i) Research Article Vol. 27, No. 24 /25 November 2019/ Optics Express 35267 |

Gheck for Optics EXPRESS i SN

updates

Piezo-enhanced acoustic detection module for
mid-infrared trace gas sensing using a grooved
quartz tuning fork

SHANGZHI L1,7'2 HONGPENG Wu,'2 RUYUE Cul,'2 ANGELO
SAMPAOLO,2 PIETRO PATIMISCO,® VINCENZO SPAGNOLO,!:3:5
FRANK K. TITTEL,* AND LEI DONG"2

I State Key Laboratory of Quantum Optics and Quantum Optics Devices, Institute of Laser Spectroscopy,
Shanxi University, Taiyuan 030006, China

2 Collaborative Innovation Center of Extreme Optics, Shanxi University, Taiyuan 030006, China

3 PolySense Lab — Dipartimento Interateneo di Fisica, University and Politecnico of Bari, Via Amendola
173, Bari, Italy

4Department of Electrical and Computer Engineering, Rice University, Houston, Texas 77005, USA
évincenzoluigi. spagnolo@poliba.it

“donglei@sxu.edu.cn

Abstract: A grooved quartz tuning fork (QTF) with a prong spacing of 800 um for QEPAS
application is reported. The prongs spacing is large enough to facilitate optical alignments when
a degraded laser beam is used for QEPAS-based trace gas sensors. The grooved QTF has a
resonance frequency of 15.2 kHz at atmospheric pressure and is characterized by four rectangular
grooves carved on the QTF prong surfaces. With a grooved-prong, the electrical resistance R
of the QTF is reduced resulting in an enhanced piezoelectric signal, while the Q factor is not
affected, remaining as high as 15000 at atmospheric pressure. The geometric parameters of the
acoustic micro resonators (AmRs) for on-beam QEPAS were optimized to match the grooved
QTF, and a signal-to-noise gain factor of ~ 30 was obtained with an optimum configuration. The
performance of the QEPAS-based sensor was demonstrated exploiting an interband cascade laser
(ICL) for CHy detection and a 10~ normalized noise equivalent absorption (NNEA) coefficient of
4.1x10™ cm™! W/4/Hz was obtained at atmospheric pressure.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Trace gas sensing techniques have an important impact on different application fields, such as
environmental monitoring, combustion processes, agricultural biogas detection and medical
diagnostics [1-7]. Quartz enhanced photoacoustic spectroscopy (QEPAS), which employs a
quartz tuning fork (QTF) as resonant acoustic transducer, is one of the most sensitive and selective
trace gas detection techniques [8—10]. In QEPAS based sensors, QTF is a crucial part which
converts resonant vibration induced by the interaction of gas molecule and modulated optical
radiation into electric signal by means of the piezoelectric effect. Due to the high resonance
frequency (f) and high quality factor (Q), QEPAS system is immune to ambient acoustic noise. In
addition, with the advantages of simple structure and small size, only a few tens cubic millimeters
of target gas are needed, so that QTF based QEPAS gas sensors are more compact and reliable in
certain applications [11-22].

In QEPAS, to retrieve the photoacoustic signal the sound source must be located between the
QTF prongs, implying that the laser beam must be focused on the QTF plane and through the gap
between the prongs [23]. Most QEPAS sensors reported in the literature exploit a standard QTF
characterized by a fundamental in-plane flexural mode with f( ~ 32.768 kHz. Nevertheless, due
to the narrow prong spacing (300 um) of the 32 kHz QTF, an undesirable nonzero background
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noise (photo-thermal noise) will arise when a portion of the laser light beam hits the QTF. This
can occur when employing a laser source with a degraded beam profile such as interband cascade
lasers (ICLs), quantum cascade lasers (QCLs) and THz lasers. When spatial beam filters are
used, the footprint of the sensing system significantly increase [24-26]. Recently, custom-made
QTFs with larger prongs spacing (600-800 um) were realized and implemented in QEPAS gas
sensors, allowing the operation with fiber amplified and THz QCL light sources [27-29]. These
custom-made QTFs were designed to operate at lower resonance frequency down to a few
kHz to satisfy the condition fy <« 27+T (7 is the molecular relaxation time) also for gas species
characterized by slow vibrational-translational relaxation rate, such as NO, CO, CO, and CHy
[30,31]. As reported in [32], the QTF quality factor Q is negatively affected by decreasing the
resonance frequency f, leading to an attenuation of detected signal and deterioration of sensor
performance. The biggest challenge in the design of QTFs is to reduce the fo while keeping high
the Q factor. Hence, several prong geometries were designed, realized and tested by measuring
the QTF resonance performance. Novel variants of the QTF geometry were also proposed. The
prong spacing of the QTF was increased up to 1.5 mm, grooves were carved on the QTF prongs
[33] and T-shaped prong geometries were also investigated [34]. All these new geometries were
realized by standard photolithographic technique and chemical etching [35].

To further improve the performance of QEPAS sensors, acoustic micro resonators (AmRs),
which consist of single or pair of stainless-steel tubes are employed to confine and amplify
sound waves [36]. The QTF acoustically coupled with the AmRs is often identified as a
QEPAS spectrophone, which is the key component of the acoustic detection module (ADM)
which also includes a gas cell, optical windows and gas-in and -out connectors. AmRs can
improve the signal-to-noise (SNR) gain factor, defined as the ratio between the SNR of QTFs
with and without the AmRs, by more than one order of magnitude. To date, two main ADM
configurations, on-beam and off-beam, have been proposed for QEPAS sensing [9,37], but the
on-beam configuration offers a higher SNR gain factor. The optimal geometrical parameters of
the AmRs, such as tubes length, inner tubes diameter and their positions strictly depend on the
QTF geometry and its resonance properties.

In this work, we report on a custom QTF exploiting rectangular grooves on both surfaces of
the QTF prongs, characterized by a fo ~ 15.2 kHz, with Q factor ~ 15000. The presence of four
rectangular grooves results in a reduced R ~ 110 k€ at atmospheric pressure and thus enhances
the piezoelectric effect of the QTF. The prong spacing of the QTF is 800 um, allowing to employ
laser sources such as an ICL or QCL to be focused through the prong spacing without being
blocked by the QTF itself. QEPAS measurements were performed to optimize the geometrical
parameters of the AmRs for the grooved QTF employing C,H,:N, as test gas mixture. We
investigate the performance of the optimized grooved QTF ADM to trace methane (CH,) in air
employing an ICL as excitation source.

2. Experiment
2.1. Grooved QTF

The electrical parameters of QTFs depend strongly on their geometries [38]. To design a QTF
for QEPAS applications, the main guidelines are the following: (1) the prong spacing should
be large enough to simplify the optical alignment and minimize the photo-thermal noise; (2)
the fundamental resonance frequency f( of the QTFs should be reduced to improve the QEPAS
response especially when dealing with gas species characterized by slow non-radiative relaxation
rates; (3) the Q-factor should be as high as possible since the QEPAS signal is proportional to the
QTF Q-factor. Modeling of the QTF prong as a single cantilever, the fundamental resonance
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frequency can be determined by using the Euler-Bernoulli equation:

2
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where W, L, E and p are the prong width, prong length, quartz Young modulus (0.72x10'" N/m?)
and density (2.65x10? kg/m?), respectively [37]. For this work, a QTF frequency operation of ~
15 kHz was selected. The Q-factor of a QTF is related to the loss mechanisms occurring while
the QTF is vibrating and represents the ratio of energy stored to energy dissipated per cycle.
The main contributions are due to the interaction with the surrounding medium, damping of the

prong base and thermoelastic losses. According to the experimental investigation [32,38], the
Q-factor can be phenomenologically related to the prong geometry by the relation:

WT
0= 3.78><105T ()

where T is the thickness of the QTF and all the units are in millimeters. Then, fy and the Q-factor
are clearly correlated. To ensure the QTF can be driven effectively by the sound waves, the
prong width W must be less than 10-times thickness 7. Using Eqs. (1) and (2), the geometrical
parameters providing the highest Q-factor (~16000) at fy = 15 kHz are L =9.4 mm and W =2 mm,
while T is fixed at 0.25 mm. Starting from this QTF geometry, a 800 pm prong spacing was
selected. The electrical resistance R is also a crucial parameter of a QTF which determines the
piezoelectric current value when a voltage excitation is applied across the QTF at the resonance
frequency. A QTF can be modelled as an RLC series circuit Q = 1/(2nfyRC) where C is the
QTF capacitance, i.e. the coupling between the electrodes and the resonance mode. Thereby, if
the Q-factor and f; can be considered as a constant, by maintaining fixed the prong length and
thickness, an increase of C will provide a reduction of R, thus improving the piezoelectric current
and enhancing piezoelectric effect. An increase of C (without varying L and W) can be obtained
by reducing the distance between positive and negative QTF electrodes. This can be done by
carving grooves on the prongs surfaces. As depicted in Fig. 1, rectangular grooves 0.05 mm
depth with an area of 1.8x7 mm? were carved on each QTF prong surface. The central electrodes
were deposited on the grooved surface. Such surface modification provide a 30% reduction of
the R value without affecting the Q-factor as predicted.
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Fig. 1. (a) Schematic of on-beam spectrophone based on a grooved QTF, The tubes
were centered between the QTF prongs; (b), (c) geometric parameters of the on-beam
spectrophone, where L is the prong length, W is the width, 7 is the thickness, s is the prong
spacing, y is the distance from QTF top surface to the tube center, / is the AmR length, and g
is the QTF-tube distance.
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2.2. On-beam spectrophone configuration

The on-beam spectrophone consists of a grooved QTF with a resonance frequency of 15.2
kHz acoustically coupled with a pair of stainless-steel tubes (see Fig. 1). The two tubes are
symmetrically positioned on both sides of the QTF and aligned perpendicular to the QTF plane,
confining the sound wave and amplifying the QEPAS signal. If we assume the distance g
between the QTF and tubes as zero, the two tubes can be considered in a first approximation as a
single half-wavelength resonator with a length (2 /) of 1,/2, where A, is the acoustic wavelength.
However, the insertion of the QTF between the two tubes causes a distortion of the acoustic
resonance in the resonator, resulting in an optimal full length of the resonator between 1,/2 and
Aa. Therefore, to improve the QEPAS signal, the optimum length / of each tube is 1,/4 < [ <
Aa/2 [36,39].

Beside the tubes length /, the other parameter governing the spectrophone performance is the
inner diameter (ID) of the tubes, which is strictly related with the prong spacing and determines
the overall volume of the excited gas. When the tube diameter is larger than the prongs spacing,
the effect of the gap between two tubes becomes negligible and the tubes are well acoustically
coupled with the QTF. However, if the tubes diameter becomes much larger than the prongs
spacing the acoustic coupling with the QTF decreases, weakening the amplification effects of the
AmRs. When employing AmRs with ID comparable or smaller than the prongs spacing, the
optical energy absorbed by gas molecules decreases due to the reduced gas volume inside the
tubes, leading to a QEPAS signal decreasing. Hence, we tested different geometric parameters of
the AmRs to retrieve the optimal configuration. The results of this study are described in the
following section.

2.3. Experimental setup

The experimental setup is schematically depicted in Fig. 2. A fiber-coupled distributed feedback
(DFB) diode laser (NTT Electronics Corporation model NLK1C5J1AA) with a 14-pin butterfly
package emitting at 1.53 um is used as the QEPAS excitation light source in order to optimize
the ADM parameters . A custom-made control electronics unit (CEU) was employed to control
the DFB laser temperature and current. The CEU was also capable to determine the electrical
parameters (fo, O, R) of QTF and to lock the laser emission wavelength to the target gas selected
absorption line. The laser beam was collimated by a fiber-coupled collimator (OZ optics Ltd.
Model LPC-01) with a spot diameter of 200 pm, so that it could easily pass through the ADM.
Two 25.4-mm diameter CaF, windows with 97% transmissivity efficiency were mounted on the
gas cell for optical access. The gas cell has an inner volume of 70 cm®. A power meter (Ophir
Optronics Solutions. LTD, Israel, Model 3AROHS) was placed after the ADM for alignment
purpose and to monitor the transmitted laser power. A pressure controller (MKS Instrument Inc.,
U.S.A., Model 649B) was utilized to control the pressure inside the gas cell, in combination
with a mini diaphragm pump (KNF Technology Co., Ltd., Germany, Model N813.5ANE). A
flow meter (Alicat Scientific, Inc. Model M-500SCCMD) was used to monitor the gas flow rate,
which can be adjusted using needle valve. The flow rate was maintained at a constant value of 60
sccm in all measurements to obtain a low flow noise, which results in a gas exchange time of 75 s.

The 2f-wavelength modulation spectroscopy (WMS) detection technique was used for QEPAS
detection. The laser central wavelength was tuned by applying a slow voltage ramp to the laser
and a high frequency sinusoidal component at half of the grooved QTF resonance frequency (fy/2
~ 7.6 kHz). The piezoelectric signal generated by the QTF was amplified by a trans-impedance
pre-amplifier (PA) with a 10-MQ feedback resistor (R,) and sent to the lock-in amplifier (Stanford
Research Systems, Model SR830), which demodulated the photoacoustic signal into a second
harmonic signal with a filter slope of 12 dB/oct and a time constant of 300 ms, leading to a
0.833 Hz detection bandwidth.
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Fig. 2. Schematic diagram of the QEPAS-based sensor system. M, M,: CaF, windows;
PM: power meter; PA: pre-amplifier and CEU: control electronics unit.

3. Results and discussion

3.1. On-beam ADM optimization

In order to determine the performance of the grooved-QTF based-QEPAS sensor, acetylene
(CoH;) was selected as the target gas. The C,Hj; is characterized by a fast Vibration-Translation
(V-T) relaxation time of ~ 0.1 ps [40]. According to the HITRAN database, a C,H; absorption
line at 6529.17 cm™! with a line intensity of 1.16x1072° cm/mol was chosen and a 30 ppm
C,H,:N; mixture was used as target gas mixture.

To optimize the on-beam ADM geometry, the optimal vertical position where positioning the
two tubes must be determined. The laser beam was focused along the QTF symmetry axis and a
vertical scan was performed while retrieving the QEPAS intensity. The signal obtained by tuning
the vertical distance y between the QTF top surface and the laser focus from 0 to 9 mm is shown
in Fig. 3. The data are normalized to the maximum value and the optimum laser focus position
of y was determined to be 1.5 mm far from the prong top. Once determining the optimal vertical
position for the micro resonator tubes an optimization of their geometry was carried out.

Figure 4 shows the comparison between the QEPAS SNRs measured employing AmRs with
different lengths and IDs in the pressure range from 25 Torr to 700 Torr. According to the previous
assumptions and considering the sound wavelength of 1, =22.4 mm at 15 kHz, the length / of
each tube was varied in the range 7mm < [/ < 12 mm, while four different IDs, ID = 1.3 mm,
1.5mm, 1.65 mm, 1.85 mm were selected. The distance between the grooved QTF and tubes
was set at 100 um. For all AmRs, starting from 700 Torr to lower pressures, the QEPAS SNR
increased gradually until a maximum was reached which differs from AmR to AmR. Then the
SNR rapidly decreases towards lower pressures. The pressure providing the peak SNR value
depends upon the tubes lengths. The overall maximum SNR of 338 was achieved at a pressure of
200 Torr when the tube dimensions were ID = 1.65 mm and /=9 mm.

In Fig. 5, the QEPAS SNRs measured for tubes 9 mm long with different IDs are compared.
At atmospheric pressure, the SNR value (~ 200) achieved with 1.85-mm ID tubes is similar to
that measured for 1.65-mm-ID tubes and 17% higher than that measured with the other two IDs.
For comparison, the SNR tested with a bare grooved QTF without AmRs is also shown.
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Fig. 3. The normalized QEPAS signal amplitude as a function of the position y along the
vertical axis of the QTF.
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Fig. 4. The SNR as a function of the pressure inside the ADM with different acoustic
resonators. Data are obtained by detecting a concentration of 30-ppm C,H, in N, from 25
Torr to 700 Torr. [: tube length; ID: inner diameter of the tube.
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Fig. 5. The SNR as a function of gas pressure for bare QTF and spectrophones employing
AmRs with an ID = 1.3 mm, 1.5 mm, 1.65 mm, 1.85 mm but the same length.

After selecting the best geometry for the tubes (ID = 1.65 mm, 1 = 9 mm), the dependence of
the distance g between the QTF and tubes, which is also a key parameter related to the ADM
performance was investigated in the range of 20 pm < g < 1200 um. The measured SNRs are
shown in Fig. 6 as a function of g at atmospheric pressure. The SNR is improved by only 2%
when the g increased from 20 to 150 um, confirming that an excellent acoustic coupling is
achieved in such a range. This condition is no more valid when g becomes larger than 200 and
at 1200 um approached the value measured for the bare QTF. Hence, the optimal geometric
parameters of the AmRs were determined to be /=9 mm, ID = 1.65 mm and g = 100 um.
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Fig. 6. The SNR as a function of the distance between the tubes and the grooved QTF
measured from 20 pm to 1200 pym.

Figure 7 shows the 2f-spectrum measured for the bare QTF and the QTF plus AmR for a
30-ppm C,H»:N, mixture at 700 Torr. The laser current was scanned from 167 mA to 207 mA
operating at 35.5 °C and the optical power at the C,H, absorption peak was 22.7 mW. The SNR
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measured with the optimum AmR configuration is ~ 319, corresponding to a gain factor of ~ 30
with respect to the bare QTF and resulting in a 100 minimum detection limit (MDL) of 94 ppb.
The corresponding normalized noise equivalent absorption (NNEA) coefficient is 2.73x107°
cm~'W/y/Hz.
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Fig. 7. The second-harmonic QEPAS spectra of CoH, absorption line with the optimum
AmRs (/=9 mm, ID = 1.65 mm) and bare grooved QTF at atmospheric pressure (700 Torr).
In the inset, an amplified view of the bare QTF signal is shown.

3.2. CH, detection for performance assessment

The next step was an investigation of the mid-infrared performance of the reported QEPAS
ADM with optimum AmRs for CHy detection. For this purpose, an interband cascade laser
(ICL) (Nanoplus model 2199/1-6) was employed. The temperature and current of the ICL
were controlled by a temperature controller (Thorlabs, Model TED200C) and a current driver
(Wavelength Electronics, Model QCL2000LAB). At 10°C of laser temperature, the ICL targets a
CH, absorption line located at 3038.5 cm™! with a line strength of 8.678x1072° cm/mol, with an
optical power of 1.8 mW. A plano-convex CaF; lens with a focal length of 75 mm was used to
focus the laser beam. The laser spot size at the focal point has a diameter of ~400 um, which is
half of the QTF prong spacing.

A certified 30-ppm CH4:N; gas mixture (Nanjing Special Gas Factory Co., Ltd.) was flushed
into the ADM with a flow rate of 60 sccm near atmospheric pressure using a Nafion tube to fix
the water concentration at 1.7%. In this way, any promoter relaxation effect from H,O vapor is
kept constant. CH4 samples with concentration spanning from 2 ppm to 30 ppm were realized
by using a gas dilution system (Environics Inc. Model EN4000), starting from the certified
mixture. The QEPAS signals at CHy4 different concentrations were acquired and peaks values
are shown in Fig. 8. Each peak value was measured multiple times and averaged. A linear
fitting with R square value of 0.9992 confirms the linear response of the sensor system in the
investigated CH4 concentration range. The noise level is 1.16 pV and the MDL achieved was
210 ppb, corresponding to a NNEA coefficient of 4.1x10~° cm™!W/+/Hz.

In order to analyze the long-term stability of the CH4 QEPAS sensor, an Allan-Werle variance
analysis with 2f/-WMS technique was performed as a function of the averaging time. Pure N,
was flushed into the sensor and the laser wavelength was locked at the CHy absorption line
peak. From the Allan deviation plot shown in Fig. 9, the sensitivity can be improved by further
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the linearity of the sensor system response.

increasing the averaging time and an optimum averaging time of 400 s resulted in a MDL of ~15
ppb.
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Fig. 9. Allan-Werle deviation plot for different averaging time measured with pure N, for
the QEPAS based sensor system.

To detect atmospheric CHy4 concentrations, the ambient air outside the laboratory was pumped
into the QEPAS sensor using a Nafion tube to fix the water concentration at 1.7%. The
measurement was carried out with a 1-s acquisition time near atmospheric pressure and the
obtained results are shown in Fig. 10. The laser current was scanned from 20 mA to 42 mA for a
whole 2f QEPAS signal of CH, absorption line. The detected QEPAS peak signal was 25.6 uV,
and the ambient CH, concentration was calculated to be 2.3 ppm.
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Fig. 10. Experimental measured 2f-QEPAS spectra near ambient CHy4 gas at atmospheric
pressure.

4. Conclusions

A grooved QTF with a prong spacing of 800 um was designed and its performance was evaluated.
A rectangular groove was carved on each prong surface of the QTF in order to reduce the
electrical resistance R and to enhance the piezoelectric effect without affecting the Q-factor and
the resonance frequency fo. A fo of 15.2 kHz was measured, resulting in less than 50% of the
standard 32.7-kHz QTF. However, the quality factor of 15,000 was 50% higher than that of a
standard QTF at atmospheric pressure in air (typically ~10,000). The geometric parameters of
the AmRs for on-beam QEPAS configuration were optimized employing a 30-ppm C,H;:N»
mixture as a test gas mixture. The optimal geometric parameters of the micro resonator tubes
composing the AmRs are /=9 mm, ID = 1.65 mm and g = 100 um, providing a SNR gain factor
of ~ 30 with respect to the bare grooved QTF. The QEPAS sensor was tested for CH,4 detection
exploiting an ICL source. An MDL and NNEA of 210 ppb and 4.1x10™° cm™'W/y/Hz at 1 s
integration time were achieved, respectively. The sensor was validated for out-of-laboratory air
detection, demonstrating its capability to detect atmospheric trace CH4 concentrations using a
mid-infrared laser source.
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