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ABSTRACT

A highly sensitive trace gas sensor based on light-induced thermoelastic spectroscopy (LITES) and a custom quartz tuning fork (QTF) is
reported. The QTF has a T-shaped prong geometry and grooves carved on the prongs’ surface, allowing a reduction of both the resonance
frequency and the electrical resistance but retaining a high resonance quality factor. The base of the QTF prongs is the area maximizing the
light-induced thermoelastic effect. The front surface of this area was left uncoated to allow laser transmission through the quartz, while on
the back side of the QTF, a gold film was coated to back-reflect the laser beam and further enhance the light absorption inside the crystal.
Acetylene (C2H2) was chosen as the target gas to test and validate the LITES sensor. We demonstrated that the sensor response scales linearly
with the laser power incident on the prong base, and the optimum signal to noise ratio was obtained at an optical power of 4 mW. A mini-
mum detection limit of �325 ppb was achieved at an integration time of 1 s, corresponding to a normalized noise equivalent absorption coef-
ficient of 9.16� 10�10 cm�1W/�Hz, nearly one order of magnitude better with respect to the value obtained with a standard 32.768 kHz
QTF-based LITES sensor under the same experimental conditions.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5129014

Quartz-enhanced photoacoustic spectroscopy (QEPAS) is one of
the most sensitive optical gas sensing techniques.1 In QEPAS, a quartz
tuning fork (QTF) is used as a sensitive acoustic wave transducer. The
QTF prongs are deflected by sound waves generated when the gas
absorbs modulated light, and subsequently, electrical charges are gen-
erated via a direct piezoelectric effect occurring in the quartz. Metal
films, such as gold or silver coatings, are deposited on the surface of
the QTF and used to collect the generated electrical charge. QEPAS
requires that the QTF is installed in a gas chamber containing the tar-
get analyte.2–6 This feature limits the application of QEPAS in some
fields, such as remote trace gas detection and combustion diagnostics,
in which the detection module needs to be placed far from the sample
under investigation. Furthermore, QEPAS is not recommended for
detection of corrosive gases, which can compromise the QTF reso-
nance properties (shifts in the resonance frequency, degrading the

quality factor due to deterioration of the electrodes and/or the quartz
crystal) during long-term exposure.2,7

QTFs have been demonstrated acting as detectors to monitor the
electromagnetic radiation.8 A force can be created due to the incident
radiation and also produce a torque on the side face of the tuning fork.
QTF-based light-induced thermoelastic spectroscopy (LITES)9,10 is an
alternative approach to the QEPAS technique that could overcome the
above limitations. In LITES, the laser hits the surface of the QTF and
photothermal energy is generated in the crystal because of light
absorption by the quartz. Due to the light-thermo elastic conversion,
elastic deformations induce a QTF mechanical motion. When the
light is intensity-modulated at the resonance frequency of one of the
flexural modes of the QTF, the prongs’ mechanical vibrations are
enhanced and converted into an electrical signal via the piezoelectric
effect. The performance of a QTF-based LITES sensor is related to the
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absorbed laser energy and the QTF resonance frequency. An optimal
laser focusing position on the QTF’s surface is the base of QTF’s
prongs, where high thermally induced stress field can be generated.9 In
this area, the high reflectivity of gold or silver contact layer films nor-
mally deposited on the surface of a QTF prevents laser absorption by
the quartz crystal. Hence, a special contact pattern design is required
to allow and maximize the light absorption. Furthermore, since a cus-
tom QTF with a lower resonance frequency is characterized by a lon-
ger energy accumulation time, the signal amplitude of LITES is
expected to be inversely proportional to the resonance frequency of
the QTF and directly proportional to the resonator quality factor. So
far, only commercially available QTFs with resonance frequencies
>30kHz (30.72 kHz and 32.768 kHz) have been employed in LITES
sensors. Therefore, the implementation of custom QTFs with a low
resonance frequency, a high quality factor, and coating pattern prop-
erly designed to enhance light absorption by the quartz represents the
best way to improve the performance of QTF-based LITES sensors.

In this manuscript, a highly sensitive LITES gas sensor exploiting
a low-resonance frequency QTF was demonstrated. A custom
T-shaped QTF with carved prong surfaces having a resonance fre-
quency of 9.35 kHz was designed and realized. With respect to QTFs
with standard rectangular prongs, T-shaped with a carved surface
prong geometry allows the reduction of the resonance frequency and
the electrical resistance, while retaining a high quality factor. At the
QTF base, where the laser beam is focused, no gold layer was deposited
on the front surface in order to allow transmission of the excitation
laser beam on the quartz crystal. On the back side, a gold film was
coated in order to reflect the transmitted laser beam. In this way, the
laser beam passes twice through the quartz crystal, and hence, the local
absorption is maximized. Acetylene (C2H2) detection is particularly
interesting for polyethylene production and electrical arcing fault
detection in power transformers.11,12 Therefore, C2H2 was selected as
the target gas to test and validate the LITES sensor performance.

The experimental setup of a custom QTF-based LITES sensor is
shown in Fig. 1. A distributed feedback (DFB), continuous wave (CW)
diode laser with emission at 1530nm was used as the laser excitation
source. A strong C2H2 absorption line located at 6534.37 cm�1 was
selected as the target line. A direct current ramp of the diode laser was
used to scan across the absorption line. Wavelength modulation spec-
troscopy (WMS) and 2nd harmonic (2f) detection methods were

adopted. Modulation of the laser current was achieved by using a sinu-
soidal wave. The laser beam emitted from a diode pigtail fiber was col-
limated by a fiber collimator (FC). The collimated laser beam passed
through a 20 cm-long gas cell. At the exit of the absorption cell, a pla-
no–convex lens (L) was employed to focus the laser beam onto the
QTF surface. An adjustable attenuator (AA) was installed between the
FC and absorption cell to adjust the excitation laser power. The piezo-
electric current signal is generated by the QTF because of the light-
thermo elastic conversion, and resonance amplification was detected
by a transimpedance amplifier (TA) and a lock-in amplifier.

The optimum resonator for LITES requires long energy accumu-
lation times. Since the accumulation time is proportional to the ratio
between the quality factor and the resonance frequency, a reduction of
the resonance frequency avoiding a decrease in the quality factor is the
key approach. It was demonstrated that to increase the quality factor
of the QTF fundamental mode, a reduction of the length of the prongs
L and an increase in their thickness T and of the crystal width are
required.13 On the other hand, the Euler-Bernoulli beam theory shows
that the fundamental flexural mode resonance frequency is propor-
tional to T/L2.14 This means that a reduction of the resonance fre-
quency may result in a decrease in the quality factor, thus leading to
an accumulation time decrease. With the aim to reduce the resonance
frequencies and retaining a high quality factor, two different modifica-
tions of prong geometry were proposed.15 The first attempt consisted
in a QTF prong geometry with a thickness not constant along the
prong axis, but with a T-profile. With respect to the rectangular shape,
in the T-shaped QTF, the resonance frequency was reduced by �21%,
not affecting the quality factor value.16 The second modification to the
standard geometry consisted in carving rectangular 50lm-deep
grooves on the prong surfaces to increase the coupling between the
electrodes. With respect to a QTF with uncarved prongs, this approach
led to a slight reduction of the resonance frequency (�4%) and a 36%
reduction of the electrical resistance, without affecting the quality fac-
tor.17 These two modifications were finally combined in order to
design a T-shaped QTF having rectangular grooves carved on both
surface sides, reducing the resonance frequency to 10 kHz and provid-
ing a quality factor of �10 000 at atmospheric pressure. A schematic
of the custom T-shaped QTF is depicted in Fig. 2(a). The rectangular
grooves were realized by carving 50lm of the 250lm-thick prong
surfaces. The small areas between the grooves and the lateral edges of
prongs have a width of 100lm. At the root of QTF’s prongs [surface
side A in Fig. 2(b)], a 1mm� 1mm area was left uncoated to allow

FIG. 1. Schematic diagram of the custom QTF based LITES sensor system.

FIG. 2. Schematic diagram of a custom QTF and laser beam. (a) Front view of a
T-shaped QTF with rectangular grooves; (b) detailed view of the area selected for
laser beam focusing. T1 ¼ 2.0 mm; T2 ¼ 1.4 mm; L1 ¼ 2.4 mm; and L2 ¼ 9.4 mm.
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transmission of the incident laser beam. The corresponding backside
area [surface side B in Fig. 2(b)] was coated with a gold film having a
high reflectivity of �98% at 1.53lm. Thereby, when the laser beam is
focused on surface A, it is transmitted through the 250lm-long quartz
crystal thickness and then reflected back by the gold film deposited on
surface B. In this way, the light experiences one round trip optical
absorption through the crystal. The resonance frequency f0 and the
quality factor Q of the custom QTF were measured by using an electri-
cal excitation method. The QTF resonance curve was f0 ¼ 9.35kHz
and the detection bandwidth �f ¼1.03Hz, giving a Q factor of �9080,
comparable to that of standard 32.7 kHz QTF even though the reso-
nance frequency is more than 3 times lower. Hence, an energy accumu-
lation time larger than 3 times is expected with respect to standard
QTF, which is beneficial for the LITES sensor performance.

The dependence of the C2H2-LITES sensor performance on laser
optical power was investigated. The excitation power from the
CW-DFB diode laser was varied in a range from 50lW to 12.5 mW.
The gas cell was filled with a gas mixture of 500 ppm C2H2 in nitrogen
(N2), used as the target analyte, and the optimummodulation depth of
0.18 cm�1 was adopted.10 The 2f peak signal vs optical power was
measured, and the obtained trend is reported in Fig. 3. The experimen-
tal data were fitted by a linear function, and the obtained R-square
value was 0.99, implying that the C2H2-LITES sensor shows an
excellent linearity response when the optical power changes in the
investigated optical power range. Actually, the signal amplitude of the
C2H2-LITES sensor was directly proportional to the modulated part of
the input radiation. A 2f signal waveform with the lowest excitation
power of 50lW is shown in the inset of Fig. 3.

The noise level for the C2H2-LITES sensor was measured when
the absorption cell was filled with pure N2. In Fig. 4, the 1r noise level
is reported as a function of the optical power. Up to 2 mW, the 1r
noise level (�0.4lV) does not depend on the optical power. As the
optical power increases, the 1r noise level increases and reaches a
value of 0.65lV at 5 mW. At larger power, the 1r noise level increases
much strongly, reaching 3.3lV at 12.5 mW. Indeed, an increase in the
optical power hitting the base of the prong causes an increase in the
quartz temperature, which in turn negatively affects the ultimate noise

level. Hence, the 1r noise level is dominated by the ultimate thermal
noise. The signal-to-noise ratio (SNR) as a function of the optical
power was calculated by dividing the 2f signal amplitude in Fig. 3 with
the 1r noise values reported in Fig. 4 for each optical power value. The
trend of the SNR values vs optical power was also depicted in Fig. 4
(right y-axis). As a result, the SNR rapidly increases and reaches the
highest value (�1500) at an optical power of 4 mW and then decreases
to 900 at 12.5 mW.

By setting the laser optical power to 4 mW, the response of the
custom QTF-based LITES sensor was investigated at different concen-
trations. The 500 ppm C2H2:N2 gas mixture was diluted with pure N2

to generate mixtures with different C2H2 concentrations in N2. The 2f
QEPAS spectral scans measured at 5 different C2H2 concentrations
are reported in Fig. 5(a). In WMS, with the increase in the trace gas
concentration, the enhanced absorption resulted in a more efficient
driving of the QTF. Therefore, the signal level of the QTF based LITES
sensor increased with the concentration. Based on the HITRAN data-
base, the absorbance for this C2H2 absorption line was about 1.1% at
the maximum concentration of 500 ppm C2H2:N2. Therefore, the cal-
culated change of amplitude of the driving radiation was about 44lW
at the optimum optical power of 4 mW. The 2f signal peak amplitudes
are plotted in Fig. 5(b) and linearly fitted, showing that the
C2H2-LITES sensor has an excellent linear response in the investigated
C2H2 concentration range. From the linear fit, a minimum detection
limit (MDL) of �325 ppb was estimated. The corresponding normal-
ized noise equivalent absorption (NNEA) coefficient was calculated
to be 9.16� 10�10cm�1W/�Hz for the C2H2-LITES sensor. A

FIG. 3. C2H2-LITES 2f signal amplitude vs optical power. Inset: 2f signal waveform
at 50 lW optical power.

FIG. 4. C2H2-LITES noise level and SNR value vs optical power.

FIG. 5. (a) The concentration response of the custom QTF based LITES signal for
an optical power of 4 mW. (b) 2f LITES signal amplitude (blue dots) extracted from
panel (a) vs C2H2 concentrations. The red line represents the best linear fit.
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comparison with the best NNEA value measured for the standard
QTF-based C2H2 gas sensor using QEPAS and LITES techniques is
shown in Table I. The LITES approach provided an improvement in
the gas sensor sensitivity by nearly a factor of 10 with respect to the
same configuration employing a standard QTF and 5 times better
than the reported best QEPAS result.

The long-term stability of the custom QTF based C2H2-LITES
sensor system was investigated. In the Allan deviation analysis
approach, the absorption cell was flushed with pure N2 and the experi-
mental result is displayed in Fig. 6(a). The Allan deviation plot follows
a 1/�t dependence up to an integration time of 370 s, which corre-
sponds to a MDL of 19 ppb. For the continuous concentration mea-
surement, a 500 ppm C2H2:N2 and an optimized optical power of 4
mW were used. As shown in Fig. 6(b), the signal level fluctuation of
�1% in the long-term measurement of more than 6h indicated that
this technique is characterized by an excellent stability.

In this work, we demonstrated a highly sensitive LITES gas sen-
sor based on a custom QTF with a T-shaped prong geometry and rect-
angular grooves carved on their surfaces. This gives a resonance
frequency of the fundamental flexural mode of 9.35 kHz with a quality
factor of �9080, corresponding to a resonator energy accumulation
time more than 3 times higher with respect to a standard 32.7 kHz
QTF. By uncoating one surface of the area at the base of the QTF’s
prong, the laser beam passes twice through the quartz crystal, maxi-
mizing the light absorption. Employing a 1.53lm diode laser as the
light source and C2H2 as the target gas, we demonstrated that the

highest signal to noise ratio (SNR) was achieved at an optical power of
4 mW, and the LITES approach provided an improvement in the gas
sensor sensitivity by nearly a factor of 10 with respect to the same con-
figuration employing a standard QTF and 5 times better than the best
QEPAS result reported to date. At the best operating conditions, a
MDL of �325 ppb was achieved at a 1 s integration time, leading to a
NNEA of 9.16� 10�10cm�1W/�Hz. The Allan deviation analysis
shows that the MDL can be reduced to 19 ppb when the integration
time is set to 370 s. Furthermore, the long-term concentration investi-
gation indicated that this technique could provide an excellent stability
for long-termmeasurement.
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