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The all-optical biosensor based on Surface Plasmon Resonance (SPR) with improved sensitivity is introduced which exploits 
theoretical analysis and simulation of biomaterial detection in liquids. A five-layer Kretschmann configuration is considered 
with emphasis on nanocomposite structure of sensing layer along with extra two-dimensional (2D) layer.  Sensing layer 
consists of gold nanoparticles with biomaterial sample shell.  Moreover, different types of 2D material (graphene, Black 
Phosphorous (BP) and tungsten disulfide (WS2)) with variable thickness are considered beneath the sensing layer. 
Comprehensive simulations based on Maxwell-Garnett theory are done to fully investigate the nanocomposite physical 
characteristics effect, thickness and the type of 2D material layer on biosensor performance.  It is concluded that in the case 

of 5𝑛𝑚 core radius, 5𝑛𝑚 shell thickness and 0.1 filling factor, the improved sensitivity value of 260.385 (° 𝑅𝐼𝑈⁄ ) is achievable 

if a 24𝑛𝑚 layer of WS2 2D material is added beneath the sensing layer.  The proposed biosensor has a high sensitivity being 

capable of real-time monitoring the samples. By considering the special characteristics of the proposed biosensor, this 
biosensor can be considered as a good candidate for biomaterial sample detection in liquids. 
 
(Received May 12, 2021; accepted April 8, 2022) 

 

Keywords: Optical biosensor, Surface plasmon resonance, Sensitivity, Core-shell nanostructure, Nonocomposite,  

                   Maxwell-Garnett theory 

 

  

 

1. Introduction  
 

Many studies have been done during the last years in 

order to improve and develop the performance of optical 

biosensors in a variety of practical fields such as medicine, 

pharmacy, food industry, etc [1-4]. Because of high 

accuracy and sensitivity, fast and real-time response, the 

optical sensors are among the ever-rising technologies for 

detection and sensing [5-7]. The physical phenomenon of 

Surface Plasmon Resonance (SPR) [8-9] is widely used in 

the design of optical biosensor with high sensitivity and 

performance to detect biomolecules and biomaterial sample 

in liquid [10-12].The performance of these biosensors are 

based on measuring the refractive index (RI) changes of the 

biomaterial sample in liquid [10]. Moreover, the plasmonic 

nanoparticles are used as the active material in the sensing 

layer of the biosensor to increase the detection and 

sensitivity of biosensors [13-16]. In multilayer SPR 

biosensors, Otto [17-18] and Kretschmann [19] 

configurations, operating in two modes of angular and 

wavelength investigation, have attracted much attention. 

These two configurations are employed in order to excite 

the Surface Plasmon Polariton (SPP) waves at the interface 

of metal and dielectric as the sensing layer. Nanomaterials 

are widely used to increase the sensitivity and improve the 

performance of biosensor. 

 Besides, due to the unique electrical, optical, and 

mechanical characteristics of 2D materials such as graphene 

[20], Black Phosphorous (BP) [21-22] and transition metal 

dichalcogenides (TMDCs),i.e.,𝑀𝑜𝑆2, 𝑀𝑜𝑆𝑒2, 𝑊𝑆𝑒2 𝑎𝑛𝑑 𝑊𝑆2 

[23], they are used as a thin layer on the metal layer in some 

studies to enhance the sensitivity, detection accuracy and 

quality factor of SPR biosensor[24-26]. These materials 

have a high surface area to volume ratio so, the performance 

of the SPR biosensors are improved.  

Rahman et al. have investigated two configurations of 

𝐴𝑔/𝑃𝑡𝑆𝑒2/𝑊𝑆2 and 𝐴𝑢/𝑃𝑡𝑆𝑒2/𝑊𝑆2 based on SPR 

biosensors with sensitivity of 194 (°
𝑅𝐼𝑈⁄ ) and 

187 (°
𝑅𝐼𝑈⁄ ) [27]. Also, Lin et al. have proposed SPR 

biosensor with 𝑆𝐹11/𝐴𝑢/𝑀𝑜𝑆2/𝑊𝑆2/𝑊𝑆𝑒2, 𝑆𝐹11/𝐶𝑢/
𝑊𝑆𝑒2 and 𝑆𝐹11/𝐶𝑢/𝑔𝑟𝑎𝑝ℎ𝑒𝑛𝑒 configurations. The 

sensitivity of these nanostructures are  

142(°
𝑅𝐼𝑈⁄ ), 92(°

𝑅𝐼𝑈⁄ ) 𝑎𝑛𝑑 194 (°
𝑅𝐼𝑈⁄ ), respectively 

[28]. These reports show that 2D-nanomaterials increase the 

sensitivity and improve the performance of biosensors. 

In this study, a SPR biosensor with multi-layer 

Kretschmann configuration having high performance and 

sensitivity is proposed for biomaterial sample detection in 

liquids. The configuration of the proposed biosensor and 

theoretical methods are described in section 2. In section 3, 

the simulation results are presented along with the 

discussions. And the paper is finished by the conclusion part 

in section 4. 
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2. Models and method 
 
In Fig. 1, the proposed SPR biosensor with a five-layer 

Kretschmann configuration is shown. The operating 

wavelength is set to 633𝑛𝑚. In Kreschmann configuration 

SPR biosensor, the resonant angle is very important and it 

is necessary to select each layer properly. The first layer of 

the structure is SF10 with refractive index of 1.7283 at 

operating wavelength as the exciting prism [29]. A layer of 

silver with thickness of 20𝑛𝑚 is deposited on the prism to 

excite the SPP waves. The wavelength-dependent refractive 

index of silver layer using the Drude-Lorentz model in the 

form of 𝑛𝐴𝑔 = √1 −
𝜆2𝜆𝑐

𝜆𝑝
2 (𝜆𝑐+𝑖𝜆)

 is used in our simulation. 

Where, 𝜆pis the plasma wavelength, and 𝜆cis the collision 

wavelength, which is 1.4541 × 10−7𝑚and 1.7614 ×
10−5𝑚for silver, respectively [30]. So, the refractive index 

of silver layer is 𝑛𝐴𝑔 = 0.218 + 3.512𝑖 at 633nm. 

The third layer consists of a thin layer of 2D material 

which is coated on the silver layer. This thin layer prevents 

the metal layer from oxidation. The refractive index and 

thickness of 2D materials used in this paper are presented 

in Table 1, where L, M and N are the number of each layer. 

According to real part of refractive index, these materials 

have great ability to absorb the incoming light energy. 

 

 

 
 

Fig. 1. The proposed SPR biosensor with Kretschmann configuration (color online) 

 

Table 1. Physical parameters of three different types of 2D material at 𝜆 = 633𝑛𝑚 

 

Type of 2D Materials Graphene[31] Black 

phosphorous(BP)[22] 

Tungsten 

disulfide(WS2)[32] 

Thickness of layer(nm) L×0.34 M×0.53 N×0.8 

Refractive Index 3+1.1491i 3.5+0.01i 4.9+0.3124i 

 

The thickness of sensing medium is set to  100𝑛𝑚 as 

the forth layer in the proposed structure and it is modelled 

as a nanocomposite layer consisting of nanoparticles with 

Core-Shell (Au-biomaterial sample) structure, which are 

randomly distributed in a host medium [33-34]. 

 

 
 

Fig. 2. The nanocomposite layer containing nanoparticles  

with core-shell structure (color online) 

 
Fig. 2 shows the structure of the nanocomposite layer 

as the sensing medium.  It is shown that nanoparticles 

consist of a gold core with radius 𝑟1 and biomaterial sample 

with thickness 𝑎 = 𝑟2 − 𝑟1 which are distributed evenly in 

the host medium. 

The refractive index of gold nanoparticles is expressed 

as 𝑛𝐴𝑢 = √1 −
𝜆2𝜆𝑐

𝜆𝑝
2 (𝜆𝑐+𝑖𝜆)

, in which 𝜆p and 𝜆𝑐 for gold are 

1.6826 × 10−7m and 8.9342 × 10−6𝑚, respectively [30]. 

So, the refractive index of gold nanoparticle is 𝑛𝐴𝑢 =
0.172 + 3.422𝑖 at 633nm.The refractive index of 

biomaterial sample and host medium is set to nBio = 1.35 

and 𝑛ℎ𝑜𝑠𝑡 = 1.33 (refractive index of pure water), 

respectively. It is assumed that the size of nanoparticles is 

smaller than the incident light wavelength, and so the 

Rayleigh’s theory of scattering can be ignored, and 

consequently, the effective dielectric constant of 

nanoparticles, shown in Fig. 2, can be expressed as [35-36] 

 

𝜀𝑒 = 𝜀2
𝑟2

3(𝜀1+2𝜀2)+2𝑟1
3(𝜀1−𝜀2)

𝑟2
3(𝜀1+2𝜀2)−𝑟1

3(𝜀1−𝜀2)
                        (1) 
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where, 𝜀1 and 𝜀2 are the dielectric constant of gold and 

biomaterial sample. 𝑟1and 𝑟2 are the core radius and  core 

shell, respectively. 

According to Equation 1, the effective dielectric 

constant of nanoparticles with core-shell structure is 

dependent on the radius and dielectric constant of core 

(gold) and shell ( biomaterial sample). 

To include the effect of hosting medium in simulation, 

the Maxwell-Garnett theory [37-38] is used to model and 

calculate the effective dielectric constant of the sensing 

layer as [39] 

 

𝜀 = 𝜀3 + 3𝑓𝜀3
𝜀2𝜀𝑎−𝜀3𝜀𝑏

𝜀2𝜀𝑎+2𝜀3𝜀𝑏
                          (2) 

 

Where 

 
𝜀𝑒+2𝜀3

𝜀𝑒−𝜀3
= 𝑓

𝜀+2𝜀3

𝜀−𝜀3
                                 (3) 

 

𝜀𝑎 = 𝜀1(3 − 2𝑃) + 2𝜀2𝑃                       (4) 

 

𝜀𝑏 = 𝜀1𝑃 + 𝜀2(3 − 𝑃)                         (5) 

 

𝑃 = 1 − (
𝑟1

𝑟2
)

3

                              (6) 

 

f is the filling factor and 𝜀3is the dielectric constant of the 

host medium. 

In Fig. 3, the real and imaginary part of the effective 

dielectric constant related to the nanoparticle and sensing 

layer are plotted according to equations 1 and 3 for different 

radius of gold nanoparticles, thickness of the shell and 

filling factor.  It can be seen that shell thickness and core 

radius have more effect on dielectric constant of 

nanoparticle (εe) rather than sensing layer (ε).   

It can be deduced that filling factor is more dominant 

on the effective dielectric constant of sensing layer as 

shown in Fig.3.c. 

To evaluate the performance and response of the 

proposed structure, the Transfer Matrix Method (TMM) is 

used [40-41]. It is a well-known approach for mathematical 

modeling of periodic structures and light reflection analysis 

in the structures similar to the proposed SPR biosensor. 

In this method, for the𝑘𝑡ℎlayer, dk, 𝜀k, 𝑎𝑛𝑑 𝑛k are 

considered as the thickness, dielectric constant and 

refractive index respectively. The relation between the 

tangential fields at the first boundary and final boundary can 

be expressed by [42-43] 

 

[
𝑈1

𝑉1
] = 𝑀 [

𝑈𝑁−1

𝑉𝑁−1
]                              (7) 

 

Here, 𝑈1, 𝑉1, 𝑈𝑁−1 and 𝑉𝑁−1 are the tangential 

components of electric and magnetic fields at the boundary 

of the first layer and at the Nth layer of the structure 

respectively. 

 In TM mode, the matrix 𝑀𝑖𝑗 for the N-Layer biosensor 

structure can be expressed as [42-43] 

 

𝑀𝑖𝑗 = (∏ 𝑀𝑘
𝑁−1
𝑘=2 )𝑖𝑗 = (

𝑀11 𝑀12

𝑀21 𝑀22
)                 (8) 

 

In Equation 8, 𝑀𝑘is the Transfer Matrix of the 𝑘𝑡ℎlayer, 

which can be expressed as [42-43] 

 

𝑀𝑘 = ( 𝑐𝑜𝑠𝛽𝑘
−(𝑖 𝑠𝑖𝑛𝛽𝑘)

𝑞𝑘
⁄

−𝑖𝑞𝑘𝑠𝑖𝑛𝛽𝑘 𝑐𝑜𝑠𝛽𝑘

)           (9) 

 

𝑞𝑘 = (
𝜇𝑘

𝜀𝑘
)

1
2⁄

                        (10) 

 

cos 𝜃𝑘 =
(𝜀𝑘−𝑛1

2𝑠𝑖𝑛2𝜃1)
1

2⁄

𝜀𝑘
                   (11) 

 

𝛽𝑘 =
2𝜋

𝜆
𝑛𝑘 cos 𝜃𝑘(𝑧𝑘 − 𝑧𝑘−1)

=
2𝜋𝑑𝑘

𝜆
(𝜀𝑘 − 𝑛1

2𝑠𝑖𝑛2𝜃1)
1

2⁄  

                              (12) 
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(a) 

 
(b) 

 
(c) 

 

Fig. 3. The real and imaginary parts of dielectric constant of  nanoparticle (𝜀𝑒) and sensing layer (𝜀) for different values of a) 

shell thickness When 𝑓 = 0.1 and 𝑟1 = 5 𝑛𝑚, b) core radius when 𝑓 = 0.1 and a=10 nm and c) filling factor when a=10 nm 

and 𝑟1 = 5 𝑛𝑚 (color online) 

 

Finally, the reflection coefficient and the reflection 

intensity in TM mode for the N-Layer biosensor is 

expressed as [42-43] 

 

𝑟𝑝 =
(𝑀11+𝑀12𝑞𝑁)𝑞1−(𝑀21+𝑀22𝑞𝑁)

(𝑀11+𝑀12𝑞𝑁)𝑞1+(𝑀21+𝑀22𝑞𝑁)
                (13) 

 

𝑅𝑝 = |𝑟𝑝|
2
                                (14) 

 

Sensitivity, detection accuracy and quality factor are 

three main characteristics which fully describe the overall 

performance of biosensors. The sensitivity (S) is expressed 

by the ratio change of the resonance angle (∆𝜃𝑆𝑃𝑅)to the 

refractive index change in the sensing medium. This 

parameter is defined as 𝑆 =
∆𝜃𝑆𝑃𝑅

∆𝑛
(°

𝑅𝐼𝑈⁄ ) [44]. Detection 

accuracy (D.A) is described as the ratio change of the 

resonance angle (∆𝜃𝑆𝑃𝑅)to the Full Width at Half 

Maximum (FWHM) according to the reflectance diagram 

which can be calculated as 𝐷. 𝐴 =
∆𝜃𝑆𝑃𝑅

𝐹𝑊𝐻𝑀
 [44]. The quality 

factor (Q.F) is expressed by the calculation of the sensitivity 

and FWHM as 𝑄. 𝐹 =
𝑆

𝐹𝑊𝐻𝑀
(𝑅𝐼𝑈−1) [44]. 
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Fig. 4. Effect of graphene layer on the reflection diagram for different sensing layers; water, biomaterial and  

nanocomposite structure; (𝑟1 = 5 𝑛𝑚, 𝑎 = 5 𝑛𝑚 and 𝑓 = 0.1) (color online) 

 

 

3. Results and discussion 

 
In this paper, Matlab software has been used to 

calculate the various parameters of the proposed SPR 

biosensor. At the first step of simulations, as shown in Fig.4, 

three different cases for the sensing layer is considered; the 

first, completely filling the sensing layer by pure water as 

the reference case, the second, biomaterial being solved in 

water and the third, nanocomposite structure as shown in 

Fig. 2 for the first two ones, effective refractive index of 

sensing layer is considered as 1.33 and 1.35 while for the 

nanocomposite structure the calculation is done according 

to Eqs.1 and 2. To illustrate the better performance of 

biosensor in the case of nanocomposite structure, a layer of 

graphene is added and the structure is simulated again for 

all three cases which is depicted in Fig. 4. It is calculated 

that nanocomposite sensing medium results in the 

maximum angular shift, so better sensitivity can be obtained 

in the case of nanocomposite structure rather than using the 

biomaterial sample being solved in water. 
 

Table 2. Refractive index change, sensitivity and angle of dip position for different cases of physical parameters 

of nanocomposite layer 

 

Filling factor (𝑓) 

𝒂 = 𝟏𝟎𝒏𝒎, 𝒓𝟏 = 𝟓. 
 

Shell thickness, 𝒂(𝒏𝒎) 

𝒓𝟏 = 𝟓𝒏𝒎, 𝒇 = 𝟎. 𝟏. 
 

Core radius, 𝒓𝟏( 𝒏𝒎) 

𝒂 = 𝟏𝟎𝒏𝒎, 𝒇 = 𝟎. 𝟏 

 

0.2 0.15 0.1 0.05 20 nm 11 nm 5 nm 6 nm 4 nm 2 nm Variable 

parameters 0.071

4 

0.053

9 

0.036

1 

0.018

2 
0.0361 0.0104 0.0042 

0.060

3 
0.0196 

0.004

2 
∆𝒏 

155.7

42 

141.0

9 

129.6

3 
123 107.69 

120.93

2 
132.01 149 

125.80

6 

107.6

6 
Sensitivity (°

𝑹𝑰𝑼⁄ ) 

78.9 75.4 72.4 70.06 68.255 69.06 72.483 
76.71

1 
70.268 

68.25

5 

Angle of Dip 

position (°) 

 

As proved in previous section, the effective refractive 

index of nanocomposite sensing layer depends on physical 

parameters of the nanoparticles. Any change in the values 

of core radius, shell thickness and filling factor alter the 

effective dielectric constant of the sensing layer as shown 

in Fig.3. 

The next simulations are carried out according to Table 

2 in which different cases are considered and the 

corresponding refractive index change (∆𝒏) is calculated 

relative to reference value of water. As mentioned before, 

filling factor is more dominant than the shell thickness and 

core radius on refractive index change. 

For better evaluation of the refractive index change of 

Table 2 and its effect on reflection intensity diagram, Fig. 5 

shows the simulation results of the biosensor structure for 

each case of Table 2 while setting the number of graphene 

layer as L=1.  It is noted that the increment of core radius, 

and filling factor results in increase of incident angle dip 

position and its FWHM, while it is vice versa for the shell 

thickness as shown in Fig. 5 (b).  Having calculated the 

sensitivity parameter and angle of dip position, two new 

rows are added in Table 2 for better comparison. 
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(a) 

 
(b) 

 
(c) 

 

Fig. 5 The reflection intensity as a function of incident angle for the cases listed in Table 2 (𝑛ℎ𝑜𝑠𝑡 = 1.33, 𝐿 = 1) 

for different values of; a)core radius, b)shell thickness and c)filling factor (color online) 

 

Beside the physical parameter of nanoparticles and filling factor, the layer of 2D material as shown in Fig.1 and 
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described in Table 1, has an important effect on improving 

the overall performance of  biosensor and should be well 

investigated. 

As suggested in Table 1, three materials of graphene, BP 

and WS2 is chosen to investigate their effect on biosensor 

performance. Fig. 6 shows a detailed comparison of 

biosensor sensitivity regarding the change of both physical 

parameter (𝒓𝟏, 𝒂, 𝒇) and number of 2D material 

layers(𝑳,𝑴,𝑵) for graphene, BP and WS2. The most 

obvious conclusion from Fig. 6 is that the higher sensitivity 

is associated with higher number of 2D material layers.  In 

other words, the thicker the 2D layer, the higher the 

sensitivity. It is worthy to note that the limit for thickness of 

2D layer is skin dept and formation of SPP wave in the 

structure.  According to our simulations, maximum number 

of 3 is chosen, accordingly. 

According to Fig. 6 a, b, c, and Fig. 6 g, h, i, core radius 

and filling factor increment result in higher values of 

sensitivity. Fig. 6 d, e, f shows that if the shell thickness 

increases the sensitivity decreases. According to Fig.6, 

WS2 is better suggestion for 2D material as it shows higher 

sensitivity than graphene and BP. Moreover, single layer of 

graphene shows the lower sensitivity than the other cases in 

Fig. 6. The range of sensitivity change in Fig. 6 is between 

107.666(°
𝑅𝐼𝑈⁄ ) and 286.9(°

𝑅𝐼𝑈⁄ ) for the single layer of 

graphene (𝑟1 = 2 𝑛𝑚, 𝑎 = 5 𝑛𝑚, 𝑓 = 0.1) and three layers 

of WS2 (𝑟1 = 6 𝑛𝑚, 𝑎 = 5 𝑛𝑚, 𝑓 = 0.1), respectively. 

Along with sensitivity parameter, similar figures for 

D.A and Q.F can be depicted.  Instead of showing more 

figures, a summary and important results are shown in 

Table 3. The physical parameters of nanoparticles are set to 

a=5 nm, 𝑟1=5 nm,𝑛ℎ𝑜𝑠𝑡 = 1.33, f=0.1 and for different type 

of 2D materials and different number of their layers, the 

biosensor  performance parameters  of S, D.A and Q.F are 

calculated in Table 3.  According to Table 3, the highest 

sensitivity and lowest values of D.A and Q.F SPR biosensor 

are related to WS2 with three layers. Also, the lowest 

sensitivity and the highest values of D.A and Q.F are related 

to a single-layer grapheme. 

As a result, be selecting the appropriate structural 

parameters for the sensing layer and selecting the type and 

thickness of 2D-material layers, a SPR biosensor with the 

desired properties can be designed to detect biomolecules 

and biomaterial samples. 

Finally, a comparison is made between the 

performance of the proposed structure and other references 

listed in Table 4 which shows higher sensitivity and better 

quality factor of our proposed structure. 

Table 3. Calculated sensor parameters for 𝑎 = 5𝑛𝑚, 𝑟1 = 5𝑛𝑚, 𝑓 = 0.1. 
 

Type of 2D 

Materials 

No. 

of 

layers 

S(°
𝑹𝑰𝑼⁄ ) D.A Q.F(𝑹𝑰𝑼−𝟏) 

Graphene 1 130.016 2.3565 65.2797 

2 133.59 2.0508 56.8096 

3 136.49 1.8360 50.8611 

Black 

phosphorous(BP) 

1 132.53 2.7809 77.1131 

2 139.57 2.5980 71.9682 

3 145.23 2.4232 67.1242 

Tungsten 

disulfide(WS2) 

1 139.89 1.9427 53.8168 

2 158.76 1.5881 43.9937 

3 260.38 1.0375 28.7407 

Table 4. Comparison of our biosensor with others reported ones in the literatures  

 

Q.F(𝑹𝑰𝑼−𝟏) S(°
𝑹𝑰𝑼⁄ ) Wavelength 

(nm) 

Enhancement strategy Biosensor 

configuration 

References 

25.19 95.71 633 Using Graphene and WS2 Kretschmann  [45] 

18.68 190 680 Using Ag–MoS2–grapheme Kretschmann  [46] 

11.51 200 633 Using MoS2/Graphene-

nanocomposite 

otto  [33] 

28.74 260.385 633 Using Core-shell nanostructure 

and 2D material layer 

Kretschmann Proposed work 
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(a) 

 
(b) 

 
(c) 
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(d) 

 
(e) 

 
(f) 
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(g) 

 
(h) 

 
(i) 

 

Fig. 6 Effect of number of different 2D layers (graphene, BP and WS2) on the sensitivity of the proposed structure as the function of; 

(a,b,c) core radius, (d,e,f) shell thickness and (g,h,i) filling factor (color online) 

 

4. Conclusion 

 
A five-layer Surface Plasmon Resonance (SPR) 

biosensor based on Kretschmann configuration for 

biomaterial sample detection is proposed.  By employing 

nanoparticles with core-shell structure as an active material 

in the sensing layer and using a 2D material layer, the 

performance and sensitivity of the proposed biosensor are 

improved. The Maxwell-Garnet theory is also used to 

investigate and calculate the effective parameters of the 

sensing layer. The simulation results show that by changing 

the nanaoparticle core radius, the shell thickness of the 
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biomaterial sample and filling factor, as effective physical 

parameters in the sensing. In addition, the reported SPR 

biosensor has a simple structure, high sensitivity and proper 

performance, so that this structure can be used in various 

fields of medicine, biology and healthcare. 
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