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We propose a new configuration of a localized surface plasmon resonance (LSPR) biosensor that is based on
MoS,-graphene hybrid structures for ultrasensitive detection of molecules. The performance parameters of the
proposed biosensor are defined in terms of absorption and sensitivity. Our study show that sensitivity can be
greatly increased either by adding a bilayer MoS,/graphene on the Au nanoparticles or by adding the MoS, layer
or the graphene layer on the surface of the Au nanoparticles. The absorption curves for the proposed LSPR
biosensor are analyzed and compared with the conventional biosensors without MoS,/graphene. By optimizing
the structure of the sensor, we find that the sensitivity as high as 360 nm/RIU can be achieved with 8-layers of
MoS, and 10-layers of graphene. In addition, we show that the sensitivity can be controlled by changing the
number of the monolayer of MoS, and/or graphene. Finally, we show that this sensor can detect successfully
impure water after absorption of target single-stranded DeoxyriboNucleic Acid (ssDNA) biomolecules.

1. Introduction

The optical properties of metal nanoparticles and their addressa-
bility by spectroscopic techniques have put them at the forefront of the
fundamental and applied fields of research, with applications ranging
from nanoscale wave guidance to localized surface plasmon resonance
(LSPR) biosensor designs, for the biological and chemical detection
[1-4]. The understanding of the properties of the gold nanoparticles
(AuNPs) is significantly more complex when the AuNPs are deposited
on a substrate [1,5,6] and/or when the interaction between the AuNPs
and the substrate is not neglected [7-9]. It is quite clear from the
theoretical and experimental studies on the AuNPs that several para-
meters govern their behavior [10,11].

For biosensing applications, the gold-film is not well adapted due to

* Corresponding author.
E-mail address: Mohamed.elbarghouti@gmail.com (M. El barghouti).

its poor adsorption of biomolecules, which limits the plasmonic bio-
sensor detection properties [12]. A number of studies to amplify the
LSPR signal have been demonstrated [10]. For example, LSPR nanos-
tructure with periodic gold nanoparticles (AuNPs) on a substrate has
been suggested to improve sensitivity [12,13]. Meanwhile, this ap-
proach could be used as an effective means of increasing the reaction
surface and generating a very confined localized surface plasmon mode,
and therefore, enhancing a polarized field-nanoparticle interaction [8].
The AuNP-based LSPR is widely used for the detection of biomolecular
elements (Proteins, Antibodies and Nucleic Acids) [13]. However, in
order to improve the sensitivity, there are several approaches for im-
proving the adsorption of biomolecules, e.g. the growth of an affinity
layer [14,15], using two-dimensional (2D) nano-layers of MoS, and
graphene on AuNPs [16-19].



It is well established that the AuNPs absorb strongly in narrow
frequency bands in the visible range that their localized surface
plasmon resonances become excited. In addition, the effect of the di-
electric environment (surrounding nanoparticles) has been widely stu-
died in the literature [20-23].

Spectacular advances in the control of the optical properties of the
leaves of MoS, materials stimulate the search for new types of two-
dimensional materials. In fact, monolayers of materials classified as
transition-metal dichalcogenides (TDMs) such as MoS, appeared just
recently [24], and are considered to be very promising new type of
materials with possible applications in several domains (including bio-
plasmon detection). Another 2D nanomaterial that entered the picture
very recently is the graphene [24] came into the picture because of
their extraordinary properties of absorption [25]. Two-dimensional
materials are very suitable for adsorption of absorbent materials due to
their large surface-to-volume ratio, and their strong conductivity [26].
Elias et al. indicated that the load mobility of the graphene carriers is as
high as 106 cm?V~'s~! [27]. This is done in the case where the MoS,
layers are deposited on the particles. More specifically, we will examine
the effect of progressively varying thickness of the MoS, layers from
0 nm to 6.50 nm (from O to 10 layers) and the graphene thickness from
0 nm to 3.34 nm (0 to 10 layers); the coating of nanoparticles by gra-
phene, it becomes more and more possible, since we know how to bend
graphene and MoS, layers very thin without breaking them; we think
that it will be possible to realize our structure.

The semiconductor MoS,, strong light-matter interaction and simi-
larity with the graphene, it is of interest to scientists as a viable alter-
native to graphene in the manufacture of electronics, especially in
photoelectronics [28]. The MoS, has an absorption of about 5% per
atomic layer [29], whereas the graphene only has an absorption of
about 2.3% per atomic layer [25,30].

Different dielectric layers of the refractive index (n,) are deposited
on the top of AuNPs/MoS,/graphene, which are in turn seated directly
on a substrate made of SiO, (ny). Basically, we are numerically studying
the nanostructure of how the MoS,/graphene layers are deposited on
AuNPs (SiO,/AuNPs/MoS,/graphene). The corresponding geometry is
well illustrated in Fig. 1. The incident light (along the y-axis) whose
electric field is polarized along the x-axis is also highlighted. In this
paper, the geometric parameters of golden nanoparticles will be fixed,
as the length of the nanoparticles is 1 = 125 nm, a = 300 nm is the
period parameter (along the x-axis, see Fig. 1), and h = 15 nm is the
height of the nanoparticles.

In our biosensor, we show a significant enhancement of the

Sensing medium (n,) Detector

dmosz (1)

dyapree (7,)

SiOx (ﬂs)
Polarized light k | E

Fig. 1. Schematic representation of AuNPs when covered with few layers of
MoS,/graphene and another dielectric lying on top (detection medium of re-
fraction index n,), and deposited on a SiO, substrate (SiO,/AuNPs/MoS,/gra-
phene/dielectric). The particles form a 1D grating along x-axis. The AuNPs
grating is characterized by parameter h referring to the particles height, 1 is
their length and a is the lattice parameter. The input wave source (mono-
chromatic plane wave) is also shown.

sensitivity of localized surface plasmon resonances of coated AuNPs
with layers of MoS,-graphene to the surrounding environment as
compared to nanoparticles only deposited on a glass substrate.
However, the conventional LSPR biosensor still has a deficiency that its
sensitivity not high enough to detect more slight changes in the sur-
rounding environment. Hence, the design of AuNPs/MoS,-graphene
based plasmonic biosensors and like this one defined in Refs. [31-33]
with the new types of biosensing 2D materials. When the refractive
index of sensing medium varies from 1.334 to 1.35, we can obtain the
sensitivity of 403.12 nm/RIU and 255.64 nm/RIU for the conventional
LSPR biosensor. Comparing with the nanostructure hybrid biosensor
has added a MoS,-graphene layers (M = 2, L. = 2). Indeed, we show
that AuNPs coating with layers of MoS,-graphene leads the sensitivity
increases to 57.70%. The optimal thickness of MoS,-graphene layers is
numerically investigated to achieve a high LSPR sensitive system.

Finally, it should be noted that the excitation system for SPR has to
pass through a prism, which makes the structure bulky, whereas the
excitation system for LSPR only needs a laser diode to excite the surface
plasmons, which makes the device easier to transport and the round
also more accessible (the device is cheaper). Another important point
for LSPR is that when biological or biochemical fluids interact, effects
can be studied at the molecular level. A last point of comparison be-
tween SPR and LSPR is that the contact surface with locally detected
biological/biochemical molecules is larger with nanoparticles than with
metallic film [34].

This paper is organized as follows. Section 2 briefly presents the
theoretical model of the simulation and the method followed for cal-
culating the sensitivity of the sensor as well as the absorption coeffi-
cient. In Section 3, the design consideration of the proposed LSPR
biosensor will be given. Section 4 will be dedicated to the corre-
sponding results for the case where AuNPs are coated with MoS,/gra-
phene layers. Finally, Section 5 summarizes the main results of this
work and compares it with other nanostructures designed for increasing
the sensitivity.

2. Theoretical methods
2.1. Simulation model

The optical properties of gold nanoparticles are determined nu-
merically within a wavelength (in vacuum) domain ranging from
visible to near IR, specifically, [400-1200 nm]. Simulations are per-
formed using Finite Element Method (FEM) [35,36]. Actually, the si-
mulation method has already been well documented in Refs.[37-39]; it
focus on solving Maxwell’s equations in the frequency domain by dis-
cretizing space of interest into small finite elements (having various
possible shapes such as triangular, mapped, tetrahedral (3D) etc.). Our
calculation is carried out in a two-dimensional (2D) domain with Ox
and Oy axes oriented as shown in Fig. 1. An incident plane wave is
generated within SiO, substrate of refraction index n, = 1.45, and is
launched along the Oy axis (direction of propagation). The plane wave
is p-polarized (TM electromagnetic field) TM polarized and its asso-
ciated electric field vibrates along the Ox axis. The calculation is meant
to simulate an infinite array of nanoparticles along Ox axis, and the
structure is supposed to be infinite along the direction of Oz. The space
discretization is realized by means of free triangular mesh and such that
the maximum size of elements is adjusted depending on the material
considered. In all dielectrics (layer on top of AuNPs and SiO, substrate),
the elements size is no more than (%)/ 5, where n is the index of SiOy or
water/air. In gold particles the skin depth § effect has to be taken into
account and, as such, at least five points should be set across §. Within
the considered frequency range, & lies above 22 nm (following the
calculation method of Ref. [40]), so a maximum elements size of about
3 nm is sufficient for the numerical calculations to converge. Actually,
given that we use (in our structure) thin layers of MoS, (from 0 nm to =



Table 1

Gold (Au) Lorentz-Drude model parameters.
Term fr [rad/s] wp [rad/s] wpy [rad/s] T [rad/s]
m=0 0.760 13.72 101 0.00 0.08052 103
m =1 0.024 13.72 109 0.6305 10'° 0.3661 10"
m = 2 0.010 13.72 101 1.261 10'° 0.5241 10"°
m =3 0.071 13.72 10" 4.511 10'° 1.32210'°
m =4 0.601 13.72 10" 6.538 1013 3.789 10'°
m =5 4.384 13.72 10" 20.24 1013 3.364 10'°

6.5 nm) in which light attenuates as well (being a transition metal class
material), we decided to fix the maximum elements size at 0.006 nm (to
achieve numerical convergence). This value will also suit the use of a
thin layers of graphene (from 0 nm to = 3.34 nm), as a coating for
AuNPs/MoS,. Obviously, the mesh is relaxed everywhere else as ex-
plained above (in dielectric materials).

In Fig. 1, is sketched the simulation models domains in the con-
sidered configuration, i.e. when particles are covered with thin layers of
MoS,/graphene. The frequency-dependent complex permittivity of gold
metal is described by the Lorentz-Drude model [41,42]:

M
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£(@) = €00 + mip.
mZ:O w,f, - w? + jwI, [6))

where ¢, ,, is the relative permittivity at infinite frequency, w, the
plasma frequency, and w,,, f,, and T;, are the resonance frequency, ,the
strength (weight) and the damping rate of the oscillator, respectively.
The Lorentz-Drude model uses M damped harmonic oscillators to de-
scribe the small resonances observed in the metal’s frequency response.
The value of the dielectric constant at infinite frequency (¢, =1) and
all the other parameters of L-D model are taken from reference [41].
The formers are summarized in Table (1) below:

2.2. Determination of the sensitivity

The sensitivity of the refraction index is determined by the fol-
lowing equation [43]:

§ = Auser 0 pry-y

An, 2
where n, is the refraction index of the detection medium and A;gpz is
the resonance wavelength of localized surface plasmon resonance
(LSPR) of gold nanoparticles (AuNPs). The detection medium could be
either SiO, (n, = 1.45) or air (n, = 1) materials (An,=0.45). The
sensitivity of the structure arises from the change in refractive index
induced by an adsorbate on the interface between the detection
medium and the dielectric on top of AuNPs. However, after the point of
saturation, a red-shift of plasmonic resonance of Ad;spr resonance has
been observed.

2.3. Calculation of absorption

In the ATR configuration, according to the principle of energy
conservation, the sum of the absorption (A), the Reflection (R) and the
transmission (T) must be equal to 1 (i.e., A + R + T = 1). Assuming
that there is no energy loss in addition to the absorption of the mate-
rials. Under the condition of ATR, R is always close to zero, the ab-
sorption of the system can be reduced to A = 1-R-T. When the LSPR
was excited, the absorption gradually increased until it reached a
maximum.

The maximum absorption was close to 1 indicating that the incident
energy was almost completely absorbed by the stratified materials.
Therefore, the maximum incident light energy transfer to the evanes-
cent wave is necessary in order to achieve the best improvement per-
formance of the LSPR [44-47].

3. Design of the proposed sensors

We consider a modified biosensor configuration, as shown in Fig. 1.
Each layer of the materials is supposed to be piled along the Oy axis. In
our nanostructure, SiO, is chosen as the refraction index coupling
substrate ny = 1.45, which is deposited on the golden nanoparticles and
coated with a MoS, layer. The MoS; layer (dps,) is close to the AuNPs,
and the other side of the MoS; layer also connected with a layer of a
graphene. The graphene layer (dgqphene) is used as a bio-molecular re-
cognition element. We have fixed the geometric parameters of the gold
nanoparticles (AuNPs) as the diameter (I = 125 nm), the height
(h = 15 nm) and the interparticle distance (a = 300 nm). The per-
mittivity of the gold according to the frequency is described by the
Lorentz-Drude model Eq. (1).

The complex refractive index MoS, used is ny, = 59 + i 0.8
(632 nm) [48], with the thickness of the MoS; layer being estimated by
dumos, = Mx0.65 nm, where M is the number of MoS, layers. The gra-
phene is contacted with the detection medium layer in order to increase
the capacity of the macromolecular absorption of the biosensor (fixa-
tion of the biological element). The thickness of the graphene is varied
as dgrgphene = Lx0.34 nm, where L is the number of graphene layers. The
refractive index of the graphene is given by the following formula [49]:

.G
=30+i—A1
"t 3 3
where the constant C; =5.446 ptm_l [50], and A is the wavelength of
the incident light in pm. The refractive index of the detection layer is
chosen as n,= 1.000.

4. Resultats and discussion

The operating principle of the proposed biosensor is based on lo-
calized surface plasmon resonance (LSPR) produced by interaction of
the plasmonic material and the Magnetic Transverse (TM) or P-polar-
ized light incident. A certain wavelength (4) light is passed through the
substrate; it is propagated in the substrate-metal interface, which gen-
erates an evanescent field. This evanescent field penetrates the gold
nanoparticles and continues to propagate with the K, spread constant
along the Ox axis as shown in Fig. 1.

After defining the refractive indices and thicknesses of all the con-
stituent layers of the proposed biosensor, the first aims are to optimize
the geometric parameters of the gold nanoparticles and the thicknesses
of MoS, and graphene layers. For the optimization of these different
parameters, we calculate the absorption spectrum versus the
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Fig. 2. Absorption curve for conventional LSPR at (M = 0 and L = 0) and for
different combinations of M and L. The nanoparticles are characterized by
1 =125nm, h = 15 nm and a = 300 nm. The refractive index of the substrate
on which the structure are deposited is n, = 1.45.



wavelength of the incident light. To optimize thicknesses of MoS, and
Graphene, the variations of the LSPR should be as high as possible,
while the sensitivity of the biosensor must be as high as possible
[22,23].

Fig. 2 presents the absorption spectrum versus wavelength when the
incident wave coming from the substrate is normal to the interface. In
contrary to the conventional LSPR biosensor [without the MoS, and
graphene layers (M = 0, L = 0)], the presence of the MoS, and Gra-
phene in the nanostructure shifts the LSPR and increases the sensibility
and the factor of merit. The refractive index (n,) value of the sensor
detection layer is 1.000 or 1.45, respectively. At the resonance of LSPR,
the absorption intensity must be maximal, which is satisfied by all the
curves in this figure. It can be clearly observed from Fig. 2.

We discuss the characteristic sensitivity of the modified biosensor
by adding MoS, and graphene. To illustrate the improvement of the
sensitivity performance as shown in Fig. 2, we set M = O and L = O,
which means the disappearance of the layer of the graphene and the
MoS, layer. It is clearly found that the absorption exists a sharp increase
at a certain wavelength range due to the excitation of LSPR. This
phenomenon indicates that the incident light is absorbed by the con-
figuration of the biosensor by the exciting LSPR. While the refractive
index of the detection layer has small changes due to the molecular
interaction An, = 0.45, resonance displacement has a small excursion
around Adpspr = 106.22 nm. Therefore, we can obtain the sensitivity
S = 236.5 nm/RIU of the structure according to the corresponding
calculation of Eq. (2). We can also notice that, for L <3 and/or M <3,
the variations of the sensitivity remains low (see Table 2). This means
that the sensitivity in this case is less than the one without the gra-
phene. In addition, a similar situation occurred when considering the
MoS, layer (M <2) and the graphene sheet (L <2), the variation of re-
sonance LSPR in the east Ad;gprg = 97.22nmto (M = 1, L = 1), Adispr
= 99.61 nm at (L = 1, M = 2) and Al;spg = 101.45 nm at (L = 2,
M = 2). The sensitivity is S = 216 nm/RIU, S = 221.5 nm/RIU and
S = 225.5 nm/RIU, respectively.

In addition, we also calculated the variation in the LSPR resonance
wavelength of the structure by simultaneously adding the MoS, layer
and the graphene layer (M >3 and L >3) to the higher sensitivity of the
proposed biosensor. However, we note that the absorption shift is
considerably altered (see Table 2). The resonance LSPR offset is about
Alrspr = 107.28 nm, the sensitivity is S = 238.40 nm/RIU for M = 3
and L = 3 and for Aligpr = 157.36 nm the sensitivity is
S = 349.70 nm/RIU for M = 8 and L = 6.

By comparing the relevant data, we can see that the offset of the
resonance wavelength of the biosensor in our structure due to the ad-
dition of the MoS, layer and the graphene layer is greater than the
conventional structure of LSPR due to the addition of the graphene
layer and the traditional structure of LSPR which contains only the
substrate and the gold nanoparticles. Therefore, we can conclude that

Table 2

Evolution of the sensitivity S acquired theoretically for SiOy/AuNPs/MoS,/
graphene, for (M = 0 and L = 0) and for different layers of MoS, and Graphene
(M, L) [see Fig. 2].

MoS, Thickness  Graphene Arspr (nm) Arspr (nm) [SiOx S (nm/
(nm) Thickness (nm) [Airng=1] ng,=1.45] RIU)
0 0 810.81 917.03 236
0 0.34 826.77 929.20 227.5
0 0.68 840 945.94 235.5
0.65 0.34 875 972.22 216
1.30 0.34 905.17 1004.78 221.5
1.30 0.68 913.05 1014.50 225.5
1.95 1 937.5 1044.78 238.5
2.60 1.34 954.54 1065.99 247.5
2.60 2 958.90 1082.47 274.5
5.20 1 933.33 1076.92 319
5.20 2 925.11 1082.47 349.5

the sensitivity of the biosensor in our structure SiO,/AuNPs/MoS,/
Graphene has a great improvement compared to the traditional simple
structure SiO,/AuNPs.

The refractive index of the detection medium has a significant im-
pact on the absorption intensity and resonance length of LSPR. To de-
termine how LSPR changes with the mean refractive index (n,) varia-
tion, we calculated the LSPR curves for n, = 1.000, 1.334, 1.35, 1.37,
1.40 and 1.45 for the fixed value of M = 2 and L. = 2. The results are
described in Fig. 3(a). It can be obvious from the figure that increasing
the results of the refractive index of the detection medium increases the
wavelength of LSPR. When the refractive index changes from 1.000 to
1.334, 1.334 to 1.35, 1.35 to 1.37, 1.37 to 1.40 and 1.40 to 1.45, the
wavelength of LSPR (4;spr) moves from 913.04 to 980.40, 980.40 to
986.84, 986.84 to 993.38, 993.38 to 1000 and 1000 to 1014.50 nm,
respectively Fig. 3(b).

In this study, all calculations are performed for the SiO, substrate
having a refractive index of 1.45. It has been reported that the decrease
in the refractive index of the functioning sensing medium improves the
sensitivity of the sensor [51].

According to the analysis done above, it is clear that the sensitivity
of the biosensor can be controlled by the refractive index of detection
medium. In order to better understand the enhancement of the sensi-
tivity of the biosensor by the layers of graphene and MoS,, we also
discussed the dependence of the sensitivity of the biosensor on the re-
fractive index of detection medium, as shown in Fig. 3. Here we select
the refractive index of the layer varies from 1.000 to 1.45. It can be seen
that as the refractive index of detection medium increases by
1.000-1.334 sensitivity is S = 201.64 nm/RIU, for 1.334-1.35 sensi-
tivity increases significantly S = 403.12 nm/RIU. For the other re-
fractive index (n,) changes from 1.35 to 1.37, 1.37-1.40 and 1.40-1.45
the sensitivity of 326.76 nm/RIU, 220.75 nm/RIU and 289.85 nm/RIU
respectively.

There is a dominant effect of changing the height of Au nano-
particles from h = 7 to h = 25 nm on the wavelength of resonance
LSPR and the corresponding absorption (drawn in Fig. 4(a)) and sen-
sitivity.

Fig. 4(b) shows the variation of Ad;spr of resonance with the in-
crease in the height of the nanoparticles of gold from 7 to 25 nm. As
seen from the figure, the proposed sensor shows the greatest change in
wavelength of resonance LSPR to the thickness of 7 nm; therefore, the
maximum sensitivity can be obtained at this thickness is 296.18 nm/
RIU (Table 3). For example, the sensitivity is comparatively higher in
the thickness varying from 7 to 15 nm. However, to maintain the high
detection accuracy we considered the gold layer thickness of h = 15 nm
throughout the analysis.

Another point would be the fluctuating nature of A;spg from LSPR to
15 nm, suggesting the difficulty in finding a stable detection stage. This
phenomenon has also been shown in Fig. 4(a) and (b). At the height of
the AuNPs of 7, 10, 15, 20 and 25 nm, the calculated sensitivities are in
Table 3, respectively. At optimum height of AuNPs, the thickness of the
MoS, and graphene layers are M = 2 and L = 2.

Combined with the previous analysis, we deduce that the sensitivity
of the biosensor can be enhanced by decreasing the height of the na-
noparticles. It is found that the sensitivity of the biosensor increases by
189 nm/RIU when the height “h” of AuNPs moves from 25 to 7 nm.

In Fig. 5, the sensitivity is plotted according to the refractive index
of the substrate to the optimized thickness of the MoS, and graphene
layers. The evolution of the sensitivity is plotted at the curve below 8
layers of MoS, and 6 layers of graphene. The detection medium is
suitable for medium n, = 1.000 and n, = 1.45. Substrate is steep in
nature due to the non-existence of solid material for the prism. It is clear
from Fig. 5 that the sensitivity increases and decreases with the increase
in the refractive index (RI) of substrate (n,) [52,53]. Thus, in order to
meet the demand for high sensitivity the RI of the substrate should be
1.723 of SF10. If we consider the five well-known substrates i.e. SiO,,
SiO,, SF10, ITO and Aspherical the RI with a wavelength of 632.8 nm
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Fig. 3. (a) Conventional absorption curve for LSPR sensor (L = 2 and M = 2) for different detection medium (n,) and (b) resonance wavelength evolution based on

detection medium refractive index.

are 1.45, 1.51, 1.723, 2.00 and 2.5 respectively, SF10 is the best choice
for a better performance of the sensor. For a clearer observation, in
Table 4, the LSPR resonance wavelength displacement results for these
five substrates are calculated at 1.000 and 1.45 RI of the detection
medium and the gold nanostructure parameters are h = 15 nm,
1 =125 nm, and a = 300 nm. Of Table 4 it is clear that the substrate of
SF10 has a moderate lag of resonance A;spg therefore according to Eq.
(2) sensitivity will be moderate. Finally, we can notice that if we use
SF10 as a substrate, we obtain a high sensitivity, but with a broad re-
sonance peak. If we replace the SF10 with SiO,, we get a low sensitivity
but with a sharp resonance peak, which allows to have a good factor of
merit. In the rest of this study, we chose to use SiO, as a substrate.

In the previous analysis, we verify that the introduction of the MoS,
layer and the graphene layer make a large contribution to the sensi-
tivity of the biosensor LSPR. However, in addition to the introduction of
the MoS, layer (M) and the graphene layer (L), we find that the sen-
sitivity of the biosensor is also sensitive to the number of layers. In
order to further improve the sensitivity of the biosensor, we optimize
the number of MoS, layer and the graphene layer. First, we discuss the
influence of the number of MoS, layers (M) on the sensitivity, as shown
in Fig. 6(a, b, ¢ and d). It is obvious that the increase in the number of
layers of MoS; layer can improve sensitivity. In addition, the plasmon
resonance wavelength moves towards the red with the increase in the
number of MoS, layers, which also implies that the sensitivity of the
biosensor can be designed by manipulating the number of layers of
MOSg.

Similar tendencies are also well adapted to the influence of the
graphene layers, as shown in Fig. 7(a, b, ¢ and d). The sensitivity also
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Table 3

Evolution of the theoretically acquired sensitivity for SiO,/AuNPs/MoS,/
Graphene at (M = 2, L = 2) according to the height (h) of the gold nano-
particles, for which 1 = 125 nm, and a = 300 nm. The refractive index of the
substrate on which they are deposited is ny = 1.45.

Gold nanoparticle height (nm) LSPR wavelength change (nm) S (nm/RIU)
7 133.28 296

10 115.01 255.5

15 101.45 225.5

20 84.17 187

25 48.12 107

moves toward larger values with the add number of graphene layer. In
addition, the range shift becomes larger with the increase of graphene
layers, for example, if one adds 10 layers of graphene (L = 10), the
sensitivity takes 356 nm/RIU with a range of increase of 62.5 nm/RIU.

For the following parameters of the gold nanoparticles (h = 15 nm,
1 = 125 nm and a = 300 nm) and the graphene layer set at L = 3
(1 nm), the resonance wavelength variation in the two detection
mediums n, = 1.000 and 1.45 with the variation in the number of
MoS, layers is plotted in Fig. 6(a) and (b), respectively. In Fig. 6(a), one
observe that A spr increases for the MoS, layers from 0 to 4 and de-
creases from 4 to 8. After layer 8, A spr begins to increase for the
structure of the detection medium n, = 1.000, this order is followed to
increase from O to 5 layers for the structure having a detection medium
of n, = 1.45. After 5 layers of MoS,, the plasmon resonance length
remains constant with a different number of MoS, layers. Fig. 6(d)
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Fig. 4. (a) conventional absorption curve for LSPR sensor (L = 2 and M = 2) for different values of the height (h) of the gold nanoparticles and (b) the effect of the
modifications of the height (h) of the gold nanoparticles on the wavelength of LSPR. The gold nanoparticles are characterized by 1 = 125 nm, and a = 300 nm. The

refractive index of the substrate on which they are deposited is n, = 1.45.
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Table 4
Evolution of the sensitivity for the structure, Substrate/AuNPs/ MoS,/Graphene
to (M = 8, L = 6) according to the refraction index of the substrate n; (See
Fig. 5).

Nature of the Refractive index LSPR wavelength S (nm/
substrate (ng) change (nm) RIU)
SiOx 1.45 157.36 350
Glass 1.51 159.32 354
SF10 1.723 164.53 365.5
ITO 2.00 126.28 280.5
Aspherical 2.5 55.14 122.5

shows that the sensitivity remains almost constant for M <2 and in-
creases dramatically for M >2. The sensitivity reaches its maximum
value for M = 8, it is equal to 319 nm/RIU (see Table 5).

For the parameters of the gold nanoparticles (h = 15 nm,
L = 125 nm and a = 300 nm) and of the MoS, layer fixed to M = 8
(5.20 nm), the resonance wavelength variation in the two detection
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mediums n, = 1.000 and 1.45 as a function of the number of layers of
graphene is plotted in Fig. 7(a and b), respectively.

Fig. 7(a) shows that A, spr decreases for all values of the graphene
layers. Fig. 7(b) shows the opposite comportment (1.spg increases with
the number of graphene layers), whose resonance wavelength move-
ment begins to increase for the structure shown in Fig. 7(c). One can
observe from Fig. 7(d) that the sensitivity increases with the number of
graphene layers but for the layers 6, 7 and 8 of the graphene the sen-
sitivity remains constant [14,17,54,55] (see Table 6).

We notice in Figs. 7(a) and 7(b) that the resonant wavelength
strongly depends on the value that the refractive index ns possesses
compared to that of n,. When n; >n,, we observe a shift of the re-
sonance wavelength towards blue. On the other hand, for n; = n,, we
obtain a spectral shift toward red. These variations are respectively due
to the increase in the number of layers of graphene (L) when the
number of MoS; layer set at M = 8. In other words, when increasing the
number of graphene layers (L), the spectral shift increases.

Comparing the results shown in Figs. 6 and 7; the following con-
clusions can be drawn: first, the plasmon A.spr resonance wavelength
compensated by the increase in the number of MoS, layers is greater
than the addition of the number of graphene layers [56]. Second, on the
basis of the previous discussions, we find that the MoS, and Graphene
layers can be used to improve the sensitivity of the biosensor. In ad-
dition, we also illustrate that the optical absorption efficiency of the
MoS, layer is higher than the graphene layer. This property leads to the
effect of the MoS, layer on reflection by increasing the number of layers
(M) is greater than that of the graphene (L). Therefore, it has a prior
optimization for the number of MoS, layers of the biosensor. The op-
timization of the number of graphene layers can be determined after the
determination of the number of MoS, layers. Based on this premise, we
first traced the dependence of the sensitivity of the biosensor on the
number of MoS, layers, as shown in Fig. 6(d). The other settings are the
same as before. It is clear that the sensitivity of the biosensor is not a
monotonous function. We can see that the sensitivity of the biosensor
increases first, and then decreases with the increase in the number of
MoS, layers from 1 to 10, and the maximum sensitivity appears at the
8th layer. The maximum value of the sensitivity of the biosensor is
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Fig. 6. Evolution of the LSPR sensor with variation of the number of MoS, (M) layers. In this example, L = 3, three graphene layers. The refractive index of the
substrate is n; = 1.45. (a) Evolution of the LSPR wavelength where the detection medium is the air (n, = 1.000), (b) the SiO, (n, = 1.45), (c) Variation in the
resonance LSPR wavelength change due to absorption at the detection surface. Figure (d) presents the evolution of sensitivity versus the number of MoS, layers.
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Table 5
Variation of the sensitivity as a function of the number of MoS, layers with
three graphene layers (L = 3).

MoS, (M) MoS, Thickness Arspr (nm) Arspr (nm) [SiOy S (nm/
layer (nm) [Air ng=1] ng=1.45] RIU)
0 0 853.66 954.54 224
1 0.65 893.62 995.26 226
2 1.30 921.05 1019.42 218.5
3 1.95 937.5 1044.78 238.5
4 2.60 950.23 1060.61 245.5
5 3.25 945.94 1076.92 291
6 3.90 943.82 1076.92 296
7 4.55 934.58 1076.92 316.5
8 5.20 933.33 1076.92 319
9 5.85 939.18 1076.92 306
10 6.50 948.51 1076.92 285.5
Table 6

Variation of the sensitivity according to the number of graphene layers in the

case where the number of layers of MoS, is M = 8.

Graphene (L) Graphene Arspr (nm) Arspr (nm) [SiOx S (nm/
layer Thickness (nm) [Air n,=1] ng,=1.45] RIU)
0 0 937.5 1071.43 298

1 0.34 933.33 1071.43 307
2 0.68 933.33 1076.92 319
3 1 933.33 1076.92 319
4 1.34 929.20 1076.92 328.5
5 1.68 929.20 1076.92 328.5
6 2 925.11 1082.47 349.5
7 2.34 925.11 1082.47 349.5
8 2.68 925.11 1082.47 349.5
9 3 921.05 1082.74 358.5
10 3.34 921.05 1083.03 360

about 319.09 nm/RIU when M =

8. The main reason for this phe-

nomenon is that the rate of light use decreases with the increase in the
number of MoS, layers. Therefore, the number of MoS, layers cannot be

increased indefinitely and it has an optimal value. When we optimize
the number of graphene layers, we define M = 8. We also traced the
dependence of the sensitivity of the biosensor on the number of layers
of the graphene, as shown in Fig. 6(d). Different from the situation in
Fig. 6(d), the sensitivity of the biosensor is a growing and monotonous
trend. This suggests that we just need to choose the big one to get a
maximum value from the sensitivity of the biosensor [22,57-59].

Generally speaking, after optimization, the maximum sensitivity of
the biosensor is about 360 nm/RIU with M = 8 and L. = 10. The in-
fluence of the number of MoS, layers and the number of graphene
layers on the sensitivity of the biosensor is given in the support in-
formation.

One observes a significant enhancement of the sensitivity of loca-
lized surface plasmon resonances of coated AuNPs with layers of MoS,/
graphene to the surrounding environment as compared to bare nano-
particles. Hence, the design of Au nanoparticles/MoS,-graphene based-
plasmonic bio-sensors with more sensitivity could be reached. Indeed,
we show that AuNPs coating with few layers of MoS,-graphene leads to
approximately a 52.54% higher sensitivity. The optimal thickness of
MoS,-graphene layers is numerically investigated to achieve a high
LSPR sensitive system.

5. Detection approach

This detection concept begins to observe the characteristic absorp-
tion according to the wavelength based on LSPR before and after adding
biomolecules (biosensing). The process of detecting the DNA
(DeoxyriboNucleic Acid) hybridization of the probe from the biosensor
LSPR based hybrid AuNPs/MoS,/graphene and other molecule is illu-
strated in Fig. 8. In Fig. 8(a), a five-layer schematic model substrate/
AuNPs/MoS,/Graphene/detection medium consisting of probe DNA
and PBS (Phosphate Buffer Saline Solution).

We first present how refractive index varies with the change in
adsorbed molecules single strand DNA (ssDNA) into double strand DNA
(DNA) on the sensor surface, then the refractive index of sensing
medium (n,) is mathematically modified as [11,16]:
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dn

ny,(DNA) = na(PBS) + c;— de 4)

Here, n,(DNA) is the RI of the sensing dielectric after adsorption of
DNA molecules, n,(PBS) is RI of the sensing dielectric before adsorption
of DNA molecules, c, is the concentration of adsorbed DNA molecules,
and dn/dc is the RI increment due to the adsorbate (DNA). The RI in-
crement parameter is dn/dc = 0.182 cm®/gm in the case of using a
standard buffer solution [16]. The refractive index of the sensing
medium after to add DNA considered in this work is given as:

ng(DNA) = 1.334 + An, 5)

where An, is the change of refractive index in sensing medium due to
the occurrence of a biological action (DNA). In this study, we assume
An,=0.07 [16,18].

The refractive index of detection medium (n,) is considered to vary
from 1.332 (pure water, before absorption of biomolecules) to 1.452
(impure water, after absorption of the biomolecules) in this study. The
proposed LSPR biosensor is shown in Fig. 8(b), which is the comparison
between the addition of biomolecules, the red dotted line shows the
LSPR curve to add DNA, while the green dotted line represents the LSPR
curve to add biomolecules ssDNA (single-stranded DNA) and the black
dotted line represents the curve for added a dielectric SiO,. Note that
the first mode at about 650 nm in Fig. 8, is a dipolar mode and is not
affected by the nature of the substrate. However, the second mode that
appears between 800 nm and 1000 nm is clearly a quadrupolar mode
(see Figs. 9 and 10). The resonance of this mode is very sensitive to the
nature of the substrate. We can notice that the quadrupolar nature of
the mode remains insensitive to the nature of the substrate and to the
refractive index of the detection medium.

Comparing illustrations in Fig. 8, the following conclusions can be
drawn: firstly, the plasmon A;spr resonance wavelength offset by sub-
strate variation. Secondly, the loss of optical energy caused by the in-
crease in the refractive index of detection for the same substrate.
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Fig. 10. Intensity of the Transverse magnetic field (TM) according to the
normal distance (y) of the interface.

Thirdly, it can be clearly seen from Fig. 8(b) that the sensitivity of the
biosensor differs for structural change.

Although MoS, and Graphene are able to improve the sensitivity
and protect the AuNPs of oxidation, it is necessary to see the effect of
adding molecules on the performance of the sensor to improve the
sensitivity. Therefore, in order to see these affects, comparative the
sensors having only ” n,” and ” n,”. For a SiO, substrate with clearer
observations of the A;spr, the curves LSPR to 1.000 and 1.45 are in-
dicated in medallion, the sensitivity is 272 nm/RIU. For the second
structure of a glass SF11 substrate and a detection medium composed of
pure water 1.332 and impure water (ssDNA) 1.452, it is clear that the
ascending order of sensitivity 300.97 nm/RIU can be observed. Same
order if for their glass substrate SF10 and the sensitive layer consisting

1074.50 nm

SF10 glass/AuNPs/MoSs/graphene/PBS

Fig. 9. Distribution of the transverse electromagnetic field (TM) close to the gold nanoparticles at the wavelength of plasmon resonance (A.spr), of the three

structures of the detection media and of the totally different substrates.



of PBS, 1.334 and DNA 1.404. This means that the sensitivity 246 nm/
RIU.

This measure, affecting the precision of the biosensor. Thus, we can
conclude that one cannot blindly increase the number of MoS, layers
and graphene layers for optimizing the sensitivity of the biosensor but
the addition of the biological element improves the sensitivity of sensor
LSPR [60].

All the above works are discussed in the case of the geometric
parameters of the gold nanoparticles are h = 15 nm, 1 = 125 nm and
a = 300 nm and for six layers of MoS, (M = 6) and three layers of
graphene (L = 3). The influence of the different substrate glass and the
molecules detected on the sensitivity of the sensor was discussed in the
support information.

6. Intensity of the Transverse magnetic field (TM) for different
nanostructures

The magnetic transverse field (TM) of the p-polarized light is plotted
in Fig. 9. An increase in the electromagnetic field strength at the lower
corners between the AuNPs and the substrate and at the upper corners
between the graphene layer and the detection medium is observed at
resonant wavelength when the LSPRs are excited. When the plasmon
resonance is excited, the absorption reaches its maximum value and
there is an exaltation on the surface of the metal nanoparticles of the
electromagnetic field. This exaltation is enhanced at the dielectric/na-
noparticle interface by the presence of the MoS, layer. Moreover, this
absorption is reinforced by the MoS, layer and the graphene layer
(MoS,/graphene). Therefore, the intensity of the TM field is increased
in the detection medium at the corner of the AuNPs corners, which can
be seen from Fig. 10.

Thus, in order to detect biomolecules (far from, the intensity
AuNPs), the TM field should decrease exponentially, which is also
called the evanescent field, in the affinity layer and tends to infinite
depth. It can also be said that by increasing the evanescent depth in the
sensing medium, the volume of interaction of the evanescent field with
the biomolecules is increased which in turn maximizes the sensitivity
[51,52,61].

7. Conclusion

In conclusion, we have theoretically examined a new type of bio-
sensor structure based on the configuration of a highly sensitive hybrid
LSPR sensor AuNPs/MoS,/Graphene. The motivation was to study how
effectively the structure can detect the hybridization of MoS,/Graphene
and biomolecules. It is found that the introduction of the MoS, layer
and the graphene layer can significantly improve the sensitivity of the
biosensor as the conventional LSPR sensor. Furthermore, we have
shown by analysis that the sensitivity of the biosensor can be improved
and adjusted by changing the number of MoS, layer and the graphene
layer in the modified structure. The proposed sensor shows an increased
sensitivity of the 320 nm/RIU and 301 nm/RIU in the case of the hybrid
layers of MoS,/Graphene and MoS,/graphene/ssDNA, respectively.
Therefore, it is expected that this proposed biosensor can be used for
the detection of biomolecules with a high degree of precision and
quality. The proposed biosensor can be fabricated using existing man-
ufacturing technologies. This highly sensitive biosensor can be used for
the detection of hybridization, medical diagnosis, enzymatic detection,
food security and environmental monitoring.
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In this work, we propose a new configuration of the localized sur-
face plasmon resonance (LSPR), based on MoS,/graphene hybrid
structures for ultrasensitive bio-detection applications.

Recently, there has been a growing interest in studying light-matter
coupling using supported metallic nanostructures arranged into peri-
odic- nanoparticle arrays. The influence of the layer thickness of two-
dimensional materials such as molybdenum disulfide (MoS,) and gra-
phene on the plasmonic behaviour of these arrays has become of great.

In our biosensor, we show a significant enhancement of the sensi-
tivity of localized surface plasmon resonances of coated AuNPs with
layers of MoS,/graphene to the surrounding environment as compared
to nanoparticles only deposited on a glass substrate (without MoS, and
graphene). However, the conventional LSPR biosensor still has a defi-
ciency that its sensitivity not high enough to detect more slight changes
in the surrounding environment. Hence, the design of AuNPs/MoS,-
graphene based plasmonic biosensors and like this one defined in refs
with the new types of biosensing 2D materials.

When the refractive index of sensing medium varies from 1.334 to
1.35, we obtain the sensitivity of 403.12 nm/RIU for our design com-
pared to 255.64 nm/RIU obtained for the conventional LSPR biosensor.
Comparing with the nanostructure hybrid biosensor has added a MoS,-
graphene layers (M = 2, L = 2). Indeed, we show that AuNPs coating
with layers of MoS,-graphene leads the sensitivity increases to 57.70%.
The optimal thickness of MoS,-graphene layers is numerically in-
vestigated to achieve a high LSPR sensitive system.
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