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ABSTRACT In this paper, we numerically debrief an ultra-high sensitive surface plasmon resonance
(SPR) biosensor utilizing thin layers of graphene oxide (GO) that have not been addressed adequately
till now. By the deposition of GO on top of the metal-dielectric heterostructure, our proposed sensor can
achieve higher sensitivity and higher Quality Factor (QF) simultaneously which has not been possible by
the existing models to our knowledge. Because of its large surface area and sp? inside of an sp> matrix
which is capable of confining 7 electrons, GO can form strong covalent bonds with biomolecules and
hence enhanced light-material interaction that made researchers contemplate to achieve increased sensitivity
and figure of merit. Both the transfer matrix method and finite element method are exploited to perform
extensive numerical analysis for optimizing the structure considering its sensitivity, full width half maximum
(FWHM), and QF. This paper examines six different configurations of multilayer heterostructure containing
prism-adhesive-metal-BaTiO3/BP-G1/GO/MXene-sensing medium, and a noticeably enhanced performance
is achieved using GO with a maximum sensitivity of 372 deg/RIU and QF of 88.11 RIU™! in the range of
refractive index (RI) 1.330 to 1.353. Moreover, the possibility of designing a tunable SPR sensor to operate
at a broader range of analyte’s RI is investigated, and 414 deg/RIU with 119.27 RIU~! QF at 1.407 RI is
achieved. The Electric field distribution, effects of different layers, and fabrication feasibility of the proposed
sensor are explored, it is envisaged that this can be an appropriate apparatus for highly sensitive, rapid, and
noninvasive label-free biosensing useful in experimental sensing protocols.

INDEX TERMS Composite layer sensor, figure of merit, graphene oxide, MXene, surface plasmon

resonance, two-dimensional materials.

I. INTRODUCTION
The brisk growing advancement of engineering design
and technology has glorified us with highly sensitive
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biomedical equipment capable of identifying various diseases
and biomolecules. Optical biosensors are the newest wing
in this realm because of the changes in optical parameters
concerning the surrounding environment allowing fast and
accurate detection [1]. Regarding practical sensing applica-
tions, surface plasmon resonance technology has piqued the
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interest of numerous scientist groups and leading the way
of optical sensing owing to its significant advantages over
conventional biosensors, which include higher sensitivity,
simplicity of use, and lower cost, real-time rapid label-free
detection [2]. It has a wide range of applications in the
biosensing industry, including detection, analysis, and char-
acterization of biomolecules, chemicals, environmental pro-
tection, human blood group, glucose, bacteria, living cell
analysis, DNA hybridization, water, and food safety, etc.,
which have a direct bearing on human health [3], [4], [5],
[6], [7]. Biosensors based on this technology are still on the
play for early detection of new emerging viruses like SARS-
CoV-2 [8]. In recent years, carbon nanotube field effect-based
biosensors have gained popularity for their unique features
like low cost, real-time, and ultrasensitive detection of tiny
biomolecules. Semiconducting carbon nanotubes (sc-CNTs)
are auspicious for FET channel integration that can replace Si
based technology allowing better and more accurate detection
of life-threatening infectious diseases [9]. Using Y-Function
Method (YFM) equation, Alabsi et al. mathematically inves-
tigated the effect of variation of certain physical parameters
on electronic features improving the CNTFET devices sens-
ing performance [10]. The fundamental operating mechanism
of SPR biosensors is to analyze variations in input incoming
light and determine the changes in its characteristics at the
output terminal, specifically, the fluctuation in frequency,
amplitude, phase, wavelength, or polarization of light [11].
These sensors bypass the time-consuming labeling process
for molecule binding and offer real-time monitoring, label-
free detection, and analysis of the analytes. Surface plas-
mon polaritons (SPP), the propagating electromagnetic (EM)
waves through the metal-dielectric interface, are sensitive to
very small changes in the RI (10~7 order) of the analyte [12].
The plasmon is classified into three types, namely surface
plasmon, bulk plasmon, and localized surface plasmon. This
work focuses on a sensor based on the first type, which
is formed at metal-dielectric interlace and activated by EM
radiation [12], [13]. For SPR to occur, two criteria are needed,
the incident light to be p-polarized or a Transverse Magnetic
(TM) wave, and the evanescent waves (EW) produced by
optical attenuated total reflection (OATR) at the prism-metal
interface must be matched with the surface plasmon wave
vectors (SPWV) [14], [15]. The SPR detects biomolecular
interactions in a small axial area on the sensor surface, which
in turn forms a sensing field when incoming light on the
sensor surface excites the SPs. At the resonance frequency,
for which the previously mentioned two criteria meet, a sharp
dip of reflected light intensity is obtained for the particular
RI of the analyte which is referred to as the reflectivity
curve. In this situation, the whole reflectivity curve can be
plotted in the angular reflection spectrum as a result of energy
dissipation into the metallic layer or scattering on the sensor
surface. With its greater shift angle and simple production
procedure, this kind of sensor is more preferable and suitable
for instant detection with higher sensitivity than other optical
detection techniques such as Ramman Scattering [13], fiber
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Bragg grating (FBG) [5], planner waveguide [16], or optical
fiber sensor [17].

The Kretschmann prism coupling is the best for modeling
the arrangement where it comprises a prism of low RI like
BK7, CaF;, or SF10 and a thin coating of metal such as
gold (Au), copper (Cu), silver (Ag), aluminum (Al), etc.
The dielectric constant of metal is the prime determinant
to picking the suitable metal to design the sensor where in
between Au and Ag, the two most common metals for these
types of configurations, the latter one can generate a narrower
and more acute SPR curve due to its small optical damping,
and sharper resonance peak with little to no inter-band trans-
mission at the visible region [7]. In contrast, the Au layer’s
low molecule binding capacity restricts the Au-based SPR
sensor’s performance. High sensitivity is attained using Ag
as the plasmonic metal in [18], and Han et al. evaluated the
influence of different materials on performance, revealing
that structures with Ag have a significantly more outstanding
performance [19]. With a high work function of 4.74 eV,
Ag can transmit a huge amount of electrons leading to electric
field enhancement at the sensing interface and hence improv-
ing sensing and detection accuracy. Despite its chemical
inertness and no inter-band transfer at the visible light fre-
quency, Ag is highly prone to oxidation which may degrade
the device’s performance and usability over time. For the sake
of developing a more realistic model, an appropriate adhesive
layer with little to no influence on performance is required
to overcome the limitations to improve the overall stability
and performance of the proposed construction. Chromium
(Cr) and titanium (Ti) are often utilized as adhering layers
during thin film deposition (e.g. in evaporation techniques) as
these materials all have well characteristics needed to attach
with typical substrate materials [20]. They have a vigorous
oxygen-binding strength and so may de-passivate many mate-
rials surfaces. In such cases, oxygen atoms might act as a
bridge between the substrate and the coating [21]. Though
Ti is softer than Cr, a thin covering of any of them would have
minimal impact on device performance but greatly improve
device stability [22].

Since Biacore introduced prism-coupled sensors to the
market in 1990, academics, analysts, and researchers are
always trying to enhance its performance. According to
recent research, combining dielectric material with metal dra-
matically improves the device’s sensitivity and other param-
eters [27], [31]. SPPs are formed on the upper and lower
interfaces of the metal and dielectric layer when p-polarized
light is incident along with the metal and dielectric sur-
face. The dielectric constants of the two dielectrics (say ¢,
and &) should satisfy the condition [32] which effectively
causes the stimulation of two SPs modes on the opposite side
of the contact. It is mainly due to the fact that the effective
refractive index of the single SPW splits into two bound
eigenmodes which are demonstrated in [33] and [34]. These
two eigenmodes have symmetric and antisymmetric bound
magnetic field properties. One is long-range surface plasmon
(LRSP), which has a symmetric field profile, whereas the
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TABLE 1. Summarizing performance due to various materials and their modeling studies.

Material Consideration SPR Sensor Structure Numerical and Modeling Studies ~ Sensitivity [deg/RIU]  QF [1/deg] Ref
Ag Bk7-Ag-Si-Franckeite TMM and FEM 158.31 63.92 [7]
Bk7-Ag-SnSe-BlueP/MoS2 TMM and FEM 168 20.97 [23]

BaTiO3 Bk7-Ag-BaTiO3-Graphene T™MM 257 45.05 [24]

BP Bk7-Au-WSe2-PtSe2-BP TMM and FEM 200 17.70 [25]
Bk7-Au-BP-Au-Graphene TMM and FEM 218 26.13 [26]

Graphene Bk7-ZnO-Ag-BaTiO3-Gr TMM 168 58.33 [27]
Bk7-Ag-Graphene-Au-WS1/MoS2 ™M 203 28.31 [28]

Graphene Oxide Bk7-Au-GO TMM 151.87 33.38 [29]
MXene CaF3-Ag-Bp-TizCa T, (MXene) TMM 322 55.596 [30]

other, known as short-range surface plasmon (SRSP), has
an anti-symmetric field profile. The symmetric field profile
of the LRSP mode demonstrates energy confinement at the
metal-dielectric contact, hence, higher sensitivity than con-
ventional SPR sensor [32], [33], [35]. Among the previously
reported works using dielectric materials [19], [33], [36],
Barium titanate (BaTiO3) has exceptional dielectric char-
acteristics, including a high RI, and low dielectric losses.
It has a porosity of 50-70% with an average pore diameter
of 30 um. It is also reported that the shape of tetragonal crys-
talline BaTiO3 nanoparticles does not change over time [24].
Sun et al. [24] have used BaTiO3 layer with thick Ag and
achieved 257 deg/RIU sensitivity with Quality Factor (QF)
of 45.05 RIU!. Parallel to this, the research community
is looking for new potential materials to increase sensor
performance, and they’ve come up with two-dimensional
nanomaterial that has enhanced sensor performance because
of its unprecedented optical, catalytic, and electronic features.
Several 2D materials have been proposed in the past decade
due to their remarkable physicochemical merits onto targeted
molecules, configurable bandgap, adsorption energy features,
and suitable physical attributes [37], [38], [39]. Graphene
(Gr) for example, the most popular 2D material for the past
years [4], [6], [19], [24], [27], [31], has tremendous mechani-
cal and electrical facets. It has a low S/N ratio and good target
analyte responsiveness. A monoatomic layer of graphene has
sp? hybridized carbon atoms in a 2D honeycomb lattice struc-
ture, so the enormous surface area and robust stacking with
hexagonal cells reveal the graphene layer’s great absorption
capabilities [12]. Han et al. [19] has got 216.8 deg/RIU and
Kumar et al. [27] reported 58.33 RIU™! QF with a sensitivity
of 168 deg/RIU using Gr as the top layer. Graphene has also
been used with other 2D materials like WS,-MoS; in [40]
and [28]. For future optoelectronic sensing devices, phospho-
rene has recently gained a lot of attention in the scientific
community, the most important phosphorus allotrope is black
phosphorus (BP) which has different atomic ledges stacked
together by Van der Waals interactions. Bulk BP is a hylic
element having a graphite-like structure that can be mechan-
ically exfoliated into an ultra-thin nanosheet other than
graphite. It is a p-type semiconducting material with a direct
bandgap of 0.3 eV and field-effect mobility depends on the
layer thickness [41], [42]. In theoretical investigations, it is
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found that BlueP is more stable than BP and has an adjustable
bandgap that ranges from 2 to 1.2 eV from monolayer to
bulk [43], [44]. Wu et al. [42] have achieved maximum
angular sensitivity of 279 deg/RIU using BP with bilayer
WSe, while 200 deg/RIU sensitivity with 17.70 RIU™!
of quality factor is achieved in [25]. Han et al [31] have
reported maximum sensitivity of 348.8 deg/RIU using BlueP
with a monolayer of Graphene and has also been used along
with SnSe for cancerous cell detection in [23].

GO has garnered significant interest in recent years in the
domains of plasmonic and SPR biosensors as a novel class
of two-dimensional carbon nanostructures from both practi-
cal and theoretical scientific findings. GO offer exceptional
optical and biosensing capabilities having a large surface area
and sp? inside a sp> matrix which can confine 77 -electrons and
improve molecule adsorption [45], [46]. The direct bandgap
behavior of GO may be regulated by oxidation, which pro-
duces photoluminescence and makes chemically function-
alized GO that results in biological applications. In direct
bandgap material, the k-vector (crystal momentum) of the
electrons and holes in both the conduction band and valence
band is the same. Direct bandgap material tends to have a
lower effective mass of electrons and lets electrons travel
faster comparatively. This leads to a greater possibility of
occurring strong surface plasmon resonance in that region.
For this reason, GO is a perfect material to be used in photo-
luminescence applications as emitting photons will be easier
from them instead of any indirect bandgap material and we
are capable of controlling it by changing oxidation. Moreover,
as a strong resonance field can be generated by GO, they
are chemically functionalized and one of the ideal elements
to be used in biological applications based on of surface
plasmon resonance (SPR) phenomena. To improve surface
area sensing, the carboxyl groups of a GO film may be trans-
formed into amine-reactive groups. Furthermore, by altering
the oxygen-containing functional groups on the surface of
GO, the bandgap and dielectric constant may be increased,
hence increasing the SPR characteristics [47], [48]. Nur-
rohman and Chiu [29] have investigated the effect of using
the GO layer, revealing that GO has increased the Figure of
Merit (FOM) of their proposed SPR sensor to 33.41 RIU!
with a sensitivity of 151.87 deg/RIU in comparison with
Graphene on the same structure. MXene (Tiz3C,T,), another
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prosperous 2D material, has recently shown potential for bio-
chemical and biomolecular sensing when utilized as an inter-
action layer in SPR. Its distinctive qualities include increased
hydrophilic surface area, strong carrier confinement, chemi-
cal, and mechanical stability, reduced work function, layered
nature, and higher binding energies for biomolecules [49].
Pandey [30] have reported 322 deg/RIU sensitivity and
55.596 RIU~! FOM using 3 layers of MXene-BP while
Wu et al. [50] have achieved 225.4 deg/RIU sensitivity at
532 nm wavelength. Performance of these existing models in
terms of various materials is summarized in Table 1 which
compares their achieved Sensitivity and QF as well as the
numerical and modeling studies they have implemented.
While other reported works strive for high sensitivity
or high QF out of their proposed model, the novelty of
this work is it presents and investigated a state of the art
high-performance SPR sensor by employing graphene oxide
on top of the prism-adhesive-metal-dielectric structure that
can achieve both ultra-high sensitivity and good QF simulta-
neously. The sensing performance of the proposed structure is
determined by characterizing the sensor’s reflectivity curve.
Numerical modeling to simulate findings for the suggested
SPR sensor for commercial-scale prototyping has been car-
ried out analytically. Although the entire study was based
on simulation work and theoretical calculations, we have
justified our methodology by simulating the single silver
layer configuration in [51]. The outcome of the simulation
nearly aligned with the experimental findings with a deviation
of 0.10 degree for water and 9.78 degree for Acetone as
analyte which proves the relevancy of the simulation work.

Solution
In

e
.

Solution
Out

Receptor

Linker

.
(]
[}
1
.
Rotary Stage 'l‘
\
\
\

IR Adhesive Layer (Ti/Cr)
I  Dielectric Layer (BaTiOs/BP)

Polarizer

BN Metal Layer (Ag)
C— 2D Material (Gr/GO/MXene)

FIGURE 1. Schematic diagram of the proposed SPR sensor based on
Otto-Kretschmann configuration.

The proposed model has achieved 372 deg/RIU sensitivity
and 88.11 RIU™! QF, moreover the authors have further
demonstrated the possibility of making a tunable SPR sensor
to achieve higher sensitivity at a higher range of RI. Achiev-
ing high performance parameters concurrently has not been
possible until now that will be reflected by the comparison
table at the end of the article. In section II, we will go through
the interpretation of different layers used to build the sen-
sor, mathematical equations for reflectivity, and performance
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evaluating parameters. In section III, we will investigate the
performance of the six configurations from different aspects,
effect on parameters by the variation of all layer thick-
ness, and using different type of dielectric and 2D materials.
We will also demonstrate the possibility of tuning the sensor
to achieve better performance at higher RI and analysis of
Electromagnetic field distribution will be carried out in this
section.

Il. THEORETICAL MODELING AND DESIGN ANALYSIS

A. INTERPRETATION OF CONSTITUENT LAYERS

Fig. 1 implies the proposed structure of the SPR biosen-
sor using a glass prism and layers of materials in the
Otto-Kretschmann configuration. This configuration can
enhance surface field strength thereby a dip in the reflectance
curve can be achieved for the waveguide coupled long range
SPR sensor. To achieve the maximum excitation of the sur-
face plasmon on the structure, we examined the effect of
different types of adhesive layers (Cr and Ti), dielectric
material (BaTiO3 and BP), and 2D material (Graphene, GO,
and MXene). Also, thickness of the layers dj, dy, d3, and
d4 are varied and their effect on performance are evaluated
in the following sections. CaF,, Bk7, Fk51A, SF10 prism
can be chosen, whereas, in this model, the Bk7 prism is used
to couple TM polarized optical monochromic light of A =
632.8 nm wavelength. The low RI of the BK7 prism makes
it an appropriate supplementary material for wave vector
matching and hence high sensitivity. Maximum excitation of
SPP occurs at the visible region (A = 400 nm to 633 nm)
thereby Helium-Neon red laser is used which provides a
Gaussian beam shape along with less divergence. The RI of
the prism can be calculated by,

B3)\?
A2 —C

B2
22—

B2
22— C

nh, (h) = 1+ 1)

Taking A in the micrometer unit, Equation (1) is valid from
the 300 to 2500 range whereas the coefficients are taken
from [24]. Metals have traditionally been employed as a
key source for SPs creation in SPR sensors owing to their
abundance of free electrons. The prism surface is coated with
a thin Ag film of thickness d; as the noble metal for exciting
SPP with adhesive sandwiched in between them. The Drude
formula is used to express the complex dielectric function of
any metal layer as,

en () = e + it = 1= 32y/[ R+ 0] @)

Here, y, is the plasma wavelength analogous to the bulk
plasma frequency, and y,. is the collision wavelength which
can be found for Ag in [42]. The RI of the material can
be found by calculating the square root of this complex
function. To adequately adhere the metal film to the glass
substrate, a very thin layer of adhesive with thickness d is
deposited which inherently shields the Ag from oxidation.
As adhesive material, the RI of both Ti and Cr are taken
from measurement data in [52]. With thickness d3 = L *x 1y,
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BaTiOj3 is grown on the metal surface for the config. i-iii with
monolayer thickness of 7, = 1 nm. BP is used for the config.
iv-vi having t;, = 0.53 nm, where L is the number of layers
used. RI of the dielectric material is frequency-dependent
and for the operating A, it is np.rio; = 2.4043 that can
be obtained from experimental data in [53], Mao et al. has
reported RI of BP at the visible region in [54].

Finally, Gr (config. i, iv), GO (config. ii, v), or MXene
(config. iii, vi) nanosheet is deposited over the structure which
thickness is taken as dy = M *t;, where M is the number of
layers. Monolayer thickness of graphene is 3y = 0.34 nm,
and RI can be calculated using ng, = 3.0 +i(C1/3)A
where Cp can be found in [29]. The RI of GO, a novel 2D
material, depends on the monolayer thickness, tyy = 2.55nm
of the sheet and can be calculated using the formula, ngo =
A/€re + igim. Here, dielectric constants of this film can be
found from experimental data which is ¢, = 1.62 and ¢;,, =
0.01 for this particular thickness [55]. Table 2 summarizes all
the six configurations and their layer’s thicknesses.

TABLE 2. All six configurations and their layer’s thickness.

Configuration SPR Sensor Structure ds da

1 Bk7-Cr-Ag-BaTiO3-Graphene-Analyte L*1 nm M*0.34 nm
ii Bk7-Cr-Ag-BaTiO3-GO-Analyte L*1 nm M#*2.55 nm
ii Bk7-Cr-Ag-BaTiO3-MXene-Analyte L*1 nm M*0.993 nm
iv Bk7-Cr-Ag-BP-Graphene-Analyte L*0.53 nm M*0.34 nm
v Bk7-Cr-Ag-BP-GO-Analyte L*0.53nm  M*2.55 nm
vi Bk7-Cr-Ag-BP-MXene-Analyte L*0.53nm  M*0.993 nm

The m conjugation structure of the GO layer, acting as a
biomolecular recognition element, greatly increases macro-
molecular capture and so as a consequence, even small
changes in the sensing medium’s RI (ns) may cause huge
shifts in the SPR curve improving sensitivity and detection
accuracy [38]. RI of the sensing medium is taken as ny; =
1.330 4 §,, where &, represents the change in RI owing to
biological molecule absorption on the sensing layer surface.
The SPR phenomenon is activated by altering the incidence
angle of the incoming monochromatic polarized light beam.
Evanescent wave vector (EWV) that enters in the metal layer,
creates surface plasmon if it matches the wave vector (WV)
at a certain angle termed as resonance angle, 6,.5. This res-
onance angle fluctuates with sample solution concentration
allowing for detection of the biomolecular component pres-
ence and its density as well. The whole setup is mounted on
a rotatable platform as depicted in Fig. 1, a photodetector
on the opposite side of the prism will detect minimum light
reflection which is referred to as minimum reflectance, Riin.

The possibility of practical implementation of the proposed
sensor highly depends on the fabrication feasibility of the
structure. To deposit the thin Ag layer, popular methods
like vacuum thermal coating procedure, activated reactive
type physical vapor deposition (ARE-PVD), or wet chemistry
deposition method can be followed after performing some
mandatory chemical pre-processing. The ion plating sputter-
ing technique can be implemented to uniformly deposit the
thin adhesion layer on the prism surface. This technique is one

103500

of the most advanced surface finishing process which makes
the surface more durable with excellent adhesion power to
the coating. However, uniform nanolayer coating with high
efficiency and little surface roughness can be achieved by
CVD [20]. Smith et al. [48] propose various low-cost easier
techniques like spin coating, wet-spinning, and vacuum spin-
ning methods to deposit the GO layer by which nanofilm of
the material can be fabricated.

B. MATHEMATICAL EQUATIONS FOR REFLECTIVITY

Detailed numerical analysis was carried out by the N-layer
Transfer Matrix Method (TMM) and later simulated with
the help of the Finite Element Method (FEM) to achieve
the reflectivity curve of the proposed sensor at the optimal
thickness. Results are pretty accurate in the first case as the
TMM method doesn’t require any approximation. Stacking
all the layers vertically along with the z-axis, the Fresnel
equation with proper boundary condition gives reflection
intensities, at various angles which can be expressed as R, =

oy = |r|* [23]. For N-layer, Mj; is the characteristics
matrix denoted as,
. N-l _ [ M M2
= (Mow), = bei] o
_ cos B —isin Br/qx
My = |:—iqk sin B cos B @
1
2¢in20,) /2
1 & — nysin“f
qr = (/Lk/gk) /2 COS@k — ( 1 1) (5)
&k
2d 2020\ /2 :
ere, fr = =t(ex — nysin“O; is the arbitrar
H B Sk ( Tsin6;) the arbitrary
phase constant, and the angle of entrance is 6y = acos

\/ 1 — (ng—1/mi ) sin®6y | [4]. dy is the k™ layer’s thickness,

ni is the complex RI and ¢y is the dielectric constant of the
material. My, M2, M>1, M>> matrix elements can be com-
puted by using Equation (3) to Equation (5). The reflection
coefficient and transmission coefficient from Fresnel’s equa-
tion are expressed as follows,

. HY (M + Miagn) q1 — (M21 + Mazgn)
PUUOHPC T (M + Miagn) 1 + (Mar + Magy)

Hyy _ 2q1

t =
PH T (M + Miagw) g1 + (Mar + Magy)

(6)

Here, H;ej , H;,"" and H_VNO are the reflected, incident,
and transmitted magnetic fields through the N-layer structure
respectively [26]. With the increment of the analyte RI, a right
shift of SPR angle occurs which can be explained by 6, =

s —1 Neff Na .

sin \/ﬁfiz where, 1.y, n, and 7, are representing an
p 779]7""7[;

equivalent refractive index of the composite layer, analyte,

and prism respectively [56]. Condition for matching of glass

WYV K, with the metal WV K, is denoted by

Konp sinf; = Kon, sin; = Re (Ko
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Here, kg = ¥/ is the WV in a vacuum and 6, is the
medium to prism incident angle. K, represents the pertur-
bation wave vector in analyte or glass prism, the total wave
vector of SPW is K = K, + K, [56].

C. PERFORMANCE EVALUATING PARAMETERS
The LRSPR sensors are well suited to obtain the nar-
rower angular width i.e., minimal full width half maxima
(FWHM), higher detection accuracy (DA), and higher qual-
ity factor (QF) when compared with conventional SPR sen-
sors [35]. Among all the major performance parameters of
the SPR biosensor, the most important one is its angular
sensitivity, S which is the ratio of change in resonance angle
to the change in the refractive index of the sensing medium
that may cause by the binding of analytes to biomolecular
recognition element.

In the angular interrogation method, it is denoted by [24],

§ =2 /s, (/a1 ©)

The FWHM is defined as the difference between two predic-
tor variable points for which the response variable is equal
to half of its maximum value. QF is the ratio of angular
sensitivity to FWHM [4] and is expressed as,

OF = FW% (RIU_1> (10)

Detection Accuracy is the inverse to the FWHM of the
reflectance intensity curve and can be denoted as [29],

DA ="/ pwim (deg_l> (1D

IIl. RESULTS AND DISCUSSION

A. THE EFFECT OF STRUCTURAL PARAMETERS

To pursue the best out of the proposed configurations, opti-
mization of all the geometrical parameters is carried out for
analyte RI ranging from 1.330 to 1.353 using TMM. There
are many chemical and biological molecules that have RI
within this range. For example, in a blood sample, with the
increment of hemoglobin concentration, RI could vary from
1.32919 to 1.34919. The glucose level in the patient urine
sample ranges from 1.336 to 1.347 for a concentration of
0.625 gm/dl to 10 gm/dl [57]. In case of chemical detection,
Methanol has an RI of 1.3291, Acetonitrile has 1.3441, and
Diethyl ether has 1.353 [58]. Salinity in water also varies the
sample RI from 1.330 to 1.337 for concentrations from 0%
to 30% [7]. To investigate the performance parameters first,
we have varied the metal layer thickness from 30 to 60 nm
with a step size of 5 nm to acquire the optimum trade-off
between all performance parameters. Fig. 2(a) shows that
both S and QF improve with the increment of thickness d till
50 nm, but for the larger thickness of Ag, sensitivity reduces
as the amount of light passes through this thick metal layer
failed to reach the dielectric layer to form SPR. From Fig. 2(b)
it can be observed that DA increases over the increment of the
thickness whereas Rpp is least in the range of 40-47 nm, and
for 43 nm it is 0.068E-4.
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FIGURE 2. Considering config. ii for analyte Rl 1.330 to 1.353 when d; =
5 nm, d3 = 11*1 nm and dj = 1*2.55 nm, effect of metal layer thickness
variation on (a) sensitivity and QF (b) minimum reflectivity and DA.

The thickness of the adhesive layer is needed to be as
small as possible so that it has minimal effect on the device
performance [22]. Fig. 3(a) shows the effect of thickness
variation of Ti and Cr acting as an adhesive layer for Ag
which implies a trade-off between angular S and QF is best
at 5 nm for both Ti and Cr. Both of them provide similar
QF characteristics whereas Ti has slightly higher angular
sensitivity than Cr. Though there is a negligible difference
between these two on performance, Cr is stronger than Ti
which increases the overall stability of the sensor, moreover,
Cr can act as a suitable passivation surface and it shows
strong corrosion resistance [21]. Minimum reflectance and
FWHM for thickness variation are shown in Fig. 3(b) which
tells with the increment of the Cr layer thickness, FWHM
decreases whereas R,;,;;, increases. Variation of thickness have
linear effect on both parameters, where 5.0 nm is the optimal
thickness for which better trade-off between R,,,;;;, and FWHM
can be achieved.

After optimizing d; and d> to 5 nm and 50 nm respectively,
thickness d3 is optimized to get the maximum performance
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TABLE 3. Effect of variation of M for all configurations in terms of S, R,,,;, and QF when d; = 5 nm, d, = 50 nm and analyte RI 1.330 to 1.353.

2D Material No. of layers (M) Sensitivity [deg/RIU] Ryin QF [deg’']
With BaTiO3 With BP  With BaTiO3 With BP With BaTiO3 With BP
No 2D Layer 0 394 372 0.0228 0.0282 93.636 80.549
Graphene 1 320 310 0.1125 0.1073 67.028 60.110
2 272 268 0.2146 0.1974 51.757 47.437
3 228 232 0.3138 0.2871 40.135 37.902
Graphene Oxide 1 372 352 0.0228 0.0280 88.114 76.475
2 336 320 0.0232 0.0281 82.075 71.564
3 296 284 0.0238 0.0284 75.307 65.730
MXene 1 242 242 0.2772 0.2551 43.174 40.311
2 78 104 0.4562 0.4270 13.095 15.962
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FIGURE 3. Considering config. ii for analyte RI 1.330 to 1.353 when d, =
50 nm, d3 = 11*1 nm and d; = 1*2.55 nm, effect of adhesive layer
thickness variation on (a) sensitivity and QF for Ti and Cr (b) minimum
reflectivity and FWHM for Cr.

from all the configurations with stable structure, the results
are shown in Fig. 4. From Fig. 4(a), it is seen that com-
paratively, BaTiO3 film provides better sensitivity than BP
while having a slightly less DA for the same number of
layers. A better tradeoff between these two parameters can
be achieved for L = 11 (Config. i-iii) and L = 12 (Config.
iv-vi) which are taken as the optimized thickness of d3 for
further optimization. Fig. 4(b) demonstrated the change of
resonance angle and minimum reflectivity with the variation
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(b)

FIGURE 4. For analyte RI 1.330 to 1.353 when d; = 5 nm, d, = 50 nm and
dy = 1*2.55 nm, Effect of L variation on (a) sensitivity and DA
(b) minimum reflectivity and resonance angle.

of L. Minimum reflectivity is quite similar for no. of layers
ranging from 8 to 12 and it drastically increases for more no.
of layers especially in case of BaTiOs.

In addition, for refractive index 1.330 and 1.335, the reflec-
tivity curve of all six configurations at the optimal thickness
with a monolayer of 2D material is presented in Fig. 5.
It clearly shows that config. ii and config. v has produced the
best reflectivity curve with minimum reflectance at resonance
having a larger shift of the curve concerning the variation of
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FIGURE 5. Reflectivity curve of all six configurations with monolayer of 2D materials at the optimized layer thickness for Rl 1.330 and 1.335.

QF DA
T 0.29

——8—— Sensitivity 90

E ce-B---r QF 0.28
v 350 F \. —t—— DA
- N 80 0.27 1
50 L
o 320
= 0.26
o 29 70
=
Z 260 F 025 1
z
= 60
= 230f 0.24 1
w2

200 L L L L L 50 0.23

Variation of No. of GO Layers (M)

FIGURE 6. Considering config. ii for analyte RI 1.330 to 1.353 when d; =
5 nm, d, = 50 nm and d; = 11*1 nm, effect of M variation on sensitivity,
QF, and DA.

the RI of the analyte. It also reflects that MXene produces a
poorer reflectivity curve compared to GR and GO.

Finally, M is varied for all configurations and the result
is tabulated in Table 3 where it can be observed that both
sensitivity and QF are highest for M = 0 whereas they are
lowest for MXene that M = 3 failed to provide right shifting
reflectivity curve for config. iii and vi. It can clearly be seen
that adding more numbers of layers for all configuration
worsen the performance that is why M is bounded by 0 to 3
in Table 3. But, there must be a biomolecule absorber layer
beneath the sensing medium, without which the sensor won’t
be practical to use. It can also be realized from Fig. 6 that as
the number of layers increases the DA of the sensor increases
but sensitivity and QF decrease. Table 3 also says that a
monolayer of GO on top of the structure gives maximum
sensitivity with good QF and DA to identify molecules more
precisely.
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The reflectivity curve of the optimized config. ii is plotted
in Fig. 7(a) where a dip of SPR curve occurs at each RI of the
analyte ranging 1.330 to 1.350 which reveal that the propose
sensor can perform well for a wide range of applications.
Fig. 7(b) shows the effect of the presence of 5 nm adhesive
layer in the proposed sensor on the reflectivity curve. It is
seen that without adhesive, the model has produced a more
dipper reflectivity curve with similar sensitivity at a cost of
the physical stability of the sensor at a cost of low initial dip
at initial angular rotation angle.

B. TUNING THE SENSOR

It can be seen from Fig. 2 to Fig. 7 that the proposed sensor
provides remarkable performance within the mentioned range
but this can be further extended by reducing the number of
BaTiOj3 layers. With tuning d3, higher sensitivity with a better
QF can be achieved for RI up to 1.410 which is reflected in
Table 4. Higher the value of RI, which may be a cause of the
high concentration of the biomolecules, can result in more
light absorbance with a thinner layer and accomplish a larger
shift in the reflectivity curve. For example, Normal MCF-7
Cells (30-70%) have an RI of 1.387 but if they are affected
with Breast Cancer (80%), their RI becomes 1.401. Similarly,
Normal Basal Cell (30-70%) has an RI of 1.36 whereas if
they are affected with Skin Cancer (80%) their RI becomes
1.38 [23]. Moreover, 0-15 mg/dl glucose level in the patient
urine sample has RI of 1.335 whereas 5 gm/dl has RI
of 1.341 and it goes up to RI of 1.347 for 10 gm/dl glucose
level [57]. Table 4 shows the RI of maximum sensitivity with
its corresponding performance parameters. 414 deg/RIU with
119.27 deg_1 QF at 1.407 RI for 4 nm of BaTiO3 thickness
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FIGURE 7. Variation of reflection intensity of the proposed sensor (a) for
RI 1.330 - 1.350 (b) for RI 1.330 and 1.335 with and without the adhesive
layer.

TABLE 4. Tuning sensor performance for higher RI by varying thickness
of BaTiO5.

BaTiO3 RI 0 R, Sensitivity QF
thickness [nm] res min [deg/RIU]  [deg—']
4 1.407 86.03  0.0035 414 119.272
5 1.400 85.85 0.0037 408 113.973
6 1.393 85.80  0.0040 402 109.562
7 1.386  85.87  0.0047 396 105.084
8 1.378 85.67  0.0059 390 100.804
9 1.370 85.59 0.0082 384 96.424

can be achieved in the range of analyte RI 1.330-1.410. As the
thickness of BaTiOs3 increases, both the sensitivity, and QF
decrease and resonance occur at the lower RI of the analyte.

C. ANALYSIS OF ELECTROMAGNETIC FIELD DISTRIBUTION
FEM is used to thoroughly investigate the distribution of
electromagnetic field at the layer interfaces of the proposed
sensor. To explore the bio-molecular interaction between
reagents and analytes, it is crucial to characterize the elec-
tromagnetic field distribution since it is greatly influenced by
the SPR effect. If the reflectance curve displays the lowest
reflectivity value due to the SPR condition, the electromag-
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netic field strength is at its maximum in the field distribution
curve, and vice versa. Due to the efficient charge transfer
caused by the integration of the metal-dielectric layer, there
is a strong coupling that significantly increases the field
intensity at the sensing interface [59], [60]. This is significant
because the strong electromagnetic field aids in enhancing the
device’s sensing and detection capabilities. Fig. 8 shows that
maximum electric field at the BaTiO3-GO-Sensing medium
interface that apprises an enhanced interaction of light-matter.
The reverse situation arises at the prism-adhesive-metal inter-
face, due to the absence of SPR effect the field distribution
dips there.

2 e = = oo T ] ym
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FIGURE 8. Normalized electric field distribution of the proposed
configuration.
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FIGURE 9. Magnetic field distribution of the proposed configuration at
SPR condition.

Fig. 9 shows the propagation of the z component of the
magnetic field at the resonance angle which reveals that
maximum field distribution can be achieved at the SPR angle
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and SPW propagates along the Ag-BaTiO3 interface where
the dip is found at the prism-adhesive-metal interface.

Table 5 compares the obtained performance of the pro-
posed sensor with some previously reported models. It is
observed that the designed sensor has both higher angular
sensitivity and QF whereas others’ works lack at obtaining
a high value of both parameters at the same time. Moreover,
this work has been performed at the visible range where some
research was reported at NIR.

TABLE 5. Performance comparison of the proposed structure with
previously reported work.

Sensitivity

SPR Sensor Structure Wavelength [deg/RIU] QF [deg] Ref
Bk7-Ag-Si-Franckeite 720 158.31 63.92 [7]
CaF32-ZnO-Au-BlueP-MoS3 633 228 56.21 [15]
Bk7-Ag-BaTiO3-Graphene 633 257 45.05 [24]
Bk7-Au-WSez-PtSea-BP 633 200 17.70 [25]
Bk7-Au-BP-Au-Graphene 633 218 26.13 [26]
Bk7-Au-WSe2 632.8 179.32 30.65 [29]
Bk7-Au-PtSez-WS2 633 194 17.94 [39]
Bk7-Cr-Ag-BP-GO 632.8 352 76.48 This Work
Bk7-Cr-Ag-BaTiO3-GO 632.8 372 88.11 This Work

IV. CONCLUSION

A new 2D material, GO is explored at the visible range to
obtain higher sensitivity and QF. Impacts of different types of
materials at different layers including adhesive were investi-
gated with varying thicknesses and the number of layers. Six
different configurations were reported to achieve a maximum
trade-off between the performance parameters in sample RI
of 1.330 to 1.353. The proposed model provides an angular
sensitivity of 372 deg/RIU with QF of 88.12 deg™!, where
it can be tuned for maximum sensitivity of 414 deg/RIU and
QF of 119.27 deg™! for higher RI up to 1.410. Fabrication of
this higher precision biomolecular detector is discussed and
a thin adhesive layer is used to make it suitable for practical
use. It can be concluded from the extensive analysis upon
the effects of layers on the sensing performance that this
proposed model could pave the way for the next generation
of ultrasensitive SPR-based sensors.
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