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Abstract: 

Surface Plasmon Resonance (SPR) sensors are a useful tool for biomolecule 

detection, offering label-free and real-time monitoring characteristics. However, 

traditional SPR sensors still face the challenges of limited detection sensitivity, 

especially for sensing small molecules with a low concentration level (less than 1 pM 

(10−12 mol/L)). To overcome this challenge, in this paper, we designed a Kretschmann 

configuration which uses a plasmonic waveguide to generate a powerful Fano 

resonance through the coupling of the surface plasmon polariton (SPP) mode and 

photonic waveguide (PWG) mode at the sensing interface. By optimizing the thickness 

of the layers of the metamaterial structure, it is also possible to adjust the resonance 

angle, the reflectivity, the quality factor (Q factor), the intensity sensitivity, the angular 

sensitivity and the detection range. In our designed subwavelength grating waveguides 

(SWG) structure sensor, the intensity sensitivity reached 1.808×104 RIU-1, which 

surpassed the intensity sensitivity of uniform Si layers by 5.14 times. This approach 

provides a framework for physicists and biologists to develop the future generation of 

medical diagnostic devices. 



 

1. Introduction 

Early-stage diagnosis plays a crucial part in effectively preventing many diseases. 

Traditional early diagnostic methods include imaging, blood tests, genetic testing, and 

biopsies [1-4]. However, these conventional approaches have limitations such as long 

processing time, high cost, and insufficient accuracy [5]. To overcome these limitations, 

researchers have exploited optical biosensing schemes for early-stage disease diagnosis. 

Normally, the detection is based on the recognition of biomarkers in the samples 

collected from patients using optical biosensors [6]. Among these optical sensing 

technologies, surface plasmon resonance (SPR) biosensors show great potential due to 

their real-time and label-free detection characteristics [7]. However, traditional SPR 

sensors still face challenges in directly detecting analytes with extremely low 

concentrations (less than 1 pM) or small molecular weights (less than 400 Da), and they 

are prone to oxidation of the metal layer, which needs to be compensated by placing 

dielectric materials like silicon on its surface [8-11]. 

Recently, a new type of metamaterial biosensor, the Fano resonance (FR)-

enhanced SPR sensor, has attracted a lot of attention [12-17]. These sensors integrate 

uniform waveguide layers into the well-known Kretschmann configuration. When two 

resonators have identical resonance, their destructive interference can form a narrow 

transparent window within a wide absorption band. However, when the frequency 

deviation between the wide and narrow resonances is sufficiently reduced, the 

perturbation between the two resonances results in a narrow transparent window at a 

broad transmission angle, generating a transmission peak similar to electromagnetically 

induced transparency (EIT). This asymmetric resonance peak is called the FR. The 

sharp peak-to-dip transition produced by FR in the spectrum allows for the detection of 

slight changes in sensing parameters, such as refractive index or temperature, by 

monitoring the change in the FR spectrum. Compared to other resonances like Lorentz 

resonances, FR possesses a higher Q factor, which greatly enhances detection 

sensitivity and selectivity [18-20]. By designing and adjusting the optical response of 



the device, higher sensitivity can be achieved. Unlike traditional SPR sensors, which 

measure signals at the lowest reflection at the resonance angle, FR signals allow 

measurements to be made at higher reflectance. This advantage considerably improves 

the signal-to-noise ratio (i.e. resolution), a key factor in current rapid and accurate 

diagnostic procedures. 

In addition to sensing resolution, a noteworthy measure is the detection sensitivity, 

which can be augmented through the design of SPR sensing substrates utilizing 

plasmonic metamaterials [21-25]. High sensitivity is crucial for detecting biomarkers 

with extremely low concentrations during the early stages of diseases [26,27]. 

Metamaterials are synthetic materials with electromagnetic properties not found in 

naturally occurring substances [28]. They can manipulate the phase, polarization, 

amplitude, and angle of incident light. The interaction between the measured material 

and confined electromagnetic waves in metamaterials at resonant frequencies enables 

plasmonic metamaterial sensors to achieve high sensitivity [30,31]. Subwavelength 

grating waveguides (SWG) refer to plate-like metamaterial structures characterized by 

dimensions smaller than the operating light wavelength. These waveguides effectively 

suppress diffraction effects, functioning as homogeneous plate waveguides with 

properties equivalent to birefringent materials [32]. SWG in uniform waveguides are 

fabricated with a single etching step in modern immersion lithography processes, 

providing a straightforward approach to alter the width, pitch, and duty cycle of gratings, 

which in turn allows for localized engineering of the effective refractive index, 

dispersion and mode size of the medium [33]. Therefore, SWG material structures are 

expected to provide an important basis for high-performance silicon optical devices and 

are suitable for mass production, with strong commercial potential [34-36]. 

  



 
Figure 1. The configuration of the SPR sensor. 

 

In this paper, we proposed a novel plasmonic metamaterial structure for SPR 

sensors, with the electric field mainly propagating between the MgF2 thin film and the 

Si SWG on top as shown in Fig.1. In this configuration, ITO is utilized as the plasmonic 

material. This SPR sensor operates at a wavelength of 1550 nm in the infrared range. 

We conducted theoretical studies on improving the sensitivity of SPR using the 

Rigorous Coupled-Wave Analysis (RCWA) method. We first discussed the influence of 

the thickness of both Si and MgF2 layers on the attenuated total reflection (ATR) curve 

and sensitivity. We also explored the relationship between the intensity sensitivity and 

detection range, demonstrating the advantage of combining SPR with FR. By 

modifying the spectrum of incident angles, a noteworthy improvement can be observed 

in both angular and intensity sensitivity. Additionally, the Si SWG for the proposed 

sensor can be made from uniform silicon waveguides on the MgF2 substrate in only one 

etching step. They offer significant advantages in terms of the effective sensing area, 

sensitivity, and design freedom compared to the multilayer uniform structures proposed 

in previous work [12-17], offering great potential for improving the accuracy and 

detection time of early disease diagnosis. 

 

2. Material and method 

The proposed design combines an SPR sensor enhanced by Fano resonance [24,25] 

with a grating structured with grooves [37]. This device includes a rutile prism, a layer 

of ITO with a thickness of dITO, a layer of MgF2 with a thickness of dMgF2, and a grating 



layer. The grating layer is a groove of silicon with a thickness of dSi and is surrounded 

by water. 

When the transverse magnetic (TM) wave at a wavelength of 1550 nm stimulates 

the surface plasmon polariton (SPP) mode and travels along the interface of ITO-MgF2, 

the evanescent field of SPP intersects with the photonic waveguide (PWG) mode. This 

intersection causes a coupling between these two modes. 

RCWA is a semi-analytical method used to solve the system of Maxwell's equations 

numerically [38,39]. It is widely used to accurately analyze electromagnetic diffraction 

in periodic structures. The method analyses a structure that consists of multiple uniform 

layers in the z-direction and periodic ridges and grooves in the x- and y-directions, 

corresponding to different refractive indices. TE (transverse electric) or TM (transverse 

magnetic) waves are incident from the x-z plane at a given polar angle. Maxwell's 

equations are used to calculate electromagnetic wave propagation within a layer, 

expressed as partial differential equations. Scattering matrices are used to match the 

boundary conditions for propagation at the layer boundary. The Floquet theory [40]  

expands Maxwell's equations and boundary conditions, with higher-order functions 

truncated for finite equations based on desired accuracy and convergence speed. The 

finite equations include structural parameters such as the thickness of each layer in the 

z-direction, the refractive index of the ridge and trench, and others. By adjusting these 

parameters, the computer can solve for the corresponding directional hemispherical 

reflectance and transmittance, and infer the absorptivity and emissivity. 
The reflectivity and phase responses of the structure were modeled using the 

RCWA method. The structure consists of four layers. The initial layer involves the 

incident medium and a substrate with an infinite thickness, which possesses a refractive 

index of n1. Uniform medium layers comprise the second and third layers. These two 

layers have defined thicknesses, d2 and d3, refractive indices n2 and n3. The fourth layer 

comprises gratings, which can be subdivided into ridges and grooves. Each has an 

accompanying refractive index of n4. Furthermore, it is necessary to specify the height, 

period, filling ratio, and normalized position of the grating ridges within one period. An 

iterative method is used to adjust the structural parameters, considering the coupling of 



the PWG mode and the SPP mode in the attenuated total reflection (ATR) curve 

stimulated using the RCWA method. The structure was studied for use with a 1550 nm 

laser. At this particular wavelength, the refractive indices of the rutile prism, MgF2, 

Silicon, and ITO are 2.4532, 1.3705, 3.4777, and 0.2670 + 1.9123i, respectively [41-

45]. 

 

3. Results and Discussion 

To investigate the effect of dSi on resonance peaks, ATR curves were calculated 

under the conditions of dITO=110 nm, dMgF2=500 nm, and a Si layer with a grating 

structure having a period of 200 nm and a filling ratio of 0.5. The calculated ATR curve 

is shown in Fig.2. As the Si thickness increases, the resonance peak shifts towards larger 

incident angles. This is because the effective refractive index of the grating structure 

increases with increasing dSi [46], requiring a larger incident angle for the coupling 

between the SPP mode and the PWG mode [47]. When dSi increases from 500 nm to 

800 nm, the full width at half maximum (FWHM) decreases noticeably. Furthermore, 

dips are observed at incident angles of 55.8770°, 63.6392°, 69.1414°, and 75.7996°, 

with corresponding reflectivity values of 0.0749, 0.1767, 0.3052, and 0.4770, 

respectively, indicating an approximate linearity which can give the proposed biosensor 

better flexibility in selecting operating parameters for practical use. The red ATR curve 

in Figure 2a displays a distinct peak of high reflectivity. This peak exhibits some 

resemblance to the behaviour observed in EIT systems. Points B and D in Figure 2a 

indicate the splitting of the initial single resonance angle into two separate angles. The 

EIT-like characteristics can be further elucidated by examining the distribution of 

electric field amplitude |E| at the reflection angles B and D, as well as the peak reflection 

denoted as C in Figures 2(b)-(d). Notably, the coupling of the SPP mode and the PWG 

mode occurs at these reflection angles, resulting in the excitation of a hybrid mode only 

when the incident light is at angles of 44.7062° and 49.8690°. Nevertheless, only the 

PWG mode is stimulated at the angle corresponding to the transparency peak (as shown 

in Figure 2(c)), leading to a significant suppression of absorption in the ITO layer. This 



phenomenon bears similarity to the EIT effect observed in atomic systems, where the 

interference of two pathways results in the cancellation of bright modes. By utilizing 

the proposed method outlined in this study, precise control over light absorption and 

transmission can be achieved through adjustments in material structure and incident 

angle, thereby enabling the realization of EIT-like effects. 

 

Figure 2. (a) Illustration of the influence of dSi on the distribution of FR at the incident angle 

location. Results of the Rigorous Coupled-Wave Analysis (RCWA) method. dITO=110 nm, 

dMgF2=500 nm, and the Si layer with a grating structure of a period of 200 nm and a filling ratio of 

0.5, |E| distributions at point (b) B, (c) C, and (d)D simulated using 

Finite Difference Time Domain (FDTD).  

 

In Fig.3, the differences (Δθ) between the FR peaks and valleys, as well as the Q 

factor, defined as the ratio between the resonance angle (θ) and the difference (Δθ) 

between the peaks and valleys of FR, is plotted. It can be observed that as the dSi 

increases, the Q factor also increases. However, the Δθ decrease with increasing dSi. 

This can also be clearly seen in Fig.2.  



 

Figure 3. Q factor and ∆θ versus dSi. Results of the RCWA method. dITO=110 nm, dMgF2=500 nm, 

and the Si layer with a grating structure of a period of 200 nm and a filling ratio of 0.5. 

 

In Fig.4, we further investigated the influence of dSi on intensity sensitivity and 

angular sensitivity. It can be observed that with an increase in dSi, both intensity 

sensitivity and angular sensitivity exhibit a similar increasing trend. This indicates that 

increasing dSi can enhance the sensor’s sensitivity to intensity and incident angle.  

 

Figure 4. The intensity sensitivity and angular sensitivity versus dSi. Results of the RCWA method. 



dITO=110 nm, dMgF2=500 nm, and the Si layer with a grating structure of a period of 200 nm and a 

filling ratio of 0.5. 

 

To investigate the effect of MgF2 layer thickness on the resonance peak, ATR 

curves were plotted for MgF2 thickness ranging from 900 to 1400 nm under the 

conditions of ITO thickness of 110 nm, Si layer with a grating structure of 280 nm 

thickness, a period of 200 nm, and a filling ratio of 0.6. The resonance dip and resonance 

peak are located on the low-angle side and high-angle side, respectively. Furthermore, 

as the thickness of MgF2 increases, the resonance dip shifts towards larger incident 

angles, while the resonance peak exhibits minimal movement and remains stable at 

approximately the same incident angle, as shown in Fig.5. 

 

Figure 5. Illustration of the influence of MgF2 thickness on the coupling strength to the SPR mode 

and PWG mode. Results of the RCWA method. dITO=110 nm, the Si layer with a grating structure 

of 280 nm thickness, a period of 200 nm, and a filling ratio of 0.6. 

 

An increase in MgF2 thickness led to a decreased coupling strength of the 

resonance peak, and vice versa [48]. Correspondingly, with the increased thickness of 

MgF2, ∆θ decreases with increasing MgF2 thickness. Weakened coupling results in a 



decrease in FWHM and generally leads to an increase in the Q-factor of FR, as shown 

in Fig.6.  

 

Figure 6. Q factor and ∆θ versus MgF2 thickness. Results of the RCWA method. dITO=110 nm, the 

Si layer with a grating structure of 280nm thickness, a period of 200nm, and a filling ratio of 0.6. 

 

Regarding the angular and intensity sensitivity for this structure, as shown in Fig.7, 

it is found that the intensity sensitivity(The definition of intensity sensitivity is ∆Rn/∆n, 

where ∆Rn refers to the change in reflectance when the refractive index of the material 

changes by ∆n at the same angle in the linear region. In this study, we assumed that the 

refractive index of water can vary. We recorded the change in reflectance ∆Rn at the 

same incident angle in the linear region while varying the refractive index of water. 

Then, we compared this change in reflectance with the corresponding change in 

refractive index to obtain the intensity sensitivity.) increases continuously with the 

increase of MgF2 layer thickness, without an upper limit or inflection point. In contrast 

to the case of increasing dSi, the longitudinal distance between the peaks and valleys of 

the FR does not exhibit significant differences with increasing MgF2 thickness. The 

angular sensitivity (The angle sensitivity is defined as ∆θn/∆n, where ∆θn refers to the 

change in resonance angle when the refractive index of the material changes by ∆n. In 

this study, we assume that the refractive index of water can vary. We record the 

resonance peak positions at different refractive indices of water, calculate the 



displacement of the resonance peak ∆θn, and then compare it with the change in 

refractive index to obtain the angle sensitivity.) does not increase continuously like the 

intensity sensitivity but remains at 23.9 ° /RIU. This phenomenon occurs because 

changes in refractive index result in an overall shift of the resonance angle. However, 

increasing the MgF2 thickness does not cause a shift in the resonance angle. Rather, it 

reduces the difference between the tilt angle and peak value (Δθd), leading to an 

increased slope in the ATR curve. Consequently, under the condition of the same 

refractive index change and equal shift distance, the difference in values between the 

two corresponding curves increases. Theoretically, the strength sensitivity will continue 

to increase as the MgF2 layer thickness increases. However, this results in a reduction 

of the detection range as the thickness increases. When the MgF2 thickness reaches 

1500 nm, the value of the detection range (defined as Δθd/angle sensitivity) decreases 

to 6.3×10-5, as shown in Fig.8. 

 

Figure 7. Intensity sensitivity and angular sensitivity versus MgF2 thickness. Results of the RCWA 

method. dITO=110 nm, the Si layer with a grating structure of 280nm thickness, a period of 200 

nm, and a filling ratio of 0.6. 

 



 

Figure 8. Intensity sensitivity and detection range versus MgF2 thickness. 

Results of the RCWA method. dITO=110 nm, the Si layer with a grating structure of 280nm 

thickness, a period of 200nm, and a filling ratio of 0.6. 

 

 

Figure 9. (a) Reflectivity versus the angle of incidence when the RI of the sample liquid is 1.33 

and 1.33001, and (b) the corresponding change in reflectivity. Results of the RCWA method. 

dITO=110nm, dMgF2=700 nm, the Si layer with a grating structure of 640nm thickness, a period of 

200 nm, and a filling ratio of 0.6, The angle of incidence corresponding to the peak's top is 65.22°, 

demonstrating an intensity sensitivity of 1.808×104 RIU-1. 

 

Fig.9 illustrates the ATR curves for the sensing medium refractive indices of 1.33 

and 1.33001, with Fig.9 (a) displaying the shift of the resonance peak towards larger 

incident angles as the refractive index increases. To investigate the sensing performance, 

the structural parameters were established as follows: dITO=110 nm, dMgF2=700 nm, and 



a Si layer comprising a grating structure with a thickness of 640 nm, a period of 200 

nm, and a filling ratio of 0.5. The linear area between the steeply shifting peak top and 

bottom is appropriate for sensing monitoring. Fig.9 (b) depicts the change in reflectivity, 

with a corresponding incident angle at the peak top at 65.2153°, indicating a sensitivity 

of 1.808×104 RIU-1 based on intensity. When compared to the uniform silicon structure, 

the FR in the vicinity of 65°, which corresponds to an intensity sensitivity of 3.5×103 

RIU-1 [13], the proposed grating-enhanced SPR sensor showed 5.14 times in intensity 

sensitivity higher than uniform Si layers. Furthermore, comparing the reflectance 

minima of the pure SPR dip close to 0, the reflectance minima of the dip of FR in Fig.9 

are both 0.2222, thus allowing more power to be received. This enhancement is 

attributed to the enlarged contact area between the sensing medium and the grating 

structure when compared to the uniform structure. 

 

4. Conclusion 

In this study, we have developed an innovative SPR biosensor utilizing the surface-

enhanced FR effect. We optimized the texture of the sensor substrate, including the 

thickness of the ITO layer, MgF2 layer, and silicon layer. The filling ratio of the grating 

was also adjusted to achieve optimal performance. Through simulation analysis using 

the RCWA method, we optimized the parameters of the grating-enhanced sensing 

interface, with an ITO layer thickness of 110 nm, MgF2 layer thickness of 700 nm, 

silicon layer thickness of 640 nm, a periodic structure of the super surface set at 200 

nm, and a filling ratio of 0.5. It is also observed through simulation that the filling ratio 

of the MgF2 layer grating structure has negligible effects on the overall sensitivity and 

resonance angle. In our designed grating structure sensor, the intensity sensitivity 

reached 1.808×104 RIU-1, which is 5.14 times higher than the intensity sensitivity of 

3.5×103 RIU-1 for conventional structures with uniform Si layers. The proposed grating-

enhanced biosensor has broad prospects for early-stage diagnostics of various diseases. 
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