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Abstract

In this work, a sensitive biosensor is proposed and investigated based on the combinations of graphene-plasmonic nano-
structures. The suggested structure is made of different layers of SiO,, gold (Au), and graphene in the formats of U-shaped,
split ring, and straight waveguides. Straight waveguides which are connected to the U-shaped waveguides are denoted as
the Input, Outputl, Output2, and Output3 ports. The incident light-wave would be applied to the Input port and then would
be transmitted to the three output ports with different peak wavelengths (considering the specifications of the structure). In
the proposed structure, for improving its functionalities (improving the transmission’s peak value and wavelength for bio-
sensing applications), effects of different structural parameters (w, t;, g, Wo, fp, 82, W3, 13, and g3) and chemical potentials
(Mc1> Meo» and p3) are considered. After improving the structure’s transmission spectrum at different output ports (Outputl,
Output2, and Output3 ports), vital biological element’s concentrations in blood samples (glucose, cholesterol, and creatinine
concentrations) would be considered for diagnosis. Finally, considerable sensitivity factors of 1560 nm/RIU “RIU stands
for refractive index unit” (for glucose at Outputl port), 2666.6 nm/RIU (for cholesterol at Output2 port), and 1458.3 nm/
RIU (for creatinine at Output3 port) are obtained. Also, FWHM and FOM of “13 nm, 120,” “19 nm, 76.75,” and “15 nm,
177.77” are achieved for glucose, creatinine, and cholesterol, respectively. Therefore, the structure can be considered as an
appropriate and efficient candidate for biosensing applications in optical integrated circuits.
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Introduction

Biosensor is basically a device which measures biological or
chemical reactions. This measurement can be done by gen-
erating signals which are proportional to the concentration
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of the analyte in the reaction. Optical biosensors are among
the most efficient and functional biosensors due to their
highest speed of detection, sensitives, integration abilities
(can be fabricated in very small dimensions by utilizing
plasmonic-graphene combinations), lower costs, and high-
est efficiencies [1, 2]. Optical biosensors are very compact
devices emitting signals proportional to the concentration of
the analyte which is in contact with the biological elements
(biological elements like enzymes, antibodies, antigens,
etc.) These devices (optical biosensors) can be considered
based on various optical configurations like plasmonic [3],
graphene [4], plasmonic-graphene [2, 5], and ... combina-
tions. Plasmonic-graphene nanostructures mainly indicate
high optical confinement, flexibility in designation, and con-
siderable efficiencies [6]. Therefore, they can be appropriate
candidates for constructing sensitive biosensors. These opti-
cal nanostructures mainly operate based on surface plasmon
resonance (SPR) effect [7, 8], which makes them appropriate
choices in extremely low-dimensional structures (lower than
the operating wavelength). As known, plasmonic structures
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are based on the combination of metal-dielectric layers. On
the other hand, graphene nanostructures are mainly based
on the layers of carbon atoms which are ordered in two-
dimensional lattices [5, 6]. SPR effect can help in surpassing
the diffraction limits of light in plasmonic-graphene nano-
structures [2]. Plasmonic-graphene nanostructures can be
considered based on various configurations, in which split
ring resonator-shaped waveguides are of great interest (due
to their higher tunability, efficiencies, and integrations) [9,
10]. Graphene-plasmonic nanostructures can be fabricated
based on different techniques like electron-beam lithography,
focused-ion lithography, dip-pen lithography, laser interfer-
ence lithography, and nanosphere lithography [11-15].

As stated biosensors can be considered for detection of
various biological elements like hemoglobin [2], glucose
[16], creatinine [17], cholesterol [18], and triglyceride
[19]. As known, glucose is a type of sugar which can be
measured by a blood test. It is a very important element in
the blood which can indicate serious diseases (high or low
concentration of glucose in blood samples). Another impor-
tant element in blood is creatinine which is responsible for
indicating health condition of kidneys. Cholesterol is also
another important element in blood showing possible risks
of heart diseases [16—18].

Many researchers have focused and worked on the plas-
monic-graphene sensors for detection of various elements.
In [20], a sensitive biosensor based on silver nanorods in
square resonator was proposed and considered. The pro-
posed biosensor was applied for detection of various human
blood groups (A, B, and O) with the sensitively factor of
2320 nm/RIU. In another research [21], a sensitive refractive
index sensor (measuring the refractive index differences and
temperature) considering metal-insulator-metal (MIM) con-
figuration was proposed. The structure attained the refrac-
tive index and temperature sensitivity factors of 2610 nm/
RIU and 1.03 nm/C, respectively. In [22], a biosensor based
on MIM racetrack resonator structure was considered with
the refractive index and temperature sensitivity factors of
4650 nm/RIU and 0.69 nm/C. Also, in [23], a refractive
index biosensor based on two MIM waveguides and arrays of
hexagonal nanoholes was proposed for detection of human
blood group with the sensitivity factor of 3172 nm/RIU. In
[24], by considering plasmonic-induced transparency (PIT)
effect, a sensitive sensor for detection of ultra-low concen-
trations of analyte (ethanol and water) was proposed. For
the proposed structure, refractive index, temperature, and
pressure sensitivities of 1271 nm/RIU, 0.47 nm/C, and 5 nm/
MPa for ethanol were obtained. Also, in [25], by utilizing
an elliptical resonator and MIM waveguide, a sensitive sen-
sor was achieved with the sensitivity and FOM of 550 nm/
RIU and 282.5 RIU"}, respectively. In another research [26],
by considering various H-shaped cavities, three different
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refractive index sensors were proposed with the FOM values
of 69.5, 100.19, and 108.36 RIU™!, respectively.

In [3], a refractive index (RI) biosensor based on Si
nanorings and plasmonic ring-shaped arrays were proposed
for detection of glucose concentrations in water solution.
The structure indicated acceptable sensitivity and figure of
merit (FOM) of 1278 nm/RIU and 168.1 RIU™!, respec-
tively. In another research [27], by utilizing a graphene
mono-layer and applying gate voltage, an SPR glucose
sensor was proposed. In [28], by developing a gold elec-
trode with a graphene quantum dot and utilizing square-
wave method, creatinine levels in blood and urine were
detected. Also, in [29], for monitoring cholesterol in human
serum, a biosensor based on graphene quantum dots and
zirconium-based metal-organic framework nanocomposite
was suggested. Moreover, in [30], cholesterol concentra-
tions were measured by using graphene oxide shit-based
sensors. In this research, new and precise biosensors based
on graphene-plasmonic nanocombinations for detection
of different biological elements (glucose, creatinine, and
cholesterol) are proposed. Configuring sensitive biosen-
sors based on the plasmonic-graphene combinations are the
most important aspects of the proposed manuscript. The
proposed structure’s ability (novelty) is mainly the possi-
bility of diagnosing the concentrations of three individual
biological elements (glucose, creatinine, and cholesterol)
with remarkable sensitivity factors.

Geometry and Theoretical Model

Schematic of the proposed plasmonic-graphene nanostruc-
ture is presented in Fig. 1.

As seen in Fig. 1, the structure is consisted of an inner
split ring-shaped waveguide (with one split) and an outer
split ring-shaped waveguide (with four splits). The four
individual parts of the outer split ring are connected to
four straight waveguides and are denoted as Input, Out-
putl, Output2, and Output3 ports. As shown in Fig. 1, the
whole structure is based on layers of Au (Gold), SiO,, and
graphene. The geometric parameters of Fig. 1 are tabulated
in Table 1.

Numerical simulations were conducted by using two-
dimensional finite element-based (FE) software (COMSOL
Multiphysics 5.5).

In the proposed structure, the transmission spectrum
would be considered. Thus, the relation between the trans-
mission, absorption, and reflection fields would be consid-
ered in Eq. (1) [2, 31].

A(w) =1—-R(w) - T(w) (1)

It is clear that T(w) =1 - R(w) if A(w)=0.
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Fig.1 View of the proposed plasmonic-graphene nanostructure

As known, higher transmission values lead to higher
output fields at different ports (Outputl, Output2, and Out-
put3 ports).

As shown in Fig. 1, different graphene layers are con-
sidered around the SiO, curved T-shaped layers. The sur-
face conductivity of the graphene layers can be calculated
by the Kubo formula [2, 31, 32]:

Gg (w’ Hes F’ T) = g -real +j6g - imag = Ointral + Ointer (2)

where w, u,, I', and T represent the operation frequency,
chemical potential, phenomenological scattering rate, and
absolute temperature, respectively.

Table 1 Geometric parameters

. Parameter Value (nm)
of Fig. 1

t 20
wy 20
81 4
a, 2°
t, 20
Wy 20
82 3
a, 3°
[ 20
w3 20
83 4
a3 4

ty 20
Wy 20
84 3
ay 2°
R, 295
R 325

The intra- and inter-band electro-photon scattering
parameters can also be considered as [2, 31, 32]:

2k T

B ﬂc Mc

= =] +21 +1

P = 2 ) [kB ! <exp< kBT> )]
3)

o =i [ZIMCI ~(@ —J'2F>h] A

nter 4ﬂh 2|HC| +(a) —JZF)h ( )

where kg, T, and e are Boltzmann constant, temperature, and
electron charge, respectively.

For the Au waveguides considered in the proposed
structure, Drude model can be used for introducing the
dielectric function [9, 10]:

(1)2

__r 3)

)= =

where e,,=3.7 (dielectric constant at infinite frequency),
y=0.018 eV (collision plasma angular frequency), and
@,=9.1¢eV (bulk plasma angular frequency) [9, 10].

Various filtering wavelength ranges at the three output
ports (Ouputl, Output2, and Output3) can be obtained,
if different split angles (for the outer split ring) would be
considered. In the following parts, for improving the func-
tionality of the structure at the three output ports (improv-
ing the transmission’s peak value and wavelength), effects
of different structural parameters and chemical potentials
would also be considered. Finally, three output ports
would be considered as sensors for detecting various bio-
logical elements in blood samples like glucose, creatinine,
and cholesterol.

Results and Descriptions

In this part, the incident field (a plane wave polarized in
z-axis with 1 W power) would be applied to Input port and
the transmitted signals would be considered at Outputl,
Output2, and Output3 ports. As stated, for improving the
transmission’s peak value and wavelength (to be utilized as
sensitive biosensors), effects of different structural param-
eters (Wy, 1y, &1, Wa, by, 82, W3, 13, and g;) and chemical
potentials (y.;, Uy, and p3) would be considered.

Transmitted Signal at Output1

In this part, signal transmitted to Outputl would be con-
sidered. Effects of structural parameters (w, t;, and g;)
and chemical potential of the graphene layer () would
also be investigated. The results are presented in the fol-
lowing sections.
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Effects of “w,”

In the first section, for improving the functionality of the struc-
ture (mainly improving the transmission’s peak value), effects
of “w,” on the transmission spectrum are investigated and
shown in Fig. 2.

As shown in Fig. 1, wy is the width of the right-handed
u-shaped waveguide (related to Outputl). It can be concluded
from Fig. 2 that increasing “w,” from 9 to 17 nm moves the
transmission’s peak wavelength and value to higher amounts.

It should be noted that, by using the temporal coupled-
mode theory [33-36], the transmission “7”” of system can be
described as:

(O 0’0)2 + (%)2

(w_w0)2+(5+5)2

0

T =

6)

where w=2rc/A, wgy, 1/7,, and 1/z, stand for the frequency,
the resonant frequency, the decay rate of the field (due to the
internal loss), and the decay rate (due to the power outflow
of the waveguide). The resonant wavelength A, (transmis-
sion’s peak wavelength) can be controlled by the geometry
parameters like the length “¢, 1,, t5, and ¢,” and the width
“wi, Wy, w3, and w,.” In the following equation, “#” can be
replaced by “w.”

4z.Re(n,z).t

Py @)

A

where A¢p=m-2x and n is the effective refractive index of
the waveguide. As can be seen, 4, is directly proportional
to “#” or “w.” Therefore, by increasing “¢” or “w,” 4, would
also be increased (red-shifted).

As can be seen, increasing “w,” decreases the attenuation
coefficients which enhances the transmission’s peak value
(also increases the coupling coefficient). On the other hand,
changing “w,” from 17 to 23 nm shifts the transmission’s
peak wavelength and value to higher and lower amounts,

0.65F
0.6F —w1l=9[nm]
0.55f wl=11[nm]
S 0042: —w1=13[nm]
@ 0.4) w1l= 15[nm]
‘€0.35f —w1=17[nm]
2 0.3f w1= 19[nm]
20.257 —w1=21[nm]
001%: —w1=23[nm]
0.1r
0.05} | - 1
Or— o —— —p—— —
1.2 1.3 1.4

Wavelength(um)

Fig.2 Schematic of the transmission spectrum versus wavelength for
different values of “w,”
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respectively. In this case (considering higher values for w)),
optical confinement of the light wave in the waveguide is
extensively increased, which decreases the transmission’s
peak values [9, 37]. It can be concluded that increasing the
waveguide’s width (up to w; =17 nm) can somehow increase
the transmission’s peak value (due to the decrement of the
attenuation coefficients). In another case (for w, > 17 nm),
the transmission’s peak value would be decreased (due to
the enhancement of the optical confinement which leads to
lower coupling coefficient). As a result, the improved trans-
mission’s peak value and wavelength of 0.64 and 1.27 pm
are obtained for w; =17 nm.

Effects of “t,”

In this section, for improving the functionality of the sys-
tem at Outputl, effects of “#,” (width of the right-handed
waveguide) on the transmission spectrum are investigated
and shown in Fig. 3.

As can be seen in Fig. 3, the variation process of “#,” versus
transmission’s peak value is similar to “w;.” In fact, by changing
“t,” from 2 to 3.5 nm, the transmission’s peak value would be
shifted to higher value. In another case, changing “#,” from 3.5
to 20 nm shifts the transmission’s peak value to lower amounts.
This can be explained by the fact that increasing the width would
firstly decrease the attenuation coefficient (leading to higher
transmission’s peak values, also increasing the coupling coef-
ficient) and then would increase the optical confinement (leading
to lower transmission’s peak values) [9, 37]. Considering Fig. 3,
the improved transmission’s peak value and wavelength of 0.8
and 1.22 pm are achieved for #, =3.5 nm. It should be mentioned
that the improved parameters obtained in each part would be
utilized in the following structures.

Effects of “g,”
In this part, effects of “g,” (coupling length between the

inner split ring and right-handed u-shaped waveguide “also
known as gap”) are studied and depicted in Fig. 4.

—t1 = 2[nm]
—t1l = 2.5[nml|]
—t1=3[nm] |{

t1 = 3.5[nm]|]
—t1=4[nm]

t1=5[nm]
—t1 =10 [nm]{
—t1=15[nm]|]
—t1 =20 [nm]

1.3 1.35

Wavelength(um)

Fig.3 Schematic of the transmission spectrum versus wavelength for
different values of “¢,”
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As stated, “g,” represents the coupling length or gap
related to Outputl port. Increasing “g,” would increase the
coupling length which would decrease the coupling coef-
ficient. As a result, the transmission’s peaks value experi-
ence lower values (by increasing “g,”) [36]. It can also be
concluded from Fig. 4 that increasing “g,” would shift the
transmission’s peak wavelength to lower values (blue-shift).
This can be understood from the resonance condition (from
the theory of ring resonator) presented in [38]. Finally, the
best result is obtained for g, =0.2 nm with the transmission’s
peak value and wavelength of 0.97 and 1.27 pm, respec-
tively. In the following part, effects of “u_,” are considered.

Effects of “p.,"

In this part, effects of “u.,” (chemical potential of the right-
sided waveguide) on the transmission spectrum are investi-
gated and depicted in Fig. 5.

As can be seen in Fig. 5, changing “u.,” from 0.3 to
1.1 eV would shift the transmission’s peak value from 0.97
to 0.995. It can also be seen that the transmission’s peak
wavelength would experience the blue-shift (moves from
1.27 to 1.24 pm). Variations of the transmission’s peak
wavelength can be explained by the circuit theory. As stated
in the circuit theory, graphene can be considered as a shunt
admittance which is sensitive to the geometrical parameters
and chemical potential [2, 31, 39]. As aresult, altering “u.,”
can affect the transmission’s peak wavelength according to
[2, 31, 39]:

4 =2xc\LC 8)

where ¢, L, and C represent the speed of the light in vacuum,
capacitance, and inductance of the circuit respectively. Accord-
ing to Eq. (6), increasing “u,,” decreases 4/ LC, which would
also decrease A (transmission’s peak wavelength).

Thus, the improved transmission’s peak value and wave-
length of 0.995 and 1.24 pm are achieved, respectively,
foru,,=1.1eV.

1 A A
0.9} ~ AV —gl=4[nm]
0.8l . ‘ ‘\ \‘ —gl= 3[nm]
0.7+ ARRY N | —gl=2[nm]
%0.6 | 5‘ | gl= 1[nm]
€05 U] \ —g1= 0.8[nm]|]
20.4 PN \ g1= 0.6[nm] ||
S0.3} FA “ —g1=0.4[nm]
0.21 | \ I\ —gl=0.2[nm]|]
0.1} F]
0l= <

1.2 1.25 13 1.35
Wavelength(pm)

Fig.4 Schematic of the transmission spectrum versus wavelength for
different values of “g,”
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2 0.5t ‘ —pcl = 1.1[eV]|]
g 0.4r FLTT )y
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0.2} \
0.1 J / s ,\\\
Ol < D —— — - —
12 1.25 13 135

Wavelength(pm).

Fig.5 Schematic of the transmission spectrum versus wavelength for
different values of “u.,”

In the last section, field distribution is obtained for
Outputl port by considering 1=1.24 pm, w; =17 nm,
t;=3.5nm, g, =0.2 nm, and p, =1.1 eV. The field distri-
bution diagram is depicted in Fig. 6.

In the following part, Output2 would be considered, and
effects of w,, 1,, g,, and y., on the transmission spectrum
would be investigated.

Transmitted Signal at Output2

In this part, signal transmitted (filtered) to Output2 (left-sided
output port) would be considered. Effects of different struc-
tural parameters (w,, #,, and g,) and chemical potential of the
graphene layer (u,) on the transmission spectrum would also
be studied. The first parameter to be studied is “w,.”

Effects of “w,"
In this part, effects of “w,” (width of the u-shaped wave-

guide of Output2) on the transmission spectrum are investi-
gated and depicted in Fig. 7.

V/m
x10°

Fig. 6 Field distribution at A=1.24 pm for Output] port
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Fig.7 Schematic of the transmission spectrum versus wavelength for
different values of “w,”

As can be seen in Fig. 7, increasing “w,” would firstly
increase the transmission’s peak value and then decrease
it. As stated in the previous sections, increment of the peak
value (by increasing the width to some extent) occurs due
to the decrement of the attenuation coefficient. On the other
hand, for higher values of “w,,” transmission’s peak value
experiences lower values due to the excessively enhanced
optical confinement of the light wave (leading to lower cou-
pling coefficient) [9, 37]. It is obviously seen in Fig. 7 that
by increasing “w,” from 8 to 16 nm, the transmission’s peak
value moves from 0.6 to 0.78. In another case, by increasing
“w,” from 16 to 20 nm, the transmission’s peak value varies
from 0.78 to 0.7. Finally, the improved transmission’s peak
value and wavelength of 0.78 and 0.855 pm are obtained for
w,=16 nm.

Effects of “t,”

In this part, for enhancing the functionality of the system at
Output2, effects of “#,” (width of the left-handed waveguide)
on the transmission spectrum are investigated and shown in
Fig. 8.

As can be seen in Fig. 8, ¢,’s variations versus transmis-
sion’s peak values are the same as ¢,’s (presented in the
“Effects of “¢,”” section) [9, 37]. In fact, by changing “t,”

—t2=2[nm]
—1t2 = 2.5[nm]
—t2 = 3[nm]

t2 = 3.5[nm]||
—1t2 = 4[nm]

t2 = 8[nm]
—t2 = 12[nm] |]
—1t2 = 16[nm] |]

t2 = 20[nm] |1

ot v, — = |-
0.76 0.83 0.9 0.97

Wavelength(um)

Fig.8 Schematic of the transmission spectrum versus wavelength for
different values of “t,”
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from 2 to 3 nm, the transmission’s peak value would be
shifted from 0.89 to 0.92. This phenomenon is the result
of the attenuation coefficient decrement (leading to higher
coupling coefficient). On the other hand, by changing “t,”
from 3 to 20 nm, the transmission’s peak value would be
varied from 0.92 to 0.76, which is due to the enhancement
of the optical confinement of light wave in the waveguide
(leading to lower coupling coefficient). Therefore, the
improved transmission’s peak value and wavelength of 0.92
and 0.759 pm are achieved for #, =3 nm.

Effects of “g,”

In this section, effects of “g,” (coupling length between the
inner split ring and left-handed u-shaped waveguide “also
known as gap”) are investigated and shown in Fig. 9.

“g,” affects the transmission’s peak value and wavelength
almost the same as “g;.” As can be seen in Fig. 9, increasing
“g,” decreases the transmission’s peak value and wavelength
simultaneously [36, 38]. Decrement of the transmission’s
peak value by increasing “g,” is the result of experiencing
lower coupling coefficient [36]. Finally, the best result is
obtained for g, =0.2 nm with the transmission’s peak value
and wavelength of 0.98 and 0.855 pm, respectively.

Effects of “p.,”

In this part, effects of “u.,” (chemical potential of the left-
sided waveguide) on the transmission spectrum are investi-
gated and depicted in Fig. 10.

As can be seen in Fig. 10, “u_,” affects the transmission’s
peak value and wavelength the same as “u.,.” By chang-
ing “u.,” from 0.3 to 1.1 eV, the transmission’s peak value
and wavelength move from 0.98 to 0.995 and from 0.855 to
0.81 pm, respectively. As previously stated, these variations
can be explained by the circuit theory [2, 31, 39].

As a result, the improved transmission’s peak value and
wavelength of 0.995 and 0.81 pm are obtained, respectively,
for p,=1.1eV.

1,
0.9+ —g2=4[nm]
0.8} —g2 = 3[nm]
So.7} —g2 = 2[nm]
20.6 92 = 1lnm]
E 0.5 — g2 = 0.8[nm|]
2 2 = 0.6[nm]
S 0.4t g . ]
~o.3k —g2 = 0.4[nm] ||
0.2 —g2 = 0.2[nm]|]
0.1 \
0 0.85 0.95 1.05

Wavelength(um)

Fig.9 Schematic of the transmission spectrum versus wavelength for
different values of “g,”
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Fig. 10 Schematic of the transmission spectrum versus wavelength
for different values of “u,

In the last part, field distribution diagram is considered
for Output2 port by considering A=0.81 pm, w,=16 nm,
t,=3nm, g,=0.2nm, and y,=1.1 eV and is shown in Fig. 11.

In the third section, Output3 would be considered, and
effects of ws, 3, g3, and p 3 on the transmission spectrum
would be investigated.

Transmitted Signal at Output3

In this part, the signal transmitted to Output3 (upper-side
output port) would be considered. Effects of different struc-
tural parameters (wj, t3, and g3) and chemical potential of the
graphene layer (y.;) on the transmission spectrum would also
be investigated. The first parameter to be considered is “w;.”

Effects of “w,”

In this section, effects of “w;” on the transmission spectrum
are considered and shown in Fig. 12.

Fig. 11 Field distribution at =0.81 pm for Output2 port

Wavelength(pm)

Fig. 12 Schematic of the transmission spectrum versus wavelength
for different values of “w;”

As can be seen in Fig. 12, by increasing “w5;” from 11 to
15 nm, the transmission’s peak value would be enhanced
from 0.55 to 0.71. On the other hand, by increasing “w;”
from 15 to 18 nm, the transmission’s peak value would be
changed from 0.71 to 0.64. The transmission’s peak wave-
length is also red-shifted by increasing “w5.” Obviously “w;”
affects the transmission’s peak value and wavelength just
like “w;” and “w,” [9, 37]. Thus, the improved transmis-
sion’s peak value and wavelength of 0.71 and 1.07 pm are
obtained for w; =15 nm. In the following part, effects of “z;”
would be considered.

Effects of “t,”

In this part, for improving the functionality of the system at
Output3, effects of “t3” (width of the upper-sided waveguide)
on the transmission spectrum are investigated and depicted
in Fig. 13.

It can be seen in Fig. 13 that by enhancing “#;” from
2.5 to 4 nm, the transmission’s peak value would be shifted
from 0.7 to 0.81. In another case, by increasing “¢;” from 4
to 20 nm, the transmission’s peak value would be changed
from 0.81 to 0.71. The transmission’s peak wavelength is
effectively red-shift by increasing “#;.” It should be men-
tioned that “#;” variation process is the same as “t,” and “#,”

0.9 . .
0.8 —t3 = 25[nm] 1
—1t3 = 3[nm]
80'7 ‘\ —13 = 4[nm]
20.6 \ t3 = 5[nm]
£0.5 ‘ —1t3 = 10[nm] |
20.4 | t3 = 15[nm] |/
© —_ —_
03 ‘\ t3 = 20[nm] ||
0.2 \
0.1 ,
ol N . _ .
0.95 1.05 1.1 1.15 1.2

Wavelength(um)

Fig. 13 Schematic of the transmission spectrum versus wavelength
for different values of “t;”
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Fig. 14 Schematic of the transmission spectrum versus wavelength
for different values of “g;”

[9, 37]. As a result, the improved transmission’s peak value
and wavelength of 0.81 and 1 pm are achieved for #; =4 nm.

Effects of “g,”

In this section, effects of “g;” (coupling length between the
inner split ring and upper-handed u-shaped waveguide) are
considered and depicted in Fig. 14.

As indicated in Fig. 14, “g;” variation process is simi-
lar to “g,” and “g,” [36, 38]. Therefore, the best result is
obtained for g;=0.2 nm with the transmission’s peak value
and wavelength of 0.9 and 1.1 pm, respectively. In the last
part, effects of “u.;” would be considered and investigated.

Effects of “p ;"

In this section, effects of “u.;” (chemical potential of the
upper-sided waveguide) on the transmission spectrum are
investigated and depicted in Fig. 15.

As can be seen in Fig. 15, by increasing “u;” from 0.3 to
1.1 eV, the transmission’s peak value and wavelength would
be changed from 0.96 to 0.995 and from 1.27 to 1.24 pm,
respectively. Obviously “u.;” affects the transmission’s peak
value and wavelength just like “u.,” and “u,” [2, 31, 39].

1 - :
0.9/ \ —puc3 = 1.1[eV]|]
0.8 a He3 = 0.9[eV]
0.7+ —uc3 = 0.7[eV]|]

§0.6 puc3 = 0.5[eV]|]

20.5; AT —uc3 = 0.3[eV]
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©0.3F “f N

Fo.2f A
oL NS

3 1.25 1.3 1.35

Wavelength (um)

Fig. 15 Schematic of the transmission spectrum versus wavelength
for different values of “u 3"
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Finally, the improved transmission’s peak value and
wavelength of 0.995 and 1.24 pm are obtained, respectively,
for p;=1.1eV.

In the last part, field distribution diagram is considered
for Output3 port by considering 1=1.24 pm, w; =15 nm,
t3=4nm, g;=0.2 nm, and s ;=1.1 eV and would be shown
in Fig. 16.

In this section, effects of structural parameters (wy, , g1,
Wy, by, 82, W3, 13, and g;) and chemical potentials (y,;, 4., and
Ue3) on the transmission spectrum of different output ports
(Outputl, Output2, and Output3) were investigated (the trans-
mission’s peak values and wavelengths were improved for
the three output ports). In the following parts, the improved
structures would be considered as biosensors for detection of
different biological elements in blood samples.

Utilizing the Proposed Structure as Bio-sensors

In this part, the proposed structure would be considered as
the biosensors for detection of different biological elements.
The biological element would be introduced considering
their refractive indices (R1Is).

Output1 Port

In outputl, different concentrations of glucose with various
refractive indices are considered. The transmission spectrum
is shown in Fig. 17.

The refractive indices (RI) utilized in Fig. 17 as 1.338,
1.352, 1.365, 1.375, 1.382, 1.394, and 1.405 are related to
different glucose concentrations in blood samples (n=1.338
for 25 mg/dl, n=1.352 for 50 mg/dl, n=1.365 for 75 mg/dl,
n=1.375 for 100 mg/dl, n=1.382 for 125 mg/dl, n=1.394
for 150 md/dl, and n=1.405 for 175 mg/dl [40]).

V/m

Fig. 16 Field distribution at A=1.24 pm for Output3 port
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Fig. 17 Transmission spectrum versus wavelength for different glu-
cose concentrations at Outputl port

As can be seen in Fig. 17, increasing RI would shift the
transmission’s peak wavelength to higher values [2, 19]. The
sensitivity factor can also be calculated considering the fol-
lowing equation:

Al
S=— RIU
A, 1m/RIU) ©)
The sensitivity value of 1560 nm/RIU was achieved for
outputl (for detection of glucose concentrations in blood sam-
ples). The figure of merit (FOM) can also be calculated as:

S

FOM = ——
FWHM

(10)
FWHM =0.013 pm and FOM =120 are achieved.

In the following part, output2 is considered for sensing
cholesterol concentrations in blood samples.

Output2 Port

In this section, different concentrations of cholesterol with
various refractive indices are considered and diagnosed in Out-
put2 port. The transmission spectrum is depicted in Fig. 18.

The RIs utilized in Fig. 18 as 1.48, 1.485, 1.49, and 1.495
are related to different cholesterol concentrations in blood
samples (n=1.48 for 0.01%, n=1.485 for 0.06%, n=1.49
for 0.09%, and n=1.495 for 0.13% [18]).

1 o ;
i [\ —n =148 ||
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- [ —n =149
0.7 [ ! n=1.495|
$0.6} [\ 1
£0.5} AVATA
2 | \/ \
50.4 | \ \
':0.3’ ‘s“ ’c“\\\ \
0.2 / AR
SIS SRS
1 Rl ~ 77-\“‘ T
o8 0.85 0.9 0.95

Wavelength(um)

Fig. 18 Transmission spectrum versus wavelength for different cho-
lesterol concentrations at Output2 port

Wavelength(pm)

Fig. 19 Transmission spectrum versus wavelength for different creati-
nine concentrations at Output3 port

As can be seen in Fig. 18, by increasing RI, the transmis-
sion’s peak wavelength would be red-shifted.

Considering Eq. (7), the sensitivity value of 2666.6 nm/
RIU was obtained for Output2 (for diagnosis of cholesterol
concentrations in blood samples). FWHM =0.015 pm and
FOM = 177.77 are achieved.

In the last part, Output3 is considered for sensing creati-
nine concentrations in blood samples.

Output3 Port

In this part, different concentrations of creatinine with various
refractive indices are considered as biological elements. The
transmission spectrum at Ouput3 port is depicted in Fig. 19.

The refractive indices (RI) considered in Fig. 19 as 2.565,
2.589, 2.610, 2.639, 2.655, and 2.661 are related to differ-
ent creatinine concentrations in blood samples (n=2.565
for 85.28 umol/L, n=2.589 for 84.07 pmol/L, n=2.610
for 83.3 pmol/L, n=2.639 for 82.3 pmol/L, n=2.655 for
81.43 pmol/L, and n=2.661 for 80.9 umol/L [17]). The sen-
sitivity value of 1458.3 nm/RIU was achieved for Output3
(for detection of creatinine concentrations in blood samples).
FWHM =0.019 pm and FOM =76.75 are achieved.

Table 2 indicates the comparison between the sensitivity
factors of our proposed sensors for detection of glucose, cre-
atinine, and cholesterol concentrations with some previously
published works.

Table 2 Comparison of our proposed sensors with previous works

References Sensitivity FWHM (nm) FOM
(nm/RIU)
Glucose sensor [3] 1278 12.17 105
Glucose sensor [41] 225 10 20.45
Our proposed glucose sensor 1560 13 120
Creatinine sensor [27] 306.25 10 30.625
Creatinine sensor [42] 640.29 9.14 70
Our proposed creatinine sensor ~ 1458.3 19 76.75
Cholesterol sensor [43] 156.18 15 10.41
Our proposed cholesterol sensor  2666.6 15 177.77
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Conclusion

The novel structures based on the combinations of various
U-shaped, split ring, and straight waveguides of SiO,, Au,
and graphene for detection of glucose, cholesterol, and cre-
atinine were proposed and considered. The straight wave-
guides which were connected to the U-shaped waveguides
were considered as the Input, Ouputl, Output2, and Out-
put3 ports. The incident field (applied to Input port) was
transmitted to the three output ports depending on the split
parameters (a;, a,, a3, and a,). Also, for improving the
characteristics of the proposed bio-sensors (enhancing the
transmission’s peak value), effects of different structural
parameters (Wi, £}, &1, Wy, Iy, 82, W3, I3, and g;) and chemical
potentials (4., fp, and u ;) were considered. Finally, the
improved structures were utilized as bio-sensors for detec-
tion of glucose at Outputl port, cholesterol at Output2 port,
and creatinine at Output3 port. Considerable sensitivity
factors of 1560 nm/RIU, 2666.6 nm/RIU, and 1458.3 nm/
RIU were achieved for glucose, cholesterol, and creatinine,
respectively. FWHM and FOM of “13 nm, 120,” “19 nm,
76.75,” and “15 nm, 177.77” were obtained for glucose, cre-
atinine, and cholesterol, respectively. As a result, the pro-
posed structure can be considered as a suitable candidate
for bio-sensing in optical integrated circuits.
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