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A B S T R A C T

An innovative laser based photoacoustic (PA) gas sensing concept with intrinsic miniaturization potential was
developed and investigated for methane trace gas detection. An interband cascade laser (ICL) with an optical
power of 8.5 mW targets a methane (CH4) absorption line feature around 3057.7 cm−1 (or 3270 nm). The ICL
was focused into the sound port of a MEMS microphone, where the PA signal was generated and detected using
a wavelength modulation concept (2f-WMS-PAS). The MEMS microphone was successfully implemented as an
intrinsically miniaturized PA cell being gas sensing volume, acoustic resonator and sound transducer at once.
Frequencies between 2 kHz and 100 kHz were investigated and used for methane detection. A sensitive and
resonant methane detection at 41.8 kHz was investigated by concentration variations between 0 and 10 ppm
CH4 in N2. A limit of detection (3𝜎-LOD) of 329 ppb was estimated. The long term stability of this sensor
was investigated by the measurement of methane in ambient air. A noise equivalent concentration (NEC) of
14 ppb (parts per billion) at an average time of 10 s was estimated. This value corresponds to a normalized
noise equivalent absorption (NNEA) of 2 ⋅ 10−8 W cm−1 Hz−1/2. Using the MEMS microphone directly as PA
cell offers the possibility for an extremely miniaturized, highly sensitive and very cost-efficient photoacoustic
trace gas sensor.
. Introduction

A highly miniaturized, cost-efficient and simple sensor design for
race gas sensing would have the potential for a widespread use. For
nstance, the monitoring of toxic and combustible gases for health or
afety reasons (eg. leakages) and greenhouse gases (GHGs). In this
ontext, methane (CH4) is one of the most important and prominent
epresentatives. CH4 is colorless, odorless, non-toxic, highly flammable
nd potentially explosive between a volume concentration of 4.4% and
7% in air. Due to the fact that CH4 is the main component of natural
as with approx. 90%, it is a major source for heat and electricity as
ell as for industrial and natural processes.

The latest IPCC report (Intergovernmental Panel on Climate Change)
ighlights the influence of CH4 as GHG. Its contribution to global
arming is estimated by 0.5 ◦C in comparison to preindustrial times.
part from carbon dioxide (CO2), CH4 is the most important GHG that
ffects global warming. Between 1750 and 2019, contributions from
mitted GHG to global surface temperature changes match with their
nthropogenic effective radiative forcing (ERF) contributions. A large
art of the total anthropogenic ERF of 2.72 W m−2 (increase from 1.96
o 3.48 W m−2 from 1750 to 2019) is estimated to the ERF of CH4 with
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E-mail address: thomas.strahl@ipm.fraunhofer.de (T. Strahl).

1.21 W m−2. This ERF increase in terms of CH4 is predominantly driven
by anthropogenic emissions and the atmospheric CH4 concentration has
increased about 156% in this period to 1.866 ppm (parts per million)
in 2019. In the last decade (2010–2019), the CH4 concentration growth
was 7.6 ppb (parts per billion) per year. The largest natural CH4
emissions are from wetlands, freshwater and geological process, while
the largest anthropogenic CH4 emissions are from enteric fermentation
and manure treatment, landfills and waste treatment, rice cultivation
and fossil fuel exploitation [1].

In this sense, the identification and quantification of methane emis-
sions can be motivated by safety or environmental concerns as well as
by legal, economic or research aspects. For instance, fugitive methane
emissions from the U.S. oil and natural gas are well documented and
show the need for sensor solutions [2,3]. However, the quantification of
methane emissions by local concentration anomalies can be challenging
since the released CH4 will be generally strongly diluted by ambient
air [4,5].

Methane shows a line spectrum with infrared active modes in the
mid-infrared (MIR, fundamental stretching mode 𝜈3- and the bending
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mode 𝜈4 around 3.3 μm and 7.6 μm, respectively), and an overtone
and in the near-infrared (NIR, 2𝜈3 around 1.65 μm). The fundamental

modes in the MIR are around 100 times stronger than the overtone
mode in the NIR in terms of absorption line strength [6].

Distributed feedback (DFB) lasers for the infrared wavelength regime
are the best suited choice for trace gas sensing. Unique technical
characteristics such as continuous wave (cw), single mode, narrow
line width (eg. 5 MHz) emission, tunability over a few wavenumbers
(eg. 5 cm−1) as well as long lifetime, compactness, room-temperature
operation or commercial availability pave the way for successful trace
gas spectroscopy applications. These infrared lasers can be roughly
divided into three types: diode lasers (DLs, < 3 μm), interband cascade
lasers (ICLs, 3–6 μm) and quantum cascade lasers (QCLs, > 3 μm).
Choosing a suitable laser for a specific gas absorption line (FWHM
around 3 GHz or 0.1 cm−1 at STP)1 allows trace gas concentration
measurements down to ppm-, ppb- or even ppt (part per trillion) level
in a selective manner.

Well established laser absorption spectroscopy schemes in the in-
frared show remarkable results but sensitive setups can only be realized
with sufficient optical path length according to Beer–Lambert-Law.
Consequently, multi-reflection cells as well as optical cavity concepts
have been developed to increase the optical path length in a com-
parably small volume [7,8]. The drawback of these approaches is
the complex sensor design including delicate optical alignment and
appropriate components (mirrors, lenses, windows, detectors, etc.) [9–
13]. In other words, the miniaturization potential for optical trace gas
detection concepts is limited. Up to now, these devices are trapped in a
niche market due to a lack of compelling and scalable miniaturization
concepts in combination with complex sensor designs.

Based on the photoacoustic (PA) effect [14], an alternative gas sens-
ing approach can be offered by laser-based photoacoustic spectroscopy
(PAS). By light-matter interaction due to infrared-active gas molecules,
the absorbed infrared light can generate pressure fluctuations (or sound
waves, yielding the PA-signal) that correlates with the gas concentra-
tion [15,16]. In this case, the sensitivity of the PA sensor scales with
the absorbed light intensity that offers a potential for miniaturization.
In the last decades, gas sensing devices based on PAS have been
investigated in various configurations and applications [17,18]. As a
rule of thumb, the miniaturized photoacoustic cells can reduce the
gas sampling volume up to 2 or 3 orders of magnitude compared to
gas sampling cells of the above mentioned optical detection concepts
(eg from few cm3 to few mm3 or several ml to several μl). Recently,
arious miniaturized photoacoustic cells with different sound wave
etectors such as MEMS-microphones, quartz tuning forks (QTF, also
EPAS for quartz-enhanced PAS) or cantilevers have been successfully
eveloped [19–25]. However, their potential for miniaturization is
till developing and relies on technical progress combined with novel
oncepts.

In this paper, we investigate an idea promising of an intrinsic
iniaturization, i.e. using a typical MEMS microphone as miniaturized
A cell for photoacoustic trace gas sensing. In this context, a brief de-
cription of the photoacoustic signal generation and detection within a
EMS microphone is given in the following section. For demonstration

urposes, a mid-infrared interband cascade laser (ICL) is focused into
he sound port into the microphone. The target gas can be also injected
r diffusing through the sound port of the microphone as described in
he third section (experimental setup). This simple sensor design was
ested for methane trace gas detection in nitrogen and ambient air. The
esults are shown and interpreted in the results and discussion section.
inally, a conclusion is drawn at the end of this paper.

1 FWHM, full width half maximum, STP standard temperature (296 K) and
ressure (1013 mbar).
2

2. Photoacoustic signal generation and detection within a MEMS
microphone

In detail, the generation of sound waves or the PA signal by the
photoacoustic effect is described in the literature [15–18]. In a nutshell,
the PA signal in a gas sample cell can be generated by periodically
excited molecules due to modulated light absorption. As a result, a local
periodic heating is induced by collisions as non-radiative relaxation
process. These thermal fluctuations of the gas sample in a fixed volume
produce periodic acoustic waves (pressure fluctuations or sound) that
can be measured by a microphone. The amplitude of the acoustic wave
can be referred to as PA signal that is directly proportional to the
absorbed light intensity and therefore also proportional to the gas con-
centration and laser power. The sound generation and detection scheme
will be further described after introducing the MEMS microphone as PA
cell.

2.1. MEMS microphone as PA cell

The term PA cell is classically used for the gas sample cell as acous-
tic unit with or without resonator concept, buffer volumes, acoustic
filters, windows, gas inlet and outlet as well as a microphone. In order
to increase the sensitivity for gas sensing, the gas sample cell is often
designed as acoustic resonator. In this work, a typical MEMS micro-
phone is directly used as PA cell. Silicon-based MEMS microphones are
nowadays mass-produced for consumer electronics. This microphone
type operates similar to the principle of a plate capacitor. As illustrated
in Fig. 1(a), sound can enter the microphone through a (bottom) sound
port and drives a flexible membrane electrode against a rigid refer-
ence electrode (backplate). Applying a constant charge bias, a voltage
change can be read out (analog or digital signal) by means of an ASIC
(application-specific integrated circuit) according to the membrane
displacement that induces a capacitance change. The signal (voltage
change, i.e. membrane displacement) is dependent on the amplitude
and frequency of the incoming sound. Common MEMS microphones
are designed according to a desired linear amplitude and flat frequency
response for the audio band between 20 Hz and 20 kHz as shown in
Fig. 1(c). The design dependent resonance peak slightly above 20 kHz
is formed by the Helmholtz resonator that origins from the air volume
in front of the membrane (or front volume) and the sound port dimen-
sions [26,27]. Above the Helmholtz resonance (ultrasound regime), the
frequency response is not investigated or documented in common data
sheets of MEMS microphones. In particular, the design of sound port
and front volume motivates a first experimental investigation of using
a typical MEMS microphone as gas sample cell, acoustic resonator and
sound transducer at the same time for photoacoustic gas sensing. In
this work or in contrast to classical PA cells, the MEMS microphone as
PA cell is used without any additional designed or integrated buffer
volumes, acoustic filters, optical elements such as windows, specific
designed gas inlet and outlet.

2.2. Photoacoustic signal generation and detection scheme

According to the above described signal generation, the PA signal
(𝑆𝑃𝐴) can be mathematically expressed by

𝑆𝑃𝐴 ∝ 𝛥𝑝 ∝ 𝛥𝐻 ∝ 𝛥𝐼𝑎𝑏𝑠 , (1)

where 𝛥𝑝 and 𝛥𝐻 denote the temporal change of sound pressure and
heat density respectively in the gas by a temporal change of the ab-
sorbed light (𝛥𝐼𝑎𝑏𝑠). The absorbed light intensity can be approximated
by 𝐼𝑎𝑏𝑠 ≈  ⋅ 𝐼0, where 𝐼0 represents the initial laser intensity. The
absorbance  can be divided into a term of gas absorption 𝑔 and
a term of background absorption 𝑏𝑘𝑔 ( = 𝑔 + 𝑏𝑘𝑔). Introducing
a background absorption is needed since the laser is focused into the
microphone and laser light will also be absorbed by parts of the mi-

crophone (membrane, cap, etc.). However, this significant background
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Fig. 1. (a) Schematic MEMS microphone package with bottom sound port. (b) Bottom port microphone with metal cap (TDK InvenSense, ICS-40730, 4.76 mm × 3.72 mm × 3.5 mm)
soldered on a customized printed circuit board (PCB) with a thickness of 0.8 mm. The sound port of the microphone is aligned with the circular hole in PCB with a diameter of
0.6 mm. (c) Frequency response of typical MEMS microphones including the Helmholtz resonance above 20 kHz. (d) Schematic experimental setup of the photoacoustic gas sensor
including interband cascade laser (ICL), MEMS microphone on the customized PCB as PA cell, laser diode controller (LDC) and lock-in amplifier (LIA).
absorption is assumed to be specially broad compared to the narrow
gas absorption line (approx. 0.1 cm−1).

In principle, intensity or wavelength modulation schemes (IM or
WM) [16,28] can be applied to modulate the light absorption in order
to generate the PA signal. Assuming a significant background absorp-
tion, a WM scheme in combination with a second harmonic detection
(2f) is able to suppress or separate the background signal [29]. In
consequence, the gas concentration (𝜒) correlates with the second
harmonic (2f) WM-PAS signal (𝑆2𝑓

𝑃𝐴) in a background free manner.
Practically, 𝑆2𝑓

𝑃𝐴 generated by a sinusoidal wavelength modulation
(laser injection current modulation) around the absorption peak and
2f-lock-in detection scheme (𝑛 = 2):

𝜒 ∝ 𝑆𝑛𝑓
𝑃𝐴 = 1

𝑇 ∫

𝑡

𝑡−𝑇
𝑑𝑡𝑆𝑃𝐴(𝑡) sin(2𝜋𝑛𝑓𝑡) (2)

The laser modulation frequency is f and the acoustic frequency
(𝑓𝑠) of detected PA signal (𝑆𝑛𝑓

𝑃𝐴) corresponds to 𝑛th harmonic of this
modulation frequency (𝑓𝑠 = 𝑛 ⋅ 𝑓 ) with 𝑛 = 2 for the second harmonic.
The integration time of the lock-in detection is denoted by T.

3. Experimental setup

The experimental setup in order to investigate the silicon MEMS
microphone as miniaturized PA cell is shown in Fig. 1. A cw-DFB-
ICL (Nanoplus) emitting at a wavelength of 3.27 μm is focused by a
(collimation) lens through the sound port into the microphone. The
microphone is low noise microphone with a signal to noise ratio of 74
dBA (TDK InvenSense, ICS-40730). It is a bottom port microphone and
soldered on a customized printed circuit board (PCB) with a thickness
of 0.8 mm. The sound port of the microphone is aligned with the
circular hole in PCB with a diameter of 0.6 mm. The microphone
dimensions are 4.76 mm × 3.72mm × 3.5mm. It is used as gas sample
cell where the sound port is used as gas inlet/outlet. In order to vary
the gas concentration in the PA cell, a gas tube with 4 mm diameter was
placed close (few millimeters) to the orifice of the sound port without
blocking the laser light.

The methane concentrations were varied between 0 and 100 ppm
CH in N using mass flow controllers and two certified gas bottles
3

4 2
Fig. 2. Methane absorption around 3057.7 cm−1 (or 3270 nm). For 1 ppm CH4 in N2 at
standard pressure and temperature (STP), the spectral absorption coefficient (in cm−1)
was calculated as a function of the wavenumber (in cm−1) by HITRAN [6] parameters.

containing pure nitrogen (100% N2 or so called zero gas) and 100 ppm
CH4 in N2. During the measurement, the gas flux was kept constant
at 300 ml/min. The laser targets the CH4 absorption line around
3057.7 cm−1 (or 3270 nm) as shown in Fig. 2.

The ICL with a typical operation voltage of 5 V was driven by a
commercial benchtop laser current driver and temperature controller
(ILX Lightwave, LDC 3722). The laser (chip) temperature was adjusted
to 20.70 ◦C and stabilized by means of peltier cooling (TEC). In general,
an offset (or base, 𝑖𝑏) current of 78.15 mA was injected into the laser
to tune its emission wavelength to the peak of the CH4 absorption.
Furthermore, the laser was wavelength and intensity modulated at a
frequency (f) by an additional sinusoidal current of amplitude (𝑖𝑚𝑜𝑑)
such that the injection current modulation is given by 𝑖(𝑡) = 𝑖𝑏 + 𝑖𝑚𝑜𝑑 ⋅
sin(2𝜋𝑓𝑡). The sinusoidal current was generated by a lock-in amplifier
(LIA, Stanford Research Systems SR830) via the external modulation
input of the current driver. The microphone signal was given into
the LIA and demodulated at the 2nd harmonic (2f). The amplitude
of the sine current was adjusted in order to maximize the 2f-PAS
signal (𝑆2𝑓

𝑃𝐴) at the peak absorption. The resonance behavior of PA cell
was investigated by frequency scans. Therefore, the laser modulation
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Fig. 3. (a) 2f-WMS-PAS signal (𝑆2𝑓
𝑃𝐴) as function of base current (wavelength scan, 𝑖𝑏) is shown for 100 ppm CH4 in N2 at a fixed modulation frequency (𝑓 = 20.9 kHz) and

modulation depth (𝑖𝑚𝑜𝑑 = 2.4 mA). (b) 2f-PAS signal (𝑆2𝑓
𝑃𝐴) as function of modulation depth (𝑖𝑚𝑜𝑑 ) is shown for 100 ppm CH4 in N2 at a fixed modulation frequency (𝑓 = 20.9 kHz)

and base current (𝑖𝑏 = 78.15 mA). (c) The F-scan shows the 2f-PAS signal in dependence of the sound frequency (𝑓𝑠 = 2𝑓 ) for 100 ppm CH4 in N2 and zero gas (100% N2) at a
fixed base current (𝑖𝑏 = 78.15 mA) and modulation depth (𝑖𝑚𝑜𝑑 = 2.4 mA). (d) The shown F-Scans including an additional F-scan where the laser was turned off in logarithmic
scale.
frequency (𝑓 ) was swept from 1 to 50 kHz and the microphone signal
was investigated at sound frequencies (𝑓𝑠) between 2 and 100 kHz
according to the presented 2f detection scheme (𝑓𝑠 = 2𝑓 ). The LIA and
its parameters were controlled by LabView software. The 2f-PAS signal
was also recorded by LabView software on a PC. The integration time
of the LIA was typically set to 300 ms in combination with a 3rd order
low-pass filter. An optical power of around 8.5 mW was measured with
the power meter (Thorlabs) at the given temperature and base current
parameters.

4. Results and discussion

At first, it was demonstrated that the MEMS microphone has the
ability to be used as PA cell for methane detection. This procedure
also included the determination of suitable operation parameters for
a sensitive methane detection. Furthermore, a more detailed PA sen-
sor characterization at ppm-level was carried out for the selected
parameters.

4.1. MEMS microphone as PA cell

A methane concentration of 100 ppm is used for the proof of prin-
ciple and the characterization of resonant and non-resonant regimes in
the following experiments.

Proof of principle
For the characterization of the microphone as PA cell, a methane

flow is directed to the sound port of the microphone as described in
the previous section. The gas detection in the 2f-WMS PAS concept
depends crucially on a wavelength-modulated laser. More precisely, the
parameters of the sinusoidal injection current 𝑖(𝑡) = 𝑖𝑏 + 𝑖𝑚𝑜𝑑 ⋅ sin(2𝜋𝑓𝑡)
need to be carefully selected. The parameters (𝑖𝑏, 𝑖𝑚𝑜𝑑 and 𝑓 ) can be
iteratively optimized to maximize the 2f-PAS signal. The optimized
parameters are shown in Fig. 3(a–c). Obviously, the MEMS Microphone
can be used as PA cell for the laser based methane detection. The
second derivative of the methane absorption around 3057.7 cm−1 can
be obtained using a slow base current variation (wavelength scan) at a
fixed modulation frequency and current amplitude (see Fig. 3(a)). The
maximum of the 2f-PAS signal was obtained at the peak absorption
(𝑖 = 78.15 mA at 3057.7 cm−1) and the signal tends towards zero
4

𝑏

away from the absorption line. The current amplitude (wavelength
modulation depth) was adjusted to 𝑖𝑚𝑜𝑑 = 2.4 mA at a fixed modulation
frequency of 𝑓 = 20.9 kHz (see Fig. 3(b)). It can be seen that without
wavelength modulation takes place, no signal is generated since the
gas absorption remains constant. On the other hand, the 2f-PAS signal
decreases when the modulation depth is too large since less laser light
is available for gas absorption. Based on the microphone design and the
laser modulation concept, it might be possible to operate this PA cell in
a resonant or non-resonant mode. The 2f-PAS signal as function of the
laser modulation frequency 𝑓 or sound frequency (𝑓𝑠 = 2𝑓 ) at the peak
absorption and optimized modulation depth is shown in the F-scan in
Fig. 3(c). The PA signal difference in presence of methane or zero gas
is obvious. In addition, the F-scan shows a remarkable functionality of
the microphone beyond audio band. A PA signal as well as acoustic
resonances were observed in the ultrasound regime in the presence of
methane. Before characterizing the resonance in more detail, it can
be clearly stated that this typical MEMS microphone can be used as
gas sample volume, acoustic resonator and sound detector (commonly
referred to as PA cell) at the same time for photoacoustic methane
detection.

Characterization of resonant and non-resonant regimes
Three resonance peaks can be identified in Fig. 3(c) which are

located at sound frequencies of 15.0, 41.8 and 46.3 kHz. The origin
of the first resonance can be linked to the Helmholtz resonance of the
microphone that is typically located slightly above 20 kHz [27]. This
resonance was probably shifted to a lower frequency around 15 kHz
by the combination of the customized PCB (eg. thickness and hole
diameter) and microphone. The dimensions of the sound port and
the front volume of the microphone were effectively changed and a
shift to a lower Helmholtz resonance is likely due to the enlarged
neck and front volume. Further investigations in order to confirm this
explanation are beyond the scope of this work. Further resonances can
be observed by plotting the 2f-PAS signal in a logarithmic scale (see
Fig. 3(d)). However, more systematic investigations regarding the exact
microphone structure and a modeling of the microphone as photoacous-
tic resonator would be required to understand the observations in more
detail.

Nevertheless, a significant methane signal for 100 ppm can be

observed over the full frequency scan up to 100 kHz. Towards higher
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Fig. 4. (a) 2f-PAS signal (𝑆2𝑓
𝑃𝐴) at a measurement rate of 5 Hz (black) and with a moving average of 10 s (red) is shown for several 5 min methane concentration steps (10, 5,

2.5 and 0 ppm CH4 in N2). (b) Averaged 2f-PAS signal (𝑆2𝑓
𝑃𝐴) for each CH4 concentration step against the set point concentration (black) and corresponding linear fit (red line).
Table 1
Comparison of the 2f-PAS signal (𝑆2𝑓

𝑃𝐴) with 100 ppm CH4 in N2 (signal in mV) and
2f-PAS signal with 100% N2 (background in mV) at different characteristic sound
frequencies (𝑓𝑠 = 2𝑓 in kHz) in resonant or non-resonant regimes (resonant Y/N). Based
on the signal to background ratio (SBR, dimensionless) a figure of merit is calculated
for the different characteristic sound frequencies.

Frequency 𝑓𝑠 Resonant Signal Background SBR
(kHz) (Y/N) (mV) (mV) -

15.0 Y 160.8 1.1 144
31.9 N 17.6 0.02 843
41.8 Y 45.4 0.04 985
46.3 Y 26.4 0.04 576
100 N 0.262 0.006 44

frequencies, the 2f-PAS signal of methane tends to decrease. This fact
can be explained by a less efficient generation of photoacoustic waves
since the relaxation of excited methane molecules at high modulation
frequencies towards 100 kHz is not fast enough anymore. Another
explanation would be a decreasing membrane frequency response in
the ultrasound regime. So far the frequency response in the ultrasound
regime is unknown (eg. not specified in the datasheet or literature).
However, considering the strength of the 2f-PAS signal with 100 ppm
CH4 in N2, the resonance in the audio regime (15.0 kHz) is several
times higher than the resonances in the ultrasound regime (41.8 and
46.3 kHz). Remarkably, the 2f-PAS signal without methane (also re-
ferred to as 100% N2, zero gas or background signal) is also several
times higher in the audio band than in the ultrasound region. This
background signal is mainly dominated by ambient noise in the lab.
In general, an effect of the laser (turned off) could not be observed
compared to zero gas signal where the laser is turned on. This is
a remarkable result, since it shows that the MEMS microphone as
PA in combination with the modulation concept allows a so called
zero-background detection. In other words, the 2f-PAS signal directly
corresponds to the energy absorbed in the sample. The best signal (CH4)
to background (N2) ratios (SBR) could be observed beyond the audio
band between 20 and 50 kHz where the ambient noise is significantly
lower than in the audio band. Fig. 3(d) shows the fact that the largest
SBR can be observed at the second resonance mode at 41.8 kHz in the
ultrasound region (SBR of 985). The SBRs of the first three resonance
modes and two characteristic non-resonant regimes around 32 and
100 kHz are documented in Table 1.

These values suggest that methane trace gas detection in the low-
ppm regime is possible and even the detection of methane in ambient
air should be possible.

4.2. Further performance characterization

In particular, the second resonance at 41.8 kHz seems most promis-
ing for sensitive methane measurements in the low-ppm regime (cf. SBR
in Table 1). Consequently, the PA signal at 41.8 kHz (2nd resonance)
for methane concentration in the low-ppm regime will be investigated
in the following. Therefore, a fixed laser modulation frequency of
20.9 kHz (𝑓𝑠 = 2𝑓 = 41.8 kHz) was applied and the 2f-PAS signal
analyzed.
5

Methane concentration variation
The sensitivity and linearity in terms of methane detection was

tested by a stepwise methane concentration variation. The concentra-
tion was varied between 0, 2.5, 5 and 10 ppm CH4 in N2 within time
intervals of 5 min. The 2f-PAS signal was recorded at a measurement
rate of 5 Hz. The concentration steps are clearly visible (see Fig. 4(a)).
The signal to noise ratio (SNR) can be significantly improved by a
moving average of 10 s in post processing.

Calibration, linearity, sensitivity and limit of detection
The 2f-PAS signal (mV) can be transferred into methane concen-

tration (ppm) by a sensor calibration. Therefore, an averaged 2f-PAS
signal and the corresponding statistical uncertainty was calculated by
500 measurements or 100 s in the middle of each concentration step. As
shown in Fig. 4(b), the averaged 2f-PAS signal scales linearly with the
methane concentration. Consequently, a linear calibration curve can
be calculated by a linear fit of the data set with 𝑦 = 𝑎 + 𝑏 ⋅ 𝑥. The
linearity of the calibration curve is 𝑅2 ≈ 0.999. The sensor sensitivity
(slope) was 𝑏 = (461±10) μV/ppm and the background level (intercept)
𝑎 = (3±50) μV. A limit of detection (LOD) can be estimated by the linear
calibration curve and its parameters. To be more precise, the 3𝜎-LOD
was calculated by the sensitivity or slope (𝑏) and its uncertainty (𝜎𝑏) of
the linear calibration according to 𝐿𝑂𝐷(3𝜎) = 3𝜎𝑏∕𝑏 = 0.329 ppm. This
3𝜎-LOD is in line with Fig. 3 and suggests that methane in ambient air
(around 1.866 ppm [1]) can be measured.

Accuracy, precision and long-term stability
For ambient air measurements, the gas flow through the tube was

turned off such that ambient air can diffuse through the sound port
into the microphone. A F-scan around the second resonance clearly
shows that methane in ambient air can be detected as illustrated in
Fig. 5(a). Additionally, the data offer that the best SBR is given at the
resonance but it is shifted towards a lower frequency from 41.8 kHz for
100 ppm CH4 in N2 to 41.2 kHz for CH4 in ambient air. This shift of
1.5% towards a lower resonance frequency (𝑓𝑠) is in line by the slightly
lowered speed of sound (𝑐𝑠) or increased molecular weight (𝑀) of the
changed gas matrix (𝑓𝑠 ∝ 𝑐𝑠 ∝ 1∕

√

𝑀). Besides nitrogen, ambient air
also contains oxygen (approx. 20.9%) which needs to be taken into
account. Carbon dioxide (approx. 400 ppm) and moisture (less than
1%) can be neglected in this context . In consequence, an adjustment of
the laser modulation frequency to 20.6 kHz (= 41.2/2 kHz) is required
to preserve the sensor calibration. An ambient air methane concentra-
tion around 1.6 ppm was calculated by applying the aforementioned
sensor calibration on the 2f-PAS signal of ambient air at 41.2 kHz
(see Fig. 5(b)). This value is below the expected methane concentra-
tion of ambient air of approx. 1.866 ppm (literature value [1]) but
the residual between measurement and literature value is within two
standard deviations as shown in Fig. 5(c). The corresponding error
bars in terms of accuracy are calculated by error propagation (𝜎𝑥 =
√

(𝜎𝑦∕𝑏)2 + (𝜎𝑎∕𝑏)2 + 𝑥2(𝜎𝑏∕𝑏)2) of the measured 2f-PAS signal (𝑦) and
the above described calibration (𝑦 = 𝑎 + 𝑏𝑥).
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Fig. 5. (a) The F-scan (logarithmic scale) shows the 2f-PAS signal in dependence of
the sound frequency (𝑓𝑠 = 2𝑓 ) for 100 ppm CH4 in N2, CH4 in ambient air and zero
gas (100% N2). (b) Comparison of the CH4 concentration in N2 and air with the set
point concentrations (black and blue dots). The theoretical relation corresponds to a
line from the origin with a slope of 1 (dashed line). (c) The residuals between measured
and set point concentration are displayed with statistical errors.

Fig. 6. (a) CH4 concentration in air as a function of time. (b) Allan plot for the 50 min
CH4 concentration in air measurement.

The precision and the long-term stability (eg. drifts) of the measured
concentration can be analyzed by means of an Allan–Werle plot. Based
on a 50 min CH in ambient air concentration measurement (see
6

4

Table 2
Summary of figures of merit, noise equivalent concentration or absorption (NEC in
ppb and NEA in cm−1 at an average time of 10 s) and normalized noise equivalent
absorption (NNEA in W cm−1 Hz−1/2).

NEC NEA NNEA
(ppb) (cm−1) (W cm−1 Hz−1/2)

14 7 ⋅ 10−7 2 ⋅ 10−8

Fig. 6(a)), an Allan standard deviation can be calculated as shown in
Fig. 6(b). The Allan standard deviation (in ppb) is shown as function of
the (signal) average time (𝜏 in s). For instance, the calculated standard
deviation at 𝜏 = 1𝑠 and 𝜏 = 10 s was given by 30 ppb and 14
ppb, respectively. Down to the minimum of the Allan–Werle Plot of
9 ppb around 40 s, the measurements are white noise dominated.
This means that the Allan deviation generally follows a 1∕

√

𝜏 trend
line. For averaging times up to approx. 1 s, this 1∕

√

𝜏 trend line is
superimposed by an artifact of the integration time of the LIA that act
as a low-pass filter [30]. Under these conditions, the Allan deviation
gives an estimate for the precision of the measurement in the sense
of a gaussian standard deviation that improves with averaging time,
while the accuracy remains constant. In general, no significant drift
could be observed during the 50 min measurement of CH4 in ambient
air. Consequently, the Allan deviation does not increase significantly
for averaging times up to several hundreds of seconds. Overall, the
sensor concept shows a remarkable stability. In addition, typical laser
spectroscopic figures of merit can be derived from the Allan standard
deviation such as the noise equivalent concentration (NEC) of 14 ppb
at 10 s. The noise equivalent concentration or absorption (NEC in ppb
and NEA in cm−1) are derived from the Allan standard deviation at
10 s. This average time corresponds to a bandwidth of 0.1 Hz (inverse
of the 10 s). For the normalized noise equivalent absorption (NNEA
in W cm−1 Hz−1/2), the NEA is divided by the square root of the
bandwidth (0.1 Hz) and multiplied by optical laser power of 8.5 mW.
These characteristic values are summarized in Table 2. These figures
of merit as well as the estimated 3𝜎-LOD of 329 ppb are in the same
order of magnitude as literature values of more complex laser-based
PAS sensors concepts [4,20,31].

5. Conclusion

An innovative laser-based photoacoustic gas sensing concept was
developed and investigated for methane trace gas detection in the
low ppm concentration range. An ICL with an emission wavelength of
2970 nm and an optical power of 8.5 mW was focused through the
sound port into a MEMS microphone. This typical and commercially
available MEMS microphone with dimensions of 4.76 mm × 3.72mm ×
3.5mm was successfully tested as an intrinsically miniaturized PA cell.
It was used simultaneously as gas sensing volume, acoustic resonator
and sound transducer. The PA signal was generated by a WMS-2f
modulation scheme and the methane detection was demonstrated in
various ways (eg. wavelength scan, modulation amplitude scan or F-
Scan). By means of F-Scans, the acoustically resonant and non-resonant
regimes of the microphone as PA cell have been investigated between
2 and 100 kHz. Methane detection was demonstrated up to 100 kHz.
In particular, a resonance at 41.8 kHz was investigated for a sensitive
methane measurement between 0 and 10 ppm CH4 in N2 and CH4 in
ambient air. Furthermore, a 3𝜎-LOD of 329 ppb was estimated as well
as a NEC of 14 ppb at an averaging time of 10 s. This value corresponds
to a NNEA of 2 ⋅10−8 W cm−1Hz−1∕2. The 3𝜎-LOD is also an estimate for
the accuracy that can probably be improved by a more sophisticated
experimental setup. These results motivate further investigations in
various directions. For instance, what kind of microphones work as PA
cell, what happens with the light in the MEMS microphone exactly,
investigation and simulation of the PA signal generation in the MEMS
microphone, transfer of the concept to other gases by changing the
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laser (wavelength) or use of another light source (LED). A full sensor
miniaturization including laser and electronics is needed. The MEMS
microphone as PA cell could offer a path for an extremely miniatur-
ized, highly sensitive and very cost-efficient photoacoustic gas sensing
device.
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