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Abstract: The main aim of our present study is to propose a surface plasmon resonance-based 

biosensor design for hemoglobin concentration monitoring in human blood samples. The 

proposed SPR sensor is based upon the Kretschmann configuration with silver metal, MXene, 

ZnO, and graphene nanolayers, with a BK7 coupling prism. A He-Ne laser optical input source 

with a 633 nm wavelength is used following the attenuated total reflection (ATR) principle. 

After employing the MXene, ZnO, and graphene layers over the conventional sensor setup, an 

investigation is done. With the optimized structure, our main aim is to detect the presence of 

hemoglobin concentration in the human blood with its refractive index variation. The 

calculated highest sensitivity of the proposed configuration is 154 𝐷𝑒𝑔𝑟𝑒𝑒/𝑅𝐼𝑈 with the other 

parameters calculated as FWHM near 3.69 𝐷𝑒𝑔𝑟𝑒𝑒, SNR of 0.5051 Degree−1 and quality 

factor of 41.58 𝑅𝐼𝑈−1. 

Keywords: Surface plasmon resonance sensor, hemoglobin detection, graphene, MXene, ZnO 

1. Introduction  

Optical biosensors have a biomolecule detection system and an optical transducer built-in. It 

detects the biomolecule and produces a specific signal for that particular biomolecule. 

Researchers are becoming interested in optical biosensors because of their vast range of 

applications in medical devices, agriculture, food processing, and environmental monitoring 

[1][2][3][4]. These optical biosensors follow the popular resonance phenomenon known as 

surface plasmon resonance (SPR). In a metal-dielectric interface, a surface plasmon (SP) is a 

quantum of vibrations of free electrons [5]. These plasmons are excited along this metal-

dielectric interface having opposite polarities [6][7]. Kretschmann’s and Otto introduced two 

popular configurations for the excitation of surface plasmons [8] and [9]. The biosensor 

construction in this study is based on the Kretschmann’s configuration. This configuration has 

one nano metal layer placed above the coupling glass prism [10]. The input TM polarized wave 

of 633 nm wavelength strikes the one face of the prism with input wave vector 'K' known as 
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evanescent wave vector (EWV) [11]. This EWV decays exponentially across the interface. The 

SP generating at the interface of metal and dielectric have the wave vector 'Kx' known as surface 

plasmon wave vector (SPWV) [12]. The principle followed by the optical input wave is called 

attenuated total reflection (ATR) [13]. The corresponding values for these two parameters are 

written as: 𝐾 =  2𝜋𝜆 𝑛𝑝𝑠𝑖𝑛𝜃          (1) 

The constants 𝜆, 𝑛𝑝 𝑎𝑛𝑑 𝜃 denotes the operating wavelength, refractive index (RI) of the 

coupling prism, and angle of incidence, respectively.  

Kx= 
2𝜋𝜆 ( Є𝑚 Є𝑑Є𝑚+ Є𝑑)          (2) 

Here Є𝑚 𝑎𝑛𝑑 Є𝑑 denotes the dielectric constant of plasmonic metal and prism 

For the resonance phenomenon to occur, there must be an equilibrium between EWV and 

SPWV [14]. Different works based on SPR biosensing using prism [15], fiber optic [16], and 

grating coupled [17] have been presented in the past few decades. The sensitivity offered by 

prism-coupled SPR sensors is better and gives high stability. Noble metals are employed in the 

metal layer because of their great corrosion and oxidation resistance. The conventional SPR 

configuration is generally employed using silver (Ag)[18], gold (Au)[19], copper (Cu)[20], 

nickel (Ni)[21], and aluminium (Al) [22] as the metal layer. The Ag layer is employed as the 

basic plasmonic metal layer. Its unique features, like greater bio-molecular absorption rate, in 

biosensor applications, give better sensitivity than gold metal. The prime disadvantage of using 

a single layer of Ag over prism is its susceptibility to oxidation [12]. This problem can be 

reduced using another material layer, further enhancing biomolecular adsorption. 

According to many researchers, graphene has been discovered to have a wide range of 

applications in biological sensing  [23]. It has a two-dimensional hexagonal lattice structure 

formed with carbon atoms. It has a greater adsorption rate to hold the biomolecules strongly 

[24]. The sensitivity of the biosensor can be enhanced significantly using graphene as a prime 

basic recognition element (BRE). However, graphene only gives 2.3% light absorption 

efficiency [25].  The overall absorption efficiency gets enhanced by including another 2D 

material named MXene. It has a hexagonal crystal lattice close-packed structure. Its exclusive 

optical sensing abilities can be employed in gas, FET, and electrochemical sensors. Its 

exclusive optical properties include narrow bandgap, non-linear response, and metallic features 
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for SP generation [26]. A nanolayer of zinc oxide (ZnO) material is also used in our design 

with adhesive properties. Its other features are direct bandgap ( ~3.4 eV), less toxic, higher 

biocompatibility, etc. [27] 

Hemoglobin is a protein that transports oxygen and carbon dioxide throughout the body. With 

less saturated hemoglobin levels in the human blood, diseases like anemia, thyroid disfunction, 

diabetes, etc., may occur [28]. Broadly hemoglobin is classified into two parts, namely: alpha 

and beta. In the human blood, the two forms of hemoglobin are deoxygenated and oxygenated 

[29]. The RI of human blood relied upon the hemoglobin concentration present in it. The range 

of hemoglobin levels for male adults is from 143.6 g/l to 154.3 g/l. For adult females, it's from 

134.1 g/l to 135.4 g/l [30]. Considering the change in RI of the human blood due to hemoglobin 

concentration presence, the proposed SPR sensor's detection process can be performed. The 

upcoming section, section 2, gives the mathematical modeling for the proposed SPR sensor, 

followed by section 3, which shows results and discussions. The conclusion of the present study 

has been given in section 4. 

2. Mathematical modeling of the proposed SPR sensor 

2.1 Numerical analysis for reflectivity 

The transfer matrix method (TMM) has been employed for the reflection intensity calculation. 

This method is commonly used due to its efficiency and without approximation approach. 

Characteristics matrix for multilayer structure [31]:   

𝑇𝑖𝑗=∏ 𝑇𝐾𝑁−1𝐾 = [𝑇11 𝑇12𝑇21 𝑇22] = [ 𝑐𝑜𝑠𝛽𝑘 −𝑖𝑠𝑖𝑛 (𝛽𝑘 𝑞𝑘⁄ )−𝑖𝑞𝑘𝑠𝑖𝑛𝛽𝑘 𝑐𝑜𝑠𝛽𝑘 ]    (3)  

here, 𝑇𝐾 = 𝑘𝑡ℎ 𝑙𝑎𝑦𝑒𝑟 𝑚𝑎𝑡𝑟𝑖𝑥 

and qk, represents the phase factor for the kth layer, whose value can be expressed as: 

 
𝑞𝑘 = √Є𝑘 − 𝑛12𝑠𝑖𝑛2𝜃12 Є𝑘⁄          (4) 

also, 𝛽𝑘 = 2𝜋𝜆 𝑑𝑘 √Є𝑘 − 𝑛12𝑠𝑖𝑛2𝜃12
        (5) 

here, 𝛽𝑘 𝑎𝑛𝑑 𝑑𝑘 represents optical admittance and thickness, θ1 is the incident angle and Єk = 

dielectric constant. 

For TM, p-polarized light, the reflection coefficient is expressed as [32]: 

 𝑟𝑝 = ((𝑇11+𝑇12𝑞𝑁)𝑞1−(𝑇21+𝑇22𝑞𝑁)(𝑇11+𝑇12𝑞𝑁)𝑞1+(𝑇21+𝑇22𝑞𝑁))        (6) 
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𝑅𝑝 = 𝑟𝑝2           (7) 

2.1 Design structures for proposed SPR sensor   

The proposed SPR sensor has been shown in Figure 1, indicating its layered setup for 

hemoglobin detection in human blood samples. A TM, p polarized light with 633 nm 

wavelength is made to pass through various layers of SPR sensor following attenuated total 

reflection (ATR) mechanism. This light is reflected at different layer interfaces and captured 

by the output detector. The RI of the coupling is being calculated employing the expression 

[33]: 

𝑛p = ( α1λ2λ2−β1 + α2λ2λ2−β2 + α3λ2λ2−β3 + 1)1/2
       (8) 

 The values for different constants have been tabulated in Table 1. 

Table 1. Constant's values used in equation (8) α1 α2 α3 

At λ = 633 nm 
1.03961212 0.231792344 1.0104694 β1 β2 β3 0.00600069867 0.0200179144 103.560653 

 

Ag is selected as a plasmonic material. Its RI has been expressed as [34]: 𝑛𝐴𝑔(𝑚𝑒𝑡𝑎𝑙)2  =1 − 𝜆2𝜆𝑐𝜆𝑝2 (𝜆𝑐+𝑖𝜆)          (9) 

The symbols have values, 𝜆𝑐 = 1.7614 x 10−5m 𝑎𝑛𝑑 𝜆𝑝 = 1.4541 x 10−7m. 𝜆𝑐, 𝜆𝑝 shows 

collision and plasma wavelength. 

For different layers used in our proposed structure, their refractive index and thickness have 

been summarized in Table 2. 

Table 2. Design Parameters for different SPR sensor layers 
Materials Refractive index (RI)  Thickness(nm) Reference 

BK7 1.5151 - [35] 

Silver (Ag) 0.056206 + 𝑖 ∗ 4.2776 𝑑1 = 45 [36] 

MXene (M) 2.38 + 𝑖 ∗ 1.33 𝑑2 = 𝑀 ∗ 0.993 [37] 

Zinc oxide (ZnO) 1.9576 𝑑3 = 2 [5] 

Graphene (G) 3 + 𝑖 ∗ 1.4191 𝑑4 = 𝐺 ∗ 0.34 [38] 

Sensing layer  1.32919 𝑡𝑜 1.34919  (0.001 variation) - [16] 

 

 



5 

 

 

Figure 1. SPR based sensor using a multilayer structure  

The SPR angle as a function of different RI can be expressed as [24] : 𝜃𝑆𝑃𝑅 = 𝑠𝑖𝑛−1 𝑛𝑒𝑓𝑓𝑛𝑠µ𝑝√𝑛𝑒𝑓𝑓2+𝑛𝑠2                   (10) 

Here, 𝑛𝑝 and 𝑛𝑠 represents RI of the coupling prism and sensing medium and 𝑛𝑒𝑓𝑓 Indicates 

equivalent RI of the combined layers. 

 2.3 Performance parameter's evaluation 

The performance parameters for the proposed SPR sensor have been defined based on the 

sensitivity (S), full width and half maximum signal to noise ratio (SNR), and quality factor 

(QF).  

Higher sensitivity, detection accuracy, and quality factors have been expected for a good SPR 

sensor [39].  

The sensitivity gives the fractional relationship between variation in the SPR angle and the 

variation in RI in the sensing medium. We have considered RI change as 0.001. Mathematically 

it is represented as S = ΔθSPRΔn  and its unit is 𝑑𝑒𝑔/𝑅𝐼𝑈. FWHM indicates the full width half 

maximum. It gives the spectrum width with half reflectivity and represented as 𝜃2 − 𝜃1. And 

its unit id deg. The parameter signal to noise ratio (SNR) or detection accuracy (DA) gives a 

sensor's accuracy, and mathematically given as SNR =  1/FWHM and its unit is 𝑑𝑒𝑔−1. Next, 

the quality factor indicates a fractional relationship of sensitivity and signal-to-noise ratio. 

Mathematical expression for quality factor is Q = S ∗ DA. Its unit is in 𝑅𝐼𝑈−1. 
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2.4  Field distribution components 

As the TM polarized input wave is incident on the prism, an exponentially decreasing 

evanescent wave is generated at the boundary of metal and dielectric. This evanescent field 

plays an important part in the surface plasmon production on the metal surface. Using  the input 

wave's reflectivity and transmittance, the components describing the electric (E)  and magnetic 

field (H) distribution between the layers are expressed as [40] 

 [ 𝐻𝑦1(𝑧)−𝐸𝑥1(𝑧)] = 𝑃1(𝑧). [ 1 + 𝑟𝑝𝑞1(1 − 𝑟𝑝)] 𝐻𝑦𝑖𝑛𝑐, 𝑧1 ≤ 𝑧 ≤ 𝑧2                (11) 

Here, 𝐻𝑦𝑖𝑛𝑐is incident magnetic field amplitude and 𝑟𝑝 denotes the reflection coefficient. 

Here 𝑃1(𝑧) = [ cos (𝛽𝑘(𝑎𝑡 𝑧)) 𝑖/𝑞1sin (𝛽𝑘(𝑎𝑡 𝑧)𝑖𝑞𝑗sin (𝛽𝑘(𝑎𝑡 𝑧) cos (𝛽𝑘(𝑎𝑡 𝑧) ]                (12) 

 For 𝑗 ≥ 2,[ 𝐻𝑦𝑗(𝑧)−𝐸𝑥𝑗(𝑧)] = 𝑃𝑗(𝑧) ∗ ∏ 𝑃(𝑧 = 𝑧𝑖 + 𝑑𝑖)1𝑗−1 ∗ [ 1 + 𝑟𝑝𝑞𝑗(1 − 𝑟𝑝)] 𝐻𝑦𝑖𝑛𝑐, 𝑧𝑗 ≤ 𝑧 ≤ 𝑧𝑗+1 (13) 

here, 𝑃𝑗(𝑧) = [ cos (𝛽𝑘(𝑎𝑡 𝑧=𝑧−1)) 𝑖/𝑞𝑗sin (𝛽𝑘(𝑎𝑡 𝑧=𝑧−1)𝑖𝑞𝑗sin (𝛽𝑘(𝑎𝑡 𝑧=𝑧−1) cos (𝛽𝑘(𝑎𝑡 𝑧=𝑧−1) ]                       (14) 

here, 𝑃𝑗(𝑧), 𝐻𝑦𝑗(𝑧), 𝑎𝑛𝑑 𝐸𝑥𝑗(𝑧)  represents propagation matrix, magnetic and electric fields. 

3. Results and discussions 

The impact in the reflectance for the range of incidence angle between 60 Degree to 75 Degree 

has been plotted in Figure 2 (a)-(d) for the different layer combinations of MXene (M) and 

graphene (G). Figure 2 (a) has been plotted for the case of conventional SPR sensor, i.e., with 

the presence of ZnO and Ag layers but the absence of MXene and graphene layers (M = 0, G 

= 0), with RI alteration in the sensing medium is 0.001. The sensitivity obtained for this 

particular case is 117 𝑑𝑒𝑔/𝑅𝐼𝑈. Figure 2(b) shows the SPR curve for the layer condition of  𝑀 =  0 𝑎𝑛𝑑 𝐺 =  1. The calculated sensitivity is 121 𝑑𝑒𝑔/𝑅𝐼𝑈.  
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Figure 2. Reflectance curves as a function of angle of incidence for (a) 𝑀 = 0, 𝐺 = 0, (b) 𝑀 = 0, 𝐺 = 1 , (c) 𝑀 = 1, 𝐺 = 0 , and (d) 𝑀 = 1 , 𝐺 = 1 

Figure 2 (c) shows the reflectance plot as a function of the angle of incidence, for the layer case 

single MXene and absence of graphene layer, i.e., 𝑀 =  1 and 𝐺 =  0. In this case, sensitivity 

is computed as 121.5 𝐷𝑒𝑔𝑟𝑒𝑒/𝑅𝐼𝑈. This signifies that the sensitivity increases by adding the 

MXene layer to the conventional sensor. In the last Figure 2 (d), the layer combination (𝑀 =1, 𝐺 = 1) gives the maximum sensitivity value as 124 𝐷𝑒𝑔𝑟𝑒𝑒/𝑅𝐼𝑈.  This final configuration 

having a single layer of MXene and graphene provides greater sensitivity due to the higher 

absorption efficiency as the value of sensitivity depends upon the absorption efficiency of the 

different SPR sensor layers. These cases have been analyzed with the help of Table 3. 

Table 3. Sensitivity for conventional and modified configurations 

 

 

 

No. of layers At Ri Sensitivity (D𝒆𝒈𝒓𝒆𝒆/𝑹𝑰𝑼) 𝑀 = 0, 𝐺 = 0  
1.32919,1.33019 

117 𝑀 = 0, 𝐺 = 1 121 𝑀 = 1, 𝐺 = 0 121.5 𝑀 = 1, 𝐺 = 1 124 
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Figure 3 gives SPR curves for two different conditions. Firstly, keeping the graphene layer 

constant (𝐺 = 1) and varying the MXene layer from 0 to 5, the different positions of SPR 

curves have been observed with the angle of incidence [Figure 3 (a)]. The second case impacts 

a shift in SPR curves after varying (0 to 11) and taking a constant single layer of MXene (M=1).   

The width of the SPR curve increases with the increase in the angle of incidence. 

  

Figure 3. Reflectance as a function of angle of incidence for (a) variable MXene (0 to 5) and 

(b) variable graphene layers (0 to 11) 

The sensitivity is further enhanced by manipulating the number of layers. Figures 3 (a) and (b) 

clearly show that an increase in graphene layers has a higher impact on the resonant angle offset 

than the MXene layer. 

 

3.1 Hemoglobin detection in blood samples 

Firstly, the human blood samples are placed in the sensing medium to detect hemoglobin levels. 

For each 0.001 change in the refractive index, 6.1025 𝑔/𝑙  increment factor in the blood has 

been observed due to the presence of hemoglobin [34]. For each hemoglobin level, the values 

calculated for change in minimum reflectance (𝛥𝑅) and incidence angle with observed 

sensitivities has been tabulated in Table 4. These all values have been calculated for each 0.001 

RI variation. The MATLAB simulator has been used for numerical simulation. Different SPR 

curves have been obtained concerning the change in the RI of the human blood samples. Figure 

4 shows the SPR curves variations with the input wave's angle of incidence. The computed 

values for our proposed SPR sensor are maximum sensitivity of   154 𝐷𝑒𝑔𝑟𝑒𝑒/𝑅𝐼𝑈 , FWHM 

near 3.69 𝐷𝑒𝑔𝑟𝑒𝑒, SNR of 0.27 𝐷𝑒𝑔𝑟𝑒𝑒−1, and Q of 41.58 𝑅𝐼𝑈−1.For the RI change of 0.001 

the range of sensitivity is in between 120 and 154 Degree/RIU. Next, with Figure 5, the change 

in angle of incidence as a function of each 6.1025 𝑔/𝑙 hemoglobin level change in the blood 
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has been plotted. Figure 6 shows the sensitivity bar chart concerning the RI change of sensing 

medium (1.32919 to 1.34919).  These sensitivity values are altered asymmetrically.  

 

Figure 4. Plot showing variation in RI of blood samples and its effect on reflectance for the 

proposed sensor 

The different layer structure is the main reason for that, as the SPR angle relies on the RI of 

different layers. (i.e., for prism, sensing medium and equivalent RI) [41].The hemoglobin blood 

components can be recognized with the help of RI variations in the sensing medium samples 

causing the variation in the sensitivities. 

 

Figure 5. Relation between HB concentration change with change in SPR angle (6.1025 𝑔/𝑙 
 hemoglobin increment factor) 
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Figure 6. Variation in sensitivity as a function of RI of the sensing medium 

Table 4. Detection of hemoglobin levels in blood samples 

RI RI 

change 

Angle of 

incidence 

Angle of 

incidence 

shift 

Min. 

reflectance 

Change in 

Reflectance 𝛥 𝑅 

S Change in 

incidence 

angle 

Hemoglobin 

increment 

1.32919 ref 69.382 Ref 0.03214 ref 124 ref ref 

1.33019 0.01 69.506 0.124 0.03228 0.00014 129 0.253 6.1025 

1.33119 0.01 69.635 0.129 0.03242 0.00014 123 0.376 12.205 

1.33219 0.01 69.758 0.123 0.03258 0.00016 127 0.503 18.3075 

1.33319 0.01 69.885 0.127 0.03274 0.00016 128 0.631 24.41 

1.33419 0.01 70.013 0.128 0.03291 0.00017 131 0.762 30.5125 

1.33519 0.01 70.144 0.131 0.03308 0.00017 127 0.889 36.615 

1.33619 0.01 70.271 0.127 0.03327 0.00019 132 1.021 42.7175 

1.33719 0.01 70.403 0.132 0.03346 0.00019 128 1.149 48.82 

1.33819 0.01 70.531 0.128 0.03367 0.00021 133 1.282 54.9225 

1.33919 0.01 70.664 0.133 0.03388 0.00021 120 1.402 61.025 

1.34019 0.01 70.784 0.12 0.0341 0.00022 144 1.546 67.1275 

1.34119 0.01 70.928 0.144 0.03434 0.00024 136 1.682 73.23 

1.34219 0.01 71.064 0.136 0.03458 0.00024 138 1.82 79.3325 

1.34319 0.01 71.202 0.138 0.03483 0.00025 120 1.94 85.435 

1.34419 0.01 71.322 0.12 0.0351 0.00027 151 2.091 91.5375 

1.34519 0.01 71.473 0.151 0.03538 0.00028 140 2.231 97.64 

1.34619 0.01 71.613 0.14 0.03567 0.00029 136 2.367 103.7425 

1.34719 0.01 71.749 0.136 0.03598 0.00031 125 2.492 109.845 

1.34819 0.01 71.874 0.125 0.0363 0.00032 154 2.646 115.9475 

1.34919 0.01 72.028 0.154 0.03664 0.00034 124  122.05 
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3.2 Field distribution 

The field distribution plots for the four different configurations have been shown in Figure 7. 

An evanescent wave gets generated at the metal/dielectric interface that decays exponentially 

with the normal distance from the prism interface. The amplitude of field intensities varies 

substantially due to changes at the interface, which affects the SPR signal [38]. 

 

Figure 7. Electric Field intensity curves as a function of normal distance from prism interface 

for (a) Ag/ZnO/sensing medium), (b) Ag/ZnO/graphene/sensing medium, (c) Ag/ 

MXene/ZnO/sensing medium and for proposed sensor (d) Ag / MXene / ZnO /graphene/ 

sensing medium 

With the help of Table 4 a comparison is made between the present study with earlier reported 

studies.  

Table 4. Performance evaluation with the comparison of proposed work with earlier works 

 

Operating 

wavelength 

Layers+ sensing medium S 

(Degree/RIU)  

FWHM 

(Degree) 

Q 

(RIU-

1) 

 SNR 

(Degree-

1) 

Reference 

632.8 nm BK7/ZnO/Ag/Au/graphene 76 5.510 13.79 - [42] 

633 nm BK7/Ag/graphene 91.76 1.754 52.31 - [43] 

632.8 nm SF10/ZnO/Au/MoS2/graphene 101.58 6.723 15.11 1.81 [32] 

632 nm GaP/Au/Si 106.29 - - - [14] 

633 nm SF10/Au/Si/WS2 131.70 17.57 - - [44] 

633 nm BK7-Ag-MXene-ZnO-

graphene 

154 3.69 41.58 0.5051 Proposed 
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4. Conclusion 

The proposed modified Kretschmann configuration employed the SPR sensor design for 

hemoglobin level detection in human blood samples, achieving a 154 Degree/RIU sensitivity, 

when single layer of MXene and two layer of graphene are used in sensor. The present study 

used two 2D materials, MXene, and graphene, to enhance the biosensor performance in terms 

of its parameters as they have many exclusive optical properties. FWHM, SNR, and Q values 

calculated here are 3.69 𝐷𝑒𝑔𝑟𝑒𝑒, 0.5051 𝐷𝑒𝑔𝑟𝑒𝑒−1 and 41.58 𝑅𝐼𝑈−1. This SPR sensor can 

be used for hemoglobin level monitoring may result as an important medical tool.  
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