heat sources and heat sinks along desired pathways through structural engineering 

techniques we proposed and controlling these polaritons in a directional manner can be 

extremely useful for applications.  

The thesis then extended the study of guided polaritons into the visible and near-IR regimes by 

investigating exciton polaritons in suspended monolayer WSe₂. Realizing guided modes in a 

true monolayer is extremely challenging due to the material's atomic thickness, weak optical 

confinement, and strong sensitivity to the surrounding dielectric environment. By using a 

suspended geometry, this work created a symmetric air-cladding condition that enabled the 

direct observation of guided exciton polaritons in a real spacer. Near-field imaging revealed 

clear interference fringes in the suspended monolayer region, while control regions without the 

suspended WSe₂ did not show comparable features. This confirmed the critical role of the free-

standing geometry in supporting guided exciton-polariton propagation. The observation of 
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these modes in a monolayer platform is an important step toward ultrathin polaritonic 

waveguides and compact photonic devices based on atomically thin semiconductors. 

Another key contribution of this thesis is the investigation of interaction-induced topological 

polaritons. Instead of relying on a photonic structure that is already designed to be topologically 

non-trivial, this work explores a different concept in which topology emerges from strong 

light–matter interaction itself. In this approach, the initial photonic structure is topologically 

trivial, and the non-trivial polaritonic phase is generated through coupling with material 

excitations. This provides a fundamentally different way of thinking about topological 

photonics, where topological behavior is not fixed solely by the geometry of the fabricated 

structure but can, in principle, be tuned by the strength and nature of the light-matter 

interaction. Such a platform offers a promising route toward reconfigurable topological 

photonic systems, in which external controls, such as strain, gating, optical pumping, or 

material tuning, can modify the polaritonic band structure after fabrication. 

The final part of the thesis focused on nonlinear light-matter interactions in integrated van der 

Waals photonic platforms. In particular, this thesis developed a spin-selective second-harmonic 

generation platform based on 3R-WS₂ metasurfaces, combining the material's strong nonlinear 

response with valley dependent optical selection rules and directional coupling into guided 

modes. The non centrosymmetric 3R phase of WS₂ plays a key role by enabling strong second-

order nonlinear generation, while the metasurface and waveguide geometry provide control 

over both the polarization and propagation direction of the generated second-harmonic signal. 

This shows how material symmetry and photonic design can work together to create a compact 

platform for controlled nonlinear light generation and routing. This work demonstrates a 

pathway toward on-chip generation and routing of chiral nonlinear optical signals, which is 

important for future valleytronic, optoelectronic, and quantum photonic devices.  

Overall, this thesis shows that low dimensional materials and anisotropic crystals can provide 

highly versatile platforms for controlling light at deeply subwavelength scales. The studies 

presented here connect several areas that are often treated separately: hyperbolic phonon 

polaritons, guided exciton polaritons, topological polaritons, and nonlinear meta-waveguide 

systems. A common theme across all these works is that strong light–matter interaction can be 

shaped not only by material properties but also by geometry, boundary conditions, excitation 

configuration, and the photonic environment. By carefully engineering these factors, it 

becomes possible to control how optical energy is launched, confined, guided, converted, and 

routed. In conclusion, this thesis advances the development of nanoscale photonic and 
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optoelectronic systems by showing how polaritonic and nonlinear optical effects can be 

controlled in compact material platforms. Improvements in fabrication, loss reduction, and 

active tuning need to be explored.  The work presented in this thesis provides a strong 

foundation for developing multifunctional photonic systems based on engineered light-matter 

interactions. 


	,𝜀-⊥.=,𝜀-∞,1.,1+,,𝜔-𝐿𝑂,1-2.−,𝜔-𝑇𝑂,1-2.-,𝜔-𝑇𝑂,1-2.−,𝜔-2.−𝑖𝜔,Γ-1..+,,𝜔-𝐿𝑂,2-2.−,𝜔-𝑇𝑂,2-2.-,𝜔-𝑇𝑂,2-2.−,𝜔-2.−𝑖𝜔,Γ-2...
	The optic axis is initially aligned along the y-axis and subsequently rotated about the x-axis by 𝜃=,23.3- . consistent with the experimental geometry.
	Figure 3.4 | Polariton parameters and asymmetric excitation scheme. a, Schematic of the four polariton branches of polaritons U+ (upper positive), U- (upper negative), L+ (lower positive), L- (lower negative) together with the propagation direction an...


    E  z


    q  d  


  Ω


  n Ω


  n ≥ 2


      𝜀 ˉ ˉ =  (      𝜀 ⊥  0  0   0    𝜀 ∥  0   0  0    𝜀 ⊥ )


    𝜀 ∥


    𝜀 ⊥


    𝜀 ⊥ ⋅   𝜀 ∥ < 0


    𝜀 ∥


    𝜀 ⊥


  𝜃 =   23 . 3 °


  𝜃 =  90 °


    𝜖 ⊥


    𝜖 ∥


  𝜃 =   23 . 3 °


  𝜃 =   23 . 3 °


  𝜃 =  90 °


  𝜃 =   23 . 3 °


  𝜃 =   48 . 5 °


  𝜃 =  90 °


  𝜃 =   23 . 3 °


  𝜃 =   48 . 5 °


  𝜃 =  90 °


  𝜃 =  90 °


  𝜃 =   23 . 3 °


  z < 0


  z ≥ 0


  𝜃


    𝜀 ̿ =   R  x  ( − 𝜃 ) ∙  (      𝜀 ⊥  0  0   0    𝜀 ∥  0   0  0    𝜀 ⊥ ) ∙   R  x  ( 𝜃 ) ,    


    R  x ( 𝜃 )


    𝜀 ̿ =  (      𝜀 ⊥  0  0   0    𝜀 ∥    cos 2 ⁡  𝜃 +   𝜀 ⊥    sin 2 ⁡  𝜃  (   𝜀 ∥ −   𝜀 ⊥ )  sin ⁡  𝜃  cos ⁡  𝜃   0  (   𝜀 ∥ −   𝜀 ⊥ )  sin ⁡  𝜃  cos ⁡  𝜃    𝜀 ⊥    cos 2 ⁡  𝜃 +   𝜀 ∥    sin 2 ⁡  𝜃 )


  ∇ × ∇ × 𝐄 −   k 0 2     𝜀 ˉ ˉ ⋅ 𝐄 = 0


    k 0


    e  i   k → ∙   r →


    k → ×   k → ×   E → +   k 0 2   𝜀 ̿ ∙   E → = 0 .


    k →


    k → = [   k  x ,     k  y ,   k  2 z ]


    E →


   |      − k  2 z 2 −   k  y 2 +   𝜀 ⊥   k 0 2    k  x   k  y    k  2 z   k  x     k  x   k  y    − k  2 z 2 −   k  x 2 +   k 0 2 (   𝜀 ∥    cos 2 ⁡  𝜃 +   𝜀 ⊥    sin 2 ⁡  𝜃 )    k  2 z   k  y +   k 0 2 (   𝜀 ∥ −   𝜀 ⊥ )  sin ⁡  𝜃  cos ⁡  𝜃     k  2 z   k  x    k  2 z   k  y +   k 0 2 (   𝜀 ∥ −   𝜀 ⊥ )  sin ⁡  𝜃  cos ⁡  𝜃    − k  x 2 −   k  y 2 +   k 0 2 (   𝜀 ⊥    cos 2 ⁡  𝜃 +   𝜀 ∥    sin 2 ⁡  𝜃 ) |


    k  x 2 +   k  y 2 +   k  z 2 =   𝜀 ⊥   k 0 2 ,


      (   k  y  cos ⁡  𝜃 +   k  2 z  sin ⁡  𝜃 ) 2    𝜀 ⊥ +     k  x 2 +   (   k  y  sin ⁡  𝜃 −   k  2 z  cos ⁡  𝜃 ) 2    𝜀 ∥ =   k 0 2 .


      (   k  y  cos ⁡  𝜃 +   k  2 z  sin ⁡  𝜃 ) 2    𝜀 ⊥ +     k  x 2 +   (   k  y  sin ⁡  𝜃 −   k  2 z  cos ⁡  𝜃 ) 2    𝜀 ∥ =   k 0 2 .


    k  x


    k  y


    k  2 z


    k  2 z =   −   k  y (   𝜀 ∥ −   𝜀 ⊥ )  sin ⁡  𝜃  cos ⁡  𝜃 ±  ∆    𝜀 ⊥    cos 2 ⁡  𝜃 +   𝜀 ∥    sin 2 ⁡  𝜃


  ∆   =   𝜀 ⊥ [   𝜀 ∥   k  y 2 + (   𝜀 ⊥    cos 2 ⁡  𝜃 +   𝜀 ∥    sin 2 ⁡  𝜃 ) (   k  x 2 −   𝜀 ∥   k 0 2 ) ]


  ∆   < 0


    k  2 z


      k  x 2    c  x −     k  y 2    c  y = 1


  E ( 𝐫 ) ∝   e  i (   k  x x +   k  y y )


    k  x = Re (   k  x ) + i  Im (   k  x ) ,   k  y = Re (   k  y ) + i  Im (   k  y )


  E ( 𝐫 ) ∝   e  i ( Re (   k  x ) x + Re (   k  y ) y )     e  − Im (   k  x ) x     e  − Im (   k  y ) y


    L  p


  1 / e


    L  p =  1   Im (   k  x  ) 2 + Im (   k  y  ) 2


    S ^ = (  cos ⁡ ∅ ,  sin ⁡ ∅ )


  ∅


    L  p ( ∅ ) =  1  Im  (   k  x )  cos ⁡ ∅ +   Im  (   k  y )  sin ⁡ ∅


  𝜀 ( 𝜔 ) =   𝜀 ∞  ( 1 +      𝜔  L O 2 −   𝜔  T O 2    𝜔  T O 2 −   𝜔 2 − i 𝜔 Γ )


  Γ


    𝜔  T O


    𝜔  L O


   (    k  x ,    k  y )


  z > 0


      k → 1 = [   k  x ,     k  y ,     k  1 z ]


    k  1 z = i    k  x 2 +   k  y 2 −   k 0 2


    k  1 z = i    k  x 2 +   k  y 2 −   k 0 2


      E → TM ~  [ −   k  x   k  1 z ,   −   k  y   k  1 z ,     k  x 2 +   k  y 2 ]


      E → TE ~ [ −   k  y ,     k  x ,   0 ]


      E → TE ~ [ −   k  y ,     k  x ,   0 ]


      k → 2 = [   k  x ,     k  y ,     k  2 z ]


      E →  o )


      E →  o =   k  2 z = − i    k  x 2 +   k  y 2 −   𝜖 ⊥   k 0 2


  z → − ∞


      E →  e


    k  2 z


  Im  [   k  2 z ] < 0


    k  2 z


      E →  o


      E →  e


      E →  e =     k → 2 ×     k → 2 ×   E → +   k 0 2   𝜖 ̿ ∙   E → = 0 .


    E  x ,   E  y ,   E  z


  z > 0


    E →  ( z > 0 ) =   a TE     E → TE +   a TM     E → TM


  z < 0


    E →  ( z < 0 ) =   a  o     E →  o +   a  e     E →  e


    a TM


    a TE


    a  o


    a  e


   (    E  x ,    E  y ,    H  x ,    H  y )


  z = 0


  A ⋅ 𝐚 = 0


  det ⁡ ( A ) = 0


    k  x


    k  y


    a TM


    a TE


    a  o


    a  e


    𝜆 0


    


  𝜔 = 1450     c m  − 1   ,   1460     c m  − 1     a n d   1470     c m  − 1


  k


    L  p


  > 10   𝜆 0


  k


    L  p


   ( Re   k  x ,   Re   k  y ) = ( − 1 . 544   k 0 ,   − 0 . 295   k 0 )


  162 . 7   𝜇 m


   |   k  y |


    k  2 z


  Im  (   k  2 z ) < 0


   | det ⁡ ( A ) |


  𝜑 =  60 °


    𝜀 ⊥ =   𝜀  ∞ , 1  ( 1 +     𝜔  L O , 1 2 −   𝜔  T O , 1 2    𝜔  T O , 1 2 −   𝜔 2 − i 𝜔  Γ 1 +     𝜔  L O , 2 2 −   𝜔  T O , 2 2    𝜔  T O , 2 2 −   𝜔 2 − i 𝜔  Γ 2 )


    𝜀 ∥ =   𝜀  ∞ , 3  ( 1 +     𝜔  L O , 3 2 −   𝜔  T O , 3 2    𝜔  T O , 3 2 −   𝜔 2 − i 𝜔  Γ 3 )


  𝜃 =   23 . 3 °


  𝝋


   |   𝑬  𝒛 |


  𝜑 =  90 °


    𝛿  l e f t =   2 𝜋    k  p −   k 0   c o s ⁡  𝜑


    𝛿  r i g h t =   2 𝜋    k  p +   k 0   c o s ⁡  𝜑


  ±     k 0   c o s ⁡  𝜑


  ∅


  𝜑 =  60 °


  ∅


  ∅ =  0 ° )


  𝜑 =  60 °


  ∅ =  0 °


  ∅ =  30 °


  ∅ =  60 °


  ω = 1460     c m  − 1


  𝜑


   60 °


  𝛽


  𝛽 = ∣   Amplitude of the upper polariton branch  Amplitude of the lower polariton branch ∣


  𝛽


  𝛽 ≈ 1


  𝛽 > 1


  𝛽 ≫ 1


  𝛽 ≈ 1


  𝛽


    1430   c m  − 1


    1460   c m  − 1


    1490   c m  − 1


    K  e 1


    1430   c m  − 1


    M  e 1


    V  g e 1


    1490   c m  − 1


    1460   c m  − 1


    1460   c m  − 1


    l 1


    l 2


    l 3


    k  e 2


    k  e 3


      1430   c m  − 1 ,     1460   c m  − 1 ,   1490   c m  − 1


      1430   c m  − 1 ,     1460   c m  − 1 ,   1490   c m  − 1


    l 1  


    M  e 1


    l 1


    K  e 1


    k  i  


    1490   c m  − 1


  𝛿   =   𝛿 1 ,   𝛿 2 ,     𝛿 3


    l 1 ,   l 2   ,     l 3


    M  e 2


    M  e 3


    K  e 2


    K  e 3


  N = 51


  d = 0 . 04   𝜆 0


    k  x = − 1 . 604   k 0


    k  y = − 0 . 648   k 0


  1460    cm  − 1


   |   E  z |


  1460    cm  − 1


    𝜆 0


  k


  k


  k


  k


  k


  k


  k


    N 2


  9   e  − 6   T o r r


  ω = 1460    cm  − 1


  ω = 1460    cm  − 1


  𝛽


   β  d i s k =  |   0 . 113  0 . 108 | = 1 . 046


   β  r e c t a n g l e =  |     0 . 446  0 . 149 | = 2 . 99


   β  r e c t a n g l e =  |     0 . 446  0 . 149 | = 2 . 99


   β  t r i a n g l e =  |     0 . 474  0 . 109 | = 4 . 348


   β  t r i a n g l e =  |     0 . 474  0 . 109 | = 4 . 348


  𝛽 ≈ 1


   β  r e c t a n g l e = 2 . 99  


   β  t r i a n g l e = 4 . 348


  𝛽 = 4 . 348 ≫ 1


    M  1 T   ,       M  2 T   ,     M  3 T


    M  1 T


    M  2 T  


    M  3 T


    M  1 T


    M  2 T


    M  3 T


  E = A   ×     e  i ∅


  ∅


  𝜔 = 1440     c m  − 1


    𝛿 1 =    70 °


    𝛿 2 =    30 °


    l  t 1


    l  t 2


    𝛿 1


    𝛿 2


    l  t 1


    l  t 2


    l  t 2


      1430   c m  − 1 ,     1460   c m  − 1 ,   1490   c m  − 1


    l 1  


    M  e 1


    l 1


    K  e 1


    M  e 1


    k  i  


  ω = 1430    cm  − 1


    m  i


    l  t


  ω = 1430    cm  − 1


  ω = 1460    cm  − 1


    𝛿  t =  43 °


    l  t


    M  1 t


    M  2 t


  ω = 1460    cm  − 1


    M  i


    l  t


  ω = 1460    cm  − 1


    1490   c m  − 1


  𝛿   =   𝛿 1 ,   𝛿 2 ,     𝛿 3


    l 1 ,   l 2   ,     l 3


    M  e 2


    M  e 3


    l 2 ,   l 3


    K  e 2


    K  e 3


    M  e 2


    M  e 3


  ω = 1460    cm  − 1


    𝛿  t =  60 °


    l 1


    M e 1


    1430 c m  − 1


    l  t


    M  i


    1460 c m  − 1


    M  1 T


    M  2 T


   0 °


  3  0 °


   60 °


   90 °


    l  u 1


    l  u 2


  3  0 °


   60 °


   0 °


  3  0 °


   60 °


   90 °


    l  t


    M  T


    σ   = 0 °


  ×


   0 °


  3  0 °


   60 °


   90 °


  𝛽


  𝛽 ≫ 1


  N = 51


  d = 0 . 05   𝜆 0


  k


  ×


   25 °


  1 . 579   ×  10 5     m  − 1


  𝛿 =  55 °


  ×


   25 °


  1 . 44   ×  10 4     m  − 1


    𝛿 <  43 °


  ×


   25 °


  1 . 22   ×  10 4     m  − 1


    𝛿 =  43 °


  ×


   25 °


  3 . 0341   ×  10 4     m  − 1


    y  ( x ) =   y 0 + A ×   e  − d x   ×  sin ⁡   (   𝜋  ( x −   x  c )  w )      


    y 0


  A


  d


    x  c


  w


    L  p = 1 / d


  82   𝜇 m


    n 1


    n 2


    E  y =   E 0   e  ∓ q z   e  i  ( 𝛽 x − 𝜔 t )


  𝛽


  q


  𝜔


  ∓  


  R e [ q  ( 𝜔   ) ] > 0


  ∇ × 𝑬 =   − 𝜇 0   𝜕 𝑯  𝜕 t


  −   𝜕   E  y  𝜕 z 𝒊 +   𝜕   E  y  𝜕 x 𝒌 =   − 𝜇 0   𝜕 𝑯  𝜕 t


  − q   E 0   e  ∓ q z   e  i  ( 𝛽 x − 𝜔 t ) 𝒊 +   i 𝛽 E 0   e  ∓ q z   e  i  ( 𝛽 x − 𝜔 t ) 𝒌 =   − 𝜇 0   𝜕 𝑯  𝜕 t


    H  x = ∓   i q  𝜔   𝜇 0   E 0  ⅇ  ∓ q z  ⅇ  ⅈ  ( 𝛽 x − 𝜔 t )


    H  z =   𝛽  𝜔   𝜇 0   E 0  ⅇ  ∓ q z  ⅇ  ⅈ  ( 𝛽 x − 𝜔 t )


   ∇ 2 E −     n 2    c 2     𝜕 2 E  𝜕   t 2 = 0


    𝛽 2 −   q 2 =     n 2   𝜔 2    c 2


  y


    P  y  ( s ) =   𝜀 0   𝜒  ( s )   E  y


    𝜒  ( s )


    𝜒   ( s )  ( 𝜔 ) =     𝜒  r   ( s )  ( 𝜔 ) +   𝜒  i   ( s ) ( 𝜔 )


    H  x  ( + 0 ) −     H  x  ( − 0 ) =   i 𝜔   P  y  ( s )


    2 q  𝜔   𝜇 0 = 𝜔   𝜀 0   𝜒   ( s )


  q ( 𝜔 ) =     𝜔 2   𝜒   ( s )  2   c 2


    𝜒   ( s ) ( 𝜔 ) =     𝛼  max c n  𝜔 ⋅   𝛾 / 2    𝜔 0 − 𝜔 − i 𝛾 / 2


    𝛼  max


  𝛾


    𝜔 0


  R e [ q  ( 𝜔   ) ] > 0


  𝜔 <     𝜔 0


  q ( 𝜔 )


  𝛽 ( 𝜔 ) ≈   n 𝜔  c  [ 1 +     (   𝜔   𝜒   ( s )  2 n c ) 2 ]


  𝛽 ( 𝜔 )


    𝜔 0


    L  p


    W  e f f


    𝛼  m a x


    𝜒   ( s ) ( 𝜔 ) =     𝛼  m a x c n  𝜔     𝛾 2    𝜔 0 − 𝜔 − ⅈ   𝛾 2


    𝛼  m a x


  q  ( 𝜔 ) =   n 𝜔  c     𝛼  m a x 𝛾 4  1    𝜔 0 − 𝜔 − ⅈ   𝛾 2


  𝛽 =   n 𝜔  c  [ 1 +     𝛼  m a x 2 ⋅   𝛾 2 32    (    (   𝜔  A − 𝜔 ) + ⅈ 𝛾 / 2     (   𝜔  A − 𝜔 ) 2 +   𝛾 2 ∕ 4 ) 2 ]


    W S e 2


    U  ′ ′


    U ′


    L  ′ ′


    L ′


    W  E P  ′ ′


    W  E P ′


    G  E P  ′ ′


    G  E P ′


    W S e 2


    𝜒   ( s ) ( 𝜔 )


    𝜒   ( s ) ( 𝜔 )


  q ( 𝜔 )


    L  p


    L  p =  1  2  Im ( 𝛽 )


    L  p


  𝛽


  I ( x )  e  − 2 Im ( β ) x


  E ( x )  e  − x / ( 2   L  p )


    W  eff


    W  eff =  1  Re ( q )


  Δ n =   n 1 −   n 2 <     𝛼  max  2 n ⋅     𝛾 2   (   𝜔 0 − 𝜔  ) 2 +   𝛾 2 / 4


    n 1


    n 2


  ∆ n  


    W S e 2


    P  y


    𝜆  p


    E  y


  d ,   d ′


    E 1


    E 2


    q  p


    E 1


    E 2


    k 0


  r = 2 . 5 µ m


    l 1


    l 2


    E 1


    E 2


    𝛫 1


    𝛫 2


    E 0


    E 3


  𝜃


  𝜑


    q  p


    d ′


   45 °


  d


  d = 0 . 4 ,   0 . 8 ,   1 . 2 ,   1 . 6


  2   µ m


    E 1


    E 2


    E 1


    E 2


    l 1


    l 2


    E 1


    E 2


   Φ 1 =   q  p   l 1 +   k 0 cos ⁡ ( 𝛼 )     l 1 cos ⁡ ( 𝜙 )
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    q  p  sin ⁡  ( 𝜃 − 𝜑 ) =   k 0  sin ⁡  ( 𝜃 )  cos ⁡  ( 𝛼 )
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    𝛷  edge = a r g ⁡  (   A 1   e  i   𝛷 1 +     A 2   e  i   𝛷 2 )
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  𝜅 =  1  2   L  p ( 𝜔 )
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   Φ  t o t a l )
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   ⟨ d ,    d ′ ⟩


   Φ  total ≈ ( r − d )  (   q  p +   k 0 cos ⁡ ( 𝛼 ) )
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  d


  2 𝜋


  𝜌


  𝜌 =     𝜆  p  1 +     𝜆  p    𝜆 0 cos ⁡ ( 𝛼 )


    𝜆  p =   𝜌     𝜆 0    𝜆 0 − 𝜌 cos ⁡ ( 𝛼 )  


    𝜆 0


  𝜌


    𝜆  p


  𝛽 =   2 𝜋    𝜆  p


    k  p =   2 𝜋  𝜌 −     k 0  cos ⁡  ( 𝛼 )  


  𝜌


  𝛼


    𝜎    k  p =     (   2 𝜋   𝜎  p    𝜌 2 ) 2 +   (   k 0  sin ⁡  𝛼   𝜎  𝛼 ) 2
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  E = 1 . 675   ,   1 . 653 ,   1 . 642  


  1 . 610   e V


    d ′ = 0


  𝜌


  ∇ ×  (  1    𝜇 0 ∇ × E ( r ) ) =   𝜔 2 𝜀 ( r ) E ( r )


  𝜀 ( r ) = 𝜀 ( r + R ) ,


   E  n , k ( r ) =   e  i k ⋅ r  u  n , k ( r ) ,


  k


  n


   u  n , k ( r )


  𝜔 =   𝜔  n ( k )


      𝜀  L ^ =  {    0 ,     z < 0 ,   z >   L 2 ,     𝜀 ^ −   𝜀 0 , 0 < z <   L 1 ,   ;       𝜀  U ^ =  {      𝜀 ^ −   𝜀 0 ,           L 1 <   z <   L 2 ,   0 ,     z >   L 2 ,   z <   L 1 ,


    𝜀 0


    E  y ( x , z ) =  ℰ 1 ( z )   e  i k x ,


   ℰ 1 ( z ) ∝  {    cos ⁡  [   k  z ( z −   L 1 / 2 ) ] ,  even modes   sin ⁡  [   k  z ( z −   L 1 / 2 ) ] ,  odd modes


   | z | <     L 1


    k  z =    k  x 2 −   k 0 2 𝜀  


   ℰ 1 ( z < 0 ) ∝   e  −    k 0 2   𝜀 0 −   k  x 2   ∣ z ∣


   ℰ 1 ( z >   L 1 ) ∝   e  −    k 0 2   𝜀 0 −   k  x 2   ∣ z ∣ −   L 1


  z = 0


  z =   L 1


  𝜔 (   k  x )


  Γ


    𝜔 1 ± ( ± (   k  x + ∆   k  x ) ) ≈   𝜔 1 0 ±   v 1 ∆   k  x
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    𝜀 2 ( x , z ) =   𝜀 0 +     𝜀 ^  U ( z ) +   𝜀  d ( x , z )


    𝜀  d ( x , z )


  Λ


    𝜀  d   ( − l ) ( z ) =   𝜀  d   ( l )


  𝜀 ( x , z ) =   𝜀  av ( z ) +   ∑  l ≠ 0    𝜀   ( l ) ( z )   e  − i   2 𝜋 Λ l x ,


  k → k ± 2 𝜋 / Λ


  Γ


      H ^ 0 =  (      𝜔 0 + M +   𝛽 1   k 2    v  D k     v  D k    𝜔 0 + i   𝛾  r − ( M +   𝛽 2   k 2 ) )
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    v  D k


   h  s


   h  g
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  𝛿


  𝜒


  a = 55  nm ⋅ ( 𝜒 − 1 ) + 2965  nm


  f = 0 . 06 ⋅ ( 𝜒 − 1 ) + 0 . 5


    l  1 , 2 = − a / 4 ± 𝛿


  M = M ( 𝜒 )


  m ( 𝜒 ) = M +   𝛽  1 , 2   k 2


    k 2


    𝛽  1 , 2


    𝛽 1 ,   𝛽 2 > 0


  M


  k = 0


  M > 0 →  trivial phase


  M < 0 →  band inversion


  M < 0 →  band inversion
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  k = 0


  C = ±   sgn ( M ) − sgn (   𝛽  1 , 2 ) 2


  C = 0
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  C = ± 1
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  𝜀 ( 𝜔 ) =   𝜀 ∞     𝜔 2 −   𝜔  L 2    𝜔 2 −   𝜔  T 2 ,


    𝜔  T


    𝜔  L


    𝜔 ± ( k ) =  1 2  [   𝜔  ph ( k ) +   𝜔  p ±  (   𝜔  ph ( k ) −   𝜔  p  ) 2 + 4   q 2 ]


    𝜔  ph


    𝜔  mat


      H ^ 3 =  (        H ^ 0    Q ^       Q ^ †    𝜔  p + i   𝛾  p )


      H ^ 0


    𝜔  p


    𝛾  p


      Q ^ † = ( 0      q )


      H ^  RM =  (      𝜀  s − 2   t  s s cos ⁡ ( k a ) + i   𝛾  r  − 2 i   t  s p sin ⁡ ( k a )   2 i   t  s p sin ⁡ ( k a )    𝜀  p − 2   t  p p cos ⁡ ( k a ) )


    𝜀  s , p =   𝜔 0 ± M ∓   2 𝛽    a 2 ,   t  s s , p p = ±   𝛽    a 2   a n d     t  s p = −   i   v  D  2 a .


  ∣   𝛽 1 −   𝛽 2 ∣ ≪ 𝛽


  𝛽 =     𝛽 1 +   𝛽 2 2 .
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   χ 1 = 2 . 5


   χ 2 = 0 . 5
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  7 . 3   𝜇 m
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    𝜒 2 = 0 . 5
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   10 6   m . H z
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   h  h B N


    𝜔  p


    X 1 = 2 . 5


    X 2 = 0 . 5


   h  g +  h  s = 2 . 7   𝜇 m  


   h  s = 0 . 6   𝜇 m


   h  s = 2 . 1   𝜇 m


  M (   X 1 ) > 0


  M (   X 2 ) > 0


  M > 0 → M < 0


  Γ


  M > 0


  C = 0


  M < 0


  C = ± 1


  ∼   e  − 𝜅 ∣ x ∣


    𝜔 ± =     𝜔 0 +   𝜔  p 2 ±     (     𝜔 0 −   𝜔  p 2 ) 2 +     q 2 2


    𝜅 ± = −   M +   𝜔 0 −   𝜔 ±    v  D .
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    𝛾  r
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  M ≥ 180   𝜇 m


  m ≥ M


   300 ° C


   150 ° C


   SF 6   :    CHF 3   : Ar  


  70   μ m × 5   μ m


  𝜆 = 7025   nm


  70   μ m × 5   μ m


  𝜆 = 7025   nm


  THz


  THz


  𝜆 = 7025   nm


  70   μ m × 5   μ m


  𝜂 ( x , 𝜆 )


  𝜂 ( x , 𝜆 ) =   I   ( x , 𝜆 )     〈 I   ( x , 𝜆 ) 〉  x


  I   ( x , 𝜆 )


  𝜆


     〈 I   ( x , 𝜆 ) 〉  x
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  I   ∝   S 2 2


  q ∝   h hBN


    k  z  h hBN ≪ 1


  ∼ 15


  ∼ 110


    k  z  h hBN ∼ 1


    𝜀 ∥ < 0


    𝜀 ⊥ > 0


    k  z ≈  |   𝜀 ∥ | /   𝜀 ⊥     k ∥ ≈ ( 1 . 0 − 1 . 2 )     k ∥


  1400    cm  − 1


  ∼ 600   nm


  ∼ 3   μ m


    k ∥ ∼ 2 − 10   μ  m  − 1


   h hBN ∼ 100 − 500   nm
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  I ( A ) / I ( B )


  I ( A ) / I ( B )


  𝜆 = 7025   nm


  I ∝      | E | 2


   | E |
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    I  d ( f ) =   I  bg , d ( f ) +   ∑  j ​    A  j , d  [   (   q  j , d +   𝛿  j , d  ) 2  1 +   𝛿  j , d 2 − 1 ]   ,


  d ∈ { A , B , C }


    I  bg , d ( f )


    A  j , d


    q  j , d


    𝛿  j , d = ( f −   f  0 , j , d ) /   𝛾  j , d


    f  0 , j , d
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  j ∈ { 1 , 2 , 3 }
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    𝛿  j , d =   𝛿  j
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  ∼ 0 . 4


        𝜎 + ↔ K ,   𝜎 − ↔   K ′  


  2 𝜔


        𝐏   ( 2 ) ( 2 𝜔 ) =   𝜀 0   𝜒   ( 2 ) : 𝐄 ( 𝜔 ) 𝐄 ( 𝜔 )  


    𝜒   ( 2 )


  E ( 𝜔 )


    𝜒   ( 2 )


    𝜒   ( 2 ) ≠ 0


      ⟨   𝜓  c ∣     P ^ ± ∣   𝜓  j ⟩ ⟨   𝜓  j ∣     P ^ ± ∣   𝜓  v ⟩  


      𝜙 = 2 𝜎 𝜃  


        k  G =   d Φ  d x  


        k  G ≈   𝛽  w g  


        𝛽  w g =   n  e f f   k 0  


    n  e f f


    k 0


        𝜎 + → +   k  G ,   𝜎 − → −   k  G  


        k  G =   d Φ  d x  


        k  G =   n  e f f   k 0  


    n  e f f


    k 0


      Φ = ± 2 𝜃  


        k  G ≈   2 𝜃  p  
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