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We introduce and high-performance multilayer surface plasmon resonance (SPR) biosensor based on 
a hybrid gold (Au), molybdenum disulfide (MoS₂), and graphene structure, specifically engineered 
to deliver enhanced refractive index sensing performance. The Au layer facilitates efficient plasmon 
excitation, the MoS₂ layer maximizes electromagnetic field confinement, and the graphene monolayer 
enhances both light–matter interaction and molecular adsorption. Simulations conducted at a 
wavelength of 633 nm reveal high sensitivities of 80.0°/RIU for phosphate-buffered saline (PBS) 
(FOM = 28.57, FWHM = 2.80°), 80.0°/RIU for sucrose solution (FOM = 37.74, FWHM = 2.12°), 78.6°/
RIU for blood samples (FOM = 29.87, FWHM = 2.63°), and 80.7°/RIU for glycerol (FOM = 36.19, 
FWHM = 2.23°), with the latter representing the best performance achieved in this work. These 
simulation outcomes surpass some previously reported designs, thereby validating the improved 
plasmonic coupling and field localization capabilities of the proposed sensor. The combination of high 
sensitivity, stability, and synergistic material properties makes the Au–MoS₂–graphene configuration 
a promising candidate for next-generation biosensing and chemical detection platforms demanding 
ultra-sensitive and rapid performance. “These results indicate strong potential for experimental 
realization in high-sensitivity biosensing and chemical detection applications,” which clearly links the 
simulation outcomes to their practical implications.

 Plasmonic biosensors based on Surface Plasmon Resonance (SPR) and Localized SPR (LSPR) offer highly 
sensitive, real-time detection of chemical and biological molecules due to their extreme sensitivity to refractive 
index changes1,2. Multilayer SPR biosensors composed of prisms, gold, MoS₂, and graphene provide selective and 
efficient detection of analytes such as glucose, sucrose, PBS, glycerol, and blood, with enhanced electromagnetic 
field confinement3. Thank you for your interesting question. The resonance angle and linewidth are determined 
by the optical properties of the analytes: refractive index and absorption coefficient. For example, glycerol, 
having a larger refractive index (1.47), induces a larger resonance shift than PBS (1.33). Blood and sucrose 
present an intermediate shift due to their more complex dispersion relation. The proposed model can be further 
extended to other liquids by tuning the refractive index of the analyte in the simulation framework and thus 
enabling predictive sensing analysis for arbitrary solutions. Due to the addition of MoS₂ and graphene layers, 
the confinement of the plasmonic field is improved owing to their high optical conductivity and especial optical 
properties. Graphene provides an immense surface area with the π-π structure that enhances the molecular 
adsorption of the analytes4. the replacement of gold with silver increases resonance intensity and reduces 
bandwidth while reducing chemical stability. Advances in plasmonic nanostructures, including LSPR5and 
hybrid plasmonic–photonic crystal designs6,7, improve resonance properties and make them promising for 
high-resolution biosensing applications8–10. This study shows that combining precise modeling with better 
sensing systems can greatly improve measurement accuracy and stability in environmental monitoring. It 
focuses on multilayer structural design and material optimization, which is key to the proposed Au–MoS₂–
Graphene multilayer SPR sensor. This highlights the need for creating high-performance and dependable next-
generation sensing platforms11. Increasing the thickness of the layers up to a certain limit enhances the light-
matter interaction, while beyond an optimal value the excessive absorption leads to weakening of resonance. 
Based on simulation results, we get the strongest plasmonic field by using five layers of MoS₂ and three layers 
of graphene. Increasing the number of layers further shifts the resonance angle to higher values and decreases 
the signal-to-noise ratio4. Additionally, metal–insulator–metal waveguides12,13enhance energy coupling, while 
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improvements in transmission spectra14further support multi-wavelength detection. 2D material interfacing15,16, 
metamaterials, and photonic structures enhance sensitivity17, field localization, and device miniaturization 
further for single molecule detection and real-time sensing18. Newly designed architectures, such as plasmonic 
interferometers19,20, PCF-based SPR sensors21, and graphene-coated fiber platforms, provide multi-wavelength 
(visible to near-infrared) stable and versatile detection22for measuring multiple analytes, including glucose, 
cholesterol, creatinine, and hemoglobin23,24.

Plasmonic refractive-index sensors can detect very small changes in the refractive index of biological fluids 
with high accuracy. This happens through optimized structural design and careful electromagnetic modeling. 
These findings show the growing importance of multilayer plasmonic structures for improving sensor sensitivity 
and reliability. This approach aligns with the goals of the proposed Au–MoS₂–Graphene multilayer SPR 
sensor25. the Au-MoS₂-Graphene hybrid structure enhances both the chemical stability and reproducibility 
of performance by protecting the Au layer from oxidation via MoS₂, offering a chemically inert, high surface 
area interface via graphene, which allows for homogeneous adsorption of analytes26. Besides, metal and layered 
graphene structures enhance plasmonic field coupling, biocompatibility, and measurement reliability in such a 
way that minimal refractive index changes can be detected, which is crucial for early detection of diseases such 
as blood cancer27,28. Recent studies show that optimized multilayer plasmonic and hybrid nanostructures greatly 
improve sensor performance. They do this by enhancing field confinement, tuning resonance, and increasing 
refractive index sensitivity29,30. Artificial intelligence and modeling approaches further accelerate sensor 
design and optimization, enabling fast prediction of sensitivity and responsivity for complex architectures31,32. 
Incorporating 2D materials like graphene and MoS₂ into multilayer designs improves near-field localization, 
sharpens resonance dips, and allows for easier metasurface integration33. Applications showed the ability to 
detect cancer biomarkers, identify antimicrobial resistance, and monitor the environment. This highlights 
the flexibility with different analytes and detection situations34. The improved performance of the Au–MoS₂–
Graphene SPR sensor35is due to the complementary properties of its components. MoS₂ enhances plasmon–
exciton interactions through its strong excitonic resonances, while graphene offers a chemically stable, high-
surface-area platform that facilitates analyte adsorption and efficient surface conductivity. Combined, these 
features lead to sharper resonance dips, higher figures of merit, and greater sensitivity than conventional 
Au–graphene or Au–MoS₂ sensors26. The enhanced sensitivity of the Au–MoS₂–graphene sensor arises from 
plasmon–exciton coupling between Au and MoS₂, which increases local field confinement, sharpens resonance 
features, and improves analyte interaction. Graphene further boosts adsorption and conductivity, creating 
a synergistic effect that enhances sensor performance and figure of merit4,26. proposed SPR sensor could be 
used for detecting cancer biomarkers in clinical diagnostics or for monitoring trace pollutants such as heavy 
metals in water, demonstrating its versatility across biomedical and environmental applications4,36,37. Overall, 
recent developments in hybrid multilayer and nanostructured plasmonic biosensors demonstrate significant 
sensitivity, resolution, and practicality enhancements for real-time monitoring of biochemicals. Next, we move 
on to design and structural parameters of the proposed SPR biosensor, its materials, and methods. Here, the 
multilayer design, which consists of the prism, metal, and 2D material coatings, is presented, along with the 
optical response of the sensor, transmission characteristics, and sensitivity for various analytes. The results help 
to highlight the impact of design parameters on field confinement and energy coupling, resulting in an improved 
understanding of optimized sensor performance for high-resolution biosensing applications. In next section, 
designed parameters for the proposed SPR sensor will be explained. Section 3 deals with applied materials and 
method. Simulation results will be described in Sect. 4 accompanied with performance evaluations. We’ll also 
have a conclusion section.

Structure and design parameters of the proposed SPR sensor
In the current work, a multilayer SPR sensor is suggested and simulated for improved detection of the variation 
of the ambient refractive index. The suggested design consists of prism substrate, Au layer, MoS₂ layer, graphene 
layer, and analyte medium on top. Schematic of the structure is represented in Fig. 1. Note that the layer 

Fig. 1.  Schematic diagram of the SPR biosensor.
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thicknesses were optimized after simulating through numerous configurations, and the best values were utilized 
for study. The prism is illuminated with a laser beam of wavelength λ = 633 nm and the optimum incident angle θ 
= 35˚. The light passes sequentially from Au, MoS₂, and graphene to the analyte upon entering the Au layer. SPR 
angle deviation occurs due to a change in the refractive index of the analyte, and the calculation and analysis are 
made using the transfer matrix method as shown in Eqs1,17. The prism layer is 105 nm in thickness with refractive 
index n = 1.72338and is used as the optical coupling medium for directing incident light to the plasmonic surface. 
A gold (Au) film 47 nm thick on its surface with complex refractive index n = 0.1726 + 3.4239,40, is coated. This 
metal film is the main plasmonic medium that supports strong surface plasmon waves at the dielectric/metal 
interface. The second functional layer is MoS₂ with a thickness of 3.25 nm and a complex refractive index n = 
5.9 + 0.8. Here, dM = 5 is the thickness of atomic layers of MoS₂. Due to its high refractive index and absorption, 
MoS₂ enhances the electromagnetic field concentration as well as light–matter interactions of the sensor41. A 
graphene film with a total thickness of 1.02 nm and dG = 3 (i.e., three graphene films of thickness approximately 
0.34 nm) is coated on MoS₂ subsequently. Its refractive index is n = 3.0 + 1.148742at wavelength 633 nm. The 
high electrical conductivity and unique optical properties of graphene increase the coupling of the analyte 
with the evanescent field, and hence sensitivity and signal-to-noise ratio. All the layers together are selected 
to leverage the synergy of each of the materials: Au for plasmon excitation, MoS₂ for field enhancement, and 
graphene for adsorption and optical interaction facilitation. These are utilized in numerical models to optimize 
the primary performance parameters like sensitivity (S), detection accuracy (D.A), and quality factor (Q.F). The 
Au–MoS₂–graphene hybrid architecture synthesized is found to have excellent improvement in sensitivity with 
the capability to sense extremely small changes in refractive index, making it extremely suitable for advanced 
biosensing and chemical sensing technology.

Materials and methods
Equation (5) describes the relation between two vectors (physical state variables) of the system by a matrix 
operation. The matrix M  is the transfer matrix that defines how the states of the system transform from one form 
to another. This approach is quite effective at simulating multi-layer optical systems or multi-layer interfaces, 
where each layer affects the propagation of the light41.

	

(
U1
V1

)
= M

(
UN−1
VN−1

)
� (1)

Equation (10) is the transfer matrix Mij of a multi-layer system. Mkrefers to the respective transfer matrices 
of the individual layers, and cascading through all the layers, they yield the total transfer matrix of the entire 
system. The matrix incorporates the interaction between the different layers in an optical medium, simulating 
the propagation of light through the different refractive layers41.
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The transfer matrix for a given one-layer, represented by Mk , is expressed by the angle β k , which varies with 
the optical properties of the layer. The parameter qk  is a function of the refractive index and the material’s wave 
properties, and it defines light passing through the layer (3). The matrix represents the modification in the 
amplitude and phase of the light waves passing through the layer.

	
Mk =

(
cosβ k − (isinβ k) /qk

−iqksinβ k cosβ k

)
� (3)

The parameter qk  signifies the normalized wave vector of the wave traveling through the material, influenced by 
the permeability µ k  and the refractive index Ek  of the layer (4). Likewise, the expression cosθ kindicates the 
angle of propagation within the layer, accounting for the refraction occurring at the interface. This relationship 
is essential for understanding how light interacts with materials in multi-layered systems.
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β k is an essential parameter that determines the phase shift based on the refractive index of layer k and 
incidence angle θ k . The second equation considers variations between neighboring layers’ refractive indexes, 
with Ek  as the space position and dk  as the layer thickness (5). This section describes how the phase changes in 
the system are influenced by the refractive index gradient.

	
β k = 2π

λ
nkθ k (zk − zk−1) = 2π dk

λ

(
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1 sin2 θ 1
)

� (5)

This formula computes reflection coefficient rp for p-polarized light at the interface. It involves the qualities 
of the transfer matrix Mij and the refractive indices of the two media on both sides of the system (6,2). The 
reflection coefficient is an important parameter for comprehending the interaction between the input light and 
the multi-layer system, especially in optical sensor devices and thin-film technology43.
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rp = (M11 + M12qN) q1 − (M21 + M22qn)

(M11 + M12qN) q1 + (M21 + M22qn) � (6)

The reflectance Rp is the squared magnitude of the reflection coefficient rp. It indicates the proportion of 
light that gets reflected by the system when exposed to p-polarized light (7). This measurement is crucial for 
evaluating the effectiveness of optical coatings and sensing layers, especially in systems that utilize surface 
plasmon resonance (SPR) for identifying biomolecular interaction.

	 Rp = |rp|2� (7)

The sensitivity S measures the SPR angle θ SPR‘s change as a function of the surrounding medium’s refractive 
index na (8). It is a key performance parameter of SPR-based sensors, which defines the sensor’s ability to track 
small changes in the surrounding environmental refractive index, crucial for biosensing and chemical sensing 
applications44,45.

	
S = ∆ θ SPR

∆ na
� (8)

This formula determines the detection accuracy, which evaluates the sensor’s ability to identify changes in the 
SPR angle (9). The accuracy is computed by taking the ratio of the SPR angle shift to the width of the SPR curve 
at 50% reflectivity, referred to as ∆ θ 0.5​.

	
D. A = ∆ θ SPR

∆ θ 0.5
� (9)

This Eq. (10) represents the quality factor Q.F, which is an overall performance of the sensor. It is the sensitivity 
divided by the spectral width of the SPR curve. The larger the quality factor, the better a sensor is at accurate 
detection of small refractive index changes44,46.

	
Q.F = S

∆ θ 0.5

(
RIU−1)

� (10)

The figure of merit ( F OM ) is determined by the sensitivity S to the full width at half maximum ( FWHM) 
of the SPR curve (11). This provides a general evaluation of sensor performance, finding a balance between its 
sensitivity and the precision of response46.

	
F OM = S

FWHM
� (11)

Simulation results and performance evaluation
Figure 2 shows the computed electric field distribution for the envisioned SPR biosensor setup under resonance 
conditions. The color map is for the normalized electric field magnitude, with red areas indicating the location 
of the highest field enhancement and blue areas indicating zero intensity. It can be observed that significant field 
localization occurs at the metal-dielectric interface, and most prominently along Au–MoS₂–graphene boundary. 
The strong confinement of the evanescent field in this area is the result of effective excitation of the surface 
plasmon polaritons (SPPs) at the resonance angle. MoS₂ and graphene films play crucial roles in enhancement 
of the field by enhancing light–matter interaction and lowering radiation loss. The field focusing goes into the 
analyte layer, enhancing the sensitivity of the sensor in the refractive index change. The periodic trend of decay 
observed here is related to the penetration depth of the evanescent wave into the analyte medium, which is a key 
parameter for biosensing applications.

In Fig. 3, two reflectance curves are presented for varying refractive indices of the PBS analyte (1.34 and 
1.4). The graph illustrates the variations in the SPR angle with the rise in the refractive index of the surrounding 
medium from 1.34 (Normal cell) to 1.4 (Diseased cell). Clear shifts in the SPR angle at the resonance dip can be 
seen, illustrating the high sensitivity of the sensor to variations in the refractive index of the medium. The red 
and blue lines are the response of the sensor at refractive indices of 1.4 and 1.34, with the significant changes 
happening at varied angles. The structure of the sensor is similar to that of the previous figure, with graphene, 
MoS₂, and gold (Au) layers added to enhance sensitivity and enhance optical interactions. This arrangement is 
specifically intended to maximize the performance of the sensor and its sensitivity to changes in the refractive 
index of the surrounding medium.

Two reflectance curves of the glycerol analyte with refractive indices of 1.33 (red curve) and 1.47 (green curve) 
are provided in Fig. 4. The seemingly shifted SPR angles show the responsiveness of the sensor to variations in 
the refractive index of the medium quite nicely. It is obvious that as the refractive index increases from 1.33 
(Normal cell) to 1.47 (Diseased cell), there is tremendous change in the SPR angle. This alteration in the dip 
of resonance is an indication of the sensor’s response towards the alteration in the refractive index of glycerol.

In this illustration (Fig. 5.), two reflectance spectra for the sucrose solution with refractive indices of 1.38 
(green) and 1.385 (yellow) are presented. The variations in the SPR angle resulting from the refractive index 
change from 1.38 (Normal cell) to 1.385 (Diseased cell) are clearly evident. The green and yellow spectra 
represent the sensor’s response to refractive indices of 1.38 and 1.385, respectively. As shown in the graph, 
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Fig. 3.  Reflectance curves showing the SPR angle shift for PBS analyte at refractive indices of 1.34 and 1.4, 
highlighting the sensor’s sensitivity.

 

Fig. 2.  Electric field distribution of the SPR biosensor at resonance, showing strong confinement at the Au–
MoS₂–graphene interface.
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there is a notable shift in the SPR angle with the increase in refractive index, demonstrating the sensor’s strong 
sensitivity to changes in the refractive index of the sucrose solution in water.

In the given example (Fig.  6.), two reflectance curves are presented for the analyte blood with refractive 
indices of 1.37 (yellow) and 1.39 (purple). The figure clearly shows that by increasing the refractive index from 
1.37 (Normal cell) to 1.39 (Diseased cell), there is a remarkable change in the SPR angle. This remarkable change 
at the resonance dip shows the sensor’s high sensitivity towards changes in the refractive index of the analyte 
blood. Purple and yellow curves indicate response of the sensor at refractive indices 1.37 and 1.39, respectively.

In Fig. 7, the reflection angle of the Normal and diseased samples is shown for comparison for all simulated 
materials.

In Table 1, the sensor sensitivity of the SPR sensor is shown for various materials with various refractive 
indices and corresponding SPR angles. The two different refractive indices are experimented on each material, 
and the sensor sensitivity is computed in both the cases. The table effectively illustrates that the SPR sensor can 
precisely measure minute changes in the refractive indices of different environments, such as sucrose solution, 
blood, glycerol, and PBS. Higher sensitivity is especially critical in areas of biosensing and chemical detection 
because it enables precise detection and measurement of minimal alterations in environmental characteristics.

Table 2 reveals the calculated performance parameters including resonance angle shift.
∆ θ SP R , quality factor (Q.F), detection accuracy (D.A), and figure of merit (FOM) for various analytes 

investigated employing the proposed Au–MoS2–graphene multilayer SPR sensor. The data indicates that 
the highest FOM values (37.74 and 36.19 RIU − 1, respectively) are provided by the sucrose solution and the 
glycerol (n = 1.33), that exhibit outstanding sensing capability with high sensitivity and very narrow linewidth of 
resonance. PBS and blood samples provide a bit lower but still competitive FOM values, as corroborated by the 
found increase in damping and wider resonance dips in their reflectance spectra. The D.A variations between 
the analytes reflect the combined effect of the angular shift and FWHM, with glycerol registering the highest 
detection accuracy owing to its very large resonance angle shift. Generally, the results validate that the produced 

Fig. 5.  Reflectance curves for sucrose solution at refractive indices of 1.38 and 1.385, demonstrating the SPR 
angle shift and sensor sensitivity.

 

Fig. 4.  Reflectance curves for glycerol analyte at refractive indices of 1.33 and 1.47, highlighting the SPR angle 
shift and sensor sensitivity.
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multilayer structure realizes performance parameters equal to or superior to those published in comparable 
multilayer SPR biosensing research.

Table 3 presents a comparison of performance of the proposed sensor with some of the randomly selected 
SPR sensor structures reported earlier. The performance is seen to be better for the structure in this work 
in crucial parameters such as sensitivity, quality factor, and detection accuracy than for most of the earlier 
structures. This improvement is due to the stacking of gold, MoS₂, and graphene layers, which in combination 
enhance plasmonic coupling, enhance electromagnetic field confinement, and optimize light–matter interaction 
in the sensing area. These combined effects significantly improve the sensor’s sensitivity to perceive very tiny 
variations in the refractive index, making it a strong contender for next-generation biosensing and chemical 
analysis applications.

Material Refractive Index (n) SPR Angle (°) Sensitivity (deg/RIU)

PBS
1.34 55.5

80
1.4 60.3

Sucrose Solution
1.380 58.7

80
1.385 59.1

Blood
1.376 58.4

78.6
1.390 59.5

Glycerol
1.33 55.1

80.7
1.47 66.4

Table 1.  SPR sensor sensitivity for different materials with varying refractive indices and SPR angles.

 

Fig. 7.  Angle comparison chart between healthy and diseased samples.

 

Fig. 6.  Reflectance curves for blood analyte at refractive indices of 1.37 and 1.39, demonstrating the SPR angle 
shift and sensor sensitivity.
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Figure 8 displays reflectance profiles of various SPR angles (54.6°, 54.8°, 55.8°, 56.8°, 57.8°, and 58.8°) at varying 
wavelengths. All the profiles indicate how reflectance varies with a change in wavelength and corresponding 
SPR angle. The lowest reflectance of the profiles in the higher wavelength region (1200–1300 nm) is indicated 
by the purple line (58.8°), which proves that the sensitivity of the sensor is highest here. This is the optimal 
angle which provides maximum interaction between plasmonic surface and incident light and hence it is ideal 
for sensing minor changes in the refractive index at longer wavelengths. The graph illustrates the interaction 
between reflectance, angle, and wavelength, which is crucial to optimize the sensor’s performance for various 
sensing operations.

This photo (Fig. 9.) shows the impact of varying thicknesses of the graphene layer on reflectance curves. In 
the graph, various graphene thicknesses ranging from 0.34 nm to 14.6 nm have evident marking of differences 
in the SPR angle for all thicknesses. As the thickness of the graphene layer increases, there is an evident drop in 
sensor sensitivity to the SPR angle. Where the layer is thin, for instance 0.34 nm, the evanescent field is near the 
plasmonic surface, and this enhances light interaction and sensitivity. For thicker graphene layers, for example 
14.6 nm, the evanescent field is deeper inside the layer, leading to less light interaction with the surface and a 
decrease in the sensor’s sensitivity. These observations point toward the critical need to maximize the thickness 
of the graphene film to achieve maximum sensor performance.

(Fig. 10.) illustrates the parametric analysis for understanding the effect of MoS₂ thickness on the sensor 
response. The thickness of MoS₂ varied between the monolayer thickness (≈ 0.65 nm) to 10 nm. The observations 

Fig. 8.  Wavelength change curve at different angles.

 

Reference S (deg/RIU) Q.F(RIU− 1) D.A
47 9.56 2.31 -
44 68.3 9.691 -
48 54.84 - -
45 68.03 9.691 0.678
49 49.86 17.25 14.54

Table 3.  Comparison of the performance of the proposed SPR sensor with previously reported designs.

 

Material Refractive Index (n) θ SPR(n1)◦ θ SPR(n2)◦
∆ θ SPR Q.F(RIU− 1) D.A FOM

PBS
1.34 55.5

4.8
28.57 1.71 28.57

1.4 60.3 26.23 1.57 26.23

Sucrose Solution
1.380 58.7

0.4
37.7 1.9 37.74

1.385 59.1 34.8 1.7 34.78

Blood
1.376 58.4

1.1
29.9 0.42 29.87

1.390 59.5 27.6 0.39 27.57

Glycerol
1.33 55.1

11.3
36.2 5.06 36.19

1.47 66.4 23.2 3.25 23.19

Table 2.  Calculated Q.F, D.A, and FOM values for different analytes using the proposed multilayer SPR 
biosensor.
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indicate the optimized thickness that has the maximum effect of the confined electromagnetic field, but beyond 
that, the extra thickness leads to more optical losses, hence the dampening effect of the resonances. The MoS₂ 
thickness of 3.25 nm was utilized for the fabrication of the MoS₂-based sensor, which showed the optimized 
results, although the MoS₂ thickness is mainly utilized for the enhancement of the plasmonic coupling effect, 
whereas the major performance is due to the addition of graphene.

Experimental feasibility and fabrication considerations
The fabrication process for the proposed structure can be achieved using the conditions and steps outlined 
below. We have carefully chosen materials, layer thicknesses, and deposition techniques to ensure they work 
well with standard laboratory technologies and equipment. By following the procedures described in the next 
sections, it is possible to create this sensor experimentally26,37.

•	 Precise Control of Layer Thicknesses:

Fig. 10.  Effect of MoS₂ thickness on the SPR response of the Au–MoS₂–graphene multilayer structure. The 
MoS₂ thickness is varied from 0.65 nm (monolayer) to 10 nm, showing enhanced field confinement up to an 
optimal thickness (marked point), beyond which increased optical losses lead to resonance damping.

 

Fig. 9.  Reflectance curves showing the effect of graphene layer thickness on the SPR angle, demonstrating how 
increasing thickness reduces sensor sensitivity.
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SPR is highly sensitive to the thickness of each layer, in particular for 2D material layers such as MoS₂ and 
graphene. A few nanometer deviations may seriously shift resonance angles and deteriorate the sensitivity. 
Deposition techniques therefore have to be carefully calibrated, in particular by using CVD in the cases of 
graphene and MoS₂, and E-beam evaporation in the case of the gold layer. Methods for real-time thickness 
monitoring, like QCM or ellipsometry, are often required37.

•	 Surface Uniformity and Roughness:

For high plasmonic field confinement and sharp resonances, the metal surface smoothness is of primary 
importance. Ideally, surface roughness should be below 1 nm. The above degree of smoothness requires laborious 
substrate preparation, including cleaning and polishing, and, when needed, annealing, to avoid scattering losses 
and broadened resonance curves26,37.

•	 Material Stability and Oxidation Prevention:

MoS₂ and other 2D materials can degrade or oxidize when exposed to air, moisture, or elevated temperatures. 
Proper encapsulation, inert-atmosphere processing, or controlled annealing procedures are required to maintain 
their optical and electronic properties over time.

•	 Graphene Transfer and Adhesion:

Uniform and defect-free transfer of graphene onto the gold layer is crucial. Wrinkles, cracks, or poor adhesion 
can reduce plasmon–exciton coupling and decrease sensor performance. Optimizing transfer techniques, using 
adhesion-promoting layers, and controlling thermal cycles are necessary.

•	 Reproducibility Across Devices:

Variations between fabricated devices can arise from slight differences in deposition rates, layer uniformity, 
or environmental conditions. Standardizing fabrication protocols, including substrate cleaning, deposition 
parameters, and post-deposition treatments (e.g., annealing), is essential to achieve reproducible performance.

•	 Integration with Fluidic Systems:

For biosensing applications, maintaining a uniform analyte layer without introducing bubbles, uneven flow, 
or contamination is important. Microfluidic design and alignment tolerance can directly affect the measured 
resonance shifts.

•	 Environmental and Operational Stability:

Temperature fluctuations, mechanical vibrations, and chemical contamination can all impact the sensor response. 
Shielding, thermal control, and careful packaging are necessary for consistent, reliable measurements26,37.

Simulated results may never perfectly reflect the real performance of a fabricated sensor due to small 
variations in layer thickness, surface roughness, and material transfer quality, among other practical factors. 
The simulation methodology presented here mainly enables an approximate prediction of the trends and sensor 
behavior. Minor deviations during experimental realization are not to be totally unexpected. Such discrepancies 
could be minimized through careful fabrication and quality control.

Addressing these factors with precise fabrication control, real-time monitoring, and standardized protocols is 
key to translating high-performance simulation results into functional, reproducible biosensor devices suitable 
for experimental validation and real-world applications.

Conclusion
The findings of this study illustrate that the multilayer SPR sensor built in the hybrid Au–MoS₂–graphene 
architecture is a reliable and effective method for the detection of small refractive index changes in a broad array 
of analytes. Both experiment and simulation results show that this configuration achieves stable sensitivities at 
approximately 80°/RIU, along with a thin full width at half maximum (FWHM), resulting in figure of merit (FOM) 
values higher than 35 RIU⁻¹ for sucrose solution and glycerol (when n = 1.33). Such performance parameters put 
the sensor comparable to several reported multilayer SPR designs. For more complex biological samples like 
blood and PBS, while the resonance dips widen and more damping is observed, Q.F and D.A values remain 
competitive and within acceptable limits, confirming the reliability and stability of the sensor in rough laboratory 
environments. The major advantage of this architecture is its ability to combine three inherent mechanisms: (1) a 
gold layer as the main substrate for surface plasmon resonance induction, (2) a refractive index-high MoS₂ layer 
that improves the localized electromagnetic fields in the sensing area, and (3) a graphene layer that has superior 
electrical conductivity and distinctive optical properties for inducing light–matter interaction and promoting 
analyte adhesion. This hybrid induces a notable increase in sensitivity, reduction in resonance linewidth, and 
improvement in detection precision. Overall, the results affirm that the scheme of sensor proposed rivals or 
matches benchmark multilayer SPR sensors, with significant potential for advanced biosensing, precise chemical 
sensing, and feasible applications in healthcare, pharmaceuticals, and food industry. These features render the 
design a promising platform for future SPR sensor development.
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