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The quartz tuning fork (QTF) being the acoustic-electrical conversion element for quartz-enhanced photoacoustic
spectroscopy (QEPAS) system directly affects the detection sensitivity. However, the low electromechanical
conversion efficiency characteristic of standard QTF limits the further enhancement of the system. Therefore, the
optimized design for QTF is becoming an important approach to improve the performance of QEPAS. In this
work, 9 kHz T-shaped QTFs with isosceles-trapezoidal grooves are firstly applied to gas sensing experiments.

Four types of 9 kHz QTFs are fabricated and applied to gas detection experiments. Simulation results reveal QTFs
with isosceles-trapezoidal grooves are conducive to optimizing the stress distribution and enhancing electro-
mechanical conversion efficiency. The results of the gas sensing experiment (acetylene CoHy) indicate that the
signal peak and signal-to-noise ratio values of T-shaped QTF with positive isosceles-trapezoidal grooves can
reach 1.44 and 1.85 times greater than the normal QTF with rectangular cross-section prongs.

1. Introduction

Optical sensing technologies are widely adopted in many fields
[1-10]. Laser spectroscopy based methods have the advantages of high
sensitivity and non-invasive measurement [11-25]. As a type of laser
absorption spectroscopy technology, Quartz-enhanced photoacoustic
spectroscopy (QEPAS) has developed rapidly in gas sensing due to its
excellent identification characteristics and high detection sensitivity
[26,27], stemming from the fingerprint absorption characteristics of
molecules. Tittel’s team first proposed the QEPAS [28], in which the
QTF replacing the microphone acts as acoustic-electric conversion.
Compared with the microphone applied for conventional photoacoustic
spectroscopy (PAS), the QTF has a higher quality factor, narrower
response frequency bandwidth, and smaller geometry [29-34]. There-
fore, the application of QTFs is beneficial in decreasing the background
noise while enhancing the signal amplification of gas sensing [35-37].

The QTF, serving as the acoustic-electrical conversion element in
QEPAS, converts periodic sound waves into surface electric charges.
Specifically, periodic sound waves appeared at prongs’ spacing push
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prongs to vibrate in anti-symmetrical mode, and electric charges can be
collected in the prong surfaces periodically due to the positive piezo-
electric effect [30,38]. In the development of QEPAS technology, stan-
dard QTFs have been widely used and demonstrated to be efficient
[39-42]. However, the high resonance frequency and narrow prong
spacing result in weak detection capability and increased optical noise,
thereby further limiting the sensing performance of QEPAS [43].
Consequently, optimizing QTF design has become an important
approach to improve the sensing performances of QEPAS technology.
In QEPAS, the frequency of QTFs directly affects the energy accu-
mulation time of the system [44]. Compared to the standard QTFs with a
high frequency of 32.768 kHz, QTFs with a low resonance frequency
were designed to enhance the energy accumulation time and the
detection signal [45-53]. Generally, the frequency and quality factor
can be adapted by changing the dimensions of QTF. P to now, there are
two optimized prong structures widely used to improve sensor perfor-
mances. The first optimized structure is the T-shaped prong [43,54-59],
which can be regarded as adding an extra mass to the free end of the
pong. The T-shaped prong structure can increase the vibration
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amplitude and improve the quality factor. Another optimized structure
is carving rectangular grooves on the upper and lower surfaces of prongs
[54,60,61]. In this work, the QTF vibrates along the X-axis, which cor-
responds to the electric axis of quartz crystal, and the grooves are carved
in the upper and lower surfaces of the pongs. Compared with normal
rectangular cross-section prongs, prongs with rectangular grooves
benefit from enhancing the electric field intensity in the X-axis (the vi-
bration direction of the QTF and the electric axis of quartz crystal) and
improving the efficiency of electromechanical conversion.

For QTF, larger stresses lead to more surface electric charges, and
stresses are the largest in the prong bottom region [43]. Therefore,
making full use of the stress of prongs, especially in the prong bottom
region is crucial for optimizing the stress distribution of QTFs and
improving the charge collection efficiency. Besides, for Z-cut QTFs, the
lateral crystal prisms inevitably appear on the +X direction sidewalls
during the carving process due to the anisotropy of quartz [62,63]. This
will lead to unsatisfying straightness of the sidewalls in the +X direction
and reduce the electric field component in the X direction. Fortunately,
this inevitable property can be weakened by an inclined groove struc-
ture. Based on the above shortcomings, the main objectives of this work
are summarized as follows: Selecting the appropriate frequency to
improve the energy accumulation time; Improving the overall stress of
the prongs; and Improving the sidewall quality of the grooves.

In this work, novel 9 kHz T-shaped QTFs with isosceles-trapezoidal
grooves are designed and applied to QEPAS system. The stress, charge
density, and terminal charge of the QTFs with isosceles-trapezoidal and
rectangular grooves are analyzed and simulated to research the electro-
elastic properties of the QTFs. Three types of 9 kHz QTFs, characterized
as rectangular cross-section prongs, and T-shaped prongs with rectan-
gular and isosceles-trapezoidal grooves, respectively are fabricated and
applied to gas detection experiments.

2. The design of QTFs for QEPAS

The schematic diagram of T-shaped QTF with isosceles-trapezoidal
grooves is shown in Fig. 1, where X, Y, and Z axes respond to the
prongs’ width, length, and thickness directions, respectively. Ip, w, and t
denote the prong length, width, and thickness, respectively. wy, wo and
Ig are the isosceles trapezoid’s upper base, lower base, and height,
respectively. e is the spacing of prongs. wy and Iy are the width and
length of the hammerhead, respectively.

2.1. The working principle of QEPAS
In photoacoustic spectroscopy, the detected signal S can be expressed
as [60]:

s—aoQ ¢
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Fig. 1. Schematic diagram of the QTF with grooves.
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where a is the absorption coefficient, P is the optical power of the laser,
fo and Q are the resonance frequency and quality factor of the QTF,
respectively. According to Eq. (1), it can be known that reducing the
resonant frequency fp can effectively improve the detected signal.

The prongs of QTF can be simplified into two independent cantilever
beams [64], and the resonance frequency fy can be expressed as [65]

B (B @) [Eow
fo=a \par = 2z \lizp B 2

where E, I, p, A, w, and | denote Young’s modulus, the moment of inertia
of the beam cross-section, density of quartz, cross-sectional area, the
width along the vibration direction, and the beam length, respectively.
Pl is the frequency coefficient for the nth mode, and ;1 = 1.8751 for the
first model [65]. It can be found from Eq. (2) that foc<w/12. Thereby, w
and [ are vital structure parameters that affect the resonator frequency.
In this work, an approximate 9 kHz frequency is selected to obtain a
relatively long energy accumulation time of the QEPAS system.

In the QEPAS system, the sound waves push the prongs of QTFs to
vibrate in an anti-symmetrical mode, and electric charges can be
collected in the prong surfaces due to the positive piezoelectric effect
[30,38]. The QTF with high electric charge collection effectivity is ex-
pected. The piezoelectric equation can be expressed as [66]

{ S=sT+dE 3

D=d"T+¢e"E

where S and T are the strain tensor and stress tensor, respectively, D and
E are the electric displacement vector and the electric field vector,
respectively, d is the piezoelectric strain coefficient tensor, st is the
elastic compliance coefficient tensor under a constant electric field, 7 is
the dielectric coefficient tensor under a constant force, and d’ is the
transposition of d. According to Eq. (3), the surface charges of QTFs can
be improved by enhancing the stress of prongs of QTFs.

For a variable section beam with a small taper, the stresses can be
expressed as [67]

o(y,x) = fM(Iy)x @

where M is the bending moment, x is the distance from the center axis of
the beam. Carving grooves in the upper and lower surfaces of prongs will
reduce the moment of inertia I. According to Eq. (4), the stress will in-
crease when the moment of inertia decreases.

2.2. Analysis and simulation of the QTF

In this subsection, the stress, charge density, and terminal charge of
the T-shaped QTFs with two types of isosceles-trapezoidal grooves, and
normal rectangular grooves are simulated to analyze the electro-elastic
properties of the QTFs. In this work, these groove structures are
designed to improve the overall stress values and optimize the stress
distribution of prongs, which can further enhance the surface charges (in
Eq. (3)). Besides, carving grooves can improve the X-direction excitation
field strength of prongs. Thereby, the charge collection capacity and the
sensitivity of the QEPAS system can be enhanced by the optimized
groove structure designs.

2.2.1. QTFs with rectangular grooves

COMSOL Multiphysics is used to analyze the stress distributions of T-
shaped QTFs with or without rectangular grooves. Fig. 2 shows the stress
distributions along the prong length direction for T-shaped QTFs where
w = 1600 pm, [ = 8672 pm, wy = 2260um, Iy = 2100 pm, t = 350 pm,
and w; = wy = 600 pm (w3 = wy = 0 pm). The simulated points are in the
CD-segment of Fig. 1. The stress distributions of two T-shaped QTFs
(with or without rectangular grooves) are compared. As is shown in
Fig. 2, the stress value is large near the prongs’ bottom, and the stress
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Fig. 2. The distributions of the stress along the prong length direction.

value of one point generally decreases as it is farther away from the
bottom regions. Carving grooves mainly affects the stress near the bot-
tom of the prongs, where the stress is relatively large. Comparing the
stress distributions of the QTFs, we can find the stress values of the T-
shaped QTF with grooves are generally larger than those of the T-shaped
QTF without grooves. As shown in Eq. (3), the higher stress leads to a
larger electric displacement. Thereby, carving grooves can enhance the
surface charge of QTFs and further improve the detection current and
sensitivity of the sensing system.

2.2.2. QTFs with isosceles-trapezoidal grooves

In this subsection, QTFs with positive and inverted isosceles-
trapezoidal grooves are researched, and the schematic structure can
be seen in Fig. 3. Compared with the traditional rectangular groove
structure, the isosceles-trapezoidal groove structures are proposed to
obtain larger overall stresses along the prong length direction. Besides,
the isosceles-trapezoidal groove structures have better sidewall quality
of the grooves than rectangular groove structures after the wet etching.

The positive and inverted isosceles-trapezoidal groove structures are
proposed through different considerations. Fig. 3(a) shows the structure
of the QTF with inverted isosceles-trapezoidal grooves. According to the
equal strength beam theory[68], the structure of Fig. 3(a) can obtain a
more balanced stress distribution and enhance the overall stress. Fig. 3
(b) denotes the QTF with positive isosceles-trapezoidal grooves, which
can exacerbate the inhomogeneous character of the stress distribution

(a) (b)

Fig. 3. Schematic structure of the QTFs with isosceles-trapezoidal grooves: (a)
the inverted isosceles-trapezoidal grooves; (b) the positive isosceles-
trapezoidal grooves.
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along the prong length direction, while further improving the stress
value near the root area and enhancing the overall stress.

Fig. 4 compares the stress distributions of a normal QTF with rect-
angular grooves and QTFs with positive and inverted isosceles-
trapezoidal grooves where w = 1600 pm, [ = 8672 pm, wy; = 2260pm,
Iy = 2100 pm, and t = 350 pm. QTF#T1 (w; =200 pm, wy =1000 pm)
and QTF#T2 (w; =1000 pm, wy =200 pm) denote the QTF with inverted
and positive isosceles-trapezoidal grooves, respectively, and QTF#R (w;
= wy =600 pm) represents the QTF with rectangular grooves. As shown
in Fig. 4(a)-(c), the stress is large in the region near the bottom of the
prongs. It can be seen in Fig. 4(d), that the stress in the prongs with
isosceles-trapezoidal grooves is overall greater than that in the prongs
with rectangular grooves, and this finding is especially pronounced in
the region near the prongs’ bottom. Comparing the stress distributions of
QTF#T1 and QTF#T2, we can find the stress of QTF#T?2 is significantly
higher than that of QTF#T1 in the points near the prongs’ bottom, while
the stress of QTF#T2 is weakly lower than that of QTF#T1 in some
points far away from the prongs’ bottom. The simulation results reveal
the stress distribution of the prongs is optimized by carving isosceles-
trapezoidal grooves, and QTF#T2 has better stress distribution due to
the large stress near the prongs’ bottom area.

The surface charge density distributions of the above three types of
QTFs at the corresponding resonator frequency are simulated in Fig. 5. It
can be found that the surface charge density of the X-axis electrode is
larger, and the surface charge density in the X-axis generally decreases
as it is farther away from the bottom regions, which is similar to the
stress distribution. As shown in Fig. 5, the lateral surface charge density
is relatively large, which is caused by the smaller lateral area compared
with the lower and upper surface area. The maximum value of surface
charge density in QTF#T1 (3.1E-5C/m?) and QTF#T2 (4.16E-5C/m?) is
significantly higher than that in QTF#R (2.64E-5C/m?). This result re-
veals that the QTF with isosceles-trapezoidal grooves is better at
increasing the surface electric charges. To compare the charge collection
capability more directly, the terminal charges were calculated by
COMSOL Multiphysics. The terminal charges of QTF#R, QTF#T1, and
QTF#T2 are 1.1752E-10C, 1.4302E-10C, and 1.5499E-10C, respec-
tively. The results directly indicate that the QTFs with isosceles-
trapezoidal grooves (QTF#T1, and QTF#T2) process larger terminal
charges than QTF#R, which means outstanding charge collection
capability and strong detection electrical signals.

Analyzing the simulations of the stress, surface charge density, and
terminal charge, the following main conclusions are obtained: Firstly,
the charge collection capability of QTFs can be enhanced by increasing
the overall stress of prongs. Secondly, the large values of stress (surface
charge density) mainly appear in the region near the prongs’ bottom.
Thirdly, the grooves of prongs increase the stress and are conducive to
optimizing the stress distribution. Finally, the isosceles-trapezoidal
grooves QTF have more excellent charge collection capability, espe-
cially for QTF#T2 due to the large stress (surface charge density) near
the prongs’ bottom.

2.2.3. The sidewall quality of grooves

For Z-cut quartz, the lateral crystal prisms inevitably appear on the
+X direction sidewalls of grooves during the wet etching process due to
the different etching speeds of each product surface [69]. The crystal
surface angle and corresponding etching speed are shown in Fig. 6, and
the specific data can be seen in Reference [70]. The unsatisfying
straightness of the sidewalls reduces the electric field component in the
X direction. Fortunately, the straightness of the sidewalls can be
improved by adjusting the angle of deflection f starting from the Y-axis
[71] (the optimized design for QTFs with isosceles-trapezoidal grooves).
The definition of the angle of deflection f is shown in Fig. 6(b).

3. Gas detection experiment

In this section, four types of 9 kHz QTFs are fabricated and applied to
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Fig. 4. Stress simulation results of QTFs: (a) QTF#R; (b) QTF#T1; (c) QTF#T2; (d) Stress distributions along the prong length direction for different QTFs.
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Fig. 5. The surface charge density simulation results of QTFs: (a) QTF#R; (b) QTF#T1; (c) QTF#T2.



F. Fang et al.

Crystal 2

Crystal 3
v,

Photoacoustics 41 (2025) 100672

(b)

Crystal Z

P

Fig. 6. Schematic diagram: (a) +X direction crystal surface for Z-cut quartz; (b) the angle of deflection g starting from the Y-axis.

gas detection experiments, which are normal QTF with rectangular
cross-section prongs (named ‘QTF#N’), the T-shaped QTF with rectan-
gular grooves (QTF#R), two types of QTFs with inverted and positive
isosceles-trapezoidal grooves (QTF#T1 and QTF#T2). The physical
schematic of QTFs can be seen in Fig. 7.

The fabrication process of QTFs in this work can be stated as follows:
Firstly, the quart structures of QTFs are fabricated by photolithography
and wet etching processes. Then, the surface electrodes of QTFs are
obtained by evaporation based on the shadow mask. Comparing the
fabrication process of QTF#N, the QTFs of Fig. 7(b)-(d) need carving
grooves on the upper and lower surfaces and setting groove internal
electrodes. A more detailed fabrication process of QTFs can be in
Reference [72].

3.1. Experimental setup

The schematic diagram of the QEPAS sensor setup is shown in Fig. 8.
A strong absorption line of acetylene (CyHz) located at 1530.37 nm
(6534.37 cm 1) was selected. A distributed feedback (DFB) diode laser
was employed as the excitation source. Wavelength modulation spec-
troscopy (WMS) and the second harmonic (2f) demodulation techniques
have been adopted in this work. The signal generator was used to
generate a ramp wave with a low frequency to make the output wave-
length of the laser scan through the target absorption line. The lock-in
amplifier produced a high-frequency sine wave to modulate the laser,
and the modulation frequencies of the laser were set as half of the
resonance frequencies (fp/2) of the QTFs. The laser was modulated by
these two waves together, and the output laser was collimated by the
fiber collimator then incident into the gas cell filled with CoHy. The laser
beam passed through the gap between the two prongs of the QTF, and a
photoacoustic was generated and detected by the QTFs. The detection
bandwidth of the used lock-in amplifier was 0.4 Hz.

3.2. Experimental results

The fp and Q were measured using the optical excitation method, as
shown in Table 1. It can be seen that these QTFs have nearly the same f
and a high Q factor greater than 10,000, which is beneficial to improve
the QEPAS sensing performance. Compared with Q of QTF#N, Q of

(@

Fig. 7. Physical schematic of the four QTFs: (a) QTF#N; (b) QTF#R; (c)
QTF#T1; (d) QTF#T2.

QTF#R is improved by 5.4 %, while Q of QTF#T1 (QTF#T2) is
decreased by 5.8 % (0.9 %). There are weak differences in Q for different
QTFs. Q of QTFs is affected by numerous factors such as structure, sur-
roundings, and fabrication process. Accurately predicting Q of QTFs is
challenging and needs in-depth study in the future.

To verify the performance of these four QTFs, 2f-QEPAS signals were
measured in the CoHy-QEPAS sensor mentioned above using 2 % CoHo.
The obtained results are shown in Fig. 9. To compare the signal peak and
SNR values more visually, two bar charts were plotted as shown in
Fig. 10. According to Table 1 and Fig. 10, some main conclusions are
shown as follows: Comparing QTF#T1, QTF#T2, QTF#R, and QTF#N,
we can find T-shaped QTFs with isosceles-trapezoidal grooves (QTF#T1
and QTF#T2) generally have more excellent performance than the T-
shaped QTF with rectangular grooves (QTF#R) and normal QTF with
rectangular cross-section prongs (QTF#N). QTF#T1 and QTF#T2
weakly affect the Q of QTFs compared to QTF#R, while they signifi-
cantly reduce the flanking noise and enhance the leaves of SNR and
signal peak. The signal peak value of QTF#T2 (QTF#T1) is 1.44 (1.27)
times greater than QTF#N, and the SNR value of QTF#T2 (QTF#T1) is
1.85 (1.52) times greater than QTF#N. Furthermore, for T-shaped QTFs
with isosceles-trapezoidal grooves (QTF#T1 and QTF#T2), QTF#T2
processes lower flanking noise and higher values of Q, signal peak, and
SNR than QTF#T1 due to the excellent charge collection capability,
which has been discussed in the simulation subsection.

4. Conclusion

A novel 9 kHz T-shaped QTF with isosceles-trapezoidal grooves is
designed and applied to QEPAS gas sensing experiments in this work.
Four types of 9 kHz QTFs, characterized as normal rectangular cross-
section prongs, T-shaped prongs with rectangular grooves, T-shaped
prongs with inverted and positive isosceles-trapezoidal grooves, are
fabricated and applied to gas detection experiments. Some main con-
clusions are shown as follows: The T-shaped QTFs with isosceles-
trapezoidal grooves are conducive to optimizing the stress distribu-
tion, especially for the structure with positive isosceles-trapezoidal
groove (QTF#T2). The T-shaped QTFs with isosceles-trapezoidal
grooves have excellent charge collection capability, high electrome-
chanical conversion efficiency, signal peak, and signal-to-noise ratio.
The detection performances of T-shaped QTF with isosceles-trapezoidal
grooves are superior to normal QTF with rectangular cross-section
prongs (QTF#N) and T-shaped QTFs with rectangular grooves
(QTF#R), the signal peak and SNR values of QTF#T2 are 1.44 and 1.85
(1.27 and 1.56) times greater than that of QTF#N (QTF#R),
respectively.
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The measured f, and Q for the four QTFs.
QTF No. fo (Hz) Q
QTF#N 9014.07 14162
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