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A light-induced thermoelastic spectroscopy (LITES) gas detection method based on CH3NH3Pbl; perovskite-
coated quartz tuning fork (QTF) was proposed. By coating CH3NH3PbI3 thin film on the surface of ordinary
QTF, a Schottky junction with silver electrodes was formed. The co-coupling of photoelectric effect and ther-
moelastic effect of CHsNH3PbI3-QTF results in a significant improvement in detection performance. The oxygen
(03) was select as the target analyte for measurement, and experimental results show that compared with the
commercial standard QTF, the introduction of CHsNH3PbI3 perovskite Schottky junction increases the 2f signal
amplitude and signal-to-noise ratio (SNR) by ~106 times and ~114 times, respectively. The minimum detection
limit (MDL) of this LITES system is 260 ppm, and the corresponding normalized noise equivalent absorption
coefficient (NNEA) is 9.21 x 1073 cm~1.W-Hz~ /2. The Allan analysis of variance results indicate that when the
average time is 564 s, the detection sensitivity can reach 83 ppm. This is the first time that QTF resonance
detection has been combined with perovskite Schottky junctions for highly sensitive optical gas detection.

1. Introduction

Oxygen (O2) is one of the main components of air. Human cannot live
without oxygen, and it also has a very important significance for in-
dustrial production, food packaging, biomedical technology, and envi-
ronmental monitoring [1-3]. Therefore, it is of great importance to carry
out Oy concentration detection with fast response and high sensitivity.
Currently, one of the most widely used O3 detection methods are elec-
trochemical sensors [4,5]. Unfortunately, disadvantages of electro-
chemical O, sensors, such as aging and contamination have limited their
application in many fields.

Laser absorption spectroscopy is based on the absorption properties
of target molecules. Due to its unique advantages such as high selec-
tivity, stability, and real-time online continuous monitoring [6-9], it has
been widely used in the field of gas detection. Sensors based on laser
absorption spectroscopy, such as tunable diode laser absorption spec-
troscopy (TDLAS), photoacoustic spectroscopy (PAS), and quartz
enhanced photoacoustic spectroscopy (QEPAS) have been applied for
the detection of various gases [10-18]. Among them, QEPAS was first
proposed in 2002, using a quartz tuning fork (QTF) instead of a
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microphone as an acoustic detection element to improve the sensitivity
[19]. However, QEPAS is a contact measurement technology and the
QTF needs to be placed in gas cell, making it difficult to achieve pho-
toelectric separation, which limits its application in corrosive gas
detection. Light-induced thermoelastic spectroscopy (LITES) was first
proposed in 2018 [20], the method does not require direct contact of the
QTF with the detection gas. In addition, the commercial standard QTF is
small, cheap, and has ultra large wavelength response range, so LITES is
widely used in gas detection in recent years [21-30].

The characteristics of the QTF directly affect the performance of the
LITES system, various strategies have been proposed to improve the
LITES’s sensitivity. A custom QTF with a lower resonant frequency and
larger fork-spaced T-shape arms were shown to be able to reduce
background noise and improve sensor performance [31,32]. Qiao et al.
used a custom T-shaped QTF for the LITES sensor and achieved a 5-fold
improvement in CO detection sensitivity over TDLAS system [33]. The
thermoelastic signal’s amplitude is proportional to the light absorption
of the QTF, and the deposition of highly absorbing material on the QTF
surface can improve the sensitivity [34,35]. In addition, to improve the
photothermal conversion efficiency, polymeric materials with high
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Fig. 1. (a) Simulated absorption lines of the main atmospheric components
according to the HITRAN database. (b) the strongest O, absorption line is
located at about 13,142 cm ™.

thermal expansion coefficient were coated on QTF prongs [36,37]. But
the surface coating method has its own shortcomings, such as too thick
coating will reduce the quality factor (Q) and the detection sensitivity of
the QTF sensor. In general, these strategies improve the sensitivity
within 10 times magnification.

In this work, we reported a LITES sensor using a CH3NH3PbI3-coated
QTF. To overcome the above shortcomings of QTF sensors, a perovskite
material with both photoelectric and photothermal effects was used for
the surface coating of commercial standard QTF. By coupling the pho-
toelectric effect and thermoelastic effect onto the QTF, combined with a
20 m path length gas cell and wavelength modulation spectroscopy
technology, the sensitivity of the LITES system was improved effectively.
The performance of surface coated QTF sensors was validated using Oy
as the target gas, the 2f signal amplitude and signal-to-noise ratio (SNR)
of CH3NH3PbI3-QTF were experimentally studied and compared with
standard commercial QTF.

2. Experimental setup
2.1. Absorption line selection

Due to the presence of the fingerprint spectrum of gas molecules, the
LITES technology based on Beer Lambert’s law enables excellent selec-

tivity as well as real-time measurement. The selected gas absorption
spectral line should have a strong absorption intensity, and there should
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be no interference from other gases near the selected absorption spectral
line. According to simulation of the HITRAN database and SpectraPlot
website, the relatively strong absorption spectral line of O5 is located
around 13,000 em! [38], as shown in Fig. 1. Fig. 1(a) shows the ab-
sorption spectra of the main components and contents of the atmosphere
at 298 K, 1 atm, and for an absorption pathlenght of 20 m. As can be seen
from the figure, the absorption spectral line at 13,142.58 cm™* (760.88
nm) meets the line selection principle, and the absorption line strength
for this peak is 8.74 x 10~2* em ™! /(mol-cm~2) [39], and there will be no
interference from other gases here. Therefore, the absorption spectral
line here was selected for the experiment.

2.2. LITES sensor system experimental device

A schematic diagram of the CHsNH3PbI3-QTF LITES sensor for gas
detection is shown in Fig. 2. A 760 nm vertical-cavity surface-emitting
laser (VCSEL, EP760-VC-TP39) with a maximum laser power of 1 mW
was selected as the wavelength scanning laser source. The wavelength of
the VCSEL laser was modulated by adjusting the injection current and
the operating temperature. In the experiment, the driving current was
controlled by the customized LDTC0520 driver, and the laser tempera-
ture was set to 25 °C. The drive signal was the superposition of a sine
wave and a sawtooth signal generated by a dual channel function
generator (Tektronix, AFG3022C). First, the laser beam was collimated
and then enters a Herriott gas cell with a length of about 20 m. A
commercially available quartz crystal oscillator with a nominal resonant
frequency (fp) of 32,768 Hz was selected for shelling to obtain a tradi-
tional QTF detector. The laser beam output from the gas cell was focused
on the root of the QTF to excite a larger thermoelastic signal. The current
of the QTF was firstly amplified by a 3 MHz bandwidth trans-impedance
amplifier (AD712JR), the harmonic signal was then demodulated by a
lock-in amplifier (Stanford Research Systems, SR830) and collected by
an oscilloscope (Tektronix, MDO3012). Throughout the experiment, the
lock-in amplifier sensitivity was set at 50 mV to ensure the consistent
signal gain. The filter slope was set to 12 dB/oct and the time constant
was set to 10 ms.

In this paper, wavelength modulated spectroscopy and second har-
monic (2f) were utilized to achieve highly sensitive detection of O,. In
the experiment, high-frequency (~16 kHz) sine waves are superimposed
on low-frequency (0.5 Hz) sawtooth wave scanning signals. The low-
frequency sawtooth wave allows the laser wavenumber to pass
through the selected O absorption line. The high-frequency sine wave is
used to modulate the laser density, transferring the low-frequency
concentration dependent absorption signal to the high-frequency,
which can effectively suppress noise in the low-frequency region.

2.3. Design of the photoelectric and thermoelastic co-coupling QTF sensor

The CH3NH3PbI3 perovskite light absorbing layer was prepared

Fig. 2. Schematic diagram of the LITES gas detection system.
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Fig. 3. Structural diagram of the photoelectric-thermoelastic co-coupling
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Fig. 4. The 2 f signal amplitude at different excitation positions of QTF.

between two different electrodes on the QTF surface by a one-step spin
coating method. By dropping CH3NH3PbI3 solution onto the surface of
QTF and using a spin coating machine for spin coating, a perovskite thin
film is obtained. In terms of details, firstly, we prepared the methyl-
ammonium iodide (CH3NH3l) and leaded iodide (Pbly) dissolved solu-
tion with molar ratio of 1:1. Secondly, we prepared the N, N-
dimethylformamide (DMF) and dimethyl sulfoxide (DMSO) mixed sol-
vent with a volume ratio of 4:1, after mixing the solution with the sol-
vent, and stirred at room temperature for 5 h, obtaining the yellow
transparent CH3NH3Pbl3 perovskite precursor solution. Thirdly, we
welded the QTF to a custom meta-disk and attached them to the spin
coater (EZ4-S-PP, Lebo); we dropped the CH3NH3Pbl3 perovskite pre-
cursor solution onto the surface of the QTF, and spined coated at
1000 rpm for 10 s. Finally, the QTF was placed in a vacuum drying oven
and heated at 100 °C for 30 min to complete the fabrication of
CH3NH3Pbl3 perovskite thin films on it.

A commercial QTF with a resonance frequency of 32.76 kHz was
chosen as the detector. Fig. 3 shows the structural diagram of the pho-
toelectric and thermoelastic co-coupling QTF, and the illustration shows
the bare QTF and the QTF coated with CH3NH3PbI3 film. The QTF has
two vibration prongs that consist of the silica substrate and the silver
surface, and two pins connect the silver on upper and lower surfaces,
respectively. Normally, the maximum excitation position of the ther-
moelastic effect is located at point A [40]. However, there are no
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Fig. 5. Functional relationship between 2f signal amplitude and sine
wave amplitude.

adjacent two different electrodes around point A to form an
Ag/CH3NH3Pbl3/Ag Schottky structure, resulting in the absence of two
different electrodes to collect the photocurrent generated by the pho-
toelectric effect. As shown in the inset figure of Fig. 3, the surface area of
the side edge of QTF is silica, with different electrodes on both sides.
After coating with perovskite film, this can form a Schottky structure, as
shown in point B in the figure. It is well known that photoelectric effect
generation is attributed to the electron-hole pairs excited by the incident
photon energy which is larger than the band gap of materials. There is a
depletion region at the interfaces of the Ag and CH3NH3PbI; due to
differences in energy level of the two materials. The energy gap of
CH3NH3PbI3 determined from the valence band and conduction band is
about 1.5 eV, which ensure the light with wavelength less than 826 nm
is sufficient to excite electron-hole pairs and subsequent charger carrier
transport. The laser light source we used has a central wavelength of
about 760 nm, so when this laser irradiates the surface of the QTF coated
with CH3NH3PbI; perovskite, it can produce the photoelectric effect
very well.

Experiment was conducted to investigate the most sensitivity region
of the QTF, and the results are shown in Fig. 4. The zero point of Y axis is
located at the top of the QTF, and the measurement was conducted on
different positions along line C. It can be seen that the least sensitive
position located at the tip of the QTF, while the most sensitive position
located at the bottom of the QTF. When AY = 3.9 mm, the thermoelastic
signal reaches the maximum value, which is consistent with the results
of studies in the literature [20,25,26]. Therefore, point B was selected as
the optimal photoexcitation position. The thermoelastic effect here is
only inferior to point A. There are different pins on both sides, and this
point also provides a Schottky structure for photoelectric detection.
Therefore, this point B was selected as the optimal location for perov-
skite coating.

3. Experimental results and discussion

The wavelength modulation depth is an important parameter in
wavelength modulation spectroscopy based sensing system. To realize
optimal detection sensitivity, the laser wavelength modulation depth
was optimized at first. The modulation depth is related to the amplitude
of the high-frequency sine wave. By adjusting the sine wave amplitude,
the optimal 2f signal can be obtained. Experiment was conducted to
measure the functional relationship between the amplitude of the 2f
signal and the high-frequency sine wave. As shown in Fig. 5, the 2f signal
amplitude first increases and then decreases as the sine wave amplitude
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300 3
Bare-QTF
——GO-QTF
—— CH;NH,PbI;-QTF
200 —42

2f signal amplitude (mV)

2f signal amplitude (V)

1o noise
-100 - -1

2200 1 I 1 1 1
13142.2 13142.4 13142.6 13142.8 13143.0

)

Wavenumber (cm™)

Fig. 7. 2f signal of three different types of QTFs.

increases. When the sine wave amplitude was 325 mV, the 2f signal
reached the maximum. This modulation depth was used in the subse-
quent experiments to obtain optimal system performance.

Graphite oxide (GO) has a strong absorption coefficient, and coating
GO on QTF (GO-QTF) can improve the absorption of laser, thus
improving the thermoelastic effect [35]. However, CH3NH3Pbl3 perov-
skite not only has a strong absorption coefficient, but also coating
CH3NH3PbI3 on QTF (CH3NH;3PbI3-QTF) can generate photoelectric ef-
fects, thus greatly improving the detection sensitivity. To compare the
sensitivity of GO-QTF with only thermoelastic effects and
CH3NH;3PbI3-QTF with co-coupled thermoelastic and photoelectric ef-
fects, GO and CH3NH3Pbl3 were coated on bare QTF (Bare-QTF)
respectively. The film coating may affect the QTF’s vibration state, by
scanning the frequency of the sinusoidal modulation signal around
32.7 kHz, the resonant frequency in the testing environment was
retrieved. The characteristics of three kinds QTFs were measured to
obtain resonance frequencies and related Q value. The frequency re-
sponses of these three kinds of QTFs were normalized and fitted with the
Lorentz function, and the results are shown in Fig. 6. As can be seen, the
resonance frequencies of Bare-QTF, GO-QTF and CH3NH3PbI3-QTF are
32,762 Hz, 32,745 Hz and 32,701 Hz, respectively, with corresponding
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Fig. 8. The system noise of three different types of QTFs.

quality factors of 8856, 8396 and 7604, respectively. The resonance
frequency and Q value of QTF coated with GO and CH3NH3Pbl3 have
decreased slightly due to the fact that the resonance frequency of the
QTF is very sensitive to the load mass on the QTF surface. Applying GO
and CH3NH3PblIj3 to the tuning fork surface will lead to an increase in the
mass quality of the QTF prong, thereby reducing the resonance fre-
quency and the Q value.

Under the same experimental conditions, these three different kinds
of QTFs were used in sequence for the experiment. First, experiments
were conducted using a Bare-QTF, and the experimental results are
shown in Fig. 7 (black curve) with a 2f signal peak of only 21.2 mV.
Then, the surface of the QTF was coated with thin GO film, to enhance
the absorption of laser light, and hence, to improve the thermoelastic
effect of the QTF and the overall sensitivity. The experimental results are
shown in Fig. 7 (blue curve), and its 2f signal peak is 102 mV, which is
4.81 times higher than the 2f signal of the Bare-QTF. Although graphene
oxide improves the sensitivity by increasing the thermoelastic effect to
some extent, this improvement is not enough and GO-QTF is not the best
choice. Finally, we coated CH3NH3Pbl3 between two different electrodes
on the surface of the QTF to form an Ag/CH3NH3PbI3/Ag Schottky
structure. The experimental results are shown in Fig. 7 (red curve), and
the amplitude is as high as 2.24 V, which is ~22 times higher than that
of GO-QTF and ~106 times higher than that of Bare-QTF. This is due to
the CH3NH3Pbl; perovskite has high absorption coefficient, good pho-
toelectric effect and thermoelastic effect. The developed CH3NH3PbI;3
perovskite Schottky junction on QTF allowed the co-coupling of pho-
toelectric effect and thermoelastic effect [41], thus greatly improving
the sensitivity of LITES. In the experiment, the optimal
CH3NH3PbI3-QTF was obtained by spin-coating at 1000 rpm for 10s,
annealing and then repeated the whole process 3 more times. The
coating thickness was about 400 nm, the coating presented the macro-
structure of layer stacking increased the surface area when compared
with that before coating, which was conducive to improve light ab-
sorption and reduce light scattering.

Fig. 8 shows the measured noise of three different kinds QTFs. The
root mean square (RMS) value of Bare-QTF, GO-QTF and CH3NH3PbI3-
QTF are 3.02 mV, 2.84 mV and 2.79 mV, respectively. It can be seen that
the coating film on the surface of the QTF has almost no impact on the
noise level. Combining the 2f signal amplitude and noise, it can be
calculated that the SNR of Bare-QTF, GO-QTF and CH3NH;3PbI3-QTF are
7.02, 35.92 and 802.87, respectively. The SNR of CH3NH3PbI3-QTF is
~22 times higher than that of GO-QTF and ~114 times higher than that
of Bare-QTF. The minimum detection limits (MDLs) of Bare-QTF, GO-
QTF and CH3NH3PbI3-QTF resulted 2.98%, 0.58% and 260 ppm,
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respectively. The normalized noise equivalent absorption coefficient
(NNEA) of CH3NH5PbI3-QTF is 9.21 x 1073 em™! -W -Hz V2. In terms
of O, detection, Neethu et al. developed an O3 detection TDLAS system
using a 56 cm long gas cell and achieved a MDL of 0.65% [10]. Jatana
et al. used a TDLAS system combined with a 4.3 m gas cell to measure Oy
concentration in a high-temperature gas stream and achieved a detec-
tion limit of 0.1% [42]. Zhou et al. used a diffused integrating cavity to
increase the effective path length, and the detection limit of O, was up to
350 ppm [11]. Compared with the conventional TDLAS system in the
literature, the detection performance of the CH3NH3PbI3-QTF based
LITES system with co-coupled thermoelastic and photoelectric effects
has been significantly improved.

For the convenience of comparison, the 2f signal amplitude and SNR
obtained by three different kinds QTFs are shown in the bar graph of
Fig. 9. It can be clearly seen that the 2f signal amplitude and SNR of GO-
QTF and CH3NH;3PbI3-QTF have been significantly improved compared
to Bare-QTF, and the improvement in CH3NH3PbI3-QTF is the most
obvious, reaching two orders of magnitude. Therefore, the CH3NH3PbIs-
QTF greatly improved the detection sensitivity of the LITES system.

The response of a LITES system based on CH3NH3PbI3-QTF under
different Oy concentrations was studied. Respectively flush Oy of
different concentrations into the gas cell and record the 2f signals, as
shown in Fig. 10(a). The 2f signals as a function of O, concentrations are
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displayed in Fig. 10(b). It can be seen that the fitting curve of the 2f
signal intensity increases with the increase of Oy concentration. By
performing a linear function fitting on the data, the R-square is 0.995.
The fitting results show that the system exhibits an excellent linear
response to Oy concentration within the concentration range studied.

Allan deviation analysis is one of the simplest and most effective
methods for evaluating system stability. In order to evaluate the long-
term stability and detection limit of the developed LITES sensor sys-
tem, 20.9% O, was flushed into the gas cell, and a LabVIEW controlled
oscilloscope was used to continuously measure the 2f signal. The data
sampling period was 2 s, and the total collection time was about 4 h.
According to the previously obtained linear fitting curve, the Allan de-
viation result was converted into the oxygen concentration value. As
shown in Fig. 11, the Allan deviation decreases as the average time in-
creases. When the average time is 564 s, the MDL of the system can
reach 83 ppm. In addition, the Allan bias results indicate that the main
noise in the LITES sensing system comes from white noise.

It is worth noting that a smaller laser spot diameter and the optimal
focusing position of the laser on the QTF surface are necessary condi-
tions for achieving high sensitivity detection. The thermoelastic and
photoelectric effects of perovskite materials are related to the power of

10° F

Allan deviation

83 ppm at 564 s

10 100 1000
Time (s)

Fig. 11. Allan deviation analysis
sensor system.

of the CH3;NH3PbI3-QTF based LITES

(b) m 2fsignal amplitude
4+ Linear fit
~
2
g 3f
2
£
<
E
& 2r
170]
G -
N y =10.0378x+0.21988
R?=0.99599
1+
1 1 1 1
0 10 20 30 40

O, concentration (%)

Fig. 10. (a) Experimentally measured 2f signals for six different concentrations of O. (b) The linear relationship between O, concentration and 2f signal amplitude.
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the laser source. The laser used in this article has a small output power
(<1 mW), and using a high-power laser may improve the MDL of the
system to some extent. In addition, the absorption spectra of gases are
mostly located in the infrared region, applying perovskite-QTF to other
types of gas sensing may requires adjusting the absorption of perovskite
to near-infrared or even mid-infrared bands. Combining perovskite with
graphene to form composite materials, and combining nano gold or
silver particles with perovskite to form plasma resonance may achieve
this goal.

4. Conclusions

In summary, we have designed a novel CH3sNH3Pbl; perovskite-
coated LITES sensor using standard commercially available QTF. By
coating CHsNH3PblIj; thin film on the surface of QTF, a Schottky junction
was formed with different silver electrodes of QTF. The co-coupling of its
photoelectric effect and thermoelastic effect leads to a significant
improvement in detection performance. Compared with the commercial
standard QTF, the introduction of CH3NH3Pbl3 perovskite material
increased the 2f signal amplitude and SNR by ~106 and ~114 times,
respectively. The MDL achieved for the CH3NH3PbI3-QTF was 260 ppm,
and the NNEA was 9.21 x 1073 em ™1 W-Hz~'/2, The minimum value of
Allan deviation reached to 83 ppm. This is the first time that QTF
resonance detection has been combined with perovskite Schottky junc-
tions for ultrasensitive gas detection. This method has the advantages of
low cost, simple operation, and wide wavelength response range, mak-
ing it a promising sensitive gas detection method.
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