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Abstract. The measurement of air quality, particularly the concentration of carbon dioxide (CO;), has gained
significant interest due to increased public health awareness. Elevated concentrations of CO; in the air have
been linked to negative effects on cognitive functions and directly correlate with the quality of indoor air. This
work presents the prototype of a miniaturized sensor module designed for sensing CO, concentrations in the air.
The sensor module utilizes the two-chamber photoacoustic concept and features a compact design combining
an absorption cell with a wafer-bonded detector based on silicon MEMS (micro-electro-mechanical systems)
microphone technology. The CO»-filled detector chip uses the photoacoustic effect and is able to detect pressure
oscillations within an enclosed volume generated by the absorption of modulated infrared (IR) light by CO;
molecules. The complete sensor module measures only 9 x 13 x 7.8 mm? and the used detector chip is the smallest
detector for two-chamber photoacoustic sensors reported to date. Experimental characterization showed that the
prototype achieves a detection limit of 81 ppm CO, and exhibits a response time 743 of 53 s. The compact size
and performance characteristics make the proposed sensor module suitable for applications in indoor air quality

monitoring.

1 Introduction

In recent years, there has been a significant increase in pub-
lic awareness of health-related issues, leading to heightened
interest in measuring air quality (Ferndndez-Agiiera et al.,
2023; Mirabelli et al., 2020). Several studies indicate that an
increased concentration of CO; in the air has a negative influ-
ence on cognitive functions. For instance, increased CO» lev-
els can cause headaches and drowsiness and decrease overall
mental performance (Du et al., 2020; Fan et al., 2023; Lee
et al., 2022; Petersen et al., 2016; Satish et al., 2012; Ve-
hvildinen et al., 2016).

Furthermore, several studies indicate a correlation be-
tween increased CO;, concentrations and the viral load in in-
door spaces, which spurred the demand for small and cheap

sensor solutions, particularly throughout the COVID-19 pan-
demic (Bhagat et al., 2020; Peng and Jimenez, 2021). Gener-
ally, an increased CO; concentration is one of the most com-
monly used markers for poor indoor air quality. This defini-
tion dates back to the so-called hygienic limit of 1000 ppm,
which was specified by von Pettenkofer in 1859. Conse-
quently, maintaining a low CO, concentration through effec-
tive ventilation with fresh air is highly desirable and there-
fore recommended by several standards and national insti-
tutes (EN 16798, 2022; Umweltbundesamt, 2008). However,
uncontrolled and excessive ventilation can lead to increased
energy consumption for heating and air conditioning, espe-
cially under very hot or cold weather conditions. To address
this, an optimized ventilation system that adjusts to the actual
demand is necessary, requiring a control parameter such as
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the current CO, concentration in the controlled environment
(Ahmed et al., 2015; Chen and Markusson, 2019; Delwati
et al., 2018; Fisk and de Almeida, 1998; Li and Cai, 2022;
Song et al., 2022; Wachenfeldt et al., 2007).

The first commercially available optical gas sensors for
CO; were relatively large, mechanically complex and there-
fore quite expensive (Egle and Ernst, 1949; Lehrer and
Luft, 1943). However, advancements in sensor technology
have facilitated the development of smaller and more cost-
effective devices. Recent product launches have demon-
strated a trend towards further reducing sensor size, with the
ability to reflow-mount these sensors as surface-mounted de-
vices (SMDs). The latest generation of CO; sensors utilizes
the photoacoustic effect, which involves the conversion of
light energy into sound. More specifically, the electromag-
netic energy of a modulated infrared (IR) light beam can be
absorbed by molecules, which leads to intra-molecular vi-
brations and local temperature fluctuations. Using periodi-
cally modulated light, these local temperature variations ulti-
mately cause local pressure oscillations (Essing et al., 2022;
Jha, 2022; Palzer, 2020). This effect can occur in media of
any phase, e.g. in gases (Rontgen, 1881), in liquids (Wetsel
and McDonald, 1976) or in solids (Bell, 1881).

Existing consumer sensors utilizing the photoacoustic ef-
fect typically employ a single photoacoustic chamber with a
spectral filter (Carbonelli et al., 2018; Essing et al., 2022).
While this design is relatively simple, it offers limited se-
lectivity for the target gas and is susceptible to acoustic in-
terference. To address this, these sensors utilize special al-
gorithms or physical barriers, such as specially designed
MEMS (micro-electro-mechanical systems) gas diffusion
ports, which provide adequate acoustic suppression but on
the downside increase the sensor’s response time (Palzer,
2020).

An alternative approach, known as the “two-chamber”
concept, employs two sensor cells: one which is in exchange
with the gas to be analysed and another, in the following re-
ferred to as “detector”, which contains the microphone mem-
brane together with a high concentration of the target analyte.
This detector is also hermetically encapsulated in order to
maintain a stable analyte concentration inside (Ambs et al.,
2015; El-Safoury et al., 2020, 2024; Huber et al., 2015b;
Palzer, 2020; Yassine et al., 2023). In this approach, the gas-
filling acts as a spectral filter, making the sensor selective
only for the target gas (Huber and Wollenstein, 2013; Huber
et al., 2015a, 2016; Lehrer and Luft, 1943).

Due to the encapsulation of the detector and the result-
ing isolation of the acoustically sensitive MEMS membrane
from the environment, this approach inherently minimizes
the impact of acoustic interference. Furthermore, the intrinsic
acoustic insensitivity of the detector eliminates the need for
special measures such as the mentioned gas diffusion ports,
which restrict the gas diffusion into the sensor. This leads to
a significant decrease in the response time of such sensors
compared to single-chamber photoacoustic gas sensors.
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Figure 1. Schematic cross section of the photoacoustic MEMS de-

tector (not to scale) comprising a cap wafer, a MEMS backplate—
membrane stack produced on a silicon wafer and a bottom wafer.
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In this work, we present a miniaturized sensor based on
the two-chamber approach, measuring only 9 x 13 x 7.8 mm>
(L x W x H). To the best of our knowledge, the detector of
our two-chamber photoacoustic sensor module is the small-
est reported to date.

2 Methods

The core of the sensor module we developed is a hermeti-
cally encapsulated wafer-bonded detector built on a full sili-
con wafer with MEMS membranes typically used for differ-
ential microphones. The MEMS structures comprise two per-
forated, rigid backplates and a thin, flexible membrane that
form a differential parallel-plate capacitor. The membranes
and backplates are made of polysilicon and silicon nitride
layers and have a high transmission of IR light in the rel-
evant wavelength region. The MEMS membrane stack has
a ventilation hole in the centre of the membrane, which al-
lows low-frequency (static) pressure to equalize between the
two volumes (Dehe et al., 2013; Fiildner and Dehé, 2015).
To encapsulate the MEMS membrane, two additional silicon
wafers are bonded to the bottom and top of the MEMS wafer.
During the encapsulation process, the wafers are exposed to
a 100 % CO, atmosphere, effectively trapping CO, within
the created cavities. This results in two gas-filled volumes:
the front volume above the MEMS membrane stack and the
back volume underneath. Figure 1 shows a schematic cross
section of our photoacoustic MEMS detector.

The transparency of silicon for IR light in the wavelength
region in which CO, absorbs light (around 4.26 um) allows
IR light to penetrate the sensor cavity through its top and side
walls (Green and Keevers, 1995; Gordon et al., 2022). As the
MEMS membrane stack is transparent for IR light, the irra-
diated IR light reaches not only the front volume, but also the
back volume, where the CO, molecules absorb the IR light
and cause a slight increase in temperature. The two cavities
have different volumes and, combined with the non-linear ab-
sorption behaviour described by the Beer—Lambert law, this
results in different amplitudes of the pressure generated in the
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(a)

(b)

Figure 2. (a) Sectional view of CAD drawing, showing all functional components and their arrangement in the sensor module. (b) Photograph
of the sensor module with a MEMS detector and an IR emitter (without a lid).

Figure 3. Photograph of the evaluation electronics, consisting of a
PSoC 4200M development board, a motherboard, an adapter printed
circuit board (PCB) and the sensor module.

two cavities. This pressure gradient causes deflection of the
membrane between the cavities, resulting in moving charges
on the capacitive membrane and the backplates and thus gen-
erating the detector signal. Similar to non-dispersive infrared
(NDIR) sensors, the raw signal of our sensor has an inverse
relationship with the CO, concentration which is based on
the attenuation of the IR light intensity in the absorption
path. Consequently, an increase in concentration leads to a
decrease in the raw sensor signal and vice versa.

The MEMS photoacoustic detector (measuring approxi-
mately 2 x 2mm) was mounted onto a thin substrate cir-
cuit board and connected to an application-specific inte-
grated circuit (ASIC). The ASIC integrates an embedded
temperature sensor and a digital signal filter, enabling effec-
tive pre-processing of the acoustic data. To electrically ac-
cess the detector unit, it was soldered alongside a ceramics-
packaged MEMS IR emitter module with an optical filter
(the emitter module and filter were taken from a XENSIV
PASCO2 sensor, Infineon Technologies AG) onto a circuit
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board specifically designed for housing all components of
our sensor. While the inclusion of an optical filter on top
of the emitter package is not strictly necessary for the sen-
sor’s functionality, it offers additional benefits by minimizing
cross-sensitivities and providing protection for the sensitive
MEMS emitter’s hotplate. Both components were shielded
by a gold-plated, reflective metal lid, which served the dual
purpose of providing protective housing and acting as a dif-
fuse reflector for IR radiation. The metal lid has an opening
of d =0.9mm and / = 0.3 mm for diffusive gas exchange
with the environment. The sensor module can be connected
through castellated hole side contacts. A detailed sectional
view of the sensor module’s computer-aided design (CAD)
drawing together with a photograph of the sensor is shown in
Fig. 2.

The sensor module was connected to a motherboard which
acted as a central hub for managing all the sensor func-
tions. This motherboard was carried by a Programmable
System-On-Chip (PSoC) 4200M microcontroller develop-
ment board (CY8CKIT-043, Infineon Technologies AG, Ger-
many), which offers access to all pins and provides all dis-
crete components for the microcontrollers’ minimal circuitry.
The motherboard was connected to a computer utilizing its
USB Type C port. This port provided a standard 5V supply
voltage which was converted to 3.3V logic supply voltage
by a low-dropout regulator (XC6220, Torex Semiconductor
Ltd.) and to 12V emitter supply voltage with a boost con-
verter circuit (TLV61048, Texas Instruments Inc.). Further-
more, the motherboard incorporated a USB-UART bridge
chip (FT230XQ, Future Technology Devices International
Limited), which enabled USB communication between the
microcontroller and computer to control the firmware and
acquire the sensor data. To regulate the operation of the IR
emitter, a metal oxide semiconductor field-effect transistor
(MOSFET, BSR202N, Infineon Technologies AG) was em-
ployed as a low side switch. To accurately measure the sup-
ply current, a current shunt with a resistance of 12 was
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Figure 4. Exemplary signal processing chain, starting from the resistance—feedback PWM control loop, via the raw and windowed detector
signal, to a series of calculated 40 Hz spectral component magnitude values.
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Figure 5. Relative sensor signal response for 16 different CO, con-
centrations and the exponential regression curve.

placed in series with the MOSFET and the IR emitter. Ad-
ditionally, a voltage divider (56 and 4.3 k2) was utilized to
gather information about the exact supply voltage of the IR
emitter. By combining the measurements from the current
shunt and the voltage divider, the electrical power of the IR
emitter could be monitored and adjusted by the control loop,
allowing for stabilized optical output power. To ensure reli-
able contact with the sensor module, a small circuit board
featuring spring-loaded pin connectors was used. This board
was specifically designed to make contact with the side con-
tacts of the sensor module, establishing a reliable connection.
In Fig. 3, a photograph of the evaluation electronics with the
attached adapter board and the connected sensor module is
shown.

During the operational phase, the microcontroller used
a pulse width modulation (PWM) signal at a frequency of
24 kHz to control the optical output power of the IR emitter.
The PWM control function was based on a resistance-based
feedback loop and targeted to drive the IR emitter at a con-
stant hot-temperature resistance, resulting in a stabilized op-
tical output power. Using this control function, a sequence
of 18 hot and cold pulses with a frequency of 40 Hz was
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Figure 6. Sensor reading of the prototype (with the applied cali-
bration function) and the reference sensor vs. the set point of COp
concentration.

generated. The emitted IR light pulses interact with the CO,
molecules inside the detector cavities and generate a corre-
sponding acoustic signal. During the measurement, the sig-
nal was read using the I°C interface of the detector ASIC
and then buffered by the microcontroller. After each puls-
ing sequence, the data were sent to a host computer for
post-processing and evaluation. The sequence was repeated
for each measurement, accumulating numerous emission and
detection cycles. An exemplary signal processing chain is
shown in Fig. 4.

During post-processing, the raw detector signal was ini-
tially weighed with a cosine-window function. Subsequently,
the magnitude of the 40 Hz spectral component was extracted
from the signal using a specialized discrete Fourier transfor-
mation (DFT) algorithm as proposed by Goertzel (1958). The
resulting magnitude values served as individual data points in
our final sensor signal. In order to be able to determine an ac-
curate response time, measurements were triggered every 2 s.

To enhance stability and to minimize noise, a trailing mov-
ing average filter with a window size of 46 was applied to
the sensor signal. This filter aided in smoothing out fast fluc-
tuations and the noise of the signal.
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Figure 7. Response time measurement of our sensor prototype
compared to different consumer sensors (fg = 354 s, 13: 407 s, tgq:
4295).

For the characterization of the sensor prototype, we em-
ployed a gas-measuring test bench with mass flow controllers
(MFCs) which can mix defined concentrations of CO; from
gas bottles containing synthetic air (79 % N» and 21 % O,)
and CO;. In the measurement chamber, reference sensors
were placed in order to monitor ambient conditions such as
air temperature (DPS386, Infineon Technologies AG), rela-
tive humidity (SHTC3, Sensirion AG) or absolute pressure
(DPS368, Infineon Technologies AG). Furthermore, the sig-
nal of an ambient light sensor (APDS-9006-020, Broadcom
Limited) in the measurement chamber was recorded and used
later to determine when the measurement chamber was open
or closed. In the exhaust line of the gas-testing bench, a
highly accurate CO, sensor (GMP343, Vaisala Oyj) was in-
stalled, which served as a reference sensor for the CO, con-
centration.

2.1 Results

To characterize the sensitivity of our sensor to the presence of
CO;, inside the sensor housing, the sensor was placed in the
measurement chamber of the gas testing bench. Throughout
the experiment, the CO, concentration was systematically
decreased from 5000 to 200 ppm at a flow rate of 280 stan-
dard cubic centimetres per minute (sccm). Each CO; con-
centration was held constant for 10 min. To ensure accurate
measurements, the bench was purged with pure synthetic air
between all the concentration steps. The raw signal of the
detector was recorded and processed with the method de-
scribed above. Based on a 465 rolling mean window, we
determined the change in the sensor signal for each of the
CO» concentration steps, derived the sensitivity of the sen-
sor, and fitted an exponential calibration equation in the form
y=a-e 0 4 ¢ (witha =953 x 1073, b =209 x 10°°
and ¢ = —95.9 x 10%), which is shown in Fig. 5.

In order to verify the found regression parameters, we
conducted another measurement and applied the calibration
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Table 1. Response times for our sensor prototype compared to three
different consumer CO, sensors.

Sensor name  Sensor type 63 () T9o (S)
Prototype Two-chamber PAS 53 75
Sample 1 One-chamber PAS 68 183
Sample 2 One-chamber PAS 68 127
Sample 3 NDIR 22 42

Response time 743 (s)

T T T T

20 40 60 80 100
Rolling mean window size (s)

Figure 8. Allan deviation and response time vs. rolling mean win-
dow size from 10 to 100s.

curve in the form cco, = —1In (<) /b to the acquired sig-
nal. The time series data are shown in Fig. Al in the Ap-
pendix. Figure 6 depicts the actual sensor reading versus the
CO; concentration set in the measurement chamber. The cal-
ibrated values fit well with the data of the reference sensors.
Based on these measurements, a 30 standard deviation of
2214 arbitrary units could be determined for the prototype,
which corresponds to a detection limit of 81 ppm.

To measure the response time of the sensor, an additional
experiment was carried out in order to record the step re-
sponse of the sensor. We did this by performing the measure-
ments in an enclosed box containing an initial concentration
of 5000 ppm CO,. At time #y (354 s), the box was opened, ex-
posing the sensors to laboratory air (620 ppm). The aim of the
experiment was to determine how long it takes the sensor to
detect a concentration change and to reach 63 % and 90 % of
its maximum value after the step change. Figure 7 depicts the
raw signal response of our sensor (with a 46 s rolling mean
applied) alongside three other consumer sensors.

The calculated response times 763 and tgq for all four sen-
sors are listed in Table 1. tg3 represents the time taken to
detect a change of 63 % in the signal, while 9o indicates the
time for a change of 90 %. Our two-chamber prototype ex-
hibited response times of 53 and 75 s for t¢3 and 199, respec-
tively.

Based on the step response measurements, we also anal-
ysed the sensor signals to determine the optimal window size
for the rolling mean filter. For that, we calculated the sensor’s
signal-to-noise ratio (SNR) for increasing window sizes and
evaluated it by utilizing an Allan deviation analysis (Mari-
nov et al., 2019), as illustrated in Fig. 8. By evaluating the
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Allan deviation values, we identified a window size of 46s
as optimal. This size provided a good balance between noise
reduction and maintaining an adequate response time for the
sensor to measure indoor air quality.

3 Conclusions

We presented a prototype sensor based on a two-chamber
photoacoustic sensor design, which uses a miniaturized
wafer-bonded MEMS detector. The sensor’s sensitivity and
reaction time were characterized, showing its potential for
indoor air quality monitoring applications. Despite its minia-
turized form factor of 9 x 13 x 7.8 mm?, the sensor provides a
reasonable detection limit of 81 ppm CO; and demonstrated
a fast response time with a 743 value of only 53 s.

Future work could include the development of effi-
cient calibration algorithms and the investigation of cross-
sensitivities and their compensation algorithms in order
to enhance measurement accuracy. Moreover, the post-
processing of the data and a calibration algorithm might be
integrated into the module for seamless integration with dif-
ferent systems and platforms.

Furthermore, efforts could be directed towards evaluating
the sensor’s overall robustness and reliability, with a focus on
reducing potential sensitivity or baseline drift. This includes
ensuring the detector’s tightness and the stability of the opti-
cal power output of the employed IR emitter over time.

Overall, while some challenges still need to be addressed,
our concept of using a wafer-bonded photoacoustic detector
has delivered promising results.
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