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Abstract— This paper presents design and analysis of a self-reference refractive index sensor for precise detection of
different concentrations of H5N1 virus in poultry. The sensor is based on the study of Tamm plasmon polariton (TPP)
modes excited between TisC2Tx MXene and cavity layer integrated 1D photonic crystal (PhC). We demonstrate the self-
reference characteristics of the sensor, which significantly decreases the error ccﬂ'ibutions by the environmental
factors like the light intensity fluctuations and local temperature variations. The transfer matrix metIB:I (TMM) is
employed to investigate the reflectance and absorbance of the sensor. The cornerstone of this work lies on the assay
of the shift in the wavelength and intensity of the TPP mode vis-a-vis different concefSrations of the H5N1 virus.
Numerous structural parameters like selection of materials, thickness of the MXene layer, thickness of the cavity layer,
and period of the PhC are judiciously optimized to envisage maximum sensing performance. The colormap plot of field
distribution infers a strong electric field localization in the cavity layer, which indicates high absorption of TPP modes.
Compared to the traditional TPP sensor designed with Ag thin film, the electric field intensity (EFI) and sensitivity of
the proposed MXene-based TPP sensor have been boosted by 40% affl 15.93% respectively. It is appraised that the
proposed sensor delivers a maximum sensitivity of 60.9375 nm/HAU, quality factor of 5485.71, and detection limit of
2.6 x 107° RIU. The proposed sensor can find suitable applications in the field of biomedical diagnostics, healthcare,
food safety, and environmental monitoring.
Index Terms— Tamm plasmon polariton, TisC2Tx MXene material, sensors, TMM, sensitivity.

I. Introduction develop a label-free sensor for quick and accurate detection of
ATV H5N1 virus.

Tamm plasmon polariton (TPP), first introduced in 2007, is
regarded as a unique form of surface modes that can be
stimulated at the interface of two dissimilar mediums at normal
incidence. When light (photons) strike on the metal, the
electrons are dislocated and move in a wave like motion, which
is known as plasmon waves [8-9]. The plasmon waves are
localized in the interface of metal and cavity layer. Ata certain
incident angle, the resonance condition is achieved, where the
reflectivity attains a minimum value. This resonant mode is also
known as Tamm plasmon polariton mode [10]. TPP evolves as
an appropriate alternative to the conventional surface plasmon
polariton (SPP) by offering a propitious platform to combine
simple geometry and ultrahigh sensitivity. It is worth
mentioning that, opposed to SPP, stimulation of TPP does not
d to satisfy the total reflection condition and can be observed
both TE (transverse electric) and TM ( sverse magnetic)
polarization modes at any incident angle. A light wave when
the electric field vector lies in the incidence plane is known as
TM mode or called p- polarized light, and a light wave which
the electric field vector lies normal to the incidence plane is

VIAN influenza, commonly known as bird-flue, is an

infectious threat in the poultry sector. Bird-flue is resulted
by type-A avian influenza virus (AIV), which causes substantial
financial damage across the globe [1-2]. In early 1997, Hong
Kong was affected by AIV H5N1 as the first country, where 18
infections and 6 deaths were reported [3-4]. Afterwards, H5N1
virus has been detected in many countries around the world,
particularly in the Asia, Africa, and Europe countries. The
continuously increasing death rate has driven attentions among
the researchers to develop numerous techniques for the
detection of ATV H5NI in humans and animals. Nowadays,
many technologies are available to diagnose AIV infections,
such as serological analysis, polymerase chain reaction (PCR),
in vitro virus isolation through culture. The serological
technique shows less sensitivity towards detection of diverse
ATV [5], in vitro virus isolation through culture consumes more g
time. Although, the PCR-based detection is more sensitive, but
this technique is unable to discriminate the live viruses from
inactivated viruses [6]. Above all, the aforesaid methods require
highly sophisticated lab facilities and highly skilled lab
technicians [7]. To overcome these limitations, it is essential to
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called TE or s-polarized light. Both TE and TM-polarized TPP
modes facilitate ease of excitation of plasmonic waves along
with interesting dispersive features in comparison to SPP-
modes [11].
V.V. Klimov et al. demonstrated the coupling of the optical
Tamm state with waveguide modes via a periodic array of slits.
The authors studied the transmittance spectrum to detect the
change in the environmental refractive index [12]. C. Leitao et
al. experimentally developed a highly sensitive cortisol
immunosensor by using SPR and POD (plastic optical fiber)
technology. They detected cortisol concentrations in the range
0.005 to 10 ng/'mL, with a notable limit of detection (LOD) of
1 pg/mL [13]. Y. Wang et al. experimentally fabricated a
tapered optical fiber and analyzed using LSPR technique for
realizing a p-cresol biosensor. They extensively studied the
stability, selectivity, and reusability test of the fabricated
sensor, and finally achieved a remarkable sensitivity and LOD
of 5.6 nm/mM, and 57.43 pM respectively [14]. M. Li et al.
reported a creatinine biosensor designed with single-mode
r-multicore fiber-multimode fiber-single-mode fiber. The
sensor probe is functionalized with graphene oxide, gold
nanoparticles and MoS; to boos e specificity and
biocompatibility. TIfEyaccomplished a sensitivity of 0.0025
nm/uM, and a LOD of 128.4 uM over a linear detection range
of 0 - 2000 uM [15]. Later, in 2022, M. Li and hisggam
experimentally developed an optical fiber sensor probe based
on the LSPR technique for the detection of creatinine in
aquaculture. The sensor probe is functionalized with MXene
material in order to enhance the sensitivity and LOD [16]. P.S.
Maji et al. reported a metal-distributed Bragg reflectors, where
they studied the self-reference characteristics of the structure to
mvestigate TPP modes for detecting the @ffractive index of
different blood components and achieved a sensitivity of 200
nm/RIU [17]. AM. Ahmed et al. studied TPP modes in a
prism/Ag/(LiINbO3/Si02)™ configuration to sense temperature
in the range 3@AK-700K in the NIR wavelength regime. By
optimizing the thickness of various layers and incident angle,
the authors realized a maximum sensitivity of 1.10 nm/K [18].
L. Qin et al. studied a planar multilayer Au integrated DBR
structure using Tamm plasmon resonance technique for
realization of narrowband and full-angle refractive index
sensor. The authors achieved a sensitivity of only 860 nm/RIU
and figure of merit of 391, which can be improved by replacing
the conventional metal (Au) with the emerging 2D materials
[19]. S. Kumar et al. demonstrated a metal-cavity-1D PhC
configuration, for refractive index sensing application [20]. In
this ref., the authors have not investigated the electric field
mtensity, absorption spectrum, and quality factor of the sensor,
which demands further research.
With the rapid advancement in research on material science,
numerous 2D materials such as graphene, WS, MoS,, PtSes,
black phosphorous, and phase change material (PCM) have
been explored and integrated with existing photonic devices for
sensing applications [21-24]. In this article, we propose a new
class of 2D material known as MXene, and explore its metallic
behavior to excite TPP modes at NIR wavelengths. MXene
material exhibits certain extraordinary properties like strong
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carrier confinement [25], higher binding energy, excellent
stability [26], narrow band gap [27], and notable hydrophilicity
[28]. Recently, MXene has been the center of attraction for
designing highly sensitive SPR sensors [29-30]. Moreover,
MXene can be synthesized using chemical vapor deposition
(CVD) methods, hydrothermal synthesis, and alkali etching
methods [31-32].

While focusing on maximizing the sensitivity and quality
factor, it should be noted that it is also vital to maintain a high
sensing accuracy. With reference to refractive index sensing,
external environmental factors like fluctuation in temperature
and light intensity can adversely affect the sensing accuracy of
identifying a single signal to measure the change in refractive
index [33-34]. For example, an extra resonant mode is formed
in the spectral characteristics, which is very little impacted by
the variation in the analyte concentrations. In this case, the extra
resonant mode acts as reference signal. By analysis the
reference signal, it is possible to decide whether the
characteristics of the signal changes due to the change in the
analyte concentrations. In this process, the errors of the sensing
signal can be largely reduced, which ensures the high sensing
accuracy. To meet the demand of high precision sensors, it is
essential to study the self-reference characteristics in refractive
index sensing [35-37].

The present research has considerable novelty compared to the
previously published similar works. To the best of our
knowledge, so far the TPP modes have been studied only by
considering the conventional plasmonic metals like Ag, Au and
Al [38]. On the contrary, we have investigated the TPP modes
using a 2D material Ti;C>Tx MXene, as a replacement to the
traditional metals, which has not been reported -earlier.
Moreover, the self-reference characteristics of the designed
sensor 1s thoroughly studied. The proposed structure is
Judiciously optimized for a new application, i.e. for detection of
AIV H5NI in poultry, which has not been highlighted before.
Besides, the electric field distribution in the structure is
meticulously scrutinized by the colormap plot, which ensures
the uniqueness of this work. A detailed analysis of reflection
spectrum, absorption spectrum, and electric field intensity are
carried out with respect to different concentrations of AIV
H5N1. On top of that, we have compared the sensitivity and
electric field intensity of the proposed MXene-based sensor
with the traditional Ag-based sensor. Also, a comparative
analysis is presented to confirm the significance of the designed
sensor.

Il. PROPOSED GEOMETRY AND THEORETICAL MODELING

The schematic of the proposed Ti;C>.Tx MXene coated 1D
PhC structure is illustrated in fig. 1(a). In particular, the 1D
structure is comprised of alternate arrangements of dielectric
layers of Ta;Os and Si0, A cavity is inserted between the
MXene layer and PhC, which is filled with liquid form of the
poultry swab sample containing AIV H5N1. The 1D PhC is
supported by a Si substrate at the end face. The thickness of
different layers such as Ta,Os, Si0,, MXene and cavity layer is
denoted as d,, dg, dy; and d respectively. We assume normal
incidence of the TE polarized light onto the structure. A
schematic of the experimental setup for realization of the
proposed sensor is shown in fig. 1(b). Fiber coupled wiille light
source is incident on the proposed architecture, and the
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reflected light is collected by the same fiber which is then sent
to the spectrometer. Further, the signal characteriics can be
measured and recorded in a personal computer. In order to
envisage the refractive-index sensitivity of the con ation
supporting the TPP mode, the proposed structure could be
mounted on a translation stage as shown in fig.1 (b). This
arrangement enables changing the analyte refractive index and
carrying out alteration in cavity layer thickness independent of
each other.

o
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White light source
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Fig. 1: (a) Schematic representation of MXene-1D PhC TPP structure (b)

proposed experimental setup for realizing refractive index measurement

scheme
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Fig. 2: Experimentally evaluated complex refractive index of MXene

The complex refractive index of MXene is computed
experimentally at different thicknesses of 14 27 nm, and 75
nm in the visible-NIR wavelength region. The real (n) and
imaginary part (k) of the complex refractive index is measured
ellipsometrically by f@f@wing the Tauc-Lorentz model. The
wavelength dependent Effractive index of MXene at a thickness
of 75 nm is delineated 1n fig. 2. The refractive index of MXene
at other thicknesses (14 nm and 27 nm) is also computed, but
not shown in the manuscript to simplify the same. However, we
have mentioned the refractive index for different thicknesses at
the reference wavelength of 1550 nm in table 1. Also, we have
validated our findings by comparing with the outcomes of the
ref. [39].

TABLEI
Refractive index of multilayer MXene at different thicknesses
MXene Refractive Wavelength
thickness (nm) | index (n+kd) (nm)
14 1.293+3.0451
27 1.554+3.6281 1550
75 1.678+3.9631

The refractive indices of the constituent materials (Si0; and
Tax0s) of the PhC are computed by using the following
equations [40-41],

N0, = 2.06 + ,1—2 (D
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Where, glllﬁgﬁl 663, B=0.4079426, C=0.8974794,
D=0.0684043, E=0.1162414, F=9.896161 are the Sellmeier
coefficients.

To explore the reflection characteristics of the incident EM
wave, we manipulate the well-established transfer matrix
method (TMM) by considering the propagation of waves along
the x-direction. The TMM describes the individual layer s in the
form of a characteristics matrix M, which can be stated as [29],

Nsig, = 1+

i
C0S0g (— Ei_) sings
5

M = (3)
—iQgsinog cosdg
For TE mode, the term o and @, are defined as [29],
2m
o = Tdsnscosﬂs and D5 = nscosb (4)

Where,d,, n, and 8, denote the thickness, refractive index
and angle of the incident light of the s** layer. The transfer
matrix of the entire geometry is computed by multiplying the
characteristics matrix of each layer, which can be stated as [42],
M= MMXeneMcavity(MAME)N [ﬁg;:g ﬁg;:i; )
The reflection coefficients can be computed using the
elements of the transfer matrix M, which is expressed as [29],

_ (MO + M(1,2)ys)vo — (M(2,1) + M(2,2)¥5u) ®)
(M(LD) +M(L2)su)vo HEM (2,1) + M(2.2)Ye)

In equation (6), y, and y,, are the parameters for initial
medium (air) and final medium (substrate) respectively, which
can be expressed as ¥, = .ty /Eqngc0s0;, and g, =
A Mo/ Egttey, €OSOgy,.

Lastly, the reflectance (R) of
numaaa]]y expressed as [42],
R =|r|? Q)

Absorption (A) of the structure is related to the transmittance
(T) and reflectance (R) by the following expression [46],

A=1-T-R (8)

Next, we discuss the essential dispersion conditions for
generating the Tamm state in the cavity layer, and dielectric A
and B of the PhC. The transitional interactions of the EM fields
near the interface can be expressed as [43],

1 1 1 1
o e e ©

_kEx
The terms k., and kg, denote the x-component of the wave
vector in the A and B layers respectively. The phase
relationship of EM waves in the layers A (P,) and B (Pg) can
be given as [43],

¢ proposed structure can be

_ [etkaxtda 0

Py = y e—ikﬂxdﬂ] (10
_ eliBxln 0

=[5 an
The connections between different layers can be

accomplished by employing TMM, which can be written as
follows [29],
Q(L1) Q(12)
= 12
°=loen oe2) (12)
Finally, the dispersion equation of the Tamm state can be
stated as [43],

= TpPy TE_lTAPA TA_l
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0@ < o ] &
Here, K is the Bloch wave along the x-direction, d = d, + & g
dg and 8py = kpqy X dpq. It 1s essential to satisfy eq. (13) in 0z i 02
order to produce Tamm state in the cavity layer. -

It is indispensable to find performance parameters such as
sensitivity, quality factor (Q), and detection limit (DL) of the
proposed sensor to determine its degree of precision in
detecting the $@fall change in concentrations of AIV HSNI.
Sensitivity (S) 1s defined as the ratio of the shift in TPP mode
resonant wavelength (Ad,.s) to the corresponding change in
concentrations (AC). Quality factor is the sensor potential to
precif@ly detect the wavelength of the TPP mode resonance
dips. DL is the ability of the sensor to detect the smallest shift
in concentrations of AIV H5N1. Sensitivity, Q, and DL can be
expressed mathematically as below [42, 44],

Ayeg Q= Alyes (14
AC ' ¥ FWHM )

Here, FWHM represents the full width half maximum of the

TPP resonance mode and R denotes the resolution of the sensor.

S =

d DL R
,an =3

Ill. RESULTS AND DISCUSSIONS

With an aim to effectively and timely detect the ATV H5N1
virus in humans and animals, we propose a new configuration
of TPP sensor. Refractive index is considered as the most
important  biophysical parameter to detect analyte
concentrations. We have considered different concentrations
(HAU) of H5N1 virus like 0.128, 0.32, 0.64, 0.96, 1.28 and
12.8, and their corresponding refractive index data are taken
fromref. [45]. Initially, we select the geometrical parameters as
dy=185nm,dg =90nm,dy = 75 nm ,d; = 500 nm and
N=6. Fig. 3 shows the reflection spectra of the proposed
structure before and after deposition of the MXene layer. In the
S9sence of the MXene layer (fig. 3(a)), a band gap is observed
mn the range 766.8 nm to 897.2 nm with a width of 130.4 nm.
On the other hand, with inclusion of the MXene layer (fig. 3(b)),
it is noticed that the width of the band gap is significantly
increased. Besides, a transverse localized TPP mode (sharp dip)
is created at 797.4 nm, which is located within the PBG of the
PhC. The appearance of this sharp dip is due to the excitation
of TPP mode by the MXene layer. An elementary condition for
the presence of the Tamm resonance 1S Ty yeneTppe = 1. while
the phase approaches to zero [46]. The resonance dip signifies
that the light wavelength which is in resonance with TPP Eigen
wavelength will pass through the structure, whereas other
wavelengths of light will be prohibited from entering t
structure. The position (wavelength) of the resonance dip 18
very sensitive to a small change in the refractive index of the
cavity layer. Apart from the dominant TPP mode (797.4 nm),
other modes with low intensity can be marked in the reflectance
spectrum.
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Fig. 3: Normal incidence reflection spectrum of the proposed structure (a)
absence of MXene (b) presence of MXene
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Fig. 4: Reflection spectrum for different analyte refractive index

Fig. 4 illustrates the shift in the three TPP resonant modes
(marked as 1%, 2" and 3") with change in refractive index (RI)
of the cavity layer from 1.41 to 1.40. These refractive indices
are taken only for testing the self-reference characteristics of
the device. It is observed that with the change in RI of the
analyte environment, only the 2™ resonant mode undergoes a
notable shift from 797 4 nm to 791.6 nm (as shown in the inset
graph), whereas the 1% and 3™ resonant modes are negligibly
shifted with change in the analyte RI. Therefore, the 2™ TPP
mode is quiet sensitive to change in the RI, which is useful for
envisaging sensing applications. On the other hand, the 1* and
3" TPP modes are insensitive to RI change, and act as reference
signal. These reference modes are suitable to monitor the
environmental factors like change in the temperature,
fluctuations in the light intensity etc. In the subsequent analysis,
we have studied the characteristics of only the 2™ TPP mode to
realize the sensing application.
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Fig. 5: Reflection spectrum at different thicknesses of (a) MXene layer (b)

cavity layer for HSN1 concentration of 0.128 HAU

It is vital to analyse the effect of different thicknesses of the
MXene layer and cavity layer to realize high performance. We
optimized these thickness values through the analysis of the
reflection spectrum which is plotted in fig. 5. At a dEBstant
cavity thickness (d) of 500 nm, the TPP resonance dip is blue-
shifted (i.e. moved towards lower wavelength) with an increase
in the thickness of MXene layer (dy,) from 14 nm to 27 nm to
75 nm as indicated in fig. 5 (a). Besides, the reflection intensity
is decreased from 0.763 to 0.201 to 0.011 with the
aforementioned change in thickness. The lowest reflection
intensity of 0.011 at dy = 75 nm, indicates a maximum
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coupling between the incident light and TPP mode.
Additionally, the TPP resonance peak appears sharper and
thinner at the thickness of 75 nm, whiclspecifies high sensor
performance owing to the high value of figure of merit, quality
factor, and detection limit. Therefore, we selected dyy = 75 nm
as the optimized thickness of the MXene layer. Fig. 5 (b) shows
the effect of change in the cavity thickness (d.) on the reflection
spectrum at dy; = 75 nm. With an increase in d from 200nm
to 500 nm, the reflection intensity of the resonance dip
decreases from 0.07 to 0.011. We observed that the effect of
change in d is comparatively less dominant than that of (dy).
However, it is preferred to select cavity layer of higher
thickness from fabrication point of view. So, we selected d =
500 nm as the optimized value.

£
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. .
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Fig. 6: Optimization of number of period (N) of the PhC

The number of period (N) of the PhC can significantly impact
the reflection characteristics, intensity of the TPP resonance
dip, FWHM, and sensitivity of the sensor. The value of N must
be propefffi®ptimized such that the incoming and outgoing light
coupling to the TPP mode exactly balances the Joule loss in the
MXene layer [16]. Fig. 6 (a) illustrates the effect of different
values of N on the reflection spectrum. Here, it can be noticed
that for N=2 and N=4, the FWHM of the spectrum is relatively
higher, which degrades the sensor performance. Although for
N=8 and N=10 the FWHM is lower, but the intensity of the
resonance dip (in the reflection spectrum) is higher which
makes it difficult to detect the accurate resonance wavelength.
Moreover, we found that for N=6, favoral# value of FWHM
and resonance dip intensity are achieved. From fig. 6 (b), it is
clear that the sensitivity varies non-linearly with an increase in
value of N from 2 to 10. A maximum sensitivity of 60.9375
nm/HAU is achieved at N=6. Further, it is observed that a feeble
resonant dip intensity of 0.011 is obtained at N=6. Besides, for
higher values of N (N=6), sensitivity decreases, and the
intensity of resonant dip increases. So, N=6 is chosen as the
optimized value to envisage high performance.

760 780 820 B60 1

1 =
oat \
0.8 i
0.7

0.6
0sr
0.4
0.3
0.2

Refectivity

01

o
740 780 BEQ |00 240 aBo

length (nm)

Fig. 7: The reflectance of the proposed structure at different concentrations

of ATV H5NI

Afterwards, we infiltrated the cavity region with various
concentrations of ATV H5N1 and investigated the refBctance
spectrum at dyy = 75 nm, dy = 500 nm, and N=6, which is

rmission. See hit

depicted in fig. 7. It is affirmed that with the increase in
concentration of H5N1virus, the resonance dip is red-shifted to
higher wavelength. As the concentration increases from 0.128
HAU to 12.8 HAU, the resonance dip is moved from 797.8 nm
to 874.2 nm. As higher concentrations of virus correspond to
higher refractive index, so the effective refractive index of the
entire structure is modified which causes the red-shift in
resonance dip. Moreover, this red-shifting nature of the
resonance wavelength satisfies the Bragg’s condition [47].
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Fig. 8: (a) Shift in resonance wavelength (b) Sensitivity analysis

Fig. 8 (a) delineates the nature of variation of TPP mode
resonance wavelength (4,..¢) for different concentrations (C) of
AIV H5NIL. The figure elucidates that A, increases almost
linearly with change in virus concentrations. The variation can
be mathematically expressed with a linear fitted equation,
which is given as,
Ares = 779.03 + 16383 x C (15)

Fig. 8 (b) demonstrates the sensitivity analysis of the
proposed sensor for different concentrations of AIV HSNI
(considering the conceation 0.128 HAU as the reference).
The sensor delivers a maximum sensitivity of 60.9375
nm/HAU, whick equivalent to 1.01 x 10° nm/RIU (by
considering the change in the refractive index of different
concentrations of H5N1). Thus, the proposed sensor can be
viewed as a promising candidate for precise detection of
different concentrations of HSN1 virus.
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Fig. 9: Mode-field intensity distribution in the proposed structure for
different HSN1 concentrations

We investigated the tangential electric field distribution of
light at the resonance dip wavelength for different
concentrations of HSN1 virus. As depicted in fig. 9, the field
intensity is maximum in the cavity layer, and gradually decays
in an oscillating fashion away from it in the Ta>0s/Si0O; PhC
structure. The high mode-field intensity in the cavity layer
indicates more interaction of electric field with the infiltrated
analyte which in-turn boost the sensing performance.
Moreover, the peak electric field intensity decreases with
increase in concentrations of H5SN1 virus.
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Fig. 10: Comparison of MXene and Ag based structure (a) normalized
field intensity with respect to distance from MXene layer (b) sensitivity

To prove the effectiveness of MXene as a metal, we
compared the outcomes of the MXene-based structure with the
traditional Ag-based structure, which is illustrated in fig. 10.
Fig. 10 (a) shows the normalized electric field intensity (EFI)
excited by the metal layer. The EFI reaches maximum value at
the interface of metal-cavity layer and further exponentially
decreases with increase in distance. It is observed that a
maximum EFI of 0.98 is attained for MXene and 0.7 for Ag-
based structure. So, the EFI increases by 40% in the case of
MXene-based structure, which indicates more interaction of the
electric field with the infiltrated analyte in the cavity layer. Fig.
10 (b) represents the sensitivity analysis of different
concentrations of H5N1 virus in nm/HAU scale for both
MXene and Ag-based structures. The maximum sensitivity of
60.9375 nm/HAU and 52.56 nm/HAU are obtained for MXene
and Ag-based structure respectively. Here, it is declared that
sensitivity increases by 15.93% if MXene is selected as the
metal layer. Thus, the use of MXene as a plasmonic material
can greatly enhance the sensor’s performance.
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Fig. 11: Colomap plot (a) variation o nant wavelength with
respect to incident angle (b) variation of resonant wavelength with respect to
thickness of the cavity layer

As presented in fig. 11 (a), the TPP resonance wavelength
decreases as the angle of incidence (8;,) increases. So, the
resonance dip undergoes a blue-shift for higher values of 6;,.
Besides, it is straightforward to ascertain that the peak position
ofthe resonance slowly diverges from the center and inclines to
the short-wavelength dip. Also, it is perceived that the intensity
of'the Tamm resonance dip decreases with increase in 8,. The
fundamental cause of blue-shift phenomenon can be described
by Brag Snell’s law [47],

MA,oe = 2N ’neﬂz — sin?6;, (16)

Here, l,? indicates the Tamm resonance wavelength, m
represents the constructive diffraction order, N implies the
period of the PhC, 8, signifies the incident angle, n.rr denotes
the effective refractive index.

Fig. 118 depicts the colormap plot of change in Tamm
resonance mode wavelength with respect to change in thickness
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of the cavity layer (d,). It is marked Bt with the rise in d,, the
resonance dip possesses a red-shift (1.e. moves towards@ligher
wavelengths). The primary cause of the aforementioned shift in
resonant wavelength can be understood from standing wave
condition [44]
8 BYPAres = NepsT 17
ere, 6 and T represent e optical and geometrical path
difference respectively. The merflke in the thickness of the
cavity layer leads to increase in 1. In order to keep 6 fixed, Ayes
increases to higher value. This result is also in agreement with
fig. 4(b).
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Fig. 12: Colomnmap plot of the electric field intensity distribution at the
interface of MXene and cavity layer

Fig. 12 displays the electric field distribution for TE
polarized light at the interface of MXene and cavity layer. It is
seen that a high field intensity of 4 X 10* V/m is attained inside
the cavity layer, which ensures the high coupling of EM waves
with the infiltrated analyte. This effect leads to high absorption
of analyte and better sensor performance. It is worth noting that
the occurrence of high electric field intensity is due to the
MXene layer, which is responsible for stimulating the TPP

mode.
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Fig. 13: Absorption spectrum of the proposed structure (a) for different

concentrations of AIV H5N1 (b) for different values of d. at HSN1
concentration of 0.128 HAU

When a metal substrate (MXene) is integrated with 1D PhC,
the resulting TPP modes provide $ng light absorption. By
employing TMM, the absorption spectrum of the proposed
structure is investigated for different HSN1 concentrations and
different thicknesses of the cavity layer (d.), which are
depicted in fig. 13 (a) and (b) respectively. It is evident that the
MXene has a strong contribution of absorption to the overall
absorption of the proposed multilayer structure. The absorption
spectrum exhibits a sharp peak at the TPP resonant wavelength,
which is due to the strongly localized electric field at A,.¢. The
peak absorption intensity approaches to unity and therefore, the
transmission intensity is negligible. From fig. 12(a), it is noted
that the absorption spectrum undergoes a noticeable red-shift
(7974 nm to 874.2 nm) with increase in the AVI H5NI
concentrations. The primary cause behind such shifts in

o fwwow.ieee.org/publications_standards/publications/rightsfindex himl for more information.
ownloaded on .fune 09,2022 al 15:46:32 UTC from IEEE Xplore. Restrictions apply.



5 article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOT 10.1109/JSEN.2022 31 75950, IEEE Sensors

Journal

IEEE SENSORS JOURNAL, VOL. XX, NO. XX, MONTH X, XXX

absorption spectrum is the perceptible shift in the electric field
distribution for different concentrations of HSN1 (as explained
mn fig. 8). From fig. 12(b), it is declared that the absorption
spectrunfils moved towards a higher wavelength (from 747 nm
to 797.4 nm) with increase in d (from 200 nm to 500 nm). It is
seen that the peak of the absorption spectrum is increased with
mncrease in dp. At the optimized value of dy = 500 nm, the
lgximum absorption is realized, which is in agreement with eq.
(8).

= 107%
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. 14: Analysis of quality factor and detection limit

gpart from sensitivity, we numerically computed other vital
sensing parameters such a quality factor (Q) and detection
limit (DL). From Fig. 14, 1t can be perceived that Q increases
and DL decreases with respect @increase in the concentration
of H5N1 virus. An optimum quality factor of 5485.71 and
detection limit of 2.6 X 10~° RIU are obtained for the proposed
Tamm plasmon sensor, which can be considered as noteworthy
sensing performances. Eventually, we compared the
performance parameters of the proposed sensor with the
recently published similar works, which is represented in table
2. From this table, it can be perceived that the proposed sensor
bestows superior performance vis-a-vis sensitivity, Q-factor,
and DL.

TABLEII
Comparative analysis of sensing parameters
Referen | Configurations Sensiti Q- DL
ces vity factor (RIU)
(nm/RI
U)
[26] Ag/PSi-1D PhC | 5018 2149.27
[38] Ag/PSi  annular | 6770 398 6.6
PhC x 1074
[12] Au-TiO2/MgF2 17 3000 0.88
PhC
[10] Ag/1D DBR 10 300
This MXene/ 1.01 5485.71 26
work (Ta205/8103) x 10° x 1076
1D PhC

1530-437X (¢) 2021 IEEE. Personal use is permitted, but rﬂ;ublicaﬂum’rmlieilribuliun r

IV. CONCLUSION

Recognizing the significance of accurate and timely
detection of different concentrations of AIV H5N1 in humans
and animals, we attempted to design a self-reference TPP
refractive index sensor having configuration
MXene/cavity/(Ta:0s/Si0z)"/substrate. The sensing principle
is based on computing the shift in wavelength and intensity of
the resonance dip, which is basically a consequence of TPP
mode resonance at the MXene and 1D PhC. Diffrent structure
parameters like thickness of MXene material, thickness of the
cavity layer, period of the PhC have been sensibly optimized.

uires IEEE
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A sharp TPP resonance, which ensures high sensing
performance, is obtained at the optimized structure parameters
like Ta>0s layer thickness d, = 185 nm, Si0; layer thickness
dg =90 nm, MXene layer thickness d, = 75 nm, cavity
layer thickness dp = 5@ nm, number of period N=6 and
incident angle 6;, = 0°. Upon infiltrating the cavity layer with
different concentrations of AIV H5N1 and employing TMM,
we investigated the reflection spectrum, absorption spectrum
and electric field intensity for each concentrations. We obtained
an optimum sensitivity of 60.9375 nm/HAU, quality factor of
5485.71, and detection limit of 2.6 x 107 RIU for the
proposed sensor, which can be considered as remarkable
performance. More importantly, compared to the conventional
Ag-based TPP sensor, the electric field intensity (EFI) and
sensitivity of the proposed MXene-based TPP sensor have been
boosted by 40% and 15.93% respectively. So, MXene can be
regarded as a promising material to design new-age photonic
sensors. Above all, the superiority of the designed sensor is
verified by comparing the sensing outcomes with the recently
published similar works. So, the proposed sensor can find
suitable applications in the biomedical industry.
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