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	Abstract 
We theoretically investigate one-dimensional photonic crystal (1D PC) with a defect layer as a biosensor for the detection of COVID-19 (SARS-CoV-2). The composed 1D photonic crystal was chosen as Silicon dioxide  and Titanium dioxide, with a central defective layer. The defect layer is taken as a healthy and an infected blood sample. The different refractive indices of samples cause a shift in the transmission peak which can be used for the detection of COVID-19 (SARS-CoV-2). We optimized our structure and designed it in OptiFDTD software which uses the Finite-difference time-domain method (FDTD) to calculate the transmission spectrum of the biosensor. We show that the sensitivity of the biosensor is, quality factor is  and detection limit is. Presented biosensor could be preferred than the other alternatives such as chemical and bronchoscopic methods when the detection time, simplicity and efficient are taken into consideration. 
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1. Introduction 

Coronavirus (SARS-CoV-2) has spread rapidly and has become a pandemic since first confirmed in December 2019.  According to a 2020 report by the World Health Organization (WHO), the SARS-CoV-2 virus, which causes COVID-19, is estimated to have killed more than 3.3 million people worldwide. A lot of research is being done all over the world to control the spread. Biosensors are key technologies for the quick detection of viruses. Photonic crystals (PCs) have recently been used as a biochemical sensor. 
Photonic crystals (PCs) are multilayer structures whose refractive indexes change periodically. There are three types of PCs depending on refractive index change directions: one-dimensional (1D), two-dimensional (2D), and three-dimensional (3D). PCs can control the propagation of electromagnetic waves of different frequencies. Because of the multiple Bragg scattering of light at the interface of different media photonic band gaps (PBGs)  occur which forbids the propagation of light at some frequencies. Today PC based devices used in technological applications such as high-efficiency semiconductor lasers, high-reflection mirrors, solar cells, light-emitting diodes, waveguides, optical filters, high-Q resonators, nanoantennas, frequency-selective surfaces, amplifiers and antireflection coatings, biosensors, etc. .
Biosensors are devices with mechanisms that can measure changes in biological systems. PC-based Biosensor technology is recognized as a simple and cost-effective method for the detection of various diseases compared to conventional methods. 
When we break the periodicity of the PCs by adding a different layer between the PCs structures, which is called the defect layer, a single transmission peak occurred, called the resonant mode inside PBG. Any change in the refractive index of the defect layer causes a shift in the position of the transmission peak in the PBG which is the basic principle of the PC biosensors. Because of the low cost and easy fabrication, 1D PC biosensors attract the interest of scientists worldwide.
In this study, we design a 1D PC biosensor for the detection of transmission peak shift in the PBG upon the change in the refractive index of blood samples containing healthy and infected by SARS-CoV-2 virus under different concentrations based on the FDTD Method approach. We optimized the relevant parameters to improve the sensitivity of this photonic biosensor.    


2. Structural design of the sensor
We proposed a 1D defective PC whose layout is shown in Fig.1 where the vertical red line is the input wave, and the green point is the observation point to detect transmission waves. Since 700-780 nm wavelength laser diodes are widely used for biomedical measurement, we use  as an input Gaussian modulated continuous wave. Our optimized PC is designed as   where layer  is taken as, layer B is taken as  and layer  is defect layer which taken as healthy blood sample and effected blood sample with SARS-CoV-2 virus.  is the number of periods taken as 5. The thickness and refractive indexes of  and layers are,  and, respectively. The defect layer thickens taken asaccording to the maximum diameter of SARS-CoV-2 virus. The healthy blood sample refractive index was taken as   and infected blood sample refractive indexes according to their concentrations (Nano Mole-nM) taken as shown in Table 1. 
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[bookmark: f1]Figure 1. Schematic design of the proposed 1D PC biosensor with a defect layer


Table 1. Refractive index of blood cells in different SARS-CoV-2 concentrations 
	SARS-CoV-2 concentration (nM)
	Refractive index

	0
	1.35

	0.0001
	1.372

	0.001
	1.416

	0.01
	1.526

	0.1
	1.658




3. Theoretical formulation 
Finite-difference time-domain method (FDTD) divides the space and time in a regular grid for solving the Maxwell equations depending on time. Maxwell equations in isotropic and linear media are


                                                                                                                                                                              (1)


where  are, the dielectric permittivity, the medium electrical conductivity, permeability of medium and magnetic loss of the medium, respectively. If we assume TEM wave propagates along z-direction we can write



and Eq. 1 can be written as




A time step is determined for iterations and TE and TM fields can be calculated by using these iterations according to FDTD method




where and   are space step integer and time step integer respectively. Also transmission expressions of electric and magnetic fields can be written as 






4. Result and discussion 

We theoretically investigated transmittance spectra of 1D PC with a defect layer for detecting SARS-CoV-2 in human blood. We studied the refractive index for the normal and infected blood samples at.
We obtain defect mode in PBG at which is shown in Fig. 2 when we take the defect layer as a healthy blood sample. 
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Figure 2. The transmittance spectrum (Y) of a defective photonic crystal as a function of wavelength (X) at healthy blood sample


Table 1 shows the refractive index of blood cells at different SARS-CoV-2 concentrations. From Table 1, we can see that as SARS-CoV-2 concentrations in the blood increase, the refractive index of the samples increases accordingly.
Fig. 3 shows the transmittance spectrum of defective 1D PCs with different values of SARS-CoV-2 concentration in the blood which is shown in Table 1. By increasing the blood SARS-CoV-2 concentration, the defect mode shifted towards longer wavelengths and defect modes amplitudes increased. The defect state is sharp as the quality factor is large.
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Figure 3. The transmittance spectrum of defective 1D PCs as a function of wavelength with different value of SARS-CoV-2 concentration (nM) in blood.

Sensitivity (S) is an important parameter for a sensor. The sensitivity is defined as the change in defect state wavelength per unit refractive index. We obtain the sensitivity of the proposed biosensor from the graph shown in Fig. 4. Wavelength peaks shift towards longer wavelengths linearly by increasing the refractive index of the defect layer. We obtain the sensitivity of the proposed biosensor as, which is well comparative to the modern sensors.



Figure 4. Sensitivity of the proposed biosensor due to transmission peak wavelength with refractive index of defect


[bookmark: _GoBack]Quality factor  shows the performance of the biosensors and calculated from   formula where  and  are the resonant wavelength and the full width at half maximum of defect mode. Table 2 shows the quality factor of our proposed biosensor as.

Table 2. The values of Quality factor at different SARS-CoV-2 virus concentrations
	SARS-CoV-2 concentration
	Refractive index
	Wavelength (nm)
	Quality factor


	0
	1.35
	715.62
	0.150

	0.0001
	1.372
	719.22
	0.153

	0.001
	1.416
	726.02
	0.136

	0.01
	1.526
	742.75
	0.132

	0.1
	1.658
	762.01
	0.116

	
	
	
	



Finally, we calculated the detection limit from  formula  and obtain. According to the value of  is very low, the proposed sensor is efficient as it can resolve very small changes in the refractive index.

5. Conclusion 

In the present paper, the 1D defective PC was studied as a biosensor for SARS-CoV-2. We theoretically investigated the performance of the PC using FDTD Method. We optimized the characteristics of the biosensor by keeping the layer type, layer thicknesses, incidence angles of the input wave, and the number of periods constant except for the SARS-CoV-2 concentration in blood. The simulations showed that the positions and the amplitudes of defect mode increase linearly with the increase of SARS-CoV-2 concentration in blood. Also, the sensitivity, quality factor, and detection limit of the biosensor obtained as,  and. This structure is conducive to the industrial design by using low-cost materials and high sensitivity. Therefore, this sensor may be desirable for bio/chemical sensing applications.
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