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Abstract: The scattering and absorption characteristics of light by spherical particles are often analysed based on 

the classical Mie scattering theory.In this paper，we study refractive index sensor of multi-mode based on the 

Mie scattering and its extension theories. Based on the Mie scattering theory, the light extinction, scattering, 

absorption cross-section, and absorption efficiency associated with the spherical particle can be calculated.The 

structure that we design has a long wavelength possesses a higher power than that with a short 

wavelength.Also,the structural parameters induces a red-shift in the resonance spectrum. Lastly,the results of 

multi-mode are obtained: the transmittance of modes 1, 2, and 3 vary within the ranges 0.43–0.67, 0.61–0.46, 

and 0.26–0.5, respectively; the figures of merit of modes 1, 2, and 3 can reach as high as 12, 27.7, and 3.8, 

respectively; the refractive index sensitivity can reach as high as 500 and 1000 nm/RIU. As indicated by these 

findings, the proposed structure can significantly improve the transmission characteristics of nanodevices. Such 

a structure holds significant potential for application in the field of on-chip plasma sensing and optical 

communication. 
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1. Introduction 

Plasmonic nanostructures, unlike traditional optical devices, are capable of supporting electromagnetic 

waves at the nanoscale through the formation of surface plasmon polaritons (SPPs). Such a feature enables 

plasmonic nanostructures to be widely used in the design and improvement of wavelength-tunable optical 

devices and high-sensitivity sensors [1-6]. Among the various types of SPP waveguides, the metal-insulator-

metal (MIM) plasmonic waveguide has attracted significant attention owing to its low bending loss, simple 

manufacturing process, flexible on-chip integration, and capability of forming strong localised surface plasmon 

resonance (SPR) [7-11]. In addition, MIM waveguides can confine light in the nanometre regime with an 

acceptable SPP propagation length. Therefore, MIM waveguides have been widely used in the inspection and 

detection of the refractive indices of a wide variety of materials [12-17]. 

In an SPP sensor, certain resonance modes are primarily excited in the straight waveguide coupled with the 

resonance cavity under specific conditions. These resonance conditions are considerably sensitive to the 

variation in the refractive index in the waveguide and the resonator geometry. In recent years, several different 

modes of plasmonic filters or sensors based on MIM waveguides, such as nanodiscs, nanorods, stubs, and ring-

shaped resonators, have been proposed [18-19]. These innovations have resolved the challenge of the complex 

manufacturing process associated with the Bragg reflector and, furthermore, have provided an improved SPP 

propagation length along the plasmonic MIM waveguide. The structural configuration of the resonator plays a 

vital role in determining the resonant modes in the plasmonic MIM waveguides [20-21]. By modifying the 

resonator size, past researchers have developed highly sensitive nanodevices at the cost of increased complexity. 

For example, Qi et al. designed and analysed a plasmonic filter comprising two slot resonators and a nanodisc 

cavity. The sensitivity of this structure could be as high as 750 nm/RIU [22]. Guo et al. designed a refractive 
index sensor based on a subwavelength MIM waveguide coupled with tangent-ring resonators. The sensitivity of 

this sensor was as high as 880 nm/RIU [23]. The research team led by Prof. Monfared from Dalhousie 

University in Canada and the team led by Dr Kishore from the National Institute of Technology in India together 

proposed a label-free refractive index sensor based on the hybrid plasmonic resonator. By placing different 

analytes at the centre of the hybrid plasmonic ring, the sensitivity of the proposed refractive index sensor was 

evaluated to be 847.50 nm/RIU [24]. The sensitivity and figure of merit (FOM) are the two most significant 



parameters to be considered when designing a sensor. A considerable amount of effort has been dedicated to the 

improvement of sensitivity by past researchers. However, it is still challenging to investigate the effect of 

resonator defects on the sensitivity and FOM improvement while maintaining the sensor size constant. 

Furthermore, the method of coupling is also a significant factor that affects the sensitivity. 

In this study, the structure of the MIM waveguide comprising metal nanoparticles coupled with the 

rectangular split-ring resonator was investigated. In the proposed structure, the SPR was induced from a gold 

nanoparticle array coupled with the MIM waveguide. The transmission characteristics and electromagnetic field 

distribution characteristics of the MIM waveguide were simulated and calculated systematically for different 

internal parameters of the rectangular split-ring resonator and various waveguide gap widths. Finally, we 

calculated the refractive index sensitivity. The results indicated that the proposed structure could overcome the 

issue of an insufficient refractive index in conventional sensors, offering a potential application as a 

nanophotonic device in highly integrated optical circuits. 

2 Mie scattering theory at metallic nanoparticle surface 

2.1 Single-layer spherical particle 

The optical properties of metallic nanoparticles can be simulated quantitatively using the light scattering 

theory and the size correction model for a metal dielectric function. For metallic nanoparticles with a regular 

shape, such as spheres and ellipsoids, the optical properties can be analysed using the analytical method of light 

scattering, that is, the Mie scattering theory and its extension theories [25]. The Mie scattering theory has 

received significant attention since its proposition and remains one of the most fundamental methods used for 

studying the optical properties of nanoparticles. The detailed description and derivation of the Mie scattering 

theory have been presented in a number of monographs on the topic of light scattering by particles [26]. The 

scattering and absorption characteristics of light by spherical particles are often analysed based on the classical 

Mie scattering theory, wherein the mutual interaction between the light and the spherical particle is illustrated in 

Fig. 1. As depicted in the Fig., λ denotes the wavelength of the incident light, R denotes the particle radius, np is 

the refractive index of the particle, and nm is the refractive index of the surrounding medium. The light 

extinction, scattering, absorption cross-section, and absorption efficiency associated with the spherical particle 

can be calculated using the equations presented in the following section.  

 
Fig. 1. Schematic of mutual interaction between 

incident light and single-layer spherical article 

 
Fig. 2. Schematic of interaction between incident 

light and double-layer concentric spherical particle 

Based on the Mie scattering theory, the light extinction, scattering, absorption cross-section, and absorption 

efficiency associated with the spherical particle can be calculated as follows: 
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Here, 𝑘 = 2𝜋𝑛m/𝜆 is the wave number of the incident wave in the surrounding medium, where 𝑛m is the 

refractive index of the surrounding medium and λ is the wavelength of the incident light in vacuum; 𝑥 = 𝑘𝑅 

represents the dimension parameter, where R is the radius of the particle; and 𝑎𝑛 and 𝑏𝑛 are both scattering 

coefficients expressed as follows: 
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Here, 𝑚 = 𝑛p/𝑛m denotes the relative refractive index, where 𝑛p is the refractive index of the spherical particle; 𝜓𝑛(𝜌) = 𝜌𝑗𝑛(𝜌) and 𝜉𝑛(𝜌) = 𝜌ℎ𝑛(1)(𝜌) are the Riccati–Bessel functions of the first and third types, respectively, 

where 𝑗𝑛(𝜌) and ℎ𝑛(1)(𝜌) are the spherical Bessel functions of the first and third types, respectively. As indicated 

by these equations, when analysing the interaction between light and spherical particles based on the Mie 

scattering theory, the light distinction, scattering, and absorption characteristics associated with the spherical 

particle can be calculated directly and easily using the particular wavelength of the incident light, particle 

diameter, refractive index of the particle, and refractive index of the surrounding medium. 𝑎𝑛 and 𝑏𝑛 can be 

calculated using the numerical method described in the monograph by Bohren and Huffman [27]. 

2.2 Double-layer concentric spherical particle model 

The light scattering and absorption characteristics of double-layer concentric spherical particles are often 

analysed based on the Mie scattering theory of double-layer concentric spheres [28]. The interaction between 

light and the double-layer concentric spherical particle is depicted in Fig. 2. As depicted in the figure, λ is the 

wavelength of the incident light; 𝑅1 and 𝑅2 are the radii of the core and shell, respectively; 𝑛1 and 𝑛2 are the 

refractive indices of the core and shell, respectively; and 𝑛𝑚 is the refractive index of the surrounding medium. 

The light distinction, scattering, absorption cross-section, and absorption efficiency associated with the 

double-layer concentric spherical particle can be calculated as follows: 
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Here, 𝑘 = 2𝜋𝑛m/𝜆 represents the wave number of the incident wave in the surrounding medium, where 𝑛m 

is the refractive index of the surrounding medium and λ is the wavelength of the incident light in vacuum; 𝑥2 =𝑘𝑅2 represents the dimension parameter, where R is the radius of the shell; and 𝑎𝑛𝐼𝐼 and 𝑏𝑛𝐼𝐼 are the scattering 

coefficients expressed as follows: 
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Here, 𝑚1 and 𝑚2 are the relative refractive indices of the core and shell, respectively; 𝑥1 and 𝑥2 are the 

dimension parameters of the core and shell, respectively; and 𝜓𝑛, 𝑥𝑛, and 𝜉𝑛 are the Riccati–Bessel functions of 

the first, second, and third types, respectively. The expressions of these parameters are as follows: 
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Here, 𝑛1 and 𝑛2 are the refractive indices of the core and shell, respectively; 𝑛m is the refractive index of the 

surrounding medium; 𝑅1 and 𝑅2  are the radii of the core and shell, respectively; λ is the wavelength of the 

incident light in vacuum; and 𝑗𝑛, 𝑦𝑛, and ℎ𝑛 are spherical Bessel functions of the first, second, and third types, 

respectively. As expressed by these equations, the absorption characteristics of the particle can be analysed by 

numerical simulation using the wavelength of the incident light, radii of the core and shell, and refractive indices 

of the core, shell, and surrounding medium. 𝑎𝑛𝐼𝐼 and 𝑏𝑛𝐼𝐼 can be calculated using the numerical method described 

in the monograph by Bohren and Huffman [27]. The Mie theory allows Maxwell’s equations to be solved when 

subjected to strict spherical boundary conditions. Although such a theory is only applicable to spherical particles, 

it is of significance for evaluating the accuracy of other approximation methods. 

3 Characteristics of metallic nanoparticles 

3.1 Surface Plasmon Resonance of the metallic nanoparticle 

 
Fig. 3 electric field around single gold nanoparticle 

 
Fig. 4. (a) Refractive-index spectrum of gold nanoparticle; (b) scattering and absorption spectra of gold 

nanoparticle 



When the localized Surface Plasmon Resonance (LSPR) of the metallic nanoparticle is excited by incident 

light, a strong absorption and scattering of the incident light occurs at the resonance wavelength of the metallic 

nanoparticle. In addition, the local electric field is enhanced significantly near the surfaces of the metal 

nanoparticles. Fig. 3 depicts the schematic of the electric field around a single gold nanoparticle. Fig. 4 (a) 

illustrates the variation in the refractive index of a gold nanoparticle. Fig. 4 (b) depicts the scattering and 

absorption spectra of the gold nanoparticle. It should be noted that the entire model is a sphere, while the 

scattering object is a metallic sphere. Owing to the symmetry of the spherical shape, only a hemisphere is used in 

our analysis. As can be seen from the results, the structure in our study shows a strong localization feature 

3.2 Coupled structure of metallic nanoparticle with MIM waveguide 

We desigh the schematic of a coupled structure comprising an MIM waveguide, rectangular split-ring 

resonator, and gold nanoparticle array. The grey, white, and yellow regions represent the metal (silver in this 

study), air, and gold nanoparticles, respectively. The height and width of the inner ring of the rectangular 

resonator are represented by h and w, respectively. The width of the gap located between the waveguides on both 

sides is represented by d. All the gold nanoparticles have a radius of 10 nm. To better describe the transmission 

characteristics of the waveguide structure, the transmittance of the waveguide is defined as the ratio of the output 

power 𝑃out  to the input power 𝑃in , that is, 𝑇 = 𝑃out 𝑃in⁄ . Here, 𝑃in = ∫ 𝑃𝑜𝑎𝑣𝑥𝑑𝑆1 , 𝑃out = ∫ 𝑃𝑜𝑎𝑣𝑥𝑑𝑆2 , and 𝑃𝑜𝑎𝑣𝑥 is the x-axis component of the time-averaged power flow. 

The dispersion relationship of transverse magnetic (TM) SPPs in the surface plasmonic MIM waveguide 

structure is expressed as follows [29]: tanh (d√β2−k02εin2 ) = −εin√β2−k02εinεm(ω)εm(ω)√β2−k02εin                    (21) 

Here, 𝜀in and 𝜀m are the dielectric constants of the medium and metal; 𝛽 = 𝑛eff𝑘0 is the complex propagation 

constant of SPPs; 𝑘0 = 2𝜋 𝜆⁄  is the wave vector in vacuum, where 𝜆 is the wavelength of the incident light in 

vacuum; and 𝑛eff is the effective refractive index of the mode. The dielectric constant of silver can be obtained 

using the Drude mode [30] as follows: 𝜀𝑚(𝜔) = 𝜀∞ − 𝜔𝑝2𝜔2+𝑖𝜔𝛾                           (22)          

where 𝜀∞ = 3.7 is the dielectric constant at infinite angular frequency, 𝜔𝑝 = 9.1 [eV] is the volume plasma 

frequency, 𝛾 = 0.018 [eV] is the collision frequency of electrons, and 𝜔 is the angular frequency of incident 

light. 

4 Structural characteristics and sensing sensitivity analysis 

4.1 Analysis of transmission characteristics 

Fig.5 illustrates the transmission spectrum of coupled structures comprising a straight waveguide with a 

gap, rectangular split-ring resonator, and gold nanoparticle array. Fig.5 (b) and (d) depict a comparison of the 

transmission spectra between a single rectangular split-ring resonator and gold nanoparticle array. As depicted in 

Fig.5 (b), a narrow stopband occurs at 655 nm in the transmission spectrum of a single rectangular split-ring 

resonator owing to the weak coupling effect between the resonance cavity and the straight waveguide. This 

stopband can be considered as a narrow discrete state. Fig.5 (d) depicts the transmission spectrum generated 

through the coupling of the gold nanoparticle array and the straight waveguide. This spectrum represents a wide 

continuous state. Fig.5 (f) depicts the transmission spectrum generated by the coupled structure comprising both 

the rectangular split-ring resonator and the gold nanoparticle array. As depicted in the figure, there exist three 

transmission peaks at 610, 680, and 840 nm in the transmission spectrum. These peaks represent multiple 

resonance modes owing to the superposition of two discrete states and a continuous state. However, the peak 

transmittances do not reach 100% because of the internal loss inside the metal in the ring resonator and the slot 

waveguide. In particular, the transmission peak becomes weaker at a larger wavelength. This feature is attributed 

to the fact that the resonance generated with a long wavelength has a higher power than that with a short 



wavelength. Such a finding indicates a promising prospect in the application of metal nanomaterials for plasma 

sensing. To better describe the mechanism of resonance generation, the distributions of the magnetic fields 

associated with the three wavelengths depicted in Fig.5 (b), (d), and (f) are illustrated in Fig.5 (a), (c), and (e), 

respectively. 

 
Fig.5. Distribution of magnetic field associated with (a) single rectangular split-ring resonator, (c) gold 

nanoparticle array, (e) rectangular split-ring resonator coupled with gold nanoparticle array. (b), (d), and (f) 

depict the transmission spectra corresponding to the magnetic fields depicted in (a), (c), and (e). 

4.2 Relationship between full width at half maximum of transmission and resonance spectra 

In the previous section, we analysed the effect of the geometric parameters of the proposed structure on the 

resonance spectrum. Fig.6 depicts the relationship between the full width at half maximum (FWHM) of the 

transmission and the resonance spectra when the internal width w of the rectangular split-ring resonator is 

increased from 160 to 200 nm. The resolution of the sensor, that is, the smallest change in the refractive index of 

the sample that can be detected by the sensing system, is expressed by the FWHM. As depicted in Fig.6 (a), 

increasing the width w with other parameters fixed (d = 20 nm, h = 120 nm) leads to a red-shift in the resonance 

spectrum. In addition, the transmittances of modes 1, 2, and 3 are increased from 0.43 to 0.67, 0.61 to 0.46, and 

0.26 to 0.5, respectively. Fig.6 (b) depicts the variation in the FWHM of the resonance spectrum as the internal 

width of the rectangular split-ring is increased from 160 to 200 nm. As indicated in the figure, the FWHMs of 

modes 1, 2, and 3 are increased from 34 to 47 nm, increased from 44 to 33 nm, and first decreased from 48 to 42 

nm and then increased to 51 nm, respectively. Based on the transmittance and FWHM results, the appropriate 

value of the coupling distance parameter w is selected as 180 nm. 

 



Fig. 6(a) Transmission spectrum obtained by increasing internal width w of rectangular split-ring from 160 to 

200 nm; (b) relationship between width w and FWHM of resonance spectrum 

Next, we analysed the effect of the internal height of the rectangular split-ring on the transmission spectrum 

by increasing h from 160 to 200 nm but maintaining other parameters constant (d = 20 nm, w = 180 nm). As 

depicted in Fig.7(a), increasing the height h results in a red-shift in the resonance spectrum. In addition, the 

transmittances of modes 1, 2, and 3 are increased from 0.24 to 0.7, decreased from 0.61 to 0.47, and first 

increased from 0.35 to 0.39 and then decreased to 0.35, respectively. Fig.7(b) depicts the variation in the FWHM 

of the resonance spectrum as the internal height of the rectangular split-ring is increased from 160 to 200 nm. As 

indicated in the Fig., the FWHMs of modes 1, 2, and 3 are first decreased from 43 to 33 nm and then increased 

to 50 nm, decreased from 44 to 35 nm, and remains relatively stable at approximately 42 nm, respectively. Based 

on the transmittance and FWHM results, the appropriate value of the coupling distance parameter h is selected as 

148 nm. 

 
Fig.7 (a) Transmission spectrum obtained by increasing internal height h of rectangular split-ring from 120 to 

160 nm; (b) relationship between height h and FWHM of resonance spectrum. 

Finally, we analysed how the transmission spectrum is affected by increasing the width d of the gap 

between the two waveguides from 20 to 40 nm while maintaining other parameters constant (h = 148 nm, w = 

180 nm). As depicted in Fig.8(a), an increasing gap width d leads to a blue-shift in the resonance spectrum. In 

addition, the transmittances of modes 1, 2, and 3 are increased slightly from 0.55 to 0.62, decreased from 0.52 to 

0.4, and increased from 0.38 to 0.54, respectively. Fig.8(b) depicts the variation in the FWHM of the resonance 

spectrum as the gap width d is increased from 20 to 40 nm. As illustrated in the Fig.8, the FWHMs of modes 1 

are increased from 41 to 47 nm, decreased from 38 to 30 nm, and increased from 42 to 56 nm, respectively. 

Based on the transmittance and FWHM results, the appropriate value of the coupling distance parameter d is 

selected as 20 nm. 

 



Fig.8. (a) Transmission spectrum obtained with gap width d between two waveguides increasing from 20 to 40 

nm; (b) relationship between gap width d and FWHM of resonance spectrum. 

4.3 Sensitivity analysis of refractive index 

Based on the analyses of the structural parameters discussed above, two significant performance parameters 

are introduced to evaluate the refractive index of the sensor at the nanoscale. These two parameters are the 

sensitivity S and the FOM. The sensitivity is defined as follows: 𝑆 = ∆𝜆 ∆𝑛⁄ (nm/RIU)                       (23) 

which represents the resonance spectral shift associated with each refractive index unit. FOM is defined as 

follows: FOM = 𝑆FWHM                              (24) 

which offers a good means to evaluate the performance of the sensor. Fig. 9 depicts the transmission spectrum 

when the refractive index of the filling medium in the structure is increased from 1 to 1.02 as other parameters 

are maintained constant (h = 148 nm, w = 180 nm, and d = 20 nm). It is evident that increasing the refractive 

index n leads to a substantial red-shift in the resonance spectrum. Specifically, as n is increased from 1 to 1.02, 

the resonance spectrum is shifted by 10 nm at mode 1 and by 20 nm at modes 2 and 3. Fig. 9(b) depicts the 

variation in the FWHM as the refractive index of the filling material is increased from 1 to 1.02. Using equation 

(23), the refractive index sensitivities of modes 1, 2, and 3 are calculated as 500, 1000, and 1000 nm/RIU, 

respectively. Using equation (24), the FOMs of modes 1, 2, and 3 are calculated as 12, 27.7, and 23.8, 

respectively. These results suggest that the proposed structure exhibits a high refractive index sensitivity and a 

large FOM value. In other words, the proposed structure exhibits an excellent refractive index sensing property. 

These research findings have opened up new paths in the design and optimisation of nanoscale refractive index 

sensors. 

 
Fig. 9. (a) Transmission spectrum obtained with refractive index of medium increasing from 1 to 1.02; (b) 

variation in resonance wavelength with respect to refractive index n. 

5. Conclusion 

In this study, a plasmonic refractive index sensor based on the metallic nanoparticle-coupled MIM 

waveguide structure was designed and analysed. The sensitivity and FOM of the proposed structure could be 

optimised easily by adjusting the size of the structure. The proposed device exhibited high sensitivity and a small 

volume, making it suitable for system integration. The FWHMs of modes  are increased from 41 to 47 nm, 

decreased from 38 to 30 nm, and increased from 42 to 56 nm, respectively. Based on the transmittance and 

FWHM results, the appropriate value of the coupling distance parameter d is selected as 20 nm.By filling the test 

area with a medium possessing different refractive indices, a refractive index sensor at nanometre scale could be 



developed with a sensitivity of up to 1000 nm/RIU and an FOM of 23.8. Thus, the proposed structure holds 

significant potential for on-chip optical sensing applications. 
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Figures

Figure 1

Schematic of mutual interaction between incident light and single-layer spherical article

Figure 2

Schematic of interaction between incident light and double-layer concentric spherical particle



Figure 3

electric �eld around single gold nanoparticle

Figure 4

(a) Refractive-index spectrum of gold nanoparticle; (b) scattering and absorption spectra of gold
nanoparticle



Figure 5

Distribution of magnetic �eld associated with (a) single rectangular split-ring resonator, (c) gold
nanoparticle array, (e) rectangular split-ring resonator coupled with gold nanoparticle array. (b), (d), and
(f) depict the transmission spectra corresponding to the magnetic �elds depicted in (a), (c), and (e).

Figure 6

(a) Transmission spectrum obtained by increasing internal width w of rectangular split-ring from 160 to
200 nm; (b) relationship between width w and FWHM of resonance spectrum



Figure 7

(a) Transmission spectrum obtained by increasing internal height h of rectangular split-ring from 120 to
160 nm; (b) relationship between height h and FWHM of resonance spectrum.

Figure 8

(a) Transmission spectrum obtained with gap width d between two waveguides increasing from 20 to 40
nm; (b) relationship between gap width d and FWHM of resonance spectrum.



Figure 9

(a) Transmission spectrum obtained with refractive index of medium increasing from 1 to 1.02; (b)
variation in resonance wavelength with respect to refractive index n.


