A super tiny quartz tuning fork-based light-induced
thermoelastic spectroscopy sensing
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In this paper, a sensitive light-induced thermoelastic
spectroscopy (LITES) based trace gas sensor by exploiting
a super tiny quartz tuning fork (QTF) was demonstrated.
The prong length and width of this QTF are 3500 pm and
90 pm, respectively, which determines a resonant
frequency of 6.5 kHz. The low resonant frequency is
beneficial to increase the energy accumulation time in
LITES sensor. The geometric dimension of QTF in
micrometer scale is advantageous to obtain a great
thermal expansion and thus can produce a strong
piezoelectric signal. The temperature gradient
distribution of the super tiny QTF was simulated based on
the finite element analysis and is higher than that of the
commercial QTF with 32.768 kHz. Acetylene (C,H,) was
used as the analyte. Under the same conditions, the use of
the super tiny QTF achieved a 1.64 times signal
improvement compared with the commercial QTF. The
system shows excellent long-term stability according to
the Allan deviation analysis, and a minimum detection
limit (MDL) would reach 190 ppb with an integration time
0f 220 s. © 2022 Optical Society of America
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Laser absorption spectroscopy-based trace gas sensing has attracted
much interest in recent years due to its excellent “finger-print”
identifying characteristics and high detection sensitivity [1-7]. With the
first proposal of quartz-enhanced photoacoustic spectroscopy (QEPAS)
in time [8], quartz tuning fork (QTF) was firstly introduced into the laser
spectroscopy based trace gas detection techniques. In QEPAS, QTF is

utilized as an acoustic wave transducer. Compared with the
microphone used in traditional photoacoustic spectroscopy (PAS), QTF
has a higher quality factor, narrower response frequency bandwidth
and smaller geometric size [9,10]. Therefore, it is beneficial for the
sensing system to get a high signal level, be immune to background
noise and realize miniaturization and integration [11-15]. However, in
QEPAS, to detect the photoacoustic signal, a QTF must be exposed to the
target analyte, which means QEPAS is a contact measurement method.
When the acid or corrosive gases exist in the detection environment
[16,17], QTF will be corroded with long-term exposure and finally
reduces the lifetime of the sensors.

In 2018, a novel QTF-based trace gas detection technique named
light-induced thermoelastic spectroscopy (LITES) was reported by Ma
et al [18]. Different from the detection mechanisms of QEPAS, a QTF is
utilized as a light-thermal detector in the LITES system. After being
absorbed by the target gas, the laser hits the surface of QTF. The residual
laser energy is converted into thermal energy because of the absorption
of quartz material, which results in the thermoelastic expansion of QTF
[19-22]. By modulating the laser, the periodic thermoelastic
deformation forces the QTF to generate mechanical motion. This
motion will be enhanced when its frequency is consistent with the
resonant effect of QTF [23]. According to the piezoelectric effect, an
electrical signal containing gas concentration information is produced
[24,25]. In LITES, QTF does not need to be placed in the analyte, which
means it is a non-contact measurement method. Therefore, such a
technique not only maintains the advantages of QEPAS but also
eliminates the risk of sensor failure due to the corrosion of QTF. Up to
now, LITES has been used to detect various gases [26-30].

QTF, as the core element of QEPAS and LITES, can effectively improve
detection performance by optimizing its parameters. For a QTF-based
sensor, the resonant frequency of QTF determines the modulation
period of the system [31]. A higher frequency of QTF will lead to a
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shorter period which corresponds to a shorter energy accumulation
time and ultimately limits the sensor performance. At present, some
different QTFs with a low frequency of <10 kHz have been designed and
used in gas sensing [32-38]. Compared with the commonly used
standard QTF with a resonant frequency of ~32 kHz, these low-
frequency QTFs achieve a better detection sensitivity. In addition, in
LITES, the light-induced thermoelastic signal is positively correlated
with the temperature gradient amplitude of the QTF. Under the same
excitation conditions, when the boundary temperature is constant, the
smaller geometric size of QTF will increase the temperature gradient
amplitude of QTF, which is finally beneficial to produce a stronger LITES
signal.

In this paper, a sensitive LITES sensor based on a super tiny QTF with
a low resonant frequency was demonstrated. The prong length and
width of the used QTF are 3500 pum and 90 um, respectively, which
determines a resonant frequency of 6.5 kHz. The spacing between the
two prongs of the QTF is 80 um. The temperature gradient on the
surface of the super tiny QTF was simulated and compared with that of
the standard commercial QTF. In addition, the detection performance of
the LITES sensing system was also compared when these two different
QTFs were used. Acetylene (C,H;) was chosen as the target analyte. By
employing the Allan deviation analysis, the long-term stability of the
system was verified.
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Fig. 1. Schematic configuration of the C;H,-LITES sensor. DFB: distribute
feedback; FC: fiber collimator; QTF: quartz tuning fork; PC: personal
computer. (a) Diagram of the standard commercial QTF. (b) Diagram of
the super tiny QTF.

A schematic of the super tiny QTF-based LITES sensor system is
depicted in Fig. 1. According to the HITRAN 2016 database, an
absorption line of C,H; located at 1530.37 nm (6534.37 cm!) was
selected to investigate the sensor performance. A tunable continuous-
wave (CW) distributed feedback (DFB) diode laser emitting at 1.53 pm
was used as the excitation source. When the operating temperature of
the laser was set at 22 °C, the CW-DFB laser can reach the selected
absorption line with the driving current of 82 mA. The laser beam was
collimated with a fiber collimator (FC) and then focused on the surface
of the QTF after passing through the target gas. The optical length of the

gas cell was 20 cm. The super tiny QTF was custom made from a 75 pm
-thick wafer. Electrical connections were made by soldering silver wire
to the contact pads. A picture of the employed two QTFs including a
standard commercial QTF and the super tiny QTF are shown in Fig. 1(a)
and Fig. 1 (b), respectively. The prong length and width of the super tiny
QTF are 3500 pm and 90 um, respectively. And the spacing between the
two prongs is 80 pm. As the size of the super tiny QTF is in the
micrometer scale, the actual picture was obtained by using an optical
microscope. To reduce the influence of the background noise,
wavelength modulation spectroscopy (WMS) and the 2nd harmonic
demodulation techniques were utilized in the system to reduce the
background noise. The laser wavelength was tuned across the gas
absorption line with a ramp wave provided by a function generator.
Moreover, a sine wave generated from a lock-in amplifier was used to
modulate the laser wavelength and as the reference signal for
demodulation. The integration time of the system was 200 ms which
corresponded to a detection bandwidth of 345.4 mHz.

The thermal expansion of QTF is mainly caused by its own non-
uniform temperature distribution. And the thermal stress is
proportional to the temperature gradient. Therefore, the amplitude of
the temperature gradient determines the thermal expansion strength of
the QTF, which finally determines the LITES signal level. The
temperature gradient distribution of the horizontal line at the position
of the laser hit on the surface of QTF is calculated using the finite element
analysis method with the COMSOL software. Two different QTFs of the
super tiny QTF and a standard commercial QTF were compared. During
the calculations, the physical model was established according to the
actual size of the QTFs as shown in Fig. 1(a) and Fig. 1(b). Two physical
fields of solid heat transfer and solid mechanics were used. The results
of the simulated calculation for the two different QTFs are shown in Fig.
2(a) and Fig. 2(b), respectively. Under the same excitation intensity,
compared to the commercial QTF, the super tiny QTF generated a
higher temperature gradient amplitude. Therefore, a stronger thermal
stress will be produced and result in a larger thermal expansion, which
is obviously beneficial to generate a higher LITES signal.
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Fig. 2. The temperature gradient distribution of the QTFs with the same
excitation intensity. (a) The commercial QTF. (b) The super tiny QTF.

To determine the modulation frequency of the system, the resonant
frequency of the QTFs was measured at first. The frequency response
curve of the two different QTFs is shown in Fig. 3(a). The data were
normalized and fitted with a Lorentz function. According to the results
of the measurement, the resonant frequency of the super tiny QTF and
the standard commercial QTF were f;=6531.21 Hz and f,=32759.90 Hz,
respectively. Furthermore, the response bandwidth was determined as
Afi=8.27 Hz and Af,=2.97 Hz, respectively. The modulation depth is an
important parameter for the WMS technique which has a significant
influence on the level of the LITES signal. Therefore, the current
modulation depth of the sensing system with the two different QTFs
was optimized. The signal amplitude as a function of current



modulation depth is depicted in Fig. 3(b). The measured results show
that the LITES signal reached the maximum when the current
modulation depth was 15.45 mA for the super tiny QTF and 20.64 mA
for the standard commercial QTF, respectively. During the experiment,
the laser needs to be modulated with different frequencies according to
the resonant frequencies of the two QTFs. The modulation performance
ofthe laser is dissimilar at different modulation frequencies, which is the
main reason for the different current modulation depths for the two
QTFs.
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Fig. 3. (a) Frequency response curve for the super tiny QTF (blue line)
and the commercial QTF (red line), respectively. (b) LITES signal
amplitude as a function of the current modulation depth for the super
tiny QTF (blue line) and the commercial QTF (red line), respectively.

Under the same experimental conditions, the 2fLITES signal detected
by the two different QTFs was compared with a 2% C,H,:N, gas mixture.
As shown in Fig. 4(a), the 2fsignal amplitude was 2.67 mV and 1.64 mV
for the super tiny QTF and standard commercial QTF, respectively. The
LITES signal amplitude with the super tiny QTF improved 1.64 times
compared to the commercial QTF. Such an improvement is mainly due
to the low resonant frequency and small geometric size of the super tiny
QTF, which is beneficial for increasing the energy accumulation time of
the sensing system and strengthening the thermal stress of itself. The
background noise of the LITES sensing system by utilizing the two
different QTFs was also compared. Fill the gas cell with the pure N2 and
lock the laser wavelength at the absorption peak of the target line. Then,
the 2f LITES signal amplitude was monitored continuously for 300 s.
The results of the measurement are shown in Fig. 4(b). The 10 noise of
the LITES sensor system was 323 nV and 364 nV for the super tiny QTF
and commercial QTF, respectively, which produced a minimum
detection limit (MDL) of 2.41 ppm and 4.43 ppm, accordingly.
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Fig. 4. (a) Comparison of the 2f LITES signals measured by the two
different QTFs for a 2% C,H;:N, gas mixture. (b) System noise measured
with the two different QTFs with a 200 ms integration time.

The gas concentration response of the LITES sensing system utilizing
the super tiny QTF was investigated. A 2% C;H,:N, gas mixture was
diluted with pure N, by employing two gas flow controllers to produce
different target concentrations. The 2f LITES signal with each C,H,
concentration was measured and is shown in Fig. 5(a). The signal peak
values as a function of gas concentrations are depicted in Fig. 5(b). The
data were fitted by using a linear function and the R-squared value
reached 0.99, which indicated an excellent linear response of gas
concentration for the reported sensor system.
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Fig. 5. (a) 2f LITES signal with different gas concentrations when the
super tiny QTF was used. (b) 2f signal peak values as a function of gas
concentrations.
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Fig. 6. (a) Continuous monitoring of signal amplitude for more than 2.5
hours with the gas cell filled with pure N,. (b) Mathematical statistic of
the data points.

Allan deviation (ppm)

0.1+

1 10 1(‘)0 10‘00
Average time (s)

Fig. 7. Allan deviation for the super tiny QTF-based C,H,-LITES sensor
system.




The long-term stability of the super tiny QTF-based LITES sensor
system was evaluated by using the Allan deviation analysis. The signal
amplitude was monitored continuously for more than 2.5 hours with
the gas cell filled with pure N,. The mathematical statistics proceeded to
the data point. The results of the measurement and statistics are shown
in Fig. 6(a) and 6(b), respectively. It can be seen from the results that the
data presents a good Gaussian distribution, which means the white
noise was dominant. Based on the obtained data, the result of the Allan
deviation analysis is depicted in Fig. 7. It showed that the reported
sensor system had excellent stability. When the integration time of the
system was 220 s, an MDL of 190 ppb for the detection of C;H, could be
achieved.

In conclusion, a sensitive LITES sensor exploiting a super tiny QTF
with low resonant frequency was demonstrated. The prong length and
width of the QTF are 3500 pm and 90 pm, respectively, and the gap
between the two prongs of the QTF is 80 pum, all of which determines the
resonant frequency to be 6.5 kHz. By using the finite element analysis
method, the temperature gradient distribution of the super tiny QTF
was simulated and compared to that of the standard commercial one.
The super tiny QTF showed a greater temperature gradient than that of
the commercial QTF with the same excitation source, which means this
tiny QTF has a stronger thermal expansion strength. In the experimental
verification section, a LITES sensor based on this tiny QTF was builtand
C,H2:N, gas mixture was used as the analyte. Compared with the
commercial QTF the signal level achieved a 1.64 times improvement
when the super tiny QTF was adopted, and an MDL of 2.41 ppm was
obtained at the conditions of 200 ms integration time. It was verified
that the reported sensor achieved an excellent linear response to the
C,H; concentration. Furthermore, the long-term stability of the sensing
system was also investigated by employing the Allan deviation analysis,
and an MDL of 190 ppb could be obtained with an integration time of
220 s. The reported sensor proved the advantage of a small-size low-
frequency QTF in the LITES technique, and the sensor performance can
be improved by further optimizing the parameters of the QTFs.
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