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Abstract: In this study, we propose a refractive index sensor for the simultaneous detection of 

cancer and diabetes based on photonic crystals (PhC). The proposed PhC composed of silicon rods 

in the air bed arranged in a hexagonal lattice forms the fundamental structure, and two tubes are 

used to place the cancerous or diabetic samples for measurement. The sensor's transmission 

characteristics are simulated and analyzed by solving Maxwell's electromagnetic equations using 

the finite-difference time-domain method for samples under study. The diagnosis of three types of 

cancer and diabetes is based on changing the samples' refractive index by applying the laser source 

centered at 1550 nm. Our results demonstrate that the proposed structure's quality factor and 

sensitivity can be adjusted by changing the sensor's geometry. They reveal that the transmission 

power is between 91% ~ 100%, depending on the sample. The sensitivity range is also between 

1294 and 3080 nm/RIU. The maximum figure of merit is about 1550.11 RIU-1 with a detection 

range of 31×10-6 RIU. The small biosensor area of  61.56 µm2 makes it a suitable device for various 

applications in compact photonic integrated circuits. 

Keywords: Photonic crystal biosensor, high sensitivity, blood cancer, diabetes, figure of merit.  

 

1. Introduction 

Integrated optical circuits (IOCs) have significant advantages over electronic integrated circuits 
(EICs). IOCs have a much higher propagation speed, very low loss, low data transmission error, 

and very high security compared to electrons in EICs. In recent years, photonic crystals (PhCs) 

have played an important role in designing all-optical circuits due to their unique properties. One 

of these features is their photonic bandgap (PBG) that prevents lights of certain wavelengths from 

propagating in one, two, or any number of polarization directions within the PhC structure. PhCs 

are designed in one, two, and three-dimensional structures, whose two-dimensional structure has 

been considered by researchers due to its greater applications and fabrication simplicity. Research 

groups designed a variety of structures using two-dimensional PhCs such as optical filters [1–5], 

logic gates [6–8], encoders and decoders [9–12], comparators [13,14], multiplexers and 

demultiplexers [15,16], adders and subtractors [17–24], registers [25,26], memories [27–29], 

splitters [30–32], analog-to-digital converters [33–35], optical fibers [36–43], sensors [44–50], 

PhC fibers [38,42,51–58], switches [59–62], interferometers [63–65], as well as all-optical clocked 

sequential circuits including flip-flops [66,67], synchronous and asynchronous counters [68,69].        
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    In recent years, the refractive index sensor based on Fano resonance has become an active 

research topic [70]. Fano resonance is formed by the interference between discrete-state energy 

levels (narrow non-radiative dark mode) and continuous-state energy bands (broad radiant, bright 

mode), and it results in an asymmetrical and sharp linear graph [71]. Therefore, they are widely 

used in optical switches, nonlinearity, slow-optical devices, and biosensors [72–74]. Liu et al. 

proposed a planar meta-material sensor with electromagnetic induction transparency with a 

sensitivity of 588 nm/RIU [75]. Guo Yuan et al. studied a new type of symmetrical plasma 

structure composed of a metal-insulator-metal (MIM) waveguide and a semi-ring short tube to 

control the asymmetric linear shape resonance wavelength, and it had a sensitivity of 575 nm/RIU 

[76]. Zhou Jinli et al. designed a sensor with a trapezoidal structure to study the refractive index's 

sensitivity by filling a half-wavelength waveguide and a refractive index medium with a sensitivity 

of approximately 750 nm/RIU [77]. Zafar et al. proposed a double elliptical ring-shaped resonator 

that can be used to detect the concentration of hemoglobin in the blood, with a sensitivity of 1100 

nm/RIU [78]. Wang Mengmeng et al. developed a nanosensor with a baffle and a circular resonant 

cavity to achieve a double Fano resonance with a sensitivity of 1114.3 nm/RIU [79].  

    There are two main methods used to identify biological cells. In the conventional method, labels 

are used to identify the characteristics of biological cells, which is a traditional and invasive 

method, and in the second method, non-invasive and unlabeled tools are used to diagnose cell 

conditions that there are no markers required to identify the analytes. Since no labels are attached 

to the molecules, their true information and nature remain intact. Biosensors can also be used in 

cancer research to analyze target cell lines or protein changes in the cell. All-optical biosensors are 

suitable structures for fast detection. The main function of PhC-based biosensors is based on 

changing the refractive indices of the samples. The structure designed in this work can 

simultaneously detect three types of cancer and diabetes which improves the structure's 

performance from existing sensors. On the other hand, it is possible to detect their disease by 

having samples of two people simultaneously. The proposed device can be used as an appropriate 

method to accelerate cancer diagnosis and diabetes in critical situations and crowded hospitals. 

The paper is organized as follows. The mathematical background and physical structure of the 

biosensor are presented in Section 2. In Section 3, the numerical results achieved by solving 

Maxwell's electromagnetic equations using the finite-difference time-domain (FDTD) method are 

discussed. The paper is closed by the conclusion in Section 4. 

 

2. Mathematical background and physical structure  

2.1 Mathematical background 

In this study, the FDTD method is used to solve Maxwell’s equations. The desired biosensor has 

meshed with tiny grids. The grid size (Δx, Δy) is selected with different values in the FDTD 

solution. We set the boundary condition of the waveguide as a perfectly matched layer to absorb 

the electromagnetic waves. The propagation of light in a PhC structure is obtained by solving 

Maxwell's electromagnetic equations as follows 
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where ɛ is the permittivity and ω is the frequency. The quality factor is another key indicator used 

to measure the overall performance of the sensor. It is calculated as follows: 

0.Q f
FWHM


                                                                    (2) 

where λ0 is the output resonant wavelength, and FWHM represents full width at half maximum 

(FWHM) of the optical signal related to the sensor's resolution. The following equation expresses 

the biosensor sensitivity 

0 ( )
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Here Δλ0 is the amount of change in the wavelength in Fano resonance and Δ𝑛 denotes the amount 

of change in the refractive index. The figure of merit (FOM) is positively correlated with the 

performance and capability of the sensor and can be expressed by the following formula 

S
FOM

FWHM
                                                                       (4) 

To describe the waveguide structure's transmission characteristics more appropriately, we used the 

FDTD for quantitative analysis. The output power is defined as Pout, and the input power is 𝑃in, 

and the transmittance ratio is 
out in

T P P . 

 

2.2 PhC biosensor 

The proposed structure is shown in Fig. 1. It has two linear tubes for cancer and diabetes cells' 

simultaneous diagnosis in one or two people. A PhC composed of silicon rods in the air bed 

arranged in a hexagonal lattice with a lattice constant of a=600 nm forms the fundamental 

structure, and two tubes are used to place the samples for measurement. The radii of the red and 

cyan tubes are RC1= 0.9a, and RC2 = 1.1a.  

    Using the plane wave expansion (PWE) method, the fundamental structure's photonic band 

diagram has been calculated. Our results demonstrates that there is a wide normalized band gap in 

TM polarization mode at 0.276 <a< 0.446, which is equal to 1345 nm << 2173 nm for a=600 

nm.  This bandwidth covers C and L optical transmission bands. The lowest optical fiber loss is in 

the C-band (1530-1565 nm) and is generally used in many transmission applications. The L-band 

(1565-1625 nm) is the second lowest-loss wavelength band and is a popular choice when using 

the C-band is not sufficient to meet the bandwidth demand. A sample of human blood is placed 

inside the red tube, and a cyan tube is filled with a sample of tear, and a tunable laser source 

centered at λ = 1550 nm is applied to the biosensor's input waveguide. The resonance wavelength 

shifts due to the samples' refractive indices, and two resonant wavelengths are received 

simultaneously at the device output. All the parameters used in designing the proposed structure 

are listed in Table 1. 
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Fig. 1. The proposed structure of PhC-based biosensor. 

Table 1. The PhC-based biosensor parameters. 

Unit Quantity Symbol Parameter 
nm 1550 0λ Cental wavelength 
- 0.276 – 0.446 a/λ Normalized band gap (TM) 

nm 1345 – 2173 λ The corresponding photonic band gap 
nm 600 a Lattice constant 
nm 120 r Radius of rods 
- 1 gbn Background refractive index (air) 

- 3.46 0n Linear refractive index  

nm 540 C1R The red tube radius 

nm 660 C2R The cyan tube radius 

nm 5400 ∆x X length 

nm 11400 ∆y Y length 

3. Result and Discussion 

In Fig. 2a, blood and tear samples of healthy people with refractive indices of 1.36 and 1.35 are 

placed inside the red and cyan tubes, respectively. As shown in the figure, two resonance 

wavelengths are received at the output; these resonance wavelengths represent healthy people. The 

lightwave has been applied to the structure, and the shifted resonant wavelength for a healthy blood 

sample is equal to λS2 = 1.593 µm, and also the shifted wavelength for a healthy tear sample is 

equal to λS1 = 1.562 µm. If we get these two resonance wavelengths at the output of our structure, 

we will find that the person or people are healthy, and there are no cancer or diabetes cells in the 

samples. Important parameters in an optical biosensor are sensitivity, FOM, quality factor, 

FWHM, and detection limits (DL). As shown in Fig. 2, for the normal tear sample having a 

refractive index of 1.35, a resonance is centered at 1.562 µm. It has the FWHM = 1.8 nm and 

FWHM is 2.2 nm for a normal blood sample with a refractive index of 1.36.  In detecting a healthy 

person without cancer cells and diabetes cells, the sensitivity value is S = 3080 nm/RIU, and the 

figure of merit is FOM= 1550.11 ± 150.11 RIU-1. The transmission spectra are 95% for sample #1 
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and 100% for sample #2. Figure 2b shows the resonance wavelengths of normal blood and tear 

samples in dB scale. 

  

Fig. 2. Resonance wavelengths of normal blood and tear samples, (a) Normalized resonance power, (b) 

Normalized resonance power in dB scale. 

Table 2 shows the refractive indices of the three types of normal and cancerous blood cells. It also 

represents the refractive indices of a healthy person and a diabetic person. According to these 

refractive indices, we study their resonant wavelength to identify the disease. 

Table 2. Refractive indices of three types of normal and cancerous blood cells and normal and diabetic tear 

cells. 

Analytic Used Refractive Index Tears  Sample #2 RI 

Blood Sample #1 RI Normal Cells of diabetes 1.350 

Basal cell (Normal) 1.360 Effected Cells of diabetes 1.410 

Basal cell (Cancerous) 1.380   

HeLa cell (Normal) 1.368   

HeLa Cell (Cancerous) 1.392   

MDA-MB-231 Cell (Normal) 1.385   

MDA-MB-231 Cell (Cancerous) 1.399   

The normal basal cells are placed in the red tube (sample #1) of the proposed biosensor shown in 

Fig. 1, and the basal cancer cells are placed in the cyan tube (sample #2). Basal cancer cells are 

formed in the skin's outer layer (epidermis) due to intense sun exposure. These cells do not spread 

to other parts of the body. The cancer cells have a refractive index of 1.38, while the normal cells 

have a refractive index of 1.36. The sensor output spectrum has been plotted in Fig. 3a, where each 

case shows a specific resonance wavelength. The FWHM is about 2.2 nm for normal basal cells 

while it is 2 nm for basal cancer cells, and the FOM is 940.475 ± 025 RIU-1 with a sensitivity of S 

=1893 nm/RIU.  Figure 3b shows the sensor output for detecting HeLa cancer cells. HeLa cells 



6 

 

become cancerous due to infection with the human papillomavirus 18 (HPV18). The refractive 

index of these cells is 1.392, while the normal HeLa cell line has a refractive index of 1.368. The 

FWHM of the output signal is 2.2 nm for normal and FWHM = 1.9 nm for HeLa cell carcinoma, 

and the FOM = 940.475 ± 025 RIU-1 and sensitivity is S =1642 nm/RIU and transmissions power 

for normal, and cancer  HeLa cells are TEN = 99% and TEH = 95%. MDA-MB-231 is extracted 

from the human chest and isolated from the pleural disease from a breast cancer patient [22]; the 

level of the FOM suitability shape value for FOM = 6097 RIU-1 cancer cells. Figure 3c shows the 

resonance wavelengths for the MDA-MB-231 normal cell and MDA-MB-231 cancer cell. 

Fig. 3. Resonant wavelengths of normal and cancerous cells for (a) Basal cell, (b) HeLa cell, and (c) MDA-

MB-231 cell and also (d) normal and diabetic tears. 

The refractive index of this type of cancer is 1.399, and the normal cells of breast have a refractive 

index of 1.385. As mentioned in the previous sections, the tear sample is used to diagnose diabetes 

and normal cells have a refractive index of 1.35, while this coefficient for diabetics is about 1.41. 

Figure 3d shows the resonance wavelength for normal and diabetic cells at the sensor output. It 

demonstrates that the sensor sensitivity is S = 1294 nm/RIU, and transmissions powers for normal, 

and diabetic cell are TEN = 95% and TEH = 100%, respectively. The FWHM = 1.8 nm for normal 

and FWHM = 1.9 nm for diabetic samples. In this section, the effects of physical parameters such 

as the radius of red and green tubes on the transmission power were studied. Figure 4a shows the 

effect of red tube radius on transmission power, resonant wavelength, and FWHM. 
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Fig. 4. The resonant wavelengths, transmission power, and FWHM for different tube radius. (a)  Normal 

cell. (b) Cancer cell. 

 The results were calculated for the sample of normal basal cells with the refractive index of 1.36. 

As shown in this figure, the power transmission in a radius of RC1 = 540 nm reaches 100%.  From 

this case, it can be concluded that the best radius to reduce power losses to zero and pass 100% of 

the transmitted power is this radius. On the other hand, the FWHM in different radii has different 

values. However, it has less value for RC1 = 540 nm, representing the lowest bandwidth's optical 

signal. Figure 4b shows the effects of green tube radius with a refractive index of 1.38 on the basal 

cancer cell on important structural parameters. In this case, by increasing the radius to RC2 )< 660( 
nm, the amount of transmission power is almost constant, and by increasing the radius, the amount 

of transmission power decreases, and therefore in the radius of RC2 = 660 nm with 94% 

transmission power is the best choice. The amount of bandwidth has also reached the lowest value 

in this radius. Therefore, we selected the best radii of RC1 = 540 nm and RC2 = 660 nm by reviewing 
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and analyzing the results. Our results are shown in Table 3. In this table, the sensitivity parameter, 

quality factor, transmission power, average bandwidth, and figure of merit are calculated for 

different refractive indices for sample #1 and sample #2. The maximum sensitivity in the red tube 

is equal to 2214 nm/RIU for MDA-MB-231 Cell (Cancerous).  Table 4 also compares the essential 

parameters of the structure proposed in this paper with other proposed articles. As shown in the 

table, our proposed structure is better than other structures in terms of detection sensitivity, 

transmission power, quality factor, figure of merit, and simultaneous detection of two samples. 

4. Conclusion 

The designed sensor can detect a person with cancer and diabetes from a healthy person by a 

human blood sample and a tears sample. One feature of the proposed structure is the simultaneous 

detection of two samples using two tubes. Due to the importance of the accuracy and sensitivity 

parameter in the sensors' design, the FWHM  is 1.8 nm, and the FOM is about 1550.11 RIU-1. The 

sensitivity is 3080 nm/RIU, and the resolution detection range is 31 × 10-6 RIU. 

 

Table 3. Calculation of important parameters using proposed biosensor with blood and tear samples. 

Analytic Used RI λ0 (µm) FWHM (nm) Quality factor T.E (%) FOM (RIU-1) S (nm/RIU) 

Blood Sample #1        

Basal cell (Normal) 1.360 1.59315 2.2 840.45 100 - Ref 

Basal cell (Cancerous) 1.380 1.63101 2.0 946.50 94 940.475 1893 

HeLa cell (normal) 1.368 1.60010 2.2 746.36 99 - Ref 

HeLa Cell (Cancerous) 1.392 1.63951 1.9 864.25 95 805.283 1642 

MDA-MB-231 Cell 

(normal) 
1.385 1.60511 2.1 464.33 93 - Ref 

MDA-MB-231 Cell 

(Cancerous) 
1.399 1.63611 1.9 861.11 91 1109.51 2214 

Tears  Sample #2        

Normal Cells of 

diabetes 
1.350 1.56235 1.8 867.97 95 - Ref 

Effected Cells of 

diabetes 
1.410 1.64001 1.9 863.31 100 699.96 1294 
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Table 4. Comparison of detection sample #1 and sample #2, quality factor, transmission power, 

and sensitivity parameters of the proposed sensor with the reported sensors. 

Reference 
Detection 

Sample 

Quality 

factor 
FOM (RIU-1) 

Transmission 

power (%) 

Sensitivity 

(nm/RIU) 

Ref [20] Blood 650 ± 50 1400 ± 200 80 2500 

Ref [21] 
Blood and 

Tears  
1082 - - 6.5764 

Ref [22] Glucose - - 86 422 

Ref [23] Glucose 1.11×105 1117 92 462 

Ref [24] Blood 262 - 100 - 

Ref [25] - - 88 98 263 

Ref [26] - 1264 84 90 840 

This work Blood, Tears  946.50 1109.51±55.235 100 3080 
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Figures

Figure 1

The proposed structure of PhC-based biosensor.

Figure 2

Resonance wavelengths of normal blood and tear samples, (a) Normalized resonance power, (b)
Normalized resonance power in dB scale.



Figure 3

Resonant wavelengths of normal and cancerous cells for (a) Basal cell, (b) HeLa cell, and (c) MDA-MB-
231 cell and also (d) normal and diabetic tears.

Figure 4



The resonant wavelengths, transmission power, and FWHM for different tube radius. (a) Normal cell. (b)
Cancer cell.


