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Abstract 

The niobium oxide dihalide series, NbOX₂ (X = Cl, Br, I), exhibits remarkable second-

order optical nonlinearity and distinctive polarization-dependent properties. These 

characteristics make NbOX₂ an exceptional platform for applications in electronics, 

optoelectronics, and quantum technologies. NbOX₂ enables highly efficient second 

harmonic generation (SHG), a key process for the realization of advanced optical devices 

such as frequency converters and coherent light sources. The nonlinear optical 

performance of NbOCl₂ can be further enhanced through integration with plasmonic 

architectures, which intensify light–matter interactions and boost SHG efficiency. Here, 

we present a polarization-independent plasmonic structure that achieves a three-fold 

enhancement in SHG intensity, providing a robust pathway toward high-performance, 

miniaturized nonlinear optical systems. 

  



Introduction 

Second-harmonic generation (SHG) is one of the most fundamental nonlinear optical 

(NLO) processes, serving as a cornerstone of modern photonics.[1] By coherently 

converting two photons of frequency 𝜔  into one photon of frequency 2𝜔 , SHG 

enables frequency conversion[2], wavelength tuning[3], and coherent light generation[4] 

essential for applications in ultrafast spectroscopy, optical communications, quantum 

information processing, and biomedical imaging[5-10]. Over the past decades, SHG has 

been widely exploited in bulk nonlinear crystals, such as lithium niobate (LiNbO₃)[11] 

and potassium titanyl phosphate (KTP)[12], where phase-matching and quasi-phase-

matching (QPM) techniques are typically required to overcome dispersion and maintain 

constructive interference between the fundamental and second-harmonic waves. These 

strategies have achieved conversion efficiencies up to several tens of percent, supporting 

the development of high-power laser systems and quantum optics platforms.[13, 14] 

However, due to the intrinsic three-dimensional (3D) geometry and fabrication 

challenges of conventional nonlinear crystals[15, 16], these approaches remain largely 

incompatible with nanoscale photonic devices and on-chip integration, motivating the 

exploration of alternative materials and design strategies. [17, 18] 

The advent of two-dimensional (2D) van der Waals (vdW) materials has revolutionized 

the field of nonlinear optics by introducing a new route to atomically thin media with 

exceptionally large optical nonlinearities.[19-23] In such systems, broken inversion 

symmetry and strong excitonic effects contribute to remarkably high second-order 

susceptibilities (𝜒(2)), often exceeding traditional bulk crystals (e.g.  𝜒22
(2)

 ~ 4 𝑝𝑚/𝑣 

for beta-barium borate and  𝜒33
(2)

 ~ 60 𝑝𝑚/𝑣 for lithium niobate)[24]. Furthermore, the 

facile integration of 2D materials with nanophotonic platforms paves the way for hybrid 

optoelectronic architectures, enabling diverse functionalities such as all-optical signal 

modulation, nanoscale frequency conversion, and optical sensing.[25, 26] Nonetheless, 

the limited optical interaction length in these ultrathin layers restricts the absolute SHG 

generation, resulting in intrinsically low conversion efficiencies that hinder their use in 

practical nonlinear optical devices.[27] 



Among the wide family of 2D materials, layered niobium oxyhalides (NbOX₂, X = Cl, 

Br, I) have recently emerged as particularly promising candidates for efficient nonlinear 

photonics owing to their intrinsic ferroelectricity, strong in-plane anisotropy, and large 

second-order susceptibilities coefficients over 100 𝑝𝑚/𝑉.[13, 14, 28, 29] The intrinsic 

monoclinic crystal structure breaks inversion symmetry, giving rise to a robust 

spontaneous in-plane polarization that persists even at atomically thin dimensions This 

yields robust SHG that scales with thickness, which is significantly different from widely 

studied 2D transition metal dichalcogenides (TMDs) such as MoS2[30] and MoSe2[31]. 

Recent theoretical analyses have revealed that the giant second-order response in NbOX₂ 

originates from double-photon resonances between occupied anion p orbitals and 

unoccupied Nb 4d orbitals, as well as band-nesting effects that enhance the joint density 

of states.[14, 28] Furthermore, the NLO properties of NbOX₂ are closely coupled to its 

ferroelectric polarization, enabling dynamic tunability via external strain, electric fields, 

or phase transitions between ferroelectric and paraelectric states.[29, 32] These 

combined features position NbOX₂ as an ideal 2D material platform for next-generation 

nonlinear and quantum photonic devices. 

To enhance the nonlinear response of ultrathin material, several optical enhancement 

strategies have been developed. Recent experimental studies have demonstrated 

significant progress in improving the NLO performance of NbOX₂ through 

nanophotonic and cavity integration. For instance, the incorporation of NbOCl₂ into 1D 

photonic crystal microcavities has resulted in more than an order-of-magnitude SHG 

enhancement owing to the strong field confinement and the optical feedback provided 

by distributed Bragg reflectors.[27] The dielectric multilayer structure also serves as an 

encapsulation medium, protecting NbOCl₂ from ambient degradation and maintaining 

long-term stability of the nonlinear signal. In parallel, NbOCl₂ metasurfaces and 

nanodisk arrays have been engineered to support Mie-type resonances and high-

refractive-index contrast, achieving up to 25× SHG enhancement and enabling resonant 

light confinement within subwavelength volumes.[33] Photonic crystal (PhC) cavities 

has also proven particularly effective for boosting SHG intensity.[13] These results 



highlight the tremendous potential of optical structure engineering for enhancing the 

nonlinear response of 2D NbOX₂ materials.  

Beyond cavity and metasurface approaches, phase-matching and stacking engineering 

in NbOX₂ systems have opened new possibilities for optimizing SHG output. Controlled 

stacking of NbOBr₂ flakes with reverse alignment enables the compensation of phase 

mismatch between the fundamental and second-harmonic fields, resulting in entangled 

photon pair generation enhancement and optimized coherence lengths in both reflection 

and transmission geometries.[34, 35] Such approaches demonstrate that artificial 

structural manipulation in 2D materials can mimic quasi-phase-matching techniques 

traditionally realized in bulk ferroelectrics. Despite these significant advances, most 

reported enhancement strategies rely on dielectric or photonic confinement, which 

typically provide moderate field localization. The exploration of plasmonic architectures 

however, remains relatively limited for NbOX₂ materials. 

Plasmonic nanostructures can dramatically intensify local electromagnetic fields 

through collective oscillations of free electrons at metal-dielectric interfaces, creating 

“hot spots” where the electric field amplitude is enhanced by orders of magnitude. When 

coupled with nonlinear media, such as 2D semiconductors, these localized fields can 

strongly boost nonlinear polarization and thus SHG efficiency. Furthermore, by 

carefully designing the geometry and symmetry of plasmonic elements, it is possible to 

achieve polarization-independent resonances, ensuring isotropic field enhancement for 

both linear and circularly polarized excitation.[36] Compared to purely dielectric 

systems, plasmonic platforms offer broadband operation, tunable resonance frequencies, 

and compact device footprints, making them attractive for ultrafast and integrated 

nonlinear photonics. The integration of NbOCl₂ with plasmonic architectures thus 

represents a promising yet underexplored strategy for unlocking the full nonlinear 

potential of this material family. In addition to field enhancement, plasmonic systems 

can also facilitate energy confinement and phase control at the nanoscale, enabling 

efficient coupling of fundamental and harmonic fields. Such hybrid configurations are 

particularly advantageous for applications requiring low excitation powers and 

miniaturized geometries, where conventional cavity-based solutions may suffer from 



alignment sensitivity or limited optical bandwidth. Furthermore, plasmonic integration 

is compatible with scalable fabrication techniques such as electron-beam lithography 

and nanoimprint patterning, paving the way toward wafer-scale production of nonlinear 

optical elements based on 2D materials. 

In this work, we present a polarization-independent plasmonic architecture that achieves 

a three-fold enhancement in SHG intensity from NbOCl₂ thin films. By coupling NbOCl₂ 

with a carefully engineered plasmonic nanostructure, we exploit the strong local field 

amplification at the plasmonic resonance to boost the effective nonlinear polarization 

while maintaining isotropic optical response across all polarization states. This design 

circumvents the limitations of anisotropic or polarization-sensitive enhancement 

schemes reported previously in cavity or metasurface systems. Moreover, the broadband 

nature of the plasmonic resonance allows efficient excitation under varied illumination 

conditions, enabling robust SHG performance over a wide spectral range. 

Our findings demonstrate that plasmonic–NbOCl₂ hybrid systems can serve as powerful 

platforms for miniaturized nonlinear optical devices, combining the intrinsic strong 𝜒(2) 

response of NbOCl₂ with the extreme field confinement of plasmonic nanostructures. 

The observed three-fold enhancement in SHG intensity establishes a new route toward 

high-performance, scalable, and polarization-insensitive nonlinear photonic components. 

Beyond the immediate enhancement of harmonic generation, the principles 

demonstrated here can be extended to other nonlinear processes, including sum-

frequency generation, spontaneous parametric down-conversion, and third-harmonic 

generation. Overall, this work bridges the gap between the fundamental optical 

nonlinearity of 2D NbOX₂ materials and practical, integrable device architectures, 

opening promising avenues for the realization of next-generation chip-scale light sources, 

frequency converters, and quantum photonic systems. 

  



Results and Discussion 

We begin by characterizing the intrinsic nonlinear optical (NLO) response of NbOCl₂ 

before introducing plasmonic coupling. As shown in the SHG mapping of Figure 1a, the 

SHG emission varies systematically with flake thickness, spanning 15 - 45 nm. This 

trend arises from the cumulative buildup of nonlinear polarization 𝑝(2), which scales 

with the number of layers in ferroelectric NbOX₂ systems. Unlike transition metal 

dichalcogenides (TMDs), whose SHG often quenches beyond monolayer thicknesses 

due to inversion symmetry recovery, NbOCl₂ maintains a noncentrosymmetric structure 

independent of layer number which is an intrinsic advantage for scalable nonlinear 

devices over TMD materials. Raman spectroscopy (Figure 1b) confirms the structural 

integrity of the exfoliated crystals. Multiple high-frequency modes assigned to Nb-O 

stretching and Nb-Cl vibrations indicate strong intralayer bonding. Furthermore, the 

optical constants remained stable over a one-year recording period (Figure 1c), which 

underscore the environmental robustness of NbOCl₂. This ambient stability is 

particularly noteworthy given that many vdW halides (e.g., CrI₃, FeCl₂) degrade within 

hours in air. Additionally, the distinct optical constants along different axes identify 

NbOCl₂ as a birefringent component; a detailed discussion of this optical anisotropy is 

provided in Figure S1 and Figure S2. Complementary structural characterization, 

including XRD, XPS, and TEM imaging, is presented in Figure S3. The structural 

resilience of NbOCl₂ makes it suitable for long-term photonic integration and real-world 

applications. The power-dependent SHG measurements (Figure 1d) show a quadratic 

dependence on excitation power, validating the process as pure second-harmonic 

generation without contributions from multiphoton photoluminescence or other higher-

order effects. This clean nonlinear scaling is essential for quantitative comparison 

between bare and plasmonically enhanced configurations. Polarization-resolved SHG 

measurements (Figure 1e) reveal a pronounced anisotropy with a characteristic two-

lobed pattern. This arises from the monoclinic lattice symmetry and in-plane 

ferroelectric orientation of NbOCl₂. Notably, the polarization axis of maximal SHG 

emission correlates with the direction of spontaneous polarization, consistent with 

theoretical predictions that the nonlinear susceptibility tensor elements are strongly 



anisotropic. Such intrinsic anisotropy imposes limitations on device applications where 

polarization alignment is impractical，motivating our development of a polarization-

insensitive plasmonic enhancement platform. Finally, wavelength-dependent SHG 

spectra (Figure 1f) collected under pump wavelengths ranging from 750–800 nm shows 

consistent harmonic peaks at the expected half-wavelength positions, demonstrating 

robust spectral conversion efficiency. The broad resonance tolerance of NbOCl₂ 

indicates that it is not restricted to narrowband excitation, making it compatible with real 

plasmonic resonator bandwidths. Together, these intrinsic measurements establish 

NbOCl₂ as a stable, high-performance nonlinear medium with strong second-order 

responses and motivate the pursuit of external field enhancement strategies to overcome 

the limited interaction volume inherent in ultrathin materials. 

Figure 1 SHG measurement and Raman measurement of NbOCl2 flakes. (a) SHG mapping of NbOCl₂ 

flakes with thicknesses of 15 - 45 nm under 780 nm excitation. Brighter regions correspond to stronger 

nonlinear emissions. (b) Raman spectra of NbOCl₂ flakes. (c) Optical constants for NbOCl2 with thickness 

of 85 nm along three axis. (d) Power-dependent SHG intensity fitted to a quadratic function, confirming 

second-order nonlinear behavior. (e) Polarization-resolved SHG intensity exhibiting a characteristic 

anisotropic two-lobed pattern. (f) SHG spectra measured under pump wavelengths from 750 to 800 nm, 

with second harmonic peaks appearing at the expected half-wavelength positions. 

 

To address the dual challenges of limited interaction length inherent to ultrathin 2D films 

and the intrinsic polarization constraints of the monoclinic NbOCl₂ crystal, we 

strategically engineered a plasmonic metasurface composed of C-4 symmetric Silver 

               

                     

 

   

   

   

   

 

 
 
 
  
 
  
 
 
  
 
  
 
  
  

           

             
 

           

         

               

 

   

 

 
 
 
  
 
  
 
 
  
 
  
 
  
  

      

      

      

      

      

      

                

               
  
 

 

   

   

   

   

 

 
 
  

 
   
 
 
  
 
  
 
 
  
       

      

         

   



(Ag) ring resonators. The device architecture is schematically illustrated in Figure 2a, 

depicting the integrated NbOCl₂ flake precisely positioned over the periodic array of 

resonators, the geometry of which was confirmed by SEM as shown in Figure 2b. We 

selected circular rings specifically for their in-plane symmetry. Unlike nanorods or 

bowtie antennas, which are inherently anisotropic and would bias the measurement, the 

ring’s symmetric geometry ensures that the observed anisotropy originates solely from 

the NbOCl₂. In stark contrast, the rotational symmetry of the ring structure is 

meticulously designed to support plasmonic modes that can be excited efficiently by any 

in-plane polarization angle, thus ensuring a polarization-insensitive coupling mechanism. 

The underlying mechanism of enhancement was thoroughly investigated using Finite-

Difference Time-Domain (FDTD) simulations. As demonstrated in Figure 2c, these 

simulations clearly elucidate the formation of a continuous, radially uniform "hotzone" 

along both the inner and outer edges of the Ag rings, rather than just at localized tips or 

gaps typical of gapped structures. Within these sub-wavelength volumes, the local 

electric field intensity (|𝐸𝑙𝑜𝑐|2) is amplified by one order of magnitude relative to the 

incident field (|𝐸𝑖𝑛|2). Since the intensity of the second-harmonic signal scales with the 

fourth power of the fundamental field 𝐼𝑆𝐻𝐺 ∝ |𝐸𝑙𝑜𝑐(𝜔)|4 , even moderate plasmonic 

confinement translates into a dramatic amplification of the nonlinear yield. The efficacy 

of this polarization-insensitive design was experimentally verified through transmission 

spectra measurements, presented in Figure 2d. The transmission spectra obtained under 

both linear and circular excitations exhibit indistinguishable resonance profiles. This 

observation explicitly validates the polarization-insensitive nature of the plasmonic 

resonance, confirming that the ring structure functions exclusively as a scalar field 

amplifier. This localized field concentration not only efficiently addresses the poor 

light-matter interaction volume typical of few-layer 2D materials but also maximizes the 

utilization of the material's intrinsically large nonlinear susceptibility, validating the 

ring-based metasurface as an effective platform for ultra-efficient, polarization-

preserving frequency conversion. The novelty lies precisely in this ability to decouple 

the enhancement magnitude from the polarization response, ensuring the measured SHG 

is a faithful, yet amplified, representation of the material's intrinsic ferroelectric 
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anisotropy. 

 

Figure 2. (a) Schematic of the C4-symmetric plasmonic resonator used for SHG enhancement. (b) SEM 

image of the fabricated resonator array showing uniform circular ring geometry. (c) Simulated local 

electric-field distribution revealing strong hotspot formation at the ring edges. (d) Measured transmission 

spectra under linear (Hz/Vl) and circular (RCP/LCP) polarizations, demonstrating polarization-insensitive 

plasmonic resonance. 

 

The successful integration of NbOCl₂ flakes with engineered plasmonic architectures 

yields a substantial enhancement in nonlinear optical performance, effectively bridging 

the gap between intrinsic material properties and device-level efficiency. The schematic 

configuration of the experimental setup used for these measurements is illustrated in 

Figure 3d. As demonstrated by the spatial SHG mapping in Figure 3a, the hybrid system 

exhibits distinct optical contrast that clearly differentiates the substrate, the pristine bare 

flake, and the plasmonic-coupled regions (designated as Points A, B, and C, 

respectively). This spatial fidelity confirms that the optical enhancement is strictly 

confined to the light-matter interface rather than resulting from bulk measurement 

artifacts. 



Quantitative analysis provided by the SHG line profile in Figure 3b further elucidates 

this behavior, revealing a pronounced amplification of approximately three-fold in SHG 

intensity (highlighted by the shaded region). This enhancement is specifically localized 

to the spatial overlap between the NbOCl₂ flake and the underlying plasmonic resonators, 

underscoring the efficacy of the electromagnetic 'hot spots' at the ring edges in boosting 

the effective nonlinear polarization. The polarization-resolved dynamics presented in 

Figure 3c reveal the preservation of symmetry within the hybrid system. In contrast to 

conventional plasmonic antennas, such as nanorods or bowties, where geometric 

anisotropy dictates the polarization response, our C4-symmetric ring geometry strictly 

preserves the intrinsic anisotropic SHG signature of the NbOCl₂ crystal. The rotationally 

symmetric near-field distribution facilitates uniform amplification of all in-plane 

excitation vectors, effectively functioning as a scalar amplification factor. Consequently, 

the signal magnitude is enhanced without perturbing the angular emission pattern 

governed by the nonlinear susceptibility tensor. This decoupling of field enhancement 

from polarization distortion is critical for tensor-resolved nonlinear photonics, as it 

retains crystallographic orientation information without the artificial distortions 

typically associated with anisotropic metallic resonators 



 

Figure 3. (a) Spatial SHG map of a NbOCl₂ flake transferred onto the plasmonic resonator array (λₑₓ = 770 

nm). Points A, B, and C indicate representative locations across the bare flake, plasmonic edge and 

plasmonic–flake hybrid regions. (b) SHG line profile extracted along the dashed line in (a), showing 

distinct regions corresponding to the bare flake and plasmonic–flake hybrid region. A pronounced increase 

in SHG intensity is observed when the flake overlaps with the plasmonic resonators, highlighting plasmon-

assisted field enhancement. (c) Normalised polarization-resolved SHG intensities collected at points A, B 

and C shown in (a). The bare flake displays the characteristic two-lobed anisotropic emission pattern of 

NbOCl₂. In contrast, the plasmonically coupled region exhibits a well-preserved SHG pattern that retains 

the intrinsic anisotropy of NbOCl₂ under the influence of the C₄-symmetric plasmonic field distribution. 

(d) Schematic illustration of the experimental setup for SHG measurements in reflection mode.  

 

 

To rigorously evaluate the optical stability and thermal dissipation mechanisms of the 

NbOCl₂ material system, we conducted comparative damage threshold tests on both 

substrate-supported and suspended geometries. Figure 4a presents optical micrographs 

of a representative NbOCl₂ flake with a thickness of 450 nm on a Si/SiO2 substrate, while 

Figure 4b depicts a flake suspended over pre-patterned trenches, serving as a control 



sample isolated from substrate interactions. The corresponding power dependent SHG 

response is detailed in Figure 4c. In the low-fluence regime, both the substrate-supported 

(blue) and suspended (red) samples exhibit a strict quadratic dependence on excitation 

power, unambiguously confirming the second-order nature of the nonlinear process. 

However, a distinct divergence in performance emerges at higher excitation intensities. 

The suspended flake exhibits nonlinear saturation at a lower fluence threshold of 0.69 ±

0.01 J/cm2/pulse, compared to its supported counterpart at 0.78 ± 0.04 J/cm2/pulse. 

This premature saturation is attributed to the thermal isolation of the suspended 

membrane; lacking the substrate to act as a conductive heat sink, the flake experiences 

reduced heat dissipation and rapid thermal accumulation. This comparison highlights the 

critical role of the substrate in managing thermal load and extending the operational 

dynamic range of the nonlinear device. 

 

The reported laser-induced damage thresholds for bulk nonlinear crystals such as β-BBO 

under near-infrared excitation and sub-picosecond pulse durations are typically on the 

order of tens of GW cm⁻², corresponding to fluences of ~10⁻² J/cm²/pulse.[37] While a 

fully quantitative comparison would require measurements performed under identical 

excitation conditions on both materials, such literature values nevertheless indicate that 

NbOCl₂ exhibits a markedly higher tolerance to intense ultrafast optical excitation. This 

robustness, together with its strong nonlinear response, underscores the potential of 

NbOCl₂ for device-level nonlinear photonic applications operating at high optical 

fluences. 
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Figure 4. Thermal stability and saturation thresholds of NbOCl₂. (a) Optical micrographs of a  

NbOCl₂ flake with a thickness of 450 nm on a Si/SiO2 substrate prior to laser damage testing. (b) Optical 

micrographs of a suspended NbOCl₂ flake bridging a pre-patterned trench, serving as a thermally isolated 

control. (c) Power-dependent SHG intensity for the substrate-supported (blue) and suspended (red) 

configurations. Both datasets initially exhibit quadratic power dependence (solid lines), confirming the 

second-order nonlinear origin. The suspended flake saturates at a noticeably lower fluence threshold than 

the supported sample, indicating that the substrate is essential for effective heat dissipation and 

maintaining linear operation at high powers. 



Conclusion 

In summary, we have demonstrated a polarization-insensitive plasmonic enhancement 

strategy that significantly amplifies the intrinsic second-harmonic generation of NbOCl₂, 

a highly nonlinear and air-stable van der Waals ferroelectric. By integrating NbOCl₂ 

flakes with C4-symmetric circular Ag resonators, we achieve approximately three-fold 

enhancement in SHG intensity, enabled by strong near-field confinement and broadband 

plasmonic resonance that overlaps the excitation wavelength. This polarization-

independent behavior arises from the rotational symmetry of the resonators, which 

dominates the local electromagnetic environment and homogenize the angular 

distribution of the nonlinear polarization. 

The hybrid platform presented here addresses key challenges in applying anisotropic 2D 

ferroelectrics to practical nonlinear photonic architectures, including sensitivity to 

crystal orientation and polarization alignment. The compatibility of the plasmonic 

resonators with broadband excitation, their fabrication scalability, and their robust 

enhancement behavior collectively highlight the potential of plasmonic / vdW 

integration for compact frequency converters, ultralow-power coherent light sources, 

polarization-agnostic nonlinear modules, and quantum-optical applications. Given the 

strong 𝜒(2) response and ferroelectric tunability of NbOX₂ materials, future work may 

explore electrically modulated SHG, nonlinear phase shaping, and plasmon-assisted 

entangled photon generation. Overall, this study establishes a versatile approach for 

boosting nonlinear optical responses in atomically thin ferroelectrics and advances the 

development of high-performance, chip-scale nonlinear photonic systems. 

 

Method 

FDTD Optical Simulations and Field Analysis 

A three-dimensional finite-difference time-domain computational approach (Lumerical 

FDTD Solutions) was employed to simulate the optical behavior of the plasmonic 

metasurface. Material parameters for silver and quartz were sourced from experimental 

ellipsometry measurements and incorporated into the simulation framework. The 

structure was subjected to a linearly polarized electromagnetic wave oriented along the 

x-axis, with boundary conditions configured to allow periodic repetition in the transverse 



(x–y) plane and absorbing boundary layers (perfectly matched layers) extending 

vertically (z-axis) to suppress outgoing radiation and prevent spurious reflections. 

Spatial discretization was maintained at 5 nm or smaller to guarantee computational 

accuracy. Field distribution data was collected at two strategic locations: beneath the 

quartz interface to measure transmitted intensity, and at the center height of the silver 

nanostructure to resolve electromagnetic field patterns corresponding to plasmonic 

resonance conditions. Convergence was verified using an auto-shutoff criterion set at 

5×10-7, ensuring reliable and precise numerical results. 

Experimental Transmission Characterization 

Optical transmission properties were investigated using a pulsed broadband laser system 

(Opera model from Leukos Laser Inc.) operating at 30 kHz pulse repetition frequency. 

The incident illumination was linearly polarized in the x-direction using a polarization 

management system incorporating a quarter-wave retarder, half-wave retarder, and sheet 

polarizer, allowing selective excitation of the plasmonic metasurface resonance. The 

transmitted light was collected, coupled into an optical fiber, and directed toward a 

spectrometer (Ocean Optics USB4000) connected to a data acquisition interface for 

spectral recording and analysis. 

Metasurface Nanofabrication and Patterning Process 

Fabrication of a polarization-independent plasmonic metasurface operating in the visible 

wavelength range began with substrate preparation. Double-sided polished transparent 

deep-UV quartz plates (from Photonik Singapore) were sequentially rinsed with acetone 

and isopropanol, then ultrasonically cleaned for 10 minutes in acetone, followed by final 

rinses with organic solvents and nitrogen drying. A 100 nm silver film was applied to 

the prepared substrate via electron beam evaporation (Denton Explorer instrument). 

Nanoscale patterning was achieved through electron beam lithography (Elionix ELS-

7000), wherein a 6% hydrogen silsesquioxane photoresist was applied at 2000 rpm 

rotation for 60 seconds, followed by a charging mitigation layer (EZspacer) deposited at 

1500 rpm for 30 seconds and subsequently dried with nitrogen. The patterning process 

utilized specialized dose-correction algorithms (Beamer software) to compensate for 

proximity effects and backscatter, employing a 500 pA electron beam at 100 kV 



operating voltage with base dose of 13,000 µC/cm² over a 300×300 µm2 region 

encompassing 60,000 exposure locations. Pattern development commenced with 

charging-layer removal through deionized water rinsing and nitrogen drying, followed 

by a 60-second immersion in alkaline developer solution (25% NaOH/NaCl mixture), 

then stopped by immersion in deionized water for 60 seconds, with final rinsing in fresh 

deionized water and isopropanol and nitrogen drying. Transfer of the patterned template 

to the silver layer was performed using inert gas ion dry etching (Oxford Ionfab300Plus, 

CAIBE mode) with argon gas (22 sccm) at 600 V bias voltage, 5 mTorr chamber 

pressure, and ambient temperature, achieving a silver removal rate of approximately 40 

nm/min and eliminating residual HSQ mask. 

Nonlinear Optical Characterization 

Second-harmonic generation (SHG) measurements were carried out using a 

femtosecond pulsed laser operating in the near-infrared spectral range (750–800 nm) at 

a repetition rate of 100 kHz, with pulse durations of approximately 250 fs. The incident 

beam was passed through a half-wave plate and linear polarizer to control the excitation 

polarization and focused onto the sample using a 20× objective lens with a numerical 

aperture of 0.75, producing a laser spot diameter of approximately 2 μm. The generated 

SHG signal was collected in a reflection geometry using the same objective, spectrally 

filtered to remove the fundamental wavelength, and detected using a fibre-coupled 

spectrometer. Power-dependent SHG spectra were acquired by incrementally increasing 

the incident average power while keeping all other acquisition parameters constant. The 

SHG intensity was obtained by integrating the spectral peak at the second-harmonic 

wavelength. 

Laser-induced damage measurements were performed by monitoring deviations from 

the expected quadratic dependence of SHG intensity on excitation fluence. The fluence 

was calculated from the measured average power, laser repetition rate, and focal spot 

area. Measurements were repeated across multiple spatial locations and for both 

supported and suspended flakes to ensure reproducibility. The damage threshold was 

defined as the fluence at which an irreversible deviation from quadratic SHG scaling 

was observed. 
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