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Abstract: The increasing demand for optical sensors is driven by their wide applications, making surface plasmon resonance (SPR) play a 
crucial role in this field. In this study, a multilayered thin film consisting of tantalum pentoxide (Ta2O5) and silver (Ag) deposited on a glass 
prism was used to study SPR. The Ag layer thickness was fixed at 50 nm, while the Ta2O5 layer thickness varied from 0 to 70 nm. The 
Kretschmann configuration was employed to assess the sensitivity of air and gases with different refractive indices. Therefore, different 
layer thicknesses along with different wavelengths and angles were investigated. MATLAB software was employed to simulate and analyze 
SPR with a half-sphere prism to extend the incident angle. The simulation conditions with Fresnel equations were used to calculate the 
reflectivity and transmittance coefficients for the studied sample. The results revealed that the best output was at a Ta2O5 thickness of 50 
nm to get optimal full width at half maximum of 2.4 and sensitivity factor of 162.5. This device works in the visible and infrared regions.  
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1. Introduction 

 

Tantalum pentoxide (Ta2O5) thin films have remarkable 

properties, including a high dielectric constant. In the visible 

region, these films have a high refractive index as well as high 

transmittance and high-temperature resistance [1]. Surface 

plasmon resonance (SPR), used for sensor applications, has 

emerged as a branch of modern technology. It has a fast response, 

can work with small-volume materials, and is highly sensitive to 

changes in the refractive index of the medium located near the 

thin metal film. SPR-based sensors are used extensively in optical 

devices and sensing applications, including biomolecular 

detection [2], medical diagnosis [3], biological analyses [4], 

antibody–antigen interaction [5], organic chemical sensing [6], 

bioimaging [7], environmental safety [8], and water testing [9]. It 

has been employed in optoelectronic devices, such as SPR imaging 

and film thickness monitoring [10].  

All materials interact with light in a certain manner. This 

interaction of photons with a crystal or electronic structure of 

matter leads to several phenomena, such as reflection, refraction, 

transmission, and absorption [11]. The value of reflectivity 

depends on the angle of incidence. Materials with a higher 

refractive index have a higher reflectivity than those with a lower 

refractive index [12]. The optical properties of a material are 

related to its interaction with electromagnetic radiation. 

Generally, plasmonic devices require metallic components with 

an abundance of free electrons. Free electrons display negative 

permittivity, which is considered an essential property of any 

plasmonic material. These electrons are affected by any 

electromagnetic wave, resulting in oscillation and the surface 

plasmon phenomenon [13].  

SPR sensor devices have a complex optical system design and 

may have expensive components [14]. Therefore, simulation 

analytics are crucial in constructing SPR sensors, optimizing 

optical parameters, and reducing operational costs [15]. Several 

studies concentrated on simulations to demonstrate the 

advantages and disadvantages of SPR. Wen et al. (2020) 

presented the kinetics of the plasmon model and explained how 

they depended on the particle simulation method. The modeling 

of a single electron in plasmon excitation included two steps to 

locate electron movement and reveal electron spill-out effects 

[16]. However, they did not explore this field altogether, leaving 

room for further investigation.  

Costa et al. (2019) analyzed multilayer reflectance using 

Otto’s configuration. The incident light angle range starts from 

30° to 40°, which is small compared with our work [17]. Hassan et 

al. (2020) proposed a photonic crystal fiber sensor whose output 

analysis depends on its refractive index. They performed 

simulations using the finite element method. They suggested a 

design with airholes in hexagonal shapes, and the center airhole 

was benzene coated with gold to generate the plasmon effect. 

The high performance was in the refractive index from 1.45 to 

1.49 only [18]. Kumar et al. (2021) investigated the hybrid 

structure of BP–Ti3C2Tx with Cu–Ni layers for biochemical sensor 

applications. They noticed that by changing the thickness of the 

Cu–Ni layers, the sensitivity was enhanced and could be 

optimized [18]. Farah et al. (2021) simulated multilayer samples 

of Au–Si3N4 at different thicknesses deposited on the N-LASF9 

glass. They studied different wavelengths and incident angles to Authors information: 
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plot the resonance angle of SPR with reflection. The sensor had a 

range of 600–700 nm and 900–1000 nm [19].  

In this study, the primary reason behind using silver/tantalum 

pentoxide (Ag/ Ta2O5is to modify the absorption capacity of 

incident light and enhance the interface effect between layers. An 

SPR system was simulated to detect the benzene medium. This 

system consists of a Ta2O5 layer used as a waveguide medium 

and a silver (Ag) layer deposited on the glass prism in the 

Kretschmann configuration. The behavior of the SPR curve was 

examined by changing the sample thickness and the incident 

angle for different wavelengths. It gives the sensing range of 

wavelengths and optimal angles to attain resonant surface 

plasmon. 

 

2. Methodology 
 

When light interferes with a medium, the electrons oscillate 
harmonically with the incident light. In the case of SPR, oscillation 
and propagation occur along the interface between the dielectric 
and metal mediums. SPR depends on observing the reflected light 
spectrum obtained by angular or wavelength interrogation [20]. 
Therefore, the angular change resolution is preferred when 
investigating SPR. Measuring the change in resonant angle allows 
the extraction from the spectrum the reflectance curve as a 
function of incident angle for the same wavelength. This spectrum 
gives two significant factors to describe the SPR curve: minimum 
reflectance and full width at half maximum (FWHM). Noble 
metals such as Au and Ag have been used to propagate polarizing 
waves in surface plasma at a specific wavelength [21].  

The Kretschmann configuration was used in the simulation of 
the SPR sensor system in this work (Figure 1). The sensor consists 
of a LaSF9 glass prism, Ag thin film with a thickness of 50 nm, a 
Ta2O5 layer of varying thicknesses (d = 0, 25, 50, and 75 nm), and 

a sensing medium considered to be benzene (C6H6) with the 
refractive index changed by Δn = 0 and 0.04.  
 

 
 
 
Figure 1. The schematic diagram of the SPR system based on the 

Kretschmann configuration. 
 

The complex refractive index (nm) can be calculated due 
to the reaction of light with the semi-transparent matter as 
follows [22]: 

 
𝑛𝑚 = 𝑛𝑟 + 𝑖𝑛𝑘  (1) 

 
Where 𝑛𝑟  represents the real part of the refractive index. The 
imaginary part, 𝑛𝑘, is called the extinction coefficient, which also 
refers to the amount of attenuation coefficient along the z-
direction. The complex refractive index (n) is related to the wave 
number (k) by k = 2πn/λ. The electromagnetic wave plane 
component for any wavelength in the vacuum can be expressed 
as follows [22]: 

 

𝐸(𝑧,𝑡) = 𝐸𝜊𝑒𝑖(𝑘𝑧−𝑤𝑡) = 𝐸𝜊𝑒
𝑖(2𝜋(𝑛𝑟+𝑖𝑛𝑘)𝑧

𝜆
−𝑤𝑡)

= 𝑒
−2𝜋𝑛𝑘𝑧

𝜆   [𝐸𝜊𝑒
𝑖(

2𝜋𝑛𝑟𝑧
𝜆

−𝑤𝑡)
] 𝑛𝑚 = 𝑛𝑟 + 𝑖𝑛𝑘  (2) 

 

The electromagnetic wave exponentially decays with (z) by the factor 𝑒
−(

2𝜋𝑛𝑘𝑧

𝜆
)
; thus, the attenuation coefficient becomes 𝛼 =

4𝜋𝑘

𝜆
. n_r and 

nk are frequency dependent, and nk has two conditions, namely, nk > 0 and nk = 0, meaning that the light is absorbed by media and travels 
without loss, respectively. 

 
Dielectrics have greater absorption capacity compared with 

metals. Dielectric-like glass has very low DC conductivity and 

negligible loss at low frequencies, leading to small absorption 

values. Although the absorption increases dramatically at high 

frequencies, it can be reduced by the transparent material 

properties. The Kramers–Kronig relations determine the complex 

refractive index of real and imaginary components, nr and nk, 

respectively. These components are measured indirectly by 

calculating the reflectance and transmittance of the sample [23]. 

Ag is considered one of the most favorable materials used as 

a sensing metal because of its high electric field conductivity and 

low imaginary component of its refractive index [24]. Ta2O5 also 

has favorable properties such as a high refractive index (2.05‒

2.30) within the visible band, a large energy gap of 4.2 eV, and no 

absorption within the range of 10 to 400 nm [25]. Therefore, it is 

necessary to plot the behavior of the refractive index as a function 

of wavelength for all the substrates (glass prism), an Ag layer, 

Ta2O5, and C6H6. The data in Figure 2 were collected online [26].  
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Figure 2. Real (n) and Imaginary (k) parts the with the wavelength (λ) for (a) prism, (b) Ag layer, (c) Ta2O5, and (d) C6H6. 

 

 

The change in the refractive index due to the interaction 

between light and the sample’s surface led to the shift in the SPR 

curve. Therefore, the details of the SPR curve are significant as the 

indicator for the sensing tool [27]. We used the Kretschmann 

configuration for the studied sample to understand the SPR curve. 

The reflectivity of the multilayer sample is presented by Fresnel’s 

equations: the first layer boundary (Ea and Ha) and the last layer 

boundary (EN and HN) for the electric and magnetic field 

component amplitudes, respectively. It can be represented by the 

total matrix [28]:   

[ 𝐸𝑎 𝐻 𝑎 ] = [∏ 𝑀𝑚

𝑁

𝑚=1

] [ 𝐸𝑁 𝐻 𝑁 ]

= [𝑀11 𝑀12  𝑀21 𝑀22  ][𝐸𝑁  𝐻𝑁  ] 

(3) 

 

The transfer matrix method was used to investigate the 

optical properties of the suggested SPR sensor. The light 

interaction matrix M_m of the mth layer (m = 1 to N) can be 

expressed by [29]: 

 

𝑀𝑚

=  [𝑐𝑜𝑠 𝑐𝑜𝑠 𝛽𝑚                   
𝑖

𝑞𝑚

𝑠𝑖𝑛 𝑠𝑖𝑛 𝛽𝑚   𝑖𝑞𝑚𝑠𝑖𝑛 𝛽𝑚             𝑐𝑜𝑠 𝛽𝑚   ] 

(4) 

 

Where 𝛽𝑚 and 𝑞𝑚 are defined as (
2𝜋

𝜆
) 𝑛𝑚𝑑𝑚 𝑐𝑜𝑠 𝑐𝑜𝑠 𝜃𝑚  and 

𝑛𝑚 𝑐𝑜𝑠 𝑐𝑜𝑠 𝜃𝑚  , respectively. 𝑛𝑚 is the complex refractive index, 

𝜃𝑚 is the incidence angle of mth layer. This equation is important 

to model the electric and magnetic component field interfaced of 

mth layer.  

 

The description of the single field that passes through layer m 

can be given by   

 

𝛽𝑚 = (
2𝜋

𝜆
) 𝑛𝑚𝑑𝑚 𝑐𝑜𝑠 𝑐𝑜𝑠 𝜃𝑚 (5) 

 

The p-polarization field for any layer (𝑞𝑚) is represented by 

[30]: 

𝑞𝑚 =
𝑛𝑚√𝜀𝜊𝜇𝜊 

𝑐𝑜𝑠 𝑐𝑜𝑠 𝜃𝑚 
     (6) 

 

where 𝜀𝜊 𝑎𝑛𝑑 𝜇𝜊 are the vacuum permittivity and the 

permeability, respectively. 

 

From the preceding matrix, Fresnel’s reflection coefficient (r) 

and transmission coefficient (t) within the sample are obtained as 

follows [29]: 

𝑟 =
[𝑞𝑁𝑀11 + 𝑞𝜊𝑞𝑁𝑀12] − [𝑀21 + 𝑞𝜊𝑀22]

[𝑞𝑁𝑀11 + 𝑞𝜊𝑞𝑁𝑀12] + [𝑀21 + 𝑞𝑁𝑀22]
 (7) 

 

𝑡 =
2𝑞𝜊 (

𝑛𝑁
𝑛𝜊

)

[𝑞𝑁𝑀11 + 𝑞𝜊𝑞𝑁𝑀12] + [𝑀21 + 𝑞𝑁𝑀22]
 (8) 
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The total reflectance (R) and the total transmittance (T) are 

given by [29]:  

 

𝑅 = |𝑟|2 (9) 
 

  𝑇 = |𝑡|2 (10) 
 

The most significant parameter of any SPR sensor is its 

sensitivity. Sensitivity can be explained in terms of the marked 

change in the resonance angle (∆𝜃𝑆𝑃𝑅). This change is caused by 

the changes in the refractive index (𝑛𝑚) of the sensing medium. 

Therefore, the parameters of the sensing medium are vital, for 

instance, sample thickness, number of layers, material 

specifications, and shape or design. The sensitivity equation is 

written as [31]: 

𝑆 = (
𝛥𝜃𝑆𝑃𝑅

𝛥𝑛
) (11) 

where 𝛥𝜃𝑆𝑃𝑅  is the resonance angle change, 𝛥𝑛𝑚 is the 

change in the refractive index. 𝛥𝜃𝑆𝑃𝑅  is related to the minimum 

reflectance (Rmin) and its value is extracted from the R–θ curve. 

In terms of sensing performance, the resonance is dependent 

on the Ta2O5 layer thickness. In this study, the performance 

characteristics of the noble metal Ag/dielectric Ta2O5 sensor 

were studied by carefully carrying out a sophisticated MATLAB 

algorithm of SPR simulation followed by determining SPR curve 

characteristics. Reflectance (R) was simulated as a function of the 

incident angle for the Ag/Ta2O5 structure. Ag thickness was fixed 

at 50 nm, whereas the thickness of the dielectric slab Ta2O5 was 

varied (d = 0, 25, 50, and 75 nm). Here, the dielectric Ta2O5 acts 

as a waveguide medium, supporting the propagation of 

waveguide modes within the selected sample. 

 

The simulation of the experimental data was achieved using 

the following algorithm: 

 

Compute FWMH and Ld algorithm 

The dip data are represented by y=f(x), where x represents the 

incident angle (0° to 90°). 

 

Start algorithm 

 

1. Extract maximum SPR peak curve (Ld) at SPR angle 

(SPR_Theta) using [Ld   SPR_Theta]=min(y) 

2. Extract the half max value for the SPR peak curve: 

halfMax = (min(y) + max(y)) / 2; 

3. Extract data at curve decay below halfMax value 

and save it in halfmax1.  

4. Extract data at curve above halfMax value and save 

it in halfmax2. 

5. Compute FWHM using FWMH = halfmax2- halfmax1 

 

End algorithm 
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3. Results and Discussion 
 

In this study, we investigated the direct effect of the change in Ta2O5 layer thickness on the sensitivity of the suggested SPR sensor. 
Therefore, the Ag layer thickness was precisely fixed at 50 nm, while the Ta2O5 layer thickness was varied from 0 to 70 nm. Figure 3 depicts 
the reflectance curves as a function of light incident angles (θ) for a different Ta2O5 layer thickness and different wavelengths (λ) from 100 
to 1000 nm, with a step size of 100 nm. 

 
(a) d=0 (b) d=25 nm (c) d=50 nm (d) d=75 nm 
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𝜆 =600 nm 
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𝜆 =700 nm 

    
𝜆 =800 nm 

    
𝜆 =900 nm 

    
𝜆 =1000 nm 

 
Figure 3. Reflectance of the suggested sample with incidence light angle for different wavelengths (λ=100-1000 nm) and different Ta2O5 
layer thicknesses (a) d=0 nm, (b) d=25 nm, (c) d=50 nm, and (d) d=75 nm. The blue line is ∆nm = 0, and red line ∆nm = 0.04 
 

Figure 3 demonstrates that there is no effect of resonance from wavelength 100 to 600 nm, and the effect becomes discernible at 

wavelength 700 nm. Evidently, the shift between the blue and red curves, caused by the change in the refractive index, is significant for SPR 

sensor performance. The shape of the dip, like its width and height, is also significant. 

The results of R‒θ curve analysis data are presented in Tables 1‒4, showing FWHM, dip length (Ld), and S values with change in the 

refractive index of C6H6 (∆𝑛𝑚) with d = 0 to 75 nm. The numerical results of Ag–Pt bimetallic films were used to simulate the SPR within a 

small range due to the prism diagram [32]. They show that the FWHM changed with the layer thickness. Our system works with a wide range 

of angles and is sensitive to the visible and IR range, which offers a wide range of applications.   

 
 

Table 1. Data corresponding to wavelengths 700–1000 nm at 
thickness 0. 

(nm) Δn θSPR FWHM Ld S 

700 0 72.9 3.7 0.9191 160.0 

0.04 79.3 4.6 0.9169 

800 0 69.8 2.5 0.9321 142.5 

0.04 75.5 3.0 0.9325 

900 0 76.9 1.7 0.9329 132.0 
0.04 73.2 2.1 0.9350 

1000 0 66.7 1.3 0.9214 125.0 
0.04 71.7 1.6 0.9260 

 

Table 2. Data corresponding to wavelengths 700–1000 nm of the 
R–θ curve at thickness 25 nm. 

(nm) Δn θSPR FWHM Ld S 

700 0 72.9 3.5 0.9044 160.0 

0.04 79.3 4.4 0.8983 

800 0 69.8 2.4 0.9233 142.5 

0.04 75.5 2.9 0.9220 

900 0 67.9 1.6 0.9257 132.0 
0.04 73.2 2.0 0.9262 

1000 0 66.7 1.2 0.9144 125.0 
0.04 71.7 1.5 0.9181 
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Table 3. Data corresponding to wavelengths 700–1000 nm of the 
R–θ curve at thickness 50 nm 

(nm) Δn θSPR FWHM Ld S 

700 0 69.9 2.4 0.9138     162.5 

0.04 75.6 2.9 0.9104     

800 0 69.8 2.4 0.9233 142.5 

0.04 75.5 2.9 0.9220 

900 0 67.9 1.6 0.9175 132.5 
0.04 73.2 2.0 0.9163 

1000 0 66.7 1.2 0.9068 125.0 
0.04 71.7 1.5 0.9086 

 
Table 4. Data corresponding to wavelengths 700–1000 nm of the 

R–θ curve at thickness 75 nm. 

(nm) Δn θSPR FWHM Ld S 

700 0 73.0 3.5 0.8803     162.5 

0.04 79.5 4.4 0.8685     

800 0 69.9 2.3 0.9067 142.5 

0.04 75.6 2.8 0.9011 

900 0 67.9 1.6 0.9097 132.5 
0.04 73.2 2.0 0.9068 

1000 0 66.7 1.2 0.8997 125.0 
0.04 71.7 1.5 0.8989 

The summary Figure 3 shows that SPR does not appear at 

wavelengths from 100 to 500 nm. SPR begins to appear at the 

wavelength of 600 nm and has an incomplete dip. At wavelengths 

700, 800, 900, and 1000 nm, SPR appears at all oxide layer 

thicknesses. The minimum reflectivity (Rmin) in the R‒θ curve is 

0.061. This value was recorded at wavelength 900 nm with θSPR= 

73.2°. The sensor resolution changed as the wavelength varied, 

causing a broadening of the reflectance dip. The shape dip and its 

width determine the accuracy of the sensor. The highest dip 

length is (0.935°) at λ = 900 nm and thickness d = 25 nm. The 

higher sensitivity (S) for the proposed SPR sensor obtained with 

sharper shapes is 162.5. 

The FWHM plays a critical role because the resonance angle 

in the R‒θ curve should be small to be distinguished with small 

changes compared with different wavelengths. The sharper and 

narrower dip shape of SPR and the smaller value of FWHM result 

in high detection accuracy. Furthermore, it is worth noting that 

when Ld value approaches 1, a good SPR is achieved. Therefore, 

controlling the sample thickness is vital to get a low FWHM value 

and a Ld value approaching 1. The presented algorithm gives 

accurate details to calculate FWHM, and equation 5 gives the 

value of the sensitivity of the suggested sensor. 

 

4. Conclusions 
The suggested sample for the optical sensor has many positive 

and important points. The sensitivity (S) increases significantly 

with the appearance of the Ta2O5 layer because it works as a 

waveguide and increases the resonance signal. The relationship 

between the change in the Ta2O5 layer thickness and the 

refractive index of the sensing medium has a minor influence. The 

R‒θ curve dip shifted in this case due to the changes in the 

refractive index. Therefore, the SPR dip width should be smaller 

to distinguish the small shift at Δn reaching zero. The suggested 

SPR sensor detects a small variation in the refractive index (0.04) 

of the proposed sensing medium. The suggested device works in 

the visible and IR regions of the electromagnetic spectrum, as 

shown in the R‒θ curve. It is important to increase the step size in 

modeling to get the behavior of the resonance dip because it is 

sensitive to a small angle value. 
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