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Abstract

The development of biosensors based on various novel techniques has become highly sig-
nificant in the context of the outburst of a pandemic like COVID 19. The present work
reports the theoretical modeling of two surface plasmon resonance (SPR) based biosensing
probe configurations on optical fiber employing Metal/ZnO/MXene and Metal/ZnO: Pd/
MXene. Maximum sensitivities of 19,400 nm/RIU and 8350 nm/RIU are calculated with
Metal/ZnO/MXene and Metal/ZnO: Pd/MXene, respectively. The sensors are suitable for
analytes with refractive index values ranging from 1.354 to 1.422. The refractive index of
mucus and serum being in this range, the proposed biosensor, can be a potential tool for
COVID-19 detection.

Keywords MXene - SPR - Hybrid nanostructure - Biosensor

1 Introduction

Today we are at a crucial junction where the entire world is being shocked by the fatal epi-
demic of Corona Virus disease (COVID-19). The corona virus belongs to the viruses that
may cause the common cold, influenza-like illnesses, nephritis, respiratory illnesses like
pneumonia and bronchitis. Middle East Respiratory Symptom (MERS), Severe Acute Res-
piratory Symptom (SARS), and the COVID-19 are some of the severe symptoms caused
by the corona virus family (Huang et al. 2009). Despite all the acquired medical and tech-
nological achievements, the epidemic is spreading at lightning speed, raising the death toll
to around two lakhs. Hence early, accurate, and fast detection of the human corona virus
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is essential. Studies confirm that the corona virus gets transmitted through body fluids
and social contacts. The endogenous biochemical processes within the human body and
the defense mechanism of the tissues against intruders like virus results in the formation
of many volatile organic compounds (VOC) as by-products and reflect in the body fluids
and the exhaled gases. The constituents in the exhaled air and the body fluids can throw
light into the health condition of human beings (Galassetti et al. 2005; Ruzsanyi and Péter
Kalapos 2017). It can provide diagnostic information on the early detection of various dis-
eases. Many types of biosensors have been developed so far. The biosensors have become
a potential tool in the early detection of diabetes (Gruber et al. 2016), abnormalities with
lungs (Nardi-Agmon and Peled 2017) and blood serum (Liu et al. 2019).

A wide variety of sensors working on different technologies and materials are available.
The quality of sensors has been improved much with hybrid nanostructures (Andre et al.
2018). For accurate and quick sensing, the sensors should have better adsorption to various
functional groups, quick response characteristics, and chemical stability. Recently, MXenes
have revolutionized the sensing arena (Sinha et al. 2018; Zhu et al. 2017). Among the vari-
ous optical sensors based on different techniques, such as infrared spectroscopy (Li et al.
1990), ultraviolet—visible spectroscopy (Tredgold et al. 1985), ellipsometry (Beck et al.
2011), and surface plasmon resonance (SPR) (Tabassum and Gupta 2015a,b), the SPR sen-
sors stand apart as a better choice. The sensors based on the principle of SPR have proved
to yield quick and accurate sensing of physical, chemical, and biochemical parameters
(Sharma and Gupta 2007; Jorgenson and Yee 1993; Ghosh et al. 2013). SPR sensors make
use of the Kretschmann configuration (Homola 1997). When a metal is placed in contact
with a dielectric and is excited by an optical signal, resonant oscillation called surface plas-
mons, of the free electrons at the interface between a metal and a dielectric may happen
when the wave vectors of the conducting electron cloud and evanescent waves match. SPR
sensors operate on the above principle. Surface plasmons are exponentially decaying trans-
verse magnetic (TM) polarized non-radiative electromagnetic signals propagating parallel
to the metal—dielectric interface. The principal advantageous feature of SPR is that, even
minor variations of refractive index (RI) in the boundary of the metal and dielectric will
largely influence the resonance conditions of the surface plasmons.

Adsorption of external materials to the surface alter the refractive index, and hence
SPR based sensors ensure efficient sensing applications. For harnessing the advantages of
optical fibers, the Kretschmann configuration is modeled to be implemented with optical
fibers and are called fiber optic SPR sensors (Villuendas and Pelayo 1990). When white
light is focused on one end of the fiber optic sensor, maximum energy from the transmit-
ted light gets transferred at resonance to the surface plasmons. Hence, a corresponding dip
appears at the recorded output waveform at the other end of the fiber. This waveform is
the SPR curve. The resonant wavelength (41,.,) changes with change in the RI of the sens-
ing medium, and hence calibration of the wavelength shift for a specific change in RI can
yield the sensitivity. These fiber optic SPR sensors enable compactness, ease of sensing,
high sensitivity, fast sensing, and reliability for noninvasive measurements in sensing and
biosensing.

In the proposed theoretical modeling, fiber optic SPR hybrid nanostructured sensing
probes with aluminium (Al), zinc oxide (ZnO), Palladium (Pd), and Ti;C,T, MXene, suit-
able for biomedical applications is considered. MXenes are two dimensional materials
derived from the M, ;AX, (MAX) phases, where M is an early transition metal, A is a
group 13 or 14 element, and X is carbon or a combination of carbon and nitrogen. They
possess high hydrophilicity, large surface area, and are easy to functionalize. The unique
physical, chemical, and ion transport properties make them a prominent choice in many
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applications, especially sensing and biosensing (Sinha et al. 2018; Zhu et al. 2017; Wu
et al. 2018). MXenes feature excellent biocompatibility and allow secure immobilization
of enzymes and proteins on its surface (Wu et al. 2018; Rakhi et al. 2016; Wang et al.
2015a). They possess a large specific surface area and anisotropic conductivity of charge
carriers, together with environmental friendliness and excellent chemical stability (Sinha
et al. 2018; Zhu et al. 2017). The presence of surface dangling bonds enables MXenes to
attract various functional groups, which make them a unique choice for sensing applica-
tions (Sinha et al. 2018; Zhu et al. 2017; Wang et al. 2015b; Sudheer et al. 2020).

ZnO is an II-VI compound semiconductor with a direct and large bandgap. The ionicity
resides at the borderline between covalent and ionic semiconductors. ZnO has high ther-
mal and chemical stability, substantial mechanical strength, sizeable piezoelectric coeffi-
cient, high exciton binding energy, and optical gain, making it an ideal material to realize
excitonic devices at room temperature (Tabassum and Gupta 2015a, b; Ozgﬁr et al. 2005;
Shukla et al. 2015). Palladium is an attractive metal that has been used as a stable Schottky
contact of wide bandgap and is a good conductor with superior thermal and chemical sta-
bilities (Tabassum and Gupta 2015a, b; Abd Rahim et al. 2011). Pd nanoparticles possess
excellent SPR features, which could lead to applications in colorimetric sensing, plasmonic
waveguiding, enhancement of electromagnetic fields and light transmission, and optical
sensing of hydrogen (Hamed 2016). Pd is very resistant to oxidation and corrosion and
possesses excellent catalytic properties. It is also chemically stable.

Reverse transcription-polymerase chain reaction (RT-PCR), serological testing, and
antibody-based testing were earlier used to detect the coronavirus. Detection based on
antigens like N-protein also yielded better results as these proteins can be detected even
early as on the first day of infection. Different methods like enzyme-linked immunosorb-
ent assay (ELISA), immunofluorescence assay, and enzyme-linked immunosorbent assay
using chemiluminescence (CLEIA) were utilized for detecting N-proteins (Huang et al.
2009). Literature shows that studies were also conducted on the refractive index (RI) of
the coronavirus (Hamed 2016; Pang et al. 2016). All of the above test procedures are time-
consuming. The proposed fiber-optic SPR sensor has the advantage of the compact size
and flexibility of the optical fiber combined with the unique properties of the outer layer of
MXene. Hence the sensor can facilitate simple, fast, and accurate invasive and noninvasive
sensing of body fluids. We strongly believe that our proposed sensing probe structures can
guide the development of sensors for fast and accurate detection of coronavirus infection.

2 Experimental considerations and theoretical modeling

Many sensor configurations have already been proposed with ZnO and nanocompos-
ite of ZnO and Pd with enhanced sensitivity. For harnessing the features and proper-
ties of ZnO, Pd, and MXene, two different hybrid nanostructure sensor configurations
are proposed—Metal/ZnO/ Ti;C,T, and Metal/ZnO: Pd/ Ti;C,T,. Simulations are done
with aluminium as the metal and Ti;C,T, as the outer layer interacting with the analyte.
Here we propose to remove the cladding for a length of 1.5 cm from a Plastic Clad
Silica (PCS) fiber of core diameter 600 pm and numerical aperture of 0.24. This clad-
ding removed portion is coated with the thin film of aluminium. The proposed sensing
probe is illustrated in Fig. 1. In the first configuration, a thin layer of ZnO is sandwiched
between the metal and Ti;C,T, layers, whereas in the second configuration, the ZnO
layer is replaced with a nanocomposite of ZnO and Palladium. A beam of collimated
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Fig.1 Schematic of the proposed sensing probes a Al/ZnO/Ti,C,T, and b Al/ZnO: Pd/Ti;C,T,

white light is made to fall on one face of the fiber with the sensing probe at a suitable
angle. The SPR curve recorded at the other end of the fiber gives ample information on
the resonance wavelength, change of RI of sensing medium, and sensitivity of the sen-
sor and accuracy of sensing. Usually, the Full-Width Half Maximum (FWHM) of the
curve is considered for calculating the spectral width. Figure 2 illustrates two different
SPR curves. Depending on parameters like the type and thickness of the different lay-
ers of the sensing probe and the RI of the analyte(ny), the SPR curve need not always
be perfect like curve A, shown in Fig. 2. Calculation of FWHM is possible with the

Fig.2 SPR curves- curve A is a
typical SPR curve and curve B
illustrates an SPR curve with var-
iation depending on parameters
like RI of the analyte and the
nature and thickness of the layers
of the sensor

Normalised transmitted power

Wavelength (nm)
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standard SPR curve A. Sometimes, the right-hand shoulder may fall much lower than
the left one, as depicted by curve B in Fig. 2. The depth and sharpness of the SPR curve
is critical as it affects the accuracy of determination of the resonant wavelength. The
larger the spectral width, the lesser is the accuracy. Hence we have calculated the spec-
tral width at a height corresponding to 0.1 unit above the tip of the SPR dip. For better
clarity in representation and interpretation, the inverse of the spectral width is taken and
is termed as detection accuracy (DA) (Sudheer et al. 2020). Use of DA facilitates easy
analysis of the graphs and interpretation of the dependence of resonance wavelength on
changes in RI.

The proposed SPR sensing probe is based on the Kretschmann configuration with
the wavelength interrogation technique. Hence wavelength dependence of the dielec-
tric constants of the core material of the optical fiber, aluminium, ZnO, Palladium, and
MXene need to be considered in the theoretical modeling. The dependence of the wave-
length on the refractive index of the silica core of the PCS fiber is calculated as defined
by the Sellmeier relation as (Ghatak and Thyagarajan 1998).

o fi AR AR AR
"= Te-B B -8B M

where 4 is the wavelength in ym and A,, A,, A;, B;, B, and B; are Sellmeier coefficients
with values of A;=0.6961663, A,=0.4079426, A;=0.8974794, B;=0.0684043, B,=0.11
62414 and B;=9.896161. The Drude dispersion model quantifies the wavelength depend-
ence of the dielectric constant of the metals with the relation (Sharma and Gupta 2007,
Sharma et al. 2007)
. 224,
Eq() = € +igy; =1— m Q)
P

where 1, and 4, are respectively the plasma and collision wavelengths of the metal, ¢,
and e,,; are respectively the real and imaginary parts of the dielectric constant of the met-
als and €, correspond to the dielectric constant for the infinite value of the frequency. For
metals, the value of ¢ is 1. The values of /1p and 4, for aluminium (A)) are 1.0657 X 1077
and 2.4511x 107 3, respectively, where A is in meters (Ordal et al. 1983; Lambrecht and
Reynaud 2000). Similarly, the dielectric constant of ZnO and Pd as a function of the wave-
length of light is given as (Tabassum and Gupta 2015a, 2015b)

0.8796842

E20(4) = 2.81418 -
7o (12 - 0.3042%) — 0.00711 ®)

£pa(A) = —24.963646(‘»09383)+28.65615]+i[15.31843e<m*39>—16.97702 @)

For the nanocomposite of ZnO and Pd, particle size is considered to be much smaller
than the wavelength of light. Nanoparticles of Pd is considered to be dispersed in the
host solution of ZnO and is modeled with the Maxwell-Garnett model. The normalized
transmitted power through the fiber measured at one end due to a white light source fed
at the other end of the fiber in the SPR based sensor can be expressed as (Singh and
Gupta 2010)
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”/ZRNW(Q) n%sinHCﬂsé‘
0, P (1 —nf cos? 6')2
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where R} is the net reflection coefficient of the ray incident at the core metal interface. 6,
is the critical angle of the fiber, n, is the refractive index of the fiber cladding, N, .{6) rep-
resents the number of reflections the ray launched at an angle € undergoes inside the fiber
core. Also, N,{(0)=L/D tan 0, where L is the length of the sensing probe, and D is the
diameter of the fiber core.

In this work, the sensing probes considered are the multilayered structure, includ-
ing the fiber core and the sensing medium. Hence, the N-layer matrix method (Hansen
1968) has been utilized to determine the value of R, accurately. Accordingly, the char-
acteristic matrix for an N-layer structure can be expressed as

M=ﬁMk _ [Mu MIZ] = [ cosh - (=isinfo/a ©
k=2

My My, —ig,sinf; cosp;
where
1y 1/2 (&, — nfsinzﬁl)l/2
@G=\|— cospy = ——— )
€k €k
and
2 2rd . )
B = fnkcosﬁk(zk —5) = ; (e — n%smzal)l/ ®)

The reflection coefficient r,, of the incident wave through the N layered structure is
given by

.o (Mn +M12‘]N)‘11 - (M21 +M22‘IN) ©
g (Mn +M12‘]N)‘11 + (M21 +M22‘IN)

2
and the corresponding reflectance is R, = ‘rp‘

The qualities of any SPR sensors are judged by three main parameters (Wu et al.
2018; Ghatak and Thyagarajan 1998).

S = change in resonant wavelenth _ A/,

(a) Sensitivity, change in refractive index An,
(b) The spectral width of the SPR curve.
(c) Range of refractive index values over which efficient sensing is possible.

Sensitivity is a major parameter that determines the quality of sensing. The more the shift
in resonant wavelength for a unit change in n,, the more accurate will be the sensing for
the very small changes in n,. In the same way, the spectral width of the SPR curve is also
very important for an SPR sensor in that the accuracy of detection increases with smaller
spectral width. Hence, a trade-off between the sensitivity and spectral width needs to be
considered.
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3 Results and discussion

Certain benchmark values for the quality parameters (Sudheer et al. 2020; Sharma et al.
2007) are fixed by the authors to ensure better sensing—(i) 4., must lie in the visible
region (ii) the sensitivity should not be less than 3000 nm/RIU (iii) The DA should not
be less than 0.015 nm™'. Simulation results on the A, its spectral width, and depth of the
SPR curve are collected for a change in RI of 0.0001 RIU.

3.1 Al/ZnO/Ti,C,Tx

Figure 3a illustrates the variation of Sensitivity and DA for different thickness of the alu-
minium layer, with 10 nm of ZnO layer and a single layer of Ti;C,T,. No noticeable SPR
curve is obtained for 10 nm thickness of aluminium. Up to 20 nm thickness of aluminium,
the observed sensitivity is very low. After that, the sensitivity increases with an increase
in the thickness of the aluminium layer up to 40 nm. It remains at an almost saturation
value of ~ 10,600 nm/RIU up to 50 nm and is observed to decrease with further increase in
aluminium layer thickness (up to the considered thickness of 70 nm). The DA is found to
increase with an increase in the thickness of the Al layer. That is, even though aluminium
layer thickness of 40 nm and 50 nm yielded almost the same sensitivity, the DA is better
for 50 nm thickness. Figure 3b depicts the normalized transmitted power corresponding
to the different thickness of the aluminium layer as mentioned above. The resonant wave-
length cannot be determined with the SPR curve corresponding to 20 nm thickness. The
curve corresponding to 40 nm thickness exhibited larger red shifts and is of comparatively
larger spectral width. For 50 nm thickness, the curve made only a lesser red shift, with a
comparatively lesser spectral width and very good depth. The curves for 60 nm and above
(not shown) exhibits very small depth.

Hence 50 nm is considered as the optimum thickness of aluminium in all the configura-
tions. The variation of sensitivity with different layers of Ti;C,T, for 50 nm of aluminium
and 10 nm of a ZnO is plotted in Fig. 4a, which shows that a single layer of Ti;C,T, yields
higher sensitivity of ~10,350 nm/RIU. The sensitivity is found to decrease for a further
increase in the number of Ti;C, T, layers. The DA increases with an increase in the number
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=) 1006 2 K
& 8000} 3 E
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Fig.3 a Variation of sensitivity and detection accuracy as a function of different thickness of Al measured
at ng=1.413 with a single layer of MXene and 10 nm of ZnO. b Normalised transmitted power as a func-
tion of the wavelength for different thickness of Al measured at n;=1.413 with a single layer of MXene and
10 nm of ZnO
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Fig.4 a Variation of sensitivity and detection accuracy as a function of the number of layers of MXene,
measured at n,=1.413 with 50 nm of Al and 10 nm of ZnO. b Wavelength dependence of the normalized
transmitted power at n;=1.413 for the different number of MXene layers, with 50 nm of Al and 10 nm of
ZnO

of Ti;C,T, layers. Also, the 4,,, experienced a red shift with an increase in Ti;C,T,layers.
Variation in sensitivity and DA as a function of RI, corresponding to 5 nm and 10 nm
thickness of ZnO, 50 nm of aluminium and a single layer of Ti;C,T, are shown in Fig. 5a.

With 5 nm of ZnO, no noticeable SPR dip is observed for values of n,<1.36, whereas
for ng=1.361 to 1.375, very low sensitivity is observed. The calculated sensitivity is well
above the acceptable benchmark value for ng values from 1.38 to 1.416. Beyond n,=1.416,
the 4, is observed to shift to the IR region. The sensitivity is found to increase slightly up
to n = 1.392 and after that increases progressively with n,. A sensitivity of 11,250 nm/RIU
is calculated for nj=1.416. In fact, with 5 nm thickness of ZnO, the effective sensing range
is from n;=1.38 to 1.416. The DA is observed to decrease with an increase in ng, but is
within the acceptable benchmark value. Calculations with 10 nm thickness of ZnO observe
no noticeable SPR dip up to ng values of 1.39 and thereafter minimal sensitivity value up
to ng=1.39. For n,=1.4 to 1.42 steady increase in sensitivity with ng is observed. Sensitiv-
ity of 14,000 nm/RIU is calculated for n,=1.419. For ng greater than 1.42, the A, shifts to
the IR region. The sensing range is minimal, ranging from n;=1.4 to 1.42. The observed
SPR curves are so asymmetric that DA could be calculated only for a very narrow range of
refractive index and hence not included in the graph. The calculated DA is in the accept-
able range. A much higher sensitivity of 19,400 nm/RIU is calculated for ny=1.422 (not
shown in the graph). The DA calculated is slightly higher. The sensing range is constricted
tong=1.419 to 1.422. Thus it is observed that an increase in the thickness of ZnO increases
the sensitivity and the value of RI that can be sensed. But the lower range of sensing range
got constricted largely.

The variation of sensitivity and DA with different thickness of ZnO, 50 nm of alumin-
ium, a single layer of Ti;C,T, and n,=1.412 is shown in Fig. 5b. Up to around 4.5 nm
thickness of ZnO, no noticeable effect on the sensitivity enhancement is seen. Thereaf-
ter the sensitivity gradually increases and reaches a maximum value of 11,550 nm/RIU at
11 nm thickness of ZnO, and with further increase in ZnO thickness, shows a reduction in
sensitivity. The DA decreases progressively but is within the acceptable range. The plot
of the normalized transmitted power for different thicknesses of ZnO with 50 nm of alu-
minium, a single layer of Ti;C,T,, and n,=1.412 depicted in Fig. 5Sc shows that all the SPR
curves are of almost the same dip. But they experience a blue shift with an increase in ZnO
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Fig.5 a Variation of sensitivity and detection accuracy as a function of the refractive index of the analytes,
with 50 nm of Al and a single layer of MXene for different thickness of ZnO. b Variation of sensitivity and
detection accuracy as a function of the thickness of ZnO measured at n,=1.413 with 50 nm of Al and a sin-
gle layer of Mxene. ¢ Normalised transmitted power as a function of wavelength for different thickness of
ZnO measured at ny=1.413 with 50 nm of Al and a single layer of MXene

thickness. This configuration can lead to designing SPR biosensors and also sensors for
gases and liquids of RI greater than 1.38.Thus 50 nm of aluminium, 11 nm of ZnO, and a
single layer of Ti;C,T, will be the optimum values for efficient sensing.

3.2 Al/ZnO: Pd/Ti;C,T,

This is a three-layer configuration, just like the Al/ZnO/Ti;C,T, sensing probe described
above, where the ZnO sandwich layer is replaced by a nanocomposite of palladium dis-
persed in ZnO. Here also the optimum thickness of aluminium is taken as 50 nm and of
Ti;C,T, as a single layer. Calculations have been done with different volume fractions (f)
and thickness of the ZnO: Pd nanocomposite. The effect of incorporating the ZnO: Pd
nanocomposite can be understood with the illustrative graphs in Fig. 6. Figure 6a illus-
trates the variations in sensitivity and detection accuracy of the sensing probe with 10 nm
thick ZnO: Pd nanocomposite layer for f=0.2, 0.4 and 0.6.

For f=0.2, no SPR dip is observed for ng values less than or equal to 1.3. For n;=1.3
to 1.35, very low sensitivity is observed. Appreciable sensitivity is seen for ng values
from 1.37 to 1.398, beyond which the A shifted to the IR region. Maximum Sensitiv-
ity of 7250 nm/RIU is calculated for n,=1.398. Though the DA is observed to be lesser
than that of Al/ZnO/Ti;C,T, configuration, the values are well within the acceptable range.
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Fig.6 Sensitivity and detection accuracy as a function of the refractive index of the analytes. a for the dif-
ferent volume fraction of ZnO: Pd with 50 nm of Al, a single layer of MXene and 10 nm thickness of ZnO:
Pd nanocomposite. b for different thickness of ZnO: Pd nanocomposite with 50 nm of Al, a single layer of
MXene and f=0.2. ¢ for different thickness of ZnO: Pd nanocomposite with 50 nm of Al, a single layer of
MXene and f=0.4 d for different thickness of ZnO: Pd nanocomposite with 50 nm of Al, a single layer of
MXene and £=0.6

With f=0.4, SPR dip is observed only after n,=1.22. An acceptable range of sensitiv-
ity is observed from n,=1.37 to 1.382. Beyond n =1.382 the A, shifts to the IR region.
Similarly, for f=0.6, the simulation does not yield any SPR dip up to n,=1.109. From
n,=1.1 to 1.35, the observed sensitivity is very low. The acceptable range of sensitivity is
calculated for n,=1.352 to 1.366, above which the 4, shifts to the IR region. Sensitivity
of 4100 nm/RIU is calculated for ng=1.366. The DA observed is lower than that for f=0.4.
The calculated sensitivity is found to increase with the increase in the value of possible
n,. For any value of n, in the possible range, the sensitivity is found to increase with an
increase in volume fraction. Also, the lowering of the lower and upper limits of the sens-
ing range can be noted. In all the cases, the 4, experience a redshift with an increase in
the value of n,.. The SPR curves observed for f=0.8 is much wide that accurate detection
of 1., will be difficult.

The analysis can be much clearer with the plots of Fig. 6b, ¢, and d, which depicts
the variation of sensitivity and DA with n, for the selected thickness values of ZnO: Pd
nanocomposite for different volume fractions of 0.2, 0.4 and 0.6 respectively. Figure 6b
illustrates the variations in sensitivity and DA with the nanocomposite thickness of 5 nm,
10 nm, and 15 nm for f=0.2. With 5 nm thickness of the nanocomposite, effective sens-
ing is possible only for values of n,=1.38 to 1.406. The maximum sensitivity of 8350 nm/
RIU is calculated for n,=1.406. With 10 nm thickness, the sensing range is from n,=1.37

@ Springer



Nanostructured ZnO and ZnO: Pd with MXene overlayer SPR... Page 110f 14 340

to 1.398, with a maximum sensitivity of 7250 nm/RIU. For 15 nm, the effective sensing
range gets limited to n,=1.36 to 1.388 with enhanced sensitivity. Sensitivity of 6200 nm/
RIU is calculated for ng=1.388. The DA is also observed to decrease with an increase in
thickness of the nanocomposite. Figure 6¢ shows the variations in sensitivity and DA with
7ZnO: Pd thickness of 5 nm, 10 nm and 15 nm for f=0.4. With ZnO: Pd thickness of 5 nm,
the sensing range extended from n,=1.373 to 1.396 imparting 6150 nm/RIU sensitivity
for n,=1.396. For 10 nm thickness, the sensing range is observed to be from n,=1.37 to
1.382 with a sensitivity of 5200 nm/RIU at n,=1.382. Though SPR curve can be obtained
for values of n from 1.11 onwards, effective sensing can be had only for a very narrow
span of ng=1.348 to 1.354, when the thickness of the nanocomposite is 15 nm and f=0.4.
A sensitivity of 3400 nm/RIU is observed for n,=1.354. The nanocomposite of 15 nm
thickness yields higher sensitivity and lesser DA than that of 10 nm. Figure 6d depicts
the variation of sensitivity and DA with 10 nm, 15 nm of the nanocomposite for f=0.6.
The sensing range from n,=1.37 to 1.392 for a thickness of 5 nm imparting a sensitivity
of 5850 nm/RIU at ng=1.392. With 10 nm thickness, an acceptable range of sensitivity
is observed only for n;=1.352 to 1.366. With 15 nm of nanocomposite and volume frac-
tion of 0.6, though SPR curves are observed for n;=1.01 to 1.328, the sensitivity is not up
to the acceptable benchmarked value. Figure 7a depicts the SPR curves corresponding to
ZnO: Pd thickness of 5 nm, 10 nm, and 15 nm for a volume fraction of 0.2 and n,=1.355.
Similarly, the SPR curves corresponding to volume fractions of 0.2, 0.4, and 0.6 for ZnO:
Pd thickness of 10 nm and n=1.355 is illustrated in Fig. 7b. It is observed that with an
increase in volume fraction and thickness of the nanocomposite, the SPR curves experi-
ence a decrease in depth and DA as well as redshift in A .. Thus in all the cases analyzed,
with an increase in the thickness of the nanocomposite and also the volume fraction, for
any value of RI, the 4., experience redshift, and the sensitivity is found to increase. The
nanocomposite of 20 nm thickness does not provide acceptable values of sensitivity (not
shown).

Both of the proposed sensor configurations are of the same number of layers (five lay-
ers, including the fiber core and the analyte). The consolidation of the performance analy-
sis of both the configurations on different analytes, subject to the benchmark conditions

1.0

0.96

0.88

08f 0.80

0.72

5 nm
=10 nm

Normalised Transmitted Power
Normalised Transmitted Power

0.6} 15 nm 0.64 S—, Y]
—04
0.56 —0.6
450 500 550 600 650 490 560 630 700
Wavelength (nm) Wavelength (nm)
(a) (b)

Fig. 7 Normalised transmitted power as a function of wavelength for the different, a thickness of ZnO: Pd
nanocomposite at f=0.2, with 50 nm of Al, a single layer of MXene and n,=1.355. b volume fraction of
the nanocomposite, with 50 nm of Al, a single layer of MXene, 10 nm of ZnO: Pd nanocomposite and
n,=1.355
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of sensitivity (>3000 nm/RIU), detection accuracy(>0.013 nm™"), and spectral range
of A, (visible range) is furnished below in Table 1. The table provides clear information
on the possible sensing range and the valid sensitivity for each configuration. The sensor
with ZnO as the sandwich layer finds application for analytes of RI 1.388—1.422. Similarly,
the second configuration with ZnO: Pd nanocomposite can be made use of for RI values
1.354 to 1.406. Though sensors with ZnO: Pd offers lesser Sensitivity and DA compared
to that with ZnO, they possess a broader sensing range of the analytes. These sensors can
be made use of for biosensing different body fluids and also in sensing of VOCs like ace-
tone and ethanol. The optimum thickness of aluminium is confirmed to be 50 nm, and of
Ti;C,T, is a single layer. Therefore, the physical realization of the sensor can be done with
proper selection of the configuration and thickness and volume fraction of the sandwich
layer depending on the application and the required performance parameter values. But of
course, since the calculations and consolidations in this work are based on theoretical mod-
eling, slight changes may happen while dealing with the real cases.

4 Conclusion

In the present work, two different fiber optic SPR sensor configurations are proposed.
Both the configurations utilize Ti;C,T, as the outermost layer interacting with the ana-
lytes. The unique characteristics of Ti;C,T, offer several advantages to find applica-
tion in invasive and noninvasive biosensing of body fluids and VOCs. The Al/ZnO/
Ti;C,T, configuration works effectively for RI values of 1.388-1.422 and the Al/ZnO:
Pd/Ti;C,T, configuration with 1.354—1.406. Proper choice of the thickness and volume
fractions of the sandwich layer will yield better biosensors. Since the calculations and
consolidations in this work are based on theoretical modeling, the chances of slight

Table 1 Sensitivity of the sensor configurations for different thickness and volume fractions of ZnO and
ZnO: Pd at different RI of analytes. Each column shows the minimum and maximum values of the accept-
able sensitivities and the corresponding values of RI. Each row shows the acceptable sensitivity values of
each configuration for different RI values

RI ZnO (5nm) ZnO (10nm) ZnO (15 nm) ZnO:Pd (5 nm) ZnO:Pd (10 nm) ZnO:Pd
(15 nm)

02 04 06 02 04 06 02 04 06

1.354 - - - - - - - - 3 - 34 -
1.364 - - - - - - - - 41 - R
1.376 - - - 3 33 355 3.65 435 - 435 - -
1.388 4.41 - - 42 465 51 515 - - 62 - -
1.396 4.85 - - 545 6.16 -7.25 - - - - - -
1.400 5.45 - - 635 - - - - - - - -
1.406 - - - 835 - - - - - - - -
141 10 11 - - - - - - - — - —
1416 11.25 11.95 - - - - - - - - - -
141 - 14 - - - - - - - - -
142 - - 194 - - - - - — - -
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deviation from the calculated values cannot be neglected while dealing with the physi-
cal implementation of the sensor. The proposed biosensor can be an excellent tool for
COVID-19 detection as the refractive index of mucus and serum falls in this range,
which is to be explored using real samples.
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