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1. Introduction

Now, the human life has a big challenge to fight against the pan-
demic provoked by a coronavirus (COVID-19); for this reason,
research works in the biosensing field are very developed now.
Starting by the definition of a biosensor, which is proposed by
the International Union of Pure and Applied Chemistry
(IUPAC) as “an electrochemical biosensor is a self-contained
integrated device, which is capable of providing specific quanti-
tative or semi-quantitative analytical information using a bio-
logical recognition element (biochemical receptor) which is
retained in direct spatial contact with an electrochemical trans-
duction element”", in this field, optical biosensor protocols are
able to detect the smallest change in resonant frequency of light
in the recognition element®>™!. Up to now, several works
have been implemented to achieve optical detection with impor-
tant sensitivity (Se) and selectivity, including silicon avalanche
light-emitting devices (Si Av LEDs)™), electro optical modula-
tors'®, nanophotonic structures'”), nonlinear materials'®),
polymers, photonic crystal fibers, and electrochemical materi-
als”~'?!. Note that biosensors are classified in a few categories
depending on the application of the biosensor, for example, bio-
sensors based on recognition material for DNA interactions'"),
enzyme interaction!"*'*!, protein detection!®), toxic molecule
interactions!'”), and virus and bacterial interactions''®°). The
challenge now is to realize an optical biosensor for molecule
detection in the nanometer (nm) scale sensitive to selected tar-
get; in light of this, nanobiosensors are developed by using
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The strong coupling between vibrational modes of molecules and surface plasmon resonance (SPR) modes in graphene
makes them an ideal platform for biosensor techniques. In this paper, a new optical biosensor for molecule detection based
on silver metallic nanoparticles (MNPs) and graphene/gold MNPs in a terahertz frequency range is achieved. It is estab-
lished that the nonlinear electrical properties of graphene can play a major role in realizing a biosensor for molecule detec-
tion. The performance parameters of the proposed device are reported with respect to the chemical potential . of
graphene, noting that the sensitivity of our device passes from 255 nm/RIU (nanometers/refractive index unit) for
u=121eV to 2753 nm/RIU for x = 0.21eV. Finally, this structure exhibits an optical sensing region that can be adjusted

Keywords: biosensor; graphene; plasmon resonance; vibrational modes of molecules.

recognition materials (receptor), which are integrated on the
surface of the nanostructure!*'. We propose here to use the gra-
phene superlattice as a recognition element for biological detec-
tion. It is demonstrated that graphene plays a factor in molecule
detection because strong plasmonic field modes!** generated at
its surface are able to interact with resonant modes of molecules
to be detected when placed near graphene nanomaterials. In this
work, in order to increase the interaction of external light/sur-
face plasmons (SPs), we introduce two parallel linear chains of
silver (Ag) and gold (Au) metallic nanoparticles (MNPs), where
the distance (h) between them is optimized in order to get a very
good interaction. For the proposed devices, the two parallel
chains play the role of electrodes, where the Ag chain is the input
of the biosensor, and the output is placed at the end of the Au
chain of nanoparticles. We notice that when using the nonlinear
conductivity of graphene, a very high interaction between chains
is obtained via the graphene-molecule system. Its higher selec-
tivity and Se and our proposed optical biosensor are able to
detect the quantities and nature of molecules present near the
graphene sheet.

2. Design of the Proposed Biosensor

The demand for realization of an optical biosensor for molecule
detection is becoming an urgent need to be satisfied to meet the
direct real time and free detection of many viruses and biological
and chemical substances. It is worth noting that a biosensor in
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the nm scale based on graphene/MNPs material is a device
incorporating a biological sensing element used for the produc-
tion of the concentration/nature of molecules proportional to
measured signals'>>). In this paper, an innovative design of a bio-
sensor based on localized SP (LSP)/SP/LSP interaction is
depicted in Fig. 1. The proposed design employs MNPs organ-
ized in two parallel linearly arrayed chains incorporated in a sin-
gle layer of graphene sheets freely suspended in vacuum. This
membrane is only one atom thick and still displays a long-range
crystalline order®"]. The first and second chains, (A) and (B), are
formed by five Ag and Au metallic nanospheres, respectively,
which play the role of nanoelectrodes. Compared with conven-
tional macroscale electrodes, nanoelectrodes offer many advan-
tages that arise from their limited size. Self-assembled chains of
metal nanoparticles, in particular, have drawn interest for fab-
rication of nanoelectrodes because of their unique electrical
and optical properties and geometric morphology. For this par-
ticular linear geometry of MNPs, the particles interact together,
forming an SPR mode able to propagate without the loss used for
optical detection and optical transistors'>*°),

In practice, the optical response of the Ag/Au-MNPs-loaded
graphene sheet was measured by injecting a polarized laser light
at the Ag MNPs entrance chain (A). In order to control the inci-
dent beam to hit only the Ag chain, a spot size converter device
(SSC) with an output signal around 80 nm can be used to couple
the laser polarized light to the entrance facet of Ag MNPs. The
light at the end of the Au MNPs chain was collected by an objec-
tive and focused onto a power meter. Ag MNPs have great
potential in a broad range of applications, such as in biomedical
device coatings. It is expected that Ag nanoparticles can be easily
prevented from oxidation by providing suitable surfactant as a
protection barrier?”). The radius of MNPs varies from 75 nm to
55 nm by steps of 5 nm. The spacing distance between MNPs is

Fig. 1. Schematic of the studied optical device based on the Ag MNPs chain-
graphene-Au MNPs chain, where vibrational molecules are placed on the sur-
face of graphene lattice. The nanoelectrodes of our device formed by two
parallel linear chains of (A) Ag MNPs and (B) Au MNPs are separated by a dis-
tance (h) and incorporated in a suspended graphene single layer. We shine
only the Ag chain (A) by an external light beam, and the output detector is
placed at the end of the Au chain (B).
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Table 1. Plasma Frequency @, and Damping Factor y for Ag and Au Metals.

Ag Au
wp (H2Z) 137 %10 13 % 10
v (Hz) 1.64 % 10" 6.3 x 102

fixed around 5 nm in order to select the resonant frequency of
propagation of the LSP modes generated at the surface of MNPs
through the chain that is able to overlap with SPs generated at
the surface of the single graphene layer. The optical response of
the MNPs is controlled via their permittivity, which is given by
the Drude model:

2
ew)=1- 2717, ,
w® + iwy
where @ and y are the plasma frequency and the damping factor
for Ag and Au metals, respectively, which are arranged in
Table 1%,

As mentioned above, precise control over the geometry of
these nanoparticles is nontrivial, and ion beam shaping is a
new method used to engineer nanocomposites with effective
three-dimensional (3D) architectures. In particular, this tech-
nique offers the possibility to precisely control the size, shape,
and 3D orientation of MNPs at the nm scale placed at the vicin-
ity of a graphene sheet>),

3. Results and Discussion

3.1. Electrical and optical properties of graphene-molecules
hybrid system

We propose to take advantage of the electrical properties of gra-
phene, so the proposed nanospheres are incorporated in a gra-
phene lattice, which is considered a receptor of our biosensor,
where the vibrational molecules to be detected are placed in
its vicinity. Graphene is a 2D sheet of carbons with an atomic
thickness that exhibits very important electrical, optical, and
thermal properties. It contains free carriers (electrons) with high
mobility. Despite being only one atom thick, graphene absorbs a
significant fraction of light, so there is very important coupling
with detected molecules. The dispersion relation of graphene
shows that graphene can be considered as a semi-conductor with
zero gap, which is because graphene is able to generate SP modes
like metals propagating with high speed. Here, all electrical
properties of graphene are summarized in its conductivity o,
which is given by"*"!

e 1+1arctan ho—2pu iln (hw+2u)?
oc=—\=-+— -
4h\2 = 2KzT ) 27 \(how—2p)*+ (2K5T)?

2i2K AT i9v2et
+w73,ln (2 cosh( K ) ) f
mh? (w+1) 2KpT

Sunhe’ IEF, W
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where /i denotes the photon energy of the probe beam, v, ~ o
is the Fermi velocity, T = 300 K is the temperature of graphene, e
is the electron charge, u is the chemical potential, Kp is the
Boltzmann constant, E is the amplitude of the electric field at
the surface of the graphene layer, and v =10ps is scattering
time. The optical properties of graphene can be established
via the electric permittivity, €, given by

e=14i—" Q)
gowd

where d = 0.33 nm is the thickness of the single graphene sheet,
and g is the vacuum permittivity. In order to discuss the effect of
the presence of the vibrational modes of different molecules near
the graphene surface, we performed a study of the transmission
coefficient (T) dependence on the frequency of the incident
beam. It is worth noting that the collective plasmon resonance
modes are responsible for the peak in the transmission spec-
trum. It is obvious that the SP generates a strong near field that
can be exploited to detect the vibrational modes of molecules
placed near the surface. From the research work published by
Zundel et al®" in the presence of the analyzed molecules
and neglecting the rest of the resonant modes of molecules,
the new permittivity of the graphene-molecules hybrid system
becomes

e, =€ +ie" =€+ ¢, (3)
where Je is given by the following equation:

12a,,S

o= ——0mY
“=3 " 4na,s

(4)

where § is the concentration of the molecules near the graphene
material, and a,, is their polarizability that is given by

~ p
U= (hao)? — (ho)? — iRy,

(©)

where 7w, is the single vibrational mode of the molecule, y,, =
0.5meV is the half-width, and # = 10 meV? is the polarizability
strength of the analyzed molecule. In order to understand
the optical properties of our hybrid system, we present in
Figs. 2(a) and 2(b) the variation of the real part of its permittivity
¢’ as a function of the frequency of the external beam for differ-
ent concentration of molecules S.

For the two selected molecules that are characterized by 2w,
around 280 meV [Fig. 2(a)] and 284 meV [Fig. 2(b)], we can see
that for large value of S the effect of molecules increases, so a
large difference between the permittivity of graphene only
(red line) and the permittivity of the hybrid system (blue line,
black line) is obtained. This difference is essentially due to the
important overlap between the SP modes of graphene and the
vibrational modes of molecules. In this context, we particularly
assume that the proposed biosensor is able to detect the variation
of concentration of molecules. Compared to Fig. 2(b), in
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Fig. 2. Variation of the real part of the permittivity of the graphene-molecules
hybrid system for molecule concentrations S = 0 nm~3, $ =001 nm™> and
S = 0014 nm~5, where the chemical potential of graphene is » = 0.21 eV.
(a) hw,, = 280 meV and (b) AAw,, = 284 meV.

Fig. 2(a) and for S = 0.014 nm™3, for example, we observe a peak
(blue line) of permittivity near the singularity of the conductivity
of graphene. By increasing 7w, to 284 meV [see Fig. 2(b)], a red
shift is obtained. Therefore, our device is also able to detect the
nature of the molecule placed near the graphene layer.

3.2. Performance of the LSP/SP/LSP biosensor

Let us investigate firstly where only the Ag chain (A) is incorpo-
rated in graphene. Using the point dipole approximation, the
generation of the LSPs in the Ag chain can be modeled via
the dipole-dipole interaction (DDI). Here, the involved induced
dipole is calculated using the iterative equation:

Pi = aiE,- + a; Z GyP]’ (6)

where a; is the polarizability of the Ag MNPs, E; is the electric
field component of the source beam, which is equal to
E, = E e, P; is the induced dipole of the jme) metallic ball,
which is excited by the i©™® ball, and Gjj is the interaction
Green’s function between MNPs calculated by the following:
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Here, €, is the permittivity of the graphene-molecule hybrid
system given by Eq. (3), k =2 /& is the wave number, and r;
and r; are the positions of particle number i and particle number
jin the Ag chain, respectively. Noting that for the graphene layer
the propagation of the SP mode is controlled by the Kerr effect
phenomenon'®***!, Therefore, in order to get a strong coupling
between LSP modes in MNPs and SP modes in graphene, the
induced dipole momentum in the chain was corrected by
the nonlinear contribution process. So, the expression of the
induced dipole of Ag MNPs becomes

P(w) = Pi(w) + Py(w), (8)

where P;(w) and P,(w) are the linear and the nonlinear polar-
izations of Ag MNPs, in which, the third nonlinearity of the
induced dipole P (w) can be written as

Pnl(w) = 8hs)(3|Ea)| |Ew|2’ (9)

where y3 is the third susceptibility of Ag MNPs!*"!

to 10716 &,
Combining Egs. (6), (8) and (9), the polarization in i Ag
MNPs becomes

, equal

Pi(o : 0,0,0) = E (@) + &40 |Ei(@)|[Ei(@)|* + @; Y _ G;P;.
(10)

Now, in order to discuss the effect of the chemical potential
of graphene on the coupling of Ag MNPs-graphene/molecules,
in this paper, we have calculated the transmission coefficient (T)
at the end of the chain via determination of the emitted electric
field at the end of the chain that is equal to

k2
Eend =_GijPend> (11)
Eps

where P4 is the dipole momentum of the rightmost particle
done by Eq. (10), and Gj; is Green’s function between the posi-
tion of the dipole (P.,4) and the detector. So, the transmission

— |Eend|2
|E;I?

molecule concentration §$=0.01nm™, we present in Figs. 3
and 4 the transmission coefficient T at the end of the Ag
MNPs chain for y =0.21eV and u = 1.21 eV, respectively.

As mentioned above, we found that the origin of the variation
in the transmission spectra is mainly coming from the presence
of the molecules that affect the density of defect in the graphene
superlattice. Generally, the presence of molecules changes the
figures of merit (FOMs) of devices, such as carrier mobility
and conductivity®*, so a variation of the permittivity &, of
the medium surrounded by Ag MNPs is obtained. In Fig. 3,
we observe a peak in the transmission spectra located at
32X 10™Hz. As we can see, the position of this peak is

. Fora

coefficient T can be calculated via the equation T
3
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Fig. 3. Transmission coefficient (7] as a function of frequency for the three
selected molecules that are characterized by 2w, = 280 meV, Aw,, = 284
meV, and fw, = 288 meV, respectively. The chemical potential of the
graphene layer is equal to 0.21 eV at room temperature.

independent of the value of iw,,,, and only its amplitude changes
with #®,,. Whereas, in the frequency range between 2.9 X
10'* Hz and 3.2 x 10'* Hz, a redshift as a function of the value
of hw,, of molecules is achieved. Noting that, this peak widens
dramatically in Fig. 4, where the chemical potential is around
1.21 eV. It is shown that, for Aw,, =280 meV, the peak of
the transmission coefficient (T) is located at 2.5 x 10'* Hz,
and, by increasing Aw,, to 284 nm, the peak shifts to
2.8 X 10'* Hz. The performance of our device is controlled by
calculating the sensitivity (S,) given by S, = %, with ng,, rep-
resenting the refractive index of the graphene-molecules system.
For the proposed device, the S, of the LSP/SP structure is equal to
825 nm/ RIU for y = 0.21 eV. Increasing the chemical potential y
of graphene to 1.2 eV, the S, and the FOM [defined as the ratio of
the S, and the full width at half-maximum (FWHM) of the peak]
of the biosensor decrease to 492 nm/RIU and 63.22RIU™!,
respectively. On the other hand, the variation of the amplitude

0.045F
S 11w,y =280meV
0.040F — fiw,,=284meV
e, =288 meV
0.035F
- C
0.030F
0.025F
0.020F
25% 101 30x10' 35x 101 40x10%
w(Hz)

Fig. & Transmission coefficient (7) as a function of frequency for the three
selected molecules characterized by A, = 280 meV, Aw,, = 284 meV, and
hw, =288 meV, respectively. The chemical potential of the graphene layer is
equal to 121 eV at room temperature.
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of the transmission peak observed in Fig. 4 should be due to the
augmentation of the absorption of light in the graphene-mole-
cules system because a very large match between graphene and
vibrational modes of molecules is achieved for y =1.2eV. We
conclude that the chemical potential of graphene affects the
selectivity of the proposed biosensor by changing the propaga-
tion process in graphene, where it is controlled by the Kerr effect
process essentially for iw < u. In order to get an idea about the
optical time response of our biosensor, from Figs. 3 and 4, we

calculate numerically the rise time 7, via the equation 7z, ~ %
3dB

with f; 45 as the measured bandwidth of our biosensor. It is
established that, for a chemical potential g =0.21eV and
hw =288 meV, the rise time is around 5 ps and increases to
9 ps for hiw =280 meV compared to u = 1.21 eV, where the rise
time 7, can be considered constant for the three selected mole-
cules and reaches around 3 ps. Now, by incorporating a second
linear chain of Au MNPs parallel to the Ag MNPs chain in the
graphene-molecules system, we discuss the optical response of
our proposed biosensor. Here, the Au metal is characterized
by the plasma frequency w, = 1.64 x 10'® Hz and the damping
factor y = 6.3 X 10'? Hz. The third nonlinear susceptibility of Au
MNPs is fixed around y3 = (—1.4 + 74)1071° [\I}—Z The chain (B)
is incorporated at a distance (h) from the first Ag MNPs chain
(A) (see Fig. 1). As mentioned above, all of chain (B) can only
scatter second waves from chain (A) via the hybrid system. Here,
the induced dipole in the Au MNPs chain is calculated using the
equation

Pi(w : 0,0,0) = &, |E(@)|[Eo(@) 2 + 0, > (G + Gin) P,
(12)

where a; is the polarizability of Au MNPs, G;; describes the inter-
action between different Au MNPs, G;, represents Green’s ten-
sor that was introduced in order to take into account the
interaction between the Ag and Au particles, and E, () is the
emitted electric field by the chain (A) at a distance (h) given
by Eq. (11) via the hybrid system. The emitted electric field at
the output of our device is calculated using the equation
Eyu = f—:s G;jPoyi> Where P is the dipole moment of the right-

most (Au) particle. Hence, it is possible to note that G, has
the same expression as Gj;, except we replaced |r; — r;| by the
separating distance (k). Finally, the transmission coefficient at

= ‘Eoutzl2
|E;|

For graphene at room temperature, it is clearly noticeable
from Fig. 5 that the presence of the molecules near the graphene
surface strongly affects the transmission in the Au MNPs chain.
As shown in Fig. 5 with Aw,, =280meV of molecules, we
observe three peaks located at 10'*Hz, 1.4 x 10 Hz, and
2.8 X 101 Hz, respectively, where the last one is due to the
resonance modes of molecules, while the first and second peaks
are due to the nonlinear Kerr effect in the graphene sheet.
In order to understand the effect of the presence of the
second chain (B), we performed a study of the transmission coef-
ficient dependence on the separation distance (h) between

the output of our biosensor is given by T
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Fig. 5. Transmission spectra calculated at the end of chain (B) with and with-
out molecules, and the chemical potential of graphene is 4« = 121 eV.

electrodes with and without molecules essential for y = 1.21 eV.
However, values of u below 0.45 eV still produce noticeable
changes in the absorption spectrum in graphene, so an impor-
tant coupling between graphene and the molecules is obtained.
We notice from Fig. 6 that the variations of (k) from 100 nm to
250 nm do not strongly affect the coupling efficiency between
chains with and without molecules due essentially to the impor-
tant propagation of light in the graphene sheet. It is noticeable
from Fig. 6 that an augmentation in the amplitude of the trans-
mission efficiency accompanied with a smaller shift of resonance
frequency in the low frequency range is achieved.

It is worth noting that molecule detection is controlled by the
nonlinear conductivity of graphene, so, by activating the gra-
phene monolayer (ie., varying chemical potential y from
0.21 eV to 1.21 eV), we can detect the presence or select the
nature of molecules and stop or allow the propagation of light
in the second chain. The transmission spectrum through the sec-
ond chain (B) is plotted in Fig. 7 for the two values of the chemi-
cal potential 0.21 eV and 1.21 eV. We notice that for h = 150 nm
and w,, =284 meV the transmission of light is blocked if p is
equal to 1.21 eV, where light is stopped in the graphene sheet,

0.0030 [
0.0025 f
0.0020
(2
0.0015 f
—  h=100nm
0.0010 | —  h=170nm
— h=250nm
0.0005 |
0.0000 L . . .
1x 101 2x 101 3x 101 4x 101
w(Hz)

Fig. 6. Transmission spectra for different value of hwhen w,, = 280 meV and
u=121¢V.
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2 : ! ! 1 =021eV. We notice that for the two selected molecules,
T which are characterized by #Aw, =280meV and
o5t e pml21ev . hw,, =284 meV, respectively, the amplitude of the absorbed
light is around 0.5 (a.u), while the half-width of the absorption
spectrum is about 0.4 X 10 Hz and decreases for Aw,, =
e 284meV to 0.3 X 10'* Hz. In order to study the performance
of the biosensor, the effect of u in the Se of the LSP-SPP-LSP
biosensor is achieved in this work, and we notice that for y =
0.21eV the Se is equal to 2765 nm/RIU and decreases to
255 nm/RIU for y=1.21eV. Compared to the LSP-SP bio-
sensor, where only the Ag MNPs are incorporated in graphene,
the Se is 825 nm/RIU. Note that by adding a second chain of
MNPs, and for y = 1.21 eV, the Se decreases. In addition, from

Fig. 7. Transmission spectrum of light passing through the second chain (B) Figs. 8(a) and S(b)’. we COHCI.Ude j[hat the selectivity of our device
for the two values of the chemical potential 4 = 0.21 eV and p = 1.21 eV. increases by stopping/allowing light to attend the output of our

biosensor by changing the nature of the molecules. The reason is
and the maximum of transmission efficiency is about T = that with 7w, = 284 meV a weak coupling between electrodes is

0.0018 (a.u.). Decreasing 4 to 0.21 eV, the transmission effi- achieved, where the LSP cannot propagate through the Au chain
ciency increases to 0.15 (a.u.) in the Au linear chain. of MNPs.

In Figs. 8(a) and 8(b), we plot the absorption spectra of the
graphene-molecules system, which is calculated via the equation
Ag=1—T, — T,, where T, and T, are the values of the trans-

mission efficiency in the first and second chains, respectively,for ~ The coupling LSP-SPP-LSP modes at the nanoscales are
achieved in order to realize a nanobiosensor device based on
Ag MNPs-graphene-Au MNPs. In this work, we demonstrate
that the nonlinear properties of the graphene sheet could play
a major role in realizing a biosensor for molecule detection. It
is established that the chemical potential i of graphene is a major
factor for controlling light in graphene. We have shown that for
1 =0.21¢eV our device can be used for detection of vibrational
modes in molecules. By increasing y to 1.21 eV, we can stop light
attending the end of the device. Here, the Se of the LSP-SPP-LSP
device is around 2765 nm/RIU. By adding a second linear chain
of Au metal, light can be stopped in graphene or allowed to pass
through the second chain depending on the nature of the
T S0 10 YT YT detected molecules. From this paper, we conclude that the pro-
w(Hz) posed structure exhibits an optical sensing region that can be
adjusted to meet the requirements for designing an optical
) ' biosensor that operates at room temperature for molecule
detection.

4. Conclusion

Ag aTSiIvuhT(iold
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