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ARTICLE INFO ABSTRACT

Keywords: A study on the Hj spectral properties and a comparison between two different piezoelectric resonators employed
Hydrogen as infrared detectors for hydrogen sensing are reported. A quartz tuning fork (QTF) and a lithium niobate tuning
Multi-pass cell fork (LiNTF) are implemented in the same light-induced thermoelastic spectroscopy experimental set-up,
glfiz employing i) a laser diode to target the hydrogen absorption feature at 4712.90 cm™, characterized by low

interference from other contaminants; ii) a multi-pass cell with a 10.4 m pathlength, to enhance the interaction
between light and Hy molecules. Both resonators demonstrate a linear response with respect to the hydrogen
concentration and a minimum detection limit (MDL) of 0.50 % and of 1.50 % at 0.1 s of integration time with the
QTF and the LiNTF, respectively. The long-term stability analysis highlights a bias instability for the QTF, mainly
addressed to the inhomogeneities at the edge of the active area. Conversely, the uniform surface of the LiNTF
returns a highly stable detection, allowing an MDL as low as 0.1 % at 64 s of integration time. This first
demonstration of a LINTF as photodetector paves the way to the realization of fully integrated sensors based on
lithium-niobate-on-insulator platforms.

Lithium niobate

1. Introduction

Hydrogen is expected to play an important role in the global energy
transition towards a low-carbon future. For example, in addition to the
chemical, power, and transportation industries, its use is being explored
in key heavy industrial sectors that are difficult to decarbonize, such as
the stainless-steel industry and cement industries [1,2]. Production,
storage and distribution of hydrogen can take different paths within the
hydrogen value chain, as multiple sources (e.g. electrolysis, steam
methane reforming with carbon capture, nuclear, etc.), modes of
transportation (e.g. ammonia, liquid organic hydrogen -carriers,
cryogenic/cryo-compressed gas etc.), storage technologies (e.g.
geologic, material-based storage, etc.), and end-uses (e.g.

transportation, power, chemical industries, etc.) are considered. Thus,
the infrastructure required to effectively deploy hydrogen as a
commercially viable energy carrier or feedstock can be quite complex
and will necessitate novel hydrogen gas monitoring technologies at each
step, from generation/production to end-use. It is worth mentioning
combustion properties of hydrogen, i.e., low minimum ignition energy
(0.017 mJ), high heat of combustion (142 kJ/g), wide flammable range
(4-75 %) and high burning velocity [3]. These pose challenges for the
safety and handling of hydrogen at large scales. These properties also
determine the calorific value of natural gas and hydrogen blends, as
proposed vector for hydrogen distribution and combustion [4]. A lot of
research is currently focused on Hj production and storage processes to
fully exploit its potential as a resource for the energy industry and to
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allow an integration into different sectors [5]. Therefore, the monitoring
of Hy concentration can help improving the efficiency of these processes.
More recently, the possibility to produce naturally occurring hydrogen
from geological formations has attracted a lot of attention [6]. New
hydrogen sensing technologies are emerging as valuable tools for
detecting hydrogen seepage in surface geochemical surveys and explore
subsurface hydrogen accumulations during drilling programs in petro-
leum exploration. The hydrogen sensor deployed in the field may also
aid in-situ measurement of hydrogen concentration in different fluids
and monitoring hydrogen production rates to utilize this tantalizing
hydrogen source [7].

Several types of hydrogen sensors have been commercialized thus
far, e.g., catalytic sensors, electrochemical sensors, metal oxide sensors;
however, their working principle is based on the alteration of the
sensing element when interacting with Hy in gas phase [1-3], thus
preventing the use in corrosive, reactive and dusty gas streams. Optical
sensors represent an effective alternative for Hy detection, since they
allow non-contact measurements, as in tunable diode laser absorption
spectroscopy (TDLAS) [4-6]. In this technique, the emission wavelength
of a laser source is scanned across the selected gas absorption line and
the residual light is acquired and converted in an electric signal by a
photodetector [7]. In TDLAS, the detector could be placed outside the
gas chamber, thus not affecting and altering the detection properties of
the sensitive element [8-10]. Avetisov et al. (2019) reported for the first
time on a sensor based on TDLAS for in-situ hydrogen measurements in a
non-contact configuration [11]. Being a diatomic homonuclear mole-
cule, Hy does not possess a permanent dipole moment and therefore its
absorption spectrum in the infrared spectral range is limited to very
weak and sparse absorption lines corresponding to electrical quadrupole
transitions, with the fundamental ones localized within the range
1900-3000 nm [12,13]. The implementation of multi-pass cell (MPC) in
a TDLAS set-up increases the interaction pathlength between light and
the gas molecules, thus allowing the detection of the H; weak absorption
features [14-17]. Considering the possible applications of Hy sensing,
the selection of the absorption peak must consider both the value of the
linestrength and the possible interfering components. As reported in
Avetisov et al. (2019) [11], the peak centered at 4712.90 cm !
(2121.84 nm) should be selected for optical sensing since it provides
both the highest linestrength (3.18 - 10726 cm/molecule, [18]) and the
lowest interference from other possible contaminants, such as water
vapor (H30), carbon dioxide (CO3), methane (CH4), ammonia (NHs),
and carbon monoxide (CO), typically present in industrial processes [11,
18,19]. In a TDLAS sensor, the achievable detection limit is mainly
determined by the properties of the employed photodetector [20,21].
Recently, quartz tuning forks (QTFs) have been employed as light de-
tectors in TDLAS experiments, resulting in the novel approach known as
light-induced thermoelastic spectroscopy (LITES) [22-27]. In this
technique, the portion of light absorbed by the QTF generates through
thermoelastic conversion a deformation, corresponding to an electric
signal due to the piezoelectricity of quartz [28]. Yufei Ma et al.
employed a quartz tuning fork with a resonance frequency f~30 kHz and
quality factor Q~8500 for detecting Hy absorption feature [29]. They
enhanced sensitivity through two approaches: implementing a
multi-pass cell to extend the interaction pathlength and developing a
neural network-based denoising algorithm. The denoising approach
reduced the noise by two orders of magnitude, improving the sensor
minimum detection limit (MDL) from thousands of parts per million
(ppm) to tens of ppm. Nevertheless, the main challenge remains to
achieve high sensitivity and selectivity in direct absorption techniques
while maintaining a simple, fast, compact, robust and cost-effective
sensor architecture: a balance that requires careful optimization of
competing factors.

In this work, we extensively investigate both the peculiarity of the
molecular Hy optical excitation and the characteristics of different
possible detectors, having as final goal the design of a potential versatile
and robust Hj analyzer, easily convertible for detection of other related
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target molecules. A detailed study on the Hy spectral properties is re-
ported, employing a standard photodetector and, thereafter, two
different piezoelectric tuning forks have been employed for hydrogen
sensing in the same LITES experimental set-up: a QTF resonating at
9.8 kHz [24] and a lithium niobate tuning fork (LiNTF), having a reso-
nance frequency of 40 kHz. This last type of resonators have been widely
used as sensitive elements (e.g., assessment of fluid characteristics
[30-32], photoacoustic spectroscopy [33]), but LiNTF is reported here
for the first time as light detector, in particular for Hy sensing. Finally,
MDL and the stability of both the QTF and the LiNTF in the same
experimental set-up are discussed.

The special focus on the introduction of a LiNTF mechanical reso-
nator employed as photodetector is due to the fact that, in the
perspective of all-integrated on-chip sensing platforms, this crystal of-
fers significant advantages over quartz-based piezoelectric detectors in
terms of miniaturization potential and compatibility with modern
semiconductor fabrication processes. Significant advantages are also
offered in terms of electromechanical coupling. With respect to the
quartz crystal, the effective piezoelectric coefficient of 128° y-cut
lithium niobate, the only one involved in the excitation of the funda-
mental in-plane anti-symmetric flexural mode, is nearly 10 times higher
than that of a-quartz (2-3 pC/N) [34,35]. Moreover, lithium niobate has
higher density and Young’s modulus (4650 kg/m® and 145 GPa,
respectively) with respect to quartz (2660 kg/m> and 72 GPa).
Furthermore, the high acoustic velocity (~7000 m/s) in LiN supports the
design of high-frequency devices, essential for enhanced temporal res-
olution and improved selectivity in complex environments [36]. The
ability to integrate these resonators directly on a chip allows for
compact, scalable systems that are compatible with CMOS technologies,
facilitating seamless integration with electronic signal processing cir-
cuits. Additionally, the anisotropic properties of lithium niobate enable
engineers to exploit specific crystallographic orientations to optimize
device performance for target applications. In contrast, quartz resona-
tors, although widely used, are limited by their relatively lower elec-
tromechanical coupling and challenges in miniaturization due to bulk
fabrication techniques, which hinder their scalability for advanced
multi-sensor arrays or lab-on-chip systems.

Therefore, the main goal and innovation aspect of this work consist
in unlocking the potential of a novel generation of lithium niobate
photodetectors, suited for harsh environments and for high levels of
sensing platform integration.

2. Experimental setup for H, detection

The schematic of the experimental setup employed for hydrogen
detection is shown in Fig. 1. The presented configuration allows i) non-
contact measurements, since the detector and the gas are in two separate
chambers, ii) two different pressure conditions for the gas flowing in the
MPC and for the piezoelectric tuning forks, iii) easy comparison among
different detectors.

The H, absorption feature at 4712.90 cm™! [19] was targeted by a
Nanoplus laser source, having a central emission wavelength of A
=2121.8 nm and a maximum optical power of 21 mW. A Thorlabs
Herriot MPC HC10L/M-MO02 multi-pass cell (MPC) was selected to
obtain a 10.4 m interaction pathlength between light and hydrogen
molecules and partially compensate for the weakness of Hy quadrupole
transitions. As suggested by the manufacturer [37], a 500 mm focal
length bi-convex lens prior to the MPC (L1 in Fig. 1) was employed and
placed close to the collimating lens of the laser and at 500 mm from the
center of the cell. This ensures that a collimated beam at the cell input
does not lead to an overspill of light on the mirrors, causing background
signals. Due to the multiple reflection and the losses on the mirror [37],
a maximum optical power of 10 mW was measured at the MPC output
and it was focused on the detector with a lens having a focal length of
50 mm (L2 in Fig. 1). The laser beam after L2 was acquired with a
Spiricon Pyrocam IITHR and the 1/e? width of the intensity distribution
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Fig. 1. Schematic of the experimental setup. DFB Laser — Distributed Feedback Laser, TEC — ThermoElectric Cooler, QTF- Quartz Tuning Fork, DeC — Detector
Chamber. Inset: LINTF- Lithium Niobate Tuning Fork (not in scale). On the left a picture showing the QTF and LiNTF is reported. A ruler is included to compare the

dimensions of both tuning forks, with dimensions in millimeters.

was employed to compare the beam dimension with respect to the active
area of the detectors [38-40]. Considering a gaussian fit for the intensity
distribution and defining the beam diameter as twice the 1/e? half
width, a diameter of 0.328 + 0.002 mm was measured in the focal point.
In this experiment a QTF, as depicted in Fig. 1, and a LiNTF (shown in
the inset of Fig. 1) were employed as photodetectors for Hy sensing. A
picture of both tuning forks is also shown, and their geometrical pa-
rameters are reported in Table 1. The tuning forks were placed in turn in
a detection chamber (DeC), a stainless-steel vacuum-tight cell equipped
with two wedged BaF; windows (Thorlabs WW01050-E1, AR Coating:
2-5 um) with external dimensions 5x5x5 cem® [23]. A transimpedance
amplifier was employed to convert the piezoelectric current generated
by the tuning forks into an electric signal. An MCQ-INSTRUMENTS GM
VACUUM 1.3 allowed both the stabilization of the pressure inside the
MPC, together with a KNF vacuum pump, and the generation of several
Ho:N5 mixtures, diluting a pure hydrogen cylinder with a pure nitrogen
cylinder for the calibration of the sensor. The purity of the H> and N2
cylinders was grade 4.5, corresponding to a composition of 99.995 %
pure gas. Therefore, the error on the concentration of each generated
mixture is assumed to be determined by the uncertainty of the gas
blender (MCQ Instruments GM VACUUM 1.3), as specified by the
manufacturer. A pressure of 760 Torr in the MPC and a flow rate of 100
sccm were employed for the comparison reported in this work. The
measurements were performed at ambient temperature (T = 23°). A
Tektronix AFG 31000 waveform generator was employed to pursue a
wavelength modulation (WM) detection scheme and provide a modu-
lation signal (at a frequency that is half of the tuning forks resonance

Table 1

Geometrical parameters of the lithium niobate tuning fork (LiNTF) and quartz
tuning fork (QTF) employed in this work: L (prong length), T (thickness of the
prong), w (thickness of the crystal) and s (spacing between prongs).

L (mm) T (mm) w (mm) s (mm)
QTF Base: 7 Base: 1.4 0.25 1
Head: 2.4 Head: 2
LiNTF 3.18 0.45 1.25 0.35

frequency) to the ITC4002QCL laser driver and the reference signal to
the Zurich Instrument MFLI lock-in amplifier for the 2 f WM-detection of
the tuning fork signal [41,42].

3. Results and discussion
3.1. Hj spectral characterization
Being Hy a homonuclear molecule, its infrared absorption spectrum

is limited to vibrational bands of low intensity due to quadrupole tran-
sitions. HITRAN Application Programming Interface (HAPI) [19] was
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Fig. 2. H, spectral lines grouped according to the vibrational and angular
momentum quantum states associated to each transition. (1—0) and (2—0) refer
to the fundamental and vibrational band, respectively; O, Q, S correspond to the
angular momentum quantum number AJ = -2, 0, 2, respectively. In the inset, a
zoomed-in view on the absorption lines in the 7100-7900 cm ™! range is shown.
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employed to simulate Hy absorption spectrum, as depicted in Fig. 2.

Hj absorption transitions can be grouped into two vibrational bands,
fundamental (1-0) and overtone (2—0), which form O, Q and S
branches corresponding to a variation of the angular momentum
quantum number AJ = -2, 0, 2, respectively. As a result of the high
values of the rotational constant (B ~ 61 cm’l) [43], the spectrum is
extremely sparse and only a few absorption lines are observable for each
vibrational band. The most intense Hy quadrupole transition from the S
(1-0) branch, located at 4712.90 em~! and with a linestrength of
3.18:107%% ecm/molecule, was chosen to attain a reasonable detection
limit compatible with most of the applications involving hydrogen
generation and monitoring. Despite not being free from interference
with the primary absorber gases, i.e. CHy, H3O, and CO», cross corre-
lation is substantially weaker compared to other Hy lines [11,19].

Before evaluating the LITES-based sensor performance, the spectral
properties of the selected transition were investigated analyzing the
detected 2f signal as a function of the pressure inside the MPC, which
was acquired by means of a commercial photodetector (DET05D2 [44])
temporally used in place of the piezoelectric tuning forks for these
preliminary tests. It is worth noticing that the outcome of this investi-
gation is independent from the employed detector.

Firstly, the 2 f spectra of pure Hy were acquired at four representa-
tive pressures within the MPC. The modulation depth (Av), i.e. the
amplitude of the sine wave modulation was optimized for each pressure
and the normalized acquired signals are reported in Fig. 3.

As shown in the figure, the normalized acquired signals increase as a
function of pressure, in the 300-900 Torr investigated range. The red
and blue curves in Fig. 3 highlight the presence of a fringe pattern
superimposed to the 2f signal. This distortion is more visible for the
spectra with low SNRs and, as stated by the manufacturer [44], it is due
to the comparable dimensions of the laser beam and the diameter of the
active area of the detector (0.5 mm). Lambert beer law provides the
dependence on pressure (P) of the detector signal, which in the limit of
low absorption is given by [45]:

S(v,P)=keI(v)e(1—a(v,P)eL)=kel(v)e(1—N(P)es(v,P)eL),
(€Y

where k is the conversion factor relating the detector signal to I(v), the
power impinging upon its sensitive area, L is the optical path and a(v) is
the absorption coefficient, expressed as the product between the mole-
cule number density N(P) and the absorption cross section 6(v,P). For an
isolated spectral line, it results that o(v,P)=LS-I'(v,P), being LS the
transition linestrength and I'(v,P) the line shape function. Thereby, the
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Fig. 3. 2 f spectra of 100 % H, acquired at 300, 500, 700, 900 Torr.
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detector signal depends on the pressure via two factors: i) the number
density, which increases with pressure, and ii) the absorption cross
section, whose pressure dependency is related to the specific line shape
function associated with the selected transition. Although the line shape
function of most of the molecules is given by a Voigt function, multiple
studies have shown that the Hartmann-Tran line profile best represents
the line shape of Hy quadrupole transitions by accounting for non-Voigt
phenomena, such as speed dependency of collisional broadening and
Dicke narrowing [11,46]. For small modulation depth, the in-phase
component of the 2 f signal is proportional to the second derivative of
I'(v,P) and it is maximized when the ratio between Av and the half width
at half maximum of the line shape function (HWHM) is equal to 2.2 [11].
The Av values, employed to acquire the signals in Fig. 3 were used to
calculate the HWHM at the different investigated pressures. HAPI was
subsequently used to simulate the absorption cross section of Hy S(1—0)
transition employing both the Voigt and the Hartmann Tran (HT)
functions as line shapes and the simulated absorption features are shown
in Fig. 4a.

The absorption coefficient can be estimated from the Voigt and HT
simulations of absorption cross section (see Eq. 1). In the Voigt simu-
lations, the peak of the absorption cross section reduces by 6.7 % as the
pressure increases from 300 Torr to 900 Torr. The numerical density
increases with pressure, resulting in a peak absorption coefficient three
times higher at 300 Torr than at 900 Torr. While in the same pressure
range, the HT simulations yield a 38.4 % increase in hydrogen peak
cross section. This corresponds to a fourfold increase in the absorption
coefficient when the pressure is changed from 300 Torr to 900 Torr,
which matches the increase observed in the signals shown in Fig. 3.

Furthermore, the broadening of the line shape functions was evalu-
ated considering the HWHM of both the Voigt and HT simulations and
compared in Fig. 4b with the Av employed. The HWHMs of the Voigt
simulations are higher compared to HT profile and slightly increase from
300 Torr to 900 Torr (5 %). In the same pressure range, the HWHMs of
the HT profile decrease with pressure (56 %), as experimentally found
and with an average relative error of 14 % on the employed Av. This
decreasing trend in the spectral width is attributed to the Dicke nar-
rowing effect, which occurs when molecules undergo numerous colli-
sions during absorption. This phenomenon induces a reduction of the
mean velocity of the molecules, resulting in a narrowing of the Doppler
width (0.0211 cm™!) [47-49]. Dicke narrowing, usually masked by
other broadening mechanisms for other molecules, mainly determines
the Hj line shape up to 1500 Torr due to the high frequency of velocity
changing collisions (0.0481 cm™latm™') and the H, low collisional
broadening (0.0019 em latm™1) [19,46]. Only at higher pressures, not
accessible with the employed setup, speed-dependent collisional
broadening emerges causing an increase of spectral width [19]. HT line
shape takes into account both speed dependent broadening and nar-
rowing of Doppler width, resulting in an H;, absorption coefficient at
atmospheric pressure twice as high as that erroneously predicted by the
Voigt line shape. Despite the observed higher signal at 900 Torr, the
MPC was operated at the atmospheric pressure for hydrogen sensing
because it is more suitable for real word applications.

3.2. QTF-based LITES sensor

The QTF employed as photodetector was a custom T-shaped tuning
fork with carved groove on the surface of the prongs, which already
demonstrated the best performance in LITES detection (QTF #2 in [24]).
The QTF was enclosed in vacuum tight detector chamber (DeC in Fig. 1),
and it was operated at atmospheric pressure (760 Torr). The green
rectangle in Fig. 5a defines the portion of the QTF available to employ
the resonator as photodetector for Hy detection.

The LITES signal was optimized focusing the laser beam on the po-
sition highlighted by the red circle in Fig. 5a, as it is close to the
maximum strain region of the QTF [22]. From the analysis of the layers
composing the QTF in the focusing point (Fig. 5b), it results that the
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Fig. 4. a) Simulated absorption cross section of H, at 300, 500, 700, 900 Torr employing the Voigt line shape (dashed line) and the Hartman-Tran line shape (solid
line). b) Simulated and experimental HWHM as function of pressure. Experimental HWHM was calculated as HWHM = Av/2.2, being Av the optimal modulation

depth determined experimentally for each pressure.

(a)

(b)

Gold
= Chromium
Quartz

Fig. 5. a) Detail of the QTF portion where the laser beam is focused. The green rectangle highlights the actual active area for the detection of H, and the red circle
represents the laser beam. b) Sketch of the layers composing the QTF zone where the beam is aligned. The red triangle represents the laser beam.

radiation passes through the 250 um-thick quartz layer without a sig-
nificant attenuation (the transmittivity is greater than 90 % at wave-
lengths close to 2 um [22]) and it is completely absorbed in the 50
A-thick chromium layer, having an absorption coefficient as high as
3.97-10° em ! at the laser central wavelength [50]. Therefore, the active
area actually available for focusing the laser beam upon the front surface
is basically delimited by the gold contacts and it is slightly smaller than
0.7x1.0 mm?, as highlighted with the green rectangle in Fig. 5a. The
normalized electrical characterization of the employed resonator is re-
ported in Fig. 6.

At atmospheric pressure, the Lorentzian fit of the measured data
(R%>0.99) returned a fundamental resonance frequency (fo) of
9763.57 Hz and a quality factor Q of 11400. The extracted f, was
employed to acquire the 2f spectra of Hy shown in Fig. 7a, focusing the
beam on the maximum strain point of the QTF [22].

The peak values of the signals in Fig. 7a are plotted as a function of
the corresponding Hy concentration in Fig. 7b to obtain the calibration
curve for the QTF operated at atmospheric pressure. The best linear fit
(R2>0.999) of the measured data returned a slope of 6.59-107° V/% and
an intercept of —2.90-107* V.

The noise level was evaluated as the standard deviation of the signal
acquired in the tuning range shown in Fig. 7a, while pure nitrogen was
in the MPC. Considering a noise level of 3.47-10"> V, a 1-6 MDL of
0.50 % was achieved at 0.1 s of integration time.

1.0

0.8 +

0.6+

0.4+

Normalized QTF signal

0.2+

9765
f (Hz)

0.0 +

9755 9760 9770

Fig. 6. Normalized electrical characterization of the QTF at 760 Torr. Black
squares represent the measured data, while the red curve represents the best
Lorentzian fit superimposed to the data.
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Fig. 7. a) 2-f spectra of hydrogen in the 0-100 % concentration range, acquired with the QTF at atmospheric pressure. b) Calibration curve of the H, 2f spectra peak
(black squares) and the best linear fit (red curve) is superimposed to the experimental data.

3.3. LiNTF-based LITES sensor

The QTF in Fig. 1 was replaced by a LINTF and it was operated at
760 Torr to compare the two piezoelectric resonators as infrared de-
tectors for Hy detection. The layer composition of the resonator is shown
in Fig. 8.

The front surface of the LiNTF, shown in the inset of Fig. 1, is char-
acterized by the presence of the gold electrodes, employed to collect the
electric charges generated via the piezoelectric effect and a chromium
layer, used to adhere the gold electrodes to the LiNTF. Since the back
surface of the LINTF does not present any other material but lithium
niobate [33], the laser beam was focused there (as shown in Fig. 8). Due
to the low absorption at the laser wavelength (the transparency window
of lithium niobate ranges from 350 nm up to 4.5 um [51]) the radiation
passes through the whole 1.25 mm thickness of the resonator substan-
tially unabsorbed, reaching the chromium layer. As in the QTF-based
sensor, the strong absorption coefficient of chromium allows exploit-
ing the piezoelectric effect to convert the absorbed radiation into an
electric signal [22], dominating the weak pyroelectric effect occurring in

Gold
s Chromium
Lithium Niobate

Fig. 8. Sketch of the layers composing the LINTF. The red triangle represents
the laser beam.

lithium niobate [52,53]. The position of the laser beam upon the LINTF
surface was varied to explore the region of maximum strain and opti-
mize the LITES signal. For this optimization, the MPC was filled with
100 % of Hy and the LiNTF position was varied with a translation stage.
The homogeneity of the back surface allowed a complete scan, both
along the length of the prong (vertical scan), and along the width of the
resonator (horizontal scan). As it was verified for the QTF, the vertical
scan investigation confirmed that the laser beam focus point optimizing
the LITES signal is found at the base of the 3.18 mm-long prong, where
the strain field is maximum [22]°[33]. At this vertical position, high-
lighted by the green rectangle in Fig. 9a, a horizontal scan was per-
formed, with a normalized trend of the LITES signal shown in Fig. 9b.

The four peaks of the LITES signal in the horizontal scan correspond
to positions of the laser beam spot aligned with the centers of the elec-
trodes. A peak decrease of ~19 % was measured between electrodes A
and D, which is well above the relative error on the peak signal
(~1.5 %). While this variation is partly due to the finite resolution of the
translation stage, it was consistently observed and confirmed through
repeated measurements. The peak differences can be attributed to the
ratio between the laser beam diameter and the width of the gold elec-
trodes (~0.2 mm [33]), which may slightly vary among electrodes.
Additionally, inhomogeneities in the deposition of the chromium
adhesion layer, used to bind the gold electrodes to the lithium niobate
surface, may contribute to the signal variation.

Considering the measured signal, the beam was focused on the
electrode D for the following measurements. Due to the high parasitic
capacitance [31,54], the resonance properties of the employed LiNTF
can be better measured through an optical characterization, shown in
Fig. 10: the MPC was filled with 100 % of H; and the peak of the 2f signal
was acquired as a function of the frequency of the laser modulating
signal.

From the analysis of the experimental data, the Lorentzian fit
returned an fj of 40627.61 Hz and a Q of 3100. The retrieved modula-
tion frequency was provided to the laser to acquire the 2f spectra cor-
responding to different hydrogen concentrations, as shown in Fig. 11a.

From the experimental data shown in Fig. 11b, the linear fit
(R?>0.99) returned a slope of 1.34.10°°V/% and an offset of
—4.96-107V and, considering a noise level of 2.00-10"°V, an MDL of
1.50 % was achieved at 0.1 s of integration time with the LiNTF.
Considering the calculated values, the difference in the MDLs could
mainly rely on the quality factor values of the two resonators.
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Fig. 10. Normalized optical characterization of the LINTF at 760 Torr. Black
squares represent the measured data, while the red curve represents the best
Lorentzian fit superimposed to the data.

3.4. Stability analysis for the QTF- and the LINTF-based sensors

The Allan-Werle deviation analysis was employed to assess the sta-
bility for the Hy detection with the two selected piezoelectric detectors
[55]. This comparison was carried out with both tuning forks at atmo-
spheric pressure, with a constant flow of pure nitrogen in the MPC and at
an integration time of 0.1 s. The 2f signal was acquired with the laser
wavelength locked on the Hy absorption line and was then converted
into MDL using the calibration slopes previously determined, as shown
in Fig. 12.

For the Hy detection with a QTF, the Allan-Werle Deviation (ADEV)
analysis (Fig. 12a) highlights a high bias instability [56-58] since the
minimum of the deviation occurs at an integration time as small as 2 s.
ADEV analysis for the QTF was performed several times, verifying the
optimum alignment conditions and confirming the instability issues. As
already commented for the photodetector, an active area of the QTF

comparable with the dimensions of the beam diameter can give rise to
signal distortions and, in addition for the QTF, the gold electrodes on the
resonator surface could generate undesired reflections of the incident
light, which could determine in turn possible interferences altering the
stability of the signal. A sensitive improvement could only be obtained
through a massive modification of the optics downhill the cell to pursue
a suitable beam shaping. Conversely, the ADEV analysis of the LiINTF
returned the trend expected for a sensing system mostly limited by white
noise. Indeed, the deviation decreases from 0.1 s to 64 s of integration
time, and thus this means that the H, MDL can be decreased at longer
integration time. Specifically, the MDL improves to 0.1 % at 64s, a
17-fold reduction compared to the 0.1 s measurement (Fig. 12b).
Although the active area of the LINTF is smaller than the QTF one (see
the resonator dimensions in [33]), the uniformity of the surface where
the laser beam is focused provide a higher long-term stability in Hj
detection.

From a comparison of the detection limits, it can be noticed that the
9.8 kHz QTF reported in this work demonstrated an MDL of 0.5 % at an
integration time of 0.1 s, which is comparable with the 0.3 % MDL ob-
tained by Yufei Ma et al. in [29] using the 30 kHz QTF, without
denoising algorithms. The slightly better result stems from a longer 0.7 s
integration time during the spectral scans.

Compared to these two QTFs, the LINTF initially shows a worse MDL
(1.5 % at 0.1 s), primarily due to its lower quality factor (Q=3100).
Nevertheless, its mechanical stability and structural usability thanks to
the large focusing area provides a significant noise reduction at longer
integration times, enabling a sensitivity improvement down to 0.1 % at
64 s.

As an additional proof of the long-term stability of the LiNTF-based
LITES sensor, the LiNTF signal was acquired at an integration time of
0.1 s over a 24-hour period while flowing a mixture of 10 % Hz diluted in
N2 through the MPC. The recorded signal was subsequently converted
into concentration values using the calibration curve shown in Fig. 11
and the obtained results are shown in Fig. 13.

The measured data yielded an average concentration of p = 10.4 %,
which agrees with the expected concentration of the generated mixture
within the observed 1c standard deviation of 1.5 %. Furthermore, these
fluctuations are also consistent with the MDL previously determined for
the LiNTF-based LITES sensor. These results provide further evidence of
both the accuracy and the long-term stability of the sensor, demon-
strating its capability for continuous real-time H. monitoring.
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The integration time was set to 0.1 ms. The red line indicates the mean value (n
= 10.4 %), while the blue lines represent the +1c range, where ¢ is the stan-
dard deviation, corresponding to 11.9 % and 8.9 %.

4. Conclusions

In this work, we presented a detailed study on the spectral properties
of molecular hydrogen together with a comparison between two
piezoelectric tuning forks, composed of quartz and lithium niobate,
respectively, for hydrogen detection in a Light-Induced Thermoelastic
Spectroscopy (LITES) configuration. From the study of the selected
hydrogen quadrupole transition, it resulted that the HWHM of the 2 f
signal reduces with an increase of the pressure, because of the Dicke
effect, and that the peak of the signal increases at higher pressures. This
experimental evidence determined an operating pressure of 700 Torr.
The two resonators were employed as infrared detectors in a TDLAS
experimental setup, implementing a MPC for the detection of the weak
H, absorption feature at 2121.8 nm. Since both quartz and lithium
niobate do not exhibit strong absorption coefficients within the laser
tuning range, the chromium layer promoting the adhesion of the gold
electrodes upon the tuning fork surfaces allows the conversion of optical
power into an electric signal through piezoelectric effect. The Hpy
detection with the QTF was carried out operating the resonator at at-
mospheric pressure and a detection limit of 0.50 % at 0.1 s of integration
time was achieved. Replacing the QTF with a LiNTF in the same
experimental setup, an MDL of 1.50 % was demonstrated at 0.1 s of
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integration time. The difference of the MDLs mainly depends on the
quality factor of the resonators. Finally, the stability in the Hy detection
was investigated for both piezoelectric detectors. The Allan-Werle
analysis returned a long-term instability for the QTF in this setup, that
could be addressed to the dimension of the focusing window upon the
QTF and to the back reflections from the gold contact. The employed
LINTF is characterized by much smaller overall dimensions, but the
absence of gold contacts deposited on the focusing side of the LINTF
makes the alignment more stable and avoids the interaction of the light
beam with edges and reflecting surfaces. In this case, the LiNTF
demonstrated stability for the hydrogen detection up to 64 s of inte-
gration time, corresponding to an MDL of 0.1 %. The detection perfor-
mance of these detectors can be improved either engineering the gold
electrodes layout in QTFs to provide a uniform surface for the alignment
of the laser beam or varying the geometry of the LiNTF to improve the
SNR in the H; detection. In future, absorbing layers can be applied on
the tuning forks’ surface and dopants added during the manufacturing
process to enhance the absorbance of the LiNTF and further improve the
performances as light detectors. Finally, unlike quartz, lithium niobate
enables the integration of optical and acoustic components on a single
chip, thus making lithium-niobate-on-insulator a highly suitable plat-
form for the next-generation of compact and integrated sensing systems.
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