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(57) Abstract: A photoacoustic gas sensor device is proposed for determining a value indicative of a presence or a concentration of a
component in a gas. The photoacoustic gas sensor device comprises a substrate (1), and a measurement cell body (2) arranged on a first
side (11) of the substrate (1). The substrate (1) and the measurement cell body (2) define a measurement cell enclosing a measurement
volume (3). The measurement cell comprises an aperture (4) for a gas to enter the measurement volume (3). The device further comprises
an electromagnetic radiation source (7) for emitting electromagnetic radiation (8), and a microphone (6) for measuring a sound wave
(9) generated by the component in response to an absorption of electromagnetic radiation (8) by the component. The electromagnetic
radiation source (7) and the microphone (6) are arranged on the first side (11) of the substrate (1) and in the measurement volume (3).
The microphone (6) has a bottom port (61) facing the substrate (1), and the measurement volume (3) is communicatively coupled to

the bottom port (61).
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Photoacoustic gas sensor device

Cross References to Related Applications

This application claims the priority of EP
patent application 19169966.9, filed April 17, 2019, the
disclosure of which is incorporated herein by reference

in its entirety.

Technical Field

The present invention relates to a photoacous-
tic gas sensor device which is configured to determine a
value indicative of a presence or a concentration of a

component, in particular of CO2, in a gas.

Background Art

Photoacoustic gas sensors rely on the physi-
cal effect that e.g. infrared radiation is absorbed by
molecules of a component of interest in a gas, e.g. COg,
thereby transferring the molecules to an excited state.
Subsequently heat is generated due to non-radiative decay
of the excited state, e.g. by collisions of the mole-
cules, which leads to an increase of pressure. Through
modulating the infrared radiation to be absorbed with a
modulation frequency, the pressure varies at the modula-
tion frequency. Such pressure variation may be measured
by a pressure transducer. The concentration of the compo-
nent is proportional to an amplitude of the pressure var-
iation.

Conventional photoacoustic gas sensors are
large in size due to a long optical path length required

for sufficient absorption of infrared radiation by mole-
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cules of the component. Moreover conventional photoacous-
tic gas sensors require a complex three-dimensional as-
sembly of measurement cell, infrared source and pressure
transducer.

It is hence an object of the present inven-
tion to provide a photoacoustic gas sensor device which
is small in size, simple to assemble, and at the same
time provides accurate values indicative of a presence or

a concentration of the component in the gas.

Disclosure of the Invention

The object is achieved by a photcacoustic gas
sensor device according to the present invention as fol-
lows. The photoacoustic gas sensor device, for determin-
ing a value indicative of a presence or a concentration
of a component in a gas, comprises a substrate and a
measurement cell body arranged on a first side of the
substrate. The substrate and the measurement cell body
define a measurement cell enclosing a measurement volume.
The measurement cell comprises an aperture for a gas en-
tering the measurement cell. In one embodiment, the aper-
ture allows a gas exchange between the measurement volume
and surroundings of the measurement cell. The device fur-
ther comprises an electromagnetic radiation source for
emitting electromagnetic radiation, and a microphone for
measuring a sound wave generated by the component in re-
sponse to an absorption of electromagnetic radiation by
the component. The electromagnetic radiation source and
the microphone are arranged on the first side of the sub-
strate and in the measurement volume. The microphone has
a bottom port facing the substrate, and the measurement
volume 1s communicatively coupled to the bottom port.

In a preferred embodiment, the electromag-
netic radiation used is infrared radiation. This means

that the electromagnetic radiation source is an infrared
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radiation source for emitting infrared radiation. Infra-
red radiation preferably is defined as radiation having a
wavelength in a range between 700 nm and 1 mm. In this
embodiment, the microphone is configured to measure the
sound wave generated by the component in response to the
absorption of the infrared radiation by the component. In
another embodiment, the electromagnetic radiation source
is a source for emitting radiation of a wavelength in a
range between 100 nm and 700 nm.

The electromagnetic radiation socurce may in
one embodiment be a heater, in another embodiment be a
laser, in a further embodiment be an LED. The heater may
also be considered as a broadband radiation source, while
the laser and the LED may be considered a narrow band ra-
diation source.

The photoacoustic gas sensor device relies on
the photoacoustic effect: Molecules of a gas component of
interest, e.g. CO2, absorb electromagnetic radiation, in
this example infrared radiation, leading to a generation
of heat due to non-radiative decay, e.g. by collisions
between the molecules of the gas component of and / or by
collisions of the molecules of the gas component with
different molecules, which in turn leads to an increase
of pressure. By modulating an intensity of the electro-
magnetic radiation with a modulation freguency, a modula-
tion of pressure may be achieved. Such pressure modula-
tion or pressure variations, i.e. sound waves, may be
measured by a pressure transducer, i.e. a microphone. The
value indicative of a presence or a concentration of the
component, i.e. the component’s concentration, may then
be determined dependent on the pressure variations, in
particular dependent on an amplitude of the pressure var-
iations, since the amplitude may be assumed to be propor-
tional to an amount of electromagnetic radiation absorbed
by the component, and hence proportional to the compo-

nent’s concentration in the gas if all other factors,
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e.g. a mean optical path length in the measurement vol-
ume, stay equal.

~ Hence it is preferred that a large fraction
of the electromagnetic radiation emitted by the electro-
"magnetic radiation source is actually absocorbed by the
component, and preferably selectively absorbed only by
the component of interest, and neither by other compo-
nents of the gas nor by components of the device. Moreo-
ver it is preferred that the pressure transducer, i.e.
the microphone, measures the pressure variations, i.e.
sound waves, at the modulation frequency caused by the
photoacoustic effect in the component of interest, but
not other sounds, e.g. sounds from the surroundings.
These advantages are achieved by the above described gas
sensor device.

Preferably, the electromagnetic radiation
emitted by the electromagnetic source is only emitted in
a band matching an absorption peak of the gas component
of interest. A band is considered a subrange of the elec-
tromagnetic spectrum, preferably symmetrically around the
absorption peak, with a max / min band limit of +/- 15%
of the absorption peak value. Preferably, the electromag-
netic radiation emitted by the electromagnetic source
comprises or is infrared radiation. A band of infrared
radiation 1s advantageously chosen to match an absorption
peak of the gas component of interest. In an embodiment,
the photocacoustic gas sensor device is used as a COz sen-
sor. In that case the band of infrared radiation is cen-
tered around a wavelength of 4.3 um. Preferably the band
has a full width at half maximum of below 0.5 pm, which
may be understood as a narrow band.

In an embodiment, the substrate is a printed
circuit board (PCB), e.g. made from FR4, or a ceramic ma-
terial which provides more mechanical stability. At least
the microphone, the electromagnetic radiation source, and

preferably the measurement cell body are mounted on a
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commen side of the substrate, i.e. the first side. Pref-
erably all electronic components are mounted on the first
side of the substrate. At least the microphone, the elec-
tromagnetic radiation source, and preferably the measure-
ment cell body are surface mounted on the first side of
the substrate. Preferably all electronic components are
surface mounted on the first side of the substrate such
that the photoacoustic gas sensor device is an SMD (sur-
face mounted device). Preferably, a second side of the
substrate, i.e. opposite the first side, only includes
contacts for electrically connecting the photoacoustic
gas sensor device to a carrier. In an embodiment, the
contacts include land grid array (LGA) pads arranged for
SMD assembly and/or reflow soldering. This facilitates an
assembly of the device with other components by the cus-
tomer. Other choices of contacts may include DFN, QFN or
castellated holes.

In an embodiment, the measurement cell body
is made from sheet metal, e.g. by deep drawing. Sheet
metal has the advantages of being mechanically stable
even at low thickness, and of showing a high reflectivity
for electromagnetic radiation even without any further
coating. Nevertheless the measurement cell body may in a
different embodiment be made from plastic, e.g. by injec-
tion molding. Preferably the measurement cell body and
the substrate are connected in a gas-tight manner, e.g.
by gluing or soldering. Advantageously the measurement
cell is acoustically tight.

Advantageously an inner surface of the meas-
urement cell has a reflectivity of more than 70%, prefer-
ably in the band, preferably more than 80%, and more
preferably more than 90%. In an embodiment, the inner
surface of the measurement cell body and/or a part of the
substrate 1s coated with a reflective coating having a
reflectivity of more than 70%, preferably in the band,
preferably more than 80%, more preferably more than 90%.

Such coating by be made from a metal, e.g. from one of
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gold, aluminum, nickel, copper. Gold is particularly con-
venient for plating the substrate, e.g. the PCB, since it
is anyways applied as a corrosion protection to a surface
of conductors during forming of the PCB.

In an embodiment, a ratio of inner surfaces
of the measurement cell with a reflectivity of above 70%
to inner surfaces of the measurement cell with a reflec-
tivity of below 70% is above 20, preferably above 50, and
more preferably above 100. Preferably a top side of the
microphone facing the measurement volume is made of a re-
flective material or is coated with the reflective coat-
ing. Such coating of the microphone is facilitated by the
use of a bottom port microphone. Preferably also part of
the electromagnetic radiation source is coated with the
reflective coating or is made from a reflective material.
Thus a high ratio of highly reflective surfaces as de-
fined above is achieved.

All these measures contribute to a longer
mean optical path length of the electromagnetic radiaticn
within the measurement volume. In this way, the mean op-
tical path length within the measurement volume may be
increased to > 1 cm, preferably > 3 cm, more preferably
> 5 cm. This in turn facilitates the measurement cell to
be small, in particular smaller than conventional photoa-
coustic gas sensors having a linear optical path length.

In an embodiment, dimensions of the measure-—
ment cell are smaller than 2 x 2 x 2 cm®, preferably
smaller than 1 x 1 x 1 cm?®. The entire photoacoustic gas
sensor device may have a size of e.g. 1 x 1 x 0.7 cm3.
Despite the small size of the measurement cell, the mean
optical path length is comparable, or even larger, than
in many conventional photoacoustic gas detectors, and /
or in conventional NDIR sensors.

Furthermore, a high reflectivity of the inner
surfaces of the measurement cell reduces an offset of the

pressure signal, which is generated by the photoacoustic
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effect occurring in solid matter, e.g. on the surface of
the measurement cell body.

Further advantages of the present invention
comprise: The device is less prone to mechanical insta-
bilities than conventional gas sensors, and may be built
very stable. The value of the concentration of the compo-
nent of interest are offset-free due to the underlying
measurement principle of the photoacoustic effect, so
only one device is needed for accurate measurements.

In an embodiment, a gas permeable membrane
covers the aperture. The membrane is permeable for a gas
exchange between the measurement volume and surroundings
of the measurement cell. The gas permeable membrane may
in particular be made of one or more of the following ma-
terials: sintered metal, ceramic, polymer. The membrane
advantageously also acts as a decoupling element between
the measurement volume and the surroundings ¢f the meas-
urement cell. Thus it preferably damps a movement of gas
molecules through the membrane such that pressure varia-
tions, e.g. sound waves, from the surroundings are damped
when propagating into the measurement volume, and pres-
sure variations inside the measurement volume are largely
kept inside.

In different embodiments, the electromagnetic
radiation source is one of the following: a broadband
source covered by a wavelength-selective bandpass filter
filtering out electromagnetic radiation outside the band,
or a narrowband source comprising a meta-surface resona-
tor, including an LED for example. The broadband source
is defined as emitting radiation of a wide spectrum, such
as across the entire infrared spectrum or e.g. between
0.8 pm and 10 pm. Such broadband source may be a conven-
tional infrared emitter with a heater. The broadband
source 1s preferably covered by a bandpass filter, e.g. a
dielectric filter, or a meta-material filter, or a CMOS
absorption layer, such that only infrared radiation of

the band is emitted into the measurement volume.
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In different embodiments, the microphone may
either be a general pressure transducer as described
above, or a microphone, in particular sensitive to only a
certain range of frequencies around the modulation fre-
guency. The microphone is a bottom port microphone, which
would conventiocnally be applied in an arrangement facing
a hole in a substrate. According to the present inven-
tion, however, the bottom port microphone is directly
facing the substrate, not any hole in the substrate. On
the one hand, this requires an opening, e.g. a lateral
opening, between the microphone and the substrate such
that the measurement volume and the bottom port of the
microphone are communicatively coupled. This preferably
includes that pressure changes in the measurement volume
are detectable in the bottom port of the microphone and
thus can be detected by the microphone. The opening is
detailed later. On the other hand, the use of a bottom-
port microphone facilitates a coating of the top surface
of the microphone or the usage of a reflecting package of
the microphone, e.g. made out of metal, contributing to a
better reflecting coverage in order to increase a mean
optical path length within the measurement volume as de-
scribed above.

In an embodiment, the device further com-
prises a controller, e.g. an ASIC, configured to control
the electromagnetic radiation source. The controller may
be arranged on or integrated in the substrate. The con-
troller is configured to control an intensity of the
electromagnetic radiation to modulate with the modulation
frequency. The modulation frequency is between 1 Hz and
100 kHz, preferably between 10 Hz and 200 Hz, more pref-
erably between 20 Hz and 60 Hz, e.g. 40 Hz, and in par-
ticular a heater, if applicable, of the electromagnetic
radiation source is switched with the modulation fre-
gquency.

Low modulation frequencies of < 100 Hz are

advantageous for generating large photoacoustic signals.
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Also, it is known that bottom port microphones show a
better response to low frequencies than top port micro-
phones, since bottom port microphones have a larger back-
side volume, meaning less damping of a membrane of the
microphone. Moreover bottom port microphones generally
have a good signal-to-noise ratio.

Preferably the controller is further config-
ured to receive a measurement signal from the microphone
and to determine the value indicative of a presence or a
concentration of the component dependent on the measure-
ment signal, preferably including signal processing such
as linearization and / or compensation. In particular the
value 1s determined dependent on an amplitude of the
measurement signal, e.g. a loudness in the case of a
sound wave. Preferably the measurement signal is band-
pass—filtered around the modulation frequency. This in-
creases a robustness of the determination since sound
waves with other frequencies are not taken into account.

In an embodiment, the opening between the
measurement volume and the bottom port of the microphone
has a dimension perpendicular to the first side of the
substrate of more than 10 um, preferably more than 50 um,
preferably between 10 pm and 100 pm, preferably between
50 pym and 100 um. Preferably, such opening between the
measurement volume and the bottom port of the microphone
is laterally defined by a solder or a spacer between the
microphone and the substrate. Accordingly the opening may
result from mounting the microphone on the substrate,
e.g. by soldering in the form of a half circle, while
leaving a side of the otherwise complete microphone port
soldering ring unsoldered, which then defines the open-
ing. The unsoldered side may be achieved by applying a
suitable structure of solder stop varnish and metal con-
tacts on the bottom side of the microphone and the first
side of the substrate. In this way, the opening has a
typical lateral dimension in the order of 1 x 2 mm?, and

the perpendicular dimension, i.e. a height, as required
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above. In a different embodiment, the opening may also be
a lateral opening in a casing of the microphone.

Such lateral opening has several advantages.
Firstly, it may prevent electromagnetic radiation from
the electromagnetic radiation source from directly enter-
ing the opening due to its location, such that a photoa-
coustic effect, and hence a sound generation, in a mate-
rial of the microphone is reduced. Secondly, such opening
may act as an acoustic lowpass filter. High frequencies,
which might deteriorate the measurement signal, are pref-
erably damped, while low frequencies in the range of the
modulation frequency, e.g. between 10 Hz and 200 Hz, are
not damped. Thirdly, as mentioned above, a top surface,
and preferably other surfaces, of the microphone facing
the measurement volume may be ccated with reflective
coating, or may include reflective material present any-
way which can beneficially be used.

In an embodiment, the device further com-
prises a second sensor for sensing one or more of temper-
ature and/or humidity and/or pressure and/or different
components in the gas. Acccrdingly, the second sensor may
be embodied as one or more of a pressure sensor, a baro-
metric pressure sensor, another microphone, another gas
sensor, e.g. of metal oxide type or of electrochemical
type. The second sensor may be arranged on or integrated
in the substrate. Preferably, the second sensor is lo-
cated inside the measurement cell. In the presence of a
second sensor, the controller is preferably configured to
compensate the value indicative cof a presence or a con-
centration of the component dependent on measurement val-
ues of the second sensor. Hence effects of ambient condi-
tions on the measurement of the component can be reduced
or eliminated. Such compensation makes a resulting con-
centration value more accurate and reliable, or in other
words, the gas sensor device may be applied in varying

environment conditions.
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Other advantageous embodiments of photodetec~
tor are listed in the dependent claims as well as in the

description below.

Brief Description of the Drawings

Embodiments of the present invention, aspects
and advantages will become apparent from the following
detailed description thereof. The detailed description
makes reference to the annexed drawings, wherein the fig-
ures show:

Fig. 1 perspective views a) and b) from top
and from below, and an open cut view c) of a photoacous-
tic gas sensor device according to an embodiment of the
invention, and

Figs. 2 and 3 schematic cut views of a photo-
acoustic gas sensor device according to embodiments of

the invention.

Detailed Description of the Drawings

Same elements are referred to by same refer-
ence numerals across all figures.

Fig. 1 shows perspective views of a photoa-
coustic gas sensor device according to an embodiment of
the invention from above and from below. The device com-
prises a substrate 1, e.g. a printed circuit board (PCB),
and a measurement cell body 2, which together form a
measurement cell enclosing a measurement volume 3. The
measurement cell has an aperture 4 to allow an exchange
of gas between the measurement volume 3 and surroundings
of the device. In Fig. 1, the aperture 4 is located in
the measurement cell body 2. The aperture 4 is preferably
covered by a membrane 5 which is gas permeable to allow
for a gas exchange such that a concentration of the com-
ponent of interest in the gas is similar as in the sur-

roundings.
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The substrate 1 has a first side 11 and a
second side 12. On the first side 11, the measurement
cell body 2 is arranged, as well as further parts de-
scribed below. On the second side 12, land grid array
(LGA) pads 16 are arranged for SMD assembly and reflow
soldering by a customer. Other contacts such as DFN, QFN
or castellated holes are possible.

The further parts arranged on the first side
11 of the substrate 1 comprise a microphone 6 and an
electromagnetic radiation source, which in this example
is an infrared source 7, which are both located inside
the measurement cell. The microphone 6 may be a MEMS mi-
crophone or any pressure transducer. A sensitivity of the
pressure transducer is not necessarily limited to an
acoustic frequency band but may be configured to measure
frequencies up to 100 kHz. The infrared source 7 may be
an infrared emitter with an optical bandpass filter. More
details and alternatives for the microphone 6 and the in-
frared source 7 are described later in the context of
Figs. 2 and 3.

The further components may also comprise a
second sensor 13 arranged on the first side 11 of the
substrate 1. In Fig. 1, the second sensor 13 is located
outside the measurement cell; in a different embodiment,
however, it may as well be located inside the measurement
cell. Such second sensor 13 advantagecusly is one or more
of the following: a temperature sensor, a humidity sen-
sor, a combined temperature/humidity sensor, a pressure
sensor, in particular a barometric pressure sensor, an-
other microphone, another gas sensor, e.g. of metal oxide
type or of electrochemical type. Through measurement val-
ues of temperature and/or humidity, a gas concentration
value may be compensated, e.g. for effects of temperature
and/or humidity. In the presence of a second sensor, a
controller 14 preferably is configured to compensate the
value indicative of a presence or a concentration of the

component for the impact of the variable measured by the
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second sensor and hence, dependent on measurement values
of the second sensor. Hence effects of ambient conditions
on the measurement of the component can be reduced or
eliminated.

The controller 14 may e.g. be an ASIC. The
controller 14 is preferably located outside the measure-
ment cell. The controller 14 is configured for control-
ling the infrared source 7, e.g. by imposing an intensity
modulation on the infrared radiation with a modulation
frequency. The modulation frequency may be within the au-
dible spectrum, e.g. between 20 Hz and 20 kHz, or it may
be up to 100 kHz, or it may even be down to 5 Hz. The
controller 14 is further configured for receiving meas-
urement values from the microphone 6, as well as for de-
termining a value of the gas component concentration from
those measurement values, e.g. by using a predefined or a
resettable calibration function linking the measurement
values to concentration value of the gas component. The
value of the gas component concentration may be output
via a digital interface, e.g. an I2C interface. When de-
termining the value of the gas component concentration,
the controller 14 may also take into account measurement
values of the second sensor 13, if available, e.g. tem-
perature and/or humidity values, and perform a compensa-
tion as described above. For CO2 as the relevant gas com-
ponent, measurements in the range between 0 and
107000 ppm, or between 0 and 407000 ppm, or between 0 and
607000 ppm CO2 are possible.

Further components arranged on the first side
11 of the substrate 1, preferably outside the measurement
cell, may be passive components or auxiliary electronics
15, e.g. capacitors and resistors, as required.

The proposed photoacoustic gas sensor device,
as e.g. shown in Fig. 1, may be built with a small form
factor, such that it has an overall size of e.g. 1 x 1 x

0.7 cm3. Thus it is significantly smaller and also
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cheaper to manufacture than conventional photoacoustic or
NDIR-based gas sensors.

Figs. 2 and 3 show schematic cut views of a
photoacoustic gas sensor device according to embodiments
of the inventicn. Fig. 2 gives a detailed view of the
measurement cell only, whereas Fig. 3 displays the entire
device including components outside the measurement cell
as described above.

The infrared source 7 may be a broadband in-
frared emitter, e.g. emitting radiation over the entire
infrared spectrum, covered with an optical bandpass fil-
ter. The optical bandpass filter lets only pass radiation
of a band that is set according to the gas component of
interest. For a detection of COz, the band is for in-
stance centered around 4.3 um, and has a typical band
width of 0.5 um, or smaller, e.g. 0.2 um or 0.1 um, such
that a measured value is actually selective on CO:.

The infrared source 7 emits infrared radia-
tion 8 of the band, wherein the intensity of the infrared
radiation 8 is modulated as described above. The infrared
radiation 8 is selectively absorbed by molecules of the
gas component of interest. A ratio of radiation 8 ab-
sorbed may be increased by increasing a mean optical path
length of the radiation 8 within the measurement volume
3. This is achieved by one or more of the following op-
tions. A material of the measurement cell body 2 is cho-
sen to be reflective, such as a sheet metal. Alterna-
tively, or additionally, an inner surface of the measure-
ment cell is coated with a reflective coating 21. Such
reflective coating may be made from a metal such as gold,
aluminum, nickel, copper. The reflective coating 21 may
not only be arranged on an inner surface of the measure-
ment cell body 2, but alsc on one or more of the follow-
ing: parts of the first side 11 of the substrate 1, on
parts of the microphone 6, such as its top side 64 (see
Fig. 2), on parts of the infrared source 7. In this way,

the overall reflectivity inside the measurement cell is
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increased, which leads to more accurate measurements of
the concentration of the component. The increase of the
mean optical path length, in particular in contrast to
the linear optical path in conventional photoacoustic gas
sensors, 1s illustrated by multiple reflections of the
infrared radiation 8 in Figs. 2 and 3.

The microphone 6 in Figs. 2 and 3 is a bottom
port microphone, arranged with its bottom port 61 facing
the substrate 1 and mounted via solder joints 62. Fig. 2
additionally indicates the pressure variations, 1.e. the
sound 9, entering the microphone 6 via an acoustic open-
ing 63 and the bottom port 61. The acoustic opening 63 is
located between the substrate 1 and the microphone 6,
with a height of the opening being defined by a thickness
of the solder joints 62, e.g. in the range of 10 pm to
100 pm. Since the sound 9 enters the microphone 6 later-
ally via the opening 63, the top side 64 of the micro-
phone 6 may be cocated with reflective coating as dis-
cussed above. Also the opening 63 acts as a lowpass fil-
ter for the sound 9, filtering out high-frequency sounds
which might deteriorate the measurement of the gas compo-
nent’s concentration, such as sounds originating from the
surroundings of the device. Furthermore the bottom port
microphone, due to its large backside volume 65 behind a
membrane of the microphone, generally has a frequency re-
sponse which is favorable for low frequency sounds.

While above there are shown and described em-
bodiments of the invention, it is to be understood that
the invention is not limited thereto but may be otherwise
variously embodied and practiced within the scope of the

following claims.
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Claims

1. Photoacoustic gas sensor device, for de-
termining a value indicative of a presence or a concen-
tration of a component in a gas, the photoacoustic gas
sensor device comprising:

- a substrate (1),

- a measurement cell body (2) arranged on a
first side (11) of the substrate (1),

the substrate (1) and the measurement cell
body (2) defining a measurement cell enclosing a measure-
ment volume (3),

the measurement cell comprising an aperture
(4) for a gas to enter the measurement volume (3),

- an electromagnetic radiation source (7)
for emitting electromagnetic radiation (8),

- a microphone (6) for measuring a sound
wave (9) generated by the component in response to an ab-
sorption of electromagnetic radiation (8) by the compo-
nent,

wherein the electromagnetic radiation source
(7) and the microphone (6) are arranged on the first side
{(11) of the substrate (1) and in the measurement volume
(3),

wherein the microphone (6) has a bottom port
(61) facing the substrate (1), and

wherein the measurement volume (3) is commu-

nicatively coupled to the bottom port (61).

2. The photoacoustic gas sensor device ac-
cording to claim 1,

wherein dimensions of the measurement cell
are smaller than 2 x 2 x 2 cm?®, preferably smaller than 1

x 1 x 1 cm3.
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3. The photoacoustic gas sensor device ac-
cording to one of the preceding claims,

wherein an inner surface of the measurement
cell has a reflectivity of more than 70%, preferably more
than 80%, more preferably more than 90%,

in particular wherein the measurement cell

body (2) is made of sheet metal or plastic.

4. The photoacoustic gas sensor device ac-
cording to one of the preceding claims,

wherein an inner surface of the measurement
cell body (2) and/or a part of the substrate (1) is
coated with a reflective coating (21) having a reflectiv-
ity of more than 70%, preferably more than 80%, more
preferably more than 90%,

in particular wherein the reflective coating

(21) is made from a metal.

5. The photoaccoustic gas sensor device ac-
cording to cne of the preceding claims,

wherein a ratio of inner surfaces of the
measurement cell with a reflectivity of above 70% to in-
ner surfaces of the measurement cell with a reflectivity
of below 70% is above 20, preferably above 50, more pref-

erably above 100.

6. The photoacocustic gas sensor device ac-
cording to claim 4,

wherein a top side (64) of the microphone (6)
facing the measurement volume (3) is made of a reflec-
tive material or is coated with the reflective coating
(21).

7. The photoacoustic gas sensor device ac-

cording to one of the preceding claims,
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wherein an opening (63) between the measure-
ment volume (3) and the bottom port (61) of the micro-
phone (6) has a dimension perpendicular to the first side
(11) of the substrate (1) of more than 10 pm, preferably
more than 50 um, preferably between 10 pm and 100 um,
more preferably between 50 um and 100 pm.

8. The photoacoustic gas sensor device ac-
cording to one of the preceding claims,

wherein an opening (63) between the measure-
ment volume (3) and the bottom port (61) of the micro-
phone (6) is laterally defined by a solder (62) or a

spacer between the microphone (6) and the substrate (1).

9. The photoacoustic gas sensor device ac-
cording toc one of the preceding claims, further compris-
ing

~ a controller (14) configured to control
the electromagnetic radiation source (7),

wherein the controller (14) is configured to
control an intensity of the electromagnetic radiation (8)
to modulate with a modulation frequency,

wherein the modulation frequency is between
1 Hz and 100 kHz, preferably between 10 Hz and 200 Hz,
more preferably between 20 Hz and 60 Hz,

in particular wherein the electromagnetic ra-
diation source (7) is an infrared source,

in particular wherein one of a heater (73) of
the infrared source, a laser or an LED is switched with

the modulation frequency.

10.The photoacoustic gas sensor device ac-
cording to claim 9,

wherein the controller (14) is configured to
receilve a measurement signal from the microphone (6) and
to determine the value indicative of a presence or a con-

centration of the component dependent on the measurement



10

20

25

30

35

WO 2020/212481 PCT/EP2020/060697

19

signal, in particular dependent on an amplitude of the
measurement signal,
in particular wherein the measurement signal

is bandpass~filtered arcund the modulation frequency.

11.The photoacoustic gas sensor device ac-
cording to one of the preceding claims, further compris-
ing

- a gas permeable membrane (5) covering the
aperture (4),

wherein the membrane (5) is permeable for a
gas exchange between the measurement volume (3) and sur-
roundings of the measurement cell,

in particular wherein the gas permeable mem-
brane (5) is made of one or more of the following materi-

als: sintered metal, ceramic, plastic.

12.The photoacoustic gas sensor device ac-

cording to cne of the preceding claims,
wherein the electromagnetic radiation source
(7) is an infrared source,

wherein the infrared source (7) is one of the
following:

- a broadband source covered by a wavelength-
selective bandpass filter (74) filtering out infrared ra-
diation outside the band,

- a narrowband source comprising a meta-sur-

face resonator.

13. The photoacoustic gas senscor device ac-
cording to one of the preceding claims, further compris-
ing

- a second sensor (13) for sensing one or
more of temperature, humidity, pressure, one or more dif-
ferent components in a gas, arranged on or integrated in
the substrate (1),
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in particular wherein the second sensor (13)

is located inside the measurement cell.

14.The photoacoustic gas sensor device ac-
cording to claims 9 and 13,

wherein the controller (14) is configured to
compensate the value indicative of a presence or a con-
centration of the component dependent on measurement val-
ues of the second sensor (13),

in particular wherein the controller (14) is

arranged on or integrated in the substrate (1).

15. The photoacoustic gas sensor device ac-
cording to one of the preceding claims,

wherein the electromagnetic radiation source
(7) and the microphone (6) are arranged on the first side
(11) of the substrate (1) by surface mounting,

preferably wherein all electronic components
are arranged on the first side (11) of the substrate (1)
by surface mounting while a second side (12) of the sub-
strate (1) opposite the first side (11) only includes
contacts for electrically connecting to the photoacoustic

gas sensor device.

16. The photoacoustic gas sensor device ac-
cording to one of the preceding claims for use as a CO2
sensor,

wherein the electromagnetic radiation source
(7) is an infrared source,

wherein the band of infrared radiation (8) is
centered arocund a wavelength of 4.3 um,

in particular wherein the band has a full

width at half maximum of below 0.5 um.
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