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A B S T R A C T

The achievable sensitivity level of photo-acoustic trace-gas sensors essentially depends on the performances
of the acoustic transducer. In this work, the mechanical response of different silicon-based micro-electro-
mechanical systems (MEMS) is characterized, aiming at investigating both their mechanical properties, namely
the resonance frequency and the quality factor, and the minimum detection limit (MDL) achievable when they
are exploited as an acoustic-to-voltage transducer in a trace-gas photoacoustic setup. For this purpose, a 4.56 μm
Continuous-Wave (CW) quantum cascade laser (QCL) is used to excite a strong N2O roto-vibrational transition
with a line strength of 2.14 × 10−19 cm∕molecule, and the detection of MEMS oscillations is performed via
an interferometric readout. As a general trend, the minimum detection limit decreases when the resonance
frequency investigated increases, achieving a value of 15 parts per billion with a 3 dB cut-off lock-in bandwidth
equal to 100 mHz, around 10 kHz.
. Introduction

Gas sensing technology has developed enormously in recent years
1]: the industrial growth and technological progress have pushed
he development of highly performing and reliable sensors for en-
ironmental monitoring [2], industrial process control [3], medical
iagnostics [4], detection of toxic and flammable gases [5], as well
s explosives [6]. Among the various detection techniques, optical
ensors stand out for their reduced response time (typically between
.1 s and 10 s), high sensitivity, specificity, and accuracy. Optical
ensing techniques are based on the absorption of photons of a spe-
ific wavelength by the target gas. Molecules in the gaseous state
how, typically in the mid-IR spectral region, absorption peaks due
o roto-vibrational excitation of the molecule itself. These peaks are
ften unique signatures identifying not only the molecule but also the
sotopomer.

When molecules absorb light at a specific wavelength, they relax to
he ground state by re-emitting the absorbed energy through radiative
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E-mail addresses: zhenwang@cuhk.edu.hk (Z. Wang), mario.sicilianidecumis@asi.it (M. Siciliani de Cumis).

1 Jacopo Pelini and Stefano Dello Russo contributed equally to this work.

or non-radiative processes. In a typical photoacoustic setup, where the
gaseous sample is kept at pressures and temperatures close to ambient
ones, the prominent relaxation process is non-radiative, i.e. the excited
molecules relax by transferring energy to the surrounding molecules
through collisions [7,8]. This phenomenon creates a local increase in
temperature and consequently a pressure gradient, generating a soliton.
If the optical radiation is properly modulated, an acoustic wave is
generated, and it can be selectively detected by a microphone. The
main advantages of this technique, known as trace-gas photoacoustic
spectroscopy (PAS) [9], compared to direct absorption techniques are:
a zero-background in the absence of target gas, and an efficient gas
analysis in extremely small volumes. Moreover, in PAS, no photo-
detectors are required, thus enhancing the simplicity, robustness, and
adaptability of the system. Generally speaking, the PAS technique has
gained an important role in applications, compared to direct absorption
spectroscopy techniques (DAS), when relatively high high-power light
sources and small path-lengths are available [10].
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In the first years of trace-gas PAS development, researchers focused
on optimizing the photoacoustic cell, to make it resonant with the
acoustic wave generated, and detected by traditional condenser micro-
phones [11]. In the early 2000s, however, the scientific effort focused
on the maximization of detection performance by acting directly on the
sensitive element. Kosterev et al. [12] reported for the first time the
study of a PA sensor using a quartz tuning fork (QTF) as an acoustic
transducer, which is a sharp piezoelectric resonator, thus enabling a
new photoacoustic-based technique known as Quartz-enhanced Pho-
toacoustic Spectroscopy (QEPAS). In the same years, Wilcken and
Kauppinen [13] proposed a different photoacoustic sensing approach,
known as Cantilever-Enhanced Photoacoustic Spectroscopy (CEPAS),
based on a cantilever as the sensitive element with an interferomet-
ric readout. Both these innovative approaches have been thoroughly
studied in recent years [10,14,15], reaching detection performances
comparable with conventional PAS, but with the advantage of an easier
miniaturization [16]. The main difference between QEPAS and CEPAS
lies in the acousto-mechanical properties of the sensitive element,
quantifiable via its resonance frequency (f) and quality factor (Q), and
on their different readout principle, which for QEPAS is electronic for
CEPAS is (mostly) optical. Indeed, whereas the QEPAS technique uses
QTFs with resonance frequencies of the order of tens of kHz and quality
factors typically higher than 10000 [17–19], the CEPAS technique uses
cantilevers with resonance frequencies in the kHz range and quality
factors of around 1000 [20–22]. Higher resonance frequencies are
advantageous, due to a drastic reduction in the noise level, although the
PA signal appears to be more dependent on the relaxation dynamics of
the gases, which could not allow a complete release of the absorbed
energy during each oscillation period. This behavior makes the PA
signal dependent on the concentration of other gas species in the mix-
ture, determining the overall accuracy of the sensor [23,24]. Pioneering
computational approaches have demonstrated efficient compensation
of such effects for several gas species [25,26] although the literature is
often lacking specific data on molecular relaxation dynamics. Generally
speaking, the trade-off between noise reduction and minimization of
2

non-linearities leads to an optimal resonance frequency in the kHz —
tens of kHz range.

In this scenario, this paper reports an analysis of acousto-mechanical
properties for five new Si-based custom Micro-Electro-Mechanical Sys-
tems (MEMS). After the geometric optimization in terms of mechanical
properties, through simulation with finite element methods (FEM),
the realized MEMS structures were finally inserted in a photoacoustic
setup. Six different MEMS vibrational modes were chosen for the
analysis, with estimated frequencies ranging from approximately 1 to
10 kHz. Via the photoacoustic excitation, the resonance properties of
the chosen modes were evaluated and compared with the simulated
ones. Subsequently, the photoacoustic detection performances of the
MEMS, in terms of Minimum Detection Limit (MDL) and normalized
noise equivalent absorption (NNEA), were estimated and compared
with the state-of-the-art main PA-based sensing techniques. Nitrous
oxide (N2O), a gas of interest for air pollution and global warming,
with a Global Warming Potential (GWP) 273 times that of CO2 for a
100-year timescale, was chosen as the target gas.

2. Designing the MEMS structures

Silicon is a material with mechanical properties that make it ideal
for building MEMS structures [27]. In particular, by carefully choosing
the material (crystalline orientation, doping) and tailoring the geome-
try, it is possible to design different structures with different mechanical
behavior. These devices will act as suspended mirrors placed in a gas
chamber, acting as the acoustic-to-voltage transducer for the sound
wave generated by the photo-acoustic effect. In the meantime, the
device operates as the end mirror of a Michelson interferometer for
the photo-acoustic signal readout, as described in detail in Section 3.
Material properties, mass, and suspension structures will determine the
mechanical behavior of the Silicon element, as the frequency spectrum
of the mechanical resonance and the oscillator Quality factor (Q). To
get a rough evaluation of the mechanical spectra, Finite Element Mod-
eling was performed for every structure in static conditions, collecting
the eigenfrequency values for each device under study. The iterative
Fig. 1. Schematic bi-dimensional representation of the five investigated MEMS structures, depicted in orange. The vertical and horizontal scales (length and height, respectively)
allow the reader to have an idea of their dimensions. All of them are characterized by a thickness of 10 μm. Segments highlighted in blue represent the parts where they are
anchored to the substrate. The gray blurred line represents the approximated location of the mid-infrared laser beam used for the pressure wave generation. The red spot indicates
the position where the He-Ne laser, used for the interferometric readout, hits the structures. Inset: a three-dimensional sketch of the custom-made aluminum anchoring system.
The ensemble is placed within the sample such that the QCL beam passes as close as possible to the MEMS without ever touching it.
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process involving the above-mentioned parameters enables tailoring
the resonances in the desired zone. In particular, for each designed
structure the geometric parameters were varied to obtain fundamental
resonance frequencies in the 1–10 kHz range. The simulation results
are shown in Table 1 of Section 4.1, together with the experimental
results.

The geometrical features of the five different structures studied in
this work are sketched in Fig. 1. The regions in which the structures are
anchored to the substrate are colored dark blue. To place safely each
of them inside the aluminum gas chamber, where the photo-acoustic
effect occurs, they are mounted on a custom-made anchoring system
whose 3D-rendering is shown in the Inset of Fig. 1. Its architecture was
properly chosen to keep the MEMS coaxial to the mid-infrared beam,
sketched in the figure in blurred gray, and as close as possible to the
point-size sound wave source. Finally, the red point indicates, for each
structure, the location of the He–Ne laser used for the interferometric
readout, and aligned to hit the region stressed by the highest possible
oscillation amplitude at the specific resonant mode. The structure’s
geometries were chosen to enhance different acousto-mechanical fea-
tures. For example, the spring-like structure of M2 was selected to
maximize the oscillation amplitude, while for the ‘‘drum’’ membrane
M3, which is completely anchored to the support, a reduced vibration
amplitude is expected as well as a lower noise level. In M1, the
interplay between the anchored and unanchored parts is expected to
guarantee a compromise between a considerable oscillation amplitude
and the noise. M4 is designed according to the rectangular structure
for standard CEPAS systems [28,29], for comparison purposes with
the other novel structures. Finally, in M5 the thinner base and larger
head are designed to increase the interaction between the sensitive el-
ement and the impacting acoustic wave, thus enhancing the cantilever
response compared to the standard rectangular shape.

Finally, the fabrication processes, described in detail in Appendix A
and depicted in Fig. A.7, were realized in the clean room of the Institute
of Microelectronics and Micro-systems of the Italian National Research
Council (CNR-IMM) in Bologna.

3. Experimental setup

As stated previously, the scope of this experiment is both to char-
acterize the mechanical properties of the silicon-based MEMS with
3

different geometries and to test their performances as acoustic-to-
voltage transducers in a trace-gas photo-acoustic sensor. In Fig. 2
a schematic representation of the experimental setup is depicted. A
Continuous-Wave, Single-Mode, Quantum Cascade Laser (QCL) emit-
ting around 4.56 μm is chosen to generate pressure waves via the
photo-acoustic effect, addressing a N2O strong roto-vibrational transi-
tion at 2189.273 cm−1 with a line strength of 2.14 ×10−19 cm∕molecule,
well isolated from any absorption lines of other molecules (e.g. water
vapor) at the working pressure range. An integrated modular controller
(provided by ppq Sense S.R.L, QubeCL 52) is exploited both to drive the
laser’s bias current and to stabilize the laser’s temperature at 20 ◦C via a
four-stage thermo-electric cooling. An optical isolator (ISO, COHERENT
FM2 MID-IR 4.55 μm) is placed after the laser chip to avoid optical
feedback, while an acousto-optical modulator (AOM, M1208-G80-4,
deflection efficiency ≈ 94%) intensity-modulates the optical beam at the
given MEMS structure’s resonant frequency, thus allowing the acoustic
wave generation following the trace-gas non-radiative relaxation.

Then, the optical beam enters the aluminum chamber, where the
tested silicon-based MEMS are placed, through a Zinc Selenide (ZnSe)
wedged window. The pressure inside the chamber is managed by a
vacuum system, consisting of a vacuum pump (PFEIFFER DualGauge),
a pressure controller (PFEIFFER HiCUBE), a gas cylinder containing
200 ppm of N2O in pure N2, and needle valves. In this way, it is possible
to evaluate the acousto-optical response of the structures for a constant
concentration of the target gas and pressures ranging from 5 mbar to
300 mbar. The localized perturbation leads the MEMS to oscillate with
an amplitude proportional to the sound wave’s intensity propagating
in the gas mixture. These oscillations are converted into a voltage
signal, i.e. the photo-acoustic signal, via a Michelson interferometric
readout [30]. A Helium-Neon (HeNe) laser emitting at 633 nm is used
as the probe beam and it is divided into two identical paths via a 50/50
beam splitter (BS). One of the two beams, namely the reference beam,
impinges a reflective gold mirror (RM), while the other portion of the
beam, which represents the measurement optical path, is focused on the
high-reflectivity coated surface of the MEMS via a lens (f = 100 mm)
and a wedged NBK-7 window. Both the back reflected beams are re-
collected at the same BS, and finally sent to a photo-detector. The
detected interferometric signal is demodulated via a lock-in amplifier
(MFLI, Zurich Instruments) at the MEMS resonance frequency, and
the R =

√

x2 + y2 component signal is acquired, leading to a first har-
monic (1f) acquisition scheme. The characterization of the mechanical
responses of the MEMS was performed, for each value of working
Fig. 2. Schematic representation of the photo-acoustic spectroscopy trace-gas setup implemented to characterize our MEMS structures. TEC: temperature Controller. CD: current
driver. QCL: Quantum Cascade Laser. ISO: optical isolator. 𝜆/2: half wave-plate. AOM: acousto-optic modulator. HeNe: Helium-Neon laser. BS: beam splitter. PD: photo-diode
detector. RM: reflective mirror.
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Fig. 3. Normalized R2-component signals versus modulation frequency at a fixed working pressure of 20 mbar for (a) M1, (b) M2, (c) M3, (d) M4, (e) M5a, and (f) M5b. For
each of them, the colored points represent the experimental data, while the dashed black line is the associated Lorentzian fit. Given the FWHM 𝛥f and the central frequency f0
as the fit results, then the Q-factor can be calculated as Q = f0∕𝛥f .
pressure, by locking the laser current on the N2O absorption peak and
varying the AOM on/off frequency. The photo-acoustic response study,
instead, was done by fixing the AOM frequency at each MEMS resonant
frequency and scanning the laser current. More details will be presented
in Sections 4.1 and 4.2.

4. Results and discussion

4.1. Mechanical response

As it is known, the resonant properties of an oscillating structure,
namely the resonance frequency, and the quality factor, can be ex-
tracted from the associated resonant curve’s spectrum characterized by
the following Lorentzian shape:

𝐿(𝑓 ) = 𝐿0 +
2𝐴
𝜋

𝛥𝑓
4(𝑓 − 𝑓0)2 + 𝛥𝑓 2

, (1)

where 𝐿0 and 𝐴 are two constants, while 𝑓0 and 𝛥𝑓 are the central
(i.e. the resonant) frequency and the Full Width at Half Maximum
(FWHM), respectively. The ratio between these two quantities allows
the determination of the quality factor, 𝑄 = 𝑓0∕𝛥𝑓 , a dimensionless pa-
rameter that describes how under-damped an oscillator or resonator is.
To experimentally reconstruct the resonant curves of the frequency, we
performed a step-wise photo-acoustic measurement fixing the laser cur-
rent at the absorption line peak (around 158.9 mA) and changing the
AOM on/off frequency (i.e. the laser intensity-modulation frequency)
within a range near the resonant frequency predicted by the simulation
and associated with the chosen oscillation mode of each MEMS. These
measurements were repeated for different working pressures within a
range from 5 mbar to 300 mbar. Each data point, collected with a
3 dB cut-off lock-in bandwidth set to 100 mHz, represents the mean
value of the de-modulated R-component signal, and the associated error
was estimated by computing the 1𝜎 standard deviation. The theoretical
approach underlying the voltage readout of the resonator’s acousto-
mechanical response is identical to that expressed for current readout
in Equation (6) of Ref. [31]. It is trivial to demonstrate that the in-
phase component, X, and the square of the total signal component, R2,
differ by a constant multiplication factor, so the resonance features (f
and Q) can be evaluated in the same way using one component or the
other. Hence, to suppress any errors dictated by a change in phase of
the system, the square of the overall signal R was directly evaluated.
4

Table 1
Investigated resonant modes and simulated displacements, theoretical (fth) and esti-
mated (f0) resonant frequencies, Full Width at Half Maximum 𝛥f , and quality factor Q
of the five studied silicon-based structure at the fixed working pressure of 20 mbar.
The theoretical resonant frequency was determined in vacuum conditions. For all the
six modes the simulated displacement is shown. The qualitative color map, from blue
(minimum displacement) to red (maximum displacement), allows the reader to have
an idea about the entity of the membrane’s deformation.

MEMS Resonant mode fth (Hz) f0 𝛥 (Hz) Q

M1 2051 1318.6 2.7 488

M2 1422 1438.5 4.6 313

M3 12429 9956.2 25.8 386

M4 4195 5132.0 4.3 1193

M5a 846 937.1 2.3 407

M5b 6846 7179.6 4.7 1528

The acoustic responses of the five different structures, at a fixed
working pressure of 20 mbar, are reported in Fig. 3. The structure M5
was investigated both in its fundamental mode (M5a) and in its second
overtone (M5b).

To make the comparison more effective, all the data were normal-
ized to their respective peak values, while in Table 1 are reported
the investigated resonant mode, the associated theoretical (fth) and
measured (f0) frequencies, the Full Width at Half Maximum 𝛥f , and
the quality factor Q at a pressure of 20 mbar for each MEMS structure.
The overall trend of both the Q-factor and the resonance frequency with
the pressure is reported in Appendix A.

M1 shows a percentage difference of around 36% between the
simulated and the experimental resonance frequencies, while in all the
other cases this difference lies between more acceptable values from 1%
(for M2) and 19% (for M3). This discrepancy is linked to a non-optimal
release of M1 on its substrate during the fabrication process, leading to
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a final structure slightly different from the simulated one. All the MEMS
show a very narrow FWHM, from 2.3Hz to 4.6Hz, except for M3, whose

easured mode width is 25.8Hz. The different behavior arises from the
act that (as shown in Fig. 1), M1, M2, M4, and M5 share a structure
here the boundaries are only partially anchored to the substrate,
hile M3 is entirely anchored to it. This crucial difference has an

mpact on the response of the investigated structure to the pressure
ave generated following the trace-gas non-radiative relaxation. In the

irst case (M1, M2, M4, and M5), the limited anchoring points allow
he MEMS to oscillate with negligible perturbation of the substrate.
onversely, in the second case (M3), the oscillation is the result of a
trong interaction between the MEMS and the substrate, resulting in a
roadening of the resonance curve spectrum.

At a pressure of 20 mbar, only M4 and M5b show Q-factor values
bove 1000 (1193 and 1528, respectively). Since the photo-acoustic
ignal is linearly proportional to the Q-factor, for these two modes a
igher performance, in terms of signal-to-noise ratio (SNR) of the PAS
ignal, is expected. In all the other cases the Q-factor lies well below
000: 488 for M1, 313 for M2, 386 for M3, and 407 for M5a. As the
ressure increases, the quality factors decrease due to an increase in
he damping effect caused by the interaction between the molecules
resent in the gas sample and the vibrating structure [32]. Both the
-factor and the resonance frequency variations with the pressure for
ll the structures are reported and discussed in Appendix B.

.2. Photo-acoustic response: PAS signals and MDLs

The performances of the five investigated MEMS when exploited
s acoustic-to-voltage transducers can be evaluated by computing the
inimum detection limit (MDL) achievable by each of them. The
hotoacoustic response was investigated by filling the PAS chamber
ith a sample of 200 ppm of N2O in pure N2, for several values of the

ample pressures ranging from 5 mbar to 300 mbar. From each acquired
hoto-acoustic spectrum, the peak signal is extracted, and the photo-
coustic noise is computed by performing the 1-𝜎 standard deviation

of the signal far from the absorption peak. The ratio between the peak
signal, from which the associated offset level is subtracted, and the
noise defines the SNR at a specific pressure. Finally, the related MDL is
obtained by dividing the trace-gas concentration (200 ppm in our case)
for the SNR.

Fig. 4. PA signals versus laser current for M4 at different working pressure regimes.
The spectra represent the R-component of the 1-f photo-acoustic signal acquired from
the Michelson interferometer output and demodulated via the lock-in amplifier at the
MEMS resonant frequency. The 3 dB cut-off lock-in bandwidth is set to 100 mHz.
The current driver used to scan the laser current is characterized by a driver with a
voltage-to-current conversion factor of 2 mA/V. The ramp for the acquisition of the
N2O absorption line is characterized by the following settings: frequency 2.5 mHz,
amplitude 2 VPP (peak-to-peak voltage), phase 0 degrees, and symmetry 50%.
5

As a representative example, Fig. 4 shows the photo-acoustic spectra
acquired with the structure M4 (rectangular cantilever) at different
working pressure regimes. As it is possible to see, the photo-acoustic
peak signal increases by moving from 5 to 10 mbar, where it reaches
its maximum, then it starts to decrease when further increasing the
pressure. This behavior, better highlighted in Fig. 5(d), reflects, on one
side, the less efficient sound wave generation at low-pressure regimes,
and, on the other side, the damping effect on the MEMS oscillation for
increasing gas pressures linked to the quality factor degradation [33]. It
follows that, for structure M4, the optimal trade-off condition between
these two trends occurs at 10 mbar. Similar evidence can be observed
in all the investigated structures, as reported in Appendix C where all
the photo-acoustic spectra are presented.

As reported in Fig. 5, the overall trend of the photo-acoustic peak
signal in pressure (represented by the blue data points) behaves in
a very similar way for all the investigated MEMS structures. More
deeply, starting from 5 mbar, the PAS signal increases until it reaches
a maximum value at relatively low pressures (within a range from 10
to 50 mbar), then it rapidly decreases at higher pressures.

Another figure of merit is represented by the photo-acoustic noise
(red data points in Fig. 5), which strongly affects the estimation of
the final detection sensitivity. As expected, the noise monotonically
decreases when the pressure increases in all six investigated cases,
mainly due to the smaller ‘‘free’’ vibration amplitude of the structures
at higher pressures. The same behavior can be found for the Q-factors
in Appendix B. Furthermore, an inverse proportionality between the
noise level and the resonant frequency, justified by the combination
of the electronic flicker noise (1/f noise) [34] and the acoustic noise
(usually more pronounced at lower frequencies), can be observed as
a general trend. In fact, starting from a level of the order of tens
of μV for a resonant frequency around 900 Hz (M5b, Fig. 5(e)), the
noise decreases by a factor of about 100 for a resonant frequency
around 10 kHz (M3, Fig. 5(c)). Once the Signal-to-Noise ratio (SNR) is
calculated from the data shown in Fig. 5, the minimum detection limit
achievable by each MEMS structure can be calculated, as a function of
the pressure. As a general trend, the MDL shows progressively lower
values as the resonance frequency increases. In fact, the structures M1,
M2, and M5a, characterized by resonant modes at lower frequencies,
show a MDL laying in the 100–1000 ppb range (blue, green, and
purple curves in Fig. 6(a), respectively). On the other side, all the other
three investigated cases (M3 in red, M4 in gray, and M5b in orange),
characterized by higher resonant frequencies (10 kHz, 5 KHz, and
7 kHz respectively), show one order of magnitude better sensitivities,
with a MDL going down to around 10 ppb for 10 s averaging time.
This evidence highlights how the estimation of the detection sensitivity
depends on a trade-off between the amplitude, the symmetry, and the
environmental noise related to the structure’s oscillations that affect
both the amplitude of the photo-acoustic signal and the noise level.

As an example, it is possible to compare the performances of M5
when investigated in its fundamental resonant mode (M5a) and its
second overtone (M5b), at a fixed pressure of 20 mbar. According
to Figs. 5(e) and 5(f), a factor ∼4 between the PAS peak amplitude
at 900 Hz and 7 kHz (122mV and 27mV respectively) is observed.
This confirms that fundamental mode excitation leads to a bigger
displacement when compared to its overtone, for the same-impinging
pressure wave intensity. However, due to the larger environmental
noise contribution at lower frequencies, the discrepancy between the
photoacoustic peak amplitude is counterbalanced by the much lower
noise level at 7 kHz (3.1 μV compared to a value of 53.2 μV obtained
at 900 Hz), resulting in a higher signal-to-noise ratio, and consequently
higher sensitivity.

Fig. 6(b) shows the MDL reached by each MEMS structure re-
arranged in ascending order with the resonance frequency. The color
map is the same as the one used in Fig. 6(a). As it is possible to see, the
lowest minimum detection limit achieved is 15 ppb obtained with the
structure M3 investigated in its fundamental resonant mode at around

10 kHz.
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Fig. 5. Normalized photo-acoustic peak signal (red dots) and photo-acoustic noise (blue dots) as a function of the working pressure for (a) M1, (b) M2, (c) M3, (d) M4, (e) M5a,
and (f) M5b. Each blue data point represents the peak of the photo-acoustic spectrum at a specific pressure, while the red data point is the computed 1-𝜎 noise.
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Fig. 6. (a): MDL as a function of the working pressure for the different structures
investigated acquired over 10 s timescale. As reported in the legend: blue dots for M1,
green dots for M2, red dots for M3, gray dots for M4, purple dots for M5a, and orange
dots for M5b. (b): minimum detection limit (MDL) reachable for each MEMS structure
sorted in ascending order with the resonant frequency. The two graphs share the same
color map.

5. Conclusions

In this work, the realization and the experimental characterization
of both the mechanical and photo-acoustic responses of five silicon-
based micro-electro-mechanical systems with different structures and
6

geometry have been presented. Firstly, their resonant frequencies and
quality factors have been characterized. Among all the six resonant
modes investigated, the highest quality factors have been recorded by
the second overtones of the two cantilevers (M4, and M5b) lying respec-
tively above 800 and 1000 in the whole investigated pressure range.
Secondly, all five investigated structures have been tested as acoustic-
to-voltage transducers in a trace-gas photo-acoustic sensor investigating
a fundamental N2O roto-vibrational transition at 4.56 μm. This com-
arison highlighted that better performances are achieved when the
EMS are operated at higher resonant frequencies, characterized by

igher Signal-to-Noise ratios. The best performances are achieved by
he ‘‘racket-like’’ cantilever in its second overtone (M5b), and the mem-
rane structure M3 at its fundamental mode at around 10 kHz, showing
imilar sensitivity levels. In fact, given a QCL impinging radiant power
f 15mW, a minimum detection limit of 15 ppb has been achieved with
he MEMS structure M3 for a 3 dB cut-off lock-in bandwidth equal
o 100 mHz (time constant 0.8 s, roll-off 18 dB/oct), corresponding
o a normalized noise equivalent absorption (NNEA) coefficient of
.7 × 10−8 cm−1WHz1∕2. This value is comparable to the state-of-
he-art of the main cantilever- and QTF-based photoacoustic sensing
echniques [35,36]. The achieved minimum detection limit lies well
elow the nominal concentration of N2O in air (about 330 ppb [37]),
llowing for environmental applications. For this purpose, the charac-
erization performed in this work has highlighted the behavior of the
ifferent MEMS structures in a large pressure range, up to 300 mbar,
llowing the selection of the optimal geometry according to the desired
pecific application. In particular, some structures show a very limited
eterioration of their sensitivity when operated at high pressure. This
s the case, for example, of the two best structures M3 and M5b, which
aintain high performance up to the highest investigated pressure.
his feature, together with their weak dependence on environmental
oise, makes the structures M3 and M5b two good candidates for direct
pen-air sensing.

The results achieved with this work open the doors to the devel-
pment of CEPAS setups with improved performance going beyond
he state-of-the-art. The most promising investigated structures will be
ested in an advantaged photoacoustic setup, where the use of acoustic
esonators [11,38] and optical resonators [39,40] is expected to largely
ncrease the sensitivity here achieved. To conclude, it is worth pointing
ut that the characterization measurements presented in this seminal
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work demonstrate how beneficial is to continue exploring new com-
ponents for the future development of compact and high-performing
sensing systems.
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Appendix A. Fabrication process of the mems structures

As summarized in Fig. A.7, the analyzed structures were fabricated
in a silicon-on-insulator wafer (SOI) made up of a 10 μm thick Si device
layer and a 500 μm thick Si handle layer separated by a 2 μm thick
buried SiO2 (a).

Fig. A.7. Graphical description of the routine used to fabricate the investigated Micro-
Electro-Mechanical structures.

The structure’s layouts were created on the front side by pho-
tolithography and dry etching of the Si device layer through a 4 μm-
thick OIR-908 35 photoresist on a 2.2 μm-thick SiO2 hard mask (b,
c). The obtained Si trenches were uniformly coated by a 35 nm thick
polysilicon layer, which was afterward overoxidized to form a 180 nm-
thick SIO2 conformal layer all around the patterned MEMS geometry.
The surface was further coated with 1.5 μm SiO2 deposited by LPCVD
so that the resulting SiO2 layer on the top surface was about 3.6 μm
(d). Then, a maskless Inductively Coupled Plasma (ICP) etch-back step
was performed to complete the removal of the previously deposited
1.7 μm-thick SiO2 layer from the bottom of the trenches (e). As a result,
the trenches originating the MEMS structures were protected by a
SiO2 coating during the subsequent backside wet etching (h), without
creating any free-standing SiO2 membranes between the released Si
structures. In this way, possible problems coming from cracking of these
membranes after the release of the MEMS resonators were prevented.

After frontside micromachining, pass-through holes were created
in the handle layer from the backside of the wafer, to release the
MEMS resonators and, at the same time, to guarantee optical access
to them for vibration sensing. The backside holes were opened by Si
etching through the 3.5 μm thick back side SiO2 (f). The Si removal was
achieved in two steps: first, with a Deep Reactive Ion Etching (DRIE)
process up to 325 μm depth (f); then, after wafer cutting (g), using an
anisotropic wet etching in tetramethylammonium hydroxide (TMAH)
performed on diced chips (h). The two-step etching allowed for secure
chip separation by dicing saw. The structures were finally released by
SiO2 wet etching (i). The MEMS reflectance was maximized by a 40 nm
thick Ag layer evaporated on the front side (k).
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For the Si DRIE foreseen at steps (c) and (f) in the flow, a Bosch
process providing a 5 μm∕min etch rate on Si was used. The gas mixture
was made up of 300 sccm SF6 and 150 sccm C4F8, at 0.027mbar chamber
pressure.

The Si anisotropic wet etching performed at step (h), was carried
out in a 5% wt and diluted aqueous TMAH solution with the addition of
0.5% wt. ammonium peroxidisulfate, following the procedure described
in [41]. The solution was uniformly heated at 90 ◦C and stirred at
1000 rpm. The etching duration, up to the complete release of the
structures, exceeded 1h 40 min. For SiO2 DRIE, 17 sccm C4F8 were
fluxed in the chamber at 0.005 mbar pressure, resulting in an etch rate
of about 0.25 μm∕min. This process was used in steps (c) and (e). A
iO2 wet etching was performed at step (i) using either a commercial
uffered oxide etch (BOE) solution or hydrofluoric acid diluted in
ater.

LPCVD polysilicon was deposited at 610 ◦C in 80 sccm SiH4 flow
t 0.21mbar. The deposition rate ranged between 11.7 nm∕min and
3.7 nm∕min. The polysilicon was wet oxidized at 1100 ◦C. These pro-
esses were used to fabricate the passivation coating shown at step
e). LPCVD SiO2 was deposited at steps (b) and (d) with the following
arameters: 430 ◦C chamber temperature, 0.24mbar chamber pressure,
n a 82 sccm SiH4 and 120 sccm O2 gas mixture. The resulting SiO2
eposition rate was around 1 μm/h.

ppendix B. Q-factors and resonance frequencies with pressure

This appendix allows the reader to have an overall look at the
ependence of both the resonance frequency and the quality factor
ith the working pressure. As previously stated in Section 4.1, the

esonance frequency is one of the parameters that can be extracted from
he Lorentzian fit on the resonant curve spectrum of a given MEMS at
fixed pressure.

Fig. B.8. Resonance frequency versus working pressure for: (a) M1, (b) M2, (c) M3, (d)
M4, (e) M5a, and (f) M5 7b. As it is possible to see, the resonant frequency decreases
when increasing the pressure.

Fig. B.8 shows a clear decrease in the resonance frequency with
increasing pressure for all the structures investigated. This occurs
8

because the gas in which they are immersed acts as a viscous fluid
whose damping effect increases when the pressure increases. Since the
presence of the surrounding gas introduces a force that causes energy
dissipation on the vibrating body [32], this effect is also responsible for
the Q-factor degradation.

Fig. B.9 clearly shows that for all the structures studied the experi-
mental variation of the Q-factor with the pressure (colored data points
in the graphs) follows a trend (black dashed line) determined by this
damping effect and whose mathematical formula is given by [31]:

𝑄(𝑃 ) = 𝐴 +
𝑐𝑄0

𝑎 + 𝑏𝑄0
√

𝑃
, (B.1)

Here 𝑄0 is the quality factor in vacuum, which includes all the
pressure-independent loss mechanisms (such as thermoplastic damp-
ing) [33], while A, a, b, and c are fitting parameters that take into
account both the geometry of the MEMS and the viscosity of the
surrounding fluid.

Fig. B.9. Q-factor versus working pressure for: (a) M1, (b) M2, (c) M3, (d) M4, (e)
M5a, and (f) M5b. For each graph, the colored dots represent the experimental data
obtained as already explained in Section 4.1, while the black dashed line is the fit on
the data.

Appendix C. Photo-acoustic signal with pressure

For completeness, in this appendix are reported all the photo-
acoustic spectra associated with the six investigated cases. Looking
at Fig. C.10 it is possible to notice that in all the cases the photo-
acoustic signal increases from low pressure (around 5 mbar) until
it reaches its maximum at a pressure within the range of 20 to 50
mbar. Then it starts to rapidly decrease for higher values of working
pressure. Furthermore, the spectra depicted in Figs. C.10(a), (b), and
(e), respectively associated with the structures M1, M2, and M5a, are
characterized by a higher average noise level on the tails compared
to the other structures. This corresponds to the higher SNR shown by
the M3, M4, and M5b structures working at higher frequencies, as
described in the main text.
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Fig. C.10. 1f photo-acoustic traces at different pressures for: (a) M1, (b) M2, (c) M3, (d) M4, (e) Ma, and (f) M5b.
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