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ABSTRACT   

SF6 gas sensor is developed to measure SF6 gas at different concentrations mixed with N2 based on mid-IR absorption of 

SF6 at a wavelength of ~10.6 µm. An optical bandpass filter of ~10.6 µm is put in front of a thermal emitter source to 

allow light of this wavelength to pass through. A CMOS compatible pyroelectric detector is put on the other end of the 

gas channel to measure the voltage change due to presence of SF6 gas. Here, we use AlN-based and 12% ScAlN-based 

pyroelectric detectors respectively. The results show for 100% SF6 gas sensing, 12% ScAlN-based pyroelectric detector 

gives ~73% higher response compared to when using AlN-based pyroelectric detector. The voltage drop between 

reference N2 gas and different SF6 gas concentrations is also higher (up to 2x) when using 12% ScAlN-based 

pyroelectric detector. Based on the measured SF6 gas responses, we try to estimate the lower limit of detection of our gas 

sensors when using AlN- and ScAlN- based pyroelectric detectors respectively. Response times taken for both detectors 

to detect SF6 concentrations are measured to be ~6.26 s for AlN-based pyroelectric detector and ~1.99 s for 12% ScAlN-

based pyroelectric detector. Finally, both pyroelectric detectors’ electrical responses across different frequencies are 

measured and their 3-dB frequency cutoffs are extracted to be ~13.5 Hz and ~12.6 Hz for AlN- and 12% ScAlN- based 

pyroelectric detector respectively. The results provide more understanding on characteristics of pyroelectric detectors in 

SF6 greenhouse gas sensing based on mid-IR absorption. 

Keywords: greenhouse gases, SF6 gas sensor, pyroelectric detector, scandium aluminum nitride, aluminum nitride, 
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1. INTRODUCTION  

Sulfur hexafluoride (SF6) gas is commonly used as insulating gas in high voltage transmission systems1-2 due to its 

superior insulating properties.3-4 Despite its advantageous properties in electrical insulating systems, SF6 poses a threat to 

the environment by being a potent greenhouse gas, having the ability to trap infrared radiation 23,500 times more than 

carbon dioxide (CO2).5 Replacement of SF6 with alternative non-greenhouse gases have been rigorously researched on6-7 

with SF6 mixed in nitrogen (N2)8-10 as an alternative effort to dilute the concentration of SF6 used in electrical insulating 

systems. Concurrent to the effort of finding replacement gases or diluting SF6, it is important to identify and prevent SF6 

leakage into the environment.  

We develop an optical-based SF6 gas sensor based on complementary metal-oxide-semiconducter (CMOS) compatible 

pyroelectric detectors11-16 to measure SF6 gas at different concentrations mixed with N2. The pyroelectric sensing layer 

used in this work for SF6 gas sensing is aluminum nitride (AlN) and 12% scandium aluminum nitride (ScAlN) 

respectively. Application includes monitoring inline SF6 or SF6-in-N2 gases to pick up signs of SF6 leakage into the 

environment. Using non-dispersive infrared (NDIR) principle,17-20 a wide range of SF6 gas concentrations can be 

detected based on mid-infrared (IR) absorption of SF6 at 10.6 µm wavelength. Moreover, no gas sensitive layer required 

in this sensor allows it to be immune to poisoning, hence enabling longer sensor lifetime and wider concentration range 

for detection from ppm to percentage levels.  

SF6 gas sensing response is measured using AlN-based pyroelectric detector and 12% ScAlN-based pyroelectric detector 

respectively. The output signals measured show that the gas sensor using 12% ScAlN-based pyroelectric detector gives a 

higher output signal (~73% higher at 100% SF6 gas concentration) compared to AlN-based pyroelectric detector. Using  
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N2 as the reference gas, 12% ScAlN-based pyroelectric detector also shows a greater voltage drop (up to 2x) when 

sensing SF6 gas. The time taken to response to SF6 gas concentration is also measured and the results show that when 

using AlN-based pyroelectric detector, the gas response time (t90) is ~6.26 s whereas a faster t90 ~ 1.99 s is observed 

when using 12% ScAlN-based pyroelectric detector. Both pyroelectric detectors’ outputs are also measured across 

frequencies up to 40 Hz to identify their 3 dB roll-off frequency range to better understand the optimal frequencies that 

the detectors would function at. The SF6 gas sensor in this work could potentially function as an inline sensor (for high 

concentration sensing) and a leakage sensor (for low concentration sensing). This sensor based on NDIR principle has 

advantages of being highly selective to SF6 sensing in addition to being immune to poisoning, allowing longer lifetime 

and accurate monitoring of SF6 gas concentration real time in an effort to mitigate SF6 greenhouse gas leakage into the 

environment. 

2. EXPERIMENTAL 

The pyroelectric detectors used for SF6 gas sensing in this paper are based on CMOS compatible pyroelectric sensing 

materials – AlN and 12% Sc-doped AlN. Both pyroelectric detectors have top and bottom electrodes (titanium nitride 

(TiN) and molybdenum (Mo) respectively) above and beneath the pyroelectric sensing layer, a bottom thermal insulating 

silicon dioxide (SiO2) layer and a topmost absorber stack consisting of SiO2 and silicon nitride (SiN) to absorb incoming 

light from the emitter source. Details on fabrication of AlN-based and 12% ScAlN-based pyroelectric detectors have 

been reported previously.21-23 

Figure 1 shows a schematic of the exploded view of the SF6 gas sensor. The sensor consists of 3 main components – a 

broadband emitter source emitting from wavelength range 2-14 µm, a 10 cm through-hole gas channel with diameter 5 

mm and a CMOS compatible pyroelectric detector with AlN or 12% ScAlN as the pyroelectric sensing layer. These 3 

main components used in the gas sensor set up is similar to that in Ref.18 Optical bandpass filters used in this work is 

selected to be at SF6 molecular fingerprint region (wavelength ~ 10.6 µm). They are arranged on the 2 ends of the gas 

channel, separating the gas channel from the source and detector. This is to allow light of wavelength ~10.6 µm to pass 

through the gas channel and interact with the SF6 gas that will flow in the gas channel. The pyroelectric detector is 

placed on one end of the 10 cm gas channel while the other end of the gas channel consists of a thermal emitter source 

modulating at ~17.4 Hz powered using printed circuit board (PCB) connected by a universal serial bus (USB) cable. 

When SF6 gas passes through the gas channel, it will absorb the 10.6 µm light that is in the gas channel, resulting in the 

detector sensing a lower voltage. SF6 gas concentration can then be determined based on the drop in signal from the 

detector. To extract signal from the pyroelectric detector, it is connected to a current amplifier with gain 109 V/A and 

then a lock-in amplifier.  

 

 

Figure 1. Schematic showing exploded view of our SF6 gas sensor based on NDIR technique with broadband emitter source, 

gas channel where the SF6 gas of different concentrations flow through and CMOS pyroelectric detector based on AlN or 

12% ScAlN as the pyroelectric sensing layer. 



 

 
 

 

 

 

3. RESULTS AND DISCUSSION 

 

 

Figure 2. Output voltages measured from different gas concentrations of SF6 mixed in N2 when measured with (a) AlN-

based and (b) 12% ScAlN-based pyroelectric detector respectively.  

Figure 2 shows the output voltages measured when different concentrations of SF6 passes through the gas channel using 

AlN-based pyroelectric detector (Fig. 2a) and 12% ScAlN-based pyroelectric detector (Fig. 2b) respectively. We tested 

at 4 different concentrations of SF6 gas - 10%, 25%, 50% and 100%. The results show that as SF6 gas concentration 

increases, the output signal received by both pyroelectric detectors reduces. This agrees well with NDIR principle where 

the molecular fingerprint of SF6 lies at ~10.6 µm wavelength and that the gas absorbance of light occurs around this 

wavelength. With increase in SF6 gas concentration, the presence of more molecules of SF6 will increase absorption, 

resulting in less light (at ~10.6 µm) reaching the detector, hence lowering the voltage output signal. The gas sensing 

trend is however not linear as saturation will occur when the SF6 gas molecules keep increasing. This can be noted with 

the reduced voltage drop from 50%-100% SF6 gas concentration as compared to from 10%-50% in Fig. 2. 

At 10% SF6 gas concentration, the voltage measured from AlN-based pyroelectric detector is lower (~0.42 mV) than the 

voltage measured from 12% ScAlN-based pyroelectric detector (~0.605 mV). At 100% SF6 gas concentration, the gas 

sensor using 12% ScAlN-based pyroelectric detector exhibits ~73% higher output signal compared to when AlN-based 

pyroelectric detector is used.  

We further explore the voltage difference between N2 (reference gas) and different SF6 concentrations for respective 

pyroelectric detectors. Figure 3 shows the voltage differences between N2 and respective concentrations of SF6 gas for 

AlN-based and 12% ScAlN-based pyroelectric detectors. The voltage drop from N2 when sensing SF6 gas is greater (up 

to 2x) for 12% ScAlN-based pyroelectric detector compared to AlN-based pyroelectric detector. At 10% SF6 gas 

concentration, AlN-based pyroelectric detector reads ~0.346 mV voltage drop (Fig. 3a) while 12% ScAlN-based 

pyroelectric detector reads ~0.719 mV voltage drop (Fig. 3b). We however note that from 10% SF6 to 100% SF6 gas 

concentration, the voltage drop difference for 12% ScAlN-based pyroelectric detector is lower (~0.0307 mV) compared 

to that of AlN-based pyroelectric detector (~0.0875 mV). This is further indication that saturation has kicked in for 12% 

ScAlN-based pyroelectric detector in sensing SF6 after 25% gas concentration as the voltage drop after this gas 

concentration increases only slightly as observed by the gentler slope from Fig. 3b.  

With 12% ScAlN-based pyroelectric detector exhibiting higher voltage drop at the same gas concentration compared to 

AlN-based pyroelectric detector, the limit of detection (LOD) for SF6 gas using 12% ScAlN-based pyroelectric detector 

could be lower. Taking reference from Beer Lambert’s equation,24 we use Eq 1 to curve-fit the experimental data, 

ΔV(C) = ΔVmax(1 - exp(-γC) )m      (1) 

where ΔVmax is the saturation voltage drop for a very large concentration, and γ = ɛL is the molar attenuation expressed in 

terms of molar attenuation coefficient ɛ and optical pathlength L. m denotes the pyroelectric activity which converts 



 

 
 

 

 

 

incident optical power into voltage drop, which depends on the geometric and material parameters of the pyroelectric 

detector. Figure 3 shows the fitted data for AlN-based pyroelectric detector and 12% ScAlN-based pyroelectric detector 

using Eq. 1. When fitted,  = 0.0357, ΔVmax = 0.435 mV, and m = 0.188 for AlN-based pyroelectric detector while  = 

0.0986, ΔVmax = 0.748 mV, and m = 0.0859 for 12% ScAlN-based pyroelectric detector. The experimental data is in good 

agreement with the fitting formula with coefficient of determination (R2) very close to 1 for both detectors. The m < 1 in 

the fitting is consistent with the fact that there are still some inadequacies in Beer-Lambert’s law (i.e. m = 1) wherein the 

relation between gas sensing output signal and gas concentration cannot be fully explained.25-26 The noise in the 

pyroelectric measurement (σ) can then be used to estimate the limit of detection as LOD =  − (3σ/ΔVmax)1/m, where the 

3σ estimate is used as a conservative estimate for LOD. More experimental data towards the lower concentrations will be 

required to further validate this curve-fitting. 

Figure 3. Plots showing voltage differences between N2 and different concentrations of SF6 for (a) AlN-based and (b) 12% 

ScAlN-based pyroelectric detectors. 

Response times are measured to determine the time taken for the pyroelectric detectors to detect presence of SF6 from a 

gas channel with N2 gas running through it initially. Figure 4 shows t90 when the detector used is AlN-based pyroelectric 

detector (Fig. 5a) and 12% ScAlN-based pyroelectric detector (Fig. 4b) respectively. To detect 10% SF6 gas from N2 gas, 

t90 ~ 6.26 s for AlN-based pyroelectric detector and t90 ~ 1.99 s for 12% ScAlN-based pyroelectric detector. The response 

time for 12% ScAlN-based pyroelectric detector at ~2 s agrees with what was previously reported.18-19 Response time for 

AlN-based pyroelectric detector is however longer with t90 ~ 6.26 s. This could be due to the higher percentage level SF6 

gas concentration used in the measurement in this work. 

Figure 4. Time taken (t90) for gas sensor with a) AlN-based and (b) 12% ScAlN-based pyroelectric detectors to 

response to 10% SF6 gas concentration. 



 

 
 

 

 

 

The electrical properties of both pyroelectric detectors are then measured at low frequencies up to 40 Hz to further 

understand their characteristics. Figure 5 shows the output amplitudes across different frequencies for (a) AlN-based and 

(b) 12% ScAlN-based pyroelectric detectors. The output amplitudes are plotted in dBV and their 3 dB roll-offs are 

measured. We note that 12% ScAlN-based pyroelectric detector yields higher peak amplitude (~ -53.03 dBV) compared 

to AlN-based pyroelectric detector (~ -54.02 dBV). This is most likely due to the higher pyroelectric coefficient from 

12% Sc-doped AlN.22,27 In terms of operational frequency, Fig. 5a shows that for AlN-based pyroelectric detector, the 3 

dB roll-off cuts at ~13.5 Hz frequency while for 12% ScAlN-based pyroelectric detector, the 3 dB roll-off cuts at ~12.6 

Hz, as seen from Fig. 5b. Optimal frequency range for AlN-based pyroelectric detector is ~5.6 Hz – 13.5 Hz (Fig. 5a) 

while that for 12% ScAlN-based pyroelectric detector is from ~5.2 Hz – 12.6 Hz (Fig. 5b) respectively. In this work, we 

operate our pyroelectric detectors at higher frequency ~17.4 Hz which is out of the 3 dB roll-off range. Despite that, we 

are able to get SF6 gas sensing response. SF6 gas sensing performance will further improve if the pyroelectric detectors 

operates within the 3 dB roll-off ranges shown in Fig. 5. 

Figure 5. Output amplitude based on dBV of (a) AlN-based and (b) 12% ScAlN-based pyroelectric detectors plotted 

against frequency showing the 3 dB roll-off characteristics of both pyroelectric detectors. 

 

4. CONCLUSION 

In summary, we build a SF6 gas sensor based on NDIR principle. CMOS compatible AlN-based and 12% ScAlN-based 

pyroelectric detectors are used in this gas sensor to measure the gas sensing response. A comparison is done on the 

performance of both detectors. We note that the gas sensor with 12% ScAlN-based pyroelectric detector presents a 

higher initial output voltage ~1.32 mV (in the presence of N2) compared to AlN-based pyroelectric detector (~0.765 

mV), exhibiting an increase ~73%. This increase of ~73% from 12% ScAlN-based pyroelectric detector is also observed 

at 100% SF6 gas concentration. The voltage drop between N2 and different concentrations of SF6 is then measured and 

revealed up to 2x increase in voltage drop for 12% ScAlN-based pyroelectric detector compared to AlN-based 

pyroelectric detector when sensing 10% SF6 gas concentration. Response time measured also shows that 12% ScAlN-

based pyroelectric detector responds faster (t90 ~ 1.99 s) to 10% SF6 gas concentration compared to AlN-based 

pyroelectric detector (t90 ~ 6.26 s). The electrical performance of both pyroelectric detectors are also examined across 

frequency up to 40 Hz to identify the 3 dB roll-off frequency range. We note that the 3 dB roll-off frequency range is 

from ~5.6-13.5 Hz for AlN-based pyroelectric detector and ~5.2-12.6 Hz for 12% ScAlN-based pyroelectric detector. 

The detectors used are CMOS compatible and could potentially allow for ease of integration with CMOS circuitries later 

on in the development. This SF6 gas sensor based on NDIR principle is highly selective to sensing SF6 gas as it senses 

based on SF6 absorption at its molecular fingerprint wavelength ~10.6 µm which does not overlap with that of other 

gases. The sensor is also immune to poisoning as it does not require a gas sensitive layer which could affect the sensor 

useful lifetime. This SF6 gas sensor system in this work will enable monitoring of SF6 gas concentration real time in an 

effort to mitigate SF6 greenhouse gas emission into the environment. 
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