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A B S T R A C T   

Combined with the light absorption from molecular vibration, photonic crystal (PhC) cavity 
structures have gradually shown great potential in gas detection, particularly for toxic gases. We 
proposed a PhC cavity with a high-quality factor of 1.24 × 106 and a small mode volume of 2.3 ×
10− 4 (λ/n)3, which was used for carbon monoxide detection. To reduce the interference of other 
gases, we set the resonance frequency in the terahertz band. The numerical analysis shows that 
the structure has good selectivity and high sensitivity, and the linear fitting of the results provides 
the possibility to realize the application, which has great competitiveness in the same type of 
sensor structure. Additionally, we also proved that the interference of H2O and CO2 on the CO 
sensing can be ignored, and it supports the detection of CO without pre-drying.   

1. Introduction 

In recent years, there have been frequent occurrences of CO poisoning in automobiles, thus the effective detection of CO is an 
important measure to ensure the safety of life. Most of the traditional gas detection methods are based on the electrochemical 
characteristics of gases [1,2]. Although electrochemical gas sensors can achieve high sensitivity (S) and high resolution, most of them 
have the characteristics of short service life and susceptibility to environmental influences. Furthermore, this method is usually based 
on large-scale laboratory analysis equipment such as gas chromatographs, and it is usually impossible to obtain real-time data. In 
addition, another substance may be required as a label to mark the analyte, which increases the interference and complexity of the 
operation [3,4]. 

Recently, optical sensors based on photonic crystal (PhC) cavities have shown broad application prospects because of their high 
sensitivity, high selectivity, and excellent manipulation of light on the nanoscale [5–9]. For these structures, high-quality factor (Q) 
and small mode volume (V) mean strong light-matter interaction, which is a necessary condition for effectively limiting light energy 
and achieving highly sensitive gas detection with a low limit of detection (LoD). However, the current sensing mechanism of most PhC 
cavity sensors is mainly based on the sensing of changes in refractive index to achieve the detection of the analyte, which is called a 
refractive index sensor. By realizing high Q/V values, the sensitivity to refractive index changes can be improved by optimizing the 
dielectric PhC structures. Yang et al. presented high-Q PhC dielectric cavities for refractive index sensing, and the Q factor of 2.1 × 105 

and S of 563.6 nm/RIU can be estimated [10]. Feng et al. have proposed a new ultracompact optical gas sensor based on PhC nanobeam 
cavity coupled to tapered fiber, with a Q factor of 2.2 × 106 and V of 0.29(λ/n)3 by Finite-difference time-domain (FDTD) method, and 
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the S of 190nm/RIU is obtained [11]. However, this type of sensor has great limitations for the identification of mixed gases and the 
further improvement of sensing property due to the diffraction limit [12]. Although surface plasmon-based hybrid cavity structures 
have been proposed, which can break the diffraction limit to achieve a smaller V value, most of them have large ohmic losses due to the 
existence of metal structures, which will seriously affect signal transmission. 

In addition, although many sensors in the infrared and ultraviolet bands have been widely studied and applied, this type of gas 
sensor still underperforms in terms of sensitivity and mixed gas recognition [13]. Therefore, utilizing the absorption characteristics of 
CO gas, we set the resonant frequency of the microcavity in the terahertz band instead of the ultraviolet/visible light and infrared 
electromagnetic regions, which can reduce the influence of interfering gases and improve the selectivity of the sensor. Although Shi 
et al. have obtained a sensing structure for gas detection in the terahertz band using a 1D PhC cavity composed of a stack of silicon 
wafers, it is not desirable in practical application because it cannot obtain good linear correspondence [14]. Compared with their 
structure, we proposed a dielectric PhC cavity based on a suspended optical fiber, which not only solved the physical limitations of the 
ordinary dielectric cavities and plasmonic cavities but also is more conducive to coupling with other devices with lower coupling loss. 
Our structure is composed of a cyclically varying bow-tie structure with the interlocking effect from the slot and the anti-slot structure. 
It has a strong optical localization effect, and an ultra-high Q/V value is therefore achieved. Comprehensively, combined with a 
high-performance cavity structure, it is feasible to achieve high selectivity, high S, and low LoD detection of CO gas. 

Fig. 1. 1D PhC cavity design based on a bow-tie unit cell. (a) The bow-tie unit cell with rotation angle θ of 0◦ and 90◦. (b) The proposed PhC cavity 
is composed of a silicon bowtie unit cell with gradually rotating angles (10-degree rotation per unit cell). 

Fig. 2. Results of the designed structure without any gas filled. (a) The band structure diagram in TE light. The red lines represent the two modes of 
bow-tie unit cell with θ = θcenter = 0◦ and the blue lines represent the two modes of bow-tie unit cell with θ = θend = 90◦. (b) At 1.286 THz, a sharp 
peak occurs in the transmittance spectrum of the cavity without any gas filled. (c) The magnitude of the electric field along the x axis. (d) The 
electric field map in a resonance frequency of 1.286 THz. 
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2. Theoretical design of the cavity and applications in CO sensing 

To achieve highly sensitive and highly selective sensing based on a suspended optical fiber, a cavity with an ultra-high Q and small 
V plays a key role. Compared with traditional resonant cavities, the slot structure has been documented to have strong optical 
confinement capability [15,16]. At the same time, Shuren et al. have proposed the anti-slot concept, which has a certain significance in 
cavity design [17]. According to this view, when an infinite number of interlocking anti-slots and slots are introduced to the unit cell to 
form a bow-tie shape, the light can be squeezed in a direction parallel or perpendicular to its propagation direction. Compared with 
plasma bow ties, the all-dielectric bow tie structure can support design freedom and fabrication tolerance, enabling extreme optical 
confinement in the air gap on both sides of the bow tie while maintaining high Q. However, Q is ultimately limited in practice by other 
factors, such as bandwidth considerations, material absorption, or fabrication tolerances, minimizing Vmode for a given Q is a 
preferred solution with practical applications in mind. 

The unit cell with a bow-tie shape is illustrated in Fig. 1(a), and the interlocking geometry ends with an air gap, in which the light 
can be confined strongly to support stronger light-matter interactions. There is a 15 μm wide gap (g) between the tips of two sectors 
with a radius (r) of 152 μm and an angle (α) of 120◦. As shown in Fig. 1(b), based on the optical fiber with a diameter (d) of 380 μm, the 
designed PhC cavity is composed of bow-tie cells with a period of 400 μm (The selection of structural parameters is shown in the 
supplementary file). The rotating angle α of each cell is from 0◦ to 90◦ with an interval of 10◦. The two mirrors on both sides of the PhC 
cavity contain five bow-tie cells with the same rotating angle of 90◦. In this paper, the cyclic olefin polymer (COC, TOPAS material) 
with better optical properties is chosen to replace the conventional glass material, which has an average absorption coefficient of 0.2 
cm− 1 in the range of 0.2 THz~ 5.0 THz and its refractive index remains essentially constant around 1.53 in the frequency domain of 
0.1 THz~ 2 THz. The terahertz light source can choose the Germany BATOP FC-TDS all fiber type THz-TDS system, and its band range 
is 0.05 THz-1.5 THz, which can meet the requirements of subsequent experiments. Based on the theoretical design, we preliminarily 
used reactive ion etching combined with dry etching to realize the preparation of suspended fiber microcavity [18,19]. Of course, this 
is only our preliminary idea, and the details will depend on the specific situation. 

Fig. 2(a) shows the calculated photonic band gaps (PBGs) in the TE band diagram based on 3D-FDTD numerical method, which 
contains the first two bands closest to the PBG of dielectric bow-tie unit cells. The PBG with θcenter = 0◦ (red line) is narrower than the 
one with θend = 90◦ (blue line), and the air band of the unit cell with θcenter = 0◦ lies in the middle of the PBG with θend = 90◦. Therefore, 
it is possible to use two symmetrical mirrors to limit the edge mode of the central cavity [20]. The TE polarized light source with a 
wavelength range of 0.2 THz-5THz is used and the transmission spectra can be obtained by the monitor of the output port. The 
transmittance spectrun of the designed cavity without any gas filling is shown in Fig. 2(b). There is a sharp peak at 1.286 THz in a broad 
band from 1.269 THz to 1.316 THz. The broadband not only provides a wide monitoring wavelength range but also greatly expands the 
application range of the cavity. The distribution of the electric field magnitude of the reflector at a wavelength of 1.286 THz along the x 
axis, which is just at the center of the bandgap, is displayed in the lower panel of Fig. 2(c). It can be observed that the electric field 
strength decays drastically into the mirror, revealing its capability of realizing an ultrasmall microcavity. It also shows that the 
penetrating length of the reflector, through which the magnitude of the electric field decreases to 1/e of the original, is around four 
periods. In order to further improve the optical localization capability, we increased the number of periods to 5. The corresponding 
electric field map at the resonance frequency of 1.286 THz is also described in Fig. 2(d). The Q value of 1.24 × 106 and the V of 2.3 ×
10− 4(λ/n)3 can be calculated by the following equation [21]: 

Q=
− 2πfR log10(e)

2m
(1)  

where fR is the resonance frequency of the mode, and m is the slope of the log of the time signal envelope. The mode volume V is 
calculated by Ref. [22]: 

V=

∫
ε|E|2dV

max
(

ε|E|2
) (2) 

Fig. 3. The absorbance spectra of different gases at the pressure of 1 atm and the temperature of 296 K. (a) The absorbance spectra of five gases (10 
ppm CO, 1 % H2O, 0.05 % CO2, 78 % N2, 21 % O2). (b) The magnified view of absorbance spectra at 1.286 THz for easier observation. 
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The more concentrated the light field of the resonant cavity, the smaller the effective V of the cavity. 
It is known that the terahertz band has relatively less interference from other gases for CO detection compared to the near- and mid- 

infrared bands. Fig. 3(a) demonstrates the absorbance spectra of 10 ppm CO and four main gases in air (1 % H2O, 0.05 % CO2, 78 % N2, 
21 % O2) at the pressure of 1 atm and the temperature of 296 K in the terahertz band based on the HITRAN database (http://www. 
hitran.org/). For easy observation, an enlarged view of the absorbance peak near 1.286 THz is shown in Fig. 3(b). There is an obvious 
absorption peak of the target gas CO with little influence from other gases. Therefore, the proposed cavity with a resonant frequency of 
1.286 THz is feasible for CO detection. 

When the cavity is filled with CO, the intrinsic loss caused by the rotational resonance of CO at the resonance frequency will 
significantly affect the transmission spectra. To simulate the change of the transmission spectra more accurately, the Lorentz oscillator 
model of classical dispersion theory can be used to describe the permittivity of gases [23]: 

εr(ω)= ε∞ +
∑P

p=1

Δεpω2
p

ω2
p − ω2 − iγpω (3)  

where ε∞ is set to 1 as the background permittivity of the gas, which sets a baseline for the real part of the dielectric constant across 
frequency, ωp is the angular frequency, Δεp is the change in the relative permittivity and it is equivalent to the strength of the mode, 
which is a function of the gas concentration (C) and the gas pressure (P), γp is the damping coefficient (P × 2 × pi × 6 MHz/hPa) which 
is only dependent on the overall pressure. Then, the Fourier transform is applied to the transmission spectra, and the Lorentz pa-
rameters can be calculated by fitting the curve using the parametric techniques for the transmission spectra. Finally, the gas con-
centration can be obtained according to the molecular density. At the frequency of 1.286 THz, we can fit these parameters for diluted 
CO with a concentration of 10 ppm under the pressure of 1 atm, and find that Δεp is equal to 2.8 × 10− 9 [24]. 

3. Results and discussion 

Based on the report from the World Health Organization, staying in a CO environment with a concentration of 50 ppm for half an 
hour is the maximum that humans can bear [25]. Usually, if the concentration of CO exceeds 100 ppm, it is extremely likely to be 
life-threatening. Therefore, it is imperative to be able to sense CO timely and sensitive. Fig. 4(a) depicts the transmission spectra of CO 
gas with different concentrations at the pressure of 1 atm and the temperature of 296 K. It shows that the peak of the transmission 
spectra is decreased with the increase of CO concentration, and the position of the peaks appears an obvious shift. This is mainly 
because the cavity mode with ultra-high Q/V value is very sensitive to the change of refractive index caused by gas concentration. 
Compared with the bare cavity (without any gas filling), the transmittance decreases from 0.99 to 0.98 when the CO concentration 
increases to 0.5 ppm. Fig. 4(b) shows the change of the integration in transmission profile (Ti) as the CO concentration (C) from 0.5 
ppm to 400 ppm, where Ti is defined as the integral value of the spectrum in 1.2858 THz - 1.2870 THz. It can be observed that the curve 
decays linearly and the concentration of CO can be quantitatively analyzed by the fitted straight line, which can be described by Ti =

− 0.5585C + 516. The corresponding R-square (COD) of the fitting line is 0.999, which is close to 1, proving that the senor can support 
accurate quantitative analysis of CO. The sensitivity S can be simply defined as the slope of the fitted straight line. Therefore, the 
structure is more capable of achieving high S (558.5 a. u.Hz/ppm) in a CO environment with low concentration (0–400 ppm). In this 
work, we assume that the detectable transmittance change is 0.01, and the LoD can be as low as 0.5 ppm at a pressure of 1 atm and a 
temperature of 296 K. 

Because the concentration of water vapor, that is, humidity, is greatly disadvantageous in the detection of gases. Here, to explore 
the influence of interfering gas on the detection of CO, the concentrations of H2O and CO2 are considered as variables in the following 
discussion. Applying the integrated spectroscopic model [26,27] based on the HITRAN database, the permittivity of the mixed gas 
specimen is a combination of contributions from CO, H2O, and CO2, which can be modeled using [14]: 

εr = ε∞ + PCO + PH2O + PCO2 (4) 

Fig. 4. The results of the cavity for different CO concentrations. (a) Transmission spectra of the PhC cavity filled with different concentrations of CO 
diluted in air at 1 atm and 296 K. (b) The integration of transmission profile (Ti) is linearly decayed as a function of CO concentration (C) rep-
resented in red balls, and the fitting curve is also shown in the picture represented in blue lines. 
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where PCO, PH2O, and PCO2 are the electric polarization from H2O, CO, and CO2, and the three quantities are both in the form of 
Lorentzian oscillators, ε∞ is also set to 1. 

In Fig. 3(a), we can see that the absorption intensity of 1 % H2O and 0.05 % CO2 is pretty weak, so it can be inferred that H2O and 
CO2 may have little effect on the detection of CO. Furthermore, after the above analysis and calculations, the obtained results are 
illustrated in Fig. 5. It is clear that under the same environmental conditions (the pressure is 1 atm and the temperature is 296 K), there 
is little change in the transmission spectra except that the peak position is slightly shifted to the right when 5 % H2O and 0.1 % CO2 are 
introduced into 5 ppm CO. To make sure that CO concentration sensing will not be affected by the presence of interfering gases, the CO 
concentration is changed from 5 ppm to 50 ppm when the H2O concentration is 5 % and CO2 concentration is 0.1 %. The obtained two 
transmission spectra are respectively represented by purple triangles and red balls, and both of them have a great decrease compared to 
the one with only 5 ppm CO (black line). In addition, the two spectral curves are similar to the one containing only 50 ppm CO (red 
line), but the peak position is slightly shifted to the right due to the change of the refractive index in the cavity. This indicates that the 
peaks of the transmission spectra greatly depend on the CO concentration, and H2O and CO2 have little interference with it. 

Based on the above discussion, it can be learned that the proposed cavity can be directly used for CO detection without pre-drying, 
which reduces the possibility of introducing interfering substances. In addition, the cavity also has good immunity to CO2 gas, ensuring 
the accuracy of CO detection. From another perspective, the results show that the designed cavity structure exhibits a strong selectivity 
ability in CO detection, which largely depends on its high Q value and small V, and therefore the designed PhC cavity may be used in 
CO identification. Furthermore, based on the cavity design method proposed in this work, the cavity can be used for the detection of 
other gases by adjusting its structural parameters, which needs further discussion (See Fig. S1 of the Supplementary file). 

At present, most gas detection based on micro-nano optical structure is mainly based on its detection of gas refraction change. 
However, for trace gases, the refractive index change is too small to cause a large refractive index change, which seriously affects the 
detection sensitivity and limit of detection (LoD). Here, the gas detection reports in recent years are compared in Table 1. Although the 
result unit is not uniform, on the whole, our work has a unique advantage in gas detection because of its strong anti-interference. 

4. Conclusions 

In summary, we proposed a 1D PhC cavity operating in the terahertz band, which was used for CO gas sensing with high S and low 
LoD. The cavity was designed based on the slot and anti-slot concept, which consists of a series of bow-tie unit cells. There is an air gap 
in the center of the bow-tie unit cell, which can effectively confine the light energy and obtain strong light-matter interaction in air 

Fig. 5. Transmission spectra for six cases: the PhC cavity with only 5 ppm CO (black line); the PhC cavity with 5 ppm CO and 5 % H2O (red plus 
sign); the PhC cavity with 5 ppm CO and 0.1 % CO2 (blue tetragonum); the PhC cavity with only 50 ppm CO(red line); the PhC cavity with 50 ppm 
CO and 5 % H2O (purple triangle); the PhC cavity with 50 ppm CO and 0.1 % CO2 (red ball); All the calculations are at the conditions of 1 atm and 
296 K. 

Table 1 
The comparison for characters of different gas sensor.  

Reference Sensitivity LoD Resistance to interference Target gas 

Ref. [26] 618.1/RIU – No Not mentioned 
Ref. [27] 2.3 × 105nmRIU− 1 2.08 × 10− 7RIU No H2S 
Ref. [28] 1.5028 × 105 6.67 × 10− 11RIU Yes CO 
Ref. [29] 3200nm/RIU – No Not mentioned 
Ref. [30] – 800 molecules No CO 
Ref. [31] 64.28 % – No CO 
This work 558.5 0.5 ppm Yes CO  
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mode. By symmetrically rotating the bow-tie unit cells, a bare cavity with a high Q value of 1.24 × 106 and a small V of 2.3 × 10− 4 

(λ/n)3 is obtained. We found that the integration of transmittance spectra changes linearly with the sensitivity of 558.5a.u.Hz/ppm, 
and the LoD of 0.5 ppm can be obtained. We have also proved that there is little influence from water vapor and carbon dioxide. 
Therefore, the PhC cavity provides great convenience for CO detection without pre-drying and purification, which can avoid the 
introduction of unnecessary interfering substances. 
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