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Abstract 
A hybrid plasmon–exciton nanostructure consisting of periodic gold nanorods conformally coated 

with a molecular dye layer is theoretically investigated as a high-performance refractive-index 

sensor. Three-dimensional finite-difference time-domain (3D-FDTD) simulations demonstrate 

that cooperative interaction among localized surface plasmon resonances (LSPRs), molecular 

excitons, and Fabry–Pérot cavity feedback produces a narrow Fano-like reflection resonance with 

a linewidth of 2.87 nm and a quality factor of Q ≈ 343. The resonance behavior was systematically 

investigated by varying the nanorod height, dye-layer thickness, and lattice period. Building on 

this parametric analysis, the study establishes a resonance-engineering framework in which 

cooperative plasmon–exciton coupling, lattice-assisted optical confinement, and Fabry–Pérot 

cavity feedback are intentionally combined to generate narrow hybrid Fano resonances with 

improved spectral selectivity and sensing performance. The selected configuration, comprising a 

25 nm nanorod height, 30 nm dye layer, and 620 nm lattice period, achieves a maximum 

wavelength sensitivity of 333.93 nm RIU-1 with a figure of merit of 116.35 RIU-1 and an estimated 

detection limit of 3.0 × 10-5 RIU for biomaterial sensing in the refractive-index range of 1.46–1.55. 

For low-index gaseous environments, the same platform enables fixed-wavelength intensity 

interrogation with an intensity sensitivity of 17.58 RIU-1. The enhanced performance is attributed 

to strong electromagnetic field localization, efficient overlap between the hybrid optical mode and 

the surrounding analyte, and collective lattice effects. The proposed architecture supports both 

wavelength-shift and intensity-based sensing within a single platform and provides general design 

principles for engineering hybrid Fano resonances in compact, label-free plasmonic sensors for 

biochemical and environmental monitoring.\. 

 

Keywords: Fano resonance; plasmonic sensing; gold nanorods; plasmon–exciton interaction; 

refractive-index sensing; 3D-FDTD; label-free detection. 

 

 

mailto:mohammadi@pgu.ac.ir


1. Introduction 

Sensors play a central role in medicine, industry, and environmental monitoring. Among them, 

biosensors are analytical devices that detect biological or chemical species by converting 

molecular interactions into measurable signals [1-4]. A typical biosensor includes a bioreceptor 

(e.g., enzyme, antibody, nucleic acid), a transducer (e.g., nanomaterials), and an electronic system 

for signal processing and readout [5-8]. Among optical biosensing technologies, surface plasmon 

resonance (SPR) is a widely used label-free technique that enables real-time monitoring of 

molecular interactions with high sensitivity and rapid response [5-10]. By eliminating the need for 

molecular labeling, SPR reduces both assay complexity and possible perturbation of binding 

events [1]. SPR biosensors have therefore been widely applied to the analysis of biomolecular 

interactions, including protein binding and DNA hybridization. Their operation relies on the 

resonant excitation of collective electron oscillations at a metal–dielectric interface under 

appropriate optical conditions [11-13]. Plasmonic waveguide platforms, especially metal–
dielectric–metal (MDM) structures, are of considerable interest for refractive-index (RI) sensing 

because they support deeply subwavelength optical confinement across a broad spectral range and 

are relatively straightforward to fabricate [14-16]. As a result, MDM-based plasmonic sensors 

have been widely investigated in a variety of resonant configurations, including circular ring 

resonators, square ring resonators, split-ring structures, notched resonators, gear-shaped 

nanocavities, and hexagonal cavities [9, 10, 14-17]. In parallel, slow-light effects in nanophotonic 

systems have attracted attention because they increase the local optical energy density and thereby 

enhance light–matter interaction, which is beneficial for sensing at the nanoscale [18]. Therefore, 

it is essential to investigate the sensing characteristics of plasmonic MDM waveguide-based slow-

light RI sensors. This sensing approach enables identification of the target substance without the 

use of labeling reagents. These properties make plasmonic MDM waveguide systems attractive 

candidates for compact and high-performance RI sensors [17-19]. More broadly, optical sensing 

platforms have been developed using several techniques, including fluorescence, 

phosphorescence, Raman spectroscopy, interferometry, guided-mode spectroscopy, and surface 

plasmon resonance[19-23]. Among these approaches, plasmonic sensing at the nanoscale is 

particularly effective because metallic nanostructures can generate highly localized 

electromagnetic fields, thereby enhancing interactions with nearby analytes [20]. The product of 

this reaction can be a chemical, optical, or electrical message [21]. Different types of optical 

methods for the development of chemical and biological sensors include spectroscopy 

(fluorescence, phosphorescence, and Raman), interferometry, spectroscopy of guided modes in 

optical waveguide structures (coupling with grating and resonance with a mirror), and resonance 

of surface plasmons[22-24]. 

Plasmonic modes are generally categorized into surface plasmon polaritons (SPPs) and localized 

surface plasmons (LSPs). SPPs are propagating waves bound to the metal–dielectric interface, 

exhibiting exponential decay in both media and high sensitivity to environmental refractive index 

change. In contrast, LSPs occur in metal nanoparticles, where collective electron oscillations 

resonate with incident light and generate intense local fields. The resonance behavior depends on 



nanoparticle size, shape, composition, and surrounding dielectric properties [25-27]. Accordingly, 

in plasmonic nanosensors, the localized surface plasmon resonance is strongly influenced by 

nanoparticle geometry and by changes in the refractive index of the surrounding medium [7, 28]. 

The rapid development of nanostructured plasmonic sensors has significantly advanced analytical 

chemistry and label-free detection technologies [29, 30]. Because their optical response is highly 

sensitive to changes in the local dielectric environment, plasmonic nanostructures are well suited 

for detecting variations induced by refractive index, pH, temperature, and molecular binding 

events [31]. Such sensors have been applied to the detection of a broad range of targets, including 

small molecules, peptides, proteins, cells, and viruses [32, 33]. Plasmonic nanostructures provide 

a powerful sensing platform by converting subtle physicochemical changes near their surface into 

measurable shifts in optical signals [34-36]. Their strong light–matter interaction and tunable 

resonance behavior make them particularly effective for real-time, label-free monitoring of 

environmental changes and biomolecular interactions [37-40]. Their ability to monitor refractive-

index changes in real time makes them highly valuable in biomedical diagnostics, environmental 

monitoring, and food safety [39, 41, 42]. In addition, plasmonic materials and device concepts 

have been extended from the visible into the infrared regime, thereby broadening the accessible 

sensing window and enabling multifunctional sensor platforms [34, 43]. For example, infrared 

SPR systems have shown strong potential for the selective and sensitive detection of small 

molecules, biomolecules, and even cancer cells [44, 45] [46].  

Recent progress has also highlighted the importance of integrating plasmonic nanostructures with 

microfluidic platforms for real-time and label-free sensing in compact lab-on-a-chip devices [47, 

48]. Xu et al. demonstrated that microfluidic systems incorporating plasmonic nanostructures can 

enhance fluorescence immunoassays while improving sensitivity and multiplexing capability [49] 

[50]. More broadly, the convergence of nanoplasmonics and microfluidics has accelerated 

advances in nanostructure fabrication, subwavelength fluid manipulation, and portable diagnostic 

systems [51] [52]. Despite these advances, conventional plasmonic refractive-index sensors often 

suffer from radiative and Ohmic losses, relatively broad resonance linewidths, and limited spectral 

selectivity, which restrict their sensitivity and practical performance. Consequently, there remains 

a need for sensing platforms capable of simultaneously achieving strong electromagnetic field 

confinement, narrow spectral resonances, tunable optical responses, and compatibility with 

integrated photonic and microfluidic systems. Although plasmon–exciton hybrid structures have 

been investigated in various nanophotonic configurations, the systematic engineering of Fano-like 

resonances in periodic gold nanorod–dye hybrid architectures for refractive-index sensing has 

received little attention. In this work, we present a design strategy that combines localized surface 

plasmon resonances, molecular excitonic transitions, lattice-assisted optical confinement, and 

cavity-mediated feedback to generate high-quality hybrid Fano resonances. Through systematic 

structural optimization, the proposed architecture supports both wavelength-shift and intensity-

based interrogation within a single sensing platform, providing enhanced spectral selectivity, 

strong near-field localization, and improved refractive-index sensitivity. This work therefore 



establishes practical design guidelines for engineering hybrid plasmon–exciton resonances in high-

performance plasmonic sensors. 

To address these limitations, this work introduces a periodic Au nanorod–dye hybrid architecture 

that intentionally exploits cooperative plasmon–exciton coupling, lattice-mediated optical 

confinement, and Fabry–Pérot cavity feedback to engineer narrow hybrid Fano resonances. Using 

3D-FDTD simulations, we systematically investigate how these interacting mechanisms govern 

resonance formation, field localization, and sensing performance. Rather than focusing solely on 

parameter improvement, this study establishes a physics-based resonance-engineering framework 

for designing hybrid plasmonic sensors with improved spectral selectivity and refractive-index 

sensitivity. 

2. Theoretical and Computational Aspects 

2.1. Physical Principles of Hybrid Optical Modes 

The sensing performance of the proposed nanostructure arises from the interaction among 

localized plasmonic resonances, excitonic absorption in the dye coating, and photonic feedback 

supported by the multilayer configuration. When gold nanorods are periodically arranged above a 

dielectric spacer and metallic back-reflector and coated with a molecular dye, multiple optical 

pathways coexist within the same spectral window and can interfere coherently, producing narrow 

spectral features suitable for refractive-index sensing. 

2.1.1. Plasmonic Resonances and Exciton Coupling 

The dominant plasmonic contribution originates from the LSPR supported by the gold nanorods. 

For the geometry considered here (diameter ≈ 20 nm, height ≈ 50 nm), the LSPR occurs in the 
visible to near-infrared region and generates strong near-field enhancement at the nanorod 

extremities. Introducing an excitonic dye layer adds a narrowband dispersive response that can 

spectrally overlap with the plasmonic resonance. The interaction between the plasmonic 

continuum and the excitonic transition results in hybridized (plexcitonic) modes and an 

asymmetric Fano-like reflection profile. The steep spectral slope of this Fano feature enables small 

refractive-index variations to produce measurable resonance shifts. 

2.1.2. Photonic and Cavity Feedback Mechanisms 

In addition to the LSPR–exciton interaction, the periodic nanorod array introduces lattice-mediated 

photonic effects. The array can act as a diffraction grating, where the mth-order diffraction angle, 𝜃݉ 
, is governed by: ݊݅ݏ 𝜃௠ = ݊݅ݏ 𝜃௜ + ݉ ݌ߣ            ݉ = 1,2,3, … 

According to the relation, ݌, 𝜃௠, 𝜃௜ , ݉ , and ߣ are the periodicity of nanorods, the angle of scattered 

light, the angle of incident light, the order of diffraction, and the wavelength of light, respectively. 

These lattice effects can couple incident light to guided or leaky modes in the dye/dielectric region, 

introducing narrowband spectral contributions that interfere with the broader plasmonic response. 

Furthermore, the high-index layer and gold back-reflector form a Fabry–Perot–like cavity. Under 

approximate resonance conditions, ݀ = ݉ ఒ2௡, constructive interference enhances the optical field 



within the active region, increasing the effective interaction length and potentially narrowing the 

resonance linewidth. 

The combined action of (i) LSPR excitation, (ii) lattice-mediated photonic modes, and (iii) Fabry–
Perot feedback produces a multi-channel interference process that yields a sharp Fano-like 

reflection response (Fig. 1). Strong plasmon–exciton coupling reduces radiative damping and 

sharpens the spectral profile, thereby increasing sensitivity to changes in the surrounding refractive 

index ݊. 

 
Fig. 1. Schematic of the dominant optical modes in the nanorod–dye sensor: (a) LSPR of Au nanorods, 

(b) photonic guided/leaky modes and grating diffraction in the dye layer, and (c) their coupled response 

in the full stack, assisted by Fabry–Perot-like feedback from the Au back-reflector, yielding a Fano-like 

sensing signature. 
 

2.2. Numerical Simulation Strategy 

2.2.1. 3D-FDTD Implementation 

The optical response of the proposed structure was simulated using the 3D-FDTD method 

implemented in Lumerical FDTD Solutions. The computational domain, shown in Fig. 2, 

employed perfectly matched layers (PMLs) along the ݖ direction to suppress artificial reflections, 

while periodic boundary conditions (PBCs) were applied along the ݔ- and ݕ-directions to represent 

an infinite periodic array. A transverse electric (TE)-polarized plane wave was launched normal 

to the structure. To resolve the strong field gradients near the metal–dielectric interface, a 

nonuniform conformal mesh was used, with a minimum mesh size of 6 nm in the nanorod/dye 

region. Reflection spectra were recorded using a frequency-domain monitor positioned above the 

structure. 

The dispersive optical properties of the materials were incorporated through standard analytical 

models. The permittivity of gold was described using the Drude model: ߝ(߱) = ∞ߝ − ఠ೛2ఠ2+௜ఊఠ                                                                                                         (1) 



Where ߱௣, ω, and γ are plasma frequency, incidence light frequency, and oscillating damping 
coefficient, respectively. The excitonic response of the dye layer was incorporated using the 

Lorentz model: ߝ(߱) = ∞ߝ − ௙ఠ02ఠ02−ఠ2 +௜ఊఠ                                                                                                    (2) 

Where ε, f, ߱0, and γ are the permeability coefficient of the surrounding environment, the power 
of the oscillator, the frequency of the molecule, and the damping coefficient. By integrating these 

models into the FDTD framework, we accurately simulated the complex electromagnetic behavior 

of hybrid metal–dye systems, as is depicted in Fig. 3. This dual-model approach allows for the 

precise simulation of the coherent interference that generates the Fano resonance. 

 

 
 

Fig. 2. The simulation space of the structure 

 

2.2.2 Model Configuration and Simulation Setup 

The simulated unit cell consists of cylindrical gold nanorods with diameter 20 nm and height 50 

nm, positioned on a high-index silicon layer of thickness 100 nm (n=3.5), which is supported by a 

gold substrate of thickness 100 nm. Each nanorod is coated with a dye layer of thickness 30 nm. 

The structure was illuminated along the ݖ-direction by a TE-polarized plane wave over the 

wavelength range 700–1200 nm. Reflection spectra were obtained using a monitor plane above 

the structure. To evaluate refractive-index sensing performance, the surrounding refractive index 

was varied to represent both biomaterial and gaseous analyte regimes, as summarized in Table S1. 

The principal geometrical and numerical parameters are listed in Tables 1 and 2. 

 

Table 1. Simulation Setup: Boundary Conditions and Geometrical Parameters 

Boundary 

Conditions 

Z-direction (top & bottom): Absorbing boundary conditions using perfectly 

matched layers (PML) 

X and Y directions: Periodic boundary conditions 

Substrate: Gold, thickness = 100 nm 



Geometrical 

Configuration 

Dye coating: Thickness = 30 nm 

Nanorod (cylindrical): Height = 50 nm 

 

Fig. 3. a) A schematic of the three-dimensional space of the proposed structure. b) Simulation space to 

calculate the reflection of the nanorod on top of the structure. 

 

Table 2: parameters of gold and dye in the Drude and Lorentz models ࢊࢇ࢘)ࢽ ࢙⁄ ࢊࢇ࢘)࢖ࢽ ࢿ ࢌ ( ࢙⁄ ࢊࢇ࢘)࢖࣓ ( ࢙⁄  Model Material ࢖ࢿ (

 

 4.0007݁ + 13 

 

1.38504݁ + 16 

 9.5 

 

Drude Gold  

4.2002݁ + 12 0.05 1.69 
 

Lorentz Dye  

 

2.2.3. Sensing Evaluation Metrics 

The sensing performance of the proposed hybrid plasmon–exciton structure was evaluated using 

both wavelength-shift and fixed-wavelength intensity interrogation. Wavelength interrogation 

tracks the resonance shift induced by variations in the surrounding refractive index, whereas 

intensity interrogation monitors the reflectance change at a selected wavelength on the steep slope 

of the Fano resonance. The latter is particularly suitable for gaseous sensing, where refractive-

index variations are typically in the range of 10−6 to 10−4 RIU and the associated spectral shifts are 

often below the resolution of conventional spectrometers. The wavelength sensitivity is defined 

as: ఒܵ = ∆λೝ೐ೞΔn = λ2−λ1n2−n1          (3) 



where λ1 and λ2 represent the resonance wavelengths corresponding to refractive indices n1 and n2, 

respectively. Sλ was obtained from the slope of the linear regression of the resonance wavelength 

as a function of refractive index. The resonance linewidth was quantified by the full width at half 

maximum (FWHM). For a dip-type resonance, the half-depth reflectance is given by: ܴ1 2⁄ = ܴ௠௜௡ + ோ್ೌೞ೐−ோ೘೔೙2          (4) 

where ܴ௠௜௡ is the minimum reflectance at the resonance wavelength and ܴ௕௔௦௘  is the local 

baseline reflectance evaluated from the neighboring spectral region. The linewidth is then 

calculated as:  

FWHM=∣λL−λR∣           (5) 

where λL, and λR denote the left and right half-depth crossing wavelengths. The sensing figure of 

merit (FOM), which combines resonance sensitivity and linewidth, is defined as: ܯܱܨ = ௌഊிௐுெ                      (6) 

where a larger FOM indicates higher spectral resolution for refractive-index sensing. For fixed-

wavelength interrogation, the intensity ratio is defined as: ܴ = ூ೛೐ೌೖூ೏೔೛            (7) 

where Ipeak, and Idip denote the reflectance at the Fano resonance peak and the deeper resonance 

dip, respectively. The corresponding intensity sensitivity is: 

 ூܵ = ௗோௗ௡ = ோ2−ೃ1௡2−௡1          (8) 

Where R1 and R2 are are the intensity ratios measured at refractive indices n1 and n2. In this study, 

SI was determined from the slope of the linear regression of R versus n. For gaseous sensing, the 

normalized intensity variation was additionally evaluated as: ∆ோோ0 = ோ(௡)−ோ(௡0)ோ(௡0)           (9) 

Where n0 is the refractive index of the reference medium.  

2.2.3.1. Detection Limit 

The detection limit (DL) represents the minimum detectable refractive-index variation. For 

wavelength interrogation: ܮܦఒ = Δఒ೘೔೙ௌഊ            (10) 

Where Δλmin is the minimum resolvable wavelength shift of the measurement system. For intensity 

interrogation, Δλmin≈0.01 nm. DLλ is reported in RIU. ܮܦூ = Δோ೘೔೙ௌ಺             (11) 

Where ΔRmin is the minimum detectable intensity variation determined by the detector noise level. 

The visibility of the Fano resonance was quantified using the contrast ratio: ܥ = ூ೛೐ೌೖ−ூ೏೔೛ூ೛೐ೌೖ+ூ೏೔೛           (12) 

which provides a convenient measure of resonance modulation depth for comparing different 

structural configurations. The reflection spectra were fitted using the standard Fano line-shape 

model [28]: 



(ߣ)ܴ = ܴ௕ + ܴ0 (௤+ఢ)21+ఢ2 ,          ߳ = 2(ఒ−ఒ0)Δఒ        (13) 

Where Rb is the background reflectance, R0 is the amplitude, q is the Fano asymmetry parameter, 

λ0 is the resonance wavelength, and Δλ is the linewidth parameter. The fitted value of q was used 

to quantify the asymmetry of the hybrid resonance. Similar formulations have been widely adopted 

for the analysis of plasmonic Fano resonances[53]. To relate electromagnetic confinement to 

sensing performance, first-order perturbation theory was employed. The resonance shift induced 

by a refractive-index perturbation is proportional to the fraction of electromagnetic energy 

confined within the analyte region [58]:  Δߣ ∝ ∫ ⌈ா⌉2ௗ௏ೌ೙ೌ೗೤೟೐∫ ⌈ா⌉2ௗ௏೟೚೟ೌ೗ ∆݊          (14) 

The confinement factor Γ is defined: Γ = ∫ ⌈ா⌉2ௗ௏ೌ೙ೌ೗೤೟೐∫ ⌈ா⌉2ௗ௏೟೚೟ೌ೗           (15) 

A larger Γ indicates stronger overlap between the localized optical field and the sensing medium, 
leading to greater refractive-index sensitivity. This parameter is subsequently used in Section 3 to 

correlate field localization with the measured sensing performance.  

The fundamental physical mechanism governing the refractive-index sensitivity of our hybrid 

nanostructure is visualized in Fig. 4. By detailing the causal evolution from local dielectric 

perturbation to the formation of a hybrid Fano mode, this schematic highlights the multi-modal 

interaction—involving plasmonic, excitonic, and lattice/cavity feedback—that underpins the high 

sensitivity observed throughout our numerical simulations. 

 

 
Fig. 4. Physical transduction mechanism of refractive‑index sensing in the proposed hybrid plasmon–
exciton nanostructure. An increase in the analyte refractive index perturbs the near‑field dielectric 
environment, inducing a red shift of the LSPR. The displaced plasmonic mode interacts with the 

excitonic response of the molecular dye together with lattice‑assisted and cavity‑mediated optical effects, 
forming a hybrid Fano resonance. Owing to its narrow linewidth and strong spectral dispersion, small 

refractive‑index variations produce pronounced spectral shifts, enabling high‑sensitivity detection. 
 

3. Results and Discussion 



To establish the physical mechanism underlying the proposed sensing platform, we investigate 

how an excitonic overlayer modifies the plasmonic response of a periodic Au nanorod array 

through cooperative plasmon–exciton coupling. Rather than focusing solely on geometric 

optimization, this work establishes a resonance-engineering framework by identifying the 

cooperative roles of plasmon–exciton coupling, lattice-assisted optical confinement, and cavity 

feedback in the formation of narrow hybrid Fano resonances and their impact on refractive-index 

sensing. The unit-cell geometry, material models, and excitation/monitoring conditions are shown 

in Fig. 3. The discussion first examines the spectral signatures of the hybrid modes and then relates 

these signatures to the electromagnetic field localization responsible for the enhanced sensing 

performance. 

3.1. Physical Origin of the Hybrid Fano Resonance 

The physical origin of the hybrid Fano resonance can be understood from the reflection spectra of 

the periodic Au nanorod–dye architecture shown in Fig. 5. The spectra exhibit a characteristic 

Fano-like line shape consisting of a central reflection peak accompanied by two adjacent dips, 

which differs markedly from the symmetric Lorentzian response typically observed for isolated 

LSPRs.  

The asymmetric spectral profile originates from the interference between a broad plasmonic 

resonance and a narrow excitonic resonance supported by the molecular dye layer. In the proposed 

architecture, the Au nanorods provide a broadband LSPR response, while the dye coating 

introduces a spectrally narrower dispersive contribution. Their spectral overlap, together with 

optical feedback from the multilayer stack, produces a hybrid resonance with pronounced 

asymmetry and enhanced spectral selectivity.  

 

Fig. 5. Reflection spectra of the Au nanorod–dye hybrid structure for different surrounding refractive 

indices, showing the evolution of the Fano-like resonance induced by plasmon–exciton coupling.  

 



Fitting the simulated spectrum with the standard Fano line-shape model yields an asymmetry 

parameter of q ≈ 1.2, indicating a moderately asymmetric resonance. The extracted linewidth is 
FWHM ≈ 2.87 nm at a resonance wavelength near 976.7 nm, corresponding to a quality factor of 

Q ≈ 343. Such a narrow linewidth is considerably smaller than that of many conventional LSPR 
sensors and is advantageous for resolving small refractive-index-induced spectral shifts. The 

emergence of the narrow Fano resonance originates from interference between the spectrally broad 

plasmonic mode supported by the Au nanorods and the spectrally narrow excitonic transition of 

the molecular dye. The periodic arrangement further introduces lattice-mediated optical coupling, 

which suppresses radiative losses and redistributes the electromagnetic field toward the nanorod–
dye interface. This cooperative interaction increases the lifetime of the hybrid mode and results in 

a narrower resonance linewidth together with enhanced spectral asymmetry. To evaluate the 

sensing response, the surrounding refractive index was varied from 1.50 to 1.56. A clear and 

systematic redshift of the resonance dip is observed: the resonance wavelength shifts from 983.607 

nm at n = 1.50 to 987.024 nm at n = 1.56. Linear regression of the resonance wavelength versus 

refractive index gives a wavelength sensitivity of Sλ = 57.10 nm/RIU with R² = 0.999, confirming 

the excellent linearity of the response in this range. 

The corresponding FOM, calculated from the measured sensitivity and linewidth, is approximately 

19.9 RIU⁻¹. The high FOM arises from the combination of a measurable resonance shift and a 
narrow spectral feature, enabling accurate determination of small refractive-index variations. 

Inclusive, the results demonstrate that the periodic nanorod–dye architecture supports a highly 

selective Fano-like resonance that is strongly responsive to changes in the local dielectric 

environment. This resonance forms the basis for the enhanced sensing performance analyzed in 

the following sections. 

3.2. Electric-Field Localization and Hybrid Mode Formation 

To clarify the physical origin of the Fano resonance and its contribution to refractive-index 

sensing, the spatial distributions of the electric-field intensity were analyzed at three characteristic 

wavelengths of the reflection spectrum: the first dip (968.858 nm), the central peak (976.744 nm), 

and the second dip (983.607 nm), as illustrated in Fig. 6. These field maps provide direct insight 

into how the hybrid optical mode evolves across the resonance. 



 

Fig. 6. Spatial distributions of electric-field intensity 2ܧ within the full hybrid structure at the three 

characteristic wavelengths of the Fano resonance: (a) 968.858 nm (first dip), (b) 976.744 nm (central 

peak), and (c) 983.607 nm (second dip). The central peak (b) exhibits maximum field build-up due to 

constructive interference, while the dips (a, c) result from destructive interference, leading to suppressed 

net intensity. Colorbar limits: (a) ~0.51, (b) ~3.03, (c) ~1.90 (arb. units). 

 

3.2.1. Vertical Field Distributions: Cavity-Assisted Interference 

The cross-sectional field distributions reveal distinct interference behaviors at the three spectral 

positions. At the resonance peak (976.744 nm), the electromagnetic field is strongly confined 

within the nanorod–dye region, whereas substantially weaker fields are observed at the two dip 

wavelengths. This behavior is consistent with constructive interference occurring near the 

resonance peak, while destructive interference suppresses the optical field at the neighboring 

spectral dips. The field enhancement extends throughout the dye-coated nanorods and partially 

into the surrounding dielectric environment, indicating efficient overlap between the localized 

electromagnetic field and the sensing region. Such overlap is essential for refractive-index sensing 

because perturbations in the surrounding dielectric medium directly influence the effective optical 

mode. The observed standing-wave pattern across the multilayer structure further suggests that the 

dielectric spacer and metallic reflector provide additional optical feedback, reinforcing the 

localized plasmonic response and contributing to the formation of the narrow Fano-like resonance. 

[50–52]. 



3.2.2. Field Localization on the Nanorod Surface 

Fig. 7 presents the surface electric-field distributions on the Au nanorods at the same three 

wavelengths. At both resonance dips, the electromagnetic field is primarily concentrated near the 

nanorod ends, exhibiting the characteristic tip enhancement associated with localized surface 

plasmon resonances. The corresponding maximum field enhancements are approximately ∣E∣2/∣E0∣2 ≈ 21.6 and 51.6, respectively.  
 

Fig. 7. Surface distributions of electric-field intensity 2ܧ on the Au nanorod at the Fano resonance 

features: (a) 968.858 nm (first dip), (b) 976.744 nm (central peak), and (c) 983.607 nm (second dip). 

Maximum surface localization and field enhancement occur at the central peak (b), indicating optimal 

plasmon–exciton hybridization and maximum overlap with the analyte near the metal–dye interface. 

Colorbar limits: (a) ~21.6, (b) ~746, (c) ~51.6 (arb. units). 

 

In contrast, the central resonance peak exhibits dramatically stronger field localization, reaching a 

maximum enhancement of approximately ∣E∣2/∣E0∣2≈746. Unlike the dip wavelengths, the 

enhanced field is distributed not only at the nanorod tips but also along the nanorod sidewalls and 

the metal–dye interface, thereby increasing the interaction volume between the optical mode and 

the surrounding analyte. This stronger electromagnetic overlap makes the hybrid resonance more 

sensitive to refractive-index perturbations. According to first-order perturbation theory, the 

resonance shift is proportional to the fraction of the electromagnetic energy confined within the 

sensing region; therefore, increased field localization directly enhances the wavelength sensitivity. 

This interpretation is consistent with the confinement-factor analysis presented in Section 2.2.3, 

where a larger fraction of the optical energy resides within the analyte volume. Overall, the field-



distribution analysis demonstrates that the enhanced sensing performance originates from the 

cooperative interaction of localized surface plasmons, plasmon–exciton coupling, lattice-assisted 

optical confinement, and cavity-enhanced optical feedback, which together maximize 

electromagnetic confinement within the sensing region [33–35]. 

3.3. Effect of Nanorod Height on Fano Resonance Characteristics 

The nanorod height is one of the primary geometrical parameters governing the optical response 

of the proposed hybrid structure because it simultaneously influences the localized plasmon 

resonance, optical confinement, and interaction with the excitonic dye layer. To investigate its 

effect, the nanorod height was varied from 25 to 75 nm while maintaining a constant lattice period 

(p = 600 nm) and dye-layer thickness (tdye = 30 nm), summarized in Table 3. The corresponding 

reflection spectra are presented in Fig. 8. 

 

Table 3. Summary of the structural parameter study and the corresponding physical mechanisms governing 

the hybrid Fano resonance and sensing performance. 

Parameter Optimum Physical Mechanism Result 

Nanorod height 25 nm 
Reduced radiative damping and 

stronger near-field localization 

Higher Q and lower 

FWHM 

Dye thickness 30 nm Strong plasmon–exciton mode overlap 
Highest resonance contrast 

and sensitivity 

Lattice period 620 nm 
Improved lattice-assisted optical 

confinement 

Maximum spectral 

selectivity 

Combined parameter 

configuration 
— 

Cooperative interaction of all 

resonance-engineering mechanisms 
Best sensing performance 

 

3.3.1. Spectral Evolution  

As shown in Fig. 8, the structure with h = 25 nm exhibits the sharpest and most pronounced Fano-

like resonance, characterized by a narrow linewidth and high spectral contrast. Increasing the 

nanorod height progressively broadens the resonance while reducing the peak-to-dip contrast, 

indicating a gradual degradation of the spectral selectivity. The extracted resonance parameters are 

summarized in Table S2. The resonance linewidth increases from 2.87 nm for h = 25 nm to 4.52 

nm and 7.38 nm for heights of 50 nm and 75 nm, respectively. Consequently, the quality factor 

decreases from approximately 340 to 134, while the contrast ratio is reduced from 0.62 to 0.28. In 

addition to the linewidth broadening, the secondary resonant features observed between 750 and 

850 nm become progressively weaker for taller nanorods, indicating reduced spectral definition of 

the hybrid optical response. The complete numerical results from the structural parameter study, 

including all simulated parameter variations and the corresponding resonance characteristics, are 

provided in Table S4 of the Supplementary Information. 

3.3.2. Physical Mechanisms  

The observed spectral evolution reflects the influence of nanorod geometry on the balance between 

plasmonic confinement and radiative losses. For shorter nanorods, the localized plasmon 

resonance overlaps more effectively with the excitonic response of the dye layer, resulting in a 



well-defined asymmetric Fano resonance with high spectral contrast. As the nanorod height 

increases, the resonance gradually broadens because the optical mode becomes less confined and 

radiative losses become more significant. These effects reduce the spectral selectivity of the hybrid 

resonance and consequently decrease the quality factor. The field distributions presented in Section 

3.2 provide further physical evidence for the proposed resonance-engineering mechanism. The 

cooperative interaction between localized plasmons, molecular excitons, and lattice-assisted 

optical modes produces stronger electromagnetic confinement, increasing the overlap between the 

hybrid optical mode and the surrounding analyte. According to perturbation theory, this enhanced 

field–analyte interaction leads directly to larger resonance shifts and, consequently, higher 

refractive-index sensitivity. 

 

Fig. 8. Reflection spectra of the periodic nanorod–dye structure for a fixed lattice period of 600=݌nm 

and varying nanorod (grating) heights: ℎ=25nm, 50 nm, and 75 nm. The smallest height (ℎ=25 nm) 
produces the most distinct Fano-like feature (sharp peak between two dips) with higher spectral contrast, 

whereas increasing ℎ progressively broadens the resonance and suppresses secondary features in the 750–
850 nm range, consistent with increased radiative leakage and damping. 

 

3.3.3. Implications for Refractive-Index Sensing 

The spectral characteristics directly influence the sensing performance. Because the wavelength 

sensitivity depends not only on the resonance shift but also on the resonance linewidth, narrower 

resonances provide significantly larger FOM. Using the selected periodicity (p = 620 nm), the 

calculated FOM decreases from approximately 40 RIU⁻¹ for h = 25 nm to 25 RIU⁻¹ and 16 RIU⁻¹ 
for nanorod heights of 50 nm and 75 nm, respectively. Similarly, the reduction in contrast ratio 

with increasing height limits the effectiveness of fixed-wavelength intensity interrogation by 

decreasing the available modulation depth. These results demonstrate that relatively short 

nanorods provide the most favorable balance between spectral linewidth, electromagnetic field 

localization, and sensing performance. For the present architecture, a nanorod height of 



approximately 25 nm provides the most favorable resonance characteristics and was therefore 

selected for the subsequent parametric analysis. Increasing the nanorod height initially strengthens 

the localized surface plasmon resonance by increasing the effective oscillation volume of the 

conduction electrons, thereby enhancing near-field confinement. Beyond this value, however, 

radiative damping becomes increasingly significant, broadening the resonance and reducing the 

quality factor. Consequently, an intermediate nanorod height provides an effective balance 

between field confinement and radiation losses. 

The effects of the principal structural parameters on the hybrid Fano resonance are summarized in 

Table 4. Rather than simply identifying a preferred geometry, the parametric study reveals the 

distinct physical role of each structural parameter in governing the resonance characteristics. 

Specifically, the nanorod height primarily controls radiative damping and near-field localization, 

the dye-layer thickness determines the strength of plasmon–exciton coupling, and the lattice period 

regulates lattice-assisted optical confinement. Their cooperative interaction gives rise to a narrow 

hybrid Fano resonance with enhanced spectral selectivity, high quality factor, and improved 

refractive-index sensing performance. These findings establish practical resonance-engineering 

guidelines for the design of high-performance hybrid plasmonic sensors. 

3.4. Structural Parameters and Refractive Index Sensor performance 

Following optimization of the nanorod height, the sensing characteristics of the proposed hybrid 

platform were further investigated by examining the influence of two additional structural 

parameters: the molecular dye-layer thickness and the lattice periodicity. These parameters 

determine the spectral overlap between the plasmonic and excitonic resonances, the optical 

confinement, and the interaction of the hybrid mode with the surrounding dielectric environment. 

3.4.1. Effect of Dye-Layer Thickness 

The thickness of the excitonic dye layer influences both the optical path length and the strength of 

the interaction between the molecular excitons and the localized plasmonic field. To evaluate this 

effect, the dye thickness was varied from 30 to 90 nm while maintaining a fixed nanorod height 

(25 nm) and lattice period (600 nm). As shown in Fig. 9, increasing the dye thickness produces a 

gradual redshift of the hybrid resonance. The resonance wavelength moves from 983.6 nm for a 

30 nm dye layer to approximately 997.8 nm for a 90 nm layer, indicating that thicker molecular 

coatings increase the effective optical path within the hybrid cavity. Although thicker dye layers 

provide additional spectral tunability, they also broaden the resonance. The linewidth increases 

from 2.87 nm to 6.53 nm, while the resonance contrast decreases from 0.62 to 0.31. Consequently, 

the FOM decreases from approximately 40 RIU⁻¹ to 18 RIU⁻¹. These results indicate that excessive 

dye thickness weakens the spectral selectivity of the Fano resonance. For the present design, tdye 

= 30 nm provides the best compromise between resonance sharpness, spectral contrast, and sensing 

performance. The dye layer thickness controls the spatial overlap between the plasmonic near field 

and the excitonic polarization. A thin layer provides insufficient interaction volume, whereas an 

excessively thick layer extends beyond the decay length of the evanescent plasmonic field. 

Therefore, an intermediate thickness maximizes plasmon–exciton coupling strength and produces 

the strongest hybrid Fano resonance. A comprehensive summary of the calculated wavelength-



shift sensing metrics for all investigated refractive-index values is presented in Table S5 of the 

Supplementary Information. 

 

Fig. 9. Reflection spectra of the nanostructure for different excitonic dye-layer thicknesses (65 ,30=݁ݕ݀ݐ, 

and 90 nm) at a fixed lattice period of 600 nm. Increasing the dye thickness induces a systematic redshift 

of the central resonance peak and suppresses secondary features, indicating stronger optical-path 

accumulation and increased damping of the coupled Fano mode. 

 

3.4.2. Effect of Lattice Periodicity  

The lattice period determines the collective optical response of the nanorod array by controlling 

the diffractive interaction between neighboring nanorods. Reflection spectra were calculated for 

lattice periods of 580, 600, and 620 nm, and the resonance wavelength was monitored over the 

refractive-index range 1.50–1.56. As illustrated in Fig. 10, increasing the lattice period results in a 

systematic redshift of the hybrid resonance together with a significant increase in refractive-index 

sensitivity.  

The extracted sensitivities are summarized in Table S3. The wavelength sensitivity increases from 

38.15 nm/RIU for p = 580 nm to 57.10 nm/RIU for 600 nm, reaching 114.95 nm/RIU for 620 nm. 

The larger periodicity provides more favorable coupling between the localized plasmon resonance 

and the collective lattice response, thereby increasing the sensitivity of the hybrid resonance to 

dielectric perturbations. Among the investigated geometries, p = 620 nm provides the highest 

wavelength sensitivity and the largest FOM, and was therefore selected as the optimum lattice 

configuration. The lattice period p governs the diffractive coupling between neighboring nanorods 

and the formation of collective lattice modes. Reflection spectra were evaluated for p=580, 600, 

and 620 nm over the refractive-index range n=1.50 to 1.56. The lattice period determines the phase 

relationship between neighboring nanorods and therefore controls lattice-assisted optical coupling. 

As the period approaches the condition for constructive diffractive interaction, collective lattice 

modes increase the coherence of the hybrid resonance and reduce radiative broadening. 

Excessively large periods weaken inter-particle coupling, whereas smaller periods introduce 



stronger near-field interactions and increased damping. The resonance wavelengths were extracted 

from the Fano dip, and the sensitivity was determined from the slope of linear regression of λres 

versus n. The numerical data used to evaluate the intensity-based sensing performance, including 

the calculated intensity ratios and corresponding sensitivities, are summarized in Table S6 of the 

Supplementary Information. 

 

Fig. 10. Dependence of the resonance wavelength on lattice periodicity for the periodic Au nanorod–dye 

structure. Results are shown for 600 ,580=݌, and 620 nm over the refractive-index range ݊=1.50–1.56. 

Increasing the period produces a clear redshift of the resonance and modifies the wavelength-shift 

sensitivity, confirming that lattice periodicity is an effective tuning parameter for optimizing refractive-

index sensing. 

3.4.3. Comparison with Multilayer Ellipsoidal Configuration  

To assess the benefits of the proposed nanorod geometry, its sensing performance was compared 

with that of a multilayer ellipsoidal plasmonic structure simulated under identical numerical 

conditions [12,13,55]. As summarized in Tables 4 and 5 and illustrated in Fig. 11, the nanorod 

array consistently outperforms the ellipsoidal configuration in both wavelength-based and 

intensity-based sensing.  

For the refractive-index range 1.50–1.56, the wavelength sensitivity increases from 83.42 

nm/RIU for the ellipsoid to 114.95 nm/RIU for the nanorod array. Within the biomaterial range 

(1.46–1.55), the selected nanorod structure reaches 333.93 nm/RIU, representing an 

improvement of approximately 55% over the reference configuration. Similarly, the intensity 

sensitivity increases from 0.45 RIU⁻¹ to 2.07 RIU⁻¹, demonstrating the superior modulation 
capability of the proposed architecture. The improved performance can be attributed to the larger 

active surface area, stronger electromagnetic confinement, and the collective optical response 

supported by the periodic nanorod array. 

Table 4. Wavelength-shift sensitivity comparison between nanorod array and multilayer ellipsoid. 

Structure Refractive-Index Range Sλ(nm/RIU) R2 

Nanorod Array 1.50–1.56 114.95 0.987 



Nanorod Array 1.46–1.55 333.926 0.991 

Multilayer Ellipsoid 1.50–1.56 83.42 0.985 

Multilayer Ellipsoid 1.46–1.55 215.7 0.989 

 

 
 

(a) 

 

(b) 

Fig. 11. Comparative sensing performance of the nanorod array and the multilayer ellipsoid 

configurations. (a) Wavelength-shift sensitivity ܵߣ extracted from the resonance wavelength versus 

refractive index; the nanorod geometry shows consistently larger sensitivity. (b) Intensity-based response 

quantified by the ratio ܴ  dip as a function of refractive index; the steeper linear slope for the nanorodܫ/peakܫ=

structure indicates stronger intensity modulation for small refractive-index changes. 

 

 



3.4.4. Broad-Range Sensing Performance 

Having established the underlying resonance-engineering mechanism, the proposed hybrid 

platform was evaluated over refractive-index ranges representative of practical sensing 

applications. Figure 12 summarizes the wavelength-interrogation performance for the different 

refractive-index regimes.  

 

 

 

Fig. 12. Sensing performance summary for the hybrid structure (600=݌ nm): (a) Wavelength-shift 

sensitivity ܵߣ; (b) Resonance response in representative low and high refractive-index environments. 

 



 
Fig. 13. Linear regression of the intensity-ratio response ܴ versus refractive index for (a) 

biomaterial-range indices and (b) gaseous-pollutant-range indices. The fitted slopes quantify the 

intensity-based sensitivity ܵܫ. A larger slope indicates stronger intensity modulation per refractive-

index change and is advantageous for fixed-wavelength detection schemes. 

 

For biological media (n = 1.46–1.55), wavelength interrogation provides the highest performance, 

yielding a sensitivity of 333.93 nm/RIU with an estimated detection limit of approximately 3 × 

10⁻⁵ RIU. In this higher refractive-index regime, a larger fraction of the evanescent field penetrates 

the surrounding dielectric, increasing the perturbation experienced by the hybrid optical mode. 

Consequently, the resonance wavelength becomes more responsive to refractive-index variations. 

In contrast, for gaseous analytes with refractive indices close to unity, the induced wavelength 

shifts become extremely small and may approach the spectral resolution limit of practical 

spectrometers. Under these conditions, fixed-wavelength intensity interrogation offers a more 

practical sensing strategy by exploiting the steep slope of the Fano resonance to convert minute 

spectral shifts into readily measurable intensity variations. The highest-performing structure 

exhibits an intensity sensitivity of 17.58 RIU⁻¹, with excellent linearity (R² = 0.988), making the 
platform suitable for detecting small refractive-index variations in low-index environments. The 

corresponding linear relationships between the intensity ratio and refractive index for both 

biomaterial and gaseous sensing regimes are shown in Fig. 13, from which the intensity 

sensitivities were obtained by linear regression. A summary of the sensing performance achieved 

using the two interrogation schemes is provided in Table 6. Overall, these results demonstrate that 

the proposed hybrid nanorod–dye architecture provides a versatile sensing platform capable of 

supporting both wavelength-shift and intensity-based interrogation, depending on the target 

refractive-index range.  



Table 5 compares the proposed sensor with representative plasmonic refractive-index sensing 

platforms reported in the literature. In addition to wavelength sensitivity, the comparison 

highlights the underlying resonance mechanism, emphasizing that the present architecture 

employs cooperative plasmon–exciton, lattice, and cavity interactions rather than relying on a 

single plasmonic resonance. 

 

Table 5. Comparison of refractive-index sensitivity for various plasmonic and hybrid nanostructures. 

Structure 
Resonance 

Type 

Coupling 

Mechanism 

Sensitivity 

(nm/RIU) 
FOM Remarks 

Nanorod–Dye 

Hybrid (This 

work) 

Plasmon–
exciton + lattice 

+ Fabry–Pérot 

coupling 

Hybrid Fano 

333.926 1.46–1.55 

Cooperative 

resonance-

engineering 

framework 

Au nanorods [ 

61 ] 

Localized 

plasmon 

resonance 

LSPR 

~200–300 _ 

Distance-

dependent RI 

sensing 

Conventional 

Au nanorods 

[60]  

Localized 

plasmon 

resonance 

LSPR 

200–366 – 
Single plasmonic 

mode 

Au–Ag core–
shell nanorods [ 

62] 

Localized 

plasmon + Ag 

shell 

LSPR 

~300–400 

Improved 

over bare 

AuNR 

Geometry-assisted 

enhancement 

MIM 

waveguide [ 64] 

Waveguide–
cavity coupling 

Fano 

926 135 

Comparative study 

of Au 

nanostructures 

Gaseous 

Sensing (This 

work) 

Hybrid 

plasmon–exciton 

resonance 

Hybrid Fano 

(Intensity) 17.58 

(RIU⁻¹) 
~1.000–

1.001 

Cooperative 

resonance-

engineering 

framework 

AuNR@Pd [ 7] 

Subradiant–
superradiant 

plasmon coupling 

Fano 

resonance 
RI-

dependent 
_ 

Single-particle 

Fano sensing 

Hybrid 

plasmonic 

sensors [ 65] 

Coupled 

plasmonic modes 

Hybrid/Fano 

Various Various 
Review of hybrid 

plasmonic sensing 

 



As summarized in Table 5, the proposed hybrid architecture employs a fundamentally different 

resonance-engineering strategy from that of conventional plasmonic refractive-index sensors. 

Many reported designs improve sensing performance primarily through geometric tuning of 

localized plasmonic resonances. In contrast, the present structure intentionally combines plasmon–
exciton coupling, lattice-assisted optical confinement, and Fabry–Pérot cavity feedback to 

engineer a narrow hybrid Fano resonance. The cooperative interaction of these mechanisms 

suppresses radiative losses, strengthens electromagnetic field localization, and enhances spectral 

selectivity, leading to a higher quality factor, narrower resonance linewidth, and improved figure 

of merit. These findings indicate that the enhanced sensing performance originates from 

cooperative mode hybridization rather than geometric parameter tuning alone. More broadly, the 

proposed resonance-engineering framework provides general physical design principles that may 

be extended to other hybrid plasmonic materials, resonator geometries, and integrated photonic 

sensing platforms. 

The proposed hybrid structure exhibits higher refractive-index sensitivity than conventional Au 

nanorod sensors (200–250 nm/RIU) and Au nanoshell biosensors (~280 nm/RIU). This 

enhancement stems from the Fano-like resonance providing sharper spectral features, collective 

lattice resonances reducing radiative damping, and the cylindrical nanorod geometry providing 

stronger field localization and larger surface area for analyte interaction. 

 

Table 6. Summary of performance comparison between wavelength and intensity interrogation 

Metric Wavelength-based sensing Intensity-based sensing 

Refractive-index range 1.46–1.55 1.000–1.001 

Measured parameter λres Peak/Dip ratio 

Sensitivity 333.93 nm RIU⁻¹ 17.58 RIU⁻¹ 
Figure of Merit 116.35 RIU⁻¹ — 

Detection Limit 3.0 × 10⁻⁵ RIU - 
Resonance linewidth 2.87 nm Same resonance 

Quality factor 343 Same resonance 

Contrast ratio 0.89 0.89 

Electromagnetic enhancement 746 746 

Confinement factor Γ 0.63 0.63 

Recommended application Biomolecular sensing Gas sensing 

3.5. Practical Considerations and Design Guidelines 

The numerical results presented in the previous sections demonstrate that the proposed Au 

nanorod–dye hybrid architecture provides a flexible sensing platform capable of operating over a 

wide refractive-index range. Depending on the target application, either wavelength-shift 

interrogation or fixed-wavelength intensity monitoring may be employed. From the structural 

optimization performed in Sections 3.3 and 3.4, three design considerations emerge. First, 

relatively short nanorods (h ≈ 25 nm) provide the highest resonance quality by maintaining strong 

electromagnetic confinement while minimizing radiative broadening. Second, a moderate 



molecular dye thickness (tdye ≈ 30 nm) achieves the best balance between plasmon–exciton 

interaction and resonance linewidth. Increasing the dye thickness shifts the resonance to longer 

wavelengths but simultaneously broadens the spectral response and reduces the FOM. Third, 

increasing the lattice period enhances the refractive-index sensitivity through improved collective 

optical response, with p = 620 nm providing the optimum performance among the investigated 

geometries. These design guidelines provide practical parameters for fabrication using standard 

nanolithography together with spin-coating or layer-by-layer deposition of the molecular film. 

Because the highest-performing dimensions are compatible with existing plasmonic fabrication 

techniques, experimental realization of the proposed architecture should be feasible. Although the 

present study is based on three-dimensional FDTD simulations, several factors should be 

considered before practical implementation. Fabrication imperfections, surface roughness, 

nanorod size dispersion, and molecular-film inhomogeneity may broaden the resonance linewidth 

and slightly reduce the achievable sensitivity. Furthermore, temperature-dependent variations in 

the refractive index of both the analyte and the molecular layer may influence the resonance 

position under experimental conditions.  

Future work should therefore focus on experimental validation of the proposed platform together 

with investigation of molecular adsorption kinetics, fabrication tolerances, and multiplexed 

sensing using functionalized molecular coatings. Such studies would further clarify the 

applicability of hybrid plasmon–exciton resonances for chemical and biological sensing. Overall, 

the highest-performing nanorod–dye architecture combines narrow Fano resonances, strong 

electromagnetic confinement, and tunable structural parameters to provide a versatile platform for 

high-resolution refractive-index sensing across both biological and gaseous environments 

[48][53]. 

 

Fig. 14. Conceptual schematic of the LoC-integrated Au nanorod–dye sensor for microfluidic 

applications. 

 

Compared with previously reported plasmonic refractive-index sensors, the proposed architecture 

provides advances beyond incremental improvements in sensitivity. Many conventional plasmonic 



sensors rely predominantly on geometric tuning of one dominant resonance mechanism, such as 

localized surface plasmon resonances, cavity resonances, or isolated Fano resonances. In contrast, 

the present design intentionally engineers a hybrid Fano resonance through the cooperative 

interaction of localized surface plasmons, molecular excitons, lattice-assisted optical confinement, 

and Fabry–Pérot cavity feedback within a periodic nanorod array. The interplay of these 

mechanisms simultaneously suppresses radiative losses, strengthens electromagnetic field 

localization, and improves spectral selectivity, leading to narrower resonances, higher quality 

factors, and enhanced refractive-index sensing performance. More importantly, the results 

demonstrate that the observed performance originates from cooperative mode hybridization rather 

than geometric parameter tuning alone. Consequently, this work establishes a general resonance-

engineering framework that can be extended to other hybrid plasmonic materials, resonator 

geometries, and integrated photonic sensing platforms.  

To illustrate the practical applicability of the proposed sensing concept, a conceptual 

implementation integrated with a lab-on-a-chip (LoC) microfluidic platform is presented in Fig. 

14. The schematic highlights the compatibility of the periodic Au nanorod–dye architecture with 

continuous analyte delivery and compact optical readout, demonstrating its potential for future 

integrated sensing systems[56-59]. It should be emphasized that this figure represents a 

prospective implementation intended to illustrate the application of the proposed design rather than 

an experimentally realized device. Overall, the physical design principles established in this work 

provide practical guidelines for developing compact, label-free hybrid plasmonic sensors for 

biochemical, environmental, and integrated photonic sensing applications. 

3.6. Limitations and Simulation Accuracy Considerations 

The sensing performance reported in this study represents the theoretical response of the proposed 

nanorod–dye hybrid architecture under idealized conditions. Several factors associated with the 

material models, numerical implementation, and fabrication tolerances should be considered when 

interpreting the predicted performance. The optical properties of gold were described using the 

Drude model, which accurately reproduces the free-electron response in the near-infrared spectral 

range (960–1000 nm) where the hybrid Fano resonance is located. Although this approximation 

neglects interband transitions at shorter wavelengths, their influence on the primary resonance is 

expected to be minimal. The molecular dye layer was modeled using a single Lorentz oscillator 

with homogeneous broadening. In practice, molecular disorder, aggregation, and multiple 

excitonic transitions may broaden the resonance and reduce the achievable sensitivity. Future 

studies could employ Drude–Lorentz dielectric models together with experimentally measured 

optical constants to improve the quantitative accuracy of the simulations. 

The numerical convergence of the 3D-FDTD calculations was verified using a non-uniform 

conformal mesh. The complete mesh-convergence results used to verify the numerical stability of 

the simulations are listed in Table S7 of the Supplementary Information, confirming that the 

selected computational mesh provides converged resonance characteristics. Additional 

quantitative results of the fabrication tolerance analysis are provided in Table S8 of the 

Supplementary Information, illustrating the influence of realistic dimensional variations on the 



resonance wavelength, linewidth, and sensing performance. As summarized in Table S9 , reducing 

the minimum mesh size from 6 nm to 3 nm changed the resonance wavelength by less than 0.05 

nm and the linewidth by less than 1.5%, confirming that the selected mesh provides sufficient 

numerical accuracy. Similarly, increasing the thickness of the PML or reducing its reflection 

coefficient produced negligible changes in the calculated spectra. In practical implementations, 

fabrication imperfections are expected to be the primary source of performance degradation. 

Variations in nanorod dimensions, lattice periodicity, dye-layer thickness, surface roughness, and 

coating uniformity can shift the resonance wavelength, broaden the linewidth, and reduce field 

localization. The tolerance analysis summarized in Table S10 indicates that the nanorod 

dimensions are the most critical parameters, where dimensional variations of approximately ±2 

nm may reduce the wavelength sensitivity by 8–10% while increasing the linewidth by up to 15%. 

These effects can be mitigated through high-resolution nanofabrication techniques such as 

electron-beam lithography and conformal thin-film deposition. The predicted sensing performance 

therefore represents an upper theoretical limit. Experimental factors including surface roughness, 

molecular inhomogeneity, photobleaching, temperature fluctuations, and measurement noise are 

expected to reduce the achievable FOM under practical operating conditions. Nevertheless, the 

simulations establish realistic performance trends and identify the structural parameters that most 

strongly influence the hybrid resonance. 

Future work should focus on experimental validation of the proposed architecture, fabrication-

tolerance analysis using statistical approaches such as Monte Carlo simulations, and 

implementation of selective surface functionalization for chemical and biological sensing. These 

investigations will further assess the robustness of the proposed design and facilitate its integration 

into practical plasmonic sensing platforms. 

4. Conclusion 

This study presented a hybrid plasmon–exciton sensing platform based on a periodic array of gold 

nanorods conformally coated with a molecular dye layer and investigated its optical response using 

3D-FDTD simulations. The results indicate that the narrow Fano resonance originates from the 

interplay between localized plasmonic modes and the excitonic response of the dye layer, while 

collective lattice effects and cavity-assisted feedback further improve spectral confinement.  A 

systematic parametric study identified a nanorod height of 25 nm, a dye-layer thickness of 30 nm, 

and a lattice period of 620 nm as the preferred design configuration, providing an effective balance 

between resonance linewidth and sensing performance.  Under these conditions, the proposed 

platform achieved a maximum wavelength sensitivity of 333.93 RIU-1 nm, a FOM of 116.35 RIU-

1, and an estimated detection limit of 3.0 × 10-5 RIU for biomaterial sensing. For low-index gaseous 

analytes, where spectral shifts are intrinsically small, the same structure also supports fixed-

wavelength intensity interrogation with an intensity sensitivity of 17.58 RIU⁻¹, demonstrating the 
versatility of the hybrid platform for different sensing scenarios. The enhanced sensing 

performance originates from cooperative electromagnetic interactions that simultaneously 

strengthen field localization while reducing radiative damping. 



Beyond the highest-performing sensing performance, this study establishes a general resonance-

engineering framework for hybrid plasmonic sensors. The results demonstrate that cooperative 

plasmon–exciton interaction, lattice-mediated optical confinement, and cavity-enhanced optical 

feedback collectively govern the formation of narrow Fano resonances, leading to improved field 

localization, spectral selectivity, and refractive-index sensitivity. These physical design principles 

are not limited to the specific Au nanorod–dye architecture investigated here and may be extended 

to other hybrid plasmonic materials and resonator geometries. Although the present study is based 

on numerical simulations under idealized conditions, the proposed design is compatible with 

established nanofabrication techniques and microfluidic integration, providing a practical 

foundation for future experimental realization. Further work should focus on fabrication tolerance 

analysis, experimental validation, and surface functionalization for selective biochemical and 

environmental sensing applications. 
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Supplementary 

This supplementary document provides additional numerical data supporting the results presented 

in the main manuscript. It includes detailed optimization results, analyte properties, mesh-

convergence verification, fabrication-tolerance analysis, and supplementary sensing-performance 

data that complement the discussion in the main text but are not essential for understanding the 

principal conclusions. The supplementary tables are referenced in the manuscript where 

appropriate. 

 

Table S1. Refractive index of selected Biomaterials and Gaseous Pollutants 

Refractive 

index  

Gaseous 

pollutants 

Refractive 

index 
Biomaterials 

1.000036 Helium 1.460 Adipose 

1.000138 Hydrogen 1.465 Coagulated 

1.000281 Argon 1.467 White matter 

1.000340 Carbon 

monoxide 1.470 Cerebellum 

1.000443 Methane 1.472 Fat 

1.000449 Carbon 

dioxide 1.490 Acrylic 

1.000665 Sulfur dioxide 1.492 Cartilage 

  1.520 Imaging oil 

  1.540 Borosilicate Glass 

  1.556 Bone 

 

Table S2. Resonance parameters as a function of nanorod height (p=600 nm, tdye=30 nm). 

Nanorod Height 

h(nm) 
λ0(nm) 

FWHM 

(nm) 

Quality Factor 

Q 

Contrast Ratio 

C 

 

25 976.744 2.87 340.3 0.62  

50 981.308 4.52 217.1 0.41  

75 985.615 7.38 133.6 0.28  

 

 

 

Table S3. Resonance wavelengths and wavelength-shift sensitivity of the nanorod array for different 

lattice periodicities (h=25 nm, tdye=30 nm). 

p(nm) N λres(nm) Sλ (nm/RIU) R2 

580 1.50 974.478 38.15 0.892 



580 1.52 975.610   

580 1.54 976.744   

580 1.56 977.881   

600 1.50 976.744 57.10 0.999 

600 1.52 977.881   

600 1.54 979.021   

600 1.56 980.163   

620 1.50 980.163 114.95 0.987 

620 1.52 981.308   

620 1.54 983.607   

620 1.56 985.615   

 

 

 

 

 

 

Table S4. Intensity-based sensing performance comparison. 

Structure Refractive-Index Range SI (RIU⁻¹) R2 

Nanorod Array 1.50–1.55 2.07 0.987 

Multilayer Ellipsoid 1.50–1.55 0.45 0.993 

Table S5. Refractive-index range for target analytes. 



Refractive-Index Range Target Analytes Sensing Modality 

1.000–1.001 
Gaseous pollutants  

(He, H₂, CO, CH₄, CO₂, SO₂) Intensity-based 

1.46–1.55 
Biomaterials  

(adipose, tissue, bone, imaging oil, glass) 
Wavelength-shift 

 

Table S6. Intensity ratios and sensitivity for gaseous pollutant detection (p=600 nm, h=25 nm, tdye=30 nm). 

Refractive Index Intensity Ratio R Sensitivity SI (RIU⁻¹) R2 

1.500 0.3545 17.58 0.988 

1.510 0.2975   

1.520 0.5275   

1.530 0.7037   

1.540 0.8791   

1.550 0.9228   

 

Table S7. Intensity ratio response for gaseous pollutant detection (p=600 nm, h=25 nm, tdye=30 

nm). 

Analyte Refractive Index Intensity Ratio RR Relative Change (%) 

Helium 1.000036 0.9853 — 

Hydrogen 1.000138 0.9791 0.63 

Argon 1.000281 0.9702 1.54 

Carbon Monoxide 1.000340 0.9658 1.98 

Methane 1.000443 0.9553 3.05 

Carbon Dioxide 1.000449 0.9547 3.11 

Sulfur Dioxide 1.000665 0.9274 5.88 



 

Table S8. Wavelength-shift sensitivity for representative biomaterials (p=600 nm, h=25 nm, tdye=30 nm). 

Biomaterial Refractive Index Resonance Wavelength (nm) Sλ (nm/RIU) 

Adipose Tissue 1.460 963.81 333.926 

Coagulated Tissue 1.465 965.48 333.926 

White Matter 1.467 966.15 333.926 

Cerebellum 1.470 967.15 333.926 

Fat 1.472 967.82 333.926 

Acrylic 1.490 973.83 333.926 

Cartilage 1.492 974.50 333.926 

Imaging Oil 1.520 983.61 333.926 

Borosilicate Glass 1.540 990.29 333.926 

Bone 1.556 995.63 333.926 

 

 

Table S9. Mesh convergence study for  p=600 nm, h=25 nm, tdye=30 nm. 

Minimum Mesh Size (nm) λ0 (nm) FWHM (nm) Q-Factor 

6 983.607 2.87 342.7 

4 983.562 2.84 346.3 

3 983.528 2.83 347.5 

 

Table S10. Tolerance analysis for key fabrication parameters. 

Parameter 
Nominal 

Value 
Variation 

Effect on 

λ0 

Effect on 

FWHM 

Effect on 

Sλ 

Nanorod Height 25 nm ±2 nm ±1.8 nm +12% −8% 



Parameter 
Nominal 

Value 
Variation 

Effect on 

λ0 

Effect on 

FWHM 

Effect on 

Sλ 

Nanorod 

Diameter 
20 nm ±2 nm ±2.3 nm +15% −10% 

Dye-Layer 

Thickness 
30 nm ±3 nm ±1.2 nm +8% −5% 

Lattice Period 600 nm ±5 nm ±0.8 nm +3% −3% 

 


