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Abstract: A theoretical study was conducted with the aim of improving the detection accuracy of
graphene-based surface plasmon resonance (SPR) biosensors. We studied the effect of applying a bias
voltage to the sensor surface on its detection accuracy. The optimum thicknesses of silver and gold
layers in the biosensor of 47 nm and 3 nm, respectively, were determined. Graphene layers deposited
on these thin silver and gold films formed a sensor surface system, on which the surface plasmons
were excited. The real and imaginary parts of the refractive index of graphene were controlled by the
bias voltage. When the chemical potential was increased from 36 meV to 8 eV, the detection accuracy
of the sensor was correspondingly increased by 213%.

Keywords: surface plasmon resonance; chalcogenide prism; graphene; detection accuracy; chemi-
cal potential

1. Introduction

Surface plasmon (SPs) is the collective oscillation of free electrons on the interface
between metal and medium, under the excitation of a transverse magnetic p polarization
wave, which produces a surface plasmon wave (SPW). The incident light enters on the
metal film from the prism at a certain angle, and the light is totally reflected at the interface
between the prism and the metal. When total reflection occurs, the light waves are not
all reflected back onto the prism. Instead, they pass through the interface between the
prism and the metal and enter the metal for a short distance. The transmitted wave with
exponential attenuation is called the evanescent wave. The total reflection evanescent wave
matches the SPW wave vector, and the light energy is transferred to effectively excite the
surface plasmon resonance (SPR) [1–3]. Compared with the traditional resistance sensors,
SPR-based biosensors are not only immune to electromagnetic interference, but also cheap
and easy to make. Therefore, SPR-based biosensors are attractive for use in the fields of
biomolecular detection, pathological diagnosis, and biochemical markers identification.

Graphene is a two-dimensional sheet of graphite with a honeycomb lattice structure.
Graphene has many favorable characteristics, such as low magnetoresistance, excellent
carrier mobility, high optical transparency, and extensibility. Recently, graphene has been
widely used in the field of optoelectronics and sensors. Using graphene as a detection layer
can greatly improve the sensitivity of the SPR sensors. In the conventional Krestschmann-
type SPR biosensor structure, a metal film is coated on one side of a prism to separate
the sensing medium from the prism. Such films are usually made of precious metals,
such as gold and silver, which support the propagation of SPs at visible light frequencies.
However, biomolecules show low adsorption capacities for gold. This shortcoming limits
the sensitivity of traditional SPR biosensors. In previous studies, Wu et al. used the ATR
method to detect the change of refractive index caused by biomolecule adsorption on a
sensor surface. They found that a sensor with graphene on its surface exhibited higher
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sensitivity than that of a sensor containing only metal on its surface [4]. Maharana et al.
found that the detection accuracy of chalcogenide glass with a high refractive index was
16 times higher than that of silicon glass [5]. Anower and co-workers found that the addition
of a graphene layer to the sensor improved its S, but decreased its detection accuracy [6].
This was caused by the larger imaginary part of the permittivity of the graphene layer and
its damping effect. To improve the detection accuracy of their sensor, the same group added
a WS2 layer that overcame the limitations of the graphene-based sensor [7]. Moreover,
Maurya et al. raised the detection accuracy of graphene-based sensors by adding a silicon
layer [8]. Mudgal et al. increased the detection accuracy of graphene-based sensors by
adding BaTiO3 material [9]. Consequently, much work remains to be conducted to improve
the detection accuracy of graphene-based SPR biosensors.

In this paper, we demonstrate a high detection accuracy sensor based on graphene and
a double-metal Krestschmann-type SPR structure. The optimal thickness of a bimetallic
sensor is obtained by comparing the performance of a monometallic sensor with that of a
bimetallic sensor. A graphene layer is included in the sensor. Varying the chemical potential
of graphene can not only induce a high detection accuracy, but can also improve the quality
factor. Additionally, we use Ge20Ga5Sb10S65 (2S2G) glass as the substrate, which can also
improve the detection accuracy. As a result, the designed SPR biosensor is able to improve
the detection accuracy by 213%, and improve the quality factor from 29.79 to 93.33 RIU−1.

2. Simulation Method
2.1. Performance Evaluation Formula

It is well known that, for optical surface wave structures, SPR strongly depends on
the refractive index of the environmental dielectric. A change in the refractive index of the
environmental dielectric occurred and caused a resonance peak shift in different resonance
angle; by monitoring the resonance angle, we can measure the environmental media. The
effect can be utilized to construct different types of sensors whose performances are usually
described by sensitivity expressed by ref. [10]:

S =
∆θ

∆n
, (1)

where ∆θ is the small change in SPR angle corresponding to the small change of the
environmental media, and ∆n is the refractive index of the environmental dielectric.

Detection accuracy indicates how accurately the angular position of the dip minimum
in an SPR curve can be located. The sharper the SPR spectral curve, the higher the detection
accuracy is. In this study, we define detection accuracy as the ratio of the shift of the
resonance angle relative to the full width at half-maximum (FWHM) of the reflectance
curve, which makes it a unitless parameter.

D.A. =
∆θ

FWHM
. (2)

Quality factor is the ratio of the sensitivity to the FWHM of the reflectance curve. The
unit of the quality factor is RIU−1.

Q =
S

FWHM
. (3)

2.2. Sensor Structural Configuration

The structure of our proposed composite layered SPR sensor, which is based on the
Kretschmann configuration, is shown in Figure 1. The first layer of the sensor is 2S2G glass,
the second layer is Ag, the third layer is Au, the fourth layer is graphene, and the fifth layer
is the sensing medium.



Chemosensors 2022, 10, 10 3 of 13

Figure 1. Schematic diagram of the proposed absorber.

According to the principle of SPR, the refractive index of the prism material should be
greater than that of the sample. Otherwise, there will be neither light coupling nor SPR.
Silicon-based prisms are suitable for SPR measurements in the visible light range, while
chalcogenide glasses have a wide operating window in the infrared region, leading to a
large detection depth and accurate measurement of the angle. The refractive index of 2S2G
glass has been calculated by using the following expression from ref. [11]:

n252G = 2.24047 +
2.693× 10−2

λ2 +
8.08× 10−3

λ4 . (4)

The most common metal used in SPR sensor applications is Au because it has great en-
vironmental durability. Ag is also a good candidate for SPR chips, and its reflectance curve
has a narrower FWHM and sharper dip, leading to higher detection accuracy. However,
SPR sensors with only an Au layer provide high sensitivity with low of detection accuracy
and quality factor, while that with only an Ag film ameliorates the sensor’s detection
accuracy and quality factor at a cost of low sensitivity. Therefore, bimetallic structures
consisting of Ag/Au films are considered as a compromise between two single metal based
sensors [12–17].

In the calculation, the refractive index for Ag (nAg) is taken as:

nAg = 0.0562 + i4.2760. (5)

In the calculation, the refractive index for Au (nAu) is taken from ref. [18]:

nAu = 0.1958 + i3.2578. (6)

The real and imaginary parts of the metal refractive index control the transparency
feature of the metal film. Furthermore, the real and imaginary parts become larger at longer
wavelengths. Hence, we know that increasing the real part of the refractive index makes
the metal more reflective from the prism–metal interface, whereas increasing the imaginary
part makes it more absorptive.

The refractive index of graphene in the structure is calculated by the Kubo formula.
The refractive index of the sensing medium layer is given as ns = 1.33 + ∆n, where ∆n is
the index change of the sensing medium layer.

3. Simulation Results
3.1. Influence of Metal Layer Thickness on SPR Spectral Curve

Silver and gold layers were used to study the reflectance of the sensor. The metal thick-
ness was changed with an increment of 10 nm. There is clear evidence that zero reflection
cannot be achieved, if the metal layer was thinner or thicker than the optimum thickness. If
the metal layer was too thin, the SPPs were strongly damped due to the radiation damping
in the glass. Conversely, if the metal film was too thick, SPPs were not effectively excited
due to absorption by the metal. In biosensor applications, the surface properties of adsorbed
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biomolecules play an important role in determining the performance of biosensors. Gold
has poor adsorption for biomolecules, which influences the performance of traditional
SPR biosensors. A self-assembled monolayer (SAM) on the gold surface, generally by
alkanothiols or disulfides, is one way to solve the limitation [19,20]. Such alkanethiols can
be functionalized at the outer end of the molecule, and the functionalization is chosen so as
to promote the interaction with further layers of biomolecules or other species. Another
attractive alternative to improve the performance of SPR biosensors is to functionalize
the gold film with biomolecular recognition elements (BRE), in order to enhance the ad-
sorption of biomolecules on the gold surface. Graphene can act as a BRE on Au due to its
carbon-based ring structure, which improves the sensitivity of biosensors [5,21,22].

We use FDTD solutions (commercial software) to simulate the structure. The sensor
was illuminated with a plane wave source at the wavelength of 633 nm wavelength.
Parameter sweep was used for angular interrogation over a wide range of source angels,
in order to obtain the resonance angle. The parameter sweep was set up to run 400 times
simulations at the angle range.

A structure reflection diagram of devices with a total Ag/Au thickness of 50 nm was
drawn, in Figure 2d. However, it was difficult to determine the optimum thickness of the
silver and gold layers from Figure 2. To solve this challenge, we calculated reflectance maps
corresponding to the more accurate Ag and Au thicknesses. The thickness of the silver
layer was increased from 45 nm to 50 nm, and that of the gold layer was increased from
1 nm to 5 nm, with an interval of 1 nm. The simulated change of reflectance at different
incident angles with the thickness of the silver layer fixed, and the thickness of the gold
layer changing, is shown in Figure 3. Table 1 lists the optimal thickness of the gold layer for
silver layers with different thicknesses. The thicknesses of the Ag-Au layers are expressed
as 45 nm-4 nm; 46 nm-3 nm; 47 nm-3 nm; 48 nm-2 nm; 49 nm-1 nm; and 50 nm-3 nm,
respectively. The optimal thickness of the Au layer was 3 nm, when the Ag layer had a
thickness of 47 nm.

Figure 2. Surface plasmon resonance curves at a wavelength of 633 nm of sensors containing
(a) an Ag film. (b) The structure of the SPR sensor based on the Kretschmann configuration. The
refractive index of the sensing medium layer is 1.33. (c) an Au film, and (d) both Ag and Au films of
different thicknesses.
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Figure 3. Reflectance of devices with the thicknesses of the silver layer at (a) 45 nm, (b) 46 nm,
(c) 47 nm, (d) 48 nm, (e) 59 nm, and (f) 50 nm, and the gold layer as a different thickness. The
refractive index of the sensing medium layer is 1.33.

Table 1. Optimal thicknesses of the gold layers on silver layers with different thicknesses, and
corresponding Rmin and FWHM.

Thickness of Ag
(nm)

Thickness of Au
(nm) Rmin FWHM

45 4 0.0001660910 0.57477
46 3 0.0001513470 0.58477
47 3 0.0000328827 0.50143
48 2 0.0163439000 0.44018
49 1 0.0135758000 0.43395
50 3 0.0132387000 0.44210

The Rmin and FWHM of the gold layers, with an optimal thickness on different silver
layers, are compared in Figure 4. It was found that Rmin decreased when the thickness of
the silver layer was 47 nm or lower. The FWHM was narrower when the thickness of the
silver layer was 48 nm or higher. When the thickness of the silver layer was 47 nm, it had
both a low Rmin and narrow FWHM. Hence, an Ag layer with a thickness of 47 nm and an
Au layer with a thickness of 3 nm were chosen in our sensors.
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Figure 4. Optimal thicknesses of gold layers on silver layers with different thicknesses and corre-
sponding Rmin (pentagram) and FWHM (trilateral).

3.2. Effect of Chemical Potential on the Refractive Index of Graphene

Graphene is a thin two-dimensional layer of graphite, an allotrope of carbon, which
contains carbon atoms arranged to form a honeycomb lattice structure [23]. The chemical
potential of graphene can be easily moved above or below the Dirac point, which allows
the carrier concentration (ng) of graphene to be adjusted by applying voltage. That, in
our sensor, is the carrier concentration of graphene that can be determined by the applied
voltage (Vg) in Ref. [24]. ng is expressed by Equation (7).

ng =
Vgε0εr

qdsub
, (7)

where ε0 = 8.85× 10−12 F/m is the permittivity of the vacuum, εr is the relative permittivity
of the substrate, q is the electron charge, and dsub is the substrate thickness. Based on
the carrier concentration of the system, the chemical potential µc can be calculated from
ref. [25]:

µc = tshvf
√

πng, (8)

where tsh = 1.055× 10−34 J · S is the reduced Planck’s constant and vf ≈ 106 m/s is the
Fermi velocity. Graphene optical conductivity σ is related to the intra-band electron-photon
scattering σintra and the inter-band electron transition conductivity σinter as a function of
radiation frequency ω, and is given as the following equation.

σ(ω) = σintra (ω) + σinter (ω), (9)

which can be calculated using the Kubo formula from ref. [26]:

σintra (ω) = i
q2

πtsh(ω + iτ−1)
× [µc + 2KBT× ln{exp(−µc/KBT) + 1}], (10)

σinter (ω) = i
q2

4πtsh
ln

[
2|µc| − tsh

(
ω + iτ−1)

2|µc|+ tsh(ω + iτ−1)

]
, (11)

where KB is the Boltzmann’s constant, T = 300 K is the temperature, τ = µcmu/qv2
f is

the momentum relaxation time, mu = 104 cm2/V · s is the impurity-limited direct current
mobility, ω = 2πc/λ is the angular frequency, and λ = 633 nm is the incident wavelength.

The complex conductivity of graphene can be expressed as:

σ(ω) = σR(ω) + σI(ω), (12)
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where σR and σI are the real and imaginary parts of the graphene conductivity. If tshω >
2|µc|, then

σR(ω) =
πe2

2h
= 6.085× 10−5, (13)

if tshω < 2|µc|, then

σR(ω) =
τ−1q2

πtsh2(ω2 + τ−2)
×H, (14)

σI(ω) =
ωq2

πtsh2(ω2 + τ−2)
×H +

q2

4πtsh
ln

[
2|µc| − tsh

(
ω + iτ−1)

2|µc|+ tsh(ω + iτ−1)

]
, (15)

where H is the factor

H = [µc + 2KBT × ln{exp(−µc/KBT) + 1}]. (16)

The thickness of monolayer graphene is 0.34 nm, and for a given number of graphene
layers with a thickness dG, the real nR and imaginary nI parts of the graphene refractive
index can be calculated from ref. [27]:

n2
R =

[
(σI −ωε0dG)

2 + σ2
R

]1/2
− (σI −ωε0dG)

2ωε0dG
, (17)

n2
I =

[
(σI −ωε0dG)

2 + σ2
R

]1/2
+ (σI −ωε0dG)

2ωε0dG
. (18)

By observing the conductivity and refractive index of the graphene layer, the effect of
chemical potential can be discussed. The chemical potential of our sensor depends on the
gate voltage [28].

As the number of graphene layers changes, the propagation constant of the surface
plasmon wave shifts, which satisfies the resonance conditions at different angles [29]. The
propagation constant is affected by the surface plasmon field extending to graphene, and
the propagation speed of an electromagnetic wave in graphene is lower than that in the
adjacent medium, resulting in a decrease in the propagation velocity of the surface plasmon
wave and the damping. The stronger this effect, the greater the damping in the structure.
Because the FWHM is a linear function of damping, both the detection accuracy and quality
factor of a sensor decrease linearly with the increasing FWHM, which limits the number of
graphene layers able to be included in high-quality sensors [30]. Furthermore, refs. [22,31]
discuss the number of layers of the SPR sensor. They find that the best number of layers of
graphene is three, so we used three layers of graphene in our sensor.

To ensure that our sensors had both high detection accuracy and quality factor, we
used three graphene layers. Figure 5 shows the changes in the real and imaginary parts
of the conductivity, and refractive index of the three-layer graphene when the chemical
potential was varied from 64 meV to 8 eV.

The chemical potential of graphene and, therefore, its complex conductivity can be
tuned by applying a bias voltage. As a result, graphene can behave like metal or dielectric,
supporting TM and transverse electric (TE) surface waves, respectively [32]. As shown in
Figure 5a, when tshω > 2|µc|, the imaginary part of surface conductivity is positive. In this
case, the intra-band conductivity term dominates the surface conductivity of graphene and
it will behave as an ultra-thin metal film supporting TM surface waves. Conversely, when
0 < |µc| < tshω/2, the imaginary part of surface conductivity is negative. In this case, the
inter-band conductivity is the dominant term and graphene will behave as a semiconductor.
Figure 5a also indicates that for three-layer graphene when µc is less than 0.98 eV; the
real part of conductivity is a constant with a value of 6.085× 10−5. The imaginary part
of conductivity gradually decreases. When µc is greater than 0.98 eV, the real part of
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conductivity decreases to nearly zero, and the imaginary part of conductivity gradually
increases. Figure 5b depicts the relationship between the graphene refractive index and
chemical potential. According to the data in Figure 5b, the performance of the sensor under
different graphene chemical potential can be calculated.

Figure 5. (a) Chemical potential (eV) versus conductivity and (b) chemical potential (eV) versus
refractive index for three-layer graphene.

3.3. Influence of Substrates on the SPR Spectral Curve of the Proposed Sensor

According to the principle of plasmon resonance, the refractive index of the prism
material should be greater than that of the sensing medium; otherwise, there will be neither
light coupling nor plasmon resonance. We decided to compare the influence of different
substrate materials on the sensitivity and detection accuracy of our proposed sensor. The
substrates investigated were silicon [33] and 2S2G. The refractive index of 2S2G can be
calculated from Equation (4). The refractive index of silicon can be calculated as follows:

nSilicon
2 = 11.6858 +

0.939816
λ2 +

0.000993358
λ2 − 1.22567

. (19)

Figure 6 presents the shift of the resonance angle of our proposed sensor in the angular
regime for two sensing media: water (n = 1.330) and urine with a normal range of glucose
concentration (n = 1.335) [22]. Sensitivity of the sensor using silicon is 19.24 (◦/RIU), and
its detection accuracy is 0.1312. Sensitivity of the sensor, using 2S2G as the substrate, is
36.08 (◦/RIU), and its detection accuracy is 0.1489. Therefore, to improve the detection
accuracy of our sensor, we used 2S2G as the substrate material rather than silicon.

Figure 6. Influence of (a) silicon and (b) 2S2G glass substrates on the reflectance spectra of the
proposed sensor.
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3.4. Benefits of the Bimetallic Configuration

The benefits of the bimetallic configuration can be realized by examining the perfor-
mances of three configurations: having only an Ag layer, having only an Au layer, and
having a coupled Ag/Au layer. Figure 7 shows the influence of single-layer Ag film and
single-layer Au film on the reflection curve. The sensitivity of the sensor using Ag film
is 31.66 (◦/RIU), and its detection accuracy is 0.1421. The sensitivity of the sensor using
Au film is 48.02 (◦/RIU), and its detection accuracy is 0.0668. According to Figure 6b, the
sensitivity of the Ag/Au sensor is 36.08 (◦/RIU), and its detection accuracy is 0.1489.

Figure 7. Reflectance spectra of the SPR sensor with (a) single-layer Ag film and (b) single-layer
Au film.

The performance comparison of the sensor with single-layer metal and double-layer
metal is shown in Table 2; a much better performance optical sensor can be achieved with
the double-layer arrangement, compared to the single gold film SPR sensor.

Table 2. Performance comparison of the sensor with single-layer metal and double-layer metal.

SPR Angle
Shift (◦) FWHM S (◦/RIU) D.A. Q(RIU−1)

Ag (50 nm) 0.1583 1.1143 31.66 0.1421 28.41
Au (50 nm) 0.2401 3.5924 48.02 0.0668 13.37

Ag/Au (47 nm-3 nm) 0.1804 1.2112 36.08 0.1489 29.79

3.5. Effect of the Chemical Potential of Graphene on SPR Spectra

We observed that the surface conductivity of graphene changes with its chemical
potential. Modifying the chemical potential of graphene changed its refractive index, which
strongly affected the performance of the proposed SPR sensor. The incident wavelength
of the sensor was 633 nm, the graphene layer number was 3, and the refractive index of
the sensing medium was 1.330. Figure 8 shows the dependence of the SPR angle shift
on chemical potential. When µc was increased from 64 meV to 2 eV, the resonance angle
increased. Conversely, the resonance angle decreased with the increase in µc from 4 eV to
8 eV. The selection of Fermi energy, here, is referred to the ref. [27].
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Figure 8. Normalized reflectance of the proposed SPR sensor at different chemical potentials.

Table 3 shows the performance of the proposed sensor at different chemical potentials.
Moreover, sensitivity, detection accuracy, and quality factors are defined by the previous
Formulas (1) and (2). The increase in µc had no obvious effect on sensitivity, but it affected
the detection accuracy and quality factor. The detection accuracy of our proposed sensor
was 0.1489 at 64 meV and 0.4666 at 8 eV. That is, detection accuracy increased by 213%
by raising µc. The quality factor increased from 29.79 to 93.33 RIU−1. Figure 9 illustrates
the increase in the detection accuracy and quality factor with chemical potential. Our
results show that applying a bias voltage to graphene can effectively improve the detection
accuracy and quality factor of the sensors.

Table 3. Performance of the SPR sensor at different chemical potentials.

Chemical
Potential

(eV)

SPR Angle
Shift (◦) FWHM S (◦/RIU) D.A. Q(RIU−1)

0.064 0.1804 1.2112 36.08 0.1489 29.79
1 0.1804 0.6210 36.08 0.2905 50.10
2 0.2004 0.5866 40.08 0.3416 68.33
4 0.2004 0.4718 40.08 0.4217 84.95
6 0.1803 0.4318 36.08 0.4176 83.56
8 0.1804 0.3866 36.08 0.4666 93.33

Figure 9. Comparison of the quality factor and detection accuracy of the proposed sensor at different
chemical potentials.
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Table 4 compares the performance of the proposed SPR sensor with that of other
reported sensors, including sensitivity and detection accuracy. Table 3 reveals that our
proposed sensor has a higher detection accuracy than that of other sensors.

Table 4. Comparison performance among the proposed sensor with that of other reported sensors.

References Structure S (◦/RIU) D.A.

[5] 2S2G/Au/Graphene 46 0.181
[34] 2S2G/air/Au/Graphene 43.18 0.2641
[35] BK7/Ag/Au/WS2/Graphene 135 0.2956

Proposed work 2S2G/Ag/Au/Graphene 36.08 0.4666

Finally, to better explain the performance of the proposed sensor, we simulated its
normalized electric field intensity. The incident wavelength of the sensor was 633 nm, the
graphene layers number was 3, and the refractive index of the sensing medium was 1.330.
Figure 10 illustrates the normalized electric field intensity of the proposed sensor. The
electric field strength of the metal film was enhanced after coating with graphene, which
means that the SPRs were stronger.

Figure 10. Normalized electric field intensity of the proposed SPR sensor.

Although we only study from the perspective of simulation, the feasibility of experi-
mental method is also analyzed in the present study. Figure 11 is the schematic diagram
of the experimental setup for the SPR sensor. Light is plunged with the wavelength of
633 nm from the laser source, the beam passes through a beam expander, a polarizer, and a
half-wave plate, and reaches the SPR sensor. The TM-polarized light incidents from one
lateral face of the prism, then reaches its base and totally reflected from the other lateral
face. Computers and photodetectors are capable of measuring changes in the reflection,
corresponding to changes in the refractive index. Samples with different refractive indexes
can enter the encapsulated sensor surface from the sample channel with a syringe pump.
The sensor is placed on the motorized rotation stage, and the incident angle is controlled
by a motorized rotation stage, using computer.
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Figure 11. Schematic diagram of the experimental setup for SPR sensor.

4. Conclusions

In this work, we proposed an SPR sensor based on graphene and double-metal. The
optimal thicknesses of the silver and gold layers in the sensor were determined to be 47 nm
and 3 nm, respectively. The Kubo formula was used to calculate the refractive index of
three-layer graphene at different Fermi energy. To improve the detection accuracy, the
performance of sensors with different substrates was investigated. Changing the chemical
potential of graphene modified its refractive index. We observed that the detection accuracy
of the sensor was improved by 213%, by increasing the chemical potential. The proposed
sensor potentially opens a new possibility for the biological detection of diabetes or diseases
associated with liver and kidney dysfunction.
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