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Abstract

Objectives: To model photonic multipurpose biosensor for detection of sickle
cell anemia, HIV and cholesterol by its refractive index using FDTD method.
Methods: The proposed multipurpose photonic biosensor has 12um X 08um
dimension designed using Lumerical software. Blood sample is deposited
inside the hole cavity of sensor and gaussian light source of 1.5 - 1.6 um
wavelength is injected inside the waveguide, based on the refractive index of
disease sample to the normal sample there will be shift in the wavelength. FDTD
method is used for simulating the PhC silicon sensor. When body gets infected
there will be changes in physical as well as biological composition results in
disparity of refractive index of biological component. Resonating frequency
will be displayed in DFT monitor at the output waveguide. Findings: Based on
the Rl value the resonating wavelength shifts inside the bandgap of frequency
spectrum. By comparing with the normal value there is shift in wavelength of
03nm, 08nm and 22nm for anemia, HIV and Cholesterol respectively. Biosensor
has Quality factor of 257, tolerance factor 3% and the sensitivity obtained for
change in Rl of the sample is 225 nm/RIU. Novelty: The proposed biosensor
functions as multipurpose detector and design is compatible in detecting
anemia, HIV and Cholesterol in photonics platform. Novel signature analysis
is performed by using polar plot for distinguishing the disease in early stage.
Keywords: Photonic Crystal; Refractive index; Red blood corpuscles; Human
immunodeficiency virus; Finite difference time domain; Photonic bandgap

1 Introduction

Photonics is advanced and emerging technology in medical and biological applications.
Photonic crystals are artificial periodic dielectric structures arranged alternatively
with different refractive index creates band gap that forbids propagation of a
certain frequency range of light, this enables photonic crystals to control light and
produce effects that are impossible with conventional optics (). In photonic biosensing
environment, the volume of detecting sample is in terms of micro or nano scale and the
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indicating output frequency spectrum is highly dependent on refractive index. Photonic sensor is highly desirable compared
to electronic sensor due to very low development cost, highly sensitive to change in parameters, label-free and user friendly.

Photonic biosensors are used to detect varies cancer cells in humans and it is used to identify different biological components.
The photonic biosensor is sensitive to change in physical and chemical composition of the blood sample affected by anemia, HIV
and cholesterol. Sickle cell anaemia is a type of blood disorder results in less oxygen carrying capacity in the RBC throughout
the body blood vessels. HIV infected persons has very low WBC count in blood causes reduction in disease fighting capability.
Heavy bad cholesterol in blood plasma will combine with materials in the blood to form plaque that will get stick into the inner
walls of the arteries. This will cause atherosclerosis leads to heart artery disease.

In® 2D PhC biosensor is designed for detecting malaria using RBC sample. The structure is made up of elliptical silicon
nitride rods with ring resonator and FDTD method is used for simulation. In this structure placing sample is very difficult as it
uses rods in air configuration and maximum Q-factor obtained is only 172. In® 1D photonic crystal biosensor is proposed to
detect blood plasma and cancer cells. Bandgap is created using alternating material of SiO; and TiO; layer, achieves sensitivity
of 71.25 nm/RIU for sensor thickness of 100nm and sensitivity is increased by changing the sensor thickness to 300nm. Here
sensitivity is less for detecting cancer cells. In‘®) photonic crystal biosensor sensor has been modelled in 1D to detect of
poliovirus (PV) in water. To investigate the transmission spectrum, it uses transfer matrix method and sensor work at 260nm
wavelength. Compare to FDTD method; transfer matrix method gives less sensitivity and its efficiency is moderate. In® for
detecting different types of skin cancer a 1D photonic crystal biosensor is designed. It uses gradient index lens in the middle of
structure and two fluid layers around the lens. In this method placing of lens is really a challenging task since size of photonic
sensor is very small in size. Detection of anemia is done using complete blood count, peripheral blood smear method, Solubility
Sickling Test, Image processing technique etc.®). HIV detection is done by rapid antigen testing, molecular method etc. but these
techniques have more chances of false results and diagnosis time is large”). For detecting cholesterol level various analytical
methods are used; liquid chromatography, molecular imprinting polymer (MIP) technology, fluorescence, chemiluminescence,
and electrochemistry ®). These detection methods are complex procedure, require point of care testing environment, requires
more processing time and more chances of false report. Photonic biosensor is label-free detection and its detection method
is based on bio-sample refractive index depends on chemical, physical and mechanical composition. The proposed model is
unaccustomed by its compatibility in detection of anemia, HIV and cholesterol. Pre-processing of sample is not required; in
the proposed model sensitivity is improved for detecting multi-diseases and it is easily distinguishable using novel signature
analysis by comparing with normal polar plot in terms of radiation angle.

2 Photonics

A PBG crystal is a compound structure that will manipulates light beams as semiconductors control electrons. Semiconductor
will not support electrons in the electronic band gap region. Similarly, a photonic crystal structure will not allow photons in
the photonic band gap region. These crystals allow or blocks the light based on parameters of crystal and light wavelength. The
bandgap of PhC is a function of wavelength, RI of the material, the periodic array material RI and the lattice constant kept
between the holes in crystal structure ). Given by Bragg’s law equation:

2dsin® = nA (1

Where ‘@’ is distance between holes or rods, ‘0’ is the incidence angle with respect to normal, ‘A’ is the light wavelength. Light
entering the dielectric structure will undergo reflection and refraction at the interfaces. The regular or complex pattern of
overlapping waves will lead to cancellation of a certain band of frequencies in all possible directions leading to prevention of
propagation of certain band of light in the crystal. The dielectric photonic band structure can be altered by filling some holes
or introducing defects in the crystal structure.

The Photonic bandgap is also a function of sensor holes radius and the incident light frequency from laser source. Photonic
crystal is mainly grouped on the material arrangement such as 1-D crystal structure, 2-D crystal structure and 3-D structures.
These classifications are based on structural arrangement. 3D structures are more accurate structures but its complexity in
fabrication leads to error of model. In the proposed work 2-dimentional structure is used, because 2D crystal has better light
confinement inside the sensor and fabrication of 2D structures is simple. To introduce light modes, defects are introduced in
the array of holes in the model by taking off certain number of holes and tuning certain holes size!”). In photonic crystals
PBG is formed, by introducing defects it changes propagation properties results in some frequency modes inside the PBG. This
interesting property of PhC is used for the sensor design.

Light propagation in photonic crystals is related by the Maxwell’s equation of electromagnetic waves.

VB=0 (2)
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VXE + 9B =0 (3)
ot

VD=p (4)

VXH — oD =J (5)
ot

Where ‘E’ relates electric field and ‘H’ is displacement magnetic field and ‘B’ is induction magnetic field, ‘p” is free charge and
T is density of current in structure.
The time differing EM fields apply with Maxwell’s equations are as follows

V.H(rt)=0 (6)

dH (r,1)

VXE(rt)=—u(r) 3 )
V xXH(rt)=0(r)E(rt)+£(r) 8Ea(tr,t) (8)
V.E () = P50 9)

e(r)

Where E(r,t) and H (r,t) are time varying Electric and Magnetic fields in the structure and €(r), i (r) are permittivity and
permeability of material, o (r) conductivity of the medium.
In optical waveguide the propagation of light is carted out by solving the below equation:

V2e (x0y2z) + K2 (Xgy2z) = 0 (10)

Where k = k,n(x,y,z) with k, = 27/4, n(x,y;z) gives RI of the given medium and A is the wavelength of the light. The FDTD
method is used for the analysis of wave propagation in sensor devices and it is generally used to analyse electromagnetic
phenomena at radio and microwave frequencies. In the FDTD, the wave equation is divided in both space and time, the
propagation of an input electric field is carried out progressively and PML boundary condition is set for the absorption of
the waves at the boundary. In this method cells are formed by differentiating design space into small areas. On the surfaces of
every cell, there are relegated focuses. Inside a limited volume of space, the electromagnetic field is tested continuously, fields are
examined at every regular discrete space grid and at discrete focuses in time. FDTD method allows finding the field distribution
by solving the system of Maxwell’s equations upon the discrete mesh. The solution is based on Permittivity distribution function
intern determines radiation propagation conditions, initial conditions such as the wavelength, amplitude and initial phase.
Boundary conditions determine the radiation behavior at the boundary of the computation region.

3 Biosensor Design

For the multipurpose biosensor design two-layer model is used, top layer is sensing layer with silicon material and the bottom
layer is SiO, with refractive index of 1.48 gives physical strength for the sensor ), In top layer first etching is done and holes
array is created. Line defect is created by removing centre line holes, but in the defect line 8 holes are not removed for tuning
the sensitivity of the sensor. The centre four holes are 100 nm and the bigger holes are 160 nm. Thickness of the sensor is 30 nm,
inside this hole cavity blood sample is filled to diagnose the diseases. The length and breadth of the sensor is 12um X 08um.
To the input end of line defect a gaussian light source having wavelength of 1.5um to 1.6um is placed to the input interfering
end of the waveguide. To record the readings, power and frequency monitor is kept at the output end of waveguide, smooth
curve is plotted by setting simulation points to 500. Perfectly matched layer (PML) is set to the boundary condition to absorb
the out radiated energy from the sensor. To avoid the temperature or any external factor variation, a mesh is placed around
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Fig 1. Front view of the model

the boundary of the structure 1?). The structure is set to 2D FDTD, 500 simulation plots are covering the boundary in X and Y
direction of the model. The designing of the sensor and the simulation is done by Lumerical software.

Figure 1 depicts sensor front image in X-Z plane, lower or bottom layer is composed using silicon dioxide material and the
upper layer of design performs sensing of diseases.

Design parameters of the sensor:

o Lattice structure- Hexagonal

® Radius of the sensor holes - 130nm

e Lattice constant - 420nm

e Base (SiO,) refractive index — 1.48

o Sensor (Si) Refractive index - 3.45

e Normal blood sample RI - 1.35

o Sickle cell anemia sample RI - 1.38

o HIV infected sample RI - 1.42

o Blood sample having high cholesterol RI - 1.52

o Light source width - 1.5 tol.6 um
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Fig 2. Model top view

Figure 2 represents proposed 2-D model with top X-Y plane. Waveguide is implanted by taking off some of holes from light
input end to monitor output end results in line defect. All the holes radius of the array is maintained constant and some of hole’s
radius in line waveguide is changed to increase the quality factor of sensor. Blood samples are introduced inside the cavity of
the crystal slab. The simulation is done in the air surrounding medium; hence background index is kept to one, it is the RI value
of air.

4 Simulation Results

This section consists of 2D-FDTD simulation results and analysis of the transmission spectrum. For simulation disinfected
blood refractive index of 1.35 assigned to the holes filled with sample. At the input end, from laser source a light beam is passed
to the input port of waveguide with wavelength 1.5 - 1.6 um. For every disease analysis two iteration is done, first all holes are
filled with normal blood and its transmission plot is noted using DFT monitor. In the next iteration holes of sensor are caped
with the refractive index of the corresponding diseases such as 1.38 for sickle cell anaemia, 1.42 for HIV and 1.52 for high
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density cholesterol. The obtained transmission spectrum is compared with normal spectrum. Sickle cell anaemia, cholesterol
and HIV are having different refractive index results in different shift in wavelength curve of the output spectrum. The PBG of
the crystal mainly depends on the lattice structure, material used, lattice constant and refractive index!*). The photonic crystal
biosensor without introducing line defect has bandgap range from 1450 to 1925nm wavelength.

Detection methodology of biosensor:

o Patient blood sample is collected.

o Biosensor holes is filled with the collected sample.

o Pass laser light inside the sensor waveguide.

o Analyse the output curve and note monitor readings.

e Compare the obtained reading with normal signature reading.

o If there is shift in the resonant frequency of the curve from the normal signature, then the person is infected by the disease.

o If the output resonant frequency is not showing any shift, then the person is normal.
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0124 sickel cell anemia sample
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intensity (a.u)
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Fig 3. Transmission spectra of sickle cell anaemia sample

In Figure 3 shift in the curve is shown for normal blood sample and the RBC infected sickle cell anemia sample. Both the
wavelength shift and intensity shift are calculated ', these reading are used to calculate the quality factor and the sensitivity
of the biosensor. In the same manner the execution is done for the cholesterol and the HIV sample and its Q-factor and
corresponding sensitivity is noted. For anemia, wavelength is shifted by 03nm and has intensity variation of 0.02 a.u in the
transmission curve. Figure 6 shows normal blood sample curve comparison with a RBC infected sickle cell anaemia blood
sample, HIV infected blood sample and high cholesterol blood sample.

Table 1. Shift in resonant wavelength and Intensity of disease samples

Type of cell Resonant A A shift Intensity Intensity shift
Normal sample 1537 nm - 0.22 -

Sickle cell anemia sam- 1540 nm 03 nm 0.24 0.02a.u

ple

HIV infected sample 1545 nm 08 nm 0.27 0.05a.u
Blood sample having 1559 nm 22 nm 0.26 0.04a.u

high cholesterol

Table 1 gives the amount of wavelength shift and intensity changes in both the iterations for sickle cell anaemia, HIV and
Cholesterol. In the table, diseases are having different wavelength shift and change in the intensity due to the difference in
refractive index. This factor makes this sensor to use as multipurpose sensor. Shift in the resonant wavelength and intensity is
purely dependent on the refractive of the sample taken for analysis. The RI value of sickle cell anaemia is 1.38, compared to
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Fig 4. Transmission spectra of HIV infected sample
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Fig 5. Transmission spectra of high-density cholesterol blood sample

normal sample it is 0.03 units high, it is having resonant shift of 03nm. RI value of HIV sample is 1.42 and Cholesterol sample
RI value is 1.52, the obtained wavelength shift is 08nm and 22nm respectively.

The multipurpose biosensor efficiency is determined by quality factor and obtained sensitivity of the model. Q-factor is the
ratio obtained between resonant wavelength and difference obtained at the wavelength at full width of the resonant mode at
half power (1%,

Q= v

Where ‘Ar’ maximum peak resonating wavelength of the curve and FWHM is full width half maximum wavelength.
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Fig 6. Transmission spectra of multipurpose sensor.

Sensitivity is given as difference in the resonating mode wavelength (A7) to the corresponding change in the RI of the sample
(An) 19 Sensitivity is critical parameters in detection of diseases, The obtained sensitivity for this model is 225nm/RIU

AL
§=—
An
In the line defect centre four holes radius is varied to achieve maximum quality factor of the sensor. For holes size 100nm

achieved FWHM is 6 and obtained maximum quality factor of 257. Quality factor and sensitivity is a function of hole size and
lattice constant. Samples placed inside the holes will impact the resonating wavelength.

Fig 7. Electric field wave propagation in the crystal.

Figure 7 show the electric field propagation inside the sensor waveguide when the gaussian light sensor is passed. In figure
it can be seen that the light propagates in the waveguide through the defects. When light propagates complete light is not
propagated, there is some amount of loss due to the destructive interference 7).

Figure 8 shows the polar plot used for the signature analysis of diseases. It gives signature mark in disease analysis; it exhibits
the intensity at different angle for the different diseases. The normal plot will be compared with the infected plot in terms of
cross leaf angle. For normal sample cross leaf angle is 320°, anemia - 235%, HIV - 305° and for cholesterol - 30°. Polar plot is
sensitive to RI of sample, based on this the leaf angle varies in the signature.
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Fig 8. Signature analysis of diseases using Polar plot

5 Conclusion

There are numerous methods to detect anemia, HIV and cholesterol level in humans, but in conventional methods there are
limitations and drawbacks in terms of false reports, complexity and diagnosis time. To evade this a multipurpose nano-biosensor
is designed in the photonics platform and FDTD method is used for simulating the electromagnetic wave propagation. The
photonic sensor uses light as source, it is label-free and uses refractive index of bio-sample, hence pre-processing of the sample
is not required. The run time of the model is less than 2 minutes and it can be used as rapid testing model. The sensor is
multifunctional, this single design is compatible in detecting three diseases hence design cost is reduced. The sensor is more
efficient having sensitivity of 225 nm/RIU and Q factor attained is 257. The dimension of the biosensor is nano structure having
size of 12um X 8 m, it can be embedded in hand held devices.

Future Scope

Work can be carried for designing a sensor to detect COVID-19 by using the refractive index of infected person.

Limitation

Major limitation of this biosensor is accurate fabrication, error in dimension leads to faulty product and accurate coupling of
light inside the waveguide.
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