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Abstract —This paper investigates the influence of various configurations and flakes of: i) graphene, ii)
graphene/MoS,/graphene and iii) MoS,/graphene/ MoS; over a thin layer of gold on the performance of a
surface plasmon resonance (SPR) biosensor. The reflectance curves of the proposed SPR biosensor are obtained,
analyzed and compared for different combinations and thicknesses of the biosensors’ layers in refractive indices
(RI) of 1 and 1.02, resembling an air and a bacterial medium, respectively. An in-depth analysis based on finite
difference time domain method is performed to describe the sensor response considering sensitivity, full width at
half maximum and minimum reflectance. The obtained results show that the sensitivity of the biosensor with a 50
nm Au and a 5 nm TiO; (as the adhesive layer between the Au- layer and the prism) is equal to 61°/RIU. In order
to increase further the sensitivity, different stacks and thicknesses of MoS,/graphene/MoS, and
graphene/MoS2/graphene configurations on the Au layer are added. The achieved outcomes reveal that the
sensitivity is improved for a monolayer of MoS, (1L_MoS;) sandwiched between double layers of graphene
2L.G) on 50 nm Au and 5 nm TiO; (1L_MoS;/2L_G/1L_MoS;/50nmAu/5nmTiO,/Prism-BK7). This
combination yields a sensitivity of 71.5 °/RIU for RI changes in the sensing medium (An) of 0.02 with a great
detection accuracy of 0.33. We hope that - based on the outcomes of this investigation - the proposed structures
can open new windows to improve the SPR biosensor detection of biological species.

Keywords— Biosensor; Surface plasmon resonance; Graphene; MoS,; Bacteria; Sensitivity; Lumerical
environment.

1. INTRODUCTION

Surface plasmon resonance (SPR) is an optical method for detecting changes in the
refractive index (RI) between a layer of metal (usually gold) and a dielectric medium [1]. Due
to the importance of detecting enzymes and identifying pathogens, such structures are used
in the medical and pharmaceutical fields. The surface plasmon wave was first reported by
Wood in 1902, but the resonance properties of surface plasmon were unknown until
Kretschmann and Otto realized it in 1968 [2]. Then, many attempts were made to use this
phenomenon in various applications as a very powerful tool for determining the
specifications of molecular interactions in liquids and solids. Plasmon is defined as the
quantum of collective oscillations of free electrons in a metal and the surface plasmon is the
electromagnetic waves emitted in the metal-dielectric interface [1, 3].

The SPR structure consists of three main parts: the optical system, the electronic system,
and the data collection system. The main difference in SPR structure is more in the way of
surface plasmon excitation, input light coupling with sensitive layer and output light
modulation [3, 4]. There are some common methods for surface plasmon excitation including
prism coupling and grating coupling [4, 5]. The most common SPR structure is based on an
input light coupling with a prism, and this type of optical coupling is used in many
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laboratories and even commercial models due to its simplicity. The prism coupling is
presented with two different configurations: Kretschmann and Otto [6]. It is more than two
decades that the Kretschmann configuration - in which a thin film of metal is deposited onto
the prism surface - has been considered by the scientists for manufacturing the SPR-based
biosensors and biodevices [7, 8]. These sensors are considered as the type of optical sensors
that measure different biological and chemical parameters based on the interaction of the
sample environment with the sensor surface by monitoring RI change of surrounding media
[4]. The most important applications of these biological sensors include the detection of small
and large molecules in the pharmaceutical industry, food quality and drug screening [8-10].
The performance parameters of SPR structure include sensitivity, linearity, resolution,
accuracy, reproducibility, dynamic range, the limit of detection and the limit of quantification.
Advantages of surface plasmon intensification structures of SPR-based biodevices include
high sensitivity, label-free, real-time, low sample consumption volume and quantitative
review [10, 11].

Current researches focus on increasing the sensitivity and the stability of SPR-based
biosensors to obtain more precise measurements at higher qualified and repeatable results. To
meet these requirements, in the recent years, gold and silver nanoparticles (AuNP/ AgNP)
and their combination have been used as the most common sensitive materials for the typical
sensing layer to excite the SPR mode than the other materials with widely presented and
discussed key parameters [11-14]. However, there are issues - such as the poor chemical
stability, the low adsorption capacity for some molecules, the weak chemical modification
ability, the broad resonance peak that reduce the accuracy and the poor biomolecular binding
capacity of these sensitive layers - often limit their practical applications, specifically in terms
of a device for point-of-care testing (PoCT). In recent years, SPR biosensors have very much
developed and increased their sensitivity, especially in the field of PoCT, in terms of
employing new detection techniques and/or using emerging materials as sensing layers such
as nanoholes and quantum dots [15, 16], metallic nanoslits [17], functionalized biorecognition
elements (FBRE) [18], graphene [19-22] and transition metal dichalcogenides (TMD) materials
[23, 24].

Over the last two decades, graphene with 2D honeycomb structure has shown
significant features in many applications from mechanical and thermal to optical and
electrical. Due to its magnificent properties, graphene also has played important roles in
biosensors. It can block the penetration of biomolecules; therefore, prevent the metal surfaces
from the corrosion due to its dense structure. Its high surface to volume ratio promotes it to a
full connection with an analyte. Graphene can bind with ligands easily and fast, and because
of its high sensitivity to the carrier mobility densities, it can significantly increase the number
of bindings. Also, graphene can localize SPR in Au grating resulted in sharper RI and more
accurate resonance angles [19-22]. On the other hand, TMD such as molybdenum disulfide
(Mo0S,), with their magnificent optoelectronic features, are shown to be suitable candidates for
the fabrication of the next generation of ultrasensitive biosensors. Owing relatively low
cytotoxicity and genotoxicity to most of the biomolecules are also extra important key points
of TMD for use in the biosensing applications. The other distinctive characteristics such as
flexibility, large surface area, moderate carrier mobility, atomically thin, chemically stable
and dependency of their optical and electronic properties to the number of the layers, along
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with better biocompatibility and high physiological stability make them unique to improve
the performance of the next generation of SPR biosensor [23-26].

The conventional structure of an SPR utilizes an active binding layer as adsorption on a
planar metal, typically gold, constructed on a prism, working on the principle of optical
measurement of RI changes. Despite impressive nature of gold and silver nanoparticles
(AuNP and AgNP) - such as nontoxicionic, nonimmunogenic, high ratio of surface area to
volume, great synthesizability, ease to functionalize and high surface chemistry - there are
limitations such as interaction with some biomolecules and/or that of its capping ligands and
thiol bonds in the case of functionalization. On the other hand, graphene and TMD such as
MoS; and TaS; exhibit various properties - depending on their composition, crystalline
structure, and the number and stacking sequence of layers - range from semiconductor to
superconductor. In this paper, a stack hybrid structure consisting of different layers of MoS;
and graphene on top of an Au layer is proposed.

Many scientific investigations, using graphene-MoS; hybrid structure, have been used
to improve the performance of biosensors. Chowdhury et al. proposed a bilayer mirror
structure consisting of graphene and MoS; layers, which is SPR biosensor and its performance
was evaluated numerically. Based on the basic configuration, the structure with graphene and
MoS; layers is progressively developed to improve performance. Their numerical analysis
showed that by using the proposed approach, an increased sensitivity of about 4.2 times can
be achieved compared to the basic Kretschmann configuration [27]. In [28], SPR biosensors
based on WS;, graphene and MoS; with an optimal thickness of zinc oxide, silver and BaTiOs;
were proposed and compared with each other. Cai et al. investigated a high-sensitivity SPR
biosensor, which consists of one layer of gold, four layers of MoS,, and single-layer grapheme
[29].

This paper aims to investigate a new sensing configuration with enhanced sensitivity
employing MoS; and graphene layers over a thin layer of gold to improve the capacity of the
light absorption of the SPR biosensor and to further enhance its sensitivity. The structure is
designed as an SPR biosensor at 633 nm incident light. First, the sensitivity and resonance
angle of the biosensor is studied. Then, the number of layers, their thicknesses, and the order
of layers are optimized for better analysis. The different structures then have been simulated
in the Lumerical environment, and changes in the RI were studied and compared. The
simulation is performed using a Lumerical software in the FDTD module. The FDTD method
is a numerical method for solving Maxwell’s equation, which is performed as a finite
difference in time and space. In this analysis, two-dimensional FDTD simulation is used. The
configuration of the proposed SPR biosensor is given in section 2. Results and discussion are
explained in section 3. Finally, conclusions are summarized in section 4.

2. SPR BIOSENSOR STRUCTURE

Fig. 1 shows the proposed structure where different TMD and graphene layers are
exploited on the Au layer, formed on a BK7 prism, and the TiO; layer is used as an adhesive
layer between between the prism and the gold layer. Graphene has distinct electrical and
optical properties. Its electronic band structure, as the main characteristic, is the factor that
creates other characteristics of this material. Electrons, by moving in the honeycomb
structure of graphene, lose their effective mass and become quasi-particles that obey the
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Dirac equation instead of the Schrodinger equation, and this causes a different optical
absorption coefficient and high electron mobility. By controlling the number of graphene
layers in the biosensor structure, its performance can be optimized. A 633 nm-wavelength
laser is applied to the prism where it is coupled electromagnetically with the Au layer. At
convenient combinations of reflectance angle and wavelength, the appropriate layers of
TMD are added to investigate a precise sensing performance in two different media: an air
condition (n = 1) and when a target analyte (n = 1.02) exists. The physical properties of the
different materials used for the simulation are presented in Table 1.
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Fig. 1. Illustration of the SPR-biosensor structure, the thickness and configuration of the layers
subjected to change.

Table 1. RI and thickness different layers.

Layer Prism (BK7) TiO» Au MoS; Graphene
RI [30] 1.515 2.583 0.185+3.423i 5.08+1.172i 3+1.147i
Thickness - 5nm  10-70 nm 0.65 nm 0.34 nm

2.1. The RI of the Bioreceptor Layer

Biosensors consist of a transducer and a biosensitive part called a bioreceptor to identify
biological substances. The reaction that occurs between the bioreceptor and the biological
target substance causes the detection of the biological agent, and this causes the high
selectivity of the biosensors. Various bioreceptors have been used in various studies, which
include antibodies, enzymes, nucleic acids of DNA, RNA and aptamers, lipids, various
proteins, etc [31, 32]. Bae et al. [33] used a prism made of BK7 material (n=1.5151) with the
following parameters: chromium adhesive layer (5 nm), thick gold layer (43 nm), and
biological receptor layer to identify Escherichia coli bacteria, as shown in Fig. 2. Imaging
ellipsometry (IE) for detection of binding of Escherichia coli O157:H7 (E. coli O157:H7) to an
immunosensor is reported. A protein G layer, chemically bound to a self-assembled layer of
11-mercaptoundecanoic acid (11-MUA), was adopted for immobilization of monoclonal
antibody against E.coli O157:H7. The proposed SPR biosensor for the detection of Escherichia
coli bacteria provides a detection range of 103 to 107cells/ml, as shown in the work of Bae et
al., where the addition of the bioreceptor layer and the addition of 105 cells/ml analyte
concentration increased the SPR angle in the reflection curves, this change was 1.4°.
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Fig. 2. Schematic of SPR biosensor.

According to the results of the work of Bae et al. [33], after the addition of biological
layers, the RI of the sensing environment was changed from 1 to 1.05 with intervals of 0.005.
By increasing the RI of the sensing enviroment, the angle changes according to Fig. 3. The
amount of angle change is shown in Table 2. By adding 105 cells/ml, the RI can be estimated
and as a result, its relationship with the concentration can be reached. Fig. 3 shows the
reflection as a function of angle, from which the change in angle can be predicted and its
linear approximation can be obtained. The SPR angle for the dry sensing environment (air) is
44°, which increases to 45.4° with an increase of 1.4°. According to Fig. 4, the linear
relationship between RI and SPR angle is obtained as follows:

y = 66.432x - 22.42 1)

Based on Eq. (1), the RI of the measuring medium reaches a value of 1.02 for every 1.4°
change in the SPR angle. This means that the concentration of 10> cells/ml of Escherichia coli
will cause a change of 0.02 in the RI of the measuring medium.
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Fig. 3. Reflection as a function of SPR angle for various values of RI of the measuring medium.
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Table 2. SPR angle for various values of RI of the measuring medium.
RI 1 1005 1.01 1.015 1.02 1.03 1.05

Ospr 44 4428 44.69 4489 453 4642 47.14
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Fig. 4. SPR angle for various values of RI of the measuring medium and its linear approximation.

2.2. SPR Resonance Angle

Surface plasmon forms in the metallic-dielectric interface, known as volumetric
plasmon, and propagate with the kx wave vector in the electric metallic phase. On the other
hand, the electromagnetic wave with the k wave vector descends on the surface of the prism,

where ky and k are introduced in Egs. (2) and (3), respectively:

12
« = 27| Em&d @)
A e, +éy
2r .
k:Tnpsm(e) 3)

where en, is the metal-dielectric constant, &4 is the dielectric constant of the prism, n; is the RI
of the prism, 0 is the angle of incident light descending to the prism, and A is the wavelength

of the light. If kx = k, then resonance occurs and 0 is defined as in Eq. (4) [34, 35]:
2
En€
0 =arcsin ni _“m®%d )
P gm +8d

2.3. SPR Performance Indicators
Sensitivity (S) in an SPR biosensor reflects its performance effectively,

_ ABspr
S = o ®)
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where ABspr is the change in SPR angle and An is RI changes in the sensing medium [14].
The detection accuracy (DA) is defined as the ratio of ABspr to the full width at half
maximum (FWHM) of the reflectance curve [14].
A= DOser_ (6)
FWHM

The FWHM of the SPR spectra can be determined by computing the total width at half
the depth of reflectance [14]. Due to the interaction between the incident light and the surface
plasmon of the Au layer, at a particular angle, the incident light will minimize intensity. The
aim is to find this minimum angle at given thicknesses. The lower the FWHM and the
reflectance are, the more ideal and desirable the result, indicating that the surface plasmon
resonance occurs more strongly. For example, Fig. 5 shows how to obtain FWHM value.
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Fig. 5. FWHM of SPR curve corresponding to half from its maximum value.

Finally, the quality factor (Q) is defined as the ratio of sensitivity to the FWHM of the
reflectance curve [14],

S
Q= FWHM

)

3. RESULTS AND DISCUSSION

First, the effect of the single gold layer was studied by varying its thickness from 30 to
70 nm in a step of 5 nm. Fig. 6 shows the reflection responses at different thicknesses of the
gold layer to 633 nm incident light.

Also, from Fig. 6, it can be realized that the optimum thickness of the Au layer is about
50~60 nm. The results of this study are presented in Table 3, in which Rmin denotes the
minimum reflectance value. It is obvious that the lowest FWHM occurs for the 60 nm Au
layer and the lowest minimum reflectance value occurs for the 50 nm thick gold layer.
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Because the adhesion of the Au layer to the prism is very low, we use another layer

between the prism and the Au layer to increase the adhesion of the Au layer to the prism,
which is a TiOz layer. By adding the adhesive layer (TiO2-5 nm) between the gold layer and

the prism, it is observed that they reach better values.
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Fig. 6. Reflection curves for various values of Au layer thickness at 633 nm wavelength.

Table 3. Comparison of Rmin, Ospr and FWHM for Au layer with various thicknesses
at 633 nm wavelength.

Au thickness [nm] Rmin Ospr FWHM
30 0.30 44.48 4.81
35 0.19 4416 3.07
40 0.09 43.99 2.14
45 0.019 43.89 1.58
50 0.016 43.87 1.28
55 0.07 43.67 1.07
60 0.15 43.67 0.66
70 0.37 43.67 0.70

We investigate the effects of the additional layers of graphene and MoS; on the
sensitivity of the device by selecting the thickness of 50 nm for the Au layer. The

configuration is first examined by adding a graphene layer above the Au layer. In order to

find the optimal number of graphene layers, we add one to several layers of graphene to the
previous structure and check its effect on the response of the biosensor, the results of which

are shown in Fig. 7 and Table 4.
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Fig. 7. Reflection curves for different thicknesses of graphene and Au at a wavelength of 633 nm.

Table 4. Comparison of Rmin, Ospr and FWHM for the structure of BK7/ Au-45,50 nm/nL Graphene and
BK7/TiO2/ Au-45, 50 nm/nL Graphene at a wavelength of 633 nm.

Layer Runin Bspr FWHM
Au(45 nm) 0.019 43.89 1.58
Au(50 nm) 0.016 43.87 1.28
Au(45 nm)/1L Graphene 0.006 44.08 1.94
Au(50 nm)/1L Graphene 0.034 44.08 1.58
Au(50 nm)/2L Graphene 0.040 44.08 1.48
Au(50 nm)/3L Graphene 0.044 43.87 1.65
Au(50 nm)/5L Graphene 0.088 44.28 2.02
Au(50 nm)/10L Graphene 0.203 44.89 3.16
TiO2(5 nm)/ Au(45 nm) 0.010 43.87 1.24
TiO2(5 nm)/Au(45 nm)/1L Graphene 0.008 44.08 214
TiO2(5 nm)/Au(45 nm)/2L Graphene 0.001 44.08 1.89
TiO2(5 nm)/Au(45 nm)/3L Graphene 0.010 44.08 2.06
TiO2(5 nm)/Au(50 nm)/1L Graphene 0.024 44.08 1.58

Also, performance parameters per 0.02 change in RI are calculated and presented in
Table 5, in which An denotes the RI changes in the sensing medium. The results show that
the sensitivity increases with the increase in the number of graphene layers.

Table 5. The effect of the number of graphene layers on the output parameters in different
structures in air and bacteria environment.

Layer An ABsg FWHM S DA Q
Au(50 nm) 0.02 1232 128 616 078 47.65
Au(50 nm)/1L Graphene 002 1.22 1.58 61 0.63 38.60
Au(50 nm)/10L Graphene 0.02 1.34 3.16 67 031 21.20

TiO2(5 nm)/Au(50 nm)/1L Graphene 0.02 1.22 1.58 61 0.63 38.60

The results show that increasing the number of graphene layers increases the sensitivity
of the biosensor. By adding ten layers of graphene, it can be seen that the sensitivity of the
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biosensor increases by 9% compared to the initial state. To further increase the sensitivity and
performance of the sensor, it is suggested to use other layers. Therefore, the investigation is
followed up by placinga single graphene and a single MoS, layer and a sandwiched
configuration of G/MoS;/G and MoS;/G/MoS; on Au layer 50 nm thickness at an air
medium of n =1. Fig. 8 depicts the corresponding spectra to the different configurations.

G(1L)/MoS2(1L) MoS2(1L)/G(1L)/MoS2(1L) MoS2(1L)/G(2L)/MoS2(1L)

1 MoS2(2L)/G(1L)/MoS2(2L) —— G(1L)/MoS2(1L)/G(1L) Graphene(1L)
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Fig. 8. Reflectance curves for graphene-MoS; hybrid configurations at 633 nm wavelength.

Reflectance

In the covalently bonding molybdenum (Mo) atoms between two Sulphur (S) atoms, the
location of S atoms provides the metal ligand strong Au-S bonds and improves the charge
transfer between S and Au. This is also true for the graphene/Au structure, that is the
physisorbtion of graphene on Au, which leads to weaker bonding energies and larger
equilibrium separations, the transfer of charge exists between the two. Meanwhile, the
differential reflectance spectrum reveals that the presence of graphene in graphene/AuNPs
significantly increases lateral scattering compared to the presence of MoS, in MoS,/ AuNPs,
most likely due to much higher optical absorption coefficient of monolayer MoS; than the
monolayer graphene, as well as the ballistic electron transportation in graphene and reduction
in Fermi velocity in MoS; because of shifting the point in k space [36].

The reflection spectrum shown in Fig. 8 shows the minimum reflection angle as a
function of the number of MoS; and graphene layers, which can affect the angle position,
width and magnitude of the reflection. It is fully understood that the total transmittance is
decreased when the number of MoS; flakes is increased in the structure. Although, it has
already been demonstrated that an increased field-effect mobility is observed for a single
layer molybdenum disulfide on graphene [37], there is no explanation yet to show the
behavior of the minimum reflectance and resonance angle for the proposed sandwich
configurations of the flakes in Fig. 8. One possibility is that increasing the number of
molybdenum disulfide layers increases the SPR angle due to Van der Waals (vdW) interlayer
coupling, which can be ascribed to Columbic interactions and potential stacking-induced
changes in intralayer bonding and causes a weak electronic hybridization between the layers.
Meanwhile, at a certain bonding interaction between graphene and MoS; flakes, a shift in



375 © 2022 Jordan Journal of Electrical Engineering. All rights reserved - Volume 8, Number 4, December 2022

chemical potential occurs which in turns resulted in a Fermi energy pinning or linear
dispersion near the gap center of MoS,. A monolayer of MoS; has a thickness of around
0.65 nm, whereas graphene has a thickness of roughly 0.34 nm, without considering the
impact of NPAU layer and the effect of binding of the bioreceptor layer, the effect of thickness
of a monolayer MoS; on a monolayer of graphene could be speculated at 1:2 in the structure.
Increasing the number of MoS; flakes above two causes a dramatic degradation in the
minimum reflectance. As previously demonstrated in Table 1, the alteration may be
interpreted as a large real value and a small imaginary part of MoS;'s dielectric constant,
which is ascribed to the low electron energy loss.

Performance parameters per 0.02 change in RI for presenting about 105 cells/mL E.Coli,
are calculated and presented in Table 6. The results show that adding the MoS; layer increases
the sensitivity in the biosensor, which is the highest value for the MoS;-1L/Graphene-
2L/MoS,-1L configuration and is equal to 71.5 °/RIU. This increase in sensitivity compared to
the initial state is 17.5%, but at the same time, the detection accuracy is reduced. The results of
other researches on sensors designed based on graphene are also presented in Table 7 for
further comparison.

Table 6. Effect of the hybrid structure of graphene andMoS;on on the output parameters in different
structures in air and bacteria environment.

Layer An ABspr FWHM S DA Q
TiO2/ Au/1L Graphene 0.02 1.22 1.58 61 0.63 38.60
TiO,/Au/1L G/1L MoS; 0.02 1.23 227 61.5 044 27.09
TiO2/ Au/1L MoS,/1L G/1L MoS; 0.02 131 3.28 65.5 0.30 19.96
TiO2/ Au/1L MoS,/2L G/1L MoS; 002 143 299 715 033 2391
TiO2/ Au/2L MoS,/1L G/2L MoS; 0.02 1.32 6.77 66 014 9.74
TiO,/ Au/1L G / 1L MoS2/1L G 0.02 1.23 2.06 61.5 0.48 29.85

Table 7. Performance paprameters for graphene-based SPR sensors.

Configuration Wavelength [nm] S[°RIU'] DA Q[RIU!] References
Prism/TiO2/ Au/Mof,- 633 715 033 2391  This work
1L/Graphene-2L/MoS,-1L
Prism/ Au/Si/Graphene 632 53.75 0.05 - [38]
Prism/Au /MoS;/Graphene/BRE 632.8 45.97 0.30 2.52 [39]
Prism/Au/Graphene/ Anity Layer 633 33.98 0.29 2.78 [40]

4. CONCLUSIONS

In this work, the effect of different MoS,/ graphene/Au combination and the numbers
of their flakes on the spectral response of an SPR-biosensor was numerically studied and
presented. Furthermore, a comparison on the orders and thicknesses of the MoS,/ graphene
heterostructure to the medium was performed. We also analyzed the sensitivity and other
parameters of the sensor to obtain the best configuration feature. The results showed that the
1L_Mo0S5,(0.65 nm)/2L_G(0.68 nm)/1L_MoS; (0.65 nm) on 50 nm Au/5 nm TiO,/Prism
possesses the highest sensitivity of 71.5 °/RIUper 105 cells/ml of Escherichia coli bacteria.
The results also indicated that increasing the number of layers in the heterostructure in the
output has a direct effect on the sensor performance. On the basis of the results from the
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improved configuration of the proposed model, it is anticipated that a new potential for an
SPR biosensor with very high performance for the detection of the bacteria may exist.
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