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ARTICLE INFO ABSTRACT

Keywords: This paper presents the design of a silicon micromechanical resonator with capacitive transduction for a gas
Photo-acoustic sensor based on photoacoustic spectroscopy. It overcomes problems imposed by opposite physical trends orig-
I(\;/[:;s]\z;nsor inating from the sensor’s working principles. The capacitive transduction mechanism is considered incompatible

with the photoacoustic gas detection as it reduces the mechanical displacement by a damping effect, thus
decreasing the sensitivity. This occurs because the same part serves two functions: photoacoustic excitation and
capacitive transduction. The suggested approach in this study focuses on the spatial separation of these two
functions. We propose the first reported mechanical microresonator for photoacoustic gas sensing, which de-
couples photoacoustic excitation and capacitive transduction. The design has been modeled, fabricated, char-
acterized, and compared with the on-beam Quartz-Enhanced Photoacoustic Spectroscopy (QEPAS) technique, a
reference for compact and selective gas sensors. The performed photoacoustic measurement has been realized on
calibrated concentrations of methane. For a 1 s integration time in first harmonic detection, we obtained a limit
of detection (LOD) of 667 ppmv for silicon microresonator. In comparison to on-beam QEPAS technique, we
obtained LOD of 163 ppmv, which constitutes a factor 4 between QEPAS and MEMS. The conditions for both
experiments were the same.

Capacitive transduction
Micro-mechanical resonator
Spectroscopy

1. Introduction with sensors based on direct absorption while maintaining similar per-

formances. In photoacoustic spectroscopy, [5,6] the gas is detected

The constantly growing field of applications, for instance medicine
[1], industry [2], security and defense [3], is boosting the gas sensors
market. For most applications, gas sensors need to be selective, sensitive,
demonstrate real-time measurement ability, and compact. Selectivity
refers to the ability to identify a species among others, while sensitivity
refers to the ability to reach part-per-million (ppm) detection level (e.g.
[1]). The gas sensing market can be divided into four main techniques:
electrochemical, semiconductors, infrared, and others (e.g., catalytic,
thermal,.). Infrared sensors and in particular sensors based on optical
methods like tunable laser diode spectroscopy (TDLS), are compelling
due to their fast response, excellent selectivity, and sensitivity: reaching
sensitivity up to ppb [4]. They do not require sample preparation.
However, due to a sensitivity proportional to the optical path, their
size-reduction is limited.

In photoacoustic spectroscopy, the signal is proportional to the
power of the laser. This fact permits reducing sensor size in comparison
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through the absorption of the modulated laser light by the targeted gas.
This absorption creates an acoustic wave that sets a mechanical reso-
nator in motion. Currently existing mechanical resonators for photo-
acoustic wave detection are: non-resonant membrane such as
microphone [7], resonant with piezoelectric transduction mechanism,
called QEPAS technique (Quartz-Enhanced Photoacoustic Spectroscopy)
[8]; and cantilever with interferometric transduction mechanism called
CEPAS technique [9] (cantilever-enhanced photoacoustic spectros-
copy). An acoustic chamber is required for CEPAS and standard photo-
acoustic with a microphone to increase photoacoustic pressure and
make this method efficient. However, acoustic chambers are also used to
improve the sensitivity of QEPAS [12].

Integration of the sensor with the CMOS technology is another
requirement that needs to be met to develop compact gas sensors. Be-
sides the potential of integration, silicon technology enables precise
dimension control and batch production at a cheap cost with high
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repeatability. Therefore, it appears to be the most reasonable to develop
a mechanical resonator based on silicon material like CEPAS or a
microphone. The main drawback of standard photoacoustic gas sensors
based on microphones comes from the need for a resonant acoustic
chamber. In contrast, CEPAS sensors are relatively bulky due to the
optical readout mechanism, and their further miniaturization is some-
what limited.

Therefore, a silicon micro-resonator with capacitive transduction
mechanisms stands out as a promising solution. The operation principles
of such a sensor are outlined in [13] while the concept was initially
proposed by Chamassi et al. [14]. Silicon gives an excellent opportunity
for integration while capacitive detection provides simplicity and has
been proven to be highly sensitive [15]. Compared to standard photo-
acoustic, the advantage of this solution is using a mechanical resonator
with a high quality factor that acts as a band-pass filter. It allows to avoid
an acoustic chamber and reduce the sensor size.

The main challenge in creating a sensitive capacitive
microresonator-based sensor for photoacoustic gas detection comes
from the transduction mechanism itself. In capacitive transduction, the
electric signal is inversely proportional to the distance between the
electrodes. For instance, in our case, a gap 3 yum was used. This proximity
between electrodes creates important viscous damping called squeeze
film effect [16]. To decrease this damping, the width of the structure
should be decreased. On the other hand, the surface, and thus the width,
needs to be increased to increase the acoustic force. This creates a
dilemma since it is necessary to increase the width for photoacoustic
force enhancements, while for viscous damping reduction, it is necessary
to decrease the width. Therefore, we assert that optimizing for photo-
acoustic force collection of a mechanical resonator with capacitive
transduction exhibits an opposite trend than optimizing for viscous
damping reduction. Article [13] aimed to find geometrical parameters of
a cantilever that would represent a compromise between these two
opposite trends and enhance the capacitive signal. However, despite this
optimization, a simple cantilever based on SOI (silicon on insulator)
wafers will not reach the same performance as a quartz tuning fork.

Our research aims to create a high-performance silicon micro-
mechanical resonator for photoacoustic gas detection with capacitive
transduction. To reach this objective, we have developed a design of a
complex mechanical resonator, presented in Fig. 1. Due to its shape, it
will be further called H-resonator. The H-resonator is divided into
several parts: the first part (zone 1) is designed to maximize the pho-
toacoustic energy collection, the second (zones 2) is designed to maxi-
mize the capacitive transduction.

Acoustic wave

“ CH

A
/ Laser beam

Silicon oxide

_Silicon

Fig. 1. Scheme of H-resonator with a schematic illustration of the deflection
under PA excitation. The laser beam is localized along the resonator (x-axis)
while its focal point is above the middle of the resonator. The acoustic wave is
created along the beam due to the absorption of modulated light. Zone 1 collect
the photoacoustic energy. Zone 2 is used for the capacitive transduction. Zone 1
and 2 are connected by zone 3, called ’junction’. Zone 4, called anchor, holds
all the structure.
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The working principle is the same as presented in [13]. The laser
beam is localized along the resonator while its focal point is above the
middle of zone 1 (Fig. 1). The acoustic wave is created along the beam
due to the absorption of modulated light. Absorption will occur if the
laser wavelength corresponds to the absorption line of a target gas
(methane in our study). The device is fabricated on an SOI (Silicon-o-
n-Insulator) wafer composed of three layers: 75 ym thick silicon, which
creates a device layer, followed by 3 ym thick box layer made of silicon
oxide, and 400 pm thick silicon substrate. The resonator is fabricated in
the device layer and consequently has a thickness of 75 ym. When it is
set in motion by the acoustic wave, it creates a movable electrode. The
capacitance variation due to the resonator’s displacement can be
transformed into a current or voltage signal, depending on the resona-
tor’s frequency [17-19] and the external electrical circuits.

The resonator design has been developed using the analytic model
presented in [13] and combined with COMSOL simulations. It has been
fabricated in cleanroom facilities. Photoacoustic spectroscopy perfor-
mance demonstrations have been realized on methane. It is a very potent
greenhouse gas generated in high quantity by the agri-food sector. It is
also well-known near-infrared spectroscopic reference gas.

In this paper, section 2 presents the concept and explains the H-
resonator geometry. Section 3 concerns the fabrication process. Section
4 presents the setup for photoacoustic gas detection, characterization for
QTF and H-resonator, first and second harmonic detection (1f and 2f
detection) of a methane line, linearity of on-beam QEPAS and H-reso-
nator based sensor, and the limit of detection using Allan variance for
both on-beam QEPAS and H-resonator. Section 5 presents and compares
normalized noise equivalent absorption coefficient NNEA for on-beam
QEPAS and H-resonator.

2. Silicon micro resonator design
2.1. Concept of coupled resonators

As we presented in [13] opposite trends characterize the geometry
optimization of the capacitive cantilever for photoacoustic gas detec-
tion. These opposite trends make it impossible to reach a sensitivity at
the state-of-the-art using just a simple cantilever. To overcome this
problem, a different approach needs to be applied. Our solution focuses
on separating problems into different parts. We have created a structure
where parts for photoacoustic energy collection and electrical trans-
duction can be optimized separately. As presented in Fig. 1, the reso-
nator is divided into four mechanical zones, which fulfill the following
functions: capacitive transduction, acoustic energy collection, mechan-
ical coupling, and support for the structure.

The geometry of the orange part called zone 1 in Fig. 1 has been
chosen to collect photoacoustic energy along the resonator as the pho-
toacoustic wave will be created along the laser beam. It collects the
photoacoustic force to set the whole structure in motion. It must be
characterized by a significant overlapping between the mechanical
mode and the acoustic wave to enhance energy collection. We added a
hole below this part to decrease the viscous damping and particularly
avoid the squeeze film effect.

Red zone 2 in Fig. 1, represents areas where the mechanical move-
ment is converted into an electrical signal via capacitive transduction. It
is composed of several long and thin clamped-free cantilevers. The
electrical signal is proportional to the capacitance variation of this area,
which is proportional to the distance variation between the mobile and
the fixed electrode (top part of the resonator and the substrate). In the
presented design, the two electrodes are 3 ym apart (oxide layer in
Fig. 1) to work with sufficiently large capacity. This proximity traps a
thin air film between the electrodes generating additional viscous
damping called squeeze film damping [16]. This effect cannot be avoi-
ded, although it can be reduced. To minimize it, we used a clamped-free
cantilever in the fundamental mode of vibration to modelize the long
arms in zone 2. Subsequently, we applied the analytic model [13] and
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estimated that the lowest damping/higher displacement would be ob-
tained for a width around 12 ym. The numerous arms are used to
maximize the resonator’s nominal capacitance. The presented design
(Fig. 1) has ten arms on each side of the resonator.

Blue zone 3 marked in Fig. 1, further called “junction’, is the me-
chanical part connecting zones 1 and 2. Its position along the x-axis
(resonator’s length) defines the coupling between zones 1 and 2.

Zone 4 called “anchor" is designed to hold the whole structure and
reduce mechanical losses into the support. Its geometry is a square
rotated by 45 degrees relative to the other part of the H-resonator. It has
been optimized by finite element simulation to minimize the proportion
of the total energy dissipated into the substrate. The support size of
250 pm x 250 pm stands a good compromise as it allows holding all the
structure while maintaining relatively small parasitic capacitance and
support losses.

2.2. Structure optimization

To optimize the electrical output under the photoacoustic force
excitation, it is necessary to increase the photoacoustic energy collection
and maximize the displacement for zone 2 as the capacitive signal is
proportional to displacement variation. One approach for increasing
displacement is to reduce the effective mass m,f. Zone 2 is composed of
12 ym width cantilevers separated with distance of 75 ym. Zone 1 is
characterized by high mass compared to zone 2 due to the large surface
for photoacoustic energy collection. It can increase the effective mass of
the resonator if its displacement is high. Low effective mass can achiever
by reducing the maximal amplitude of displacement of zone 1 max
(Wyone1), and maximize the maximal displacement of zone 2 max
(Wyone2). This approach allows to simultaneously increase the electric
signal and decrease the effective mass.

We have studied the ratio of displacement Wi, between the
maximal amplitude of displacement of zone 1 max(Wyopne1) and the
maximal amplitude of displacement of zone 2 max(Wypne2): Wratio = max
(Waone2) /max(Wione1) as a function of the ratio Leenter / Leor. Where Leenter
is the distance between anchors (zone 4) and Ly is the total length of
the resonator, which remain constant L;,; = 4700um (Fig. 1). Studies
were performed using COMSOL multiphysics software based on finite
element simulation. The simulation results presented in Fig. 2 show that
it is possible to maximize W,q;, and simultaneously decrease the effec-
tive mass. The blue circle indicates the value L¢enter/Ltotat = 0.52, which
was used for the resonator presented in this paper. For this value, the

15 —— distance between modes > 5 kHz
—— distance between modes < 5 kHz
values used for Hes

~—

¥

045 050 055 060 065 0.70 0.75 0.80
Lcenter/Ltotal

Fig. 2. Results from simulation presenting an effective mass m.g and ratio of
displacement W4, between the two maximum amplitude of displacement of
zone 1 max(Wyone1) and of zone 2 max(Wyone2): Wrano = max(Wone2)/max
(Waone1) as a function of Leener / Lior, Where Legneer is the distance between an-
chors (zone 4) and L, = 4700 um is total length of the resonator. The blue
circle indicates the value used for the resonator presented in this article. It
corresponds to the mes = 25 ug and ratio of displacement W4, = 4. Simulation
were made using COMSOL multiphysics software for this fundamental mode
of vibration.
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effective mass is me = 25 pug and ratio of displacement W = 4. While
it is possible to reach a higher ratio of displacement and lower effective
mass by decreasing the value of Leeneer / Lo it has been chosen not to use
value under 0.52. Indeed for value below 0.50 simulations show that the
distance between the different mechanical mode is lower than 5 kHz.
This domain corresponds to the brown curves in Fig. 2. If another mode
is too close to the mode of interest, a cross talk can appear and reduce the
amount of energy in the mode of interest.

3. Sample fabrication

The device was fabricated on a double-side polish, (100) oriented
silicon-on-insulator (SOI) wafer. It consists of a 400 ym thick substrate
with a resistivity of 0.01-0.02 (Q cm), a 3 um thick SiO, layer, and a
75 ym thick device layer with a resistivity of 0.01-0.02 (€ cm). Both
sides of the wafer were covered with 320 nm (-+5 nm) of low stress
silicon nitride SiN, [20] deposited by LPCVD (Low-Pressure
Chemical-Vapour Deposition) technique. Steps for device fabrication are
presented in the Fig. 3.

The first step of the fabrication process consists of a deep wet etching
on the back of the wafer using 22%wt KOH solution at 60 °C. After back
etching, photolithography is performed to define the mechanical reso-
nator on the top side of the SOI wafer. The cavity needs to be aligned
with a resonator pattern on the opposite side of the wafer. This process is
subject to alignment uncertainty, as shown in Fig. 4.

After the opening of the photolithography resist and SiN, mask, the
mechanical resonator is etched using the standard Bosh process [21].
This step of the process was conducted in the FEMTO-ST Institute
(Besancon, France). The buried silicon oxide layer was etched using
vapor hydrofluoric acid following the procedure detailed in [22]
creating a free-standing structure. We used highly doped silicon to avoid
any metal deposition and connected the MEMS with an aluminum wire
bonding. Fig. 4 presents the final device with its wire bonding.

4. Methods and experiment

In this section, we present the results of sensor performance and
compare them with the standard on-beam QEPAS technique. This
comparison is significant as the QEPAS stands as one of the best tech-
niques in terms of sensitivity in photoacoustic gas sensing.

Primarily, both H-resonator and QEPAS need to be characterized.
Based on this characterization, we estimate the resonance frequency and
quality factor. The laser will be modulated at the resonance frequencies
of each transducer to maximize the electric signal from photoacoustic
gas detection. The experimental setup, presented in the Fig. 5, involves a
NORCADA commercial distributed feedback (DFB) laser emitting
around 4300 cm™! in a continuous wave regime. Within this emission

1. SOI wafer 2. Photolito- 3. RIE opening
DEVICE T3umy . SN, mask graphy for back of SiN, and
etch resist removal
HANDLE 400pm
4. Back etch 5. Photolito- 6. RIE opening
with KOH graphy for of SiNy and
solution device layer resist removal
resonator
7. DRIE for 8. Etching of Sili :
icon Si
device layer Si0, with vapor l:l !
HF B silicon Oxide SiO,
[ Mask SiNy
I Photoresist

Fig. 3. Steps for the sample fabrication.
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Fig. 4. Optical (upper panel) and scanning electron microscopy (lower panel)
pictures of a silicon micro-mechanical resonator (H-resonator) with its wire
bonding. The resonator has the following dimensions: length 4700 ym, width
775 pum and thickness 75 pm.

range exists a strong and isolated transition of methane, based on
HITRAN Database [23], at v = 4300.36 cm™! with absorption
cross-section ¢ = 3.7 - 10721 cm? molecule™!. A Thorlabs Laser Driver
ITC4002QCL LDITC regulates the laser diode temperature and current.
The laser’s current threshold reaches 40 mA at 25 °C. An MFLI Lock-in
Amplifier modulates the laser current. The laser light is collimated in
the chamber equipped with a gas inlet, outlet, and CaF, window tilted at
20° to prevent interferences and feedback into the laser. In the cell, the
beam is focused above the resonator, in the case of the H-resonator, and
between the prongs of QTF in a bare QEPAS configuration. The acoustic
wave generated by the modulated light absorption causes the mechan-
ical movement of the QTF or H-resonator. The electric signal from QTF is
generated by the piezoelectric effect. Then, the signal is processed by a
transimpedance amplifier with 10% gain and demodulated at the laser
modulation frequency using the lock-in amplifier. To generate an elec-
trical signal from the displacement of the silicon microresonator with
capacitive transduction, the resonator needs to be primarily polarized
with a bias Vp¢. The current from the resonator is then amplified and
converted into voltage wusing a FEMTO current amplifier

I

CH,

Resonator

——————— 1
I

, Polarization +—+"
_______ a | 1
1

P

I Laser driver with .

| : Modulation

| temperature :

| controller I
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LCA-40 K-100 M. The amplified signal is subsequently demodulated at
laser modulation frequency using MFLI lock-in amplifier. All the ex-
periments were conducted at atmospheric pressure.

4.1. Characterization

To characterize the QTF and H-resonator, we target a methane ab-
sorption peak at v = 4300.36 cm™ 1. Accordingly, the laser temperature
is fixed at 25 °C and current at 138.5 mA. To obtain a photoacoustic
signal, we use the wavelength modulation spectroscopy (WMS) [24]. We
performed a frequency sweep over the laser light modulation to char-
acterize and get the frequency response from QTF and H-resonator.
Based on the conducted experiment, the resonance frequency of the QTF
is found to be at fy = 32.7 kHz while the quality factor 13,000. The
frequency response of H-resonator was measured under different
polarisation biases. Fig. 6 presents the main mechanical resonance for
different polarization voltage and their Lorentzian fit. The second visible
peak on the left of the main resonance is another mechanical mode of the
resonator.

As expected, the electrical signal is proportional to the polarization
voltage. For low polarisation voltages, the response of H-resonator can
be described by a Lorentzian curve. The Lorentzian fit gives a resonance
frequency for H-resonator, which amounts fo = 44.79 kHz and a quality
factor Q = 266. The resonance frequency shift with the polarization
voltage is due to a change of spring constant caused by the electrostatic

H,es mechanicals resonances

4.0 T
—— Vpc = 30V
35} Lorentzian fit
. fo=44.66kHz Q=267 /'\
—— Vpc = 20V / \
3.0 Lorentzian fit
fo=44.74kHz Q=306
2.5 —— Vpc =10V

Lorentzian fit
fo=44.79kHz Q=265 ||

output signal [mVrms]
=N
w o

Iy
<)

o
]

0.0 E— j i i i :
43.50 43.75 44.00 44.25 44.50 44.75 45.00 45.25 45.50
frequency [kHz]

1

Fig. 6. Capacitive measurement of H-resonator frequency response with 100%
of CH4 for different polarisation voltage Vp¢. The quality factor and the reso-
nance frequencies were obtained via Lorentzian fit.

Fig. 5. Scheme of the experimental setup
which can be used for direct absorption spec-
troscopy (with photodiode) and photoacoustic
spectroscopy (with mechanical resoantor). The
laser current is modulated at n-harmonic (n = 1
for 1f detection, n = 2 for 2f detection). The
signal from the resonator is demodulated by the
lock-in amplifier. The setup presented in this
figure allows to identify the gas absorption line
via direct absorption using photodetector and
via photoacoustic wave detection using the
mechanical resonator.

g

Lock-in
amplifier
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force acting on the resonator. To maximize the electric signal from the
H-resonator, the following measurements are performed with a polari-
zation voltage of 30 V. It is worth noticing that high polarisation voltage
may cause a collapse of the resonator [25].

4.2. Gas detection

According to wavelength modulation theory, the amplitude of the
laser modulation is a significant parameter for photoacoustic signal
maximization [24]. An optimum is attained by increasing the modula-
tion amplitude of the laser, yielding the optimal modulation amplitude,
which is 9.1 mA and 9.3 mA for first and second harmonic detection (1f
and 2f detection), respectively. The silicon micromechanical resonator is
sensible to photo-thermal excitation. This kind of excitation can bring a
false positive electrical signal even without the presence of the target gas
as it will cause the movement of the resonator. To verify if the signal
comes from photoacoustic excitation, we performed detection of the first
and second derived of the gas spectrum. This corresponds to 1f and 2f
detection.

To identify the 1f and 2f signatures of the target gas absorption, we
used setup presented in Fig. 5 which can be used for direct absorption
spectroscopy (with photodiode) and photoacoustic spectroscopy (with
mechanical resoantor). For 1st harmonics (n = 1) the laser is modulated
at resonance frequency of the mechanical resonator fy; while for 2nd
harmonics (n = 2) laser is modulated at half frequency of the resonator
fo/2. The cell was filled up with 10% CH4 diluted in pure nitrogen and a
spectral scan was performed by tuning the driving current between
136 mA and 145 mA. As presented in [24], a smaller modulation
amplitude will result in clear first and second derivative of the absorp-
tion spectrum. We used a modulation amplitude of 6.7 mA for 1 f and
7.5 mA for 2 f detection for clear identification of their signature. Sub-
sequently, we compared the 1f and 2f detection to absorption spectra
obtained by the photodiode measurement with 100% CH4 and without
the gas. The measurements are presented in the Fig. 7 and confirm the
photoacoustic excitation of the resonator.

Subsequently, we performed a linearity measurement on a calibrated
dilutions of CH4 obtained using a mass flow controller Alytech GasMix
Aiolos II. This measurement provides information about the linearity
and proportion between photoacoustic and photothermal excitation as
the signal is also measured without the presence of absorbing gas. The
signal measured without the presence of absorbing gas gives informa-
tion about the photothermal noise. Fig. 8 presents results form linearity
measurement. The curves were evaluated by monitoring the 1f signal
from both the QTF and the H-resonator in dynamic measurement with a

wavenumber [cm ~1]
4300.6 4300.5 4300.4 4300.3 4300.2 4300.1 4300.0

1.0
—— CHg —— Hres 1f signal (mod=6.7mA)
Hres 2f signal (mod=7.5mA) 3.0
0.8 g
25 €
>
N\ =
203
gos :
g %
o 15
2 g
©0.4 =]
(=}
r\ 108
2
2
0.2 v \/ /\ 055G
0.0

0.0 L
136 137 138 139 140 141 142 143 144 145
current [mA]

Fig. 7. Absorption spectra of methane obtained by photodiode measurement
with 100% CH,4 and without gas (black curve) on an optical path of 3 cm. The
absolute value of 1st (light-blue) and 2nd (dark blue) harmonic - WMS signal
obtained by the absorption of 10% CH,4 at atmospheric pressure, using a DFB
laser emitting around 2.3 ym with an output power of 3.9 mW for a current of
I =140 mA at a temperature of 25 °C.
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gas flow rate 950 Nml/min. The cell was gradually filled with a cali-
brated gas concentration and flushed with pure N, between each stage to
confirm the recovery of the zero signal. Each step was performed for
10 min, and the measurement was recorded continuously. Both curves
present fair and similar linearity, which indicated a lack of sensor non-
linearity caused by high voltage bias. There is a noticeable offset in the
QTF data, which is the result of thermal excitation. This photothermal
excitation was minimized in the further measurement through the
improvement of the setup alignment. It is worth noticing that 2f
detection minimizes the photothermal noise.

4.3. Allan-Werle deviation

To evaluate the sensitivity and stability of the sensors, we performed
an Allan-Werle variance analysis [26] for data series collected during
30 min at CH4 concentration of 10% and time constant of 100 ms. Allan
variance was performed by monitoring 1f and 2f signals for the quartz
tuning fork and the H-resonator with an optimal modulation amplitude:
9.1 mA and 9.3 mA for 1f and 2f detection. To reach the maximal signal,
the current was fixed at I =138.5 mA and I =140 mA for 1f and 2f
detection, respectively. For these conditions, the laser power reaches
3.86 mW and 3.92 mW, respectively. The results are presented in the
Fig. 9. The slope of the curve given for integration time 7 < 1 s does not
show the behavior of expected classical ¢ '/2 slope. This behavior is
related to the lock-in amplifier low pass filter and its cut-off frequency. It
is assumed that the measurement will be reliable for 7 at least 5 times
higher than the time constant. It indicates that if the Allan variance was
applied to data with a time constant, for instance, 100 ms, the results
would be reliable and should present classical t~*/2 slope for 7 higher
than 7 = 500 ms. As a result, the curves in Fig. 9 have a conventional
t /2 slope for 7 > 1 s. The long-term drift appears after the 40 s for QTF,
while for H-resonator after 55s and 105 s for 1f and 2f detection,
respectively.

According to the 1o criteria, the CH4 limit of detection (LOD) for
silicon micromechanical resonator is 667ppmv at 1 s integration for 1f
detection and improves to 264ppmv for 10 s of integration. For 2f
detection, LOD amounts 789 ppmv for 1 s of integration and 283ppmv
for 10 s of integration.

In comparison to QEPAS on-beam configuration, LOD for 1f detec-
tion amounts 163 ppmv and 66 ppmv for integration time 1 s and 10 s,
respectively; while for 2f detection 265 ppmv and 100 ppmv for inte-
gration time 1 s and 10 s, respectively.

5. Discussion and conclusions

Our objective was to develop a high-performance silicon micro-
resonator with capacitive transduction for photoacoustic gas sensing.
Capacitive transduction in photoacoustic gas sensors based on micro-
mechanical resonators is limited by the opposite physical trends of the
sensor’s working principles. In this paper, we proposed and applied a
method that solves this problem. We have designed and fabricated the
first silicon microresonator for photoacoustic gas sensing, decoupling
photoacoustic excitation from capacitive transduction. We demon-
strated linear response for gas detection conducted on calibrated
methane concentration.

It is possible to theoretically estimate the difference of performances
between the H-resonator and an optimized cantilever fabricated on the
same SOI wafer and operating at the same resonance frequency using an
analytic model presented in [13]. According to this model, an optimized
cantilever based on a SOI wafer of 75 ym with a box of 3 ym should have
a width of 11 ym and a length of 1,42 mm. By taking into account only
the Brownian noise, the cantilever should present a signal-to-noise ratio
of 11 against a signal-to-noise ratio of 150 for the H-resonator for the
first harmonic detection with 1 s of integration time. While this com-
parison is not as reliable as an experimental one, it indicates that the
performances increase with H-resonator.
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Fig. 8. a)1f QEPAS (orange) and H-resonator (blue) signal during a gas step cycle, with concentration ranging from 1000 ppmv to 50000ppmv. The methane mixture
of known concentration is injected for 10 min, and the cell is flushed with pure N for the next 10 min. (b)QEPAS (orange) and H-resonator (blue) signal versus
injected methane concentration with a linear fit (right panel) of the response. The integration time is set to 1 s for H-resonator and 0.1 s for QEPAS.
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Fig. 9. Allan-Werle deviation calculated from a 30 min acquisition for the 1f
and 2f mode with 10% of CH,4 concentration and time constant of 100 ms.

The H-resonator LOD for 1f detection at 1 s integration time leads to
a normalized noise equivalent absorption coefficient (NNEA) of 5.5 -
107Wem 'Hz /2. In comparison, for QEPAS NNEA at 1 s integration
amounts 1.3 - 1077 W cm ™! Hz~ /2. The NNEA for the first reported on-
beam QEPAS amounts 8.8 - 1077 W em ! Hz /2 [8]. Presented NNEA
for QEPAS constitutes better results than NNEA for resonant MEMS by
factor 4. Both measurements were conducted in the same conditions,
which indicates the high reliability of the results. The
vibrational-transitional relaxation time for CHy4 is around 11.5 us [27].
As presented in [13] the maximum of the acoustic force should be
around 11 kHz. Thus, with their respective resonance frequency of 44.7
and 32 kHz the H-resonator and the quartz tuning fork are subjected to
almost the same acoustic pressure. For a gas with a slower
vibrational-transitional relaxation time, the LOD for both sensors will be
worse due to the shift of the maximum of the acoustic pressure at lower
frequencies [13].

Although the silicon-based microresonator is in its early stage of
development, its performances are comparable to the on-beam QEPAS
performances.

The sensor’s future developments will focus on design improvement
to increase the quality factor and photoacoustic energy collection. With
the design improvement, it appears that achieving the same or superior
sensitivity to QEPAS-based sensors is feasible. We believe that the
development of the silicon microresonator presented in this paper paves
the way for a new generation of integrated gas sensors.
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