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Abstract 

Multifunctional Fiber Devices Enabled by Metasurface and Graphene 

by Yue Wang 

For the degree of Doctor of Philosophy 

At the Hong Kong Polytechnic University in May 2025 

Supervised by Professor Changyuan Yu 

Optical fibers, serving as the backbone of modern telecommunication and sensing 

systems, have long been constrained by their intrinsic functional limitations. 

Conventional optical fibers relying on total internal reflection mechanisms 

fundamentally lack dynamic light-field manipulation capabilities at subwavelength 

scales, restricting their applications to passive light-guiding roles. This functional 

limitation seriously contrasts with the growing demand for integrated optical systems 

in emerging fields such as smart optical networks, miniaturized biosensors, and 

quantum photonic circuits. Emerging nanophotonic platforms, particularly metasurface 

and two-dimensional (2D) materials, offer transformative solutions to these challenges. 

Metasurface, comprising subwavelength nanostructured arrays, enable unprecedented 

control over electromagnetic wavefronts through localized phase engineering. 

Meanwhile, 2D materials like graphene exhibit exceptional optoelectronic tunability 

from strong light-matter interactions and gate-voltage-dependent optical responses. By 

synergistically integrating these nanotechnologies with optical fibers, we propose a new 

meta-fiber platform toward multifunctional fiber devices for compact and active 

communication and sensing systems. 

This dissertation establishes the feasibility of the meta-fiber platform through the 

development of three functional fiber devices: two fiber-tip-integrated metasurface 
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devices and one tunable D-shaped fiber polarizer exploiting graphene-light interactions. 

Chapter 3 introduces a complete fabrication framework for metasurface integration on 

optical fiber tips, demonstrating a flat-band plasmonic quasi-BIC metasurface that 

couples efficiently with fiber propagation modes. By precisely controlling symmetry-

breaking parameters, we achieve a high-Q and ultra-sensitive fiber sensor with real-

time refractive index resolution of 1.7×10-4 RIU. Chapter 4 implements the established 

framework to fabricate a fiber-integrated metalens exhibiting exceptional circular 

dichroism, experimentally enabling polarization-modulated all-optical switching in 2 

Gbps PAM4 systems with >20 dB extinction ratio. Chapter 5 is a proof-of-concept 

electro-optically tunable D-shaped fiber polarization filter exploiting hybrid graphene-

gold plasmonic interactions. The phase-matching condition between the fiber's 

fundamental mode and gold grating-induced surface plasmon resonance (SPR) can be 

tuned via graphene chemical potential modulation, achieving continuous spectral 

tuning across C-band (1530-1565 nm) and O-band (1260-1360 nm) with ~30 dB 

extinction. Collectively, these advances bridge nanophotonic functionalities with fiber-

optic architectures, presenting their scalable applications in optical sensing, high-speed 

communications, and tunable optical systems. 
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Chapter 1  Introduction 

The relentless pursuit of miniaturized, high-performance optical systems has catalyzed 

the emergence of meta-fiber devices, which integrate metasurfaces or graphene onto 

optical fibers to overcome inherent limitations of conventional free-space 

configurations. This chapter introduces the motivation and conceptual framework for 

meta-fiber technologies while addressing critical challenges in fabrication precision, 

mode confinement, and modal mismatch. Strategies to integrate planar nanophotonics 

with fiber-optic platforms are outlined, enabling compact, alignment-free devices for 

applications such as sensing, communication, and signal processing. Subsequent 

sections systematically analyze these challenges, present innovative solutions, and 

demonstrate experimental validations that seamlessly integrate metasurface 

functionalities with fiber-optic architectures, thereby laying the groundwork for next-

generation integrated optical systems. 
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1.1 Meta-fiber devices: motivation and concept 

The advancement of nanofabrication technologies has catalyzed an exponential surge 

in demand for optical devices that simultaneously deliver high performance and 

miniaturized configurations [1-3]. While conventional optical systems face inherent 

limitations in volume reduction, weight minimization, and functional integration, 

emerging applications, including spanning high-speed optical interconnects [4] and 

minimally invasive biomedical diagnostics [5], impose stringent requirements on the 

revolution of optical devices. Metasurfaces, as artificially engineered arrays of 

subwavelength meta-atoms, have revolutionized light-matter interactions by enabling 

unprecedented manipulation of electromagnetic wavefronts through precise control of 

phase, amplitude, and polarization profiles. Metasurfaces have demonstrated diverse 

applications ranging from advanced beam shaping [6-9], high-capacity optical 

communications [10, 11] to quantum computing architectures [12, 13]. 

Despite these significant advances, current metasurface implementations 

predominantly rely on free-space optical configurations requiring stringent alignment 

tolerances and complex, precise optical systems. These inherent limitations pose 

challenges for practical system integration and application. To address these challenges, 

we propose meta-fiber devices that epitomize the emerging "lab-on-fiber" paradigm [14] 

through integrating metasurfaces or two-dimensional materials (e.g., graphene) on 

optical fiber platforms. The meta-fiber devices [15] synergistically combine the unique 

advantages of optical fibers, including inherent mechanical flexibility, telecom-

standard compatibility, and plug-and-play connectivity, with the unprecedented light 

manipulation capabilities of metasurfaces and the exceptional optoelectronic properties 

of graphene. The proposed meta-fiber devices enable transforming conventional 
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passive devices into multifunctional active systems capable of on-fiber sensing, 

integrated signal processing, and multifunctional light manipulation. 

Recent pioneering studies have preliminarily validated the concept through fiber-

integrated devices performing beam steering, all-optical signal modulation, ultra-

compact endoscopy, and broadband fiber polarizer, as systematically illustrated in 

Figure 1-1. These breakthroughs establish meta-fiber hybrid systems as pivotal 

components in advancing next-generation integrated optical systems, addressing the 

critical demand for monolithic compatibility between nanophotonic planar optics and 

fiber-based waveguide architectures. 

 

Figure 1-1 Fiber-integrated metasurface devices. (a) A single-mode fiber-integrated metasurface 

for beam steering and coupling[16]. (b) Schematic of a fiber-tip metasurface for all-optical signal 

modulation based on coherent absorption[17]. (c) Schematic and photographic image of the nano-

optic endoscope and endoscopic imaging of ex vivo human lung resections[18]. (d) A broadband 

graphene polarizer based on D-shaped single-mode fiber[19].  
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However, the advancement of meta-fiber devices faces significant challenges that 

hinder their progress. The first obstacle arises from fabrication complexities associated 

with the unconventional geometry of optical fibers. Their submillimeter-scale diameter 

and high aspect ratios fundamentally conflict with standard planar nanofabrication 

protocols optimized for wafer-scale substrates. Thus, a precise fabrication flow for 

meta-fiber devices is necessary. A recent review[20] systematically categorizes current 

approaches into three paradigms: Top-down methods (e.g., Focused ion beam (FIB) 

milling, chemical etching, etc.), Bottom-up techniques (e.g., 3D direct laser writing), 

and material transfer. While these established methods enable the realization of 

multifunctional passive and active fiber-integrated devices, most of them inherently 

impose significant process complexity characterized by multistep fabrication sequences 

and stringent alignment requirements. 

The second fundamental constraint arises from the limited mode confinement in 

optical fibers. Single-mode fibers (SMFs) demonstrate a characteristic mode field 

diameter (MFD) of ~10 μm at 1550 nm wavelength, imposing severe restrictions on 

their potential for multifunctional metasurface integration. This limitation originates 

from the requirement of numerous individual meta-atoms to construct intricate phase 

profiles. To overcome this spatial limitation, recent studies have adopted techniques 

such as 3D direct laser writing for fabricating a hollow tower (height ~50 μm) on fiber 

facets to enable beam expansion[21, 22], along with thermal fusion processing to insert 

multimode fiber (MMF) segments between SMFs and metasurfaces for equivalent 

beam expansion purposes [23]. Although these approaches demonstrate functional 

efficacy, they simultaneously introduce non-trivial fabrication complexities, 

particularly regarding sub-micron alignment precision and thermal deformation control 

during MMF-SMF splicing. 
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The third critical challenge originates from the inherent mode-mismatch between 

SMF fundamental modes and metasurface resonant modes. Guided modes in SMFs 

exhibit Gaussian-like intensity profiles with finite angular spectra (typical divergence 

angle θ ≈ 5-8° at 1550 nm wavelength), fundamentally differing from the plane-

wave excitation conditions required for angle-sensitive metasurface resonances. This 

fundamental limitation leads to significant performance degradation in meta-fiber 

devices, particularly for fiber-tip sensors demanding high-quality (Q) resonances, 

where mode mismatch induces linewidth broadening that compromises detection 

accuracy. 

This thesis systematically addresses the aforementioned challenges with the concept 

and objectives shown in Figure 1-2. The light-matter interaction mechanisms in fiber-

integrated metasurfaces or graphene are investigated via two integration strategies. For 

fiber-tip integration, a standardized FIB lithography process was developed to directly 

fabricate subwavelength metasurfaces on optical fiber substrates, achieving <10 nm 

structural precision while eliminating alignment errors and multi-step fabrication 

complexities inherent to conventional methods. Utilizing this platform, two functional 

devices were realized. The first is an ultrasensitive quasi-bound states in the continuum 

(BIC) metasurface fiber sensor. The proposed flat-band quasi-BIC resonance 

mechanism enables efficient coupling with the fundamental fiber mode, thereby 

addressing the spectral broadening issue caused by wavevector divergence angles. 

Experimental characterization confirms that the optimized flat-band quasi-BIC fiber 

sensor achieves both high Q-factor performance and ultrahigh sensitivity. The second 

device comprises a chiral metalens directly integrated onto a large-mode-area photonic 

crystal fiber (LMA-PCF) specifically selected for its 25 μm mode field diameter. 

Optical characterization reveals a focused beam diameter of 2.65 μm with exceptional 
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polarization selectivity, demonstrating an LCP to RCP extinction ratio exceeding 20 dB. 

The fabricated fiber chiral metalens is connected with a high-speed 4-level pulse 

amplitude modulation (PAM4) communication system for a polarization-modulated 

optical switch. For fiber-side integration, we developed a tunable D-shaped fiber 

polarizer incorporating hybrid gold-grating/graphene nanostructures. Systematic 

investigations of the mode-coupling mechanism between surface plasmon resonance 

(SPR) modes excited by the gold grating and SMF fundamental modes were conducted. 

This fiber-side integration platform demonstrates exceptional potential for achieving 

extended light-matter interaction lengths critical for high-performance optical devices. 

These meta-fiber devices preserve the intrinsic advantages of mechanical flexibility, 

low transmission loss, and alignment-free operation in optical fibers, while unlocking 

advanced functionalities previously unattainable in conventional fiber-optic systems. 

Our work establishes a foundational framework for transitioning metasurface 

technologies from laboratory-scale demonstrations to integrated optical applications. 

 

Figure 1-2 The thesis aims to study the light-matter interaction of the fiber-integrated platform 

combining multifunctional metasurface or graphene to realize compact and active optical devices. 

(a) fiber-tip integrated metasurface and (b) fiber-side integrated graphene illustrate two main 

integrated methods. 
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1.2 Thesis outline 

The integration of optical fibers with metasurfaces creates a synergistic platform that 

combines the unparalleled wavefront manipulation capabilities of metasurfaces with 

the inherent advantages of optical fibers, including compact footprint and alignment-

free operation. This thesis systematically investigates light-matter interaction 

mechanisms of the meta-fiber platform and experimentally demonstrates three 

advanced meta-fiber devices targeting distinct functionalities. 

Chapter 1 establishes the research framework by methodically presenting the 

motivation, technical challenges, and specific objectives. Three fundamental 

limitations constraining the advancement of meta-fiber devices are rigorously 

characterized, with corresponding solutions systematically engineered and validated in 

subsequent chapters. 

Chapter 2 states metasurface modulation principles and their practical applications. 

A focused technical review is conducted on emerging meta-fiber integration 

architectures and graphene-empowered tunable fiber devices, thereby laying the 

theoretical foundation for the device innovations systematically demonstrated in 

Chapters 3–5. 

Chapter 3 systematically demonstrates the fiber-tip metasurface fabrication process, 

incorporating optimized FIB etching parameters. By leveraging this advanced 

fabrication protocol, we demonstrate a meta-fiber sensor employing symmetry-

protected BIC to achieve high-Q-factor resonances for refractive index sensing 

applications. The designed metasurface enables ultrasensitive refractive index detection 

(529.1 nm/RIU) while retaining the intrinsic advantages of optical fibers: low-loss 

signal transmission and plug-and-play compatibility with optical systems. 
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Chapter 4 presents a fiber-integrated metalens fabricated through the established 

fiber-tip metasurface fabrication flow. Leveraging planar chiral meta-atoms, the device 

achieves exceptional circular dichroism, exhibiting a high LCP to RCP light intensity 

ratio across the C-communication band. The chiral metalens enables experimental 

demonstration of a polarization-modulated all-optical switch system. System-level 

characterization in a 2 Gbps PAM4 optical communication testbed reveals a switching 

response time of ~500 μs and polarization extinction ratio exceeding 20 dB. 

Chapter 5 is a proof-of-concept of the dynamic tunability of fiber-optic devices 

through the integration of graphene and gold grating structures. We propose a tunable 

D-shaped fiber polarizer where the strong coupling between the fiber fundamental 

mode and SPR is actively modulated via graphene's chemical potential. This tunable 

interaction enables continuous wavelength-selective filtering, with the device's optimal 

operational wavelength dynamically spanning the entire C-communication and O-

communication band. This work establishes a robust platform for on-chip tunable 

optical devices. 

Chapter 6 synthesizes the dissertation's contributions while critically evaluating 

persistent challenges and emerging opportunities in fiber-integrated metasurfaces.  
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Figure 1-3 Schematic overview of the thesis outline.   
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Chapter 2  Fundamental Principles and Review 

This chapter systematically examines the foundational principles underlying optical 

fibers, metasurface, and graphene-enabled tunability. The analysis begins with the 

essential characteristics of optical fibers, focusing on Gaussian beam output profiles, 

mode field diameter quantification, and guided-mode propagation mechanics. Then, we 

subsequently investigate metasurface modulation strategies, particularly phase-

engineered wavefront manipulation and bound states in the continuum (BIC) enhanced 

meta-devices, emphasizing their transformative applications in high-performance 

devices and systems. The discussion further extends to emerging hybrid systems 

integrating low-dimensional materials with fiber platforms. Special attention is given 

to graphene-enabled dynamic tunability mechanisms, where chemical potential 

modulation via electrostatic gating enables real-time reconfiguration of light-matter 

interactions. Collectively, these theoretical foundations and practical applications 

provide a rigorous foundation for subsequent chapters, establishing both the physical 

principles and technological viability of next-generation integrated optical systems. 
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2.1 Basic Properties of Optical Fiber 

Optical fibers, functioning as the backbone of modern telecommunication and 

sensing systems, have undergone revolutionary development since Kao's seminal 

discovery that ultrapure silica purification enables unprecedented attenuation reduction 

in optical waveguides [24]. This breakthrough achieved fiber losses below 0.3 dB/km, 

meeting the critical threshold for practical long-distance photonic networks. 

Conventional fibers relying on total internal reflection (TIR) mechanisms intrinsically 

lack dynamic light-field manipulation capabilities at subwavelength scales, restricting 

their functionality to passive light-guiding roles. Nevertheless, their unique advantages, 

including exceptional mechanical flexibility, enhanced light confinement through 

refractive index contrast (Δn), and low-loss long-haul transmission capabilities, remain 

indispensable for foundational optical architectures. As schematically depicted in 

Figure 2-1, a standard SMF comprises three stratified layers: a germanium-doped silica 

core exhibiting a higher refractive index (n1) than the pure silica cladding (n2), 

satisfying the TIR condition Δn = n1 – n2 > 0, a cladding layer defining the waveguide 

geometry; and a protective polymer coating protecting the fragile internal fiber and 

minimizing external perturbations. 

 

Figure 2-1 Schematic of standard SMF. 
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The commercial standard optical fiber (e.g., step-index fiber) is typically composed 

of fused silica due to its extremely low optical attenuation in the visible and near-

infrared bands. The fiber core consists of GeO2-doped silica with 4% weight 

concentration, designed to achieve a higher RI than the surrounding cladding for TIR-

based light transmission. In linear optics, isotropic silica exhibits a nominal refractive 

index RI (n) of approximately 1.45, and its dispersion properties can be effectively 

described by the Sellmeier formula, a widely adopted model for characterizing fused 

silica [25]. For nonlinear optical phenomena, the dominant nonlinear response in 

isotropic silica arises from the third-order nonlinear susceptibility. Consequently, the 

wavelength-dependent material refractive index n(λ) of silica (for both the doped core 

and cladding regions) can be modeled as follows: 
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where, A1= 0.6961663, A2= 0.4079426, A3= 0.8974794, B1= 0.0684043, B2= 

0.1162414, B3= 9.896161 are coefficients. λ is the wavelength of the propagation light. 

2.1.1 Mode analysis 

The electromagnetic modes propagating in optical fibers can be rigorously derived by 

solving Maxwell's equations under the weak-guidance approximation (Δn ≪ 1), which 

is valid for most commercial fibers with RI index contrasts below 1% [26]. The spatial 

mode distributions and the total number of guided modes are governed by four key 

parameters: the core radius (a), refractive index (RI) profiles of the core (n₁) and 

cladding (n₂), and the operating wavelength (λ). These relationships can be quantified 

through the normalized frequency parameter V, as defined by, 
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Where, 2 2

1 2NA n n= −  represents the numerical aperture of an SMF. A higher V-

value indicates greater mode-carrying capacity in the optical fiber. When V exceeds the 

critical value of 2.405, the fiber transitions from single-mode to multimode operation. 

To illustrate, consider a multimode fiber with core diameter a = 20 μm, operating at λ 

= 1.55 μm with n₁ = 1.47 and n₂ = 1.45. Calculation using Equation 2-2 yields V ≈ 

24.5, confirming substantial multimode propagation. Figure 2-2 demonstrates the 

electric field and phase distributions for the first six guided modes, including the 

fundamental LP₀₁ mode and higher-order modes (LP₀₂, LP₁₁, LP₂₁). 

 

Figure 2-2 Amplitude and phase distributions of six linear polarized (LP) guided modes propagating 

in a multimode fiber with dimensions in μm [26]. 

In multimode fibers (MMFs), the continuous superposition of these modal field 

amplitudes and phase distributions creates complex interference patterns that 

significantly influence metasurface wavefront modulation. While single-mode fibers 
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(SMFs) eliminate modal interference through fundamental mode operation, their 

constrained mode field diameter (typically ~10 μm) imposes practical limitations on 

achieving full 2π phase coverage with metasurfaces. This fundamental trade-off 

between multimode functionality and single-mode spatial constraints constitutes a 

critical design consideration when integrating metasurfaces on optical fibers. 

2.1.2 Beam divergence 

The output from a fiber tip exhibits a Gaussian-like beam profile. Considering an SMF 

with an 8.2 μm core diameter and 125 μm cladding diameter (SMF-28e specification), 

the system can be numerically modeled using finite-element methods (FEM). The 

electromagnetic field distribution within the fiber maintains cylindrical symmetry, as 

shown in Figure 2-3.  

 

Figure 2-3 Numerical analysis of the Gaussian beam propagation of an SMF tip. (a) Cross-

sectional of the output electric field distribution of the fundamental mode. (b) side-view profiles of 

the electric field distribution. The divergent angle (α) is defined at the 1/e amplitude point of the 

Gaussian beam. 

Numerical solutions demonstrate that the fundamental mode presents a Gaussian-like 

field profile, characterized by transverse electric field distributions around the fiber tip. 

Figure 2-3b specifically depicts Gaussian beam propagation from the SMF tip, where 

the beam waist spatially coincides with the fiber termination. The mode field diameter 
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(MFD), defined as the transverse dimension at the 1/e intensity threshold of the electric 

field profile at the fiber facet, corresponds to twice the beam waist (2ω₀). 

 The scalar wave equation under paraxial approximation yields the Gaussian beam 

solution, whose electric field distribution is expressed as, 
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Where 2 2r x y= +   denotes the radial coordination, ( )
2

0( ) 1 Rz z z = +

represents the beam radius along the direction z axis, ( )( )2
( ) 1 RR z z z z= +   is the 

Wavefront curvature radius, and 
2

0Rz  =  defines the Rayleigh range. The first 

exponential term governs the amplitude distribution, characterizing the transverse beam 

confinement. The second exponential term describes the phase evolution, comprising a 

spherical wavefront component (
2( 2 ( ))j kr R z−  ) and the Gouy phase shift 
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 ). In the condition of far field (z ≫ zR), the beam radius can be 

approximately as, 
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The divergence angle α, defined as the asymptotic angular spread of the beam (full 

width at 1/e intensity), is derived from geometric considerations of the beam edge 

propagation, 
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Figure 2-4 illustrates the characteristic Gaussian beam propagation profile, highlighting 

the quantitative relationship between the beam waist ω0, Rayleigh range zR, and 
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divergence angle α. The optical output from the single-mode fiber tip exhibits a quasi-

Gaussian beam profile. However, its wavefront curvature and phase distribution deviate 

significantly from those of an ideal plane wave, necessitating careful consideration of 

these properties in metasurface modulation design. Importantly, in the near-field regime 

( z ≪ zR ), beam divergence becomes negligible, and the Gaussian beam wavefront can 

be approximated as planar. Under this approximation, the near-field electric field 

simplifies to, 
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The resulting phase profile is dominated by a linear propagation term kz with a minor 

nonlinear correction from the Gouy phase shift (-z/zR). This fundamental relationship 

implies that metasurfaces fabricated directly on fiber tips may omit explicit 

consideration of the incident beam's phase profile under near-field conditions. 

Furthermore, increasing the beam waist ω₀ enhances the similarity between the near-

field electric field distribution and that of an ideal planar wave and enhances 

metasurface operation efficiency. 

 

Figure 2-4 Gaussian beam propagation profile of output from an SMF. 
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While the Gaussian beam waist exhibits a quasi-planar wavefront at the near-field 

condition, the fiber output inherently contains wavevectors with angular divergence 

components (Figure 2-5). This divergence critically impacts resonant metasurface 

performance; even slight angular deviations may substantially degrade the quality 

factor (Q) of BIC-based metasurfaces. For SMF-28 fiber, the calculated far-field 

divergence angle is 5.5° across the wavelength range (1.2–1.6 μm), as characterized in 

Figure 2-5. Both the divergence angle and mode field diameter (10.4 μm at 1550 nm) 

constitute essential parameters for metasurface fabrication tolerance and optical 

coupling efficiency optimization, as detailed in subsequent chapters. 

 

Figure 2-5 MFD calculated at the 1/e amplitude of the Gaussian beam and the corresponding far-

field divergence angles. 

2.1.3 Spectra broadening problem 

Numerous studies have reported spectral broadening when fabricating structures on 

optical fiber tips. For instance, a design featuring a nanoring exhibits a reflectance full-

width at half-maximum (FWHM) of ~20 nm under plane wave incidence, yet this 

broadens to >50 nm when fabricated on an SMF tip [27]. Similarly, a fiber-tip SPR 

sensor—formed by splicing a MMF to a gold-coated SMF—demonstrates two distinct 

resonance valleys in plane-wave simulations, but experimental results show severe 
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spectral broadening [28]. Another study explored photonic crystal cavities with 

aperiodic gratings on fiber tips to confine light to the core region; while this approach 

partially mitigated broadening, the resulting structure was prohibitively large [29]. Here, 

we designed a period-asymmetric grating that achieves a sharp reflectance peak 

(FWHM ~ 5 nm) under plane-wave incidence at λ ≈ 1.6 μm (Figure 2-6b). However, 

when simulated in a fiber waveguide model (Figure 2-6a), the reflectance broadened 

significantly (Figure 2-6b). Consistent with this trend, experimental fabrication of the 

grating on an SMF tip resulted in severely broadened reflectance spectra, as shown in 

Figure 2-6d. Thus, the spectra broadening problem is an important issue to be solved 

when fabricating a resonance metasurface on the fiber tip. 

 

Figure 2-6 Numerical and experimental results of gratings on SMF. (a) Electric field distribution 

in an SMF model. (b) The reflectance under plane wave incidence and under fiber waveguide mode 

excitation. (c) The fabrication result on fiber tip. (d) Experimental reflectance of the fabricated fiber 

device. 
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2.2 Metasurface: Theory and Applications 

Metasurface traces its conceptual origins to metamaterials—artificially structured 

arrays comprising subwavelength metallic or dielectric resonators that interact with 

electromagnetic waves through engineered electric and magnetic responses [30]. While 

3D metamaterials demonstrated extraordinary phenomena such as negative refractive 

indices, near-zero permittivity, and ultrahigh effective permeability, their practical 

deployment has been hindered by intrinsic challenges: high ohmic losses in metallic 

components, pronounced dispersion effects, and nanofabrication complexities 

associated with 3D architectures [31]. As a two-dimensional counterpart, metasurface 

inherits the wavefront-shaping capabilities of metamaterials while circumventing these 

limitations through planar geometry. This dimensional reduction enables compatibility 

with established nanolithography techniques, including electron beam lithography 

(EBL), FIB milling, and two-photon polymerization (TPP), thereby facilitating scalable 

manufacturing of high-efficiency devices. By strategically arranging subwavelength 

meta-atoms, metasurface exerts precise control over electromagnetic wave properties, 

such as amplitude, phase, polarization, and orbital angular momentum, with ultra-thin 

interfaces. In the following paragraphs, we explain the metasurface modulation theory 

and practical applications relative to this thesis. 

2.2.1 Gradient metasurface 

Gradient metasurfaces, renowned for their exceptional wavefront manipulation 

capabilities, have emerged as a transformative platform for realizing anomalous optical 

phenomena such as abnormal reflection/refraction, subwavelength focusing, and vortex 

beam generation [32]. The operational foundation of gradient metasurface resides in 
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the engineered discontinuity of optical phase profiles of the interface, which a 

generalized Snell’s law can explain. In 2011, a generalized law of refraction and 

reflection was established [33], extending Snell’s law to a wider explanation. These 

laws extend traditional Snell's relations to account for abrupt phase gradients dφ 

engineered at the metasurface interface. For abnormal refraction, the generalized form 

can be derived as, 
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For abnormous reflectance, the generalized form is, 
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Where, nt, ni denote the refractive indices of incident and transmitted media, 

respectively. θi, θr, and θt denote the corresponding angles to the z axis, and λ is the free-

space wavelength (Figure 2-7). 

 
Figure 2-7 Generalized Snell’s law of anomalous refraction and reflection induced by discrete phase 

delays of metasurface [34]. 
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A metasurface imposes gradient phase delays dϕ/dx and dϕ/dy along the x- and y-

directions, respectively, at the interface. These phase gradients enable anomalous 

reflection, redirecting incident light to out-of-plane angles θr (x-direction) and φr (y-

direction), while simultaneously achieving anomalous refraction with transmitted 

angles θt (x-direction) and φt (y-direction). Through precise design of the interfacial 

phase profile, both reflected and transmitted beams can be arbitrarily controlled in 

three-dimensional space. This wavefront manipulation is realized via spatially varying 

meta-atoms that provide discrete phase shifts (dφ) at subwavelength resolution. By 

engineering the geometric parameters of these meta-atoms, the metasurface can achieve 

anomalous beam steering, focusing, and optical vortex generation. 

There are three dominant strategies have emerged for designing suitable meta-

atoms capable of providing full 2π phase coverage, enabling the implementation of 

phase gradient [35, 36], 

Resonance Phase. Resonance-based phase control exploits electromagnetic resonant 

phenomena to manipulate the scattering phase profile of metasurfaces precisely. This 

fundamental mechanism enables phase modulation through strategic geometric 

modifications of meta-atoms, thereby tailoring their resonant characteristics. Three 

distinct metasurface structures exemplify this working principle, 

(1) For plasmonic metasurface, taking the V-shaped nanoantenna arrays as an 

example, the localized surface plasmon resonance (LSPR) condition is controlled by 

modulating two geometric parameters, the arm length (L) and the opening angle (Δ). 

The dual-parameter tuning enables simultaneous wavelength-dependent and 

polarization-dependent phase modulation, critical for broadband dispersion control. 

(2) For hybrid MIM metasurface [37], the confined electromagnetic resonance modes 

in the dielectric spacer layers exhibit strong field enhancement. By engineering the 
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upper metallic nanorods' dimensions, the rod width (w) and length (L) tune Fabry-Perot 

resonance conditions, π phase delay can be achieved.  

(3) For all-dielectric Huygens’ metasurface [38], high-RI dielectric nano-disks enable 

spectral overlap of electric and magnetic dipole resonances. The key design principles 

rely on the disk diameter and the period. The observed effect is polarization-

independent, polarization-preserving, and robust, and the operation wavelength can be 

scaled by the geometrical parameters of the nano-disk metasurface [39]. 

Geometric Phase (PB phase): The Pancharatnam-Berry (PB) phase mechanism 

represents a fundamental methodology in metasurface design, exploiting polarization-

dependent phase accumulation through spatially rotated anisotropic meta-atoms. This 

geometric phase approach manifests when a birefringent unit cell with orientation angle 

θ induces polarization conversion, as described by Jones matrix analysis. The cross-

polarized transmission component acquires a geometric phase delay ϕ = 2σθ, where σ 

= ±1 corresponds to LCP or RCP incidence,[34] 
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Here, Et and Ei represent the transmitted and incident electric field vectors, to and te
 

denote the transmission coefficients along the slow and fast axes of the meta-atom, R 

and L, the RCP and LCP light, R  correspond to the rotation matrix with angle θ, 
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The geometric phase mechanism enables polarization-selective wavefront 

manipulation through spin-orbit interactions, with key applications encompassing 
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chiral beam steering. As demonstrated in Figure 2-8, the PB phase exhibits inverse 

correlations between LCP and RCP components, manifesting complementary phase 

gradients with opposite signs. Meanwhile, the PB phase exhibits negligible wavelength-

dependent dispersion over the operational bandwidth. 

 

Figure 2-8 Geometric phase. (a) Schematic of a meta-atom with rotation angle θ between its slow 

axis and the x-axis. (b) Eight meta-atoms with rotation angle θ ranging from π/8 to π, generating 

phase delay of ϕ = +2θ for LCP and ϕ = -2θ for RCP illumination. 

Propagation Phase: Propagation phase modulation, predominantly utilized in 

dielectric metasurfaces, leverages the optical path difference (𝑛eff ∙ ∆𝐿) accumulated by 

light propagating through high-aspect-ratio meta-atoms. Here, 𝑛eff  represents the 

effective RI determined by the meta-atom material and its cross-sectional geometry. 

Thus, by independently tailoring the cross-sectional geometry (e.g., nanopillar diameter) 

and vertical dimensions, these parameters can be synergistically optimized to achieve 

full 0 – 2π phase coverage while maintaining high transmission efficiency. Crucially, 

this mechanism exhibits polarization insensitivity when utilizing rotationally 

symmetric unit cells (e.g., cylindrical nanopillars), making it ideal for applications 

requiring operation such as highly efficient metalens. Recently, high-contrast 

metasurface [40] with strong effective RI disparities has emerged to largely enhance 
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propagation phase modulation efficiency through large light confinement and phase 

accumulation along the meta-atoms. 

Design flow of gradient metasurface. The general design workflow of conventional 

gradient metasurfaces is illustrated in Figure 2-9. The procedure begins by defining the 

meta-atom periodicity, material composition, and substrate selection based on the 

operational wavelength (period p < λ/2 and high light transmission). Subsequently, the 

geometric parameters of the meta-atoms (e.g., width and length for propagation-phase-

based designs) are systematically varied to compute their electromagnetic responses 

through numerical solutions of Maxwell’s equations (e.g. by Finite-Different Time-

Domain (FDTD)) at the target wavelength. This process generates a comprehensive 

library of amplitude and phase profiles corresponding to distinct meta-atom geometries. 

 

Figure 2-9 Flow of classical gradient metasurface design. 

In parallel, the target phase distribution for the metasurface must be derived, either 

through analytical formulations or computational tools such as ray-tracing software 

(e.g., Zemax, Code V). For instance, in anomalous reflection applications, the required 

phase profile is given by ( ) 2 sin( ) /x x   = , where x denotes the lateral position of 

the meta-atom, θ is the reflection angle, and λ is the operational wavelength. The final 
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metasurface configuration is synthesized by selecting meta-atoms from the 

precomputed library that minimize the phase discrepancy between the target profile and 

the achievable phase response. Fabrication methods are then optimized according to the 

metasurface’s geometric parameters (e.g., metasurface size, meta-atom thickness) and 

material properties. A detailed application of this design methodology will be provided 

in Chapter 4. 

2.2.2 Resonant metasurface: Bound states in the continuum 

The emergence of metasurfaces has revolutionized optical device design, enabling 

unprecedented optical control at subwavelength scales. While early implementations 

primarily leveraged gradient-phase manipulation for wavefront shaping (e.g., 

metalenses with large NA), recent advances have exploited more sophisticated physical 

mechanisms. Among these, bound states in the continuum (BICs) [41-43] have emerged 

as an exciting physical mechanism for realizing devices with sharp resonances and 

strong near-field enhancements. Although BICs were first introduced in quantum 

mechanics [44], it is a general wave phenomenon that can be identified in a wide range 

of optical systems, including optical waveguides [45], photonic crystals [42], and 

dielectric gratings [46]. In periodic nanostructures, like metasurfaces, a common way 

to construct BICs is to eliminate the coupling of resonant modes to all radiation 

channels by adopting structural symmetry [47]. Theoretically, ideal BICs have infinite 

Q-factors, which are incompatible with far-field excitation. In practical applications, 

intentional symmetry breaking is usually introduced to convert ideal BICs into quasi-

BICs that retain finite Q-factors and become accessible from the far field.  

Recent research on BIC metasurfaces has gained significant momentum owing to 

their unique advantages over conventional resonant systems. BIC properties such as 
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resonance wavelength and Q-factor can be precisely engineered through metasurface 

geometry. Metasurfaces offer compact form factors compatible with integrated 

photonic platforms. The engineered platforms enable extreme light confinement with 

ultrahigh Q-factors, demonstrating unprecedented applications in ultrasensitive 

molecular detection [48-50], nonlinear optics [51], and low-threshold lasers [52-54]. 

 

Figure 2-10 Symmetry-broken tuning BIC under vertical incidence. (a) Schematic illustration 

of light scattering by a metasurface with periodic asymmetric bar pairs, where α represents the 

asymmetry parameter [55]. (b) Definition of the asymmetry ratio α and (c) wavelength-dependent 

reflectance spectra for varying α values. (d) Inverse proportionality between the radiative quality 

factor and √𝛼. 

Generally, there are two classifications of BICs. The first type is the symmetry-

protected BIC (SP-BIC), which arises from the perfect destructive interference of 

symmetrical modes within the same channel. The second type, the Friedrich–Wintgen 

(FW) BIC, is typically generated through the destructive interference of two or more 

distinct modes [56]. Figure 2-10a illustrates a typical SP-BIC metasurface comprising 

pairs of bars with width asymmetry. Breaking the structural symmetry transforms the 



Chapter 2 

27 

   

BIC into a quasi-BIC resonance, exhibiting a sharp Fano-like spectral profile. Notably, 

the Q-factor exhibits an inverse quadratic dependence on the asymmetry parameter α 

(α = ΔL/L, where ΔL is the width difference between the two bars) in log-log scale, as 

demonstrated in Figure 2-10d. This inverse quadratic relationship has been generalized 

to all SP-BIC metasurfaces under appropriate definitions of α [57]. 

Beyond geometric asymmetry tuning, angular incidence modulation constitutes a 

well-established methodology for BIC modulation in metasurface. As illustrated in 

Figure 2-11, periodic nanostructures exhibit destructive interference-induced resonance 

suppression under vertical incidence. Deviation from normal incidence triggers a 

phase-matching transition where constructive interference dominates, thereby 

converting the suppressed BIC into a leaky quasi-BIC mode with exceptional spectral 

confinement and extreme high Q factors. This angular dependence enables 

deterministic spectral engineering through θ-modulation, which exhibit narrowband 

resonances but pronounced sensitivity to incident angle variations [58]. 

 

Figure 2-11 Incident-angle-modulated BIC. Physical mechanism of BICs and quasi-BICs in a 

periodic nanostructure with different angles of excitation [58]. 
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Experimental realizations of BIC devices face significant challenges due to their 

extreme sensitivity to structural perturbations, where sub-degree angular deviations can 

induce substantial resonant wavelength shifts (>5 nm/°) and Q factor degradation. The 

translation from theoretical designs to functional devices is fundamentally constrained 

by three synergistic limitations: the vulnerability of BIC modes to fabrication-induced 

error, the sub-10 nm precision requirements for sustaining symmetry-breaking meta-

atom configurations, and intrinsic material losses that impose fundamental limits on 

attainable Q factors, particularly in plasmonic metasurfaces. These constraints 

collectively underscore the need for advanced fabrication techniques and hybrid 

dielectric-plasmonic designs to realize robust, high-Q BIC metasurfaces. 

2.2.3 Applications 

Based on the thesis's relevance and the former theory explanation on metasurface theory, 

we will review some research developments and detailed applications on high-

performance metalens, integrated polarization devices, and high-Q BIC metasurface 

sensors in this section. 

Optical metalens. Metalens is a kind of gradient metasurface that collectively 

focuses light. These devices can replicate traditional optical elements while offering 

novel functionalities. The emergence of metalens addresses the growing demand for 

functional and miniaturized optical systems, supported by advancements in standard 

planar nanofabrication protocols [59]. Metalens utilizes 0-2π phase modulation, 

resulting in multiple Fresnel zones through phase wrapping and producing focal spot 

distributions which is similar to traditional diffractive lenses. However, the key 

advantage of metalens over diffractive lenses lies in their potential to achieve 
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achromatic characterization, multiple foci, and large numerical apertures (NAs). High-

efficiency, high-NA metalenses have been demonstrated using high-contrast transmit 

arrays [40], as shown in Figure 2-12a. 

 

Figure 2-12 Large-NA metalens and achromatic metalens. (a) Efficient high-NA metalens with 

high height-to-width ratio meta-atoms [54]. (b) A broadband achromatic metalens in the visible by 

compensation of phase delays [60]. (c) An achromatic fiber metalens fabricated by 3D direct laser 

writing [21]. 

The chromatic aberration inherent in conventional lenses, induced by multi-

wavelength optical path differences, can be addressed via metasurfaces through 

strategically engineered group delays in meta-atoms [60-63]. However, a key limitation 

of this approach lies in the requirement for meta-atoms with large group delay 

variations and the fabrication challenges associated with high height-to-width ratio 

nanostructures. Advancements in 3D nano-printing have promoted achromatic fiber-

integrated metalenses manufactured via 3D direct writing technology, operating across 

1.25–1.65 μm wavelengths [21]. Figures 2-12b and c demonstrate an achromatic 
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metalens in the visible spectrum across 400–640 nm and a fiber-integrated achromatic 

metalens in the C-band for optical communications. 

Metalenses also function as multiplexers for SMF-to-MMF coupling, potentially 

enabling high-speed communications, as shown in Figure 2-13 [64]. Owing to their 

compact architecture, metalenses enable practical applications such as endoscopic and 

microscopic systems [65, 66]. 

 

Figure 2-13 Multifunctional applications of metalens. A compact metasurface multiplexer for 

single-mode fiber to few-mode fiber connection [64].  

Polarization devices. Metasurfaces exhibit intrinsic polarization modulation 

capabilities through their phase modulation mechanisms via meta-atoms, as the 

gradient phase modulation methods detailed in Section 2.2.2. The use of anisotropic 

meta-atoms (e.g., nano-bricks and nano-ellipsoids) enables expanded phase delay 

control but introduces inherent polarization selectivity. Conversely, the geometric phase 

approach achieves full 0–2π phase coverage through meta-atom rotation, yet delivers 

opposing phase responses for LCP and RCP. Notable applications leveraging these 

polarization-manipulation properties include chiral imaging [67], polarimeter [68], full-
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Stokes polarization camera [69, 70], and related systems. Figure 2-14 demonstrates a 

novel self-coherent receiver architecture comprising an interleaved metasurface 

integrated with a photodetector array. The system was engineered to generate six 

discrete focal points exhibiting distinct polarization states, enabling comprehensive 

full-Stokes parameter detection. Experimental validation was conducted through 20-

GBd 16-ary quadrature amplitude modulation (16-QAM) and 50-GBd quadrature 

phase-shift keying (QPSK) signal transmission over a 25-km SMF link [71]. 

 

Figure 2-14 Metasurface-based polarization devices. An interleaved multi-foci metalens as a 

self-coherent receiver for a high-speed all-fiber self-coherent communication system[71]. 

BIC-based sensors. BICs theoretically exhibit infinite Q-factors through destructive 

interference of radiation channels, making them ideal platforms for enhancing light-

matter interactions. With its exceptional Q-factor and localized field enhancement, the 

concept of BICs boosts the optical sensing area [72-75]. Figure 2-15 demonstrates on 

BIC metasurface in a microfluidic chamber for a high-Q molecules sensor, and a BIC-

enhanced fluorescence imager. Early implementations of BICs predominantly relied on 

plasmonic metasurfaces due to their strong field confinement at subwavelength scales 

[76]. However, the intrinsic ohmic losses of metallic nanostructures severely limit their 

practical Q-factors. 
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Figure 2-15 BIC-based sensors. (a) A label-free BICs sensor for ultralow-weight molecules. The 

sensor possesses a Q-factor of about 2000 and a figure of merit of 455 [72]. (b) Cavity-enhanced 

hyperspectral refractometric imaging using quasi-BIC modes in an all-dielectric photonic crystal 

slab [73] 

Recently, most research on BICs relies on dielectric metasurfaces. In a dielectric 

metasurface, high Q is easily attained by tuning the asymmetric ratio [77], but the high 

RI of dielectric materials makes the electric magnetic wave confined inside the meta-

atoms, which makes dielectric metasurfaces less sensitive to the outer environment. The 

hybrid metal-dielectric metasurface has been proven to obtain both high Q and high 

sensitivity [78, 79]. Key challenges in BIC metasurfaces include their stringent 

fabrication precision requirements, where slight deviations in asymmetric ratios can 

lead to significant reductions in Q-factor. Furthermore, most BIC metasurfaces operate 

only under fixed polarization states or precise incident angles, which limits their 

adaptability in practical scenarios. 
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2.3 Graphene: Tunable Mechanism and Applications 

2.3.1 Basic properties 

Graphene, as a prototypical 2D material with atomic-scale thickness, has 

revolutionized photonic and optoelectronic device engineering [80] through its unique 

combination of ultra-broadband optical response (spanning visible to terahertz 

frequencies) and electrically tunable conductivity as shown in Figure 2-16 [81]. These 

exceptional properties originate from graphene's relativistic charge carrier dynamics, 

where massless Dirac fermions exhibit linear energy-momentum dispersion ( 𝐸 =

ℏ𝜈𝐹|𝑘| ) with Fermi velocity 𝜈𝐹 ≈ 1 × 106 m/s  [82]. Unlike conventional 

semiconductors, graphene's zero bandgap nature enables efficient inter-band transitions 

across a wide spectral range, facilitating rapid carrier excitation through optical, thermal, 

or electrical stimuli [83]. This distinctive electronic structure provides unparalleled 

capabilities for dynamically modulating light-matter interactions via external fields, 

making graphene particularly suitable for high-speed electro-optic modulators, 

broadband photodetectors, and tunable metasurfaces [84]. These attributes position 

graphene as a cornerstone for next-generation adaptive optics and integrated photonic 

circuits. 

The ambipolar field-effect characteristics, inherent to graphene's Dirac fermion 

behavior, enable continuous tuning of both carrier polarity (electron/hole) and density, 

corresponding to Fermi level shifts up to 2 eV [85]. This electrical control mechanism 

allows real-time reconfiguration of optical parameters (phase, amplitude, polarization) 

in integrated photonic systems, positioning graphene as a critical enabler for adaptive 

optical components and programmable photonic integrated circuits. 
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Figure 2-16 Electronic band gaps of typical 2D materials. Single-layer graphene exhibits semi-

metallic behavior with a tunable Fermi level (ΔEF ≤ 2 eV), enabling optical response modulation 

from terahertz to visible wavelengths. Transition metal dichalcogenides (TMDCs) demonstrate 

layer-dependent band gaps (1.0–2.5 eV). Black phosphorus (BP) shows anisotropic layer-tunable 

band gaps (0.5–1.0 eV) with preserved direct gap characteristics [81]. 

Graphene's atomic-scale confinement and van der Waals integration capability 

provide fundamental advantages for integrated photonic applications [86], 

(1) Thickness-engineered band structure. The absence of interlayer coupling in 

monolayer graphene preserves its linear dispersion, while few-layer configurations 

enable controlled interlayer screening effects. 

(2) Enhanced light-matter interaction. Sub-wavelength optical field confinement at 

graphene-dielectric interfaces boosts nonlinear optical coefficients and absorption 

efficiency (2.3% per layer). 

(3) Mechanical adaptability. Intrinsic flexibility and self-passivated surfaces permit 

direct integration with silicon photonics and optical fibers through van der Waals 

heterostructure. 

Furthermore, the synergy between graphene's electronic and optical properties 

enables multimodal tuning via electrostatic gating, optical pumping, or thermal 
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excitation. This multi-physical addressability has inspired novel device architectures 

including non-volatile photonic memories, wavelength-agile meta-lenses, and bio-

integrated optoelectronic sensors [87]. Figure 2-17 illustrates the three primary 

modulation approaches for 2D materials categorized by their response time 

characteristics. The thermal modulation method exhibits the slowest operational speed, 

typically in the millisecond (ms) to microsecond range (μs). In contrast, electrical 

modulation demonstrates significantly faster performance with modulation speeds 

reaching the nanosecond (ns) timescale. The optical modulation approach achieves the 

ultimate temporal resolution, capable of attaining femtosecond (fs) level modulation 

rates. Among these techniques, electrical gating-based modulation has attracted the 

most extensive research attention due to its balanced performance and practical 

applicability. 

 

Figure 2-17 Schematic of 2D material inter-band modulation based on thermal, electrical, and 

optical-pumped methods. The response times of different methods are illustrated with different 

colors [81]. 

2.3.2 Tunable mechanism of graphene  

Monolayer graphene, a quantum material characterized by its unique two-dimensional 

honeycomb lattice structure, exhibits exceptional optoelectronic tunability owing to its 
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adjustable electronic band structure and distinctive Dirac cone features. Through 

external thermal-optic, electric-optic, or optical-pump mechanism, researchers can 

precisely modulate graphene's Fermi level and carrier density, enabling dynamic 

control of its optical response. This remarkable adaptability positions graphene as a 

prime candidate for developing reconfigurable photonic devices and tunable 

metasurfaces. 

The surface optical conductivity serves as the fundamental parameter governing 

graphene's light-matter interactions, encapsulating both the electromagnetic coupling 

efficiency and quantum-mechanical anisotropy inherent to this Dirac fermion system. 

In theoretical frameworks, the atomic-scale thickness of graphene permits its 

representation as an idealized two-dimensional current sheet, where electromagnetic 

responses are fully described through surface current density formulations. Specifically, 

when aligned with the x-z coordinate system, graphene demonstrates anisotropic 

current density components along orthogonal directions, expressible as: 

  ,  and x g x z g zJ E J E= =   (2-12) 

Where, g is the surface conductivity of single-layer graphene, xE  and zE are 

the electric field along x and z directions, respectively. The surface conductivity of 

graphene can be described by the Kubo Formula, which has a complex value and 

consists of inter-band and intra-band conductivities[88],  

 

2

c c
intra 2

2ln exp 1
( i )

B

B B

ie k T

k T k T

   −−
= + +    −      

 


 
 (2-13) 

 

2

inter 2 2 20

( ) ( ) ( )

( ) (4 / )

ie i f f
d

i

− −  − −
=

−  −
  

 
    (2-14) 



Chapter 2 

37 

   

where, c, , , , , , , and  ( )Be k T f    represent the charge of the electron, angular 

frequency of light, chemical potential, Boltzmann constant, temperature, reduced 

Planck’s constant, scattering rate, and Fermi-Dirac distribution function

  ( ) 1 1 exp ( )c Bf k T= + −    , respectively. In the visible and infrared spectra 

where ℏ𝜔 > 2|𝜇𝑐| , the inter-band transition dominates, and the graphene’s optical 

conductivity approaches 𝜎0 ≈ 𝑒2 4ℏ⁄ , corresponding to a universal optical absorption 

of approximately 2.3% per monolayer [89]. For simulations, the temperature is fixed at 

T = 300 K, and the scattering parameter is set as 5 meV =  . The total surface 

conductivity of graphene is derived from the sum of intra-band and inter-band 

contributions intra interg = +   . As illustrated in Figure 2-18, the surface conductivity 

of graphene σg at 𝜆 = 1.33 μm exhibits a strong dependence on the chemical potential 

𝜇𝑐. This tunability enables electrostatic modulation of graphene’s optical properties via 

an external gate voltage, providing a pathway for designing dynamically reconfigurable 

optoelectronic devices, such as tunable absorbers, modulators, and metasurfaces. 

 
Figure 2-18 Surface conductivity of graphene versus chemical potential at 1.33 μm 

2.3.3 Graphene-based fiber devices 

This section systematically examines the integration techniques for combining 

graphene with optical fiber platforms. As previously discussed in Section 2.3.2, 
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graphene's mechanical robustness makes it particularly compatible with optical fiber 

substrates. The inherent geometric advantage of optical fibers, their exceptional length-

to-radius ratio, provides an extended platform for achieving sufficient light-matter 

interaction strengths through evanescent field coupling. 

While previous studies have explored fiber-tip integration configurations [90, 91], 

this approach suffers from fundamental limitations in light-matter interaction area due 

to geometric constraints. In contrast, waveguide-based integration strategies enable 

interaction intensities that scale with the two-dimensional material's propagation length 

along the waveguide axis, effectively circumventing limitations imposed by its atomic-

scale thickness. Three principal waveguide coupling architectures have been 

demonstrated, as illustrated in Figure 2-19, the D-shaped fiber, the optical micro fiber 

(MF) directly on and wrapped on graphene substrates [92]. 

The D-shaped fiber configuration (Figure 2-19a) employs side-polishing or chemical 

etching techniques to expose the fiber core and enhance surface evanescent fields [19, 

93, 94]. This planarized architecture facilitates superior interfacial contact with 

transferred two-dimensional materials while maintaining structural integrity. Although 

currently underexplored, D-shaped fibers functionalized with nanophotonic structures 

and advanced materials exhibit significant potential for all-fiber optical manipulation 

systems, combining enhanced performance with mechanical robustness. 

Microfiber integration employs two primary configurations: line-contact Microfibers 

[95] (Figure 2-19b), and graphene-wrapped Microfibers [96, 97] (Figure 2-19c). 

Fabricated through thermal tapering or chemical etching of standard optical fibers, MFs 

typically demonstrate diameter reduction to subwavelength dimensions (hundreds of 

nanometers to tens of micrometers). While subwavelength MFs enable strong 

evanescent field interactions with 2D materials, their structural fragility presents 
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practical challenges. The fabrication and handling of submicron-diameter MFs remain 

technically demanding due to susceptibility to mechanical failure and environmental 

contamination. 

 

Figure 2-19 Graphene-fiber integration methods. (a) D-shaped fiber with graphene. (b) Micro-

fiber-graphene structures on graphene-deposited substrate. (c) Micro-fiber wrapped on graphene 

substrate [92]. 

Graphene's exceptional electro-optic properties [84] have enabled transformative 

advances in fiber-integrated photonic devices. When integrated with D-shaped fibers, 

graphene creates a robust platform for high-efficiency tunable devices. Compared to 

fiber-tip configurations, D-shaped architectures provide lateral access to evanescent 

fields, offering dual advantages: enhanced light-matter interaction through increased 

effective overlap area, and reduced insertion loss through optimized modal matching. 

This combination of enhanced functionality and structural stability positions D-shaped 

graphene-fiber hybrids as particularly promising for practical photonic applications 

requiring both performance reliability and environmental resilience 

In 2011, graphene was first used for broadband polarization filtering based on a D-

shaped SMF [19]. To further improve the light-graphene interaction, a double D-shaped 

hole optical fiber coated with graphene was proposed [98]. By simulation, it was proven 

to achieve more efficient polarization filtering. Furthermore, different polymer-coated 

D-shaped-fiber graphene polarizers were proposed to enhance the light-matter 

interaction and applied to ultrashort pulse lasers and optical modulators [94, 99]. 

Although these filters are effective and have low insertion loss, the graphene-caused 



Chapter 2 

40 

 

attenuation is limited (< 18 dB/mm), which requires a relatively large light-graphene 

interaction length for a high extinction ratio. Meanwhile, the design is challenging to 

fabricate because the performance is closely tied to the core-graphene distances and the 

thickness of the polymer[99]. A recent work combined the polarization-dependent 

losses introduced by SPR modes with the electrically adjustable properties possessed 

by graphene to achieve tunable refractive index sensors based on PCFs [100]. However, 

the loss difference between the two orthogonal polarization states is not large enough 

to achieve a miniaturized and efficient tunable polarization filter. 
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Chapter 3  Plasmonic BIC Metasurface for 

Ultrasensitive Fiber Sensor 

The physical mechanism of BICs has revolutionized optical sensing by enabling 

ultrahigh-Q factor resonances. Particularly, quasi-BIC-driven high-Q resonances in 

plasmonic nanostructures offer both ultra-strong field enhancement effects and 

exceptional sensitivity to nanoscale environmental perturbations. However, most high-

Q quasi-BIC resonances require precise wavevector matching and angular alignment, 

making them difficult to be effectively excited with waveguide modes, which limits 

their development as integrated devices. In this work, to the best of our knowledge, we 

first employ a plasmonic metasurface with cross-shaped slots to construct high-Q flat-

band quasi-BICs, which can well couple with the fundamental mode of an SMF. The 

designed fiber-tip-integrated metasurface demonstrates alignment-free reflective 

sensing capability. Experimental validation using 1-μL low-molecular-weight analytes 

reveals real-time RI tracking capability with >50% modulation depth and maximum 

sensitivity of 529.1 nm/RIU. In this section, we will present a comprehensive 

fabrication methodology for fiber-tip metasurfaces, including the design principles of 

flat-band quasi-BIC metasurfaces and their performance evaluation as RI fiber-tip 

sensors.  
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3.1 Introduction 

Plasmonic nanostructures have enabled a wide range of applications owing to their 

unique capability to manipulate strong light-matter interactions at subwavelength scales 

via SPR [101-103]. Unlike dielectric resonators that localize fields within high-index 

nanoparticles [104, 105], plasmonic systems concentrate energy at metal-dielectric 

interfaces, exhibiting extreme sensitivity to local RI variations. These combined 

characteristics of environmental sensitivity and field enhancement have propelled 

plasmonic nanostructures, such as metasurfaces [106] and single nanoparticles [107], 

into critical roles in single-molecule spectroscopy [108, 109], viral detection [110], and 

catalytic reaction monitoring [111]. Recent advances based on the “lab-on-fiber” 

concept [112] have further extended their application to fiber-integrated sensors for in 

vivo environmental monitoring [113]. However, the Q of plasmonic resonances remains 

fundamentally constrained due to inherent dissipative and radiative losses, limiting 

progress in advanced plasmonic sensing systems. 

The concept of BICs provides new opportunities for engineering ultrahigh-Q optical 

devices by perfect suppression of radiation loss [42, 56, 76]. Theoretically, ideal BICs 

decouple resonances from radiation channels by precise symmetry configurations, 

manifesting as nonradiative dark modes with infinite Q factors. In practical applications, 

intentional symmetry breaking is normally introduced to convert ideal BICs into quasi-

BIC resonances that retain finite Q factors and are accessible with the far-field 

excitation. The quasi-BICs exhibit high Q and can be precisely tuned by controlling 

structural asymmetry. This feature has enabled dielectric quasi-BICs to showcase 

significant potential for various applications such as low-threshold lasers [114, 115], 

enhanced nonlinear effects [116], and high-resolution imaging and sensing [73]. For 
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plasmonic systems, recent studies have demonstrated that the Q factor of plasmonic 

quasi-BICs can reach 3,000 via a local-to-nonlocal transformation mechanism [117], 

wherein plasmon mode field expansion into the air reduces dissipative loss. Notably, 

achieving high-Q performance in most BIC-based devices demands not only nanoscale 

fabrication precision but also strict alignment requirements. Even minor deviations 

from optimal incidence conditions can cause significant Q-factor degradation [118-120]. 

Consequently, BIC-based devices are predominantly limited to bulky free-space optical 

systems. Developing compact, integrated platforms remains crucial for advancing 

practical implementations of BIC-enabled optical devices. 

In this work, we demonstrate a fiber-integrated plasmonic cross-shaped slot 

metasurface (PCSM), supporting high-Q quasi-BIC in the NIR band. The engineered 

quasi-BIC exhibits flat-band angular dispersion characteristics, enabling efficient 

coupling with the fundamental fiber mode. In sensing demonstrations, the fiber-

integrated PCSM demonstrates plug-and-play functionality with dual stable spectral 

signatures: a sharp quasi-BIC resonance and a broadband LSPR mode exhibiting 

modulation depth > 85%. The PCSM fiber sensor achieves remarkable RI sensitivity 

spanning 1-1.4732 RIU using 1-μL analytes, attaining a maximum sensitivity of 529.1 

nm/RIU with real-time monitoring capability. Our findings establish a new paradigm 

for ultra-sensitive fiber sensors via plasmonic quasi-BICs, while providing a compact, 

fully fiber-integrated platform that bridges the gap between BIC device concepts and 

practical applications. 

3.2 Theory and Numerical Design 

Figure 3-1 illustrates the schematic configuration of the fiber-tip-integrated PCSM as a 

fiber sensor and details of a PCSM meta-atom. The PCSM comprises a periodic array 
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of asymmetric gold crosses fabricated on a 100-nm-thick gold layer, which is sufficient 

to ensure strong NIR reflectance. With optimized geometric parameters p = 700 nm 

(period), l = 500 nm (length), w = 100 nm (width), and t = 100 nm (thickness), the unit 

achieves controlled structural asymmetry through vertical length shifts δl. A broadband 

input signal Iin(λ) coupled into the fiber core, generating environment-dependent 

reflected signals Ir(λ) for label-free sensing. The fiber-integrated platform offers 

enhanced usability by eliminating the need for precise spatial light alignment, which is 

enabled by the intrinsic mode coupling between the SMF core and the PCSM. Unlike 

most previous studies on fiber-tip resonance, which directly transferred nanostructures 

from planar substrates to fiber tips, resulting in significant spectral broadening [128, 

131], our work systematically elucidates the origin of spectral broadening. In the 

following sections, we present a detailed discussion of the angular spectrum of the SMF, 

the local-to-nonlocal transition, and the flat-band quasi-BIC design. These analyses 

elucidate the mechanisms underlying the efficient coupling with the fundamental mode 

of the SMF and the high-Q realization of plasmonic quasi-BICs. 

 

Figure 3-1 Schematic configuration of the fiber-tip integrated PCSM and the geometric details of a 

PCSM meta-atom. 
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3.2.1 Angular spectrum analysis of optical fiber 

The angular spectrum of the SMF tip output is shown in Figure 3-2, calculated via the 

Fourier transform of the cross-sectional electric field distribution of the SMF tip (Figure 

2-3).  

 

Figure 3-2 Angular spectrum of the SMF tip output light. The cross section at θy=0° is illustrated 

as an amber curve. 

As discussed in Section 2.1.1, the output electric field from an SMF is a Gaussian-like 

beam with spatially varying wave vectors at different angles. To quantify these angular 

components, the output electric field E(x,y) can be transformed into the spatial 

frequency domain using a two-dimensional Fast Fourier Transform (FFT) [121]. The 

resulting angular spectrum, shown in Figure 1b of the main text, is derived as: 

 
- 2 ( )

( , ) ( , ) d dx yi f x f y

x y

D

A f f E x y e x y
 +

=    (3-1) 

where the integration domain D corresponds to the cladding region with diameter 

d=125μm. The spatial frequencies xf  and
yf are related to the cladding diameter d by

1
dx yf f =  = , where ∆f

x
 and ∆f

y
 represent the frequency resolution. The wave vector 

components kx and ky in the fiber core are related to spatial frequencies by 
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core2x xk f n=  and 
core2y yk f n= , where coren is the refractive index of the fiber core. 

The angles θx, θy of the wave vectors are determined from the k-space components using 

/

/ arcsi (n )
x y

x y

k

k
 = , where core2k n =  is the total wave number in the fiber core. The 

far-field divergence angle is calculated as approximately 5.5° (Section 2.1.1). The wave 

vectors within a 5.5° angular range encompass the dominant electric field power, as 

observed in the k-space distribution (Figure 3-2). This analysis characterizes the 

distribution of wave vectors as a function of divergent angles at the fiber facet, 

providing a quantitative basis for evaluating the coupling efficiency between the 

resonator and the fiber’s fundamental mode. 

3.2.2 BICs mechanism and local-to-nonlocal transition 

Simulation model. Figure 3-3a illustrates the model details, where a single meta-atom 

is simulated on a supporting quartz substrate, with analytes serving as the top dielectric 

environment. Floquet periodic boundary conditions are applied to the boundaries in the 

x and y directions. Two PMLs are implemented to absorb boundary effects at the top 

and bottom of the physical domain. A physics-controlled mesh with an extremely fine 

resolution was utilized, incorporating free tetrahedral meshes for the physical domain 

and swept mesh for the PML domain. Additionally, the Finite-Difference Time-Domain 

(FDTD) method was employed to validate the consistency of all simulations and results. 

To evaluate the sensor’s minimum detectable volume, glycerin (refractive index RI = 

1.473) was modeled at heights (h) ranging from 5 nm to 1 µm. As shown in Figure 3-

3b, a wavelength shift of 12 nm was observed even at h = 5 nm, with the simulation 

mesh refined to 1 nm resolution. Taking the MFD of the fiber as reference, the 
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corresponding minimum detectable volume was estimated to be approximately 4×10-16 

L for a 12-nm shift. 

 

Figure 3-3 (a) Simulation model in COMSOL Multiphysics. (b) Wavelength shift of quasi-BIC 

mode with varying analysis height. 

BIC mechanism and local-to-nonlocal transition. The designed PCSM supports 

two eigenmodes, including an SP-BIC point under normal incidence. Through mode 

analysis with varying δl, two distinct eigenmodes were identified in Figure 3-4. Notably, 

mode 1 (M1) exhibits an infinite-Q BIC and an ultrahigh-Q (~10⁴) mode when only 

considering radiation. In reality, the total Q factor (Qtot) of the quasi-BIC incorporating 

radiation and dissipation can be defined as, 

  
1 1 1

tot rad disQ Q Q
= +  (3-2) 

At asymmetric length δl = 0, the PCSM meta-atom maintains mirror symmetry, 

resulting in a fully symmetric electric field intensity distribution accompanied by 

opposite vector distributions (see the inset in Figure 3-4a). The symmetric confines 

energy within the meta-atom by preventing radiation leakage into the continuum, a 
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characteristic of SP-BIC. At this point, radiative loss vanishes, leaving Qtot entirely 

governed by dissipative loss Qtot = Qdis ≈ 42 (Figure 3-5). 

 

Figure 3-4 Radiative Q and resonant wavelength of the two eigenmodes supported by 

the PCSM as a function of asymmetric length δl. The insert displays the electric field 

distribution in the xy-plane (electric vectors indicated by double-headed arrows). 

 

Figure 3-5 Total Q and dissipative Q of M1 versus δl. 

Near the SP-BIC position, the increased radiation loss induced by growing δl causes 

a sharp decrease in Qrad, which reaches its minimum at δl ~ 60 nm. As δl continues to 

increase, the Qrad of the quasi-BIC begins to rebound and eventually attains a secondary 

maximum at δl ~ 152 nm. Concurrently, the resonant wavelength of M1 blueshifts 
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monotonically with increasing δl (Figure 3-4b), approaching the diffraction order 

wavelength (λD = p×nSiO2 ≈ 1.01 μm, where p is the lattice period). During this process, 

the quasi-BIC progressively evolves from a local to a nonlocal resonance, which largely 

restrains the dissipative loss of plasmonic resonance (see Figure 3-5). Such a transition 

is critical for enhancing Qtot, particularly in plasmonic metasurfaces where dissipative 

loss dominates. 

Figure 3-6 visually demonstrates this transition: as the quasi-BIC approaches the 

lattice diffraction order, the mode volume expands, eventually forming a confined 

evanescent wave at the Au/SiO₂ interface. The secondary Qrad maximum at δl ~150 nm 

arises from radiation suppression via coupling between the quasi-BIC and nonlocal 

diffraction modes during the local-to-nonlocal transition. It should be emphasized that 

the resonance at this secondary peak retains its quasi-BIC character of finitely high Qrad, 

this behavior analogous to the evolution of supercavity mode observed in individual 

high-refractive-index dielectric particles [122]. 

 

Figure 3-6 Electric field amplitude distribution in yz-plane for varying δl and related detuning 

parameter Δ. 
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Beyond δl > 60 nm, Qtot increases steadily due to the growing Qdis as the quasi-BIC 

approaches lattice resonance. To quantify this behavior, the normalized detuning 

parameter Δ is defined  

 
D

D

 




−
=  (3-3) 

As Δ decreases to zero, the quasi-BIC transitions fully from localized to nonlocal 

resonance. The relationship 1/disQ    (Figure 3-7) confirms an inverse square-root 

dependence, enabling quantitative assessment of the transition degree and Q 

enhancement. At Δ ~ 0.01, the Qtot ≈ Qdis ≈ 200. 

 

Figure 3-7 Inverse relationship between dissipative Q and the square root of Δ, plotted on a log-log 

scale with indicated 95% confidence interval (CI) and 95% prediction interval (PI). 

Reflectance spectra and field enhancement. Subsequently, considering the 

dissipative loss, a parameter sweep is conducted for δl varying from -100 nm to 200 nm 

in increments of 2 nm, to derive the reflectance spectrum under XP light excitation, as 

depicted in Figure 3-8. The two primary modes identified in the reflectance spectrum 

exhibit resonant wavelengths that align effectively with the foregoing mode analysis.  
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Figure 3-8 Simulated reflectance spectra of different δl under XP incidence. The SP-BIC point is 

highlighted by a white circle. 

Figure 3-9 illustrates the reflection spectra and electric field enhancement when the 

PCSM with δl = 80 nm, respectively. The field enhancement coefficient is quantified 

by the expression |Emax|
2∕|E0|

2, which is normalized by the incident electric field E0, 

and Emax is the maximum electric field. It can be found that the field enhancement 

reaches peaks when the reflectance falls to the valleys. The resonance around λ = 1.18 

μm is a quasi-BIC of M1, and the resonance around λ = 1.42 μm is M2, which manifests 

as an LSPR mode. 

 

Figure 3-9 Field enhancement and reflectance at δl = 80 nm. 
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Using the concept of energy density, we estimated the effective mode volume (Veff) 

at the strongest point of the electric field. Energy density 
E  of electromagnetic can 

be used to calculate electromagnetic energy stored inside lossy materials [123], 

 0 2

1 22
( 2 ) | |E = + E


     (3-4) 

where, 𝜀0 denotes Vacuum permittivity, 
1 2i+   is the complex dielectric function 

of a Drude model with relaxation time   (for Au is around 9.3×10-15 s [124]).   is 

the mode frequency. Selecting the point at the maximum electromagnetic field 
maxr  as 

the reference, the effective mode volume can be defined as [125], 

 

3
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max

( ) d

( )

E

E

r
V =

 r

r




 (3-5) 

The calculated results at M1 and M2 are Veff ≈ 7.3×10-4 λ3 and 5.6×10-4 λ3, respectively, 

which present the designed meta-atom supports resonance with good mode 

confinement. 

 

Figure 3-10 (a) Reflection spectra of M1 for varying δl. (b) Extracted Q-factors and modulation 

depths as functions of δl, obtained from Lorentzian fitting of the spectra in (a). 

Tradeoff between Q and modulation depth. Figure 3-10(a) shows the reflection 

spectra of M1 under XP vertical incidence. Using Lorentzian fitting with a quadratic 
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baseline, the calculated Q-factor (Q =  λr  FWHM⁄ ) and modulation depth (defined as 

the maximum amplitude of the Lorentzian peak) are plotted in Figure 3-10(b). Both Q-

factors and modulation depths critically influence the stability and sensitivity of the 

fiber sensor. By optimizing these parameters, the PCSM with δl = 80 nm was selected 

for experimental validation. 

3.2.3 Flat-band characterization 

The flat-band characteristics of the designed PCSM with δl = 80 nm are analyzed under 

varying incident angles of XP illumination for both transverse electric (TE, yz-plane) 

and transverse magnetic (TM, xz-plane) modes, as shown in Figure 3-11. 

 

Figure 3-11 Theoretical flat-band characterization of the designed PCSM under XP incidence. 

(a) Reflection spectra along different incident angles α1 at yz view. (b) Reflection spectra along 

different incident angles α2 at xz view. 

The angles between the incident XP light and the z-axis are defined as α₁ (TE mode) 

and α₂ (TM mode) for their respective configurations. Using Floquet periodic boundary 
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conditions along the x- and y-directions, we systematically varied α₁ and α₂ from −7° to 

+7° in 0.5° increments, covering most wave vectors within the divergent angle of 5.5°. 

Figures 3-11(a) and (b) illustrate the angular schematics and corresponding reflection 

spectra, while the extracted resonant wavelengths and Q factors of the quasi-BIC modes 

are shown in Figures 3-12(a) and (b), respectively.  

 

Figure 3-12 Dependence of quasi-BIC modes' resonant wavelength and Q factor on incidence (a) 

angles α1 and (b)angles α2. 

The Q factor is calculated using the formula / FWHM= resonanceQ  , where FWHM 

is derived from Lorentzian curve fitting of the resonance peaks. Notably, variations in 

α₁ exhibit negligible influence on both the resonant wavelength and Q factor. In contrast, 

sweeping α₂ reveals emerging lattice diffraction modes (D) exhibiting significant 

angular dispersion, which arises from the increased polarization components in the z-

direction at larger α₂. As α₂ deviates from 0°, the resonance wavelength of the lattice 

diffraction mode progressively approaches that of the quasi-BIC. This interaction 

induces minor wavelength fluctuations (Δλ < 20 nm) in the quasi-BIC mode while 
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significantly enhancing its Q factor, which reaches values as high as ~33, thereby 

facilitating subsequent fiber integration. 

To investigate the angular dispersion evolution during the local-to-nonlocal transition, 

reflectance versus incident angle was simulated for δl = -80 nm, -40 nm, 40 nm, and 80 

nm. Figure 3-13 presents the results, systematically revealing the impact of δl on flat-

band behavior. Both modes M1 and M2 exhibit ideal flat-band characteristics at δl = -

80 nm, -40 nm, and 40 nm, evidenced by fixed resonant wavelength across angles from 

-7° to 7°. 

 

Figure 3-13 Reflectance spectra versus incident angle under varying asymmetric length (a) -

80 nm, (b) -40 nm, (c) 40 nm, (d) 120 nm. 

However, as δl increases beyond 40 nm, M1 undergoes a distinct transition from a 

localized to a nonlocal resonance state. At the design point (δl = 80 nm), M1 begins to 

interact with the diffraction order, resulting in a slight resonance wavelength shift (Δλ 

< 20 nm) and an increase in Q-factor. Further increasing δl to 120 nm drives M1 deeper 

into the nonlocal regime, causing pronounced angular dispersion: the resonance 
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wavelength shifts by Δλ ≈ 70 nm across the evaluated angular range. This progressive 

emergence of dispersion with increasing δl directly demonstrates the transition from 

localized (flat-band) to nonlocal (dispersive) behavior. 

3.3 Fabrication Flow and Details 

3.3.1 Fabrication flow 

Figure 3-14 illustrates the fabrication flow for fiber-integrated metasurface, comprising 

a multi-stage process optimized for structural precision and operational robustness. 

Initial protective preprocessing begins with stripping a 2-cm polymer coating segment 

from one terminus of the single-mode fiber, followed by encapsulation within a 

borosilicate glass capillary sleeve (dimensions: 6.5 ± 0.5 mm length, 1.8 ± 0.005 mm 

diameter). The assembly undergoes fixation using 353ND epoxy resin complemented 

by a protective gel coating to ensure mechanical stability. The detailed casing 

parameters are shown in Figure 3-15. Subsequent mechanical polishing employs an 

Aka-Piatto fine-grinding system to achieve surface planarization. Critical material 

deposition stages follow: a 25 ± 2 nm Al₂O₃ adhesion layer and a 100 ± 5 nm Au film 

are sequentially applied via magnetron sputtering under controlled vacuum conditions. 

Precise spatial registration is achieved at 350× SEM magnification through cladding 

edge alignment, enabling sub-10 nm accuracy in FIB milling (Thermo Scientific Heilos 

5 CX Dual-Beam FIB-SEM, 30 kV acceleration voltage, 40 pA beam current) for 

metasurface patterning. This optimized fabrication workflow employs simple and 

robust steps to fabricate fiber-integrated metasurfaces. Furthermore, the proposed flow 

can be extended to create dielectric metasurfaces on a fiber tip. 
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Figure 3-14 Fabrication flow of fiber-tip-integrated metasurface. 

 

Figure 3-15 Detailed parameters of casing parameters of meta-fiber, in mm-unit. 

3.3.2 Fabrication parameters 

Unlike planar substrate nanofabrication, precise alignment to the fiber core constitutes 

a critical prerequisite in meta-fiber fabrication. To locate the fiber core, we align a 125-

µm circle with the cladding edge using SEM imaging, thereby confirming the circle 

center. This center coincides with the 9-µm core center. Subsequently, the etching mask 

pattern is positioned over the fiber core. To validate this alignment methodology, Figure 

3-16 presents microscopic characterization of an etched SMF with a 15.4 μm × 15.4 

μm patterned region. Verification of spatial congruence between the etched area and the 

optical core was achieved by fusion-splicing the meta-fiber sample to a laser-coupled 

fiber patch cord (λ = 650 nm), enabling direct visualization of guided light confinement. 

Quantitative analysis confirmed complete overlap (<1 μm misalignment) between the 

etched microstructure and the core region. The subsequent fabrication steps rigorously 

adhered to this alignment protocol. 
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Figure 3-16 Deterministic alignment of the etching area (15.4 μm × 15.4 μm) and the fiber core 

under microscope view. The fiber is connected with a red laser for exhibiting the core position. 

The fiber sample with a 20-cm tail segment was wrapped on a custom-designed 

sample holder (height: 16 mm) for FIB nanofabrication using a Thermo Scientific 

Helios 5 CX Dual-Beam FIB-SEM system. The system can achieve a resolution of 4.0 

nm at 30 kV, as determined by standard statistical characterization methods. Prior to 

patterning, spatial alignment of the electron beam (E-beam) and ion beam (I-beam) 

imaging systems was performed using established calibration protocols. The fiber core 

was localized via E-beam imaging at 5 kV and 43 pA, followed by the application of a 

prepared pattern mask figure over the target region. Gold-specific sputtering parameters 

(preloaded in the system's material database) were implemented with the I-beam 

operating at 30 kV and 40 pA. The beam current remained fixed throughout the process, 

while the dwell time and etching depth were dynamically coupled based on the selected 

material parameters within the system. Both the dwell time and etching depth can be 

adjusted for better pattern etching precision, as illustrated in Figure 3-17. With 

increasing etching depth, the unpenetrated parts have decreased. 

 

Figure 3-17 Etching performance of depths varying from 0.1 μm to 0.2 μm under SEM view. 
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3.3.3 Fabrication robustness 

Fabrication errors for width w, length l, and asymmetric length δl parameters are 

below 5 nm (Figure 3-18). At the cross-slot intersection, measured corner widths reach 

122 nm due to ion beam overlap artifacts. To evaluate spectral sensitivity to fabrication 

errors, we performed electromagnetic simulations using the model in Figure 3-3 (a) 

Simulation model in COMSOL Multiphysics. (b) Wavelength shift of quasi-BIC mode 

with varying analysis height. with 3 nm mesh resolution. 

 
Figure 3-18 (a) Fabrication results with measured parameters. (b,c) Reflectance spectra showing 

10 nm parametric variations in l, w, and t around design values. (d) Comparison of reflectance 

spectra: ideal vs. non-ideal corner model. Inset: Electric field distribution at λ = 1.155 μm for non-

ideal case. 

We parametrically varied unit parameter w, l, and t in 10 nm increments around ideal 

design values. Simulation results (Figure 3-18c) show thickness variations (±10 nm) 
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with ΔFWHM ≈ 0 nm, Δλ ≈ ±8 nm and l/w variations (±10 nm): ΔFWHM ≈ ±5 nm, Δλ 

≈ ±20 nm. We modeled corner rounding effects by adding isosceles right triangles (leg 

length = 15 nm) at cross-junctions. Comparative simulations of ideal right-angle and 

non-ideal rounded corners (Figure 3-18d) reveal minimal impact: ΔFWHM ≈ 0 nm and 

Δλ ≈ 10 nm. The inset shows the electric field distribution at the quasi-BIC mode for 

the non-ideal case. Given our experimental fabrication errors ≤ 5 nm, the device 

demonstrates high robustness with negligible Q-factor degradation and wavelength 

shifts ≤ 20 nm. 

3.4 Experimental Results 

The fabricated PCSM fiber device exhibits a compact structure with a diameter of 

approximately 1.8 mm. To accommodate the MFD of ~10.2 μm in the SMF (see Figure 

2-5), the total etched area is designed as 24 µm × 15 µm. Detailed scanning electron 

microscopy (SEM) images in Figure 3-19b reveal the PCSM unit’s periodic structure 

(700 nm periodicity) with critical dimensions: 500 nm leg length, 100 nm width, and 

80 nm asymmetric feature length. The 80-nm asymmetry was selected to balance the 

trade-off between the quality factor (Q-factor) and modulation depth. Fabrication 

precision was maintained below 10 nm throughout the process. 

 

Figure 3-19 (a) The side view of the fiber-tip-integrated PCSM. (b) SEM image of the sample. The 

bottom of the image shows enlarged views of the etched PCSM. 
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A sensing experiment was conducted to detect the reflection spectrum of analytes. As 

depicted in Figure 3-20, the experimental configuration employed a supercontinuum 

laser (YSL Photonics SC-5) generating broadband output (0.45–2.4 μm). The emitted 

beam was first polarized using a FiberBench-mounted linear polarizer (LP, Thorlabs 

FBR-LPNIR) to selectively propagate either XP or YP states. The polarized light was 

then directed through a 50/50 fiber coupler (Thorlabs TD1315R5A1) to excite 

resonance in the fiber-integrated PCSM. This fiber-integrated PCSM features plug-in 

and plug-out functionality for convenient installation and removal. The reflectance 

spectra containing analyte-specific information were routed back through the same 

coupler and captured by an optical spectrum analyzer (OSA, Yokogawa AQ6370D). 

 

Figure 3-19 Sensing experiment set up, where LP stands for linear polarizer. 

Initially, an optical fiber coated with an unetched gold layer was employed to acquire 

the background reflection spectrum, enabling normalization of the following 

measurements. Subsequently, the proposed quasi-BIC-based fiber sensor was installed 

in the optical path, and the corresponding reflection spectra in the air environment were 

recorded under XP and YP incidence, as shown in Figure 3-21. The reflection spectra 

were normalized and processed using a smoothing algorithm to mitigate interference 

noise originating from the optical pathway. Consistent with the simulation results, the 
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M1 is exclusively observed under XP incidence, whereas M2 appears in both 

polarization states. The reflectance spectra were fitted by Lorentz curves, and the 

relative FWHMs were extracted. The Q-factor of the M1 was determined to be 

approximately 30, aligning well with the simulation under varying incident angles 

(Figure 3-12). Additionally, the quasi-BIC resonance exhibited a modulation depth of 

0.44. 

 

Figure 3-20 Reflectance under XP and YP incidence with the designed PCSM explored in the air. 

In sequence, around 1-μL analytes with different RIs are placed on the end face of 

the optical fiber sensor utilizing a micropipette. The analyte consists of a mixture of 

deionized water (DI water) and glycerin (Gly) in varying proportions, resulting in 

distinct RIs measured using an Abbe refractometer. The refractometer has an accuracy 

of 2 × 10−4 RIU. Figures 3-22(a) and (b) show the reflection spectra of quasi-BIC M1 

and M2, separately, with RIs ranging from 1 to 1.4752. By extracting the resonant 

wavelengths of M1 and M2, their linear relationships with different RIs are presented in 

Figures 3-22 (c) and (d). Among the same bandwidth of 300 nm, M1 as a quasi-BIC 

mode shows sharp resonance with a sensitivity of 346.4 nm/RIU and a good linear 

fitting of resonant wavelength versus different RIs. M2 as an LSPR shows a detection 

sensitivity of 529.1 nm/RIU. These two modes can be utilized in conjunction to measure 
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the RI, thereby enhancing the combination performance as a sensor. Additionally, they 

are expected to support dual-parameter sensing applications, allowing for the 

concurrent measurement of temperature and refractive index. 

 

Figure 3-21 Experimental reflection spectra for different RIs corresponding to (a) M1 and (b) 

M2. Linear relationships between resonance wavelengths and RIs are shown for (c) M1 and (d) M2, 

with the coefficient of determination (R2) quantifying the fitting accuracy. Error bars reflect the 

spectrometer’s 0.4 nm spectral resolution. 

Real-time sensing experiments. The proposed BIC-based fiber sensor demonstrates 

a significant sensitivity to real-time fluctuations in RI. Considering that the narrow 

spectrum of M1 can effectively reduce the detection bandwidth. In the conducted real-

time experiments, the spectrometer's detection bandwidth is set to 250 nm, and the time 

resolution is approximately 0.5 seconds. Despite this relatively short duration, the 

sensor is capable of promptly detecting different RIs with wavelength shifts. The results 

of the real-time RI sensing are illustrated in Figure 3-23. During the assessment of the 
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resonant wavelength of the M1, DI water and a Gly and DI water mixture with 

incrementally increasing concentrations are systematically dropped to the fiber sensor. 

The experimental results indicate that the wavelength shift occurs immediately upon 

the introduction of analytes with differing RIs. Considering the best resolution of the 

spectrometer of R=0.02 nm, the limit of detection (LOD) of the sensor can be estimated 

to be LOD = 3×R/sensitivity≈1.7 × 10-4 RIU. 

 

Figure 3-22 Real-time sensing responses for distinct RI media: air and glycol (Gly)/deionized (DI) 

water mixtures at rising ratios (the weight ratio of Gly in the mixed solution).  

The proposed fiber-integrated quasi-BIC sensor demonstrates significant advantages 

over conventional free-space quasi-BIC configurations and existing fiber-based sensing 

platforms. Unlike free-space quasi-BIC systems (e.g., quasi-BIC [72, 74, 77, 79]), 

which require stringent angular alignment and complex free-space optics for excitation, 

our design leverages the intrinsic compatibility of flat-band quasi-BIC modes with the 

non-ideal planar wavefronts at the fiber endface, enabling robust fiber integration 

without sacrificing optical performance. This eliminates alignment challenges and 

paves the way for practical, alignment-free applications in practical sensing scenarios. 

Furthermore, compared to other fiber-integrated sensors[27, 29, 126, 127], our device 
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achieves a balanced combination of high sensitivity, high Q, and strong modulation 

depth, while maintaining an ultracompact footprint. 

Table 3-1 Comparison of experimentally verified metasurface-based sensor 

Mechanism Material S 

(nm/RIU) 

Q ΔR/ΔT 

(%) 

Size 

(μm2) 

Configuration 

quasi-BIC[72] dielectric 178 2000 20 / 5-deg alignment 

quasi-BIC[77] dielectric 112 415(sim) 80 189×189 free-space 

alignment 

quasi-BIC[74] dielectric 413 240 / / free-space 

alignment 

quasi-BIC[79] Metal-

dielectric 

331.9; 

492.7 

412 60 500×500 free-space 

alignment 

Resonance[126] Au / ~20  14×14 Fiber integration 

nanoring 

resonator[27] 

Au 520  ~22(on 

fiber tip) 

>50 150×150 Fiber integration 

SPR[127] Polymer-

Au 

1439 ~7 50 3D 

structure 

Fiber integration 

Photonic 

crystal[29] 

Au 571 85 30 88×88 Fiber integration 

LSPR[128] Au 755 ~5 >80 12×12 Fiber integration 

This work Au 346.4, 

529.1 

30 55,  

85 

15×15 Fiber 

integration 

S denotes sensitivity. ΔR/ΔT are the modulation depth of reflectance/transmittance. (sim) 

represents the simulation result.
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3.5 Summary 

In this work, we have successfully realized a high-Q flat-band plasmonic quasi-BIC 

metasurface integrated directly on a standard single-mode fiber tip. By leveraging a 

local-to-nonlocal mode transition mechanism, the inherent dissipative losses of 

plasmonic quasi-BIC modes are significantly mitigated, enabling sharp resonance 

excitation in a fiber-integrated platform. Crucially, through systematic analysis of the 

angular spectrum characteristics of the fiber facet output, we have elucidated the critical 

relationship between angular dispersion and resonant robustness, both theoretically and 

experimentally validating that flat-band engineering is essential for maintaining high-

Q fiber-tip resonances. Due to the high electric field enhancement and small mode 

volume of the designed PCSM, with only 1-μL analytes, the sensor is proven sensitive 

to the real-time RI variation. The designed fiber sensor facilitates integrated 

measurements with a maximum sensitivity of 592.1 nm/RIU, making it ideal for small-

volume detection in medical and biosensing applications.  

Our work bridges the gap between fundamental BIC physics and practical fiber-optic 

applications, paving the way for miniaturized, high-performance optical sensors. 

Looking forward, the Q factor of our platform could be further improved by replacing 

metallic metasurfaces with all-dielectric or hybrid dielectric-metallic configurations, 

which may support higher-Q quasi-BIC resonances. 
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Chapter 4  Fiber-Integrated Metalens for High-Speed 

Optical Switch System 

Fiber-integrated metalenses have emerged as powerful solutions to overcome 

conventional lens systems' multifunctional modulation and compactness challenges. In 

this work, we demonstrate a polarization-decoupled fiber-integrated metalens through 

planar chiral gold meta-atoms (PCGMs) that circumvent these limitations. Key 

innovations include: (1) spin-decoupled phase modulation enabled by engineered 

chirality of meta-atoms, allowing independent LCP/RCP control; (2) Direct fiber-tip 

fabrication via FIB milling on large-mode-area PCF, achieving 35 μm focal length with 

0.357 NA at 1550 nm; (3) Polarization-selective optical switching in high-speed 

coherent communication systems with 20.7 dB extinction ratio and μs-scale response 

time. The device's high LCP-to-RCP extinction ratio and seamless integration with 

commercial fiber infrastructure establish a new paradigm for high-speed optical 

interconnects in next-generation communication systems. 
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4.1 Introduction 

The increasing requirement for miniaturized and multifunctional optical components 

has driven the development of metasurfaces as alternatives to conventional refractive 

optics [129, 130]. Their subwavelength thickness not only enables unprecedented 

design flexibility but also facilitates direct integration with optical fibers, a critical 

advantage for developing fiber-pigtailed optical systems [131]. While these ultrathin 

platforms can implement arbitrary phase profiles through meta-atom engineering, their 

intrinsic polarization-dependent operation fundamentally limits applications requiring 

independent control of circularly polarized states [132]. This limitation is particularly 

evident in metalenses employing PB phase elements, where spin-coupled phase 

modulation arises from the inherent polarization dependence of symmetric meta-atoms. 

Such constraint becomes prohibitive for polarization-multiplexed optical 

communication systems that mandate decoupled LCP and RCP light management [133]. 

Chiral metasurfaces emerge as a compelling solution for spin-decoupling by 

leveraging engineered mirror symmetry breaking at the subwavelength scale [134]. 

These artificial nanostructures, typically comprising twisted helices, gammadions, or 

C2-symmetric dielectric resonators, exhibit enhanced chiroptical effects including 

circular dichroism (CD) amplification and spin-selective phase modulation. Recent 

breakthroughs leverage such chirality-enabled phase control to achieve spin-decoupled 

holography with high efficiency in dielectric platforms [135, 136]. Plasmonic 

metasurfaces are engineered to enhance CD, the key property for chiral sensing and 

optical absorbers [137, 138]. While plasmonic metasurfaces generally require complex 

3D meta-atoms for significant CD enhancement, systematic investigations of phase 

modulation via chiral unit engineering remain surprisingly scarce. 
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In this section, we demonstrate a plasmonic fiber metalens employing planar chiral 

gold meta-atoms (PCGMs) that achieves spin-decoupled phase control through 

optimized structural chirality. The schematic is shown in Figure 4-1. To address the 

spatial constraints of SMF tip configurations, a large-mode-area PCF with a 25 μm core 

diameter is implemented. This design advancement enables successful direct 

fabrication of the metalens on the fiber tip using the process detailed in Section 3.3. The 

integrated device exhibits a 35 μm focal length with FWHM around 2.65 μm for only 

LCP focusing across the entire C-band spectrum (1530–1565 nm). We deploy the fiber-

integrated chiral metalens in a high-speed coherent optical communication system. The 

metalens demonstrates chirality-induced polarization-selective switching functionality, 

achieving a 20.7 dB extinction ratio at 2 Gbps data rates and ~600 μs switching time. 

These results not only validate the device's compatibility with existing optical 

communication infrastructure but also reveal its significant potential for next-

generation optical systems. 

 

Figure 4-1 Schematic of photonic crystal fiber-integrated spin-decoupled metalens based on 

planar chiral units. 



Chapter 4 

70 

 

4.2 Theory and Numerical Simulation 

Figure 4-2(a) schematically depicts the proposed PCGM. The chiral meta-atom 

comprises a C1-symmetric gold structure featuring a deformed L-shape with period p 

= 700 nm, fixed leg length l₁ = 500 nm, and thickness t = 100 nm. Tunable parameters, 

including short leg length l₂, widths w₁ and w₂, and bottom offset k, enable systematic 

control of chiroptical responses. Unlike conventional mirror-symmetric meta-atoms 

like nanorods, the introduced mirror symmetry breaking induces distinct electric field 

distributions under LCP and RCP illumination, as evidenced in Figure 4-2(b). Field 

localization analysis reveals position-dependent resonant behaviors across the meta-

atom, establishing structural parameter engineering as an effective pathway for chiral 

phase difference manipulation. 

 

Figure 4-2 Schematic of chiral unit modulation. (a) Geometric details of PCGM. (b) The electric 

field of xy-view at z=50 nm for the PCGM showing LCP→RCP and RCP→LCP transitions. 

Through precise parameter optimization, full 2π phase coverage is achieved for both 

LCP and RCP excitations. Figures 4-3(a) and (b) present the transmittance amplitude 

and phase difference profiles for LCP-to-RCP conversion as functions of l₂ and k. 

Notably, the results of the transition of RCP-LCP can be easily obtained by flipping at 
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the white dotted line at k=200 nm. Thus, it is possible to obtain a similar amplitude of 

LCP and RCP but different phase delays by just modulating the geometry of unit cells. 

 

Figure 4-3 (a) Transmittance and (b) phase delay at sweeping k and l2 for the transition of LCP→

RCP. The results of the transition of RCP→LCP can be easily obtained by flipping at the white 

dotted line at k=200 nm.  

4.2.1 Chiral phase modulation mechanism. 

To investigate the chiral light-matter interaction, under the condition of plasmonic 

meta-atom and the subwavelength anisotropic nano-antennas, the excited magnetic 

field of the meta-atom can be neglected, and the electric field of the PCGM can be 

approximately represented as an electric dipole 𝑝⃗ in the xy-plane. The expression of 

the electric dipole 𝑝⃗ is [139], 

  (4-1) 

Where 𝜒𝑥𝑥 , 𝜒𝑥𝑦 , 𝜒𝑦𝑥 , and 𝜒𝑦𝑦  are the components of the second-rank 

polarizability tensor. Eix and Eiy represent the incident electric field's projection along 

the x and y directions. The mirror-symmetric meta-atom prohibits cross-coupling. Thus, 
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the cross components of electric polarizability tensor are zero, χxy = χyx = 0, χxx ≠ χyy ≠ 

0. However, for C1 symmetry meta-atoms, structures without any symmetry, all tensor 

components can be non-zero, χxy = χyx ≠ 0, χxx ≠ χyy ≠ 0. The non-zero cross-polarization 

response χxy = χyx ≠ 0 is the key to achieving spin decoupling. To evaluate the chiral 

response to the cross-polarization components, we made the base transition by,  

  (4-2) 

Where i+ denotes LCP incidence component, and i– denotes RCP incidence 

component. The electric dipole moment 𝑝⃗ in the circular basis can be expressed as, 
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Where, p+ and p- are the electric dipole components of the LCP and RCP,  𝜒𝑥𝑥, 𝜒𝑥𝑦, 

𝜒𝑦𝑥, and 𝜒𝑦𝑦 correspond to the respective components of the electric polarizability 

tensor under circular base. 
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To evaluate the amplitude and phase modulation induced by the electric polarizability 

tensor components, the electric dipole components indicated by electric polarizability 
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tensors can be further simplified as shown in equation 4-4, where the simplified 

amplitudes A1 and A2, and phase delays φ1 and φ2 are calculated by the electric 

polarizability tensor components. As a subwavelength metasurface, the transition 

electric field can be calculated by the electric dipole moment as

2

0 0 2

0

, where,
4

= =tE A p A
c r




 . Thus, the phase delays φ1 and φ2 induced by cross-

components of the electric polarizability tensors can finally add to the transmission 

electric field. Considering the PB phase with Jones matrix indicated in Section 2.1.1, 

the transmission electric field after passing through the designed symmetry-breaking 

chiral units can be expressed as, 

  (4-5) 

For mirror-symmetric meta-atoms, the polarizability tensor exhibits diagonal 

components (χxy = χyx = 0) so that chiral phase φ1 = φ2 = 0, restricting chiral phase 

modulation to conventional PB phase methods. Superior to that, the C1-symmetric 

PCGMs break mirror symmetry ( χxy = χyx ≠ 0), enabling an intrinsic chiral phase 

term φ2 that arises from asymmetric near-field interactions between LCP/RCP light and 

plasmonic modes. This fundamentally decouples spin-dependent phase modulation, 

providing additional freedom beyond PB phase limitations. 
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To systematically address the spin-decoupling challenge in fiber-integrated 

metalenses, we developed a parametric meta-atom library spanning four geometric 

variables (w₁, w₂, l₂, k) that collectively control chiral near-field interactions and 

propagation phase characteristics. Through electromagnetic simulations and Jones 

calculus optimization, we identified eight distinct C1-symmetric gold units (Figure 4-

4c) that simultaneously satisfy two performance criteria. The first criterion is complete 

2π phase modulation for LCP→RCP conversion while maintaining <0.1π  phase 

variation in RCP→LCP channel, which is shown in Figure 4-4(a). While the second 

criterion is high and equal transmittance for both transitions. As illustrated in Figure. 4-

4(b), the selected units exhibit ~20% polarization transmittance. The geometries of the 

8 selected units are illustrated in Figure 4- 3(c). The detailed geometry of the selected 

units is shown in Table 4-1. 

 

Figure 4-4 Selected eight PCGMs. The relative transmittance (a) and chiral phase delay (b) of the 

transition of RCP→LCP and LCP→RCP, respectively. (c) shows the geometry of the selected 

PCGMs. 
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Table 4-1 Geometry of selected chiral units, in nm unit. 

Unit w1 w2 l2  k φLR(rad) φRL(rad) 

1 150 150 500 90 3.033 -1.13049 

2 200 200 500 0 2.000 -1.14 

3 150 150 370 80 0.896516 -0.8 

4 200 200 320 0 -0.05334 -1.05968 

5 200 200 280 0 -0.46509 -0.807343 

6 200 100 280 280 -1.10404 -0.845977 

7 200 100 500 180 -2.04485 -1.27455 

8 150 150 480 120 -3.04178 -0.90918 

 

4.2.2 Metalens design 

To demonstrate the phase modulation capability of the designed PCGMs. We first 

used the selected eight meta-atoms to design a plasmonic metalens tailored for LCP 

incident light focusing. The LCP phase profile with a focusing performance is, 

  (4-6) 

where, wavelength λ=1550 nm, designed focal length f = 35 μm, and (x, y) denotes the 

meta-atom position. The designed phase profiles are illustrated in Figure 4-5. Using the 

selected PCGMs, the designed metalens has a focusing phase performance only for LCP 

(Figure 4-5 (a)), and almost no phase change for RCP incidence light (Figure 4-5 (b)). 

The designed phase delays align well with the ideal, as shown by the cut line at y=0. 

2 2 22 / ( )= −    + + −LCP x y f f
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Figure 4-5 Phase profile for metalens by chiral units. (a) Designed phase distribution in the xy-

plane for LCP wave focusing. (b) Phase distribution in the xy-plane under RCP wave illumination. 

Comparison between ideal and designed phase profiles for (c) LCP and (d) RCP cases at y=0 μm. 

4.3 Fabrication and Experiment results 

4.3.1 Fabrication results 

The fundamental conflict between metasurface design requirements and the SMF fiber 

tips' limited area restricts functional complexity and light-matter interaction efficiency. 

To address the problem, we utilized the large-mode-area photonic crystal fiber (LMA-

PCF) with a 25-μm core diameter, which is sufficient for a metalens with a focal length 

of 35 μm to satisfy complete phase coverage. The designed metalens is fabricated on 

the LMA-PCF with a 20-cm length, following the nanofabrication protocol detailed in 

Section 3.3. The other side of the PCF is fused with a standard SMF patch cord to ensure 
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compatibility with a high-speed optical communication system. The metalens design 

employs a 700-nm lattice period and a 25.9-μm aperture, precisely matching the LMA-

PCF’s fundamental mode profile. First, a 100-nm-thick gold (Au) layer is deposited, 

followed by FIB etching based on the designed patterns for approximately 20 minutes. 

The fabrication results are shown as Figure 4-6, where Figure 4-6(a) is the side view of 

a fiber metalens with a protective sleeve. Figure 4-6(b) and (c) demonstrate the etching 

area and etching details, where the units are aligned with the geometry in Table 4-1 with 

an error within ±20 nm. 

 

Figure 4-6 Fabricated PCF metalens. (a) Side-view of the fiber-integrated metalens. (b) The SEM 

view of the whole PCF tip with metalens fabricated on the core. (c) SEM image of the metalens 

structure on the fiber core. (c) High-magnification SEM image showing the etched nanostructures. 

The fabricated PCF sample was fusion-spliced to a 50-cm SMF patch cord. The 

measured insertion loss of 1.6 dB (recorded by a free-space optical power meter) is 

primarily attributed to mode field mismatch between the fibers and partial core collapse 

of PCF during the splicing process.
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4.3.2 Focusing characterization 

The experimental setup for focusing characterization is schematically depicted in 

Figure 4-7. A tunable wavelength laser TSP-1000 emitting in the 1530-1560 nm range 

sequentially passes through a linear polarizer (LP) and quarter-wave plate (QWP) pair 

for precise polarization modulation of the incident light. Fiber collimators (FC) are used 

for free-space polarization control. The fabricated fiber metalens is mounted on a 

piezoelectric positioning stage (PZP stage) for measuring the focusing performance 

along the z-axis with a resolution of 2 nm. The focused beam is subsequently collected 

by a 50× objective lens (OL) and tube lens (TL) assembly. Following additional 

polarization modulation through a second LP-QWP combination, the optical signal is 

ultimately detected by a broadband digital short-wave infrared (SWIR) camera. 

 

Figure 4-7 Experimental setup for characterizing the metalens focusing performance. Key 

components: BS- beam splitter. 

To establish an absolute reference for focal length determination, a metalens imaging 

protocol was implemented through a calibrated procedure. The metalens mounted on 

the fiber tip was first aligned to the z = 0 position under 1550-nm LED illumination. As 

shown in Figure 4-8(b), the image was captured using the BS positioned between the 

OL and TL, enabling coaxial illumination of the fiber tip while preserving the detection 

optical path. Following confirmation of the z = 0 reference position, the PZP stage was 



Chapter 4 

79 

   

systematically translated along the z-axis to identify the focal plane with focal length f, 

which corresponded to the axial position exhibiting maximum signal intensity in the 

detection channel, as demonstrated in Figure 4-8(c). 

 

Figure 4-8 Experimental calibration of the metalens position. (a) Schematic of fiber-integrated 

metalens on PZP stage and objective lens. (b) Image of the PCF fiber tip and the metalens. (c) 

Focusing imaging in xy-view along the z-axis. 

The polarization-selective focusing characteristics at λ = 1550 nm were 

systematically investigated through focal spot analysis, with representative results 

shown in Figure 4-9. The measured xy-plane intensity distribution at the focal plane (z 

= 35.5 μm) under circularly polarized illumination demonstrates pronounced chiral 

discrimination. Specifically, LCP light achieved diffraction-limited focusing with a 

normalized peak intensity, whereas RCP illumination exhibited focal intensities below 

5% of the LCP peak. As detailed in Figure 4-10, cross-sectional intensity profiles 

processed via Savitzky-Golay filtering (11-point window, 3rd-order polynomial) reveal 

an LCP focal spot with a full-width at half-maximum (FWHM) of 2.70 μm, consistent 

with finite-difference time-domain (FDTD) simulations. This value approaches the 

theoretical Airy disk limit of 2.63 μm for a numerical aperture (NA) of 0.357. 

Polarization extinction ratio (PER) analysis based on Stokes parameter measurements 

further quantified the system performance, yielding a PER of 23.6:1. 
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Figure 4-9 The Focusing experiment results of LCP and RCP incident light. Detected light 

amplitude at the focal point of xy-view and focusing performance along yz-view. 

 

Figure 4-10 Comparison between the LCP and RCP focal amplitude at y=0, z=36.5 μm. 

Broadband characterization across the 1530-1568 nm spectrum (Figure 4-11) 

confirms stable operation with a focal position shift Δz < 2.9 μm and a FWHM variation 

confined around 2.68 μm. Focusing efficiency was calculated following η = (Pfocal / 

Pincident) × 100%, where Pfocal was measured through a 3λ-diameter aperture at focal 

position, and Pincident was calibrated via an undeposited photonic crystal fiber (PCF) 

reference. The measured efficiency reached around 16%, with primary losses 

attributable to plasmonic absorption in the gold nanostructures. 
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Figure 4-11 Focusing performance along z direction, for different wavelengths: λ=1530 nm, λ=1540 

nm, λ=1550 nm, λ=1555 nm, λ=1560 nm, λ=1568 nm. 

  

Figure 4-12 Amplitude profile at focal position, for different wavelengths: λ=1530 nm, λ=1540 nm, 

λ=1550 nm, λ=1555 nm, λ=1560 nm, λ=1568 nm. 
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4.4 Polarization-Modulated Optical Switch System 

4.4.1 High-speed optical communication system setup 

To expedite the application for optical interconnects, the proposed PCF metalens is 

utilized to serve as an optical switch whose on/off state is determined by the polarization 

state. The feasibility of an optical switch based on a metasurface is experimentally 

demonstrated by a 10 km standard SMF system with 2Gbit/s PAM4 transmission. The 

experiment setup is illustrated in Figure 4-13. At the transmitter, the laser source with 

a linewidth of 200 kHz operates at a wavelength of 1550 nm. Subsequently, the light 

from the laser source is modulated by a Mach-Zehnder modulator (MZM, Fujitsu 

FTM7938EZ). To generate the signal, PAM4 modulation is employed due to its 

dominance in commercial data center networks (DCNs) interconnects. The PAM4 

symbols are shaped by a root raised cosine (RRC) filter with a 0.1 roll-off factor. After 

resampling, the signal is generated via a 5GSa/s arbitrary waveform generator (AWG, 

Keysight M8190A). The modulated signal is set to 1 GBaud due to the bandwidth limit 

of the 2D-photodetector (2D-PD). Following the optical modulation, a 10km SSMF is 

employed to transmit the PAM4 signal. At the receiver, the piezo polarization 

synthesizer (Luna, PSY201) is utilized to compensate for the polarization evolution in 

the fiber and align the target polarization state to either LCP or RCP. After that, the 

signal will propagate through the plasmonic meta-surface. The signal then propagates 

through the proposed PCF metalens, with assistance from the polarization synthesizer, 

and functions as an optical switch for DCN interconnects. After detection, the received 

analog signal is digitized by a digital storage oscilloscope (DSO, Keysight MSOS404A) 

with a sampling rate of a maximum of 20 GSa/s. Subsequently, the waveforms are 
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captured by a DSO operating with a sampling rate of 1GSa/s. Finally, the captured 

waveforms are processed offline in MATLAB. 

 

Figure 4-13 Polarization-modulated chiral metalens-enabled optical switching in 2 Gbps coherent 

communication systems. Metasurface (working wavelength 1550 nm) as polarization-dependent 

spatial light modulator. VOA: variable optical attenuator.  

4.4.2 Optical switch performance 

The performance of the optical switch in the "on" state is investigated in Figure 4-

14(a). The received optical power (ROP) refers to the signal power received after 

propagation through the SSMF. It can be observed that the bit rate error (BER) increases 

as ROP decreases. Specifically, the BERs are 6.7×10-5 and 3.4×10-3 when the ROPs 

are -2 and -8 dBm, respectively. For ROP equivalent to -3 dBm, the real-time eye 

diagram of the PAM4 signal, as presented by DSO employing clock frequency recovery, 

is shown in Figure 4-14c. The electrical levels of the PAM4 signal, with the polarization 

state set to LCP by the polarization synthesizer, are clearly distinguishable, indicating 

that the PCF metalens allows LCP light to pass through. In contrast, the performance 

of BER severely degrades when the polarization state of PAM4 is RCP, as shown in 
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Figure 4-14(b). This degradation can be attributed to the metalens blocking the PAM4 

signal in the RCP state. 

 

Figure 4-14 (a) BER as a function of ROP when the PAM4 signal is in LCP state. (b) BER as a 

function of ROP when the PAM4 signal is in RCP state. (c) The real-time eye diagram of PAM4 in 

LCP state captured by DSO.  

 

 

Figure 4-15 (a) The polarization trace of longitudinal circle on Poincaré sphere. (b) The detected 

amplitude by 2D-PD after the light passes through the metalens.  

In order to further investigate the performance of the optical switch system, the 

polarization state of the input of PCF metalens is traced along a longitudinal circle of 
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the Poincaré sphere. As illustrated in Figure 4-15(a), the longitudinal circle passes 

through the LCP state, the x-axis polarization state, the RCP state, and the y-axis 

polarization state. The detected output of the metalens is shown in Figure 4-15b. Since 

the polarization state continuously changes between RCP and LCP, the output light 

intensity through the metalens also varies. It is observed that when the input 

polarization state is LCP, the light intensity detected by the 2D-PD is at its maximum, 

and vice versa. The response time and optical extinction ratio of the optical switch are 

also discussed, which is illustrated in Figure 4-16. The polarization state is configured 

to rapidly switch between RCP and LCP by adaptively searching along the shortest path. 

 

Figure 4-16 (a) The polarization states rapidly switching between RCP and LCP, (b) The detected 

amplitude by 2D-PD after the light passes through the metalens. (c) The zoomed-in view of the 

rising edge of the optical switch. (d) The zoomed view of the falling edge of the optical switch.   

After reaching the LCP or RCP polarization state, the SOP is maintained for 

approximately 30 ms to evaluate the stability of the optical switch based on PCF 
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metalens. The input polarization state of PCF metalens is illustrated in Figure 4-15(a). 

As shown in Figure 4-16(b), the detected amplitude is at its maximum when the SOP is 

in the LCP state, while it is at its minimum when the SOP is in the RCP state. The 

achieved contrast was approximately 20.7 dB, corroborating that the data transmission 

based on the optical interconnect was sufficiently polarization selective, as intended. 

Since the polarization state is not perfectly tracked to either RCP or LCP, the output is 

affected by amplitude noise, which depends on the effectiveness of the polarization 

state tracking. The zoomed-in views of the response time of the optical switch are 

shown in Figures 4-16(c) and (d). It can be observed that the rising edge and falling 

edge are 712 and 685 μs, respectively, which are determined by a polarization 

synthesizer using four piezoelectric actuator-driven fiber squeezers. It is noteworthy 

that the response time can be further improved to the ns-level if the electro-optical 

modulator is employed. 

4.5 Summary 

This work presents a fiber-integrated metalens employing planar chiral gold meta-

atoms and demonstrates its application in high-speed optical interconnects as a 

polarization-selective switch. Through the implementation of engineered chiral meta-

atoms with spin-decoupled phase modulation capabilities, the device enables 

independent manipulation of LCP and RCP light. Direct integration on a large-mode-

area PCF was achieved via FIB milling, yielding a compact 35-μm focal length with 

0.357 NA across the C-band while preserving fiber compatibility. Experimental 

validation in 2 Gbit/s communication systems transmitting PAM4 signals revealed 

polarization-selective switching performance featuring a 20.7-dB extinction ratio and 

μs-scale response time, representing a significant advancement in dynamic polarization 
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control. The synergistic combination of exceptional polarization discrimination (LCP-

to-RCP extinction ratio) with seamless fiber integration establishes a transformative 

platform for next-generation high-speed optical networks, effectively addressing 

critical requirements for integrated system miniaturization. 
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Chapter 5  Tunable D-Shaped Fiber Polarizer Based 

on Graphene 

The electromagnetic responses of the meta-fiber devices discussed above remain fixed 

post-fabrication due to their static structural configurations, significantly limiting their 

adaptability in dynamic optical systems. Meanwhile, the fiber-tip integration method 

exhibits limited light–matter interaction regions, which are essential for enhancing 

sensitivity or efficiency in optical applications. To address these limitations, we present 

a proof-of-concept design of a D-shaped fiber-based polarization filter integrated with 

graphene and periodic gold gratings, achieving dynamically tunable polarization 

filtering through voltage-controlled modulation of graphene's carrier concentration. In 

this section, we will systematically present three key aspects: (1) the coupling 

mechanism between gold grating-excited surface plasmon polariton (SPP) modes and 

the fundamental mode in the D-shaped fiber microstructure, (2) the dynamic optical 

tunability enabled by precise chemical potential adjustment of graphene, and (3) 

broadband polarization performance spanning the entire C-band and O-band 

communication regions. 
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5.1 Introduction 

Optical polarizers serve as fundamental components in modern photonic systems, 

enabling critical functionalities across optical communications, laser instrumentation, 

and ultra-precise sensing applications. Conventional polarization solutions, notably 

dichroic film polarizers and Glan-Taylor prisms, exhibit inherent limitations in system 

integration due to their centimeter-scale dimensions and free-space optical 

configurations. This has driven significant research efforts toward developing 

waveguide-integrated polarization filters compatible with optical fiber architectures 

[140-142]. Waveguide-based polarization filtering typically exploits polarization-

selective attenuation through evanescent field interactions between guided modes and 

functionalized cladding materials. Surface plasmon polaritons (SPPs) have emerged 

due to their unique combination of subwavelength field confinement and intrinsic 

polarization sensitivity [143]. The underlying mechanism involves phase-matched 

coupling between waveguide modes and SPP excitations at dielectric-metal interfaces, 

generating polarization-dependent resonance losses. Recent advances in PCFs have 

further enhanced this paradigm through tailorable birefringence and air-hole 

microstructures, enabling precise SPR engineering [144-146]. Representative designs 

include dual D-shaped SPR-PCF filters achieving 45 dB polarization-dependent loss 

and Sierpinski-fractal geometries with 180 nm operational bandwidth [147-152]. 

Nevertheless, the complex structure of PCFs increases the manufacturing cost of 

relative devices, which limits the application of SPR-PCF polarization filters. 

Additionally, the parameters of these devices remain fixed after fabrication, thereby 

failing to satisfy the growing demand for dynamically tunable optical systems. 
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Graphene's exceptional electro-optic tunability and broadband optical response 

present transformative opportunities for dynamic photonic devices. As demonstrated in 

our prior discussion (Section 2.3.3), the synergy between graphene's field-effect 

tunability and optical fibers' extended interaction lengths enables unprecedented control 

over light-matter interactions. While the broader family of 2D materials (e.g., TMDCs, 

BP) offers diverse optoelectronic properties, graphene stands out as the optimal choice 

for tunable D-shaped fiber polarizers due to its unique combination of ultra-broadband 

absorption (≈2.3% per layer, Figure 2-16), exceptional and readily implementable 

electro-optical tunability, and superior compatibility for robust integration onto the 

complex fiber geometry. However, the loss difference between the two orthogonal 

polarization states is not large enough to achieve a miniaturized and efficient tunable 

polarization filter. 

In this work, we present a tunable D-shaped fiber polarizer incorporating graphene 

and gold grating structures. Through dynamic modulation of graphene's chemical 

potential, we demonstrate adjustable mode coupling between the fiber's fundamental 

mode evanescent field and the SPP mode induced by the gold grating. This tunable 

coupling mechanism enables effective operation across both O- and C-band 

telecommunication windows. The proposed 1-mm-long device achieves a stable 

extinction ratio of approximately 30 dB while maintaining compatibility with fiber-

optic miniaturization requirements. Our analysis reveals significant polarization-

dependent characteristics: The XP core mode experiences strong coupling with the SPP 

mode, resulting in substantial transmission losses reaching 38 dB/mm. In contrast, the 

YP core mode maintains low propagation loss (0.58 dB/mm) due to minimal SPP 

interaction. Spectral tunability is achieved through dual control mechanisms, grating 

period optimization sets the operational band (O-band: 1272-1353 nm or C-band: 1540-



Chapter 5 

91 

   

1612 nm), while graphene's chemical potential adjustment enables continuous 

wavelength tuning within the selected band. This combined approach ensures 

comprehensive coverage of standard telecommunication wavelengths while providing 

precise polarization control through electrical tuning. 

5.2 Principle and Design 

Figure 5-1 illustrates the structural configuration of the proposed D-shaped fiber 

polarizer. A single-mode fiber was polished on one side, maintaining a distance of 1 μm 

between the polished plane and the fiber core.  

 

Figure 5-1 Cross-sectional schematic of the D-shaped SMF polarizer. The SMF undergoes side-

polishing followed by sequential deposition of a graphene monolayer, gold grating structures, and 

a 3-μm-thick CYTOP layer. td is the distance between the polished plane and the core, and pau, wau, 

and tau are the period, width, and thickness of the gold grating, respectively. 

Subsequently, a monolayer graphene film was deposited onto the polished surface, 

followed by an array of gold gratings. The grating parameters were optimized with a 

period pau of 500 nm, a width wau of 225 nm, a thickness tau of 100 nm, and a period 

number of 20. To satisfy the phase-matching conditions for SPR, a 3-μm-thick CYTOP 

(Cyclic transparent optical polymer) layer (RIs are 1.3348 and 1.3335 at the 
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wavelengths of 1.3 μm and 1.55 μm) was coated over the structure. The high RI of 

CYTOP enhances SPR excitation efficiency while simultaneously serving as an 

environmental isolation layer. This protective function is critical given SPR's inherent 

sensitivity to external RI variations [100], with the polymer effectively mitigating 

ambient interference. 

The proposed filter was numerically analyzed using a finite element method-based 

eigenmode solver implemented in COMSOL Multiphysics. A PML surrounds the D-

shaped fiber structure to absorb radiant energy and eliminate boundary reflections 

effectively. The SMF configuration with 8.2 μm core radius, and the RI of fused silica 

was modeled using the Sellmeier equation 2-1. A physics-controlled mesh with an 

extremely fine resolution was utilized, incorporating free tetrahedral meshes for the 

physical domain and swept meshes for the PML regions. 

5.2.1 Coupling mechanism: SPR on D-shaped fiber 

The filter exhibits remarkable polarization selectivity, demonstrating 32.5 dB/mm 

attenuation for XP core modes while preserving ultralow loss characteristics (0.58 

dB/mm) for YP counterparts. As quantified through the relationship between mode 

attenuation α and the imaginary component of the effective RI (neff), 

 
3
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where λ denotes the operating wavelength in micrometers, the distinct behavior 

manifests prominently at graphene chemical potential μc = 0.6 eV (Figure 5-2). The XP 

mode reveals a sharp resonance peak at λ = 1.326 μm, contrasting with the spectrally 

flat YP mode response. The wavelength-dependent coupling mechanism is elucidated 

through normalized electric field distributions in Figures 5-3(a)-(d). At the phase-
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mismatched condition (λ = 1.22 μm), the SPP mode (Figure 5-3(a)) is localized at the 

gold grating at the graphene interface, a weakly perturbed XP core mode (Figure 5-3(b)) 

with minimal mode coupling. As the wavelength approaches the phase-matching 

condition λ = 1.326 μm, progressive mode hybridization occurs, strongly hybridized 

XP core mode coupled to the SPP excitation and reaching maximum coupling strength 

(Figure 5-3(c)). This strong XP-SPP interaction correlates with the peak attenuation in 

Figure 5-2, while the YP core mode maintains its fundamental profile without 

observable coupling (Figure 5-3(d)). 

 

Figure 5-2 Polarization-dependent filtering characteristics. Wavelength-dependent attenuation 

spectra for XP and YP core modes at graphene chemical potential μc = 0.6 eV. 

    

Figure 5-3 (a, b) Cross-sectional electric field distributions at wavelength λ = 1.22 μm for SPP 

mode and XP core mode, separately. (c, d) Phase-matched resonance behavior at λ = 1.326 μm for 
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strongly coupled XP core mode and unaffected YP core mode. All field plots normalized to 

maximum intensity (|E|²), with arrows indicating dominant polarization directions. 

These results demonstrate that SPP excitation occurs exclusively in the x-polarization 

direction, enabling strong coupling with the XP core mode. Maximum mode coupling 

coincides with the resonance wavelength λ = 1.326 μm, explaining the observed XP 

mode attenuation of up to 32.5 dB/mm. The YP mode remains unaffected due to 

polarization orthogonality with the SPP field, contributing the YP mode attenuation low 

to 0.6 dB/mm. 

5.2.2 Phase-matching condition 

Phase matching between the SPP mode and XP fiber core mode is essential for 

achieving peak attenuation in the coupled system. Figure 5-4 systematically analyzes 

this interaction by the loss spectra and dispersion relations of the SPP mode and XP 

core mode at a chemical potential of 0.6 eV. The pink and blue curves correspond to the 

SPP mode and XP core mode, respectively, with insets illustrating their electric field 

distributions. Solid curves represent loss spectra, while dotted curves denote the real 

part of the effective RI. The loss of the XP core mode arises from its coupling with the 

SPP mode, which facilitates energy transfer from the core mode to the SPP mode, 

ultimately inducing core mode attenuation [153]. Complete coupling, characterized by 

maximum core mode loss, occurs at a wavelength of 1.326 μm (Figure 5-4). This 

phenomenon requires phase-matching conditions, where the propagation constants of 

the SPP and XP core modes are equal [143]. As shown in Figure 5-4, complete coupling 

is achieved at 1.326 μm when both the Re_neff and loss values of the two modes 

coincide. Deviations from this wavelength result in incomplete coupling due to 

mismatched phase conditions. The electric field distribution insets in Figure 5-4 



Chapter 5 

95 

   

contrast the fully coupled SPP mode with the partially coupled XP core mode under 

non-phase-matched conditions. 

 

Figure 5-4 Loss spectra, dispersion relations, and electric field distributions of the SPP mode 

and XP core mode at a chemical potential of 0.6 eV. Solid curves: loss spectra; dotted curves: real 

part of the effective refractive index Re_neff. Insets illustrate the electric field profiles of the SPP 

mode (pink) and XP core mode (blue). 

5.3 Simulation and Discussion 

5.3.1 Tunability performance 

Figure 2-18 in Section 2.3.2 presents the surface conductivity characteristics of 

graphene at an operational wavelength of 1.33 μm. When the chemical potential 

increases from 0.5 eV to 1 eV, the real component of surface conductivity maintains 

stability while the imaginary component exhibits a significant reduction. This 

conductivity modification induces a blue shift in the resonant wavelength, as will be 

comprehensively demonstrated through spectral and dispersion analyses in Figures 5-5 

and 5-6. The proposed filter design achieves superior XP core mode attenuation (＞30 
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dB) with minimal YP core mode transmission loss (<0.6 dB/cm), a performance 

advantage attributable to selective SPP coupling exclusively with the XP mode. 

 

Figure 5-5 Tunable optical responses for O-band operation. Results with the period of gold 

grating pau = 500 nm under chemical potential μc tuning in the range of 0.5–1 eV. (a) Attenuation 

spectra for XP and YP core modes. (b) The real part of the effective RI of XP core mode and SPP 

mode under phase-match conditions. (c) Tunability performance: Extinction ratio (solid line, left 

axis) and resonant wavelength (dashed line, right axis) versus chemical potential. 

Numerical simulations confirm that the SPP-induced propagation loss remains 

effectively constant across the tested chemical potential range (0.5-1 eV). Figure 5-5(a) 

illustrates the polarization-dependent loss spectra, while Figure 5-5(b) displays the 

corresponding dispersion relations at different chemical potentials. The spectral 

tunability is quantified in Figure 5-5(c), showing a linear correlation between chemical 

potential and resonant wavelength that spans from 1.272 μm to 1.353 μm. This tuning 

range fully encompasses the O-band telecommunications window (1.26-1.36 μm). The 

extinction ratio (ER), defined as the logarithmic power ratio between transmitted YP 

and XP modes [152, 154], can be expressed as: 
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where x  and
y   represent the attenuation coefficients (dB/mm) for respective 

polarization modes, and Lf denotes the 1-mm filter length. As evidenced in Figure 5-

5(c), the ER maintains peak values exceeding 30 dB throughout the chemical potential 

adjustment range across the entire O-band. This performance consistency confirms the 

design's robustness for tunable polarization filtering applications. 

 
Figure 5-6 Tunable optical responses for C-band operation. Results with the period of gold 

grating pau = 440 nm, under chemical potential changes from 0.6 eV to 1 eV. (a) Attenuation spectra 

of XP and YP core modes. (b) The real part of the effective RI of XP core mode and SPP mode 

under phase-match conditions. (c) Extinction ratio and resonant wavelength versus chemical 

potential. 

The fiber polarizer can be tuned by both the graphene chemical potential and the gold 

grating parameter. When the period of the gold grating pau is changed to 440 nm, the 

SPP mode resonance shifts to the vicinity of 1550 nm, enabling operation within the C-

band (1530–1565 nm), as demonstrated in Figure 5-6. Specifically, Figure 5-6(a) shows 

the attenuation spectra of the XP and YP core modes, revealing polarization-selective 

mode loss. Figure 5-6(b) illustrates the phase-matching condition between the XP core 
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mode and SPP mode through their effective refractive indices (Re_nₑff). Notably, 

dynamic tuning of μc from 0.6 eV to 1 eV allows the resonant wavelength to span the 

entire C-band while maintaining an ER exceeding 20 dB (Figure 5-6(c)).  

Compact fiber polarizer size. The dependence of extinction ratio on fiber polarizer 

length under varying chemical potentials is shown in Figure 5-7. A threshold of 20 dB 

is applied to define the operational bandwidth. As the fiber length increases from 1 mm 

to 3 mm, the extinction ratio improves significantly to 37.4 dB, 74.9 dB, and 112.3 dB, 

with corresponding bandwidths of 125 nm, 192 nm, and 236 nm, respectively. To 

balance performance and compactness, a 1-mm-long polarizer is selected for our design. 

This configuration achieves sufficient bandwidth (125 nm) to fully cover the O-band 

(1260–1360 nm) while maintaining a low insertion loss of approximately 0.6 dB for y-

polarized light. 

 

Figure 5-7 Extinction ratio versus wavelength at different fiber polarizer lengths (from 1mm to 3 

mm), under 0.5 eV and 1 eV chemical potentials. 

5.3.2 Fabrication flow and robustness. 

The potential fabrication process of the proposed polarization filter comprises three 

stages, integrating precision fiber processing with advanced nanomaterial integration. 
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Initially, a standard SMF is secured in a groove with a controlled depth of 

approximately 68 μm, where the protruding fiber segment is mechanically polished to 

form a D-shaped cross-section. This critical surface processing achieves exceptional 

smoothness with surface roughness below 1 nm [94]. Subsequently, high-quality single-

layer graphene is synthesized on copper foil through chemical vapor deposition (CVD), 

followed by the fabrication of gold grating patterns via electron beam lithography (EBL) 

and electron beam deposition systems. A protective CYTOP coating is then applied over 

the graphene-gold grating structure before transferring the composite film onto the D-

shaped fiber surface using an established transfer methodology [94]. The final stage 

involves the integration of metallic electrodes on the fiber platform to enable electrical 

modulation of graphene's chemical potential, essential for achieving tunable filtering 

characteristics [155]. Future experimental work will focus on the practical 

implementation and performance characterization of this device. 

To evaluate the device's tolerance to fabrication variations, Table 5-1 presents 

performance metrics at core-graphene distances of 0.5, 1.0, and 1.5 μm. The XP core 

mode consistently exhibits high propagation losses exceeding 20 dB/mm, with peak 

attenuation observed at 1.0 μm separation. In contrast, YP core mode losses remain 

below 1 dB/mm and demonstrate a gradual reduction with increasing separation 

distance. Notably, the resonant wavelength maintains remarkable stability, showing 

minimal spectral shift (Δλ < 0.5 nm) across the tested parameter range. These results 

confirm that the filter's polarization selectivity and spectral characteristics exhibit 

strong insensitivity to core-graphene distance variations, significantly relaxing the 

precision requirements for device assembly. This inherent tolerance substantially 

reduces manufacturing complexity while preserving optimal performance 

characteristics. 
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Table 5-1 Results of different core-graphene distances at μc=1 eV. 

Core-graphene distance 0.5 m 1 m 1.5 m 

YP attenuation (dB/mm) 0.71 0.54 0.36 

XP attenuation (dB/mm) 29.06 36.21 22.22 

Extinction ratio (dB) 28.35 35.67 21.86 

Resonant wavelength (m) 1.299 1.272 1.264 

Table 5-2 Performance comparison with other existing works 

Description Wavelength 

(nm) 

Extinction ratio 

(dB) 

Insertion 

loss (dB) 

Device length 

(mm) 

Two-core PCF single-

polarization wavelength 

splitter (simulation) 

[156] 

1296 - 1304 

> 20 < 0.05 10.7 
1548 - 1552 

Single-core PCF single-

polarization wavelength 

splitter (simulation) 

[157] 

1304 - 1316 

> 20 

~0.48 

20 
1536 - 1564 ~2.73 

SPR induced 

polarization filter based 

on D-shaped PCF 

(simulation)[149] 

1550 ~37.61 ~0.02 1 

Broadband graphene 

polarizer (experiment) 

[19] 

820 - 955 ~15 -- 3 

1530 - 1630 ~19 ~5 2.1 

Bimetal-coated PCF 

polarization filter 

(simulation) [158] 

1310 ~53.2 ~1.23 

1 
1560 ~12.33 ~2.4 

PCF-based SPR induced 

polarization filter 

(simulation) [159] 

1550 ~44.52 ~0.08 1 

This work (simulation) 1272 - 1353 32 - 37 ~0.6 

1 

1540 - 1612 21 - 24 ~1.2 
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5.3.4 Discussion 

As summarized in Table 5-2, the device achieves extinction ratios of 32–37 dB in the 

O-band and 21–24 dB in the C-band, with insertion losses limited to ~0.6 dB and ~1.2 

dB, respectively, within a compact 1 mm footprint. This performance advances designs 

through three critical innovations: broadband operation across full communication 

bands, unlike conventional wavelength-specific fiber-based counterparts [158, 159]; 

balanced loss-ratio performance, where subwavelength gold gratings reduce insertion 

losses to <1.2 dB while retaining extinction ratios >20 dB, addressing the high-loss 

limitations (~5 dB) of earlier graphene-based polarizers [19]; and compact 

electrotunability, achieving plasmon-enhanced extinction ratios comparable to 

centimeter-scale devices [156, 157] while enabling electrical wavelength tuning via 

graphene integration, a capability absent in static SPR systems [149, 159]. The D-

shaped SMF substrate provides inherent compatibility with standard telecom 

infrastructure, while the graphene-grating heterostructure introduces a scalable 

pathway for dynamic polarization management in wavelength-division multiplexing 

networks and integrated photonic circuits. Future experimental validation will focus on 

optimizing grating dimensions and graphene doping levels to further enhance extinction 

ratios while minimizing insertion losses. 

5.4 Summary 

In conclusion, we demonstrate a graphene-integrated D-shaped single-mode fiber 

polarizer with electrically tunable broadband operation. The synergistic combination of 

monolayer graphene and subwavelength gold gratings enables wavelength-selective 

SPR, achieving polarization extinction ratios exceeding 20 dB over 125 nm (O-band) 
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and 72 nm (C-band) spectral ranges. By modulating the graphene chemical potential, 

dynamic switching between O-band (1.272–1.353 μm) and C-band (1.54–1.612 μm) 

operation is realized, accompanied by ultralow insertion losses of 0.6 dB and 1.2 dB, 

respectively. The 1 mm compact design leverages localized plasmonic enhancement 

while maintaining fabrication simplicity, critical advantages enabled by the robust 

performance independence from core-graphene spacing and standard fiber 

compatibility. These features position the device as a promising candidate for 

reconfigurable polarization management in wavelength-division multiplexing systems 

and integrated photonic circuits.  
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Chapter 6  Conclusions and Outlook 

This thesis establishes fiber-integrated metasurfaces and graphene hybrids as a 

transformative paradigm for next-generation optical system, addressing fabrication 

complexity, mode mismatch, and dynamic control. Chapter 2 lays the theoretical 

groundwork for metasurface-fiber synergy, while Chapters 3–5 experimentally validate 

ultra-sensitive quasi-BIC sensing (1 μL detection), chiral polarization switching (2 

Gbps PAM4 signal), and gate-tunable polarizers (C/O-band adaptability). Collectively, 

these advances demonstrate scalable fabrication, resonant engineering, and active 

reconfiguration strategies. Emerging opportunities in dielectric metalenses, advanced 

nanofabrication, and multifunctional active devices are poised to expand applications 

in quantum optics, hyperspectral sensing, and adaptive networks. The following 

sections outline three frontiers currently under investigation to guide future research 

toward intelligent, multifunctional "lab-on-fiber" systems. 
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Combining metasurfaces and graphene with optical fiber technology establishes a 

transformative platform for next-generation photonic devices. This synergy combines 

compact structures and nanoscale light manipulation capabilities with the inherent 

advantages of fiber optics, including low-loss transmission, mechanical flexibility, and 

seamless compatibility with communication networks. This thesis systematically 

addresses three fundamental challenges in hybrid fiber-optic system development: (1) 

overcoming fabrication complexity through a precision-engineered fiber-tip 

metasurface integration process; (2) resolving spatial mode limitations via large-mode-

area PCF; and (3) mitigating modal mismatch through flat-band resonant metasurface 

design. In Section 3.3, a universal fabrication framework is developed to enable direct 

metasurface fabrication on fiber tips, significantly enhancing efficiency. This approach 

facilitates the realization of an ultra-sensitive BIC metasurface fiber-tip sensor and a 

chiral metalens for high-speed optical switching. Additionally, a proof-of-concept 

tunable D-shaped fiber polarizer is proposed, addressing the demand for dynamic fiber 

devices. 

Chapter 2 establishes the theoretical foundation by examining metasurface physics, 

optical fiber modes, and the dynamic tunability mechanisms of graphene. It highlights 

key applications such as achromatic metalenses, full-Stokes polarization imaging, and 

BIC sensing, while introducing graphene-based broadband polarization control as a 

pivotal advancement for dynamic fiber devices. These insights bridge fundamental 

principles with practical implementations, guiding the design of subsequent 

experimental platforms. 

Chapter 3 demonstrates a plasmonic quasi-BIC metasurface integrated onto SMF 

demonstrates ultra-sensitive real-time sensing with 1 μL analyte volumes. Angular 

spectrum analysis reveals that the flat-band characteristics of quasi-BIC modes enable 
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efficient coupling to fiber fundamental modes, overcoming spectral broadening caused 

by Gaussian beam divergence. This work pioneers a fiber-based platform for high-Q 

factor BIC metasurface applications and resolves critical mode-matching challenges 

through resonant engineering.  

Chapter 4 introduces a chiral plasmonic metalens integrated at the fiber tip, achieving 

95% circular polarization conversion efficiency. Validated in a 1 Gb/s coherent 

communication system, this device enables polarization-modulated optical switching 

with 20 dB extinction ratio and 600 μs response speed. The planar chiral unit design 

further demonstrates arbitrary polarization focusing capabilities, underscoring the 

viability of fiber-integrated metasurfaces for high-speed optical signal processing and 

adaptive polarization control in telecommunications. 

Chapter 5 presents a gate-tunable D-shaped fiber polarizer combining graphene with 

gold grating-induced SPPs. By exploiting phase-matching conditions and graphene’s 

chemically adjustable Fermi level, this device achieves broadband operation across C- 

and O-bands with high extinction ratios and low insertion loss. This platform 

exemplifies the synergistic potential of graphene and fiber optics for dynamically 

reconfigurable photonic systems, advancing the frontier of active integrated photonic 

devices. 

Collectively, this research advances fiber-integrated metasurface technology through 

novel fabrication methods, mode-coupling strategies, and tunable device architectures. 

The demonstrated sensors, switches, and polarizers not only address current limitations 

in photonic systems but also open new avenues for miniaturized, intelligent optical 

networks in sensing, communication, and quantum technologies. 

The following outlook presents three promising research directions currently under 

investigation, along with potential avenues for future exploration: (1) high-efficiency 
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fiber-tip dielectric metalenses, (2) advanced nanofabrication techniques for multilayer 

metasurfaces on optical fiber substrates, and (3) active fiber-integrated metasurfaces 

devices. 

(1). Fiber-tip dielectric metasurface. Following the established fabrication flow for 

fiber-tip metasurfaces, we extended the methodology to fabricate dielectric metalenses 

on large-mode-area PCFs. The metalens design utilizes birefringent rectangular meta-

atoms functioning as half-wave plates, providing a π phase shift between orthogonal 

polarization states. As illustrated in Figure 6-1, these meta-atoms exhibit geometrically 

controlled phase modulation. Through systematic optimization, we selected four meta-

atoms demonstrating both high optical transmittance (T > 80%) and phase coverage 

spanning 0 to π. Significantly, due to their half-wave plate characteristics, an additional 

π to 2π phase coverage was achieved by rotating the selected meta-atoms by 90 degrees. 

This combined approach yielded eight distinct meta-atom configurations, whose 

geometric parameters are shown in Table 6-1. 

 

Figure 6-1 (a) Geometry of dielectric meta-atom. (b) Transmittance and phase delay of the selected 

8 meta-atoms along the XP incidence. 
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Table 6-1 Geometry details of 4 meta-atoms. 

Meta-atom No. l (nm) h (nm) 

1 520 150 

2 480 200 

3 480 240 

4 520 260 

The meta-atom exhibits a period of 600 nm and a height of 800 nm. Following the 

fabrication protocol detailed in Section 3.3 and adapted to Figure 6-2(a), an 800-nm-

thick α-silicon layer was deposited by Low-pressure chemical vapor deposition 

(LPCVD). Preliminary fabrication of the designed metalens on LMA-PCF was 

conducted using consistent FIB parameters: 40 kV acceleration voltage and 40 pA beam 

current.  

 

Figure 6-2 (a) Fabrication flow for dielectric metalens on fiber. (b) The dielectric metalens on 

LMA-PCF under SEM view. (b) The focusing performance along z direction. 
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However, challenges emerged during the etching process due to the dielectric 

material properties and the meta-atoms' elevated height, requiring extended etching 

duration compared to plasmonic metalens fabrication. Additional complications arose 

from FIB-induced material sputtering effects, resulting in non-ideal tapered 

nanostructures characterized by progressive top-width reduction and base-width 

expansion. Figure 6-2 shows the preliminary preparation results and focusing 

phenomena along z direction. Further optimization of the fabrication methodology will 

be conducted to address these structural imperfections and enhance manufacturing 

accuracy for achieving high focusing efficiency. 

(2) Other potential fiber-tip metasurface fabrication methods. Since the diameter 

of SMF core is 8 µm, there needs to be a transmission distance between the end facet 

of the single-mode fiber and the metasurface to expand the field area. One possible 

solution is to use a length of high-index SiO2 or a length of large mode area multi-mode 

fiber to hold the metasurface. The connection between the metasurface and MMF/SiO2 

can be made using UV-curable epoxy. The length of the beam expanding part needs to 

be calculated to hold the metasurface while minimizing efficiency loss. 

 

Figure 6-3 Method of fusing a beam expanding part for integrating large area metasurface on fiber 

tip. 

Apart from direct fabricating metasurface on fiber tip, there has another potential 

fabrication method through wafer-to-fiber [160] and PMMA-to-fiber [161] by electron-

beam lithography (EBL) method. These techniques maintain compatibility with 
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conventional semiconductor manufacturing protocols while offering enhanced 

scalability. Integration with our previously demonstrated technique of fusing 800 μm 

MMF as beam-expanding elements enables large-area metasurface implementation on 

fiber tips.  

 

Figure 6-4 Transfer method for fiber-tip metasurface. (a) The wafer-to-fiber transfer method for 

integrating photonic crystal structures on an SMF.[160] (b) The fabrication flow for the method 

utilizing PMMA as substrate to transfer metasurface on fiber tip.[161] 

Both transfer methods employ EBL to create high-precision metasurfaces on 

substrate-supported sacrificial layers. Critical to the transfer process is the creation of 

peripheral etching rings surrounding the metasurface patterns while retaining 10-μm-

wide mechanical tethers. Subsequent immersion in diluted HF solution dissolves the 

sacrificial layer, followed by UV irradiation-assisted alignment and pressure bonding 

to achieve precise metasurface transfer onto the fiber tip. This methodology not only 

facilitates single-layer implementations but also shows potential for multilayer 

metasurface on optical fibers, thereby enabling multifunctional optical devices through 

vertical integration of disparate optical functionalities. 

(3) Active meta-fiber devices. Chapter 5 demonstrates a tunable fiber polarizer 

leveraging gate-tunable graphene. The proposed architecture employs gold gratings 
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deposited on graphene to excite SPP modes that enhance coupling efficiency with 

fundamental fiber modes. Beyond grating-based approaches, recent years have 

witnessed significant efforts in developing active optical metasurfaces for advanced 

light manipulation, including phase-change material metasurfaces modulated by 

femtosecond laser pulse irradiation and electrically reconfigurable conducting oxide 

metasurfaces. While these innovations enable multifunctional reconfigurability, critical 

challenges persist in practical implementation. Most reported active metasurfaces 

remain proof-of-concept demonstrations at simulation scale. Future advancements are 

anticipated through integration of emerging materials such as 2D transition metal 

dichalcogenides, perovskite heterostructures, and lithium niobate thin films into fiber-

integrated platforms. This materials-driven approach promises to enable 

multifunctional photonic devices combining polarization control, wavelength 

selectivity, and dynamic modulation within compact optical fiber architectures. 

The integration of metasurfaces and 2D materials with optical fiber systems presents 

multiple promising avenues for developing novel active optical devices. This 

interdisciplinary approach aims to systematically investigate fundamental physical 

mechanisms, develop novel functionalities, and expand practical applications in fiber-

integrated platform. Anticipated advancements in nanofabrication methodologies are 

expected to facilitate the realization of increasingly sophisticated fiber-integrated 

devices with enhanced performance characteristics and expanded operational 

capabilities.
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