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Abstract: In the present paper, a nanostructure plasmonic gas sensor based on ring 

resonator structure at the wavelength range of 0.6-0.9 µm is presented. The plasmonic 

materials/SiO2 with the advantage of high mobility and low loss is utilized as a substrate 

for structure to obtain some appropriate characteristics for the sensing Performance 

parameters. To evaluate the proposed sensor and calculation of performance parameters 

including figure of merit and sensitivity, the effect of the different gas including Carbon 

Dioxide (CO2), Acetonitrile (C2H3N), Carbon disulfide, and Sarin are considered. For 

this purpose 3D-FDTD method is considered. Our calculations show that by coupling 

between the incident waves and the surface plasmons of the structure, a high 
transmission ratio of 0.8 and relatively low insertion loss of 6 dB around the wavelength 

interval of 0.6-0.9 µm are achievable. Furthermore, the calculated sensitivity and figure 

of merit are 28 and 8.75, respectively. This provides a path for development of nano-

scale practical on-chip applications such as plasmonic memory devices. 

Keywords: Plasmonic, Gas sensor, Nanostructure. 

 

1. INTRODUCTION  

Environment variation detection play an important role in many optical 

applications and have been extensively developed during the past few decades 

[1-20]. A gas sensor is operated through different mechanism including optical, 

chemical and electrical variations. Generally these sensors operate in two 

mechanisms: a charge transfer occurs between gas molecules, and the sensitive 

layer. In other aspect, to enhance of selectivity, efficiency, and reduced noise,  

nan-scale morphology, surface-to-volume ratio, and quantum confinement 

should be considered. Footprint, sensitivity, speed, figure of merit, and accuracy 

are the main common parameters in designing of sensor. To improve the size 

and speed in each device, nanostructure devices are good candidate. With the 

continuous development of terahertz (THz) science, much attention has been 
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recently paid to THz technology due to its potential applications in sensing, 

space sciences, imaging, and wireless communications [21, 22]. In recent years, 

interest in the development of THz functional devices have attracted, owing to 

the lack of appropriate response at THz frequencies for naturally existing 

materials consequently [23-25]. Further, the tunability of the devices is other 

main parameter. For this purpose, liquid crystals (LCs) have been mostly used 

to manipulate the propagating THz wave properties due to the high 

birefringence and excellent electro-controllability in THz band [26, 27]. 

Correspondingly, in THz range, tunable absorbers, modulators, and switch 

devices have been reported by research groups [28-33]. 

To obtain of modulation depth and low insertion loss, between proposed 

devices in advanced THz communication systems, plasmonic devices is good 

candidate [32, 33]. Plasmonic device as a novel strategies for fast and tunable 

modulators were reported, recently [34-38].  

The plasmonic gas sensor is one of main THz devices which are to be adapted 

to new technology and realm. In this paper, we present a new construction of 

gas sensors based on the plasmonic transmission (PT) effect used. To evaluate 

the proposed sensor and calculation of performance parameters including figure 

of merit and sensitivity, the effect of the different gas including Carbon Dioxide 

(CO2), Acetonitrile (C2H3N), Carbon disulfide, and Sarin are considered. For 

this purpose 3D-FDTD method is considered. Our calculations show that by 

coupling between the incident waves and the surface plasmons of the structure, 

a high transmission ratio of 0.8 and relatively low insertion loss of 6 dB around 

the wavelength interval of 0.6-0.9 µm are achievable. Furthermore, the 

calculated sensitivity and figure of merit are 28 and 8.75, respectively. 

The rest of the paper is organized as follows. In Section 2, the sensor structure 

is provided and geometrical and optical parameters are presented. In Section 3, 

the numerical method and the analytical formula of the proposed structure is 

studied. In Section 4, the results of numerical simulations and discussions are 

provided. Finally, the paper conclusion is provided in Section 5.  

2. PROPOSED STRUCTURE  

The 3D schematic of proposed structure is presented in Fig. 1. The structure 

is consisted of two-layer, SiO2 and gold (Au) for the substrate and upper layer 

consequently. This design composed of three main sections: the light source 

inputs, top and substrate layer, hexagonal paths and two direct route inside the 

gold layer. Two direct route are include of two route; a main route, which is 

coupled with optical input source and a sub-route which is above the active 

region. In the gold layer is active path (shown with blue color) for coupling 

light and sensing gas parameter. Refractive index in each gas take into a section 
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side of hexagonal shape and with change of light peak output intensity, we 

achieved kind of gas. A branch of the hexagonal shape is shown in blue and is 

used to represent the refractive index of the gas, resulting in a change in light 

intensity for the PT effect. Also, in the following table, the geometrical 

parameters are provided. In the next section, we will describe the theoretical 

aspects of the present work. 

 

 

 
Fig. 1. 3D schematic of the designed structure for representation of gas sensor based on 

PT effect. The geometry dimensions are as follow: (L=1.14µm, W=0.712µm, 

Hs=0.95µm, Hu=0.155µm, k=0.05µm, d=0.105µm, r=0.025µm). 

 
TABLE 1. GEOMETRICAL PARAMETERS OF THE PROPOSED STRUCTURE. 

Parameters Value (µm) 

L 1.14 

W 0.712 

Hs 0.95 

Hu 0.155 

k 0.05 

d 

r 

0.105 

0.025 

 

3. EQUATION EVALUATIONS  

In this section, we illustrate the governing equation for the PT structure. In 

the previous section described the mechanism of PT, which is kwon of 

researcher. As can be seen the two layer structure is composed of a SiO2 

substrate and gold, which can operate as a PT sensor. When the light coupled in 

path horizontal, the corresponding incident can be coupled surface modes, and 
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propagated in hexagonal ring. Refractive index in the active region (blue market 

in the Fig.1) cause the light intensity output is change. This is the operation like 

mechanism the ring resonator.  

The ring resonator structure includes two waveguides, which is placed on both 

sides of a ring resonator. (see Figure 1). Duty of one waveguide is to inject light 

to the resonator and the other one is responsible to couple light out of the 

resonator. As it is shown in Fig. 1, four ports can be introduced for this 

structure. The optical resonance can be observed at two output ports. First one at 

the other end of the input port is called through port (main-route). The 

transmission response of this port is similar to the through port of the all-pass 

filter, which means there is a dip at transmission of the through port at 

resonance wavelength. Second output that has reverse transmission response 

compared to through port is called drop port (sub-route). The transmission 

response of sub and main port resonators is expressed by following equations 

[39]. 

 
 

                                                    (1) 

 

 
 

Where r1 and r2 are self-coupling coefficients of the first and second couplers, 

respectively. And φ is phase shift of the light after one round-trip inside the 

ring, is amount of diminution of light after one round trip. In the other hand, 

resonance mod in the ring depend on the coupling coefficients which is change 

of refractive index. These changes is in the active region in branch of 

hexagonal. 

Now, in what follow the optical properties of the each layer are presented. The 

substrate dielectric is silicon oxide (SiO2) with dielectric constant of ϵ=2.43. 

The use of SiO2 increases the propagation length of surface plasmon by 

significantly reduce the propagation loss [40]. In the upper layer is gold which 

created two horizontal path for couple light source. Gold is selected as the metal 

film due to its low intrinsic loss in the optical spectral regime. The gold has a 

complex permittivity, ε, with frequency dependence described by the Drude 

model [41-46]. 
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                                                    (2) 

 

Here ωp and ɣ, in the Drude model, is the plasmon frequency and damping 

rate, respectively. 

So we can calculate the output profile by having the layers characteristics by 

applying the light source. In the other words, this mechanism shows the 

transmission and reflection difference of light is proportional to the gas 

refractive index in the hexagonal side. In addition, the next section reveals that 

with changes in the refractive index of the hexagonal side, peak intensity 

changes. 

In the following, performance parameters of the proposed structure including 

figure of merit (FoM) and sensitivity is provided. FoM refers to performance 

parameter of the device and calculated through FoM= {(∆n/∆T)/T} in which 

(∆n/∆T) refers to transmission shift, and T is transmission at specific 

wavelength. Also, sensitivity as a main parameter of sensor is S= (∆λ/∆n), 

where ∆λ and ∆n are wavelength shift and refractive index change, respectively. 

 

4. SIMULATION RESULTS AND DISCUSSIONS 

In this section, the results of the simulations for the gas within the active region 

are presented. Simulations have been performed based on the Equations (1). The 

system of equations solved using numerical method of finite difference time 

domain (FDTD). As mentioned in earlier section, PT gas sensor behavior in the 

structure is proportional with peak light intensity for different gases. So, in 

order to change the output light intensity in our proposed sensor, the infiltration 

gas through the active region should be changed. To do this, we examine 

different gases infiltration in the active region. The optical properties of 

different gases used in our simulations are listed in Table 2. This table give the 

refractive index of different gases. Previously discussed the importance of gas 

detection. This table lists all gases that can be used in several types. Carbon 

Dioxide (CO2), Acetonitrile (C2H3N), Carbon disulfide (CS2), and Sarin gas are 

very dangerous and detection of them is very important.  
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TABLE 2 PHYSICAL PROPERTIES OF COMMON GASES 

Gas Refractive index  Reference 

CO2(Carbon Dioxide) ng=1.000467 Bideau-Mehu et al. 1973 

C2H3N (Acetonitrile) ng = 1.3560 Moutzouris et al.2014 

CS2 (Carbon 

disulfide) 

ng = 1.7259 Kedenburg et al. 2012 

Sarin ng = 1.366 Rheims et al. 1997 

 
 

As an example, the peak light transmission for CO2 gas in the main route are 

shown at different wavelength in Fig. 2a. In this case, with injection the CO2 gas 

in active region light transmission in two peaks. Two peaks shown in the figure 

are used for each type of gas. Of course, these peaks, for each gas, have their 

own wavelengths. This is also very useful in detecting accuracy and selectivity 

sensitivity. 

 
 

  

                                                               
Fig. 2. The variation of light transmission versus wavelength (nm) with the injection 

CO2 gas in active layer. (a). shown on  the main routee and (b). on the sub-routee. 

 

Light transmission is obtained for two route, main and sub-route, for increase 

detection sensitivity. This is special for every gas. For example, for CO2 gas, 
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this amount is plotted in sub-route. The sensitivity and resolution increases with 

presence of two curves for the light transmission, which to determine the type of 

gas. Therefore, with two outputs in the sensor, the diagnosis is better for each 

gas type. 

 

 

 

 

 
Fig. 3.(a) The distribution field profile of the sensor with the infiltration of CO2 in the 

active region. (b) field profile of the sensor with the infiltration of CS2 with high 

refractive index in the active region. 
 

In the next step, distribution field profile of the sensor is plotted for two 

different gases at 760 nm wavelength. This profile is shown for CO2 gas in 

Figure 3.a. The distribution of the field in two routes is quite clear. In this state, 

the coupling of light in a hexagonal reing is well represented. This condition for 

CS2 is shown in Figure. 3b. As can be seen, light transmission is special for 

different gases in the every wavelength. The distribution of the field in the path 

and the surface of the hexagonal paths is similar to the ring resonator. Which, 

for any specific refractive index in the active region, causes the field to be 

coupled in the hexagonal paths, as well as changes in the main and sub-route. 
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This mechanism clearly be seen in Figure 3. 

In the next case, the simulation result for different gases in the Table.1, is 

provided. As shown in this figure, the intensity of the transmitted light output is 

different for each gas. Of course, these changes have two peaks at the outlet for 

some gases. The presence of two peaks in the output changes shows the high 

sensitivity and selectivity of the sensor. Which can be said that each gas has its 

own output profiles. The variation in the intensity of the output transmitted light 

and the number of peaks represent the refractive index of each gas. Therefore, 

detection of the desired gas is achievable. High efficiency and sensitivity, high 

speed, accuracy and selectivity to detect type are gases, the advantages of this 

sensor. In addition, the other advantage of this sensor is the low input intensity 

that eliminates sensitivity to nonlinear factors. 

 

 

 
Fig. 4. The variation of light transmission versus wavelength with the injection different 

gases in active layer. With change of the refractive index gases, the peak intensity 

transmission is change consequently. 

 

In this way the light intensity transmitted is plotted for different gases. The 

refractive index range for most gases is between 1 and 2. Therefore, the 

intensity of the output of a refractive index plotted for this range. As mentioned 

in the previous section for each gas intensity is the two output peaks. In the 

main route has two peaks. Of course, this is done at each specific wavelength. 

Because of this, we plot the intensity for each peak in the wavelength range. 

Figure 5.a is plotted for the first peak of all gases in the wavelength range of 

685 to 700 nm. Clearly be seen that for any gas is particular. The intensity of the 

output light in the main path has two peaks. For the second peak, it is also 

plotted in all gases for the wavelength range of 825 to 830 nm. So, as shown in 

the Fig. 5.b, the output intensity for each gas is particular. For example, for the 

Sarin gas, the intensity of the light output of the first peak is 0.55, and 0.27 for 

the second peak. This carefully choose the type of gas. 
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The performance parameters including sensitivity and FoM are introduced in 

the following. As can be seen from Fig. 4. maximum of sensitivity is near of 28, 

and maximum FoM is 8.75.  

 

 
Fig. 5. The variation of light transmission versus refractive index for different gases in 

active layer. (a). First peak light intensity for main route and (b). For sub-route with 

change of the refractive index gases, the two peaks intensity transmission is change 

consequently. 

 
 

TABLE 3 

A COMPARISON TABLE OF SEVERAL DIFFERENT WORK GAS SENSOR BASED ON 

PLASMONIC. 

Ref Structure Tunable Integrable 

[47] Fiber Optic No No 

[48] IMI No No 

[49] Fiber Optic No No 

This work IMI Yes Yes 

 

 

In Table 3, we examine and compare several gas sensors. Requiring 

miniaturization, high performance, high sensitivity, flexibility range and of non-

noise, parameters of a sensor is working properly. The correct detection for 

sensors is one of the most important parameters.  
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Toxic gas detection is essential to deal with it. Used for treatment and 

prevention of pollution in the environment is also important. The proposed 

sensor, despite its limited availability, is suitable for use in today's technology. 

Finally, considering the performance parameters of gas sensors, new structures 

such as carbon nanotubes and with high sensitivity properties is needed [50-57]. 

5. CONCLUSION 

A nano-scale plasmonic gas sensor based on the plasmonic transmission effect 
at visible frequencies was presented here. By considering the optical properties 

of plasmonic materials, four types of gases including CO2, C2H3N, CS2, and 

Sarin were studied. To enhance the performance parameters, the coupling 

between the incident light and the surface plasmons as well as their polarization 
dependence have been considered. Our calculations shown that by coupling 

between the incident waves and the surface plasmons of the structure, a high 

transmission ratio of 0.8 and relatively low insertion loss of 6 dB around the 
wavelength interval of 0.6-0.9 µm were achievable. In addition, the calculated 

sensitivity and figure of merit are 28 and 8.75, respectively. Our presented 

nano-scale gas sensor is suitable for practical on-chip applications. 
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