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Abstract
Gold and silver are the two notable noble metals with wide implications in surface plasmon resonance (SPR) based sensors. 
Gold possesses a superior SPR phenomenon compared to silver, however, with extremely high costs. To resolve this problem, 
the current study proposes a new gold–free SPR biosensor design employing silver as the noble metal for efficient detection 
of blood glucose using urine as the biosample. The proposed design employs two types of 2D materials such as graphene 
and tungsten disulfide (WS2) to enhance the sensitivity of the silver-based SPR biosensor. An investigation for design of a 
low-cost biosensor for urine-glucose detection is done using the proposed configuration. The glucose concentration in the 
biosample ranges from 0 to 15 mg/dl (for normal persons) and 0.625 gm/dL, 1.25 gm/dL, 2.5 gm/dL, 5 gm/dL, and 10 gm/dL 
(for diabetic persons), with corresponding refractive indices of 1.335, 1.336, 1.337, 1.338, 1.341, and 1.347. The material’s 
type, order, and thickness have been chosen through numerous case studies. It is worth noting that, with 4-layer graphene 
(0.34 nm) and 4-layer WS2 (0.8 nm), the proposed silver-based SPR biosensor shows improved sensitivity (288.86o/RIU) 
and figure of merit (88.89/RIU) than its gold-based counterpart (sensitivity 150o/RIU). Finally, this study is also compared 
with similar reported literatures. The proposed structure has potential to develop low-cost and efficient SPR-based biosensors 
(glucose sensors), with a substantial shift in resonance angle of SPR curves as shown in the present study.
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Gold free · Highly sensitive

Introduction

Among the many pervasive and incurable diseases of the 
present era of high-tech lifestyles, diabetes is the one that 
is currently the leading health concern on a global scale. 
Affecting an estimated 500 million individuals worldwide, 

the disease is still spiralling [1]. Diabetes is also becoming 
a concern at the paediatric level [2]. Though all types of 
diabetes are not curable, it is possible to bring them under 
control through regular testing and treatment. Nonetheless, 
invasive methods are still widely used for the detection of 
blood glucose levels, including both lab-grade and kit-based 
(domiciliary) testing [3]. However, it is a painful process, 
which sometimes put patients (especially children) into 
panic for frequent testing, [4]. This leads to improper detec-
tion and diagnosis of diabetes and rises the daily patient vol-
ume. Therefore, there is always a strong need for developing 
non-invasive blood-glucose testing techniques with low cost, 
to promote frequent testing among the patients irrespective 
of their age group and financial status [5].

Recently, surface plasmon resonance-based sensors have 
drawn potential research interest in biomedical and other 
applications [6, 7]. Triggered by the coupling of photons and 
electrons, they are linked to the interactions of electromag-
netic waves at the metal and dielectric interface [8, 9]. At 
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resonance, the energy and momentum of the incident light 
(p-polarized) are preserved, and the reflectance becomes 
minimal due to the maximum excitation of the surface 
plasmons [10, 11]. At this point, the incident wave vector 
becomes equal to the plasmons’ propagation constant. This 
can be demonstrated using Eq. (1) given below [12].

where ki =
�

c
n1 sin �i , and

�m and �d are the permittivity constant of metal and dielectric 
respectively and n1 is the refractive index of the first layer.

Gold and silver are the most commonly used metals for 
design of SPR based sensors, where the former one offers better 
sensitivity [9]. However, the high cost of gold yields the quest 
for developing a gold free and efficient SPR based sensor [7].

Two-dimensional materials such as graphene and WS2 are 
becoming popular for enhancing the SPR effect [13]. Unlike 
the conventional noble metals, graphene can create surface 
plasmon polaritons (SPPs) at frequencies in the mid-infrared 
to terahertz range. Moreover, the confinement volume of 
such SPPs is substantially less, and their lifespan is much 
longer than that of metals. Several works using graphene in 
innovative plasmonic sensors have already been reported [8]. 
WS2, often compared to graphene, has a hexagonal crystal 
structure made up of S-W-S monolayers that are covalently 
bonded to one another and stacked by weak van der Waals 
forces [14]. As a result, WS2 is also recognised as a promis-
ing 2D layered nanomaterial [15]. With its high surface-
to-volume ratio and layer-dependent electronic and optical 
properties, large photoresponsivity, high density of elec-
tronic states, large band gaps in the visible to near-infrared 
spectrum, and strong photoluminescence, WS2 is a typical 
type of two-dimensional transition metal dichalcogenides 
(TMDCs) material that offers numerous opportunities in the 
development of new biological and chemical sensors.

To avoid the excessive cost of gold, an SPR sensor for 
urine-glucose detection is developed in this work, employ-
ing silver as the metal layer, along with graphene and WS2. 
About twice as sensitive as a fundamental Au-based device 
design, the proposed sensor achieves a sensitivity and figure 
of merit of 288.86o/RIU and 88.89/RIU respectively.

Section “Device Structure” of this manuscript gives a 
detailed explanation on the device structure, and in Section 
“Theory”, a broad overview of the theory is given. Section 
“Numerical Results” contains the findings of the whole work 
as well as an analysis of those findings, followed by the fab-
rication feasibility of the proposed structure given in Section 
“Fabrication Feasibility”. Section “Conclusions” gives the 
conclusion of the whole work.

(1)ki = kp

kp =
�

c

√
�m�d

�m + �d

Device Structure

The proposed biosensor is schematically depicted in Fig. 1. 
It is a five-layered Kretschmann configuration comprising 
a prism, silver, graphene, tungsten disulfide, and biosample. 
Considering the necessity to match the momentum of light, 
the prism is made of BK-7 glass and is the first layer of the 
structure. The prism’s refractive index (nprism) is taken to be 
1.515, which could be computed using Eq. (2) [9].

where λ represents the wavelength of the incident light.
The Ag layer is deposited on the base of the prism, and its 

refractive index is calculated by the Drude–Lorentz model 
[11].

where, λ is the wavelength of incident light. λp(plasmon 
wavelength) and λc (collision wavelength) for Ag are 
1.4541 × 10− 7 m and 1.7614 × 10− 5 m respectively [12].

Further, Table 1 shows refractive indices for the graphene 
and WS2 layers; the third and fourth layers of the proposed 
structure. The structure’s final layer is urine (biosample) and 
its refractive indices are taken as 1.335, 1.336, 1.337, 1.338, 
1.341, and 1.347 for corresponding glucose concentrations 
of 0 g/dL, 0.625 g/dL, 1.25 g/dL, 2.5 g/dL, 5 g/dL, and 10 g/
dL, respectively [16].

(2)
nprism =

(
1 +

1.03961212 λ2

λ2 − 0.00600069867
+

1.01046945 λ2

λ2 − 103.560653
+

0.231792344 λ2

λ2 − 0.0200179144

)1∕2

(3)nAg =

(
1 −

λ2*λc

λ2
p
(λc + λ*i)

)1∕2

Fig. 1   Schematic of the proposed Graphene-WS2 based five layered 
SPR biosensor structure
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Theory

When light is incident on the proposed five-layered struc-
ture, reflection occurs at each interface. To determine the 
total reflection intensity of the entire structure, collective 
reflection has been taken into account [19]. For this, if a 
propagating wave is moving from medium k towards the 
medium k + 1, then it’s operational principle can be defined 
by the transfer matrix method as defined by Eq. (4) [20].

where, k denotes an arbitrary number, βk denotes phase con-
stant, and qk denotes the refractive indices of the correspond-
ing layers. Further, phase constant can be defined as [11]:

(4)Mk =

[
cos �k − sin �k∕qk

−iqk sin �k cos �k

]

(5)�k =
2�

�
dprism

√
n2
prism

−
(
nprism sin �

)
, and

(6)qk =

√
n2
k
− (nprism sin �)2

n2
k

where nk is the refractive index of respective layer and � is 
the incident angle. The total transfer matrix of the multilayer 
structure can be calculated by using a transfer matrix Mtotal 
for every monolayer which is as follows [21].

Total reflection coefficient r, for multilayer structure can 
be defined as [21]

On further solving, total reflectance can be represented 
as R, where

Additionally, the sensitivity of the biosensor can be 
defined as follows [22]

where, ��res represents the difference in resonance angle and 
�ns is the difference in the refractive index of the biosample. 
Moreover, the figure of merit of biosensor can be defined as 
the ratio of its sensitivity to the full width at half maximum 
(FWHM) of its reflectance curve [20].

(7)Mtotal = Πm−1
k=2

=

[
m11 m12

m21 m22

]

(8)r =

(
m11 + m12qn

)
q1 − (m21 + m22qn)(

m11 + m12qn
)
q1 + (m21 + m22qn)

(9)R = |r|2

(10)S =
��res

�ns

(11)FoM =
S

FWHM

Table 1   Values of Refractive Indices for 2D materials

2 D
Materials

Monolayer 
Thickness

Refractive Index Ref.

Graphene 0.34 nm 3.5 + 0.01i [17]
WS2 0.80 nm 4.8937 + 0.3123i [18]

Fig. 2   Plasmonic excitation 
state for the proposed structure 
for a. θ = 75o, b. θ = 79.3o and c. 
θ = 83o (angle of resonance)
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Numerical Results

The numerical study of the proposed structure is done using 
the finite element method-based simulation tool COMSOL. 
To perform the simulation, the physics of electromagnetic 
waves in the frequency domain is utilized. We have used a 
maximum growth rate of 1.1 and the maximum element size 
of 0.0457 m for the meshing process. The minimum element 
size has been set at 9.13e-5 m. In addition, we have utilized 
a free triangular mesh with distribution at each layer’s inter-
faces, considering there are approximately 200 elements.

Various solutions of urine glucose concentrations that 
provide refractive indices of 1.335, 1.36, 1.337, 1.338, 
1.341, and 1.347 are considered as the biosample. Plasmonic 

excitation state for the simulated structure prism/Ag/gra-
phene/WS2/biosample for the resonance angle at θ = 75o, 
θ = 79.3o and θ = 83o is depicted in Fig. 2. It can be seen 
that, the plasmon waves show resonance at θ = 79.3o.

Optimization of the proposed biosensor is done by opti-
mising the thickness of the metal, graphene, and WS2 layers. 
First, an investigation has been carried out to determine the 
optimum thickness of the Ag layer, deposited on the base of 
the prism. To accomplish this, it is vital to locate the lowest 
minimum reflectance point (Rmin), as shown in Fig. 3a, as 
Rmin ensures the maximum excitation state of surface plas-
mons in the proposed structure. The optimized thickness 
of the Ag layer can be taken as 56 nm, as it can be noted 
from Fig. 3a. The value of Rmin for 56 nm of Ag thickness is 

Fig. 3   a. Thickness optimiza-
tion reflectance curve for Ag 
layer b. SPR curves for urine 
sample with correspond-
ing angle shift for Ag based 
Structure
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0.00193 at an angle of 67.9o. Applying a biosample of dif-
ferent glucose concentrations to this, the sensitivity is found 
as 105 o/RIU, as shown in Fig. 3b.

Further, the Ag layer is coated with graphene, which 
also protects Ag from oxidation. The thickness of a gra-
phene layer is of 0.34 nm. Figure 4a shows the resonance 
angle shift with respect to the Rmin with increasing the 
number of graphene layers (say, X = 1 to 5). It can be seen 
that all considered layers show almost identical reflectance 
with different resonant angles. Though, any one of these 
angles can be considered, however, simulations show that 
(as shown later), a combination of four layers of graphene 
is the most suitable one for further investigation, along 
with the next considered material layer. Figure 4b shows 
the reflectance plot for the present configuration with dif-
ferent urine-glucose concentrations. It can be seen that, 
with 4 layers of graphene sheets, the present structure has 

achieved a Rmin of 0.00019 (at θ = 69.2o) and a sensitivity 
of 144.44o/RIU.

Additionally, we apply tungusten disulfide (WS2) layers 
on top of the graphene layers to improve the performance of 
the proposed biosensor. For the investigation, we have used 

Fig. 4   a Thickness optimization 
reflectance curves for graphene 
layers over Ag layers. b. SPR 
curves for urine sample with 
corresponding angle shift for 
Ag/graphene-based structure

Table 2   Sensitivity of Prism/Ag/ Graphene/WS2/ biosample for dif-
ferent number of graphene and WS2 layers

Graphene 
(X)

Sensitivity (S) in o/RIU for WS2 Layer (Y)

Y = 0 Y = 1 Y = 2 Y = 3 Y = 4

0 105 -- -- -- --
1 105 144.44 183.33 161.11 205.55
2 -- 111.11 188.88 161.11 216.66
3 -- 116.66 122.22 161.11 255.55
4 -- 150 161.11 172.22 288.86
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WS2 layers of Y = 1, 2, 3, 4, and 5. Simulations show that 
sensitivity of the structure increases with an increase in the 
WS2 layer and reaches its maximum at Y = 4.

Table 2 shows the corresponding sensitivity of the pre-
sent structure with increasing number of graphene and 
WS2 layers. It can be seen that; the sensor shows improved 
sensitivity with four layer of graphene and the sensitiv-
ity further increases with increase in the WS2 layer. The 
corresponding sensitivity with 1–4 number of WS2 layer 
are 150o/RIU, 161.11o/RIU, 172.22o/RIU, and 288.86o/
RIU, respectively. However, simulation also shows that a 
further increment in WS2 layer (Y = 5) reduces sensitivity 
to 111.11o/RIU. Based on the above analysis, the present 
structure can be optimized as a prism/Ag (56 nm)/graphene 
(4 × 0.34 nm)/WS2 (4 × 0.8 nm)/biosample. Figure 5 shows 
the reflectance curves and corresponding shift in angle for 
the optimised structure.

For urine samples of 0–15 mg/dl (normal person) to 0.625 
gm/dl (diabetic person), the difference in refractive index is 
0.001 and the corresponding change in resonance angle ��res 
=0.26829o (Fig. 5) i.e., from 82.34148o to 82.61077o. This 
shows that, the proposed biosensor is capable of showing a 
significant angle shift of 0.26929o with a minute change of 

0.001 in the analyte refractive index. Similarly, the change 
in refractive index and corresponding change in angle shift 
for all the urine samples are given in Table 3.

Figure 6 depicts the electric field plot of the proposed 
silver-based structure. It can be seen from both Fig. 6a, b 
that, the proposed structure shows a prominent field pattern 
with sharp spike at the WS2-biosample interface, hence sup-
porting its highly sensitive nature.

Investigation has also been carried out by interchang-
ing the order of graphene and WS2 layers over the Ag 
layer to check the performance of the proposed biosen-
sor. Firstly, the Prism/Ag/WS2/biosample configuration 
is considered, and the Rmin for different WS2 layers are 
shown in Fig. 7. It can be seen that, the structure shows 
the lowest Rmin value of 0.03989 at an angle 69.06548o 
for monolayer of WS2. Considering this, the reflectance 
for different urine samples is plotted in Fig. 7. Based on 
the figure, the sensitivity of the considered structure is 
calculated to be 111.11o/RIU. Sensitivity of the present 
structure without and with increasing number of graphene 
layer over increasing number of WS2 layer are given in 
Table  4. While increasing the number of WS2 layers 
obtained sensitivities are 150o/RIU, 188.88o/RIU, 205o/

Fig. 5   SPR curves for urine 
sample with corresponding 
angle shift for Ag/graphene/ 
WS2 based structure

Table 3   Resonance angle 
shift and reflectance for the 
proposed biosensor (Prism/
Ag(56 nm)/graphene(4 × 0.34)/
WS2(4 × 0.80 nm)/urine)

Glucose 
Level (g/dl)

Refractive Index Change in 
Refractive Index

Incident angle 
(degrees)

Change in 
Incident angle

Reflectance

0 1.335 Reference 82.34148 Reference 0.48283
0.625 1.336 0.001 82.61077 0.26929 0.49663
1.25 1.337 0.001 82.87548 0.26471 0.51147
2.5 1.338 0.001 83.13331 0.25783 0.52742
5 1.341 0.003 83.83576 0.70245 0.58182
10 1.347 0.006 84.68374 0.84798 0.70873
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RIU and 255o/RIU for the layers 2, 3, 4 and 5 respectively. 
Further increasing the 6 layers of WS2, sensitivity drops 
to 150 o/RIU. A comparison of the proposed work with 
other similar reported work is given in Table 5.

Further, simulation has been done by interchanging the 
graphene layers and WS2 layers. Different combination of 

WS2 and graphene layers has been investigated. Respec-
tive sensitives have been calculated and shown in the 
Table 4. The best obtained sensitivity is for the 4 layers 
of graphene over the 4 layers of WS2 is 261.11 o/RIU.

Fig. 6   a Electric field profile 
and b corresponding line plot 
for magnitude of electric field 
distribution for proposed prism/
Ag/graphene/WS2 structure 
(Δn = 0.001)



	 Plasmonics

1 3

Reflectance curve and corresponding angle shift for this 
structure has been shown in Fig. 7 (with graphene in Fig. 8), 
and are lesser as compared to the proposed optimized struc-
ture based on 4 layers of WS2 over 4 layers of graphene.

The above discussion can be summarized by saying that, 
gold-free SPR sensors can be developed using graphene and 
WS2, which also shows far better performance than the con-
ventional gold based SPR sensors. The proposed configuration 
can be useful for design of low cost and efficient SPR sensors 
which can be an easy access to a wide range of customers.

Fabrication Feasibility

The fabrication feasibility of the device structure is dis-
cussed here. Firstly, an Ag layer is deposited over the 
base of the BK7 prism using the physical vapour deposi-
tion (PVD) technique [32]. The graphene layer can also 
be deposited using chemical vapour deposition (CVD) 
technique [33]. Growth of WS2 on graphene sometimes 
need very high temperature. However, growth of WS2 on 
graphene at low temperatures can be achieved through 
sulfurization of a tungsten precursor on graphene or 
by plasma-enhanced atomic layer deposition (PEALD) 

technique using W(CO)6 and H2S plasma at a relatively 
low temperature of 350 °C [15]. The resulting WS2 layer 
can be characterized using techniques such as scanning 
electron microscopy (SEM), atomic force microscopy 
(AFM), Raman spectroscopy, and X-ray photoelectron 
spectroscopy (XPS) to assess the quality, thickness, and 
structural properties of the WS2 layer. This setup is con-
sidered for sensing operation. The urine sample can now 
be applied to the WS2 layer for performing the sensing 
operation.

The sensor structure is now placed on a rotary base, 
and a goniometer is employed to set the resonance angle. 
Then a monochromatic p-polarised light is shined on one 
side of the prism, and the reflected light at the other side 
is detected using a photo detector. The obtained reflec-
tion spectra are used to determine the concentration of 
biomarkers in the biosample.

The proposed configuration can also be realized using 
optical fiber configuration, which work in a similar way 
as the prism-based configuration [34, 35]. Both the con-
figurations have their own merits and demerits depending 
on the fabrication process and application. However, we 
choose the later one to take certain benefits (not absolute) 
while realization of the sensor in future.

The main difference between both the optical fiber and 
prism-based configuration is that the former one relies 
on evanescent field interactions with the surrounding 
medium, while the later one provides stronger interac-
tion between the light and the sample. This often makes 
the prism-based configuration more sensitive with a large 
measurement range. Additionally, fiber optic plasmonic 
sensors require more complex and delicate fabrication 
and alignment processes compared to prism-based sen-
sors, which requires precise control to achieve optimal 
sensing performance.

Table 4   Sensitivity of the structure Prism/Ag/ WS2/ Graphene/ biosa-
mple for different number of WS2 and graphene layers

WS2 
Layer (Y)

Sensitivity (S) in o/RIU for Graphene layer (X)

X = 0 X = 1 X = 2 X = 3 X = 4

1 111.11 144.44 144.44 116.66 177.77
2 -- 150 116.66 188.88 122.22
3 -- 188.88 161.11 200 205.55
4 -- 205.55 211.11 222.22 261.11

Table 5   Comparison of 
Proposed Biosensor with 
existing work

Ref. Year Sensitivity enhancement strategy λ in nm Sensitivity 
(°/RIU)

This Work 2023 BK7-Ag-graphene- WS2 Biosample 633 288.86
[23] 2023 BK7/MgO/Ag/BP 633 234
[24] 2022 BK7/Ag/MXene/Ag/ZnO/graphene 633 161
[25] 2021 BK7/Au/WSe2/PtSe2/BP 633 200
[26] 2021 SF10/Au/a-SnSe2/Phosphorene 633 96.4
[27] 2020 BK7/Au/WSe2/Graphene 633 178.8
[28] 2020 SF11/Au/MoS2/WS2/ WSe2 633 142
[29] 2020 SF11/Au/MoS2/Graphene 633 130
[17] 2020 BK7/ZnO/Ag/BaTiO3/WS2 633 180
[30] 2019 BK7/Au/WS2/Au/MXene 633 198
[18] 2019 Prism/Au/SnSe/Graphene 633 94.29
[31] 2019 Prism/Ag/Franckite/Graphene 633 196.00
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Fig. 7   Thickness optimization 
reflectance curve for WS2 layer 
over Ag layer and SPR curves 
for urine sample with cor-
responding angle shift for Ag/ 
WS2 based Structure
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Conclusions

In this study, we propose a gold-free, graphene and 
WS2-based SPR biosensor for low cost and efficient urine-
glucose detection. Simulations demonstrate that a silver-
based SPR biosensor with four layers of graphene and four 
layers of WS2 has superior sensitivity and field enhance-
ment than a gold-based SPR biosensor. A variety of case 
studies gave rise to an optimum configuration with thick-
ness of Ag (56 nm), Graphene (1.36 nm), and WS2 (3.2 nm), 
and it exhibits a sensitivity of 288.86 o/RIU and a Figure 
of Merit of 88.89 o/RIU. By removing the need of Au, the 
suggested structure may be effectively used for detecting 
glucose concentrations in urine, as shown by a significant 
shift in the resonance angle in SPR curves. The extension of 
the proposed design could be done for efficient sensing of 
other biomarkers for detection of respective diseases. Fol-
lowing a similar approach, optimization of the structure can 
also be done for analytes other than biomarkers to design 
low-cost sensors for a variety of applications such as chemi-
cal, gas, and heavy metal detections.
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