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Abstract 

Sensors play a critical role in improving overall human quality of life. They have been employed in 

most aspects of our lives. A recently emerging sensing platform is based on plasmonic resonance at 

the boundary of metals and dielectrics. Localized surface plasmon resonances–based sensors offer 
miniaturization, a simple setup, and relatively high sensitivity for real-time measurements. The 

reported figure of merit (FOM) of the LSPR-based sensor is generally limited, primarily due to its 

broad resonance peak. Nanorings composed of metal nanoparticles are known for their broad-range 
resonance tunability, high field localization, and large sensing area. Asymmetry of the nanoring with 

the introduction of core offset relaxes the selection rule for mode mixing, thus resulting in a narrower 

resonance peak. This may overcome broad resonance peak restriction. Concentric and non-
concentric nanorings were simulated using the boundary element method implemented with the 

MNPBEM toolbox. We map the performance of nanoring sensors over a wide range of geometrical 

variations, namely, diameter, ring shell thickness, and the offset of the inner ring to the center of the 
outer ring wall (core offset). Sensitivity and FOM were found to rely substantially on the nanoring 

size parameters. The sensing performance map helps to obtain optimized nanoring parameters for 

the intended spectral range region. The obtained high sensitivity and FOM are much higher than the 
data available in the literature over visible and NIR ranges. The findings demonstrate the potential 

of nanorings for biosensing applications. 
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1- Introduction 

Modern society benefits a lot from advances in sensing technology. Developed sensing technologies have been proven 

to ease and enhance the quality of human life. They have been used to develop smart cities, smart homes, industry, health 

monitoring, and many others. A sensor detects environmental changes and then uses this information as electrical or 

optical signals to obtain a measured quantity. Sensors have vast applications, including, but not limited to, biochemical 

sensing [1, 2], the pharmaceutical industry [3], security and defense [4], medical diagnosis [5, 6], manufacturing [7], 

automotive [8], research [9, 10], the food industry [11], and environmental monitoring [12]. The past two years have 

seen great progress in detecting viruses and hazardous materials in response to the COVID-19 outbreak. Developing 

efficient and effective drugs or vaccines requires a clear understanding of the specific interactions and binding kinetics 

between biochemical molecules, proteins, and cells. These examples show the importance of high-performance 

biosensors that can accurately detect ultra-small quantities of molecules label-free and in real-time to anticipate possible 

health threats in the future [13]. 

The signal detected shows that biosensors are classified into four distinct categories, namely, electrochemical, 

piezoelectric, magnetic, and optical sensors [14]. Compared to others, optical biosensors are the most widely used for 

analytical biosensing in the laboratory due to their great sensitivity, high specificity, multiplexing possibility, and low 
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noise with a small amount of sample [15, 16]. Optical-type biosensors have several forms: fluorescent, electro-

luminescent, photoluminescent, colorimetric, and plasmonic [17]. Fluorescent spectroscopy is exceptionally sensitive 

and selective. The fluorescent techniques’ disadvantages are the need to label species, the relatively time-consuming, 

and the applicability only to small molecules. Electro and photoluminescent spectroscopies exhibit moderate sensitivity 

and selectivity over a wide detection range but are cost-intensive, slow, and require complicated sample preparation. 

The colorimetric technique, which is fast and inexpensive, suffers from low reproducibility and selectivity. These 

limitations can be avoided by plasmonic-based sensing. 

Surface plasmons can be thought of as oscillations of conduction electrons in a metallic nanostructure when excited 

with light having an appropriate wavelength. The oscillations result in strong absorption and light scattering, local 

electric field enhancement, and nanometer-scale light confinement around metal surfaces [18]. Plasmonic excitation 

enables sub-wavelength light focusing that may overcome the optical diffraction limit to realize highly sensitive 

plasmonic-based sensors at a miniaturized size [18–20]. Unique optical properties enable metallic nanostructures to be 

applied in several applications, including chemical and biological sensing [21, 22], field-enhanced spectroscopies [23, 

24], solar energy harvesting [25, 26], medical diagnostics [27], photothermal therapy [28], drug screening and testing 

[29], and integrated optical devices [30]. 

Plasmonic-based sensing has gained popularity recently due to its extremely high sensitivity [31], simple and 

inexpensive instruments [32], high compatibility with analytes, broad working spectral range, less sensitivity to bulk 

noises [33], real-time, label-free [18, 34–36], and the possibility of high-density multiplexing using microfluidic chips 

[33, 37, 38]. Using the right nanoparticle material, size, shape, and arrangement, it is feasible to achieve high lateral 

resolution and a broad spectral range. Small molecules can be detected because of the shallow penetrability of plasmon 

oscillations into the surrounding medium. It is essential to be able to detect tiny molecules in order to construct compact, 

spatially targeted sensors that are highly sought-after for biological applications. In general, labeling is performed by 

attaching tagging species (e.g., biotin, enzymes, dyes, or fluorophores) to the target biomolecules, which may influence 

the affinities of the labeled molecules and, subsequently, the measurement findings. In contrast, label-free detection 

enables sensitive assessment of target analytes in real-time and on-site without complex sample handling and equipment 

[18, 39, 40]. For plasmonic-based sensors, label-free detection is achievable because the electric field around the 

nanoparticle is significantly enhanced, allowing signal amplification from the target molecule. In addition, unlike typical 

fluorophores, metallic nanoparticles do not blink or bleach, allowing for long-term monitoring. 

Plasmonic sensors rely mostly on the change in the resonance peak. The shift might be caused by the direct adsorption 

of molecules or by the selective binding of analyte molecules to the chemically functionalized nanoparticle surface. The 

optical response of metallic nanoparticles is often dominated by dipolar modes highly dependent on the particle’s shape, 

size, and index of refraction at medium wavelengths. In addition to the sphere [41], pyramid [41], ellipsoid [42], donut 

[43], cube [44], rod [45, 46], bar [47], rice [47], triangle [48], triangular prisms [49], branched nanoparticles [50], stars 

[51, 52], rings [53, 54], and disc [55], noble metal nanoparticles have been synthesized or manufactured in numerous 

geometrical shapes. The detection capability of localized surface plasmon resonance sensors is constrained by a wide 

resonance peak width caused by radiative dampening [35]. Broad resonance peaks prevent precise measurements, 

particularly at low analyte concentrations. In addition, the damping reduces the strength of localized electromagnetic 

fields surrounding nanoparticles. 

Using an array of nanoparticles [32, 35], concentric nanocavities [55, 56], closely packed nanoparticle clusters [57, 

58], metamaterials [59], and asymmetric nanoparticles [56, 60] are some of the suggested solutions to the wide resonance 

problem. Instead of decaying into free space, the narrow peak in an array and cluster of nanoparticles results from the 

recovered scattered field of one particle by its neighbor. The downside of metal nanoclusters and metamaterials is that 

their manufacturing requires lithographic procedures. Due to the simplicity of wet chemical production, single solid or 

shell nanoparticles are frequently used. Due to interference between narrow dark and wide brilliant modes [61], 

asymmetric or linked nanoparticles display a narrow Fano resonance. The short line width and significant improvement 

of the near-field improve the sensing performance. Local field enhancement and resonance spectra of metal nanoparticles 

have been computed utilizing a variety of techniques, including the finite element approach, finite difference time 

domain, discrete dipole approximation, boundary element method, and multi-layered Mie theory [62–64]. The sensing 

sensitivity and figure of merit (FOM) of solid and symmetric spherical shell structures have been the subject of several 

studies. To date, however, no theoretical work has been published that maps the sensing performance of asymmetric 

core-shell architectures. Finding the optimal particle shape and size, resulting in high sensitivity and FOM, is crucial for 

low-cost and real-time sensing [65, 66]. 

In this study, the sensitivity and FOM of silver nanorings are optimized. As a result of the hybridization of plasmon 

modes supported by the inner and outer surfaces of the nanoshell, the nanoring provides a greater degree of tuning of 

the resonance wavelength. The plasmon resonance of a nanoring is dependent on the dielectric constant of the core and 

shell material, the diameter of the core, the thickness of the metal shell, and the index of refraction of the surrounding 

medium [21, 23]. The resonance wavelength of nanorings may be set to the near-infrared water window, where tissue 
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and blood are transparent, allowing for an array of nano-biomedical advancements. The introduction of asymmetry by 

offsetting the core of a nanoring relaxes the selection rule for mode mixing [56, 67–69], permitting a bigger shift of the 

resonance wavelength with a medium refractive index and the activation of a narrow peak Fano resonance. Asymmetric 

nanoparticles have a greater sensitivity to the refractive index and smaller resonance peaks. We discovered that the 

diameter, shell thickness, and core offset strongly impact local field enhancement, sensing sensitivity, and the FOM of 

nanoring biosensors, allowing for exceptionally high sensing performance. Particularly for diagnostics, bioanalytical 

sensing devices should have high sensitivity. In contrast, a high FOM correlates to a lower detectable concentration limit 

for analytes. The sensitivity and FOM of non-concentric nanorings produced in this study are greater than those reported 

in prior studies for localized surface plasmon resonance-based sensors. 

2- Methods 

2-1- Simulation Details 

The simulated structures of silver nanorings are presented in Figure 1. The ring comprises an air core of radius (Ri) 

and a silver shell with a radius of (Ro). The outer diameter of the nanoring varied from 10–60 nm, with a step of 10 nm. 

The nanoring shell thickness was fine-tuned by changing the inner shell radius normalized to the outer radius (Ri / Ro 

=.3, .5, .7, and .9). In addition to the concentric structure, the core offset (δ) along the x-axis was introduced to induce 

asymmetry. The maximum core offset δmax equals the shell thickness (Ro - Ri) when a nanoring turns into a nano-crescent. 

In the simulation, the core offset was normalized to its maximum value for each nanoring diameter: 0, 0.2, 0.4, 0.6, 0.8, 

and 1.0. The nanoring height was constant at 5 nm. The dielectric constant of silver was adopted from the work of 

Johnson & Christy [70], while the dielectric constant of the surrounding medium was assumed to be wavelength-

independent, with values ranging from 1.0 to 2.0. 

 

Figure 1. Simulated structures, (a) concentric, and (b) non-concentric silver nanoring 

Using the boundary element approach [71, 72] integrated in the MNPBEM toolbox [73, 74], the simulation was 

conducted. To acquire the extinction cross-section spectra of the nanoring, the retarded solver was selected to solve the 

full solution of Maxwell’s equations. Using an electric field, a plane wave incident along the z-axis was polarized along 

the y-axis. With this configuration, nanoring height has no effect on resonance qualities. The extinction spectra for 

nanorings with a diameter of less than 30 nm were determined between 300 and 1500 nm. For bigger nanorings, 

calculations up to 3500 nm were undertaken. The simulated wavelength resolution was 1 nm. Polarization and the 

direction of entering plane waves were held constant throughout all computations. 

2-2- Determination of Sensing Performances 

The sensitivity to the refractive index and the figure of merit (FOM) characterise the efficiency of plasmonic-based 

sensors [75, 76]. The sensitivity is the shift (or gradient) of the plasmon resonance peak wavelength (𝜆𝑟𝑒𝑠) induced by 

the change inside the local refractive index (n) of the medium. The unit of sensitivity is nm/RIU, where RIU is the unit 

of refractive index. 

𝑆 =
𝑑𝜆𝑟𝑒𝑠

𝑑𝑛
  (1) 

The Refractive index of the medium was in the range of 1.0 – 2.0. The sensitivity for every refractive index was 

computed from the resonance peak shift as a function of the refractive index with the central difference approximation, 

with the exception of those at refractive index values of 1 and 2, which were estimated by the forward and backward 

difference, respectively.  
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A larger nanoparticle shows a stronger redshift and extinction of the resonance peak, thus creating a greater sensitivity 

and a wider peak, which in turn results in a reduced spectral contrast. A narrower spectral peak is needed for sensing 

applications, since it has a greater accuracy. Another parameter, the FOM, is set as the sensitivity to peak width ratio (or 

full width at half maximum (or FWHM)), known as: 

𝐹𝑂𝑀 =
𝑑𝑆

𝐹𝑊𝐻𝑀
  (2) 

High FOM readings are indicative of a well-performing sensor. FOM is inversely related to the detection limit, which 

is the smallest change in refractive index that can be observed [77]. FOM is more commonly used to compare the 

performance of various sensor types than sensitivity. Continuous attempts have been made to increase and maximise 

sensitivity and FOM in order to achieve an ultralow detection limit. 

Figure 2 depicts the simulation procedure’s flowchart. For each nanoring diameter, we changed shell thickness 

(specified by inner ring radius) and core offset. To calculate sensitivity, the medium’s index of refraction was altered for 

every combination of nanoring geometrical parameters. Spectra of extinction were computed using the MNPBEM toolkit 

[73]. 

 

Figure 2. Flow chart of the simulation process 

3- Results and Discussion 

3-1- Extinction Peak, Resonance Wavelength, and Peak Width 

The zoom resonance spectra of nanorings with an outer diameter of 20 nm for different inner ring radiuses and core 

offsets are presented in Figure 3. The spectra for other nanoring diameters are given in supporting information. The 

resonance peak is red-shifted with nanoring diameter, shell thickness (inner ring radius), and core offset. Increasing the 

inner ring radius (or equivalent to a reduced shell thickness) causes more redshift compared to the core offset for a fixed 

nanoring diameter. Higher-order peaks at shorter wavelengths are more prominent for larger core offsets. The maximum 

extinction tends to increase with nanoring diameter. The dependence of the maximum extinction on core offset is not 

linear; it tends to increase and then decrease. The complete map of extinction maximum as a function of nanoring 

diameter and core offset is given in Supporting information. 



Emerging Science Journal | Vol. 7, No. 4 

Page | 1087 

 

Figure 3. Extinction spectra of silver nanoring of outer diameter 10 nm for different normalized inner ring radius Ri, (a) 0.3 

Ro, (b) 0.5 Ro, (c) 0.7 Ro, and (d) 0.9 Ro. The refractive index was set as 1.4. The offset of the inner ring δ for all subplots is the 

same as in figure (a). Spectra are shifted upward for better comparison. 

The oscillating electric field of light causes the free electrons of metal nanoparticles to oscillate when they are 

illuminated. The oscillation of electrons around a particle’s surface separates it from its positively charged metallic core, 

generating a dipole oscillation along the polarization of the electric field. The positive metal core produces a restoring 

force proportionate to the distance between the electrons. Maximum electron oscillation amplitude occurs at a certain 

wavelength, known as the resonance wavelength. The resonance wavelength is dependent on the material qualities, size, 

and shape of the medium surrounding the nanoparticle, as well as its refractive index. In the case of connected or arrayed 

nanoparticles, the spacing and arrangement of nanoparticles, as well as the direction of light polarization, also affect the 

resonance wavelength. The redshift of the resonance peak as a function of particle diameter can be explained by a 

reduction in the restoring force on oscillating electrons. With increasing distance from the center of mass of electrons 

and positive ions in metal, the restoring force diminishes. The redshift associated with the core offset is the result of a 

higher interaction between the inner and outer shell resonant modes. Two factors contribute to the overall energy loss 

(extinction) of illuminating light: material absorption and scattering. Cross sections of extinction (i.e., scattering and 

absorption) depend on particle size [78]. Small nanoparticles (i.e., less than 25 nm) have a tendency to waste photon 

energy via inelastic processes; hence, absorption predominates. Contrarily, scattering is more dominant for nanoparticles 

that are larger in size. The energy of photons will be employed to induce electron oscillation, followed by the emission 

of light with the same wavelength. 

Multipoles of plasmon modes engage with modes with the same order in concentric nanorings (=0); dipolar disc 

modes hybridize exclusively with dipolar cavity modes [79]. This constraint is eased for non-concentric nanorings that 

permit mode interactions with varying order. This mixing makes the higher-order plasmon modes of nanorings with a 

bigger core offset more apparent. Plasmon hybridization theory disassembles a composite nanostructure into two or more 

elementary geometries before calculating the composite’s resonance frequency based on the interactions between the 

elementary geometries. This theory is accurate and intuitive, analogous to the bonding of atoms in a molecule, and may 

be used in the design of complex nanostructures. The resonance peak of a metal nanoring is produced by the bonding 

mode at a greater wavelength and the anti-bonding mode at a shorter wavelength. These modes’ resonance frequencies 

are highly dependent on the shell thickness. Due to poor interaction with incoming light and vibration dampening 

associated with interband transitions in the metal, the non-bonding mode does not show up in the observed spectra. When 

the center of the nanoring is relocated, a lower asymmetry permits the mixing of modes, resulting in a spectrum with 

several peaks [80]. When the core offset rises, peak widening and new peaks are anticipated to arise owing to the 

interaction between plasmonic resonance with various mode numbers (i.e., angular momentum). 

Figure 4 presents the shift of the resonance peak for nanorings with different diameters, inner ring radius, and core 

offset for the refractive index of medium 1.4, which is near the refractive index of the common sensing medium. The 

supporting information shows that the trends for other refractive indexes between 1.0–2.0 are similar. The redshift of the 

resonances is visible when the nanoring diameter and inner ring radius increase. The increase in core offset also causes 

redshift, but not as high as those resulting from the diameter and inner ring radius increases. The redshift with core offset 

shows a nearly quadratic dependence on the normalized inner ring radius. A nearly quadratic redshift can be explained 

in the framework of the hybridization model. The dipolar resonance frequency of a shell structure is equal to the 

difference between cavity and disk plasmon modes. The interaction of hybridized modes is stronger for thinner shells 
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(or larger inner radius). Reduced shell thickness decreases the symmetric bonding mode frequency or is equivalent to 

the redshift of the resonance wavelength. Many previous studies reported a similar dependency of resonance wavelength 

on shell thickness. An analytical formula for the dependence of resonance frequency on shell thickness can be found in 

published works [68, 79, 81]. 

 

Figure 4. Resonance wavelength of the lowest order (dipolar) peak of nanoring as a function of inner ring radius for different 

nanoring core offset, (a) 0, (b) 0.2 δmax, (c) 0.4 δmax, (d) 0.6 δmax, (e) 0.8 δmax, and (f) δmax. The refractive index was set to 1.4. 

Diameters of nanoring, in nanometers, are given in each plot. 

Figure 5 depicts the resonance wavelength of different nanoring sizes as a function of core offset and medium 

refractive index. The diameter of the nanoring is shown above each column’s graphs. In each row, the variation in shell 

thickness (inner ring radius) is displayed on the right side of the graph. A almost monotone colour gradient denotes a 

constant rise in the resonance wavelength as a function of nanoring diameter, inner ring diameter, core offset, and 

refractive index of the medium. The resonance wavelength may be modulated from the visible spectrum to the near-

infrared spectrum, where biological applications are of significant interest. 

 

Figure 5. Resonance wavelength (in nanometer) map of the lowest order (dipolar) peak of nanoring as a function of core offset 

and refractive index of medium for nanoring with different diameter, (a, g, m, s) 10 nm, (b, h, n, t) 20 nm, (c, i, o, u) 30 nm, 

(d, j, p, v) 40 nm, (e, k, q, w) 50 nm, and (f, l, r, x) 60 nm. The scale bar color code is the same for all plots. 
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There are several reasons for the red shift of the resonance peak with increasing nanoring diameter, including 1) the 

retardation effect, 2) a size-dependent dielectric constant, and 3) a disturbance in electron density. When a particle’s size 

exceeds 20 nm, the impact of retardation takes action. Depolarization of the electric field over the particle’s surface 

causes retardation. Due to the varied route lengths traversed by the wave, the incident electromagnetic wave will be 

dispersed by nanoparticles with non-negligible phase discrepancies. The scattering of conduction electrons with the 

surface increases as the nanoparticle size decreases (i.e., the nanoparticle size is less than the effective electron path 

length). The complicated function of a metallic nanoparticle’s dielectric constant may be described using the Drude 

model [82, 83], which considers the influence of this scattering. The position and strength of the resonance peak are 

mostly governed by the real component of the dielectric constant. The redshift may also be interpreted as a result of 

perturbations in the conduction electrons’ density [84]. A nanoparticle of metal can be seen as a resonance box. A tiny 

nanoparticle indicates a small region for light to bounce. Hence, only a short wavelength can satisfy the quantization of 

angular momentum on the nanoparticle’s surface. The opposite occurs with larger particles. 

Surface plasmonic resonance is caused by two opposing forces: a driving force from an incoming electromagnetic 

wave and a restorative force between conduction electrons and positive ions of metal. The amplitude of the restoring 

force depends on the optical characteristics, size, and shape of the metal nanoparticle. The resonance moves to a longer 

wavelength when the refractive index of the medium around metal nanoparticles increases (decreasing resonance 

frequency). The shift is associated with the decrease in the restoring Coulombic force brought about by the increased 

shielding between the oscillating electrons and positive ions [42]. The shielding is caused by an increase in medium 

polarization, which diminishes the accumulated charge on the metal’s surface. The decrease in restoring force reduces 

the electromagnetic wave energy necessary to induce coherent electron oscillation. Alternately, the dielectric constants 

of the metal and the surrounding medium provide the boundary conditions that must be satisfied to account for the 

redshift as the medium’s refractive index rises. The boundary constraints stipulate that the electric field and electric 

potential must be continuous within and outside the nanoparticle. The dielectric function of metal nanoparticles is 

dependent on wavelength, whereas it is real and nondispersive in dielectric media. Therefore, as the surrounding 

dielectric constant (or refractive index) changes, the resonance condition adjusts. 

The redshift as a function of the nanoring’s shell thickness may be explained by plasmon hybridization between 

modes on the inner and outer shell surfaces. With a thinner shell, hybridization or interaction between modes is stronger. 

In this study, thinner corresponds to a bigger inner ring radius, as the outer ring radius was held constant throughout all 

variations. The hybridization splits the resonance into symmetric modes with lower energy and antisymmetric modes 

with greater energy for each angular momentum mode [56, 68]. Only the lowest symmetric mode substantially interacts 

with incoming light, resulting in a more prominent peak. Since the antisymmetric mode interacts with input light 

relatively slightly, it is not seen in the extinction spectra. As a result, a decrease in shell thickness causes the redshift of 

the symmetric mode. 

In addition to resonance wavelength, redshift is followed by a broadening extinction peak. The width of the resonance 

peak is often measured by its full width at half of the maximum (or FWHM). The FWHM of nanoring with different 

diameters, inner ring radius, and core offset is given in Figure 6.  

 

Figure 6. FWHM map of nanoring for different nanoring diameters as a function of core offset and refractive index of medium 

for nanoring with different diameter, (a, g, m, s) 10 nm, (b, h, n, t) 20 nm, (c, i, o, u) 30 nm, (d, j, p, v) 40 nm, (e, k, q, w) 50 

nm, and (f, l, r, x) 60 nm. The scale bar color code is the same for all plots. 
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Gradation of the colormap indicates that larger nanoring diameter results in a broader peak. A broader extinction peak 

is also found for a thinner shell thickness (larger inner ring radius) and larger core offset. FWHM is less than 100 nm 

and suddenly increases when the inner ring radius is 0.9 Ro. Significant broadening is observed for nanoring with a 

diameter of 30–60 nm. 

FWHM of shell structures like nanorings depends on 1) surface electron-surface scattering, 2) ratio of shell-to-core 

volume, 3) retardation, as well as 4) higher order modes contribution [85–87]. Electron–surface scattering is dominant 

for small nanoparticles whose diameter is smaller than the electron means free path. Nanoring with an outer diameter of 

10 nm does not show significant broadening of the inner ring radius and core-offset variation (see Figure 6). Hence, 

surface scattering seems to be the most dominant factor for small nanorings. In contrast, peak broadening for a bigger 

nanoring is likely caused by radiation damping and retardation effects [82, 88]. Light does not arrive simultaneously to 

all electrons distributed in the volume of the nanoring. Consequently, scattered light from a different part of the nanoring 

has a non-negligible phase difference. The Interference of scattered light having phase differences causes rapid loss in 

coherent electron oscillation, resulting in peak broadening [84]. 

3-2- Sensing Sensitivity 

The resonance wavelength shift depends quadratically on the medium’s refractive index. Therefore, a linear 

relationship between sensitivity and refractive index is anticipated. This trend is generally acceptable, but has a different 

slope. The slope is determined by the nanoring’s diameter, inner ring radius, and offset core. Figure 7 depicts the 

refractive index sensitivity of nanorings with varying diameters, inner ring radiuses, and core offsets. For each nanoring 

diameter, inner ring radius, and core offset, the sensitivity grows linearly with the refractive index. The increased sensing 

sensitivity of metal nanoparticles with a refractive index correlates with significant light amplification at the metal 

surface. The increased contribution of higher-order plasmonic modes may account for the rise in sensitivity with 

increasing dimension [87]. There have been reports of a linear increase in sensitivity with increasing nanoparticle 

diameter [42, 43, 87]. As the inner ring radius decreases, plasmonic mode interactions between the inner and outer 

surfaces of the nanoring shell increase, resulting in an increase in sensitivity. The rise of the real component of the 

dielectric function of core-shell nanoparticles [87] is another reason for the increased sensitivity with decreasing shell 

thickness. The enhanced sensitivity with decreasing shell thickness is consistent with the published literature [89, 90]. 

For inner ring radii of 0.7 Ro and 0.9 Ro, a considerable improvement in sensitivity is seen. The correlation between 

sensitivity and nanoparticle size is a larger scattering cross-section. A greater sensitivity in the infrared spectrum is well-

known and consistent with several published investigations. 

 

Figure 7. Sensitivity map of nanoring for different nanoring diameters as a function of core offset and refractive index of 

medium for nanoring with different diameter, (a, g, m, s) 10 nm, (b, h, n, t) 20 nm, (c, i, o, u) 30 nm, (d, j, p, v) 40 nm, (e, k, q, 

w) 50 nm, and (f, l, r, x) 60 nm. The scale bar color code is the same for all plots. 
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The obtained sensitivity in the simulation range is 170 – 2273 nm/RIU, which is much higher than the values reported 

in the literature for LSPR-based sensing. The obtained sensitivity is comparable to the standard propagating surface 

plasmon sensor. Some sensitivity values of nanoparticles reported in the literature are 100 – 600 nm/RIU for various 

core-shell structures (sphere, disk, rod, ellipsoid, prism) [87, 91], 385 nm/RIU for core-shell gold [92], 208 nm/RIU for 

solid disk [77], 50 – 172 nm/RIU for gold sphere [82, 92, 93], 801.4 nm/RIU and 103.0 nm/RIU for the longitudinal as 

well as transverse plasmon modes of core-shell rice [89], 150 – 352 nm/RIU for nanorod [94, 95], 405 – 425 nm/RIU 

for prism [96], 91 – 266 nm/RIU for cube [96], 315 nm/RIU for silver nanoplate [96]. The obtained value is even higher 

than observed for a periodic array of nanoparticles, namely 327 nm/RIU for disk [97], 1753 nm/RIU for crossed-bowtie 

nanostructure [32], and 685 nm/RIU for gold nanocylinders [98]. More data on the sensitivity of nanoparticles with 

various geometry can be found in a published review article [99, 100]. 

For the medium’s fixed refractive index, the sensitivity increases almost linearly with nanoring diameter (see Figure 

8). This trend is observed for all inner ring radii and core offsets. Despite a similar trend, the slope of the sensitivity on 

nanoring diameter is much steeper for thinner shells (i.e., larger inner ring radius). Sensitivity slightly increases with 

core offset for a fixed nanoring diameter and shell thickness. A higher sensitivity increase is evident for maximum core 

offset (δ=δmax). The increase of sensitivity with core offset corresponds to the stronger interaction between the plasmonic 

modes of the core and the shell. Using different modes leads to a greater redshift of the bonding modes manifested in 

increased sensitivity. A thinner shell and larger core offset are advantageous for sensing applications. 

 

Figure 8. Sensitivity of nanoring as a function of nanoring diameter for different inner ring radii, (a) 0.3 Ro, (b) 0.5 Ro, (c) 0.7 

Ro, and (d) 0.9 Ro. The legend for core offset is given in figure (a). The refractive index was set to 1.4. Symbols used as data 

markers are given in figure (a). 

3-3- The Figure of Merit (FOM) 

As discussed in the previous sections, the increase of sensitivity for a larger nanoring diameter, thinner shell, and 

large core offset is followed by the broadening of the resonance peak. Consequently, the sensing performance of an 

LSPR-based sensor could be further improved. Therefore, finding optimum geometry and size is essential. FOM of 

nanoring as refractive index sensor as a function of nanoring diameter, inner ring radius, and core offset is presented in 

Figure 9. 

FOM tends to decrease with refractive index due to resonance peak broadening. The maximum FOM for each 

diameter tends to shift to a lower refractive index, smaller inner ring radius, and larger core offset. The maximum FOM 

for nanoring with a diameter of 10 nm has a single band peak in the FOM map. From the FOM map, we can see that the 

number of FOM peak band increase to four for diameter 20 – 60 nm that become more separated with the increase of 

nanoring diameter. The highest FOM of 170 RIU-1 is obtained for nanoring with a diameter of 20 nm and inner ring 

radius of 0.9 Ro when the surrounding medium is air (refractive index of 1.0). Usually, sensing is carried out at a solution 

with a refractive index between 1.5 – 1.5. In this range, high FOM is obtained for nanoring with a diameter around 30 – 

40 nm with an inner radius of 0.7 Ro. Very high FOM for nanoring is related to a very sharp resonance peak (i.e., small 

FWHM). 
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Figure 9. The figure of merit map of nanoring for different nanoring diameters as a function of core offset and refractive 

index of medium for nanoring with different diameter, (a, g, m, s) 10 nm, (b, h, n, t) 20 nm, (c, i, o, u) 30 nm, (d, j, p, v) 40 nm, 

(e, k, q, w) 50 nm, and (f, l, r, x) 60 nm. The scale bar color code is the same for all plots. 

The obtained FOM for nanoring is much higher than that reported in most literature. The FOM of nanoparticles is 1.2 

– 3 RIU-1 for sphere [96], 5.4 RIU-1 for cube-on-glass system [44], 3 – 3.8 RIU-1 for prism [96], 8.3 RIU-1 for gold disk 

[77], 2 – 2.6 RIU-1 for cube [96], and 3.6 RIU-1 for nanorod [96]. FOM of an array of nanoparticles is 9.87 RIU-1 for 

nanocylinder [98], 4 RIU-1 for disk heptamer [58], 3.65 RIU-1 for gold crossed-bowtie nanostructures [32], and 13.25 

RIU-1 for Cu octamer [101]. More data for FOM of nanoparticles with various geometry can be found in a published 

review article [99, 100]. Higher FOM of nanoring biosensors corresponds to higher sensitivity and relatively narrow 

resonance peaks due to the excitation of Fano resonance for non-concentric nanoring. Fano resonance is excited in 

asymmetric or non-concentric nanoshell structures like nanoring [56, 68, 102]. 

The FOM values at a fixed medium refractive index for different nanoring diameters, inner ring radius, and core offset 

are plotted in Figure 10.  

 

Figure 10. FOM of nanoring as a function of nanoring diameter for different inner ring radii, (a) 0.3 Ro, (b) 0.5 Ro, (c) 0.7 Ro, 

and (d) 0.9 Ro. The legend for core offset is given in figure (a). The refractive index was set to 1.4. Symbols used as data 

markers are given in figure (a). 
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This refractive index is in the range of biomolecular solutions. Strikingly different trends are apparent. The trend 

depends significantly on shell thickness. For a thick shell (Ri = 0.3 Ro), FOM increases linearly with nanoring diameter. 

For intermediate shell thickness (Ri = 0.5 Ro and Ri = 0.7 Ro), FOM increases for small nanoring and then decreases. The 

maximum FOM is obtained for a nanoring diameter of 20-30 nm. An exponential decrease of FOM is observed for a 

very thin shell (Ri = 0.9 Ro). The effect of core offset is minor for the thin shell because the nominal shift of the core is 

much smaller. FOM is affected more by FWHM than sensitivity. This result shows that maximum FOM depends on 

nanoring diameter and shell thickness in a complex manner. 

3-4- General Scaling Law for Sensing Performance Parameters 

In previous sections, large variations of sensing performances on nanoring diameter, inner ring radius, core offset, 

and medium’s refractive index were discussed. Therefore, it is interesting to see general trends or scaling laws of the 

sensing performance parameters. First, we overlap all data for different geometrical and medium parameters in a single 

plot for each sensing parameter. Figures 11-a to 11-c shows how sensitivity, FWHM, and FOM change with material 

and medium properties represented by resonance wavelength. Despite the scattering of the data, the overall trends are 

apparent. 

 

Figure 11. Dependence of sensing performance parameters on resonance wavelength, (a) sensitivity, (b) FWHM, and (c) FOM. 

All data for nanoring with different diameters are differentiated by color, 10 nm (in red), 20 nm (in green), 30 nm (in blue), 

40 nm (in cyan), 50 nm (in magenta), and 60 nm (in black). All data for different inner ring radii are differentiated by data 

markers, 0.3 Ro (square), 0.5 Ro (circle), 0.7 Ro (triangle), and 0.9 Ro (diamond). 

Sensitivity increases almost linearly with the resonance wavelength (i.e., nanoring diameter, inner ring diameter, and 

core offset) for all data sets. The nanoring with a thinner shell (Ri = 0.9 Ro) consistently shows higher sensitivity 

independent of nanoring diameter. A nonlinear increase of FWHM with resonance wavelength is evident. All FWHM 

data fit nicely with multiple sine addition functions. FOM data are the best fit with multiple gaussian addition functions. 

A broader resonance peak with particle size and reduced shell thickness is known and has been reported by many 

researchers. FOM has a maximum value of 180 RIU-1 for an intermediate resonance wavelength, vis – NIR. The FOM 

of nanoring is above 100 RIU-1 for a resonance wavelength of 900 – 1000 nm. FOM decreases at longer resonance 

wavelengths due to significant peak broadening. High sensitivity and FOM in the visible and NIR range that is desirable 

for any biological application, since human tissue in this region has the greatest degree of transparency. 

The correlations between FWHM versus sensitivity and FOM are shown in Figure 12. Sensitivity and FWHM have 

a positive correlation, with the best fit satisfying function of 𝑆 = 7.6 exp (0.00158 ∙ 𝐹𝑊𝐻𝑀). On the contrary, FOM 

generally decreases with FWHM, with the best-fit function being power fit that is 𝐹𝑂𝑀 = 126 ∙ (𝐹𝑊𝐻𝑀)−0.4809 +
1.168. This graph shows that FOM is affected stronger by FWHM than sensitivity. This figure also shows that large 

nanoring with a thin shell does not result in better sensing performance. 
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Figure 12. The correlation between FWHM and (a) sensitivity and (b) FOM. All data for nanoring with different diameters 

are differentiated by color, 10 nm (red), 20 nm (green), 30 nm (blue), 40 nm (cyan), 50 nm (magenta), and 60 nm (black). All 

data for different inner ring radii are differentiated by data markers, 0.3 Ro (square), 0.5 Ro (circle), 0.7 Ro (triangle), and 0.9 

Ro (diamond). 

4- Conclusion 

Resonance wavelength, sensitivity, FWHM, and FOM depend significantly on the nanoring radius, inner ring 

diameter, core offset, and the medium’s refractive index. Redshift and broadening of the resonance peak are observed 

with an increase in nanoring diameter, inner ring radius, and core offset. The red shift and broadening with nanoring 

diameter and refractive index of the medium arise from decreasing restoring force, retardation, depolarization, and 

damping. The effects of inner ring radius (i.e., the thickness of the nanoring shell) and core offset have been explained 

based on the hybridization model of plasmonic modes. Finally, it presents some correlations or scaling laws connecting 

sensing performance parameters for nanorings. Also, it is shown that nanorings have promising potential for sensing 

applications, as they offer great figures of merit and sensitivity as compared to nanoparticles with other geometries. The 

highest obtained sensitivity and FOM are 2272 nm/RIU and 170 RIU-1, respectively. The values are much higher than 

most of the reported data in the literature for LSPR-based sensors. The high sensitivity and FOM of nanoring over the 

visible and NIR ranges make it highly suitable for biosensing applications. 
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