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ABSTRACT   

CMOS compatible AlN-based pyroelectric detectors of different thicknesses (500 nm and 1 µm respectively) are examined 
by measuring their responses to different concentrations of CO2 gas in an NDIR gas sensing system.  We note up to ~55% 
improvement in signal when AlN thickness reduces from 1 µm to 500 nm. In addition, we design our AlN-based 
pyroelectric detectors similar to 2 capacitors connected in series and 4 capacitors connected in series while keeping the 
total pyroelectric sensing layer constant. CO2 sensing responses of both designs with AlN thicknesses of 500 nm and 1 µm 
are measured in the NDIR gas sensing system and the 2-capacitor design with 500 nm thick AlN in general gives a more 
sensitive response. The LOD for CO2 sensing when using this detector is extracted based on Beer-Lambert law and we 
obtain an LOD of ~53ppm. As pyroelectric detectors are known to operate at lower frequencies (~tens of hertz), we also 
operate the detectors at different modulating frequencies (7 Hz, 11 Hz and 17.4 Hz) and observe their effects on the gas 
sensing signal. Comparing the 4 different detectors in NDIR gas sensing, the AlN-based pyroelectric detector with 500 nm 
thick AlN and of 2-capacitor design presents the best performance in CO2 gas sensing. This work shows effects of AlN 
film thickness change and variation in operating frequency on pyroelectric-based NDIR CO2 gas sensing. The results will 
provide more understanding on characteristics of AlN-based pyroelectric detectors and their behaviours in NDIR gas 
sensing.  
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1. INTRODUCTION  

Carbon dioxide (CO2) is a greenhouse gas. Increasing levels of CO2 concentration in the environment not only impact 
climate, but will also affect health, commonly known as sick building syndrome (SBS) where symptoms such as headaches, 
drowsiness and difficulty in concentrating appear when CO2 gas levels increase to 1000 ppm and above.1-2 A CO2 gas 
sensor will allow one to monitor the level of CO2 concentration in the air. Non-dispersive infrared (NDIR),3-4 a technique 
which makes use of gas absorption at mid- infrared (IR) molecular fingerprint wavelength region is commonly used for 
CO2 gas sensing. As CO2 gas has a strong isolated absorption peak at ~4.26 µm, this method of sensing is highly selective 
and non-poisoning.5-6  

NDIR gas sensors usually consist of a source, a detector and a gas channel in between.4,7-8 It leverages on the interaction 
between source-detector optical pathlength and gas absorption of light at particular wavelengths to enable gas sensing. 
Pyroelectric detectors are uncooled thermal detectors that have been demonstrated in applications such as fire alarms, 
thermal imaging,9 contactless button sensing,10 thermal conductivity gas sensing11 and NDIR gas sensing.3-4,8 In particular, 
complementary metal-oxide-semiconductor (CMOS) compatible aluminum nitride (AlN) -based pyroelectric detector and 
its doped counterpart scandium aluminum nitride (ScAlN) –based pyroelectric detector are gaining interest in the research 
community12-16 as they could be deposited across full wafers, making them scalable across 8-inch and 12-inch wafers, 
bringing promise towards large scale manufacturability. Their low deposition temperature of ~200oC (< 500oC)13-14,17-18 
also opens up the possibility of integration with CMOS electronics. On top of that, these materials have multifaceted 
properties, from gas sensing and piezoelectric19 to photonics,20 which could potentially allow for ease of integration for a 
multi-functional device. 
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In this work, we examine AlN-based pyroelectric detectors in NDIR CO2 gas sensing. AlN of 2 different thicknesses (500 
nm and 1 µm) and 2 different designs are fabricated and tested for their CO2 gas sensing response. We note that a thinner 
pyroelectric sensing layer (AlN = 500 nm) exhibits a higher output signal compared to a thicker pyroelectric sensing layer 
(AlN = 1 µm), with higher output signal up to 55% more. The limit of detection (LOD) is calculated from the gas sensing 
response plots and LODs obtained varies ~53 ppm to ~145 ppm from 4 different AlN-based pyroelectric detectors. 

In addition, gas sensing outputs of these AlN-based pyroelectric detectors are examined at different frequencies from 6 Hz 
- 40 Hz to examine their output trend with modulating frequency. We note, in general, optimal operating frequency for 
maximum gas sensing response to be ~17.4 Hz when using AlN-based pyroelectric detector with 500 nm AlN thickness 
and ~11 Hz when using AlN-based pyroelectric detector with 1 µm AlN thickness. The results obtained will provide more 
insights to behaviors of AlN-based pyroelectric detectors with different pyroelectric sensing layer thicknesses and designs 
in an NDIR gas sensing system. 

 

2. EXPERIMENTAL 

Figure 1a shows a schematic of an NDIR CO2 gas sensor formed by putting together a thermal emitter, a 10 cm aluminum 
(Al) channel and a pyroelectric detector. More details of this NDIR gas sensor formation can be found in literature.21 
Optical narrow bandpass filters with centre wavelength (λ) at ~4.26 µm are inserted after the thermal emitter and before 
the pyroelectric detector to allow CO2 absorption wavelength (λ~4.26 µm) to pass through. AlN-based pyroelectric 
detector is used in this work and a cross-sectional zoom-in (Fig. 1b) shows AlN sensing layer sandwiched between bottom 
electrode molybdenum (Mo) and top electrode titanium nitride (TiN). Beneath the bottom electrode Mo is a thermal 
isolating layer of SiO2 followed by air cavity. The final form of the detector stack will be in membrane form allowing more 
thermal energy to be retained within the pyroelectric sensing layer which will then later be converted to output electrical 
signal. On top of the top electrode TiN is an absorber stack consisting of silicon dioxide (SiO2) and silicon nitride (SiN) 
layers to allow more mid-IR absorption onto the detector. A previous study12 has revealed that AlN-based pyroelectric 
detector stack with a thinner 500 nm AlN sensing layer has shown higher absorption at λ~4.26 µm compared to a thicker 
1 µm AlN sensing layer measured by a Fourier Transform Infrared (FTIR) system. This CO2 gas sensor is tested with AlN-
based pyroelectric detectors with 2 different AlN thicknesses – 500 nm and 1 µm. As pyroelectric detectors appear like 
capacitors with accumulation of charges on the top and bottom electrodes upon sensing temperature fluctuations, we design 
the pyroelectric detectors similar to 2 capacitors connected in series and 4 capacitors connected in series as shown in Fig. 
1c, keeping the total accumulated AlN sensing area of each detector constant at 0.25 mm2. 

 

Figure 1. (a) Schematic of the NDIR CO2 gas sensor formed by putting the respective components together. (b) Zoom-in cross-
sectional view of the detector which is AlN-based pyroelectric detector with AlN thickness of 500 nm or 1 µm. (c) The AlN-
based pyroelectric detectors tested in this NDIR CO2 gas sensor come in 2 designs (2-capacitor connected in series and 4-
capacitor connected in series).  



 
 

 
 

 
 

3. RESULTS AND DISCUSSION 

CO2 gas testing of the NDIR CO2 gas sensor is conducted using AlN-based pyroelectric detectors of different designs, 
cycled between different concentration of CO2 (300 ppm – 5000 ppm) and nitrogen (N2) used as the reference gas. The 
modulating frequency of the emitter is set at 17.4 Hz. Figure 2 shows the CO2 gas sensing response using different AlN-
based pyroelectric detectors. Figure 2a and 2b show CO2 gas sensing responses using detectors with 2-capacitor design 
while Fig. 2c and 2d show that using 4-capacitor design. We note that for both designs, the detector with a thinner (500 
nm) AlN pyroelectric sensing layer gives a higher output signal voltage compared to the detector with thicker (1 µm) AlN. 
When N2 passes through the gas channel, Fig. 2a measures a higher voltage of ~560 µV compared to Fig. 2b which 
measures a voltage of ~395 µV while Fig. 2c shows a higher voltage of ~324 µV compared to Fig. 2d of ~209 µV. In 
addition, when CO2 gas passes through the gas channel, the voltage drop from N2 to CO2 is larger for the pyroelectric 
detector with 500 nm thick AlN for both designs. The voltage drop for Fig. 2a (when AlN is 500 nm thick) from N2 to 
5000 ppm CO2 gas is ~212 µV while that for Fig. 2b (when AlN is 1 µm thick) is ~145 µV. This is around 46% increase 
when the AlN thickness is halved. With 500 nm thick AlN exhibiting a higher voltage when N2 gas passes through and a 
greater drop in voltage from N2 to CO2 when CO2 gas enters the gas channel, it signifies that AlN-based pyroelectric 
detector with a thinner pyroelectric sensing layer performs better and hence could allow for a LOD. 

Figure 2e depicts the voltage increase when N2 passes through the gas channel for both designs. The 2-capacitor design 
gives a higher absolute voltage and increases ~42% when AlN layer thickness decrease from 1 µm to 500 nm. Similar 
trend is observed for 4-capacitor design and the increase is ~55% when AlN thickness decreases. 

 

Figure 2. Gas sensing response of CO2 gas over concentration range from 300 ppm – 5000 ppm cycled between N2 and 
different concentrations of CO2 using AlN-based pyroelectric detector with (a) 2-capacitor design with AlN thickness = 500 
nm, (b) 2-capacitor design with AlN thickness = 1 µm, (c) 4-capacitor design with AlN thickness = 500 nm and (d) 4-capacitor 
design with AlN thickness = 1 µm. (e) Output voltages from the 4 pyroelectric detectors when N2 flows through the gas 
channel. 



 
 

 
 

 
 

  
Figure 3. CO2 gas sensing data fitted based on Beer-Lambert law when (a) 2-capacitor design and (b) 4-capacitor design AlN-
based pyroelectric detectors with AlN thicknesses at 500 nm and 1 µm are used in the NDIR gas sensor. 

 
The mean output voltage at respective CO2 gas concentration (Fig. 3) is then fitted based on Beer-Lambert law22 using the 
following equation: 

𝑦 = 𝑦଴ + 𝐴𝑒𝑥𝑝(−𝜀𝐿𝑐),                                                                                   (1)    

where 𝐴 is a prefactor, 𝜀 is the molar absorptivity, 𝐿 is the length of the gas channel and 𝑐 is the gas concentration. Figure 
3a and 3b show the graphical plots when AlN-based pyroelectric detectors with 2-capacitor design and 4-capacitor design 

respectively are used in the NDIR gas sensor. The LOD is then defined as 𝐿𝑂𝐷 =
ଷ.ଷఙ

ௌ
 23, where 𝜎 is the standard deviation 

of the output voltage at each gas concentration which can also be considered as the detector noise, S is the slope of the 
graph at very small gas concentration, defined as  

𝑆(𝑐 → 0) ≡ 𝑑𝑦 𝑑𝑐⁄ = −𝐴𝜀𝐿 exp(−𝜀𝐿𝑐) = −𝐴𝜀𝐿.                                                   (2) 

As presented in Fig. 3, when the experimental data is fitted with Eq (1), the detector with 2-capacitor design and 500 nm 
AlN thickness returns 𝐴 = 2.4403x10-4 and 𝜀𝐿 = 3.2644x10-4 ppm-1, while the detector with 4-capacitor design and 500nm 
thickness returns 𝐴 = 1.4041x10-4 and 𝜀𝐿 = 3.3189x10-4 ppm-1. Whereas 𝐴 = 1.6807 x10-4 and 𝜀𝐿 = 3.2766 x10-4 ppm-1 
when AlN thickness is 1 µm in the 2-capacitor design and 𝐴 = 0.9016x10-4 and 𝜀𝐿 = 3.3028x10-4 ppm-1 when AlN thickness 
is 1 µm in the 4-capacitor design. 

LOD extracted varies from 54 ppm – 145 ppm depending on the pyroelectric detector used in the gas sensor. The lowest 
LOD obtained is ~54 ppm when AlN-based pyroelectric detector with 2-capacitor design, 500 nm thick AlN is used. This 
is followed by 2-capacitor design with thicker AlN (1 µm) where LOD is ~81 ppm. The highest LOD extracted is ~145 
ppm, from the 4-capacitor design AlN-based pyroelectric detector with 1 µm thick AlN. 4-capacitor design with 500 nm 
thick AlN presents an LOD of ~105 ppm.  

 

 

 
 



 
 

 
 

 
 

Figure 4. Detector output voltage at different CO2 gas concentrations over different emitter modulating frequencies for (a) 2-
capacitor design with AlN thickness = 500 nm, (b) 2-capacitor design with AlN thickness = 1 µm, (c) 4-capacitor design with 
AlN thickness = 500 nm, (d) 4-capacitor design with AlN thickness = 1 µm. (d) Trends of detector output signal measured 
across different frequencies from 5-40 Hz for 500 nm and 1 µm AlN-based pyroelectric detector with 4-capacitor design. 

Figure 4 shows the trend of output voltage measured at different CO2 gas concentrations with AlN-based pyroelectric 
detectors of different AlN thicknesses (500 nm and 1 µm) and also at different modulating frequencies. As seen earlier 
from Fig. 2, the output voltage decreases with increasing CO2 gas concentration. In Fig. 4a-4d, we further note the trend 
where output voltage changes according to different modulating frequencies. Figure 4a shows the voltage plot with 
different CO2 gas concentration for a 2-capacitor design AlN-based pyroelectric detector with AlN sensing thickness of 



 
 

 
 

 
 

500 nm. The measurements recorded show an increase in output voltage as frequency increases from 7 Hz to 17.4 Hz but 
starts to drop as the frequency continues to increase to 27 Hz and 37 Hz. There is an increase of ~18.3 % from frequency 
of 7 Hz to 17.4 Hz, and a drop of ~20.4% from 17.4 Hz to 37 Hz. It is also worthwhile to note that the output voltage 
increase slows down from 11 Hz to 17.4 Hz, with voltage increase of ~1.1% (from 11 Hz to 17.4 Hz) compared to ~17% 
(from 7 Hz to 11 Hz). Similarly, voltage drop slows down as the frequency increases with a drop ~18.4% (from 17.4 Hz 
to 27 Hz) to ~2.5% (from 27 Hz to 37 Hz). When the pyroelectric detector with 2-capacitor design and thicker AlN (1 
µm) is used, output voltage increases from 7 Hz to 11 Hz and starts to drop from 11 Hz to 17.4 Hz as seen in Fig. 4b. We 
then move on to measure the output voltage with different CO2 gas concentrations for 4-capacitor design pyroelectric 
detectors with AlN thicknesses of 500 nm and 1 µm respectively (Fig. 4c and Fig. 4d). Figure 4c exhibits output voltage 
increase as the frequency increases from 7 Hz to 17.4 Hz, but this increase slows down from 11 Hz to 17.4 Hz. Similar 
to what we observe from Fig. 4a, we would expect the output voltage to start decreasing as the frequency increases further 
after 17.4 Hz. In Fig. 4d, the increase from 7 Hz to 11 Hz is ~9.1% which is the lowest among all 4 AlN-based pyroelectric 
detectors. Output voltage starts to drop after 11 Hz and gives a low drop of ~5.8% from 11 Hz to 17.4 Hz. For 4-capacitor 
design, the detector output signals are further examined at different frequencies from 5 Hz to 40 Hz in a setup using a 
shorter gas channel. Consistent with Fig. 4c and 4d, Fig. 4e shows that the detector output signal increases first, then 
decrease as the modulating frequency increases. In general, AlN-based pyroelectric detector with 500 nm thick AlN gives 
a higher output signal compared to that of 1 µm AlN thickness. When operating the gas sensor using AlN-based 
pyroelectric detector with 500 nm AlN sensing layer, optimal frequency is ~17.4 Hz. On the other hand, when operating 
using AlN-based pyroelectric detector with 1 µm AlN sensing layer, optimal frequency is ~11 Hz. 

4. CONCLUSION 

NDIR CO2 gas sensor is built using AlN-based pyroelectric detectors and their respective responses to CO2 gas sensing 
are examined. The AlN-based pyroelectric detectors are fabricated over 8-inch wafer with AlN pyroelectric sensing layer 
of 2 different thicknesses – 500 nm and 1 µm. The pyroelectric detectors are also designed as 2 capacitors connected in 
series and 4 capacitors connected in series while maintaining the total pyroelectric sensing area for each device. CO2 gas 
sensing measurements show that the gas sensor with a thinner AlN layer (500 nm) is more sensitive to CO2 gas sensing, 
resulting in a greater voltage drop and lower LOD compared to the gas sensor with a thicker AlN layer (1 µm). A 
pyroelectric detector with 500 nm thick AlN pyroelectric sensing layer gives an output signal up to 55% increase as 
compared to that with 1 µm thick AlN. We also note that in general, the pyroelectric detector with 2-capacitor design gives 
a higher output signal compared to the pyroelectric detector with 4-capacitor design. The LODs for the gas sensing tests 
using each of the 4 AlN-based pyroelectric detectors in the NDIR gas sensor are extracted after fitting the experimental 
data with Eq (1) based on Beer-Lambert law and the results show that lowest LOD ~ 53 ppm is obtained when using the 
pyroelectric detector with 2-capacitor design and AlN thickness of 500 nm. The gas sensor with respective AlN-based 
pyroelectric detectors are further subjected to gas testing at different modulating frequencies to obtain optimal operating 
frequency for maximum gas sensing output. For the pyroelectric detector with AlN thickness ~ 500 nm, the optimal 
operating frequency is at ~17.4 Hz, while for the pyroelectric detector with AlN thickness ~ 1 µm, the optimal operating 
frequency observed is at ~11 Hz. All in all, the results obtained provide insights on the behaviors of AlN-based pyroelectric 
detectors in NDIR gas sensing and their suitability could then be considered in different use cases. 
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