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Abstract

A highly sensitive surface plasmon resonance-based PCF biosensor is explored in this research work. Outside the fiber
frame, active plasmonic material gold (Au) with a thickness of 25 nm has been deposited which is chemically steady and is
the primary sensing layer of the presented sensor. Unknown analytes could be detected by being flown on the metal surface
or leaked onto the metal layer’s outer surface. In this paper, we used circular airholes for external sensing of the unknown
analyte. The suggested sensor obtains the maximum wavelength sensitivity of 14,500 nm / RIU in X-polarization mode and
the maximum amplitude sensitivity of 4738.9 RIU™! for Y-polarized mode, respectively in the spectrum of 1.35-1.41 for the
analyte refractive index (RI). The lowest wavelength sensor resolution offered by this sensor is 6.9x107¢ RIU and the lowest
amplitude sensor resolution is 2.11x10° RIU for Y-polarized mode with FOM of 387 and 364 for X and Y polarization. In the
presence of a perfectly matched layer (PML), the sensing output of the presented sensor is analyzed using the finite element
method (FEM) based software named COMSOL Multiphysics version 5.3a. From our simulation result, it is important to
note that the proposed sensor demonstrates a noteworthy sensor performance for both polarization modes so that the choice
of light sources during the practical implementation is more frequent. The findings also show some bright features that our
proposed sensor can detect organic chemicals, biochemical analytes and can also be used in medical diagnostics immensely.
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1 Introduction

Surface plasmon resonance (SPR) phenomenon has achieved
tremendous admiration in the field of bio-sensing applica-
tions, food controlling, medical technologies, chemical and
physical sectors etc. due to its vast characteristics. Surface
plasmons are surface charges that are constructed due to
propagation of confined electromagnetic (EM) field along
with the interface between a metal and dielectric after an
electric oscillation took place immensely. The evanescent
field is located at metal-dielectric interface significantly
because of the exponentially decaying electrons that result
under a shaft of light. Kretschmann configuration is another
operable configuration in which with a glass prism, light is
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focused onto a metal film and the subsequent reflection is
sensed. This configuration detects collective oscillations of
free electrons which are called surface plasmons. The light
intensity or electromagnetic field changes if samples are
present and optical sensors are associated with this occur-
rence. Because of their availability to attain small portabil-
ity, high detection, integrated capacity, compatibility and so
on, multiple methods like Sagnac-interferometer, long-dis-
tance microstructures sensor, engraved oblique Bragg fiber
gratings, SPR etc. have been implemented to improve fiber
biosensor performance [1]. Optical sensor is defined as an
advanced device capable of converting light rays to electrical
signals so that the ambient state changes or response can be
detected, or electromagnetic wave intensities can be meas-
ured. There are various sensing techniques such as resonant
mirrors, SPR, photoluminescence, micro-ring resonator, eva-
nescent wave absorption spectroscopy and so on. Among
these SPR-based biosensor is the most promising one as it
has compact sensing features and innovative ability of detec-
tion criteria in nature [2]. First, Liedbarg et.al investigated
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prism-coupled SPR for detecting chemical gas and bio-sens-
ing approaches [3, 4]. A prism-based SPR sensor presents
some restrictions such as being bulky and having remote
sensing even though it is cheaper and easily available [5, 6].
To overcome these obstacles, SPR sensors based on PCF
applications have been introduced. SPR sensor based on PCF
is the composition between the science of plasmonics and
technology regarding PCF [7]. Evanescent field is generated
through the core-cladding region due to light propagation.
Evanescent field penerates the cladding region of the sensor
structure hitting the plasmonic metal surface that will excite
the metal surface’s free electrons. These excited electrons
begin resonating when the balance between the frequencies
of free electrons and an incident photon is established. At
this condition, on the metal-dielectric interface, surface
plasmon wave is produced which is known as resonance
state. A sharp loss peak with the adjacent dielectric layer of
metal sheet occurs at this resonance condition which is very
sensitive. In the real region of the surface area component
of the active Surface Plasmon Polariton (SPP), variations in
analyte refractive index (RI) will cause a subsequent vari-
ation in index, resulting in a change in the corresponding
phase or resonant wave frequency. Through measuring this
change in resonant wavelength, particles and molecules are
observed. This is the basis of PCF SPR’s operating theory
[8, 9]. The SPR phenomenon was observed experimentally
by introducing the manufacturing of gold nanowire with
PCEF for the first time by M. A. Schmidt et al. [10]. Due to
the flat PCF structure, compared with the external sensing
approaches D-shaped structure gives additional efficiency
by the use of analogous metal. Among the two sensing tech-
niques (Internal and external), external sensors are highly
appreciable due to the connection of analyte to the outer
surface of PCF. But it requires precise polishing which pro-
vides a challenge in this method for extracting a portion of
PCF. A symmetrical D-shaped SPR sensor based on PCF
was reported by Chao et al. having amplitude sensitivity
of 1222 RIU™! and wavelength sensitivity of 14,660 nm/
RIU [11, 12]. From recent reports, we found another one by
Rahman et al. who designed a D-shaped structure effectively
having a wavelength sensitivity of 3000 nm/RIU and AS of
241 RIU7! [13]. T. Huang et.al in this field found a larger
WS of 6000 nm/RIU and AS of 148 RIU™! [14]. Outside the
PCF structure there lays a plasmonic metal coating which
facilitates external sensing methods, highly desirable for
real-time environmental tracking systems. Highest sensitiv-
ity of 5,500 nm/ RIU was also found by averaging the results
of researchers investigating two-sided based SPR sensors for
detecting the lower RI in mid-infrared region [15]. To aid
in more feasible and simple fabrication, this technique has
gained much popularity in recent years. PCF has shown great
potential to control evanescent field penetration by having
noteworthy characteristics such as single-mode propagation,
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compact size, simpler launching of the light, and ability to
control and proved itself as a contender for SPR sensor. In
general silver, copper and gold are the materials that are used
in sensor designed with SPR phenomenon. In our paper, we
used Gold (Au) as a novel plasmonic material which shows
reliability due to its chemical stability. Gold can also pro-
vide with large resonance wavelength shift [9]. Rifat et al.
investigated a gold-coated sensor and achieved maximum
WS of 11,000 nm/RIU and AS of 1420 RIU™! [7]. It can
retain its stability even in aqueous state. On the contrary,
compared to gold, silver can provide sharper resonance
peak and little to none interband transition. But oxidation
of silver in the humid environment results in a reduction
of the accuracy of analyte identification [16]. This is why
theoretical works and experiments are done using gold as
the plasmonic medium [17, 18]. To minimize the oxidization
level, nowadays a thin graphene layer or Tio2 is also applied
with the above-mentioned materials for getting better sens-
ing performance [19, 20]. Using Au-TiO2 as the bimetallic
layer for the analyte channel, some researchers found a maxi-
mum sensitivity of 25,000 nm/RIU [21]. To date, majority
of the PCF SPR sensors proved that one of the polarization
modes is stronger than the other. All polarization modes also
have the same resonant wavelength coupling [1]. There have
been a very small number of dual-polarized PCF SPR sen-
sors that denote equal sensitivity in both polarized modes.
Y-polarization has been shown to provide more evanescent
field and surface excitation in earlier work due to the com-
plex design, micro-sized airholes and so on. Another form
of SPR termed as LSPR also got much popularity recently
which could combine both waveguiding and plasmonic reso-
nance technique [22]. In this paper, we are proposing a sim-
ple dual-polarized, highly sensitive gold-coated PCF-based
SPR sensor having circular-shaped airholes for gaining bet-
ter sensing performance and low loss. The sensor which is
proposed can provide low losses and high sensitivity which
is numerically tested by the Finite Element Method (FEM)
through the software COMSOL 5.3a that is available to us
commercially. Our goal is to successfully design a sensor
that is structurally simple, easy to fabricate giving high sens-
ing performance. Our desired characteristics also count for
low loss, high sensor resolution with improved WS and AS.
The simplicity of design allows for a practically realizable
PCF manufacturing that provides the possibility of com-
mercial use of the sensor.(Fig. 1, 2).

According to the mathematical explanation, resonance
occurs when the real effective refractive index (n,y) of
core-guided mode and surface plasmon polaritons (SPP)
mode value are exactly the equal. The core mode’s effec-
tive value of the refractive index (RI) intersected with
that of SPP mode at RI=1.4549 and at the corresponding
lambda =625 nm the peak loss occurred. So resonance will
occur at lambda=625 nm. Unknown analyte will be detected
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Fig.1 a SPP-mode, (b) core-
guided mode X-polarization,
(¢) core-guided mode Y-polar-
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Fig.2 Phase matching of core guided mode and SPP mode

at this phase of matching wavelength by shifting the reso-
nance peak.

2 Design methodology

The design is completed and investigated using the commer-
cially available COMSOL 5.3a software. The method which
has been used for designing the sensor is the stack and draw
method. Finite Element Method (FEM) was applied to assess

Fig.3 a 2-D cross-sectional
view and (b) stacking the pro-
posed sensor

(a) (b) (©)

the sensor. Figure 3 denotes the different parts of the sen-
sor. The structure has been computationally analyzed with
153,001 degrees of freedom and mesh of “Extra Fine” was
appointed for the simulation of the structure. Complete mesh
consists of 34,552 domain elements and 2358 boundary
elements. Meshing of the structure gives us finite solutions
instead of infinite solutions and is crucial for solving through
FEM. The values of various parameters in the design are
decided upon their sensing performance. The material used
in the perfectly matched layer (PML) and in the surface on
which air holes reside is Silica. The refractive index of Silica
(n (4)) has been calculated using the Sellmeier Eq. (1) [23,
24]

B, A? B, 2%
A«z - Cl A2 - C2

B, A2

D=1+
n~(4) 7-C,

ey

where silica’s Rl is n, 4 is the wavelength in pm. The Sell-
meier coefficients were taken from [24].

B, =0.696163, B; =0.897479400,
C,=4.67914826 1072 um?, C,=1.35120631x1072um?,
C;=97.9340025 pum?

Figure 3 a shows various layers of the sensor and their
materials. b shows the realization of the air holes through
the stacking of capillary rods. The scaled down air holes are
represented by capillaries with thick wall and the greater

Thick-wall capillary

ANALYTE Thin-wall capillary

Solid Rod

SILICA

(b)
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air holes are depicted by capillaries with a thin wall. Solid
rods have been inserted where there is no air hole [25]. This
stacking ascertains the practicality of realizing the fabrica-
tion of the designed sensor (Fig. 4).

3 Investigation of sensing performance
of parameters

The sensor performance can be considered as a function
of the geometrical parameters of the PCF. Moreover, these
parameters affect the interaction of the gold surface and the
evanescent field. Thus, these parameters must be selected
carefully. These parameters include gold film thickness,
analyte layer thickness, PML layer thickness, bigger air
hole diameter, and smaller air hole diameter and refractive
index values. Initially we used Gold film thickness =30 nm,
Analyte layer thickness=0.96 um, PML layer thick-
ness = 1.5 um, Bigger air hole diameter =0.95 um, Smaller
air hole diameter=0.25 pm, RI= 1.4 before optimization.

Fig.4 Mesh structure of the proposed sensor
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Amplitude Sensitivity (RIU 1)

While optimizing these parameters, we measured the con-
finement loss (CL), amplitude sensitivity (AS), and wave-
length sensitivity (WS) for different values of any particular
parameter.

i) Before optimizing the other parameters, we will talk
about the inner circle of the gold layer in the structure.
Its radius is kept at 4.7 um. If it is increased, amplitude
sensitivity would be decreased dramatically. Now let us
examine the gold layer’s thickness at first. Gold is used
as a chemically stable and active plasmonic material in
the aqueous region in this sensor design. It enhances the
detection level of an analyte in the sensor. Proper thick-
ness of gold layer contributes to enhanced sensor per-
formance and affects the shift in resonant wavelength.
Gold provides a significant resonance peak shift, which
can be seen from Fig. 5a. Apart from this, the Gold layer
also provides fabrication feasibility. Upon investigating,
it was found that an increase in thickness caused the
resonance peak to shift towards the larger wavelength.
The gold layer’s RI was measured using Drude-Lorenz
model which is given by Eq. (2) [23, 26].

2
w Ag?
W=e - —2 4 L2 @)

w(w+jrp) (W2 =p?) +jrw

where n,= gold’s refractive index, £ .= 5.9673 is
gold’s permittivity, Ae= 1.09 is the weighting vec-
tor, w is the angular frequency of the guided light,
wp, and y;, are the plasma frequency and damping fre-
quency respectively, where wj, /2n=2113.6 THz, and
yp/2n=15.92 THz. Moreover, p and 7 indicate the
frequency and spectral width of the Lorentz oscilla-
tor where p/2n=650.07 THz and 7/2x=104.86 THz

Amplitude sensitivity vs Wavelength
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Fig.5 a Loss vs. Wavelength and (b) Amplitude Sensitivity vs. Wavelength for various thicknesses of gold
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[23, 26]. Nanoscale properties of gold are crucial for
the surface plasmon waves (SPW) to appear. But this
fact applies for thickness between 20 to 50 nm [27, 28].
The value of gold thickness was the first parameter to
be optimized. Thus to do so, all the other settings were
kept constant, and gold thickness was varied from 20 to
35 nm, and the range of wavelength was [550-800 nm].
After comparing the results, we obtained amplitude sen-
sitivity at various gold thickness values by amplitude
interrogation method. From Fig. 5a, b, it is evident that
loss at gold thickness =25 nm is maximum, and a maxi-
mum sensitivity (1164 RIU_1) was found at gold thick-
ness =25 nm. It can also be followed that the amplitude
sensitivity at thickness =20 nm is higher than the sensi-
tivity obtained at thickness =30 nm. Thus we take gold
thickness =25 nm as the optimized value for this design.

The confinement loss was calculated from the expres-
sion (3) [29].

gy = 8.686 X 21/ A X I, (n,5) X 10, dB/cm 3)

where 27/A indicates wave number in the free space
and the operating wavelength, 4 is in pm [23, 29, 30].
From the simulation, we can deduct the value of Im(neff)
which signifies the imaginary part of the effective index
[26]. We are optimizing all the parameters considering
the amplitude sensitivity since it is a simple and eco-
nomic process [29-31] and wavelength interpolation is
not required in this case. In the wavelength interrogation
method, the maximum resonance wavelength shift can
give the sensitivity of a sensor. Wavelength sensitivity
was formulated by the wavelength interrogation method
through the formula (4) [23, 29, 32].

A’lpeak

Sw(d) = An

“

where, A4, is the difference between the resonant
wavelengths and An, is the difference between analyte
RI. The amplitude sensitivity can be obtained by the
following Eq. (5) [23, 33].

1 Aa(i,na)
a(/l, na) An ©)

Here a(A, n,) is the overall loss where analyte refrac-
tive index is equal to n, and Aa(A, n,) is the difference
between two adjacent loss spectra due to a small change
in the refractive index of the analyte, An, is the change
of the refractive index of the anlayte [26, 33]. Amplitude
sensitivity rises with an increment of analyte RI and
peak point shifts towards higher wavelength.

SA(/D ==

ii)

Optimization of analyte thickness:

Mode confinement and total reflection are enabled
by the difference in the analyte refractive indices [23,
27, 33]. This sensor is based upon the unknown ana-
lyte detecting performance. Thus, analyte thickness is
a crucial part of the design. After getting the optimized
value of gold thickness, the value of analyte thickness
was optimized by keeping the gold thickness parameter
constant and varying the analyte thickness. Few factors
were considered during optimizing the thickness. A
thinner analyte layer produces better results regarding
sensitivity. But detection of analyte using a layer too
thin or too thick would result in errors. The resulting
loss and sensitivity at different analyte thicknesses are
shown in Fig. 6. As the values were varied, it was found
that at a thickness of less than 0.8 pm, the amplitude sen-
sitivity decreased. A similar case was observed for the
thickness values of more than 0.8 um, which is evident
from Fig. 6b. At thicknesses lesser than 0.5 um, AS of
more than that of 0.7 um were found. Due to the lack
of practicality of the thickness, those thicknesses were
not chosen. Thus the values were varied from 0.7 pm
to 1 um, and the wavelength was varied from 550 to
750 nm. At the thickness of 0.8 um, the highest sensitiv-
ity of 1214 RIU~! was found. Hence this value was made
the optimum value for analyte thickness.

iii) Optimization of PML (Perfectly Matched Layer) thick-

V)

ness:

Perfectly Matched Layer (PML) is an integral part
of the simulation even though its absence in practice
does not result in an erroneous result. Its capacity is to
assimilate the dissipated waves from PCF and in this
manner, it behaves as a computational boundary [22,
23]. The difference in qualities due to the variation of
the thickness of the PML is seen in Fig. 7. The confine-
ment loss, as appeared in Fig. 7a, show that PML has
an insignificant effect on the confinement loss of the
sensor in contrast with the loss acquired for the analyte
case (Fig. 6a). When the PML thickness is made under
1.5 um, the Amplitude sensitivity decreases, and a simi-
lar case happens for a thickness of more than 1.5 pum.
Taking the detecting performance and size of the sen-
sor into thought, we pick 1.5 um (ranging from 0.9 pm
to 2 um) as the ideal PML thickness, where maximum
sensitivity (1245 RIU™) has been found.

Optimization of bigger air hole diameter:

In this design, inside the first inner circle, there are air
holes of two sizes. Subsequent to advancing the thick-
ness of the gold, analyte, and PML layers, we optimized
the radius of bigger airholes between two different air-
holes. Figure 8 depicts the variety of confinement loss
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~ Loss vs Wavelength Amplitude sensitivity vs Wavelength
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Fig.6 a Loss vs. Wavelength for different analyte thicknesses and (b) Amplitude Sensitivity vs. Wavelength for different Analyte thicknesses
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Fig.7 a Loss vs. Wavelength for different PML thicknesses and (b) Amplitude Sensitivity vs. Wavelength for different PML thicknesses

of the sensor, for change in range of greater airhole. The Between the two different radii, now the smaller one
Refractive index of the core guided mode is influenced is being optimized. In the cladding region the air holes
by the changes in the airholes and thus influences the radius plays an essential part in sensing performance.
phase matching between SPP mode and the core guided These airholes play a bigger role in producing the sur-
mode. Changes in the resonance intensity, resonance face plasmon polaritons and waves. Thus the effect of
peak and the resonance wavelength are seen because of changing their radius by small amount is significant on
this. Subsequently, we can change the size of this airhole confinement loss and Amplitude sensitivity [23, 33].
to optimize sensor performance. We found maximum From Fig. 9, we can see that the radius of this air hole
sensitivity of 1271 RIU™! at radius =0.852 um while mostly affects the confinement loss. The highest loss, in
varying the radius from 0.75 um to 1 pum in the wave- this case, is much higher than the highest loss obtained
length interval of 550 nm—-800 nm. It can be seen that in the previous cases. With the increment in diameter,
changing the radius of the bigger airhole did not result in the core guided useful index will diminish and guid-
a significant amount of change in confinement loss and ing light will spread out over the cladding region. This
sensitivity. Positioning of the airholes of this radius and will result in the reduction of surface excitation. Thus
contribution to producing SPW are the reasons behind choosing a proper optimum radius for the air holes of
this [23, 33]. this position is a very crucial investigation to perform.

v) Optimization of smaller air hole diameter
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Loss vs Wavelength
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Fig.9 a Loss vs. Wavelength for different radii and (b) Amplitude Sensitivity vs. Wavelength for different radii

vi)

After obtaining the optimized value of the big-
ger radius, the value of a smaller radius was varied
from 0.15 pm to 0.3 pum in the wavelength interval of
550 nm—=800 nm. The maximum sensitivity of 1515
RIU™! was found at 0.2 um among the other values,
and it is evident in Fig. 9b. Excitation is a pivotal issue
for SPR. In Fig. 9a, the confinement losses of core
guided mode found at different radii of this air hole are
expressed.

Sensing performance for different RI (Refractive Index)
values:

Between X-polarization and Y- polarization modes,
Y- polarization generates larger evanescent field exciting
more surface-free electrons in the loss curve. It is bet-
ter than X-polarization even though similar properties
can be found in X-polarization. That is why for the final

result, we are considering y-polarization as the funda-
mental mode. Within the wavelength range between 520
and 820 nm, the characteristics of confinement loss and
amplitude sensitivity for the Y polarization of the ana-
lyte RI varying from 1.35 to 1.41 are demonstrated in
Fig. 10a, b. Confinement loss characteristics of different
analytes provide the performance measurement of the
sensor. An increament of analyte RI is shown in Fig. 10a
which states that the resonance peak shifts towards the
longer wavelengths eventually. It is observed from the
Fig. 10 that this instance results in high sensitivity for
greater RI. Figure 11 describes the characteristics of the
pattern or behavior of the confinement loss and ampli-
tude sensitivity with the change of analyte RI. Both the
parameters follow a quadratic behavior which results in a
sharp increase in their values at the last RI of our range.
We found a resonance wavelength shifting of 80 nm for
the analyte RI of 1.40 and 1.41 in Y polarization mode
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Loss vs Wavelength in X-polarization mode Amplitude sensitivity vs Wavelength in y-polarization mode
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Fig. 11 Polynomial behavior of (a) peak loss and (b) amplitude sensitivity at different RI

after investigating Fig. 10a which is the maximum in this
case. At RI of 1.4 in the Y polarized mode, we achieved
a wavelength sensitivity of 8000 nm/RIU which is the
maximum one. For X polarized mode, a maximum shift
of 145 nm was found and thus a maximum wavelength
sensitivity of 14500 nm/RIU was found in that mode.
For detecting the analytes, the amplitude (phase)
detection method is more convenient than the wave-
length interrogation method. The amplitude sensitiv-
ity which we calculated for y polarization mode has
appeared in Fig. 10b. As sharper loss peak is obtained
at analyte RI=1.4, the maximum amplitude sensitiv-
ity for the Y polarization is evidently 4738 RIU™!. At
wavelength 690 nm, the maximum amplitude of the
loss spectrum is 118 dB/cm and the maximum wave-
length sensitivity equals to 14,500 nm/RIU are achieved

@ Springer

vii)

for analyte refractive index = 1.4 at X-polarized mode
(Fig. 11).

Fiber Linearity

To get an optimized sensor within a defined effectual
range, linear fitting features are needed. For the meas-
urement of sensors, high sensor linearity is a precondi-
tion particularly for high RI analytes. From the slope of
the linear fitting curve, the average sensitivity of the pro-
posed sensor is depicted. The nonlinearity of the reac-
tion causes critical varieties in the average sensitivity
and resolution making the detection procedure increas-
ingly intricate. Thus it is not a desired quality in a sensor
[26, 30, 34]. If the sensor shows linearity, it is easier to
predict the resonant wavelength for the higher analyte

Content courtesy of Springer Nature, terms of use apply. Rights reserved.
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viii)

Resonant Wavelength

RI [9]. The more the linearity, the more proportional
is the shift of resonant wavelength. The correlation co-
efficient (R) can depict the linearity and it is acquired by
performing linear regression. As a component of analyte
RI, linear fitting of the resonant wavelength is portrayed
in Fig. 12.

The regression equation for the linear fit of the pro-
posed sensor is y = —3949.2857 + 3321.4286x and
Regression Co-efficient is R?=0.90927. For the quad-
ratic fit, the equation and value of R*> were found to be
y =107117.3838 — 157678.5755x + 58333.3348x and
0.99341. It is evident that the value of the correlation
coefficient is very close to the value 1. This shows the
continuous response over the sensing region of 1.35-
1.41.

From Fig. 12, it was found that a quadratic fit pro-
duced a closer regression coefficient to 1 than that of a
linear fit. From this instance, the sensor performance can
be predicted for the next RI range following the quad-
ratic behavior.

Sensor resolution
The suitability and importance of a sensor not only
rely upon a higher sensitivity but also relies upon precise
detection of the minimum spectral shift change, which
detects analytes properly. By investigating the sensor
resolution, small changes of the spectral shift with pre-
cision can be identified effectively. In the interval of
1.35-1.41, the analyte refractive indexes are shown. An
average shift of 49.16 nm and 35 nm in the resonance
wavelength is observed with the variation of 0.01 in the
refractive index for X and Y polarized mode, respec-
tively. From this phenomenon, we obtained an average
spectral sensitivity of 3500 nm/RIU accurately. In reso-

Resonant Wavelength vs Analyte's RI

800
X Peak Loss y =-3949.2857 + 3321.4286 * x %
=='Linear Fitting 2
R*=0.90927
750 Quadratic Curve Fitting X
ﬂ”"
r"
700 L%
Pl
/"'
650 e
r"'
/”‘ ¥
600 o
,/" p. &
L " - 3 X
550x /_,-’ y = 107117.3838 + -157678.5755 * x + 58333.3348 * x*
r R?=0.99341
500
1.35 1.36 1.37 1.38 1.39 1.4 1.41

Analyte's RI

Fig. 12 Resonant wavelength vs. analyte RI for Y-polarization

iX)

lution wavelength interrogation method, resolution is
calculated by the Eq. (6)

ROw) = An, X Al i,
") = Apeak(RIU) ©)

and our result is compared with the reference [35].
While producing practical simulation, Optical Spectrum
Analyzer (OSA) is used. To correctly assess the change
in resonant wavelength shift for the smallest change, this
instrument computes results with a wavelength reso-
lution of 0.1 nm or 1 A [36]. Assuming that, A4, =
0.1 nm which denotes the minimum spectral resolution,
maximum peak shift denoted as AA peak and the analyte
RI change is An, = 0.01, we can calculate the maximum
sensor resolution [9]. The amplitude detection procedure
is proved as a very cost-effective method to measure
sensitivity. The absence of the need for spectral manipu-
lation reduces the number of iterations done for calcula-
tion [21]. The resolution determined by the amplitude
interrogation method is calculated by the Eq. (7)

R(A) An,
S\h) @
Here An,=0.01 and n,(2) is the amplitude sensitiv-
ity. Amplitude sensitivity is appeared in Fig. 10b as
a function of analyte RI. From Fig. 10b, among the
refractive indexes of 1.35, 1.36, 1.37, 1.38, 1.39, 1.4
respectively, we obtained amplitude sensitivities and a
maximum sensitivity of 4738.9 RIU™! is achieved for
the analyte refractive index of 1.4 in our case. Thus, the
lowest amplitude sensor resolution it can offer is 2.11
x10 =6 RIU. This Amplitude Sensitivity is taken as the
final result from our proposed sensor which is the best
result it can produce to its capabilities.

Figure of Merit

Another parameter which can describe the quality of
the sensor is the Figure of Merit (FOM). FOM is char-
acterized as the proportion of wavelength sensitivity and
FWHM (Full Width at Half Maximum) which is given
below in Eq. (8)

®

A better estimation of FOM is finalized when the
sensitivity is high and FWHM is low [24, 30]. The
FWHM obtained at refractive index of 1.35, 1.36, 1.37,
1.38, 1.39, 1.4, 1.41 are 23, 15, 20, 25, 20, and 37.5
for x-polarization respectively. The FWHM obtained
at refractive index of 1.35, 1.36, 1.37, 1.38, 1.39, 1.4

@ Springer
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and 1.41 are 18, 20, 20, 27, 28 and 22 respectively for
y-polarization.
Sensor Length

Sensor length is required to determine the power
detected by the sensor at the output for an input power. It
can be computed by taking the inverse of the maximum
confinement loss found in cm at each RI which is given
in Eq. (9) [37].

_ 1
B a(/l, Ana) ®

Figure 13 depicts the sensor lengths at different ana-
lyte RI. Since it is inversely proportional to the confine-
ment loss, the minimum loss gives the maximum sensor
length applicable to the sensor.

Table 1 signifies the performance analysis of the pro-
posed sensor. In this table, we can see, with increasing
RI, resonant peak shifts to the right just as our discus-
sion in theory. In Table 2, the correlation of performance
of this sensor has been made with different reported sen-
sors and the superiority of this proposed sensor has been
established.

4 Conclusion

A novel highly amplitude sensitive gold-coated SPR sensor
based on PCF, has been redesigned and researched to detect
three types of analytes that are- organic, biochemical, and
biomedical. In depth analysis and numerical simulation of
the sensor exhibits optimum wavelength sensitivity specifi-
cally for X polarization that is about 14,500 nm/ RIU and
the maximum amplitude sensitivity of 4738.9 RIU™! and
the lowest amplitude sensor resolution of 2.11 x107% RIU
for Y-polarization mode, respectively in the range of 1.35 to

@ Springer

Table 1 Performance analysis of the proposed sensor

FOM(Y-pol)

FWHM FOM(X-pol)

(Y-pol)

Wavelength FWHM (X-pol)

Resonant Peak Reso- Amplitude Sen- Wavelength

Peak

Analyte RI

Sensitivity(nm/RIU) In

Y-polarization

sitivity(RIU™Y)  Sensitivity(nm/RIU) In

nant Peak
Shift(nm)

Wavelength(nm)

Loss(dB/

cm)

X-polarization

55

86

18
20
20
27
28

23

1000
2000
2000
4000
4000
8000
N/A

2000
2000
2500
3500
5000

336.5

10
20

560
570
590
610
650

13.08
14.59
16.08
17.63

25.01

35

1.

100

133

15
20
25

404.908

1.36

100
148

125

643.45
971

37

38
1.39
14
1.41

140
250
387

40
40

1.

143
364

20

1705

22

375

14,500
N/A

4738.9

N/A

80

690
770

47.68
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Table 2 Performance comparison with reported sensors

Ref. No Structure type Rl-range  Polari- Amplitude Wavelength Resolution Resolution

zation sensitivity sensitivity (nm/  (Wave. Int.) (Amp. Int.)
mode (RIU7Y RIU) (RIU) (RIU)

[21] A Hi-Bi ultra sensitive SPR 1.33-1.38 N/A 1411 25,000 4.00 x10° 7.09 x10°

[22] Localized SPR biosensor 1.33-1.43 N/A 2050 111,000 9 x10°¢ 4.88 x10°¢

[7] Propagation controlled photonic ~ 1.33-1.39  X-pol 1506 30,000 333 x10°° 6.64 x10°®
crystal fiber

[7] Internal metal coated PCF SPR 1.33-142  Y-pol 1420 11,000 9.1 x10° 7.04 x10°°
sensor

[38] Circularly slotted highly sensitive 1.40-1.46 N/A 780 16,000 6.25 x10°® 1.28 10

[39] Multi-coating PCF SPR at near-  1.40-1.44 N/A 1739.26 9600 1.04 x10°° 5.77 x10°®
infrared wavelength

[40] Hollow core circular shaped PCF  1.33-1.42 N/A 2456 21,000 4.76 x10°° 4.07 x10°®
biosensor

[7] Selectively coated photonic crysta 1.33-1.41 N/A 2843 18,000 5.6 x10°° 3.5x10°

[33] Dual-polarized highly sensitive 1.33-14 N/A 1189.5 13,000 7.69 x10° 8.41 x10°®

Proposed Sensor  Gold coated 1.35-1.41 Y-pol 4738.9 8000 1.25 x10°3 2.11 x10°

Circular PCF SPR sensor 14,500(X-pol) 6.9 x10®

1.41 for the analyte refractive index (RI). FOM values of 387
and 364 are obtained for x and y polarization respectively.
The lowest wavelength sensor resolution offered by this sen-
sor is 6.9x107° RIU/nm. With existing advances, the manu-
facture of the sensor can be acknowledged directly alongside
basic handy use. With existing technologies, the fabrication
of the sensor can be realized straightforwardly along with
simple practical utilization. Having such striking identifying
properties, the proposed sensor has brilliant potential in the
field of biomedicine, science and for error-free and exact
identification of other natural and biomedical applications.
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