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Abstract---In photonics, light propagation can be 

altered by altering the refractive index of the 

material. In this paper we propose a design of 2D 

photonic crystal ring resonator based sensor for 

the detection of toxic industrial chemicals (TICs). 

The toxic industrial chemical that is studied in this 

paper is methane. Spectral analysis has been done 

for methane. As the refractive index of the 

chemical is different there is a change in resonant 

frequency & wavelength. The analysis of 

transmission spectrum is done by using a 

simulation tool called MEEP. The intensity levels 

of transmission spectrum are observed for various 

toxic industrial chemicals. Quality factor (Q-

factor) is calculated for the proposed design & its 

value is 44,381. 

Keywords—Photonic crystal, chemical sensors, 

methane, FDTD,meep,mpb 

i. Introduction 

Methane gases possess lot of specific problems when 

it is present in water wells. Methane (CH4) belongs to 

saturated member of paraffin series of saturated 

hydrocarbons. As per the literature survey [1], it was 

noted that methane was found in drinking water at six 

times of higher level than usual fracking sites. Thus 

detecting methane gas plays a vital role for mankind 

protection from such hazardous gas. Pollution 

monitoring is one of the growing concerns in the 

world, million people die each year due to 

contaminated air related diseases & terrorist attacks 

using chemical warfare agents (CWAs) & has 

exposed the critical need for the early detection of 

CWAs & TICs in the air [2]. This implies there is a 

severe need of a sensor which can analyse the 

chemicals. The photonic sensing technology is used 

to develop a sensor which can detect the presence of 

different toxic chemicals. The sensor designed can be 

used in battlefields & civilian places. The goal of this 

paper is to develop & analyse a sensor for the 

identification of toxic chemicals that affects human 

life using 2D square lattice photonic crystal ring 

resonator with both point & line defects [3]. 

ii. Theory 

 

If methane escapes from water faucets then there is 

significant health risks involved.  If these methane 

gas accumulates in confined spaces with no 

ventilation during drilling of wells, then there is risk 

of explosion and asphyxiation i.e chocking due to 

lack of oxygen in air.The toxic industrial chemicals 

[2] that are sensed along with methane in the paper 

are taken on the basis of how harmful and hazardous 

they are to human life. The toxic chemicals that are 

sensed in air in this paper are methane.  
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Methanol has a high toxicity in humans. If 

as little as 10 mL of pure methanol is ingested, for 

example, it can break down into formic acid, which 

can cause permanent blindness by destruction of the 

optic nerve, and 30 mL is potentially fatal.. 

Photonic crystals arise from the cooperation 

of periodic scatters - thus, they are called crystals 

because of their periodicity & photonic because they 

act on light [7]. They can occur when the period is on 

the order of the wavelength of light. Photonic crystals 

are defined as regular arrays of materials with 

different refractive indices & are attractive optical 

materials for controlling & manipulating the 

propagation of electromagnetic waves in the same 

way as the periodic potential in a semiconductor 

crystal affects the electron motion by defining 

allowed & forbidden electronic energy bands [8]. The 

concept behind the photonic sensing technology is 

that each material has distinct permittivity ‘€’ that is 

greater than air, as a result the propagation of 

electromagnetic waves that pass through them is 

altered, in response to change in refractive index 

[11]. The light is passed through one end of the 

phonic crystal & the transmission spectrum is 

observed at the other end. The transmission spectrum 

observed is unique for the specific chemical. The 

photonic integrated circuits (PICs) consist of light 

sources, sensors & detectors which are integrated on 

one single chip. Hence, the designed sensor can be 

fabricated as a lab-on-chip sensor to detect 

chemicals. 

iii. Algorithm 

The Finite difference Time Domain (FDTD) method 

is implemented using the simulation tool MEEP. The 

Finite Difference Time Domain method solves the 

time domain Maxwell's equation. The method divides 

the field in time and space and solves for electric and 

magnetic fields. MEEP is a simulation tool developed 

by MIT for design, model and stimulate various 

photonic crystal structures [9]. It is a time domain 

tool and implements the FDTD method. The 

transmission and the reflection spectrum are obtained 

using the MEEP tool [10]. MEEP solves the Poynting 

vector (Equation 1) and computed the fluxes. 
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 Here, 'P' is power, 'E' and 'H' is electric and 

Magnetic fields,' ' is the frequency. 

 Different toxic chemicals are used in 

background of the crystal, as the refractive index 

varies for different chemicals [6] the refractive index 

profile changes. Hence the intensity levels of the 

transmission spectrum changes, thus one can measure 

peak wavelength of various chemicals.   

 

iv. Sensor design 

The design of the sensor consists of the two 

dimensional square lattice ring resonator photonic 

crystal structure in rods (silicon) in air configuration. 

A straight and circular waveguide is carved out 

making a ring resonator [3] structure. The designed 

model is illustrated in the Figure 1. 
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Figure 1: Design of Photonic crystal ring 

resonator structure 

  

The design and simulation is done with the help of 

MEEP tool. The design parameters are given below: 

1) Rods in air configuration 

2) Square lattice structure 

3) Lattice constant 'a'=1μm 

4) Radius of rods 'r'=0.2μm 

5) Dielectric constant of silicon rods =11.56 

6) Dielectric constant of back ground is changed 

with respect to chemicals  

7) Wavelength of light=1350nm. 

 As the chemical is adsorbed on the photonic 

crystal [5], the refractive index profile of the photonic 

crystal changes, as a result the transmitted and 

reflected flux values changes. The change in the 

transmitted flux, reflected flux is observed for the 

different chemicals. 

v. Results 

The transmission spectrum plot is illustrated in the 

Figure 2(a). The reflection spectrum plot is illustrated 

in the Figure 2(b). From the graph figure 2(a), it can 

be observed that as the change in the refractive index 

is slight; the change in the transmission spectrum is 

visibly distinct, proving the sensor to be very 

sensitive to sense the hazardous chemical, especially 

methane. 

fig 2: transmission spectrum with shift in 

frequency 

 
Figure 3: transmission Spectrum with shift in 

wavelength 

 



 

fig 3 relationship between refractive index and 

frequency 

The design was also validated with the help of MPB 

results in frequency domain. The spectrum can be 

used as signatures and comparison is done in both 

time and frequency domain. The band structure is as 

shown in fig 4. 

fig 4. TM band structure for square lattice 

          

Analyzing these graphs, it can be said that 

the design sensor is very sensitive to chemical 

variation in air. The Q-factor has been calculated for 

the proposed design & its value is 44,381. 

Fig 3 describes the linear relationship between 

refractive index and peak frequencies and hence 

satisfying Maxwell’s equation. 

The table I describes the shift in wavelength for 

different hazardous chemicals. By maintaining this 

data one can easily differentiate normal air and 

contaminated and hazardous air.  

 

  peak frequency peak wavelength 

normal air 0.2811 1.78 

methane gas 0.2821 1.773 

 

Table I. peak wavelength and shift in wavelength 

observed after simulation 

The designed sensor is converted into GDSII file 

using IPKISS software using python tool and it is 

viewed in GDSII viewer (OWLVISION) and it is 

shown in fig 4. Then it can be easily translated into 

ASCII format which will be used for fabrication. The 

GDSII file was then verified with respect to its 

rulings with the help of K-layout tool and it is shown 

in fig 5 

 

Fig 4. GDSII file from OWLVISION (GDS viewer 

tool) 



 Fig 5. GDSII file from K-layout (GDS viewer tool) 

 

vi. Conclusion 

 

The sensor design consists of a two dimensional 

square lattice ring resonator photonic crystal 

structure. It is simulated and analysed for detecting 

toxic industrial chemical like methyl present in air. 

Visibly distinct shift in both wavelength and 

frequency are observed, proving the sensor to be 

sensitive to even a smallest change in the input 

chemical. This sensor will be very useful in different 

applications like industrial monitoring, pollution 

control applications and humanitarian services. The 

ring resonator structure provides better sensitivity as 

compared to other photonic crystal design or other 

optical fiber sensor design. The sensor has sensitivity 

of the order of 10
-6

 and the spectrum shows distinct 

shifts in both frequency and wavelength. The design 

meets the fabrication requirements as the quality 

factor obtained is 44,381. 
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