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ARTICLE INFO ABSTRACT
Keywords: Surface Plasmon Resonance (SPR) based optical biosensors are recently the most attractive
SPR biosensor sensing devices that can detect minor changes in refractive index. Multiple methods have been
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developed to design SPR based biosensors with high-performance and ease of fabrication. This
research is about a grating based biosensor that utilizes Silver (Ag) and Titanium (Ti) to produce
the SP resonance state. The structure has a resonance wavelength, which displays sensitivity to
changes in the surrounding medium of the refractive index. The study has been conducted using
numerical simulations, utilizing the finite-difference-time-domain (FDTD) method.The simulation
results shows a sharp resonance peaks in the wavelength range of 450-700 nm with a remarkable
sensitivity of 172 nm/RIU (for mode 1 at SPR peak 465 nm) and 515 nm/RIU (for mode 2 at SPR
peak 585 nm), which is superior to other on-chip device. The investigation involves a compar-
ative analysis of sensing performance, focusing on parameters like transmission, reflection,
FWHM and Quality factor to measure the detection accuracy of the proposed material combi-
nation. Later, we employed this miniature biosensor device to detect hemoglobin concentrations
in the blood. Our findings indicate that this developed structure has great potential for detecting
any biomolecule, such as proteins, glucose, fructose, nucleic acids, and cells.

1. Introduction

Researchers are currently exploring SPR based photonic structures as a possible replacement to conventional devices. This is due to
their numerous advantages, including a compact sensing unit, rapid responsiveness, label-free detection, affordability, high sensitivity,
real-time monitoring, and low sample consumption [1,2]. Additionally, photonic crystal structures can be one dimensional (1D), two
dimensional (2D) or three dimensions (3D) [3].

When a polarized light falls on a photonic metal surface at the interface with different refractive indices, it excites collective
oscillation of free electrons (plasmons) occurs. This excitation occurs when the momentum of the incident photons matches that of the
surface plasmons leading to Surface Plasmon Resonance (SPR). Moreover, Localized Surface Plasmon Resonance (LSPR) refers to the
localized oscillation of electrons in nanoparticles and Surface Enhanced Raman Scattering (SERS) utilizes the enhancement of Raman
scattering signals by molecules in close to metal nanostructure undergoing LSPR. Each phenomenon has unique properties and uses,
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but they all result from light interacting with metal surfaces or nanoparticles.

SPR is highly sensitive to changes in the refractive index of the medium near the metal surface. Therefore, in recent years, it has
received keen attention in biosensing applications since various biomaterials, liquid analytes, gasses, nucleic acids and proteins have
specific RI [2]. This feature facilitates convenient sensing of their RI change, allowing for easy detection with high sensitivity [2]. Asa
result, biosensors play a crucial role in medical diagnostics, point of care testing, environmental testing, food safety, bioprocess
monitoring, drug discovery and forensic analysis [4-7]. For instance, they have been used for detecting several diseases, blood
component detection, glucose detection in urine and blood, protein detection, cancerous cell, virus and bacteria.

Currently, lab-on-a- chip plasmonic biosensors are more popular as they are miniaturized and portable devices that integrate
multiple components for biomolecular sensing and analysis at a good resolution on a single chip. These innovative on chip biosensors
have many advantages over traditional laboratory setup. They enable quick and convenient analysis of biological samples, allowing for
timely decision making in clinical settings, emergency response and resource limited environments [8]. To make our SPR-based
biosensor smarter, we require sophisticated data processing algorithms and real-time monitoring automation. Furthermore, we
need qualified and skilled staff to operate our photonic biosensor properly; otherwise, existing healthcare systems may face resistance
owing to apathy. Clinical studies are necessary to demonstrate the effectiveness and dependability of photonic biosensors in real-world
settings because they have not been conducted in real time. Biosensors can be categorized into various types based on their detection
principles and components. The most common types include SPR based optical biosensors, electrochemical biosensors [9], piezo-
electric biosensors [10], thermal biosensors [11], mass sensitive biosensors, magnetic biosensors [12], nanomaterial based biosensors
and enzyme based biosensors.

Recent paper [13] which is a MIM based SPR biosensor has elliptical resonators on silver material. It is used to detect hb hemo-
globin concentration in blood of sensitivity of 1100 nm/RIU. Although it has high sensitivity, its complex structure causes challenges in
fabrication and its resonator’s performance can be affected by temperature, noise or external interference. Additionally, the paper [14]
MIM based multilayered bimetallic, semiconductor and 2D nanomaterials is used to detect glucose concentration in urine. And also the
paper [15] metal-nitride layers on a bimetallic (Au—Ag) SPR biosensor is used to detect urine glucose. Although both have sensitivity of
440°/RIU and 411°/RIU compared to our proposed work it has very less sensitivity, complicated structure, hard to fabricate, not
biocompatible enough and costly.

Another recent paper [16] which is multilayered grating based SPR biosensors of plasmonics Cytop Polymer grating structure with
periodicity comparable to the incident wavelength are applied to evaluate the plasmonics Talbot biosensor. It operates with a
sensitivity of 324 nm/RIU which is very less compared to our proposed sensor. Moreover, our proposed structure is biocompatible,
easy to fabricate and cost effective. The mentioned paper has not examined any particular biomolecules numerically whereas our
biosensor can detect Hb hemoglobin in blood and the results are mentioned.

In recent years, plasmonic biosensors have been the most researched sector, as many SPR based integrated biosensor devices have
been launched to support the medical sector [17]. In this paper, we proposed a novel, easy to make cavity coupled plasmonic
biosensor, which can be rapidly fabricated to get a label free, real time, sterile, reusable device with high sensitivity. This miniature
structure is particularly promising for biomedical and biochemical applications. The microcavities of the plasmonic nanostructure
significantly impact its performance by boosting the sensitivity and resolution while requiring minimum sample volume. Our sensor
achieves sensitivity of 515 nm/RIU which is much better compared to other on chip devices.

2. Sensing mechanism

In this study, we have designed a cavity coupled waveguide biosensor using Silver (Ag) and Titanium (Ti) which will act as a well
effective tool to detect Hb concentration in modern health care services. Several quantifiable techniques have been developed to
determine the integral, local, or average RI of single living cells or multiple cells using digital holographic microscopy [1], optical
trapping technique [18], integrated chip technique [19], Hilbert phase microscopy [20], tomographic phase microscopy [21],
tomographic bright field microscopy [22] and several interferometry techniques [23].

Blood, a vital bodily fluid, plays a critical role in oxygen and nutrient transport, as well as waste removal [24]. Blood optics,
essential for biophotonic and clinical applications in therapy and diagnostics [25], includes diagnostic methods based on Mie theory,
leveraging light scattering and absorption properties of human blood [26]. The light absorption and scattering characteristics of blood
depend on erythrocyte refractive index, largely influenced by hemoglobin concentration [25]. Variations in Hb concentration can lead
to conditions such as anemia, polycythemia, and other hematological disorders, underscoring the need for accurate detection methods.

Early detection of abnormal Hb levels can significantly impact patient outcomes, potentially preventing postoperative hemorrhages
and enabling timely interventions [27]. Our biosensor aims to contribute to these efforts by offering sensitive and specific measure-
ments of Hb concentration, thereby potentially saving lives through early intervention.

3. Theoretical analysis

When light passes over the photonic crystal from one end it will interact with the blood and get detected from another end. The
propagation of light will vary in the photonic crystal depending on the refractive indices of the blood analyte [28]. When electro-
magnetic (EM) fields in the form of a polarized light pass across the interface between metal and dielectric they interact with the
surface and cause the free electrons to oscillate. When the nanoparticles are much smaller than the wavelength of the incident light the
EM Wave can induce resonance of free electrons. This resonance is known as surface plasmon resonance (SPR).

Resonance wavelength strongly depends on size, shape and particles of the structure [29]. As shown here, Fig. 1 the designed
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structure is a grating based structure which has nanohole cavities. Here the periodicity of the grating affects the coupling conditions for
surface plasmons, influencing their resonance properties with their dispersion relations. When the incident light energy couples with
the metal-dielectric layers, electrons of it result in changes in the reflectance or transmittance of the incident light.

Free electrons at the silver nanohole boundaries must oscillate coherently for SPR to function. For this oscillation, the relationship
between the wave vector (ksp) and frequency (w) can be represented in equation (1) as follows.
o | en(0)n? o)

ksp =
e\ em(w)+n2

Where, n, is the refractive index of the medium inside the cavity, c is the speed of light and en(®) is the silver nanohole’ dielectric
function. We can represent the complex dielectric function below using the Drude model using equation (2) as follows:
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Here, v, is the damping constant of the silver layer and Qp represents the plasma frequency. We use the values Qp = 1.375 x 10'°
rad/s and yo = 3.12 x 10'® rad/s from Ref. [30].

Stable oscillation now requires the wave vectors of the plasmon polaritons and the incident light to match. The wave in the grating
surface can be represented by the wave vector shown by equation (3) as follows:

2
kq :Qna sin 9 + m—” 3
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Where, 6 is the light incidence angle, m is the diffraction order (0, +1, £2 ...), c is the speed of light and P is the period of the grating.
So, the resonance condition is written by equation (4) as follows:

2
Re{ksp} = Qnﬂ sin0 + m=~ 4
c p
For metals like silver the real part of the metallic dielectric function is much greater than the imaginary part. So we can use the

following by equation (5):

® | em(w)n2
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Linking the above equations we get the resonance equation:
2w*P? + {(r,? — %) P’ng® — 4r*m>? (1 +n2) }o* — 4n*m*c® (> — 2p* +79°n.%) =0 ©6)

Equation (6) greatly depends on the refractive index inside the cavity (n,) as expected. If the refractive index is changed inside the
cavity, the resonance wavelength changes. Using the values of 2p = 1.375 x 10'® rad/s, yo = 3.12 x 10! rad/s, n, = 1.3 we get, »? =

7.2511x10%C rad?/s? using resonance wavelength (/1 = %) we get 700.2 nm. From Fig. 5 we see that the resonance wavelength for

(a) (0,0)

(b)

@

Fig. 1. (a)XY plane of simulation view, (b) Schematic representation of the biosensor when the light source is projected, SPR base transmission
shifting is taking place and the monitor from above is capturing the spectrum (Inset blue arrow shows the direction of TFSF source and pink arrow
indicates the direction of plane wave).
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refractive index 1.3 is 585 nm which is closest to our theoretical analysis. Therefore, the resonance wavelength increases if the
refractive index is increased.

The significant parameters used to measure the sensor’s performance are Quality Factor (Q-factor), Wavelength sensitivity(S) and
Full Width Half Maximum FWHM.

Sensitivity (S) is the ratio of obtained change in the resonant wavelength to the change in the refractive index. Sensitivity is
measured in nm/RIU and it should be high which can be represented by equation (7) as follows:

AX
Sf

=== @)

where A is change in resonant wavelength and An is change in refractive index.

3.1. Material selection

Although there are other different metals which have high sensitivity, they are very expensive in terms of mass production of Hb
detection sensors. Also, some of these metals are not biocompatible enough, have lack of antimicrobial properties and are susceptible
to corrosion, which can affect the environment and the stability & durability of the sensor.

Here, we investigate the optical properties of metal dielectric plasmonic substrates for refractive index sensing. Here we used silver
(Ag) and Titanium (Ti) metals where nanohole arrays are etched in a silver metal layer (Fig. 2). Silver is a native metal which is cheap,
highly reflective across a broad range of wavelengths particularly in the visible and near-infrared regions and has excellent con-
ductivity properties. It exhibits antibacterial properties too. Moreover Titanium Ti is biocompatible, corrosion resistant and me-
chanically very strong. Combining these materials results in the design of a biosensor which enhances the performance,
biocompatibility and durability of the sensor. The finite difference time-domain (FDTD) [31] approach is used to detect and study the
optical spectra features and accompanying increased electric fields of silver (Ag) and titanium (Ti) nanohole arrays. The high sensi-
tivity of resonant coupling mode between SPR from Silver Titanium (AgTi)-nanohole arrays and LSP [32] from Silver Ag nanoparticles
to changes in the environment’s refractive index variations is observed during the investigation.

Other than Titanium we worked on Nickel (Ni) and Tungsten (W) also to check their sensitivity in-between refractive index 1.30
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Fig. 2. Real and imaginary part of refractive index a. Nickel b. Titanium c. Tungsten.
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and 1.40 as shown in Table 1. We preferred Titanium over Nickel (Ni) and Tungsten (W) not only because of their sensitivity but due to
its good material properties (Fig. 3). Nickel has limited transparency, low reflectivity and is susceptible to corrosion due to oxidizing
effect. Moreover, Tungsten has high density, brittleness and has more oxidizing effect than all. Therefore, Titanium exhibits highest
resistance to oxidizing among these three and has good biocompatibility, strength, durability for fabrication to biosensor devices
which can be handled and operated in a clinical setting easily. The real and imaginary part of the refractive index of nickel, titanium
and tungsten are shown in Fig. 2(a—c). Additionally sensitivity analysis is shown in Fig. 3(a—c).

Moreover, ensuring the long-term stability and durability of SPR biosensors is a significant challenge. Degradation of materials or
photonic structures over time can lead to reduced performance. Therefore, regular maintenance and recalibration may be necessary to
maintain sensor accuracy, which can be time-consuming and costly. Additionally, the interaction between biological molecules like Hb
hemoglobin and the sensor surface can lead to biofouling. To improve biocompatibility and minimize degradation of materials over
time possible solutions could be to go for a coating method. There are several coating methods like Polyethylene glycol (PEG) coating,
biomolecule coating, protein coating and carbon based coating [33]. Despite its benefits, these coatings can extant challenges. The
stability of the coating layer’s conditions can be variable, potentially leading to degradation over time. Additionally, achieving uni-
form and stable coatings can lead to complexity and increase the cost of sensor fabrication.

4. Device structure and simulation parameters

Our design embraces a simple manufacturing procedure with non-complicated sample-controlling techniques (Table 2). A
fundamental issue in plasmonic resonance sensors is coupling the surface plasmon with an optical wave in free space, because the
plasmonic wave vector is substantially bigger than the free-space wave vector, which causes the momentum mismatch between light
and surface plasmon [34]. In this study we employed finite difference time domain simulation (FDTD) to simulate the
metal-insulator-metal structure using transmission grating to cause surface plasmon resonance in the silver layer. Here fig-4 (a) and (b)
demonstrate the design of the 1D grating structure which consists of nanoholes arrays of diameter 200 nm etched over silver (Ag) layer
which is 100 nm thick. The Ag layer is placed on 950 nm of Titanium (Ti) substrate film. After a series of research and experiments
these layers with specified dimensions have been determined to design a novel plasmonic structure (Fig. 4c). The plasmon coupling
effect is demonstrated by the introduction of nanohole arrays in the silver layer. A stronger plasmonic near field coupling between two
metallic nanoparticles results in a distance-dependent wavelength shift of the plasmon mode [29]. These resonance modes cause
optical transmission at wavelengths between 450 nm —700nm.

Here, to simulate optical reflection and transmission data of the structure, an optical power monitor is placed in between the source
and upper PML boundary [31].Here we studied transmission from plasmonic structure for a normal Electromagnetic incidence light in
the wavelength range from 450 to 700 nm.

For the experiment, at first the refractive index was selected from 1.20 to 1.45 and then the above parameters were observed so that
the sensing refractive index for hemoglobin concentration can give desired results.

In paper [35] we can see a 2 layer grating based sensor using silicon and silicon dioxide. Here, for three-waveguide thickness of
silicon layer (220 nm, 150 nm, and 100 nm) the biosensing capability is evaluated. It is found that the sensor with a 100 nm thickness
provides a higher sensitivity of 322.96 nm/RIU than all other designed structures mentioned in the paper. It has been also assessed that
the higher gap width period 440 nm between the gratings has more sensitivity. Compared to the above paper our novel structure has a
thickness of 100 nm of silver photonic layer and the gap between the periods is 400 nm which results in the highest sensitivity of 515
nm/RIU. This shows that our structure can exhibit better results flexibly than other parametric structures. Although we have examined
the sensitivity by altering the thickness, period and diameter of nanoholes on our structure we obtained optimum parameters of the
structure Table 2 which provides good fabrication feasibility and sensitivity. Compared to the mentioned paper our project has 37.28
% more improved sensitivity.

5. Result analysis and numerical discussion

As discussed, the simulation results of the nano hole cavity under z-polarized illumination across a wavelength range spanning from
450 nm to 700 nm is observed here Fig. 5. The analyte with varying refractive indices from 1.20 to 1.45 shows the transmission spectra
of the silver titanium nanohole array. The sensitivity, FWHM, Detection accuracy and Quality factor has been calculated and shown in
Table 3.

Table 1
Comparison of sensitivity when changing the bottom layer material while keeping the
top layer material constant.

Top layer Bottom layer Sensitivity
Silver Tungsten 343.44 nm
Silver Titanium 404.34 nm
Silver Nickel 386.36 nm
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Fig. 3. Transmittance (sensitivity) analysis of (a) Tungsten, (b) Titanium, and (c) Nickel.
Table 2
Structure and dimension details.
Layers dimension Material Purpose
Top layer: length = 1000 nm, width = 1000 nm, thickness = 100 nm  Silver Lights interact with the nanoholes which are etched in silver and create
Nanohole’s in a silver layer, Diameter = 200 nm, period = 400 nm resonance.
Bottom layer: length = 1000 nm, width = 1000 nm, thickness =950  Titanium  Works as a substrate.
nm
(a)
Refractive index Sensitivity (nm/RIU) FWHM (nm) Accuracy (1/FWHM) Quality Factor (Sensitivity/FWHM)
1.25 305 76.95 0.012995 3.9636
1.30 171.8 83.55 0.011969 2.0562
1.35 171.6 91.37 0.010944 1.8780
1.40 171.8 96.97 0.010312 1.7716
1.45 343.6 106.95 0.009350 3.2127
(b)
Refractive Index Sensitivity (nm/RIU) FWHM(nm) Accuracy (1/FWHM) Quality Factor (Sensitivity/FWHM)
1.25 343.4 51.87 0.019278 6.62039
1.30 515.2 48.15 0.020768 10.69989
1.35 343.4 45.81 0.021829 7.496179
1.40 343.4 42.99 0.023261 7.987904
1.45 343.4 44.77 0.022336 7.670314
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Fig. 4. (a) 1D illustration for the simulation model in x-y plane (b) unit cell design in x-z plane and (c) Perspective view for simulation (Inset blue
arrow shows the direction of TFSF source and pink arrow indicates the direction of plane wave).
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Fig. 5. Transmittance vs wavelength graph.

Table 3
(a) sensitivity at mode 1 and mode 2 (b)parameters for mode —1 (c)parameters for mode 2.
Refractive Index Mode 1 (nm) Sensitivity nm/RIU Mode 2 (nm) Sensitivity nm/RIU
1.25 456.06 305 559.09 343.4
1.30 464.65 171.8 584.85 515.2
1.35 473.23 171.6 602.02 343.4
1.40 481.82 171.8 619.19 343.4
1.45 498.99 343.6 636.36 343.4
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From the results, it is seen that as the refractive index of the surrounding medium increases, the biosensor’s sensitivity also es-
calates, indicating that it becomes more responsive to changes in the refractive index. This heightened sensitivity is beneficial for
detecting small variations in analyte concentrations or bio molecular interactions. In our designed structure we can see that there are a
number of resonances with the strongest SPR at model and mode2. Moreover, in the transmission spectra of model the SPR is between
430 nm —490nm and for mode 2 the SPR wavelength is between 450 and 700 nm. Particularly, when the refractive index of the analyte
is between 1.30 and 1.35 the SPR is approximately 584-602 nm the sensitivity is highest, which results 515.2nm/RIU at mode 2 in
where the quality factor is also very high of 10.69989.

Grating-based surface plasmon resonance (SPR) biosensors, provides several advantages in terms of simplicity and miniaturization
potential, however have a number of limits and obstacles when compared to other SPR biosensors.Grating-based biosensors are often
less sensitive, more prone to noise, and have less effective plasmon excitation, resulting in a lower detection limit. On the other hand,
fabrication complexity and reproducibility poses considerable challenges because creating high quality grating with precise period-
icity and uniformity requires advanced lithography techniques which can be costly and difficult to scale.

Additionally, the angular and wavelength range over which gratings can efficiently couple light to plasmons is narrower, limiting
the operational flexibility of grating-based sensors for the detection of a wide range of analytes.

Multiplexing with dual mode detection could be an intriguing area to focus on in the future. The ability to multiplex the biosensor
boosts its efficiency and utility in clinical diagnosis. Implementing similar strategies in a photonic cavity-based biosensor could make it
more versatile and practical for biomolecule analysis.

6. Application of biosensor in HB detection

Normal Hemoglobin concentration in blood for females is 12-16 g/dl and 14-18 g/dl for males but above or below this con-
centration is very abnormal, it may cause anemia or polycythemia, cancer, heart disease, lung disease, kidney or liver disease [36].
Moreover, postoperative hemorrhages and autologous transfusions can be observed from the HB level [37]. Hence a suitable amount of
Hb must be maintained to ensure adequate oxygenation of the tissue. Generally, the volume of hemoglobin in blood is measured in
grams per deciliter (g/dl) or grams per liter (g/1) [37]. In this investigation, the measurement of Rls of the oxygenated Hb concen-
tration could be useful to determine the sensitivity of the designed structure (Fig. 6). As there is a slight change in RI due to the
concentration of Hb the sensitivity of the transmission vs SPR wavelength can be detected. Particularly, for every incremental change
of 0.001 in the refractive index, there is an associated increase of 6.1025 g per liter (g/L) in the hemoglobin level. This relationship
underscores the significance of monitoring blood refractive index as a potential indicator of hemoglobin concentration [37]. This
relationship can be denoted as

H,=H, + BAn ®

where H; is the resultant HB level, Hy is the present HB level, B is the constant value of 5766.5, and the refractive index change is An
[25].

Performance analysis: The research investigates a range of hemoglobin (Hb) concentrations from 0 to 60 g/dl, simulating diverse
blood conditions (Fig. 6). The refractive index at the resonant wavelength varies between 1.335 and 1.344, depending on the specific
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Fig. 6. Transmittance spectrum with respect to the wavelength for varying Hb concentrations.
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Hb concentration. Since the surface plasmon resonance occurs at a wavelength of 589.3 nm, the investigation focuses on this
wavelength.

According to the simulation results, when the Hb concentration is very low (0 g/dl) under unhealthy conditions, the outcome is 365
nm/RIU (Refractive Index Unit). Under healthy conditions with an Hb concentration of 20 g/dl, the sensitivity is 355 nm/RIU, and
with a high Hb concentration of 40 g/dl, the sensitivity increases to 473 nm/RIU, as indicated in Table 4. This demonstrates how this
structure can detect Hb concentrations with a resolution of 20 g/dl increments, which is notably higher than that achieved by many
other papers.

7. Comparison with literature

Table 5 represents the comparison of the obtained results of 2D designed photonic nanoholes cavity structure with other research
papers which were also used to detect Hb concentration. Here, we can see that, comparatively, our proposed structure has the best
sensitivity over all.

The research [42] focuses on a one-dimensional photonic crystal-based sensor using an asymmetric periodic double layers structure
of Titanium dioxide TiO2 and silicon dioxide SiO with a single defect layer, showcasing sensitivity of 144.50 nm/RIU. And also in
paper [38] one dimensional ternary photonic crystal with a defective layer is designed for bio sensing. Materials like Graphene, silicon
dioxide SiO/Ag and Tin sulfide SnS provide sensitivity 51.49nm/RIU. The research paper [39] focuses on designing a cavity based
one-dimensional Photonic Crystal sensor. The sensor design includes alternate silicon layers with introduced porosity to achieve the
desired index contrast, enhancing sensing capabilities. The structure demonstrates an average sensitivity of approximately 323
nm/RIU or 0.05 nm/(g/L). Compared to all other biosensors mentioned above where all are mainly detecting Hb in blood, our pro-
posed work has the easiest structure containing nanomaterials silver and titanium only. It is the most available photoactivated
nanomaterials found and the very cheapest among all the above materials mentioned in other papers. It has a nice analyte chamber
which is a nanocavity based hole/grating structure, which helps to interact the analyte with the photonic nanomaterials efficiently. It
enhances the electric field’s intensity as light travels through the analyte and thin film of titanium and silver photonic metals. As a
result, we have the highest sensitivity of 515 nm/RIU for which we can detect not only Hb in blood but also other biomolecules.

To conclude, the proposed grating-based Surface Plasmon Resonance (SPR) biosensor offers a novel approach for detecting he-
moglobin (Hb) with high sensitivity and specificity. This biosensor leverages the unique properties of surface plasmons—oscillations of
free electrons at the interface between a metal and a dielectric—to monitor changes in refractive index upon Hb binding. The grating
structure, which is composed of periodic metallic or dielectric materials, enhances the SPR signal by diffracting incident light to excite
surface plasmons more efficiently. This enhancement allows for real-time, label-free detection of Hb at low concentrations, making it
suitable for clinical diagnostics and biomedical research. In future, the incorporation of specific antibodies or aptamers on the grating
surface will ensure selective binding of Hb, reducing interference from other proteins. Moreover, the grating-based SPR biosensor
offers advantages such as rapid detection times, minimal sample preparation, and the potential for miniaturization and integration into
portable devices. This technology represents a significant advancement over traditional Hb detection methods, providing a powerful
tool for early diagnosis and monitoring of conditions like anemia and hemoglobinopathies. As research progresses, further optimi-
zation of the grating design and functionalization strategies will likely enhance the sensitivity and robustness of this promising bio-
sensing platform.

8. Fabrication realization

NIL (Nanoimprint Lithography) fabrication is a technique used for creating nanoscale patterns on various substrates (Fig. 7). It
involves the transfer of a pattern from a mold onto a substrate using a combination of heat and pressure. NIL offers high resolution and
high throughput, making it suitable for applications in nanoelectronics, photonics, and biotechnology. The process begins with the
fabrication of a mold, which can be made using techniques such as electron beam lithography or nanoimprint lithography itself.

Here the spin based mold is then pressed onto the substrate titanium, causing the pattern to be transferred. After the pattern
transfer, the mold is removed, leaving behind the desired pattern on the substrate. This biosensor device is made by replicating a
pattern using NIL on a resin coated Titanium substrate. Due to its capacity to generate high-resolution patterns, conventional NIL
generally uses solid-phase thermoplastic polymers such as polymethylmethacrylate (PMMA) as imprint resins. A high imprint tem-
perature of more than 170 °C and pressure of up to 50 bar are required for PMMA resin in order to successfully transfer nanoscale
patterns from a stamp mold to the PMMA layer [43]. Using an O plasma etching technique, any excess resin is removed after a 100 nm
thick layer of silver is deposited via electron beam evaporation [44]. Here the cavities are 200 nm in diameter and 40 nm in period. The
distance between the cavities is maintained at 200 nm in both the vertical and horizontal directions. Cavities are made using the lift off
technique in order to remove the resin imprint [43].

NIL can be used to create various types of patterns, including lines, dots, and complex structures. The technique offers advantages
such as high resolution, low cost, and compatibility with a wide range of materials. However, challenges such as mold fabrication,
alignment, and defect control need to be addressed for widespread adoption of NIL.

This two-layered cavity-based system demands high precision to maintain consistent functioning. Acquiring accurate dimensions is
technically difficult and necessitates advanced lithography techniques (such as electron-beam lithography). These procedures are
time-consuming and costly. It also requires sophisticated clean rooms and skilled workers to properly handle and manufacture bio-
sensors. Scaling up from laboratory-scale manufacturing to large production while keeping good performance and cheap costs is
similarly difficult. While the manufacturing of this is outside the purview of this work, the mentioned fabrication methods may prove
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Table 4
Summary of sensitivity, FWHM, detective accuracy, quality factor and healthy/unhealthy status at varying blood hemoglobin concentration.
sample with varied Hb Refractive Resonant wavelength (nm)  Sensitivity nm/ FWHM Accuracy (1/ Quality Status
level (g/dl) index mode 2 RIU (nm) FWHM) Factor
0 1.335 594.825 364.91 45.38 0.02203 8.04 unhealthy
20 1.339 596.244 354.75 45.18 0.02213 7.85 healthy
40 1.342 597.663 472.67 45.10 0.02217 10.48 unhealthy
60 1.344 598.373 355.00 45.05 0.02219 7.88 unhealthy
Table 5
The comparison of proposed design with recent reported results.
References Year Structure Sensitivity FWHM
[38] 2019 1 D structure of Air/(SnS/Nanocomposite/SiO,)/Graphene/D/Graphene/(SnS/ 51.49nm/RIU NA
Nanocomposite/SiO2)N/Air. Photonic crystal based with a single defective layer.
[39] 2020  1D-Photonic crystal cavity based structure is designed by silicon (Si) material. 323 nm/RIU 0.6 nm
[40] 2020 A graphene layer of Metal Dielectric Metal configuration nano-scale ring structure. 333 nm/RIU -
[41] 2019  Sphere, cubic and cylinder shaped silver plasmonic nanoparticles are used to detect Hb 235.7nm/RIU 94 nm
concentration blood.
[42] 2022 1D photonic crystal-based sensor using an asymmetric periodic double layers structure of 144.50nm/RIU
Titanium dioxide TiO, and silicon dioxide SiO, with a single defect layer.
Proposed 2024 2 D grating structure of nanoholes cavity silver titanium structure (dual mode) 172nm/RIUand 515 85 nm and
work nm/RIU 48.15 nm
Titanium . . i i
-, Spin resin N-anolmprmt
substrate llthography
Lift-off ‘ Electron-beam 0, plasma
evaporation etching

Fig. 7. Proposed fabrication procedure of the proposed structure.

helpful for the device’s real-time implementation and monitoring, which incorporates mobility.
Overall, NIL fabrication is a promising technique for creating nanoscale patterns with high resolution and high throughput, and it
has the potential to revolutionize various fields of science and technology.

9. Conclusion

In conclusion, the development of SPR based nanohole on chip biosensors represents a significant advancement in biomolecular
sensing and analysis. We demonstrated dual mode plasmonic biosensor for SPR mode 1 at 465 nm, sensitivity 172 nm/RIU and SPR
mode 2 at 585 nm sensitivity 515 nm/RIU respectively. With its remarkable sensitivity this technology offers a promising solution for
detecting hemoglobin (Hb) concentration, which is crucial for various medical applications including disease diagnosis and moni-
toring. Our design can be easily fabricated compared to other complex structured configuration models. The biosensor’s high accuracy
and portability further enhance its utility, enabling rapid and reliable Hb measurements at the point of care. By harnessing the unique
properties of nanohole structures this biosensor demonstrates great potential to revolutionize healthcare by providing clinicians with a
versatile tool for timely and precise diagnostics. Continued research and innovation in this field hold promise for further improving
sensitivity, specificity, and usability, ultimately leading to enhanced medical outcomes and patient care.

Methods

We used only FDTD simulation and the hemoglobin refractive index to get the reported sensitivity with our device. In this study, we
have not obtained blood from any living animals as we performed numerical simulation only.

Data and code availability

Data included in article/supp. material/referenced in article.
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