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In this Letter, a side-excitation light-induced thermoelastic
spectroscopy (SE-LITES) technique was developed for trace
gas detection. A novel, to the best of our knowledge, cus-
tom quartz tuning fork (QTF) was used as a transducer for
photon detection by the thermoelastic effect. The mechan-
ical stress distribution on the QTF surface was analyzed
to identify the optimum thermoelastic excitation approach.
The electrode film on the QTF surface also works as a par-
tially reflective layer to obtain a long optical absorption path
inside the QTF body. With the long optical absorption length
and the inner face excitation of the QTF, the thermoelastic
effect was greatly enhanced. With an optimized modulation
depth, a signal-to-noise ratio (SNR) improvement of more
than one order of magnitude was achieved, compared to tra-
ditional LITES. © 2023 Optica Publishing Group

https://doi.org/10.1364/0OL.478630

Photoacoustic (PA) and photothermal (PT) spectroscopies have
shown great potential in trace gas detection due to their advan-
tages in high sensitivity, compact structure, and wide dynamic
range [1-5]. Compared to other gas sensing spectroscopic meth-
ods, the main advantage of PAS and PTS is that the detection
sensitivity does not rely on the optical absorption length, thus
high sensitivities can be achieved in a quite small gas volume.
As aresult, a PAS or PTS instrument can be compact and robust
[6].

As a rapidly developing photoacoustic technique, quartz-
enhanced photoacoustic spectroscopy (QEPAS) was reported
in 2002 for the first time [7]. In QEPAS, small-size, high-quality
factor (Q factor), and low-cost quartz tuning forks (QTFs) are
used as a transducer to sense the acoustic signal [8—12]. The
modulated laser is focused between the QTF prongs, surrounded
by the gas sample. Upon the absorption of laser energy from the
target gas molecules, the acoustic waves generated by the pho-
toacoustic effect drive the QTF prong to vibration. The QTF
generated electrical signals via the piezoelectric effect [13-20].
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In QEPAS, the QTF must be immersed in the gas samples to
collect the acoustic signals. Therefore, the QEPAS technique
cannot be used for remote sensing. In addition, due to the sur-
face electrode of a commercial QTF being made of metal (silver
or gold), the QEPAS technique is not recommended for corrosive
gas sensing.

To overcome these shortcomings, a sister technique of
QEPAS, quartz-enhanced photothermal spectroscopy (QEPTS),
also named light-induced thermal-elastic spectroscopy (LITES),
was developed by Y. Ma in 2018 [21]. Different from QEPAS, in
LITES, the QTF was used as a photodetector [22,23]. The laser
beam is modulated at the QTF resonance frequency or one of its
overtones, then passes through a gas absorption cell and finally
is focused on the surface of the QTF. Due to the thermoelas-
tic effect of the quartz, the modulated absorbed thermal energy
is converted into mechanical motion and then amplified by the
QTF resonance. The advantage of LITES over QEPAS is that the
QTFis no longer immersed in the target gas molecules. Thereby,
LITES can be used for remote standoff sensing, combustion
diagnostics, or corrosive gas detection.

To achieve high sensitivity in LITES, a high thermal-elastic
effect of the QTF is necessary. From the previous experiments,
the thermal-elastic performance of the QTF is closely related
to laser excitation. For a commercial QTF, the best excitation
was achieved by focusing the light beam on the surface of the
QTF nearby the prongs base by normal incidence [24]. Custom
QTFs with a special coating and lower resonance frequency can
be employed to enhance the thermal-elastic conversion but cost
hundreds of times more with respect to a standard 32-kHz QTF
[25-27]. To date, the region at the base of the QTF prongs has
been demonstrated to be the best area where the laser beam
should be focused to achieve high thermal-elastic conversion
[28], but only the internal regions, near to the prongs gap, have
been exploited.

In this work, we propose a novel side-excitation light-induced
thermoelastic spectroscopy (SE-LITES) implementing a custom
32-kHz QTF. The SE-LITES has two advantages: (i) an inner
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Fig. 1. (a) Stress distributions on the QTF surface. AH, the dis-
tance between the QTF opening and laser incident point; IS, inner
surface; OS, outer surface; FS, front surface. (b) Normalized stress
on the QTF side surface as the function of AH. Black square
symbols, QTF prong IS; Red dot symbols, QTF prong OS.

surface-excitation approach to achieve a thermoelastic effect; (ii)
increased optical path length. The proposed SE-LITES enhances
the detection sensitivity of LITES by more than one order of
magnitude.

First, the elastic stress on the 32-kHz QTF surface was ana-
lyzed by the finite element method (FEM) using COMSOL
Multiphysics software. It was observed that the stress on the
QTF prong side surface was higher than that on the central
prong surface (front surface, FS), as shown in Fig. 1(a). There-
fore, the maximum thermoelastic effect should be achieved by
focusing the laser beam on the side surfaces. The normalized
inner and outer surface stress as the function of AH, defined as
the distance from the QTF base, is plotted in Fig. 1(b). Both
the stress on the QTF prong inner surface and outer surface
increased with the increase of AH, reaching the maximum value
at ~3.8 mm, corresponding to the prong/base contact region of
the QTF. The maximum stress value on the inner surface was
47% higher than that on the outer surface.

The thermoelastic effect can be described by Egs. (1) and (2)
as follows [29]:
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where u, T, B, and v are the elastic amplitude, temperature,
thermal expansion coefficient, and elastic wave velocity, respec-
tively. Additionally, K, p, C, and p are the thermal conductivity,
density, heat capacity, and power absorption, respectively.
According to the above-mentioned theory, the QTF ther-
moelastic amplitude is closely related to the optical power
absorption. The schematic diagram of side-excitation light-
induced thermoelastic spectroscopy approach (SE-LITES) is
shown in Fig. 2(a). A standard QTF usually has a quadrupole
electrode pattern with the four surfaces of the QTF prong covered
by silver film electrode patterns. In LITES, the areas covered by
a silver film cannot be used since they will strongly reflect the
laser beam, preventing the absorption of optical power. Thereby,
for the proposed SE-LITES, one of the silver film electrodes
on the QTF prong outer surface was removed while keeping
the others untouched, resulting in an electrode-modified QTF,
as shown in Fig. 2(b). The silver electrode was removed by
chemical etching with 65% nitric acid at room temperature and
atmospheric pressure for 5 min. A custom-made mask was used
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Fig. 2. (a) Schematic diagram of SE-LITES. Here, w = 0.6 mm is

the prong width, while = 0.3 mm is the QTF crystal thickness. (b)
Top view of a QTF electrode. (c) Resonance curve of the electrode-
modified QTF.

— . ] ;
Fiber | . * +/ Focuser | /
L

T Gas el FL,,S,E,:LIT,E,SL

Laser i

i
Driver !
i
|
by —
|
M(_- !

Pre amplifier | ! M
! 0
E! <«— Lock-in 4—% i

g
PC | Traditional LITES

Fig. 3. Schematic of the SE-LITES setup. FG, function genera-
tion; ), adder; PC, personal computer; Lock-in, lock-in amplifier.
SE-LITES I is dual-excitation at Point B, see Fig. 4 (a); SE-LITES
II is single-excitation at Point C, see Fig. 4 (a).

to control the corroded area. After removal, the QTF surface
was flushed with acetone and cleaned by an air duster. Once
the silver film electrode was removed, the laser beam was now
able to be transmitted inside the QTF crystal and absorbed from
the back silver/chromium layer, allowing excitation of the QTF
prong inner surface, thus enhancing the thermoelastic effect.
For the portion of light reflected by the inner surface, the possi-
ble absorption path inside the quartz crystal for SE-LITES was
2w~ 1.2 mm, improved by 4 times with respect to the absorp-
tion path for standard LITES corresponding to the QTF crystal
thickness ¢~ 0.3 mm.

The resonance curve of the electrode-modified QTF is shown
in Fig. 2(c). A resonance frequency of 32,775 Hz with a full
width at half maximum (FWHM) of ~2.7 Hz, resulting in a Q
factor value of ~12,000, was measured. The Q factor was typical
of a standard QTF, demonstrating that the silver pattern mod-
ification has not impacted on the QTF performance. Next, the
SE-LITES was evaluated by the experimental setup depicted in
Fig. 3. As a proof of concept, a 1.39-um near-infrared fiber cou-
pled distributed feedback (DFB) diode laser was employed as the
excitation source. Water vapor in the ambient air was selected
as the gas target. A laser diode driver (Thorlabs CLD1015) was
employed to control the temperature and injection current of the
diode laser. The wavelength modulation technique was used to
increase the detection sensitivity. A ramp signal with a period
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Fig. 4. (a) Diagram of laser incident position for SE-LITES. (b)
LITES signal amplitude as a function of AH.

of 400 s and a sine signal with a frequency of f,/2 was gener-
ated by a function generator (Tektronix AFG3102), where f is
the resonance frequency of the QTF. The laser temperature was
set to 17.6°C. The injection current was changed from 42 mA
to 54 mA, corresponding to a laser emission wavelength span-
ning from 7194.4 cm™ to 7195.1 cm™'. An H,O absorption line
located at 7194.8 cm™' with the intensity of 3.2 x 107! cm/mol
was targeted, according to the HITRAN database. The laser
beam was collimated through a gas cell and then focused on
the side of the QTF by a gradient-index (GRIN) lens. The focal
length of the GRIN lens was 11 mm and the diameter of the
beam waist was ~100um. The length of the gas absorption
cell is 30 cm. The output electrical signal from the QTF was
amplified by a custom trans-impedance preamplifier with a 10-
MQ feedback resistor. A lock-in amplifier (Stanford SR830) was
used to demodulate the signal in a 2f mode. A LabView pro-
gram was used to control the system and calculate the H,O vapor
concentration.

The laser spot Incident position was optimized to maxi-
mize the thermoelastic amplitude in SE-LITES. By changing
the laser focal spot position on the QTF, the corresponding
LITES signal amplitudes were recorded, as shown in Fig. 4.
In particular, points A, B, and C, corresponding to the end of
the positive electrode (red), the end of the negative electrode
(blue), and the junction point of the QTF prong, respectively,
are marked in Fig. 4. The related AH values: AH=H,, AH=H,,
and AH = H; are also highlighted in Fig. 4. The laser focal spot
position was scanned from Point A to Point C along the z direc-
tion. When H, < AH < H,, the LITES signal amplitude increases
monotonously with AH. A peak value was obtained at Point B,
where AH =3.1 mm. This can be attributed to an optimal exci-
tation of QTF. From point B to point C, there is no silver film
coating on the prong’s inner surface and also the optical path
length in the crystal rapidly decreases. Thereby, the LITES sig-
nal decreases reaching a minimum at AH = 3.4 mm [point B’ in
Fig. 4(b)]. Then moving toward Point C, the optical absorption
path increased gradually and the LITES signal amplitude rises
accordingly. As a result, another peak value was achieved at
Point C, where AH = 3.8 mm. Beyond Point C, the thermoelas-
tic effect in this area is less sensitive (see Fig. 1), and the LITES
signal decreased gradually.

The modulation depth has a significant impact on the ther-
moelastic effect and thus the laser wavelength modulation depth
must be optimized. The LITES 2f signal amplitudes measured
for different modulation depths are shown in Fig. 5(a). The
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Fig. 5. (a) SE-LITES signal amplitude as a function of modula-
tion depth. (b) 2f signal comparison of SE-LITES and traditional
LITES.

Table 1. The 2f Signal, 10 Noise, and Minimum Detec-
tion Limit Obtained by Three Different LITES Systems

Signal/mv  Noise/uv SNR MDL/ppm

SE-LITES I 10.45 2.95 3540 3.96
SE-LITES II 6.73 2.52 2667 5.25
Traditional LITES 0.48 1.96 246 56.98

LITES signal amplitude increases monotonously up to a mod-
ulation depth of 2.3cm™, while after this value, a plateau is
observed. Thereby, the optimal value results are 2.3 cm™".

With the optimized laser focal position and modulation depth,
the LITES 2f signals obtained by SE-LITES and traditional
LITES were compared. Figure 5(b) shows the 2f signals obtained
by SE-LITES I (incidence point B), SE-LITES II (incidence
point C), and traditional LITES. The 2f signal peaks obtained
by SE-LITES I and SE-LITES II were 10.45mV and 6.73mV,
respectively, while the amplitude obtained by traditional LITES
was only 0.48 mV. The background noise level of each sensor
was measured when the laser was far away from the absorption
line of water. The results are summarized in Table 1. Compared
with the traditional LITES system, the SE-LITES improved the
detection SNR by more than 1 order of magnitude. With the
SE-LITES 1, the signal amplitude and SNR were enhanced
by ~22 times and ~15 times. Considering a signal-to-noise
ratio (SNR) of 3540, a normalized noise equivalent absorp-
tion (NNEA) coefficient of 1.84x10° W-.-cm™'-Hz > was
achieved.

In conclusion, we reported on a side-excitation light-induced
thermoelastic spectroscopy (SE-LITES) method. The silver
electrode pattern of a commercial QTF was modified to real-
ize the SE-LITES setup. The modification of electrode, making
a window on the QTF surface, allows the incidence of the laser
beam. The other electrodes were remained and fully used as a
laser absorption layer. Benefiting from the inner surface exci-
tation, the thermoelastic effect was enhanced. Compared to
traditional LITES, the detection SNR was enhanced by more
than one order of magnitude. In this work, the whole side elec-
trode was removed to explore the optimal excitation position of
the laser. With the side electrode removed, the resonance ampli-
tude of the QTF was slightly decreased. Further improvement
can be made by opening a micro aperture on the QTF prong
outer surface to minimize the impact of electrode modification.
This work proposed a novel and sensitive light detector based
on thermoelastic effects, which will greatly benefit the infrared
detection technology.
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