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Photoacoustic spectroscopy and light-induced
thermoelastic spectroscopy based on inverted-
triangular lithium niobate tuning fork

Junjie Mu'?, Guowei Han3, Runqgiu Wang!?, Shunda Qiao'?, Ying He'?
and Yufei Mal?*

In this paper, a novel self-designed inverted-triangular lithium niobate tuning fork (LINTF) was used to construct gas
sensing system for the first time. The optimal ratio of the upper and lower boundaries of the inverted-triangular LINTF is
found by scanning through finite element analysis (FEA). The surface charge density and stress value of the inverted-tri-
angular LINTF are both higher than those of the standard quartz tuning fork (QTF). In the lithium niobate-enhanced pho-
toacoustic spectroscopy (LINPAS) sensing system, the 2f peak and signal-to-noise ratio (SNR) of the inverted-triangular
LINTF are 7.41 times and 5.89 times those of the standard QTF, respectively. After forming acoustic standing wave field
with the acoustic micro-resonator (AmR), the LINPAS system achieves an SNR 56.16 times higher than without the
AmR. Based on Allan variance analysis, the system achieves a minimum detection limit (MDL) of 7.25 ppb with an aver-
aging time of 800 seconds. In the light-induced thermoelastic spectroscopy (LITES) sensing system, the 2f peak and
SNR of the inverted-triangular LINTF are 7.82 times and 6.03 times those of the standard QTF, respectively. When the
averaging time reaches 100 s, the MDL of the system is found to be 25.78 ppb.

Keywords: lithium niobate tuning fork; lithium niobate-enhanced photoacoustic spectroscopy; light-induced thermoelastic
spectroscopy; CoHo detection

Mu JJ, Han GW, Wang RQ et al. Photoacoustic spectroscopy and light-induced thermoelastic spectroscopy based on inverted-
triangular lithium niobate tuning fork. Opto-Electron Sci 4, 250035 (2025).

Introduction

Trace gas detection technology is a widely used analyti-
cal method with applications in atmospheric monitoring,
petrochemical industries, agricultural management, and
medical diagnostics'®. Laser spectroscopy-based trace
gas detection offers advantages such as rapid response,
high sensitivity, and low background noise!*-"”. Photoa-
coustic spectroscopy (PAS), a technique based on the
photoacoustic effect, typically employs a microphone as

the acoustic wave transducer'®-?°. However, microphone-
based PAS has several drawbacks, including a large foot-
print and susceptibility to environmental interference.
To address these issues, quartz-enhanced photoacoustic
spectroscopy (QEPAS) was proposed in 2002%!, replac-
ing the microphone in traditional PAS with a quartz tun-
ing fork (QTF). The QTF converts acoustic signals from
the photoacoustic effect into electrical signals via its

piezoelectric effect. Due to the millimeter-scale size, low
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cost, narrow response band, and high Q-factor of
QTF* %, QEPAS technology offers advantages such as
compact size, economical, and excellent noise
immunity**—*. However, QEPAS technology still has cer-
tain limitations, such as the requirement for contact
measurement. When the QTF is directly exposed to cor-
rosive gases, it is highly prone to corrosion and
damage®. To address this issue, in 2018, Ma et al. pro-
posed light-induced thermoelastic spectroscopy (LITES).
This technique enables non-contact measurement by us-
ing laser excitation to induce thermoelastic vibrations in
the QTF after the light passes through a gas cell**-*2. This
feature allows LITES to demonstrate unique advantages
in specialized applications, including corrosive gas analy-
sis and combustion environment monitoring* .

The QTF plays a crucial role as a detector in both
QEPAS and LITES. Its performance directly determines
the detection capabilities of these two systems*->*. How-
ever, the commercially available standard QTFs are not
originally designed for these techniques, leaving signifi-
cant room for performance optimization®. When sub-
jected to mechanical stress, the QTF deforms and gener-
ates charges due to the piezoelectric effect. The a-quartz
used in commercial QTFs has a relatively low piezoelec-
tric coefficient dj; of only 2.3 pC/N. Therefore, selecting
materials with higher piezoelectric coefficients can sig-
nificantly enhance the surface charge density under the
same stress conditions®*~¢, Lithium niobate (LiNbO3), an
important ferroelectric crystal, exhibits remarkable
piezoelectric effects (6-70 pC/N) across different crystal
orientations®. Additionally, materials with higher elec-
tromechanical coupling coefficients produce larger out-
put signal amplitudes under identical external condi-
tions. LINbO3; has a coupling coefficient of 0.68, com-
pared to quartz's 0.3, making it a superior choice for im-
proving signal strength®%. Furthermore, the high reso-
nant frequency (fy=32768 Hz) results in limited energy
accumulation time and poor detection performance. Re-
cently, Cantatore et al. conducted research using LiNbO3
tuning fork (LiNTF) as a photoacoustic spectroscopy de-
tector. The experimental results show that the minimum
detectable limit (MDL) of LINTF measured in water va-
por is 30 ppm, while that of the standard QTF is 26 ppm,
with no significant difference between the two®. This
may be attributed to the fact that only single-sided elec-
trodes were coated on the surface of LINTF, the shape of
LiNTF was not optimized, and the excessively high reso-
nance frequency led to insufficient time for energy accu-

mulation.

This paper presents, for the first time, gas sensing uti-
lizing a novel self-designed inverted-triangular LiNbO;
tuning fork (LiNTF). Through finite element analysis of
the optimal upper-to-lower boundary ratio, the stress
distribution and surface charge characteristics of the
LiNTF were optimized. To validate its detection perfor-
mance, a LINbO3 photoacoustic spectroscopy (LiNPAS)
system and a LITES system were established. Acetylene
(CyHy), a representative petrochemical industry gas, was
selected as the target analyte to evaluate the performance
of the inverted-triangular LINTF-based sensors.

LiNTF simulation

To simulate the performance of a LINTF, a finite ele-
ment model using COMSOL software was constructed
by coupling multiple physical fields, including the Solid
Mechanics module, Electrostatics module, heat transfer
in Solids module, and Optics module. For the LiNPAS
simulation, a line sound source passing through the gap
between the prongs was built in a spherical air cavity.
The line sound source was loaded with the LINTF's f; to
simulate the acoustic waves generated by the periodic
thermal expansion of gas caused by the modulated light
beam passing through the gas. Excess acoustic waves
were absorbed by the perfectly matched layer on the out-
er wall of the spherical cavity. To obtain the optimal in-
verted triangular shape, simulations were conducted by
adjusting the ratio of the lower boundary to the upper
boundary of the prongs, and charge integration was per-
formed over all surfaces of the LINTF. The results are
shown in Fig. 1, as the ratio increases, the total charge
value of the LINTF rises slowly, reaching a maximum of
6.2963x10-% C when the ratio reaches 0.68, and then be-
gins to decrease. It can be concluded that the inverted-
triangular shape can amplify the vibration amplitude of
the LINTF during oscillation, thereby enhancing the sig-
nal amplitude. However, an excessively small ratio will
reduce the surface area of the LINTF, leading to a de-
crease in the total charge amount.

The cut type with the largest piezoelectric coefficient
of the LiNbOs3 crystal is selected, namely the 128° rotat-
ed y-axis cut, the thickness is 0.3 mm, the same as that of
the standard QTF. An inverted-triangular LINTF model
with an optimal lower-to-upper boundary ratio of 0.68
was developed. Figure 2(a) and 2(b) present the dimen-
sional geometries for the standard QTF and the opti-
mized inverted-triangular LiNTF, respectively. The
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Fig. 1 | Relationship between the ratio of the lower boundary to the upper boundary of LINTF and the surface charge integration.
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Fig. 2 | Surface charge and stress distribution in LINPAS simulation. (a) Stress distribution and dimensions of the standard QTF. (b) Stress distri-

bution and dimensions of the inverted-triangular LINTF. (c) Surface charge distribution of the standard QTF. (d) Surface charge distribution of the
inverted-triangular LINTF.

eigenfrequency analysis reveals that the fundamental f; is spectively, for the LiNPAS simulation. The maximum
32744 Hz for the standard QTF and 9528 Hz for the opti- surface stress values of 2.53x10° N/m? (standard QTF)
mized inverted-triangular LiNTF. The surface stress dis- and 5.77x10° N/m? (LiNTF) demonstrate a 2.28-fold
tributions are also presented in Fig. 2(a) and 2(b), re- stress enhancement in the LINTF design. Notably, the
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Fig. 3 | Surface charge and stress distribution in LITES simulation. (a) Stress distribution of the standard QTF. (b) Stress distribution of the invert-

ed-triangular LINTF. (c) Surface charge distribution of the standard QTF. (d) Surface charge distribution of the inverted-triangular LINTF.

inverted-triangular LiNTF exhibits more concentrated
stress distribution at the prong roots compared to the
standard QTF. Figure 2(c) and 2(d) show the charge dis-
tribution diagrams of the standard QTF and the invert-
ed-triangular LiNTF, respectively. The maximum sur-
face charge density of the standard QTF is 4.05 x 1073
C/m?, while that of the inverted-triangular LINTF is 5.12
x 1072 C/m?, which is 12.64 times higher than that of the
standard QTF. Unlike the symmetric arrangement of
positive and negative charges on the entire standard
QTF, the positive and negative charges of the inverted-
triangular LINTF are symmetrically distributed on each
prong.

To simulate the performance of LiNTF in LITES sens-
ing technology, a multi-physics coupling model was es-
tablished by integrating the Solid Mechanics, Electrostat-
ics, Heat Transfer in Solids, and Geometric Optics mod-
ules. A spatial light beam was configured to irradiate the
root of the LINTF prongs, and a modulation signal
matching the in-plane vibration resonant frequency of
the LiNTF was applied to the spatial light to induce ther-
moelastic vibrations in the LiNTF. The stress distribu-
tions of the standard QTF and the inverted-triangular
LiNTF are shown in Fig. 3(a) and 3(b), respectively. The
LINTF exhibits a maximum stress value 1.54 times

greater than that of the standard QTF. Their surface
charge distributions are illustrated in Fig. 3(c) and 3(d).
The surface charge distributions of the two tuning forks
in the LITES system match those in QEPAS. However,
the inverted-triangular LiNTF achieves a maximum sur-
face charge density 15.63 times greater than that of the
standard QTF.

Experimental setup

The experimental sensor system configuration is illus-
trated in Fig. 4. A single-mode distributed feedback
(DFB) diode laser with a wavelength of 1530.37 nm, an
output power of 15 mW, and a linewidth of 1 MHz was
used as the light source, and the absorption line of C,H,
at 6534.56 cm™! was selected for detection. The DFB laser
beam was collimated using a fiber collimator (FC). A
low-frequency sawtooth wave signal generated by a sig-
nal generator and a high-frequency sine wave signal gen-
erated by a lock-in amplifier were loaded into the laser
controller to modulate the DFB laser, where the frequen-
cy of the high-frequency sine wave signal was set to fo/2.
Wavelength modulation spectroscopy and second har-
monic technology are employed to suppress background
noise. As shown in Fig. 4(a), in the C,H,-LiNPAS sys-
tem, the laser was focused by a lens, passed through a

250035-4


https://doi.org/10.29026/oes.2025.250035

Mu JJ et al. Opto-Electron Sci 4, 250035 (2025)

https://doi.org/10.29026/0es.2025.250035

IIIOO

l

Power
meter

—>
Gas out

—

ol

2

~

:

Gas in .

Lock-in

Sine

:

amplifier

Signal

Ramp

generator

Fig. 4 | Schematic diagram of the CoHz sensor. (a) CoH2-LiINPAS system. (b) CoHo-LITES system. (¢) Schematic diagram of the standard QTF

and the inverted-triangular LINTF.
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Fig. 5 | Frequency characteristic curves of the standard QTF and the inverted-triangular LINTF. (a) The standard QTF. (b) The inverted-triangu-

lar LINTF.

wedge-shaped lens, and then enters the gas cell filled
with the target gas. Use a mass flow controller (MFC) to
prepare C,H, with different concentrations. After pass-
ing through the acoustic micro-resonator (AmR) and the
gap between the prongs of the inverted-triangular
LiNTF, it irradiated the power meter. The power meter
was used for optical adjustment of the system. In the
C,H,-LITES system, as shown in Fig. 4(b), the laser
passed through a gas cell with an optical path length of
20 cm and was then focused by a lens onto the root of the
prongs of the inverted-triangular LiNTF. The signal gen-
erated by the inverted-triangular LINTF was transmitted
to a lock-in amplifier for the second harmonic demodu-
lation to obtain the 2f signal. The physical images of the
standard QTF and inverted-triangular LINTF used in the

experiment are shown in Fig. 4(c).

Experimental results and discussion

Performance of LINPAS sensor based on the
inverted-triangular LINTF

Firstly, the frequency response characteristics of the
standard QTF and inverted-triangular LINTF were mea-
sured using an optical excitation method. A lock-in am-
plifier was used to continuously modulate the laser fre-
quency to generate light at different frequencies. The res-
onant frequency f, was determined when the electrical
signal reached its peak, as shown in Fig. 5. Figure 5(a)
depicts the frequency response curve of the standard
QTF, with the peak frequency and bandwidth (Af) mea-
sured as 32759.09 Hz and 2.98 Hz, respectively. Based on
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Fig. 7 | (a) 2f signals of CoH2>-QEPAS system based on the standard QTF and CoHo-LINPAS systems based on the inverted-triangular LINTF. (b)
Relationship between the 2f peak value of the CoHo-LINPAS, inner diameter and tube length.

the quality factor (Q) calculation formula Q = fo/Af, the
Q value of the standard QTF was determined as
10992.98. Similarly, as shown in Fig. 5(b), the inverted-
triangular LiNTF exhibited fy = 9261.90 Hz and Af = 1.25
Hz, producing a Q value of 7409.52. The lower resonant
frequency of the LINTF enhances energy accumulation,
while the narrower bandwidth helps suppress noise. No-
tably, there is a deviation between the measured f, and
COMSOL simulation results. This discrepancy arises be-
cause the simulation did not account for frequency shifts
caused by surface electrodes or performance changes due
to mounting the LINTF on the base.

The influence of modulation current on signal ampli-
tude was studied by varying its magnitude, and the re-
sults are shown in Fig. 6. As the modulation current in-
creases, the signal amplitude first rises rapidly and then
decrease gradually after reaching its peak. The modula-
tion current for the standard QTF to reach the maxi-
mum signal amplitude is 18.84 mA as shown in Fig. 6(a),
while that for the inverted-triangular LiNTF is 14.82 mA
as shown in Fig. 6(b).

In the C,;H,-LiNPAS system, the modulated laser in-
teracts with gas molecules, generating acoustic signals

that drive the LiNTF vibration. The measured results are
shown in Fig. 7(a), the 2f peak signal of the standard
QTF can reach 11.06 pV, while that of the inverted-trian-
gular LINTF is 81.96 uV. It can be seen that the signal of
the inverted-triangular LiNTF is enhanced by 7.41 times
compared to the standard QTF. This indicates that the
high piezoelectric coefficient of LiNbOj3 significantly im-
proves the signal amplitude, and the special shape of the
inverted-triangular LiNTF also significantly increases the
vibration amplitude of the LINTF, thereby enhancing the
signal amplitude.

The AmR allows the acoustic waves to form a stand-
ing wave field, causing resonance enhancement of the
acoustic signals within the AmR to increase the vibra-
tion amplitude of the LINTF and boost the electrical sig-
nal amplitude. To achieve the optimal coupling effect of
the AmR, a microscope was used to adjust the distance
between the two AmRs and the LiNTF to approximately
50 pm. The tube length L of the AmR for the optimal en-
hancement of acoustic signals should follows Agy/4<L<A,/
2, where A, is the wavelength of the acoustic wave. The
inner diameter of the AmR also affects the amplitude of
acoustic signals, so the tube length and inner diameter

250035-6
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Fig. 9 | CoH2-LINPAS system with AmR. (a) 2f signals of CoH at different concentrations. (b) Linear fitting of 2f signal peaks.

dimensions of the AmR were optimized as shown in Fig. gular LINTF with AmR is improved by 56.16 times com-
7(b). Experimental data shows that in a 20000 ppm C,H, pared to that without AmR.

environment at standard atmospheric pressure and room Measurements of C;H, concentrations ranging from
temperature, the optimal tube length is 17 mm and the 200 ppm to 20000 ppm were performed using the LINTF
inner diameter is 1.2 mm. Using this AmR for subse- system with an AmR configuration. The obtained 2f sig-
quent LiNPAS experiments and comparing it with LiN- nals are presented in Fig. 9(a). After linear fitting, as
PAS without AmR, as shown in Fig. 8(a), the 2f peak sig- showing in Fig. 9(b), the signal peaks exhibit outstand-
nals are 81.96 pV and 5.02 mV respectively. It can be ing linearity with a R-square value of 0.999. This indi-
seen that the presence of AmR enhances the signal by cates that the LINPAS system demonstrates excellent lin-
61.25 times compared to the absence of AmR. In a pure ear concentration response.

N, environment, the noise standard deviations of the The Allan variance analysis was performed on the sys-
C,H,-QEPAS based on the standard QTF and C,H,- tem. The system was continuously monitored for 12
LiNPAS based on the inverted-triangular LiNTF with hours in a pure nitrogen environment with a 1 s interval
and without AmR are measured as shown in Fig. 8(b—d), between sampling points, and the results show that the
which are 29.11 nV, 36.61 nV, 39.95 nV respectively. The system has excellent long-term stability. The obtained re-
signal-to-noise ratios (SNR) for the three systems were sults are shown in Fig. 10. At an averaging time of 800 s,
calculated as 379.94, 2238.73, 125657.07, and the corre- the standard QTF system achieves an MDL of 1.75 ppm;
sponding minimum detection limits (MDL) were calcu- the inverted-triangular LINTF system reaches an MDL of

lated as 52.64 ppm, 8.93 ppm, 0.16 ppm. The MDL of the 281.85 ppb; the inverted-triangular LINTF system with
inverted-triangular LINTF is improved by 5.89 times AmR attains an MDL of 7.25 ppb. These results indicate
compared to the standard QTF, and the inverted-trian- that all three systems exhibit excellent long-term stability.
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Fig. 10 | | Allan variance of the standard QTF, the inverted-triangular
LINTF and the inverted-triangular LINTF with AmR based PAS
systems.

Performance of LITES sensor based on the
inverted-triangular LINTF

A C,H,-LITES system was built to further verify the
LiNTF's performance. The laser beam, after being ab-
sorbed by a 20000 ppm C,H, gas, was focused on the
root of the inverted-triangular LINTF. Due to its higher
piezoelectric coefficient and thermal expansion coeffi-
cient compared to quartz, LINTF can generate greater
deformation and surface charge under the same condi-
tions. The measured results are shown in Fig. 11(a), the
2f peak signal of the inverted-triangular LiNTF can reach
6.13 mV, while that of the standard QTF is 0.784 mV.
The noise in a pure N, environment was also measured,
as shown in Fig. 11(b) and 11(c). The noise values of the
standard QTF and the inverted-triangular LiNTF are
62.05 nV and 80.30 nV, respectively. The calculated
SNRs are 12634.97 and 76338.73, resulted in MDLs of
1.58 ppm and 0.26 ppm, respectively. The detection ca-
pability of the LITES system with the inverted-triangular

— Inverted-triangular LINTF
— Standard QTF
2% C,H,:N,

2f LITES singal (mV)

50 60 70

Inject current (mA)

80 90

https://doi.org/10.29026/0es.2025.250035

LiNTF is improved by 6.03 times compared to that with
the standard QTF.

Concentration response was conducted on the LITES
system under different C,H, concentrations ranging
from 200 ppm to 20000 ppm. The obtained 2f signals are
shown in Fig. 12(a). Figure 12(b) demonstrates a strong
linear correlation (R? = 0.999) between the 2f signal am-
plitude and C,H, concentration, confirming excellent
linear response performance of the inverted-triangular
LiNTF-based LITES system.

To verify the long-term stability of the system, Allan
deviation analysis were performed on the LITES systems
with the standard QTF and the inverted-triangular
LiNTF in a pure N; environment. The measured results
are shown in Fig. 13. In Fig. 13(a), when the averaging
time reaches 100 s, the MDL of the LITES system with
the standard QTF reached 177.25 ppm. In Fig. 13(b), the
MDL of the LITES system with the inverted-triangular
LiNTF improved to 25.78 ppm at the averaging time
reaches 100 s.

Conclusions

In this paper, a novel self-designed inverted-triangular
LiNTF was used to construct gas sensing system for the
first time. Benefiting from its excellent piezoelectric coef-
ficient and electromechanical coupling coefficient,
LiNTF can generate more surface charges compared with
the standard QTF. Simulations were conducted by con-
trolling the ratio of the lower boundary to the upper
boundary of the LiNTF to find the optimal inverted tri-
angular shape, and it was verified that both the surface
charge density and stress value of the LINTF are signifi-
cantly superior to those of the standard QTF. C,H,-LiN-
PAS and C,H,-LITES systems were built to perform

1.5
— Standard QTF
11.0F
105 MeAA A SN A A AN
_100F
= 10=62.05 nV
; 95 L 'l L L L
§ 60— Inverted-triangular LINTF
255F
245F
10=80.30 nV
240 ) ) ) ) )
0 10 20 30 40 50 60
Time (s)

Fig. 11 | (a) 2f signals of CoH,-LITES systems with the standard QTF and the inverted-triangular LINTF. (b) Noise of the standard QTF. (c) Noise

of the inverted-triangular LiINTF.
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Fig. 12 | CoH,-LITES system. (a) 2f signals of CoH; at different concentrations. (b) Linear fitting of 2f signal peaks.
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Fig. 13 | Allan variance of the two CoH2-LITES systems. (a) The standard QTF. (b) The inverted-triangular LiINTF.

experimental investigations. In the CyH,-LiNPAS sys-
tem, the inverted-triangular LiINTF achieved a 5.89-fold
improvement in SNR compared to the standard QTF.
With the addition of AmR, the SNR was further en-
hanced by 56.16 times. Allan deviation analysis con-
firmed the system's long-term stability, yielding a MDL
of 7.25 ppb at an averaging time of 800 s. In the C,H»-
LITES system, the inverted-triangular LINTF demon-
strated a 6.03-fold higher SNR compared to the standard
QTF. With an averaging time of 100 s, the system
achieved a MDL of 25.78 ppb. This study fully demon-
strates the excellent spectroscopic sensing performance
of the inverted-triangular LINTF. In the future, the per-
formance of LINTF will be further enhanced by using
gold electrodes and improved electrode adhesion pro-

cesses to reduce signal loss.
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