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In this work, using the two-dimensional finite difference time domain method, we are theoretically
studying the optical properties of a two-dimensional photonic crystal biosensor based on silicon
rods arranged as a square structure in an air bottom with two waveguides and a nanocavity. For
this purpose, six different cells are infiltrated into the point defect. These six cells are Jurkat, HeLa,
PC-12, MDA-MB-231, MCF-7, and basal cells. As a result, we have successfully detected cancer
and benign cases of these cells through resonance peaks in the transmission spectrum. We evaluated
the sensitivity, quality factor, detection limit, and figure of merit at different values for sensing re-
gion radius for optimization purposes. We report that we observed the maximum sensitivity of
1350 nm/RIU at 0.15 pum for the basal cell. Finally, the proposed biosensor can be a miniaturized
structure with extreme sensitivity in cancer cell detection models.

Keywords: refractive index sensor, sensitivity, cancer cells, photonic crystal, finite difference time
domain (FDTD).

1. Introduction

Photonic crystals (PhCs) are an arrangement with a common form of dielectric mate-
rials having different refractive indexes that change periodically in one or more direc-
tions [1]. This periodicity gives them unique optical features, including creating an
optical bandgap. The size of the PBG and its position in the spectrum can be adjusted
by varying the refractive index contrast of dielectric materials and/or the periodicity
of the structure that gives the possibility to prohibit a frequency range in one or more
directions and polarization; therefore the ability to guide and manipulating the flow of
light in photonic crystals [2,3]. These properties make photonic crystals extremely use-
ful in several applications. In particular, thanks to their properties of capturing photons
and creating optical resonances highly sensitive to the presence of the biological analyte,
the application of photonic crystals as biosensors has generated great interest [4-7].
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Recently, PhCs have become one of many frameworks that can be used to design
biosensors due to the low loss and high capacity in guidance and light control. The re-
searchers worked on PhCs to increase the demand for detection applications. Nowadays,
biosensors have drawn much attraction from researchers as it has vast applications in
different fields in health care [8], food [9], water, and air quality monitoring [10,11],
then pathogen and drug discovery [12,13], also disease detection [14,15]. Difference
schemes and configurations of optical sensing devices have been proposed and pro-
duced using various types of photonic crystal structures such as waveguides [16,17],
splitters [18], ring resonators [19-21], and cavities [22]. The many applications of
PhCs in biosensing make them interesting for the implementation of different types of
sensors [23-32].

According to SIEGEL et al. [33], 1918030 new cancer cases will be diagnosed in
the United States in 2022, and 609360 people will die from cancer. Cancer is caused
due to abnormal growth in the body cells. Blood cancer, adrenal gland cancer, cervical
cancer, breast cancer, and skin cancer are the most common. Cancer screening equip-
ment is needed to detect the cancer cell in a short time. For this reason, we directly
measure the refractive index of cancer cells by considering blood and other liquid sub-
stances from affected parts of the human body. In that scenario, the PhCs was used for
the cancer cells detection [34-36]. Thus, researchers tried to increase the sensitivity
responses, the quality factor and figure of merit of the photonic crystal-based biosensor
to improve the detection performance. In 2018, RAMANUIAM et al. [34] proposed the
one-dimensional coated nanocomposite material based photonic crystal from the out-
put spectrum using the effect of PBG to infiltrate and detect cancer cells. However,
the sensitivity obtained is a minimum of 42 nm/RIU to a maximum of 43 nm/RIU.
In 2022, ABDULKAREM et al. [35] assumed a nanodetector using a one-dimensional
binary PhC with a defect layer to detect cancerous cells. The good sensitivity is cal-
culated at optimized conditions and found as 2400.08 nm/RIU. The defect layer
thickness is taken in the range 0f4.966 um to test the human cells efficiently. Parallel,
MiyaN et al. [36] proposed a 2D-PhC-based biosensor designed to detect three types
of cancer cells. The sensitivity is calculated at optimized conditions and found as
15085 nm/RIU. This sensitivity is extremely high when compared to the most recent
biosensors. But the sensing region radius is taken at 0.106 pm which is very small.

In this article, we report on the design and simulation of a two-dimensional photonic
crystal with waveguides and nanocavity that will be the basis of a biosensor miniatur-
ized structure for cancer cell detection. In liquid form, the analytes of cancerous and
normal cells have been considered at 80% and 30-70%, respectively [37]. The samples
have been infiltrated into the sensing region. Two dimensional plane wave expansion
(PWE) method [38] is used to calculate the band diagram of the proposed structure
without defects. The biosensor operation, sensitivity, and the structure’s transfer spec-
ifications are thoroughly studied using the 2D finite difference time domain (FDTD)
method [36]. Also, to improve the sensing performance of the biosensor, this algorithm
searches to find the radius optimums of the sensing region cited in the nanocavity which
is higher than the reported value in the reported paper that proposed 2D-PhC based
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biosensor. The proposed biosensor can improve the miniaturization of detection sys-
tems and the success of high performance.

2. Structure, theory, and model
2.1. Design of biosensor structure

The design of biosensor structure is based on silicon rods background wafer in air type
with the square lattice shape. As we can see from Fig. 1, the proposed biosensor struc-
ture is without defects, and from Fig. 2, its band diagram, which is simulated by the
PWE method; we show that for TE polarization, a square lattice photonic crystal of
dielectric rods can provide a bandgap from 0.2818a/A to 0.4166a/A.

Then let us introduce some defects in our structure to break this bandgap region.
Line or point defects can be introduced in these crystals either by removing a row of
holes or adding new holes of different shapes or geometry, leading to the formation of
a photonic crystal. The proposed biosensor structure is shown in Fig. 3. As can be seen,
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Fig. 1. Schematic of the 2D square lattice PhC structure with lattice constant a and cylinder rod radius r.
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Fig. 2. Dispersion diagram of 2D-PhC structure when » = 0.2a.
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Fig. 3. Schematic of the designed PhC-based sensors containing two waveguides and one nanocavity with
the radius of cylinder at sensing region », = 0.1 pum.

Table 1. Design parameters of the proposed biosensor and its values.

Parameters Values
Configuration Silicon rods in air
Lattice constant 0.55 pm

Rod shape Circular

Radius of rod 0.11 pm

Lattice structure Square

PBG range 1.3203-1.9513
Polarization TE

the structure is not that complicated. It consists of input and output waveguides and
one nanocavity usually used for cancer cell detection [36].
Table 1 gives the design parameters of the proposed biosensor structure.

2.2. Theory

To investigate the performance of the biosensor and the wave propagation in the pro-
posed structure, the FDTD is applied by considering the perfectly matched layers (PML)
boundary condition [39] around the simulation area. The source is located on the left
of the input waveguide, and the Gaussian waves centered at 1500 nm that are stimu-
lated by the TE mode are propagating toward the output waveguide on the right side.
By monitoring the input and the output ports, the incident and the transmitted powers
are calculated using Eq. (1) and the transmission coefficient of the proposed structure
using Eq. (2) [40]:

P = %IRe(E x H*)ds (1)

T = out (2)
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The optical detection properties of the biosensor were qualitatively estimated by
sensitivity using Eq. (3), where A4 is changing in resonant wavelength, and An is
changing in refractive index [36]. The sensitivity of photonic crystal-based biosensors
depends on the interaction of light with the target samples. The interaction between
light and target samples in the detection region can be further affected by selecting the
refractive index of the detection region.

AL
An

S = 3)

Also, for the proposed biosensor’s resolution intensity, we used Eq. (4) to calculate
the quality factor for each studied cell [36]. When the quality factor becomes too high,
the filter bandwidth may be much lower than the wavelength offset caused by the man-
ufacturing lithographic tolerances. As a result, it will lead to a complete failure of the
device unless the input laser is also set. Very precise and expensive lithography is re-
quired to use these narrow band resonators (high-Q).

0- 2 ©
AL
Furthermore, the high-performance biosensor requires a low detection limit, cal-
culated using the following equation [36]:

DL = FHWM )
S
Moreover, the accuracy and precision of the proposed biosensor are obtained from

the figure of merit (FOM), which is calculated using the following equation [36]:

FOM = —2 (6)

3. Simulation results and discussion

The results for different cells within the radius of the detection region equal to 100 nm
are shown in Fig. 4. A slight shift in the resonance peak in the output transmission
spectrum can be observed when the refractive index of the normal cell is substituted
by the cancerous cell. Moreover, this can be checked if the cell is cancerous or benign.

For optimization purposes, we evaluated the sensitivity, quality factor, detection
limit, and FOM at different values for sensing region radius. The results investigated
in Figs. 5-8 show respectively the sensitivity, the quality factor, the detection limit,
and the FOM of the proposed biosensor at different values for the radius of the sensing
region. In all of these figures, the green line corresponds to the Jurkat cell, the red line
to the PC-12 cell, the black line to the HeLa cell, the pink line to the MDA-MB-231 cell,
the blue line to the MCF-7 cell, and the yellow line to basal cell.
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Fig. 4. The normalized transmission for different cells in both normal and cancer cases with sensing region
radius equal to 100 nm.

As shown in Fig. 5, the highest sensitivity value of 1350 nm/RIU is achieved for
basal cells at r, = 0.14 um, and the lowest sensitivity of 71.42 nm/RIU is observed for
Jurkat and PC-12 cells at ;= 0.12 um. Also, from Fig. 6, we can see that the quality
factor takes a maximum value of 15.03 for HeLa normal cell at 7, = 0.15 pm and a min-
imum value of 10.00 for MCF-7 normal cell at 7, = 0.10 um. Further, the lowest value
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Fig. 5. Sensitivity versus radius of the sensing region.
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Fig. 6. Quality factor versus radius of the sensing region.

is 0.0993 RIU, obtained for detecting skin cancer cells at ;= 0.14 um can be seen in
Fig. 7. Moreover, from Fig. 8, we can see that the highest FOM of 10.07462 RIU ! is
also obtained for detecting skin cancer cells at 7, = 0.14 um. Here the quality factor is
considerably low; the quality factor takes a maximum value of 10.09 for HeLa normal
cell and a minimum value of 9.72 for MDA-MB-231 normal cell.

In Table 2, Some of the biosensors reported from the literature were collected for
comparison. Relatively high sensitivity is obtained for the proposed structures.
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Fig. 7. Detection limit versus radius of the sensing region.
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Fig. 8. Figure of merit versus radius of the sensing region.

4. Conclusions

By applying the optical properties of photonic crystals, we realize a small-size biosen-
sor based on silicon rods arranged as a square structure in an air background with linear
waveguides and one nanocavity to sense cancerous cells. First, the PWE computational
method is employed to envisage the photonic band diagram of the proposed structure
without defects, and the diagram shows a photonic band gap from 0.2818a/4 to
0.4166a/A. Then we use the finite difference time domain method to predict the elec-
tromagnetic field distribution in the proposed structure and then plot the transmission
spectrum of Gaussian pulse centered at 1550 nm through the biosensor structure in the
presence of different cells with different radii. Therefore the detection principle is
based on the refractive index change of nanocavity. By binding a cell into the sensing
region, we can differentiate a slight change of resonant peak in the output transmission
spectrum, which leads to determining if cell cancer is cancerous or benign. Finally, we
have proposed applying the optical properties of photonic crystals to realize a small
biosensor with an optimum sensing region radius equal to 0.14 um and characterized
by a high sensitivity of 1350 nm/RIU and a low resolution of 0.0993 RIU. The high-
quality factor of 15.03 can be achieved for the proposed sensor, which claims the ef-
fectiveness of the proposed biosensor. So, with the above-stated sensing principles, the
proposed structure can be an apt candidate for cancer cell detection.
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