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Hemoglobin concentration is one of the most important clinical parameters
for diagnosis of anemias or cardiovascular diseases but label-free accurate quantification of
this is still reliant on bulky laboratory infrastructure. A gold with Germanium Antimony
Tellurium (Ge,Sb,Tes) metasurface is called GST with a Plus shape is proposed here as a
reconfigurable intelligent surface for hemoglobin detection. Localized surface plasmon

Keywords: resonance oscillations of the gold resonators are analyzed to establish the unit cell geometry
Bio sensor and optical properties of hemoglobin within its physiological refractive index range to
Hemoglobin specify the sensing window. Gold is chosen for its chemical stability and plasmonic strong
Metasurface confinement of the plasmonic field, in the RIS configuration a reconfigurable layer is added
GST to retune the resonant behavior after fabrication. Using numerical simulation, the absorption,
Tunablity electric-field, and magnetic-field response is evaluated, and the response to the geometric

changes is analyzed. The spectral response is obtained and key geometrical parameters are
optimized systematically to maximize the sensitivity. The design is then compared to
reported hemoglobin sensors using metasurfaces. The maximum sensitivity of the
crystalline GST is 766.67 nm/RIU which exceeds the maximum sensitivity of amorphous
GST, 700 nm/RIU. The thickness of the substrate is 0.6 micrometers and metasurface is 0.3
micrometers. The crystalline GST is more sensitive than the amorphous GST. Then the
suggested sensor is compared in contrast to the previous designed ones that are already
published. The comparison shows that the designed design is able to identify the smaller
change compared to the alternatives, thus it could be proposed as the basis to be developed
further for medical sensors.

Refractive Index
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I. INTRODUCTION

The appearance of sugar, urine and hemoglobin can give an early warning of disease. With so many more patients
having these conditions now, it has become more important to catch these diseases earlier. Plasmonic biosensors based on
refractive index (RI) change are very sensitive, and can be used for challenging detection tasks. Biosensors combine biological elements
with physical and chemical elements, and are able to detect biochemical substances. These include optical type, silicon-based type and
magnetoelastic type.The advantage of optical biosensors, is that they are cheap, respond rapidly to nanoparticles, work fast and do not
involve any invasive procedure. They tend to be divided into two categories; that is, labeled and label-free. There are two types of sensors:
label-free and labeled. A label-free sensor interacts directly with a given analyst, while a labeled sensor is one that makes use of a tag that
generates a detection signal. In contrast to a fully labeled system, a label-free biosensor is more specific, provides real-time measurement,
is extremely sensitive and cheap. They are also easily and rapidly calculated. There are two types of commercial SPR sensors.

There are two basic configurations, Kretschmann and Otto. They all detect individual molecules by measuring effects on the
sensor surface, based on the instructions given to the sensor. The approach is useful for electronic, biochemical and optical applications;
and scientists have used it for medicine and environmental monitoring. SPR is frequently used in preference of biomolecule labelling for
real time analysis: more easily observe complex structures; biomolecular recognition. The same configurations can be used on various
types of biosensors. The use of nanocomposite layers can enhance the sensibility of biosensors in the course of maintaining low costs. In
short, the newly-developed surface plasmon resonance (SPR) sensor made of Diamond Ring Fiber (DRF) can work well to detect
biochemical and biological analytes



II. THEORETICAL REFERENCE

To diagnose disorders of the blood, it is important to measure hemoglobin accurately; that is, the sensing platform
should be able to recognize a very slight alteration of the concentration of the protein, even in complex biological samples. Label-free,
uneven samples are generally not presented well in traditional micro-optical cavities and interferometers, as the near field sensing region
is not large enough for a reliable measurement [1]. To overcome these restrictions, the researchers explore metasurfaces with shapes
resembling a plus sign (+) that are engineered to be made of gold. They serve as reconfigurable surfaces, capable of compressing all the
incoming electromagnetic energy into resonance cavities of high intensities, boosting light—matter interaction, and providing more
accurate analysis of the target molecules [2,3]. By altering the metasurface geometry, the electromagnetic response of the metasurface
also changes and can be tuned to better respond to hemoglobin, to enhance detection sensitivity [4]. This approach provides a solution to
the limitations of the traditional optical biosensing which is not always sensitive enough to that of the expensive and labor intensive
labelling method [5].

Nanophotonic designs give more power to the interaction between light and matter; such designs can create high quality
factor resonances capable of providing molecular signatures without labels [6] [7]. Their subwavelength structures cause the optical field
to focus down into small volumes, thus enabling the detection of small amounts of biomolecules [8]. The sensing platform combines
these functions without any spectrometer, thus eliminating the bulky and costly equipment typically used in a diagnostic test and allows
high-throughput diagnostic tests [9], [10]. Active surfaces can also modify EM waves in space and in wavelength, solve the lack of target
specificity of the passive designs and make nanophotonic sensors closer to the clinical world [11] [12]. For metals, the resonance is
associated with the behaviour of a collective motion of conduction electrons. Near field can be enhanced and its spectral response can be
manipulated by subwavelength plus-shaped resonators [13]. The so-called “hot spots™ created by the localized surface plasmon resonances
allow excellent confinement of incident electromagnetic energy down to deep-subwavelength dimensions, thereby enhancing light —
matter interaction at the molecular scale [14]. Generally, reconfigurable surfaces also have to include active materials, including liquid
crystals and electrostatic gates, that alter the refractive index of the surrounding material, such as to tune these resonances [15] [16]. It
has been possible to rotate the local dielectric environment or to change the shape of the plus-shaped meta-atoms on the device, also
altering the resonant frequency [17]. This results in a shift in hemoglobin concentration due to the change of the refractive index in the
enhanced near field region as influenced by the dielectric properties of hemoglobin. A change in the plasmonic resonance condition
induced by a change in the local refractive index when hemoglobin is loaded results in the measurable spectral response [19]. The shift
of the resonance frequencies is visible by shifts in transmission or reflection spectra and can be used as a good indication of the hemoglobin
concentration present in the sensing volume [20].

This is based on the high sensitivity of high-Q resonances to changes of the local state of the dielectric environment. It
thus offers a quantitative means to monitor the refractive index changes of hemoglobin [21] The near-field refractive index increases and
the resonance shifts to larger wavelengths as the hemoglobin concentration increases since the effective optical path is larger [22, 23].
The change in molecular binding has the effect of perturbed dielectric environment around the hotspot and hence the spectrum can be
used to follow binding, in real time [24] [25]. They can also be incorporated into the metallic unit cells active devices, which can be
adjusted during the dispersion and increase the detection of selected protein concentrations [26]. Tuning of the response will also allow
the identification of weak absorption signatures; hemoglobin has been separated from other complex biomolecules in the sample [27].
Metasurface designs also overcome the drawbacks of static devices and are able to enable high-throughput point-of-care medical
diagnostics [28]. The platform integrates plasmonic confinement with programmable spectral control and allows for label-free detection
of molecule binding and delivers exquisite electronic transduction of binding events [29]. It can be helpful to subtract the structural
resonance from the environmental background noise to separate the signal of interest from the background to provide an improved signal-
to-noise ratio in a complex biological fluid [30].

IT1. DESIGN AND NUMERICAL MODELING OF A PLUS-SHAPED HEMOGLOBIN BIOSENSOR

A biosensor uses a gold metasurface whose refractive index can be tuned. This tunability comes from GST, which has
two material states: amorphous and crystalline. Combining GST with the metasurface geometry also improves the refractive-index
sensor’s sensitivity. The model is presented and assessed through its electric field, absorption, and magnetic-field responses. Several
changes to the geometric parameters are examined as well. Varying the angle of incidence shows how the absorbed portion of the design
changes.

The proposed model was compared with existing designs, and the results show a clear advantage in sensitivity. Its
performance also suggests that the biosensor could be integrated into clinical sensing devices. Figure 1 presents the GST-based
metasurface structure: a 0.3 pm gold metasurface sits on a 0.6 pm GST substrate, while a second gold layer forms the 0.3 um ground
plane. Biomolecules are placed on the upper gold surface. Figure 1(a) shows the three-dimensional front view; Figures 1(b) and 1(c)
provide the top and two-dimensional views, respectively. GST in its crystalline phase produces higher sensitivity than the amorphous
phase.
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Figure 1: Plus Shaped GST based metasurface biosensor
(a)-Perspective View (b)-Overhead view (c)-Frontal view

III.1 ANALYSIS OF METASURFACE

Metasurface analysis is central to this design. Its effective permittivity and permeability can be obtained from
the simulated reflection and transmission coefficients using Equations (1-5). Here, Si; denotes reflection coefficient, while Sy;
denotes transmission coefficient the simulated values are substituted into the equations to determine the metasurface parameters.
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The Impedance (Z) is given by,

The refractive index can be calculated as,

n= koid [{[ln einkod]ll + ZmTl']} — i[]n(einkod)]:] (3)

The permitivity is,
= 4)
The permeablity is,
H=nz (5)
The sensitivity is calculated from wavelength peak difference for different refractive index biomolecules.
AL
S = E (6)

A) = Change in wavelength
An=Change in Refractive Index
IV. RESULTS AND DISCUSSIONS
IV.1 ABSORPTION ANALYSIS



The biosensor shown in Figure 1 was examined in COMSOL Multiphysics through the finite element
method (FEM). Figures 2—5 present the resulting absorption and electric-field responses, along with changes produced by
varying the angle and other geometric parameters. Absorption results for aGST and cGST are also provided in Figures 2—5. The
design was evaluated at four hemoglobin concentrations, ranging from 10 g/l to 40 g/l in 10 g/l increments. The
corresponding refractive indices were 1.34, 1.36, 1.39, and 1.43. Results were recorded for wavelengths between 0.6 um and 1
pm.
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Figure 2 Effect of Concentration Variation on Absorption in the aGST Phase
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Figure 3 Effect of Concentration Variation on Absorption in the cGST Phase

Figure 2 shows the absorption of aGST at various concentrations, and it is understandable to observe how the
wavelength peak differs between each of them. Peak wavelengths can be detected anywhere between 0.9 um and 0.97um when
investigating different hemoglobin concentrations. In Figure 3 shows the absorption of wavelength of ¢GST at various
concentrations, Peak wavelengths for various hemoglobin concentrations can be found anywhere between 0.902 um and 0.968
um. The peak wavelength of a ¢cGST is 0.902 um, while that of an aGST is 0.903 pm. These two types of GST material are
responsible for the tunability of about 28 nm.
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Figure 4 Effect of Concentration Variation on Absorption data for biomolecules with n=1.34
The Figure 4 compares aGST and ¢GST at a hemoglobin biomolecule concentration with a refractive index
(RI) of 1.34.The cGST and aGST peaks occur at wavelengths of 0.902 um and 0.903 pm, respectively. Switching between the

two GST material modes produces a tunability range of 28 nm.

Table 1: Sensitivity Analysis of aGST and cGST material for various Refractive Indexes

Phase Refractive nl n2 n3 n4
Change
Materials | oex Ranges from 134 136 139 143
n=1.34 to n=1.43
Change in Refractive Index 0.02 0.03 0.04
An
Amorphous A (um) 0.902 0.916 0.937 0.965
phase of
GST -
Change in wave length 0.014 0.021 0.028
aGST AL (um)
Sensitivity S (nm/RIU) 700 700 700
Crystalline A (um) 0.903 0.918 0.941 0.968
phase of
GST Change in wave length 0.015 0.023 0.027
A (jum)
T
¢GS Sensitivity S (nm/RIU) 750 766.67 675

Table 1 compares the aGST and cGST values across the full range of hemoglobin concentrations. Sensitivity is
calculated as the ratio of the RI difference to the wavelength difference, according to Equation (1). Both methods detect
hemoglobin, with sensitivity values ranging from 675 nm/RIU to 766.67 nm/RIU

IV.2 VARIATION IN GEOMETRICAL PARAMETERS IN THE ABSORPTION OF HEMOGLOBIN

For the Plus Shaped GST metasurace design, various geometric factors such as the substrate thickness,Gold resonator
thickness are changed in the numerical simulation and to analyze how the changes affect the absorption results, and the
outcomes are given in Figures (5-8).
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Figure 5 Variation in Gold Ground Layer Thickness on Hemoglobin Absorption

Figure 5 shows absorption values for ground-layer thicknesses between 0.1 and 0.5 micrometres. This layer matters
because it prevents light transmission. The biosensor performs best at a thickness of 0.3 micrometres, where absorption reaches

its highest value.
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Figure 6 Variation in GST layer Thickness on Hemoglobin Absorption

Figure 6 shows the absorption values for substrates with densities ranging from 0.4 to 0.9 micrometers. Since the
substrate absorbs most of the light striking the model, its density strongly affects performance. Absorption peaks at a substrate
density of 0.6 micrometers, indicating that the biosensor model performs best at this value.
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Figure 7 Variation in plus shape gold layer Thickness on Hemoglobin Absorption



Figure 7 shows how design choices, including resonator thickness, affect absorption during the aGST phase. The
substrates range from 0.25 pm to 1 um in thickness, with the biosensor reaching its highest absorption at a resonator thickness

of 0.25 um.
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Figure 8 Variation in plus shape gold layer resonator width on Hemoglobin Absorption

Figure 8 shows the absorption values as the plus-shaped resonator width increases from 1 um to 1.5 pm. Across this
range, the width has little apparent effect on the absorption response at 1.25 um.

IV.3 ANALYSIS OF ELECTRIC FIELD INTENSITY IN HEMOGLOBIN ABSORPTION

The results of the calculations for the electric field are shown in Figure 9 for three dissimilar wavelengths, specifically
0.85 um, 0.902 pm, and 1 um.

(b)

Figure 9 Variation in Electricfield of Plus shaped gold resonator metasurface biosensor
for the wavelengths (a) 0.85 um, (b) 0.902 um, and (¢) 1 um
In the figure (a) indicates, the field is collected primarily at the arms and edges of the plus shaped resonator. It seems
that the strongest areas are in the corners and metallic boundaries. The strong interaction between the incident
electromagnetic wave and the plasmonic/metasurface is indicated by the appearance of these localized hot spots. Molecules or
analytes which are close to these areas experience a significantly stronger field, resulting in a better refractive-index sensing.



In Fig. (b) the field pattern are located throughout the central plus-like shape and out through the substrate.
The electromagnetic resonance can be modified by changes in the field pattern, indicating the changes in the sensing
environment. The field enhancement is displayed in the figure c. A bright and intense area is sharply focused in the center of the
plus-shaped resonator, with the intensity of the electric field close to the maximum displayed in the color scale.

As (a), (b), and (c) are different concentrations or refractive indices of the analytes, changes in the location and intensity
of the hot-spots indicate the sensitivity of the metasurface to its surrounding medium. The figures clarify this pattern, and the
electric-field analysis reaches the same conclusion. The strongest visible absorption occurs at a wavelength of about 0.902 pm.

V. CONCLUSIONS

This work presents a biosensor for detecting hemoglobin biomolecules. It combines a GST metasurface with a plus-shaped gold
resonator, and its performance is evaluated through absorption responses across different hemoglobin concentrations. Sensitivity
is calculated from the change in peak wavelength relative to the refractive index (RI). Crystalline GST reaches a maximum
sensitivity of 766.67 nm/RIU, exceeding the 700 nm/RIU obtained with amorphous GST. The substrate is 0.6 um thick, while
the metasurface thickness is 0.3 um. The gold ground-layer thickness and the width of the plus-shaped resonator are also varied
to identify the best design parameters. Compared with previously published results, the proposed model performs better. It could
therefore be used in clinical optical sensing applications.

Design Sensitivity
Plus Shaped aGST based gold resonator based Biosenor
700 nm/RIU
[Proposed]
Plus Shaped ¢GST based gold resonator based Biosenor
766.67 nm/RIU
[Proposed]
[31] 65.7 nm/RIU
[32] 33 GHz/RIU
[33] 700 nm/RIU
[34] 294 nm/RIU
[35] 387 nm/RIU
[36] 1139 nm/RIU
[37] 500 nm/RIU
[38] 130 GHz/RIU
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