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In this work, we report on the novel employment of lithium niobate tuning forks as acoustic transducers in
photoacoustic spectroscopy for gas sensing. The lithium niobate tuning fork (LiNTF) exhibits a fundamental
resonance frequency of 39196.6 Hz and a quality factor Q = 5900 at atmospheric pressure. The possibility to
operate the LINTF as a photoacoustic wave detector was demonstrated targeting a water vapor absorption line
falling at 7181.14 cm ™! (1.39 um). A noise equivalent concentration of 2 ppm was reached with a signal inte-
gration time of 20 s. These preliminary results open the path towards integrated photonic devices for gas sensing
with LiNTF-based detectors on lithium niobate platforms.

In the last couple of decades, lithium niobate (LiN) has arisen as one
of the most employed materials in the integrated photonics field
exploiting its strong electro-optic, acousto-optic and nonlinear optical
properties [1,2] combined with a high refractive index, stable physical
and chemical properties and a wide transparency spectral window (0.4 —
5 um) [3,4]. These features boosted a rapid development of LiN on
insulator technology, consisting of LiN thin films bonded through a
buried oxide layer to a LiN or silicon substrate, allowing the realization
of basic structures, such as optical waveguides and resonant cavities [4],
as well as the integration of LiN acousto-optic modulators based on a
racetrack resonator [5], and electro-optic modulators based on
Mach-Zender interferometers with integrated electrodes, which have
been extensively developed throughout the last twenty years [6-8].
Because of its large electromechanical coupling coefficient, LiN has been
also widely used for the development of various piezoelectric devices,
including tuning forks (TFs), filters, transducers, actuators, and sensors
[9,10]. For example, LiN tuning forks (LiNTFs) have already been
largely employed as viscosity and density sensors for fluid properties
measurements [11-14]. Moreover, it is well known that TFs can be used
as sound wave detectors. This application created a perfect breeding
ground in Quartz-Enhanced Photoacoustic Spectroscopy (QEPAS) for
gas sensing. In QEPAS, a quartz tuning fork (QTF) is employed for
detecting weak sound waves generated via photoacoustic effect within a
gas sample as a consequence of non-radiative energy relaxation induced
by infrared modulated light absorption [15,16].

In this work we explore the possibility to employ a LiNTF as a
piezoelectric transducer in photoacoustic spectroscopy for sound wave
detection. For ease of reading, in the following the technique will be
referred to as Lithium Niobate-enhanced Photoacoustic Spectroscopy
(LiNPAS). The strain and the electric field distribution when the LiNTF is
excited at its fundamental in-plane flexural mode are modelled with a
Finite Element Analysis. Using the simulation results as reference, the
LINTF prototype is employed in a LiNPAS sensor for water vapor
detection.

https://doi.org/10.1016/j.pacs.2023.100577

As already demonstrated in QEPAS, the fundamental TF in-plane
anti-symmetric flexural mode can be efficiently excited by focusing
the laser beam through the TF prongs, close to the vibration antinode
[17]. In this way, the prongs are put into oscillation by the acoustic wave
generated via photoacoustic effect impacting on the internal surface of
prongs. A finite element method (FEM) simulation of the LiNTF funda-
mental in-plane anti-symmetric flexural mode was performed using
COMSOL Multiphysics. The geometry of the LiINTF roughly mimics the
standard 32.7 kHz-QTF employed in a QEPAS sensor for the first time in
2002 [18]. With respect to the quartz crystal, the effective piezoelectric
coefficient da3 of 128° y-cut LiN, which is the only one involved in the
excitation of the fundamental in-plane anti-symmetric flexural mode, is
nearly 10 times higher than d;; of a-quartz (2-3 pC/N) [14,19]. More-
over, LiN has higher density and Young’s modulus (4650 kg/m> and 145
GPa, respectively) with respect to quartz (2660 kg/m® and 72 GPa). The
simulated LINTF geometry is sketched in Fig. la: the prongs have a
length of 3.18 mm, a width of 0.45 mm, and a thickness of 1.25 mm,
with a spacing of 0.35 mm.

The simulation of the mechanical behavior of the LINTF was per-
formed employing the Solid Mechanics module. A resonance frequency
fo =39182.0 Hz was predicted by means of an eigenfrequency study and
used as a reference value for the characterization of the frequency
response of the LINTF. Then, employing the Electrostatics module and
coupling it to the Solid Mechanics one by means of the Piezoelectric
Effect interface module, the following equations were solved by the FEM
software within the LiINTF volume:

E=-VV (€8]
VeD=p, (2)
D = epepinE + Py 3)

where E, V, and D are the electric field, the electric potential, and the
Maxwell displacement field, respectively, generated via piezoelectric
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Fig. 1. a) Geometry and gold pad scheme of the employed LiNTF; b) COMSOL simulation of the displacement of each prong when excited at the fundamental in-
plane anti-symmetric flexural mode. The 128° y-cut was selected for the material. The strain field modulus distribution is represented in the colour scale bar. A
resonance frequency of 39182.0 Hz is predicted; ¢c) COMSOL simulation of the electric field generated within each prong via piezoelectric effect (blue arrows); d)
COMSOL simulation of the electric potential generated within the TF via piezoelectric effect.
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Fig. 2. Schematic of the experimental apparatus. Black arrows represent elec-
tronic connections. TEC — ThermoElectric Cooler, LD — Laser Diode, LINTF —
Lithium Niobate Tuning Fork, ADM - Acoustic Detection Module, PM -
Power Meter.

effect within the LiNTF, p, is the volume density of piezoelectric charge,
ey is the 128° y-cut LiN relative permittivity tensor, and Py, is the
piezoelectric polarization density field. The results of the simulation are
shown in Fig. 1b-d. The strain field (Fig. 1b) is mainly localized on the
internal lateral surface of the two prongs, close to the clamped end. The
electric field (Fig. 1c) is spatially distributed along the front surface of TF
prongs with its intensity decreasing moving away from their surface.
The electric potential distribution on the TF surface is displayed in
Fig. 1d, with the piezoelectric charge being distributed accordingly.
Following the simulation results, a LINTF was fabricated in collabora-
tion with TE Connectivity Ltd. on a 128° y-cut LiN wafer. Two pairs of
gold electrodes, having the geometry depicted in Fig. 1a, are deposited
on one of the LINTF front surfaces to collect the generated piezoelectric
charges. The electrode layout matches the polarity of the electric po-
tential as well as it covers surface zones where the electric potential
reaches maximum intensity (Fig. 1a to be compared with Fig. 1d), in
order to maximize the charge collection efficiency.

The realized LiNTF was mounted as a photoacoustic detector in a
LiNPAS sensor depicted in Fig. 2.

As a proof-of-concept, four water vapor absorption lines in the
7180.54-7190.00cm™!  wavenumber range [20] falling at
7181.15cm™!, 7182.21cm™!, 7182.94cm™' and 7185.60cm”l,
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Fig. 3. Normalized resonance curve of the LINTF (black dots). A fundamental
resonance frequency of fo =39196.6 Hz and a quality factor of Q =5900 were
extracted at atmospheric pressure using a Lorentzian fit (red curve).

respectively, were targeted employing a Nanoplus laser diode (LD). The
LD central emission wavelength was 1392 nm with an output power of
10mW. The light source was controlled by means of a Thorlabs
LDC202C current driver and a Thorlabs TED200C temperature
controller, operating it at T=30°C. A lens having a 40 mm focal length
was used to focus the laser beam between the prongs of the LiNTF,
mounted in an acoustic detection module (ADM). All the measurements
were carried out in static conditions with the ADM isolated from the
environment and filled at atmospheric pressure with a gas sample of
standard air, composed of 20% O3, 1.2% H30 and 78.8% Na.

First, the LiNTF response in a frequency range containing the
fundamental mode resonance was obtained for determining both the
resonance frequency and the quality factor of the resonator. The laser
emission wavelength was locked at the strongest HyO absorption line in

Photoacoustics 35 (2024) 100577

the LD tuning range, located at 7181.15 cm ™! with a linestrength of 1.53
e 1072% e¢m/molecule [20]. The characterization was performed in
wavelength modulation and first harmonic detection (WM-1 f): the LD
current was sinusoidally modulated, and the LINTF signal demodulated
at the same excitation frequency by a lock-in amplifier (Zurich In-
struments MFLI). To reconstruct the LiNTF response curve, the LD cur-
rent modulation frequency was varied step-by-step in the range
39150-39245 Hz. The frequency response of the LiNTF exhibits a reso-
nance close to the simulated fundamental mode and it is shown in Fig. 3
(datapoints).

A resonance frequency fp = 39196.6 Hz and a quality factor Q = 5900
were estimated performing a Lorentzian fit (red solid line in Fig. 3) of the
datapoints, resulting in a good agreement with the resonance frequency
predicted by the FEM model, with a discrepancy of 0.34%o.

LiNPAS measurements were carried out in the wavelength modula-
tion and second harmonic detection (WM-2f) scheme [21]. Therefore,
the laser driver current was modulated applying a sinewave at half of the
LiNTF resonance frequency, while the fy component of the generated
LiNTF signal was extracted by the lock-in amplifier. A slow 2.5 mHz
sawtooth ramp was superimposed to the sinusoidal modulation to scan
the whole tuning range of the laser (see Fig. 2). The acquired 2 f-LiNPAS
signal is shown in the upper panel of Fig. 4, while the whole absorption
spectrum of water vapor in a matrix of standard air is displayed in terms
of the absorption coefficient in the lower panel of the same graph.

As predicted, four water vapor peaks were detected within the LD
tuning range, with a maximum signal of 161.3 pA corresponding to the
water absorption peak at 7181.14 cm ™. The noise level was evaluated
as the lo-standard deviation of the acquired data in the 7188.00 —
7189.00 cm ! range, far from Hy0 absorption features. Considering a
noise of 0.4 pA, the signal to noise ratio (SNR) for the most intense peak
is ~400, corresponding to a noise equivalent concentration (NEC) of
~30 ppm at 100 ms integration time and a normalized noise equivalent
absorption (NNEA) of 2.7 ¢ 1077 Wem ™ 'Hz /2 [22].

The performances of the LiNTF prototype were compared to those of
a standard 32 kHz QTF, which has both similar geometry, and resonance
frequency (as shown in Fig. S1). The measured resonance frequency and
quality factor at atmospheric pressure of the employed QTF are fj
=32739.9Hz and Q =9100, respectively. The QTF frequency response
is shown in Fig. S1b of supplementary material. Replacing the LiINTF

——1.2% H,0 in air

S\~

T N I ' I ' I

a (cm™)
oo
o
o
1
w

T T T T T T T T

——1.2% H,0 in air

A

| — T E— 7 T
7181 7182 7183

7184

T T T T T T T T T
7185 7186 7187 7188 7189

Wavenumber (cm™)

Fig. 4. In the upper panel, 2 f-LINPAS spectrum measured for a sample of air with a 1.2% concentration of absolute humidity at atmospheric pressure. In the lower

panel the absorption coefficient for a standard air sample from HITRAN database.
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Fig. 5. Allan-Werle deviation analysis performed over a two hour-long acqui-
sition of the LiNPAS signal. On the right y axis, the NEC associated to the noise
level is indicated. An increase up to 20s of the integration time allows for a
noise reduction by one order of magnitude.

with the selected QTF in the setup shown in Fig. 2 and working in the
same experimental conditions of the LINPAS measurements, a 2 f-QEPAS
spectrum of the standard air sample was acquired and it is reported in
Fig. S2 of supplementary material. Considering a noise of 0.9 pA, the
SNR for the most intense peak is ~450 at 1.2% water vapor concen-
tration, corresponding to a NEC of ~26 ppm at 100 ms integration time
and a NNEA =2.4 ¢ 1077 Wem 'Hz 172, These results show that the
LiNTF prototype performances are comparable to those of a standard
QTF.

Finally, an Allan — Werle deviation analysis was performed to
determine the noise dependence on the lock-in integration time [23].
For this analysis, the laser wavelength was locked at 7184.30 cm™},
where no absorption occurs, working in the WM-2 f scheme. The Allan —
Werle deviation analysis of the acquired signal is shown in Fig. 5. For an
integration time of 20s, a noise reduction of one order of magnitude is
achieved, down to 0.03 pA, corresponding to a NEC of ~2ppm. The
detection limit, mainly depending on the thermal noise reduction at
increasing integration times, scales down as 1/ \/t just like standard
QTFs in QEPAS [22,23].

In conclusion, the possibility to employ a lithium niobate tuning fork
resonator as a transducer in photoacoustic spectroscopy-based gas sen-
sors was demonstrated. Water vapor was selected as the target gas,
achieving an SNR of 400 for a 1.2% concentration of HyO at atmospheric
pressure and 100 ms lock-in integration time. An Allan — Werle deviation
analysis showed that a noise reduction of one order of magnitude can be
achieved increasing the integration time up to 20s. The LiNTF showed
comparable performances with respect to a standard QTF employed as a
photoacoustic detector under the same experimental conditions. These
results set a promising starting point for the development of fully inte-
grated LiNPAS-based trace gas sensors on LiN substrates. In order to
improve the LINTF performances as piezoelectric transducers in photo-
acoustic spectroscopy, two main strategies will be adopted: i) the
coupling with a pair of acoustic resonator tubes, which has been proved
to provide SNR enhancement factors starting from x 30 up to ~x 60 for
QTFs [24] and ii) the design and test of new LiNTF geometries,
comparing their performances to find the most suitable one for photo-
acoustic detection. Furthermore, the performances of LiNTFs as light
detectors in a light-induced thermo-elastic spectroscopy (LITES)
configuration can be also investigated for the development of tunable
diode laser absorption spectroscopy (TDLAS)-based gas sensors [25-28].

Acknowledgments

Dr. Giansergio Menduni acknowledges financial support from the
Fondo Sociale Europeo REACT EU—Programma Operativo Nazionale

Photoacoustics 35 (2024) 100577

Ricerca e Innovazione 2014-2020 by Ministero dell’Universita e della
Ricerca, Italy, code: D95F21002140006.

Appendix A. Supporting information

Supplementary data associated with this article can be found in the
online version at doi:10.1016/j.pacs.2023.100577.

References

[1] L. Arizmendi, Photonic applications of lithium niobate crystals, : Phys. Status Solidi
A Appl. Res Wiley-VCH Verl. (2004) 253-283, https://doi.org/10.1002/
pssa.200303911.

[2] R.S. Weis, T.K. Gaylord, Lithium Niobate: Summary of Physical Properties and
Crystal Structure, 1985.

[3] K.K. Wong, Properties of lithium niobate, IEE Stevenage, Herts. (2002).

[4] Y. Qi, Y. Li, Integrated lithium niobate photonics, Nanophotonics 9 (2020)
1287-1320, https://doi.org/10.1515/nanoph-2020-0013.

[5] L. Cai, A. Mahmoud, M. Khan, M. Mahmoud, T. Mukherjee, J. Bain, G. Piazza,
Acousto-optical modulation of thin film lithium niobate waveguide devices, Pho-
tonics Res 7 (2019) 1003, https://doi.org/10.1364/prj.7.001003.

[6] E.L. Wooten, K.M. Kissa, A. Yi-Yan, E.J. Murphy, S. Member, D.A. Lafaw, P.F.
Hallemeier, D. Maack, D.V. Attanasio, D.J. Fritz, G.J. McBrien, D.E. Bossi, A Re-
view of Lithium Niobate Modulators for Fiber-Optic Communications Systems, n.d.

[7] C. Wang, M. Zhang, X. Chen, M. Bertrand, A. Shams-Ansari, S. Chandrasekhar, P.
Winzer, M. Loncar, Integrated lithium niobate electro-optic modulators operating
at CMOS-compatible voltages, (2018). (https://doi.org/10.1038/541586-018
-0551-y).

[8] C. Wang, M. Zhang, B. Stern, M. Lipson, M. Loncar, Nanophotonic lithium niobate
electro-optic modulators, Opt. Express 26 (2018) 1547, https://doi.org/10.1364/
0e.26.001547.

[9] L. Eddaif, A. Shaban, J. Telegdi, Sensitive detection of heavy metals ions based on
the calixarene derivatives-modified piezoelectric resonators: a review, Int. J. En-
viron. Anal. Chem. 99 (2019) 824-853, https://doi.org/10.1080/
03067319.2019.1616708.

[10] R.-R. Xie, G.-Q. Li, F. Chen, G.-L. Long, R.-R. Xie, G.-Q. Li, G.-L. Long, 2100539 (1
of 18) Microresonators in Lithium Niobate Thin Films, (2021). (https://doi.org/10
.1002/adom.202100539).

[11] IEEE SENSORS 14. 2015 Busan, K. Chun, C.M. Schober, H.-G. Byun, Institute of
Electrical and Electronics Engineers, Sensors Council, Korean Sensor Society, IEEE
SENSORS 14 2015.11.01-04 Busan, IEEE SENSORS Conference 14 2015.11.01-04
Busan, IEEE SENSORS 2015 November 1-4, 2015, Busan, South Korea: pro-
ceedings, IEEE, 2015.

[12] H.R. Seren, E. Buzi, L. Al-Maghrabi, G. Ham, G. Bernero, M. Deffenbaugh, An
untethered sensor platform for logging vertical wells, IEEE Trans. Instrum. Meas.
67 (2018) 798-803, https://doi.org/10.1109/TIM.2017.2774183.

[13] Y. Liu, R. Difoggio, K. Sanderlin, L. Perez, J. Zhao, Measurement of density and
viscosity of dodecane and decane with a piezoelectric tuning fork over 298-448 K
and 0.1-137.9 MPa, Sens. Actuators A Phys. 167 (2011) 347-353, https://doi.org/
10.1016/J.SNA.2011.03.017.

[14] M. Toda, M. Thompson, A. Sirven, C. Nordin, The influence of oil density and
viscosity on the behavior of a lithium niobate tuning fork cantilever, IEEE Int.
Ultrason. Symp. IUS (2012), https://doi.org/10.1109/ULTSYM.2012.0268.

[15] H. Wu, L. Dong, H. Zheng, Y. Yu, W. Ma, L. Zhang, W. Yin, L. Xiao, S. Jia, F.

K. Tittel, ARTICLE Beat frequency quartz-enhanced photoacoustic spectroscopy for
fast and calibration-free continuous trace-gas monitoring, Nat. Commun. 8 (2017),
https://doi.org/10.1038/ncomms15331.

[16] Y. Ma, Review of Recent Advances in QEPAS-Based Trace Gas Sensing, (n.d.). (http
s://doi.org/10.3390/app8101822).

[17] P. Patimisco, G. Scamarcio, F.K. Tittel, V. Spagnolo, Quartz-enhanced photo-
acoustic spectroscopy: a review, Sensors 14 (2014) 6165-6206, https://doi.org/
10.3390/5140406165.

[18] A.A. Kosterev, Y.A. Bakhirkin, R.F. Curl, F.K. Tittel, Quartz-enhanced photo-
acoustic spectroscopy, 2002.

[19] P. Patimisco, A. Sampaolo, L. Dong, M. Giglio, G. Scamarcio, F.K. Tittel,

V. Spagnolo, Analysis of the electro-elastic properties of custom quartz tuning forks
for optoacoustic gas sensing, Sens. Actuators B Chem. 227 (2016) 539-546,
https://doi.org/10.1016/j.snb.2015.12.096.

[20] LE. Gordon, L.S. Rothman, R.J. Hargreaves, R. Hashemi, E.V. Karlovets, F.

M. Skinner, E.K. Conway, C. Hill, R.V. Kochanov, Y. Tan, P. Wcisto, A.A. Finenko,
K. Nelson, P.F. Bernath, M. Birk, V. Boudon, A. Campargue, K.V. Chance,

A. Coustenis, B.J. Drouin, J.M. Flaud, R.R. Gamache, J.T. Hodges, D. Jacquemart,
E.J. Mlawer, A.V. Nikitin, V.I. Perevalov, M. Rotger, J. Tennyson, G.C. Toon,

H. Tran, V.G. Tyuterev, E.M. Adkins, A. Baker, A. Barbe, E. Cane, A.G. Csaszar,
A. Dudaryonok, O. Egorov, A.J. Fleisher, H. Fleurbaey, A. Foltynowicz,

T. Furtenbacher, J.J. Harrison, J.M. Hartmann, V.M. Horneman, X. Huang,

T. Karman, J. Karns, S. Kassi, I. Kleiner, V. Kofman, F. Kwabia-Tchana, N.

N. Lavrentieva, T.J. Lee, D.A. Long, A.A. Lukashevskaya, O.M. Lyulin, V.

Y. Makhnev, W. Matt, S.T. Massie, M. Melosso, S.N. Mikhailenko, D. Mondelain, H.
S.P. Miiller, O.V. Naumenko, A. Perrin, O.L. Polyansky, E. Raddaoui, P.L. Raston, Z.
D. Reed, M. Rey, C. Richard, R. Tdbias, I. Sadiek, D.W. Schwenke, E. Starikova,
K. Sung, F. Tamassia, S.A. Tashkun, J. Vander Auwera, I.A. Vasilenko, A.A. Vigasin,
G.L. Villanueva, B. Vispoel, G. Wagner, A. Yachmenev, S.N. Yurchenko, The


https://doi.org/10.1016/j.pacs.2023.100577
https://doi.org/10.1002/pssa.200303911
https://doi.org/10.1002/pssa.200303911
http://refhub.elsevier.com/S2213-5979(23)00130-1/sbref2
https://doi.org/10.1515/nanoph-2020-0013
https://doi.org/10.1364/prj.7.001003
https://doi.org/10.1038/s41586-018-0551-y
https://doi.org/10.1038/s41586-018-0551-y
https://doi.org/10.1364/oe.26.001547
https://doi.org/10.1364/oe.26.001547
https://doi.org/10.1080/03067319.2019.1616708
https://doi.org/10.1080/03067319.2019.1616708
https://doi.org/10.1002/adom.202100539
https://doi.org/10.1002/adom.202100539
https://doi.org/10.1109/TIM.2017.2774183
https://doi.org/10.1016/J.SNA.2011.03.017
https://doi.org/10.1016/J.SNA.2011.03.017
https://doi.org/10.1109/ULTSYM.2012.0268
https://doi.org/10.1038/ncomms15331
https://doi.org/10.3390/app8101822
https://doi.org/10.3390/app8101822
https://doi.org/10.3390/s140406165
https://doi.org/10.3390/s140406165
https://doi.org/10.1016/j.snb.2015.12.096

A.FE.P. Cantatore et al.

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

HITRAN2020 molecular spectroscopic database, J. Quant. Spectrosc. Radiat.
Transf. 277 (2022), https://doi.org/10.1016/j.jqsrt.2021.107949.

P. Patimisco, A. Sampaolo, Y. Bidaux, A. Bismuto, M. Scott, J. Jiang, A. Muller,
J. Faist, F.K. Tittel, V. Spagnolo, Purely wavelength- and amplitude-modulated
quartz-enhanced photoacoustic spectroscopy, Opt. Express 24 (2016) 25943,
https://doi.org/10.1364/0e.24.025943.

A. Sampaolo, G. Menduni, P. Patimisco, M. Giglio, V.M.N. Passaro, L. Dong, H. Wu,
F.K. Tittel, V. Spagnolo, Quartz-enhanced photoacoustic spectroscopy for hydro-
carbon trace gas detection and petroleum exploration, Fuel 277 (2020), https://
doi.org/10.1016/j.fuel.2020.118118.

M. Giglio, P. Patimisco, A. Sampaolo, G. Scamarcio, F.K. Tittel, V. Spagnolo, Allan
deviation plot as a tool for quartz-enhanced photoacoustic sensors noise analysis,
IEEE Trans. Ultrason Ferroelectr. Freq. Control 63 (2016) 555, https://doi.org/
10.1109/TUFFC.2015.2495013.

P. Patimisco, A. Sampaolo, M. Giglio, S. dello Russo, V. Mackowiak, H. Rossmadl,
A. Cable, F.K. Tittel, V. Spagnolo, Tuning forks with optimized geometries for
quartz-enhanced photoacoustic spectroscopy, Opt. Express 27 (2019) 1401,
https://doi.org/10.1364/0e.27.001401.

T. Wei, A. Zifarelli, S. Dello Russo, H. Wu, G. Menduni, P. Patimisco, A. Sampaolo,
V. Spagnolo, L. Dong, High and flat spectral responsivity of quartz tuning fork used
as infrared photodetector in tunable diode laser spectroscopy, Appl. Phys. Rev. 8
(2021), https://doi.org/10.1063/5.0062415.

T. Gebre, A.K. Batra, J.A. Guggilla, M.D. Aggarwal, R.B. Lal, P. Guggilla, Ferro-
electric letters pyroelectric properties of pure and doped lithium niobate crystals
for infrared sensors pyroelectric properties of pure and doped lithium niobate
crystals for infrared sensors, Ferroelectr. Lett. 31 (2004) 131-139, https://doi.org/
10.1080/07315170490901436.

Z. Lang, S. Qiao, Y. Ma, Fabry—Perot-based phase demodulation of heterodyne
light-induced thermoelastic spectroscopy, Light.: Adv. Manuf. 4 (2023) 1-10.

Y. Ma, T. Liang, S. Qiao, X. Liu, Z. Lang, Highly sensitive and fast hydrogen
detection based on light-induced thermoelastic spectroscopy, Ultra Sci. 3 (2023),
https://doi.org/10.34133/ultrafastscience.0024.

Aldo Francesco Pio Cantatore received his M.S. degree in
Physics (cum laude) in 2022 from the University of Bari. From
the same year, he is a PhD student at the Physics Department of
the University of Bari, developing his research work at Poly-
Sense Lab, joint research laboratory between the Polytechnic of
Bari and THORLABS GmbH. His current research activities are
mainly focused on the Quartz-Enhanced Photoacoustic
Spectroscopy-based analysis of complex gas mixtures, as well
as on the development of compact and portable gas sensors
based on Light-Induced Thermoelastic Spectroscopy.

Giansergio Menduni received the M.S. degree (cum laude) in
Electronic Engineering in 2017 from the Technical University
of Bari. Since 2018, he is a PhD student at the Electric and
Information Engineering Department of Polytechnic of Bari.
Since 2022, he is an Assistant Professor in Applied Physics at
the Physics Department of Polytechnic of Bari. His research
activity is focused on the development of gas sensors based on
Quartz Enhanced Photoacoustic Spectroscopy.

Andrea Zifarelli obtained his M.S. degree (cum laude) in
Physics in 2018 from the University of Bari. From the same
year, he is a PhD student at the Physics Department of the
University of Bari, developing his research work at PolySense
Lab, joint-research laboratory between Technical University of
Bari and THORLABS GmbH. Currently, his research activities
are focused on the development of gas sensors based on Quartz-
Enhanced Photoacoustic Spectroscopy for detection of gas
mixtures and broadband absorbers, exploiting non-
conventional laser sources.

Photoacoustics 35 (2024) 100577

Pietro Patimisco obtained the Master degree in Physics (cum
laude) in 2009 and the PhD Degree in Physics in 2013 from the
University of Bari. Since 2018, he is Assistant professor at the
Technical University of Bari. Dr. Patimisco’s scientific activity
addressed the study and applications of trace-gas sensors, such
as quartz-enhanced photoacoustic spectroscopy and cavity
enhanced absorption spectroscopy in the mid infrared and
terahertz spectral region, leading to several publications.

Miguel Gonzalez received the B.S. degree in physics from the
Universidad de Los Andes, Bogota, Colombia, in 2005, and the
Ph.D. degree in physics from the University of Florida, Gain-
esville, FL, USA, in 2012. He is currently a Research Scientist
with the Sensors Development Team, Aramco Services Com-
pany, Houston, TX, USA. His current research interests include
MEMS, microfluidics, fluid analysis, and flow properties of
complex fluids in oilfield applications.

Huseyin R. Seren received the B.S. and M.S. degrees in elec-
trical engineering from Kog University, Istanbul, Turkey, in
2007 and 2009, respectively, and the Ph.D. degree in me-
chanical engineering from Boston University, Boston, MA,
USA, in 2014, respectively. He is currently a Research Scientist
with the Aramco Services Company, Houston, TX, USA. His
current research interests include miniaturized sensors for
harsh environments, microelectromechanical systems, and
| electromagnetic metamaterials.

j Vincenzo Spagnolo received the degree (summa cum laude)
and the PhD, both in physics, from University of Bari. He works
- as Full Professor of Applied Physics at the Technical University
of Bari. In 2019, he become Vice-Rector of the Technical Uni-
versity of Bari, deputy to Technology Transfer. Since 2017, he
is the director of the joint-research lab PolySense, created by
i THORLABS GmbH and Technical University of Bari, devoted to
the development and implementation of novel gas sensing
techniques and the realization of highly sensitive QEPAS trace-
gas sensors.

Angelo Sampaolo obtained his Master degree in Physics in
2013 and the PhD Degree in Physics in 2017 from University of
Bari. He was an associate researcher in the Laser Science Group
at Rice University from 2014 to 2016 and associate researcher
at Shanxi University since 2018. Since 2019, he is Assistant
Professor at Polytechnic of Bari. His research activity has
focused on the development of innovative techniques in trace
gas sensing, based on Quartz-Enhanced Photoacoustic Spec-
troscopy and covering the full spectral range from near-IR to
THz.

Aldo F.P. Cantatore, Giansergio Menduni*, Andrea Zifarelli
PolySense Lab, Dipartimento Interateneo di Fisica, University and
Politecnico of Bari, Via Amendola 173, Bari 70126, Italy

Pietro Patimisco
PolySense Lab, Dipartimento Interateneo di Fisica, University and
Politecnico of Bari, Via Amendola 173, Bari 70126, Italy


https://doi.org/10.1016/j.jqsrt.2021.107949
https://doi.org/10.1364/oe.24.025943
https://doi.org/10.1016/j.fuel.2020.118118
https://doi.org/10.1016/j.fuel.2020.118118
https://doi.org/10.1109/TUFFC.2015.2495013
https://doi.org/10.1109/TUFFC.2015.2495013
https://doi.org/10.1364/oe.27.001401
https://doi.org/10.1063/5.0062415
https://doi.org/10.1080/07315170490901436
https://doi.org/10.1080/07315170490901436
http://refhub.elsevier.com/S2213-5979(23)00130-1/sbref20
http://refhub.elsevier.com/S2213-5979(23)00130-1/sbref20
https://doi.org/10.34133/ultrafastscience.0024

A.FE.P. Cantatore et al.

PolySense Innovations srl, Via Amendola 173, Bari 70126, Italy

Miguel Gonzalez*, Huseyin R. Seren
Aramco Services Company, 17155 Park Row, Houston, TX 77084, USA

Vincenzo Spagnolo, Angelo Sampaolo

PolySense Lab, Dipartimento Interateneo di Fisica, University and
Politecnico of Bari, Via Amendola 173, Bari 70126, Italy
PolySense Innovations srl, Via Amendola 173, Bari 70126, Italy

Photoacoustics 35 (2024) 100577

* Corresponding authors.

" Corresponding authors.
E-mail address: giansergio.menduni@poliba.it (G. Menduni).
E-mail address: miguel.gonzalez@aramcoamericas.com (M. Gonzalez).


mailto:giansergio.menduni@poliba.it
mailto:miguel.gonzalez@aramcoamericas.com

	Lithium Niobate – Enhanced Photoacoustic Spectroscopy
	Acknowledgments
	Appendix A Supporting information
	References


