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Highlights
1. Small-size and high-crystallinity PbS CQDs were synthesized via a simple cation
exchange method.

2. The PbS CQDs was successfully integrated into the SAW delay lines as the sensing
layer by spin-coating at room temperature.

3. The CQD-coated SAW sensor exhibited high sensor response to low-concentration

of NO. gas with fast response and recovery times at room temperature.

ABSTRACT: Surface acoustic wave (SAW) sensors have great advantages in
real-time and in-situ gas detection due to their wireless and passive characteristics.
Using nanostructured sensing materials to enhance the SAW sensor’s responses has
become a research focus in recent years. In this paper, solution-processed PbS
colloidal quantum dots (CQDs) were integrated into quartz SAW devices for
enhancing the performance of NO; detection operated at room temperature. The PbS
CQDs were directly spin-coated onto ST-cut quartz SAW delay lines, followed by a
ligand exchange treatment using Pb(NOz)2. Upon exposure to 10 ppm of NO2 gas, the
sensor coated with untreated PbS CQDs showed response and recovery times of 487 s
and 302 s, and a negative frequency shift of -2.2 kHz, mainly due to the mass loading
effect caused by the absorption of NO gas on the surface of the dense CQD film.
Whereas the Pb(NO3).-treated sensor showed fast response and recovery times of 45 s

and 58 s, and a large positive frequency shift of 9.8 kHz, which might be attributed to



the trapping of NO2 molecules in the porous structure and thus making the film stiffer.
Moreover, the Pb(NO3)2-treated sensor showed good stability and selectivity at room

temperature.

Keywords: Surface acoustic wave; Gas sensor; Colloidal Quantum dots; Nitrogen

oxide; Lead sulfide

1. Introduction
Surface acoustic wave (SAW) devices have received extensive interest for sensor
applications owing to their small size, high sensitivity and ability to interface with
passive wireless systems [1-6]. SAW devices can be developed into highly sensitive
sensors for continuously monitoring of hazardous and flammable gases in the
sub-ppm regime if integrating with specifically designed sensing materials which are
sensitive to a certain type of gas. In this case, the sensing material interacts with the
target gas molecules and causes detectable changes in the acoustic wave velocity or
amplitude, which are then manifested as a frequency/phase angle shifts or insertion
loss [7].

In the past decade, considerable attention has been paid to SAW gas sensors by
utilizing a variety of materials as sensing layers, such as polymers [8-10], metal

oxides and its nanostructures [11-15] and various carbon-based nanomaterials (e.g.,



graphene, carbon nanotubes) [16-18]. However, majority of these materials have
either poor sensing responses at room temperature or long response and recovery
times (normally longer than a few minutes), thereby limiting their practical real-time
and in-situ sensing applications. For instance, a SAW sensor coated with
nanocomposites of polymers and ordered mesoporous carbon showed a weak
frequency shift (i.e., sensing response) of approximately 0.445 kHz when exposed to
16 ppm of NHz at room temperature [9]. A Love-wave SAW sensor using graphene
oxide as the sensing layer was developed for detection of chemical warfare agent
stimulants, and a frequency shift of 0.760 kHz when exposed to 1 ppm of DMMP was
obtained [16]. A SAW sensor containing composite  films  of
graphene-nickel-L-alanine had a response of 0.667 kHz when exposed to 200 ppm of
CO- gas at a high operating temperature of 200 °C [17]. The limited responses of
these sensors are mainly explained by that their sensing mechanisms were mainly
dominated by the mass-loading effects, in which a minor increase in the coverage area
of the sensing films would not cause a significant frequency shift. Compared with
polymers and carbon-based nanomaterials, metal oxide-based SAW gas sensors
exhibited higher responses. Luo et al. and Tang et al. reported SAW gas sensors using
Sn02[19] and Co304/SiO2 composite films [20] based on the mechanism of frequency
peak shift due to the conductance changes, and relatively higher response (more than
3 kHz-ppm™) were obtained. However, the slow response and recovery process
remained problems to be solved. Gupta et al. prepared a ZnO/Quartz SAW sensor for

NO: gas detection with a frequency shift as high as 6-112 kHz within 0.04-16 ppm



levels [21]. The dynamic response and recovery characteristics, however, have not
been studied. Therefore, the development of room temperature SAW gas sensors with
a high response, fast response and recovery times and excellent cross-selectivity is
still challenging.

Colloidal quantum dots (CQDs) are attractive materials in thin-film optoelectronic
devices, which have been commonly used as photodetectors, solar cells, lasers and
light emitting diodes [22-25]. The ever-growing interest in CQDs derives from the
benefits in their facile solution processability, low material cost, and unique chemical
and physical properties that enable tunable functionality [26]. Additionally, since the
CQDs are nanocrystals of a few nanometers in diameter, they have large
surface-to-volume ratios that provide plenty of active sites for the absorption of target
gas molecules. Their crystal sizes are comparable with the Debye length, which favors
fast transfers of the generated charges thus increasing the gas responses. These
features open another field for using the CQDs into high-performance gas sensors.
Recently, metal chalcogenide and oxide CQDs used in chemiresistive gas sensors
have been reported to exhibit enhanced sensing responses towards NO; and H2S gases
at room temperature [27-32]. Nonetheless, to the best of our knowledge, there are not
many studies towards the integration of CQDs with SAW devices for gas detection.

In this paper, for the first time, we demonstrated the potential of using PbS CQDs
as a sensing layer on SAW devices for achieving a ppb-level detection limit of NO-
gas at room temperature. Owing to the facile solution processability, thin films with

PbS CQDs were fabricated directly from the solution phase by spin coating PbS



CQDs onto a two-port SAW delay line. In this process, the highly crystalline CQDs
did not require high sintering temperatures or strict deposition conditions to finely
control the film crystallization, which was reported critical for the fabrication of metal
oxide-based SAW gas sensors using sol-gel or magnetron sputtering [33,21]. The shift
of the SAW frequency was precisely measured by varying concentrations of NO; gas
molecules from 500 ppb to 30 ppm at room temperature. In addition, the gas-sensing
mechanisms of the CQD-based SAW gas sensors were investigated.

2. Experimental details

2.1 Synthesis of PbS CQDs

In our previously reported work of PbS CQD-based chemiresistive gas sensors
[28,29], the CQDs were synthesized through the reaction of lead oleate and
bis(trimethylsilyl) sulfide (TMS). However, TMS is malodorous and easily oxidized,
thus a glove box is always required for its manipulation, making this type of synthesis
inconvenient. In this study, we used a cation-exchange route developed by Zhang et al.
[34] to synthesize the PbS CQDs without the use of a glove box and TMS. Briefly, the
(NHa4)2S/OLA solution was injected into Cd-oleate to obtain CdS CQDs. Then, PbS
CQDs were formed by the rapid injection of CdS CQDs into a pre-heated PbCl>-OLA
solution that promoted direct exchange of Cd?* cation for Pb?* cation. In a typical
synthesis, 0.28 g of CdO, 1.8 g of oleic acid (OA), and 8 g of 1-octodecene (ODE)
were heated at 260 °C for 20 min to form the Cd precursor. Then, the solution was
cooled down to 30 °C. Meanwhile, the S precursor was prepared by dispersing a 360

uL (NH4)2S aqueous solution into 10 mL of oleylamine (OLA). The S precursor



solution was injected into the Cd precursor solution at 30 °C and then was stirred for 1
hour without heating. The CdS CQDs were washed twice using hexane and ethanol
and dispersed in toluene. After that, the Pb precursor was obtained by heating 1.5
mmol PbCl; in 5 mL of OLA at 140 °C for 30 min, until a white and turbid solution
formed. Then, 5 mL of CdS CQDs in the ODE (20 mL) was injected swiftly into the
Pb precursor solution at 140 °C. About thirty seconds after, the reaction was quenched
using a cool water bath, and 5 mL of hexane and 4 mL of OA were added at 70 °C and
40 °C, respectively. Finally, the PbS CQDs were washed twice using hexane and
ethanol, respectively, and then dispersed in octane at a concentration of 30 mg/mL.

2.2 SAW gas sensor fabrication

The structure of the SAW gas sensor is shown in Fig. 1. Two-port SAW delay lines,
consisted of the input and output interdigital transducers (IDTs), were fabricated on
ST-cut quartz crystal using a conventional photolithography technology. The IDTs had
a periodicity of 15.8 um and were formed using a magnetron sputtered aluminum
layer with a thickness of 200 nm. PbS CQDs were coated onto the entire surface area
of the SAW delay lines using a spin-coating process, followed by a ligand exchange
treatment. Typically, in this process, a few drops of CQD solution were spun coated
onto the SAW device at 2000 rpm for 30 s. Then, the diluted Pb(NOs3). in methanol
(10 mg/mL) was dropped onto the film within 45 s, and then spun at 2000 rpm for 30
s. The Pb(NOz3). treatment was repeatedly deposited onto the device surface twice.
Finally, the film was washed using absolute methanol twice in order to remove

residues.



2.3 Characterization

High-resolution transmission electron microscopy (HRTEM) images were recorded
using a JEOL-2100 microscope operating at an accelerating voltage of 200 kV. X-ray
diffraction (XRD) pattern was recorded using a diffractometer (MAXima
XXRD-7000, Shimadzu, Japan) with Cu Ko radiation in the 26 range of 10-80°.
UV-vis absorption spectra were measured using a PerkinElmer Lambda 950
UV/Vis/NIR spectrophotometer. Fourier transform infrared (FTIR) spectra was
obtained using a Bruker Vertex 70 infrared spectrometer. Scanning electron
microscope (SEM) characterization was carried out using a Zeiss Supra 55
microscope.

2.4 Sensor characterization

The experimental setup for the gas measurement is shown in Fig. 2. The SAW sensor
was assembled onto a specially designed printed circuit board (PCB) and then
mounted inside a testing chamber with a volume of 1 L. The humidity and
temperature in the chamber, measured by a hygrothermograph (Sensirion, EK-H4),
were maintained at 45% and 25 °C, respectively, using an air conditioner. NO, gas
with the desired concentrations determined by the volume ratio was injected into the
chamber using syringes. The sensors responses, given by frequency shifts, were
measured using a network analyzer (Keysight, E5071C).

3. Results and discussion

TEM images in Fig. 3a and Fig. 3b show that the prepared PbS CQDs were uniformly

distributed and nearly spherically shaped particles with sizes about 4.5£0.3 nm. A



representative HRTEM image of the sample (Fig. 3c) shows lattice fringes with
interplanar spacings of 0.343 nm and 0.297 nm, corresponding to the (111) and (200)
facets of PbS, respectively. The six diffraction rings are clearly observed in the
selected area electron diffraction (SAED) pattern in Fig. 3d, suggesting a high degree
of crystallinity. XRD pattern of the CQD (Fig. 4a) can be indexed as the cubic-lattice
PbS (JCPDS 05-0592), which is in a good agreement with the results reported by the
Zhang group [34]. The broad peaks were attributed to the small size of the CQDs. No
peaks assigned to CdS were found in the PbS CQDs, indicating the complete
exchange from CdS to PbS. In the UV-vis absorption spectra (Fig. 4b), the PbS CQDs
exhibit the first exciton absorption peak at ~1246 nm, corresponding to a significantly
widened bandgap (Eg) of 1.0 eV when compared to the bulk bandgap (0.41 eV) of
PbS. The diameter (d ) of the CQDs was calculated to be 4.52 nm according to the
empirical equation reported by Moreels [35]:

E, = 0.41 + (0.0252d? + 0.283d) ™! (1)
The calculated result is in good agreement with the HRTEM results. All these results
indicated that the prepared PbS CQDs are small in size and highly crystallized.

After spin-coating at room temperature in ambient air to form a PbS CQD film on
the SAW device, we applied a film-level soaking treatment using Pb(NOgz). to
exchange the long-chain surface-capping ligands of oleic acid and oleylamine, which
otherwise would create an insulating shell around the CQDs that militate against
efficient gas adsorption. The transmission coefficient (S21) responses of the SAW

devices before and after coated with PbS CQDs were measured and the results are



shown in Fig. 5. The measured center frequency of the uncoated device is 200 MHz
and the insertion loss is -11.7 dB. After depositing the CQD layer, the center
frequency and the corresponding insertion loss of the SAW device are decreased to
199.9 MHz and -12.7 dB respectively, which was due to the mass (PbS CQD) loading
effect [36]. When the sensor was further treated with Pb(NOs)2, no apparent changes
in either center frequency or insertion loss were observed. The above results indicated
that the integration of PbS CQDs on the SAW delay line did not cause significant
changes to the device characteristics, allowing further gas sensing experiments.

Figure 6 shows the representative response curves of the SAW sensors integrated
with the untreated and Pb(NOz3).-treated PbS CQD films exposed to 10 ppm of NO>
gas at room temperature. It can be observed that the sensor coated with the untreated
film showed a negative response of around -2.2 kHz. The frequency was decreased to
reach 90% of its saturated level within 487 s and gradually returned to 10% of its
maximal value after 302 s, indicating a full recovery. Interestingly, the sensor coated
with the Pb(NOg)2-treated film exhibited a positive response of 9.8 kHz and a much
faster response/recovery time (45 s/58 s) than that of the untreated one. To explain the
observed opposite sensor response, we investigated the sensing mechanism of our PbS
CQD-based SAW gas sensors as follows.

Generally, the origin of the frequency shift in SAW gas sensors depends mainly on
the following three factors: mass loading, changes in elasticity and acousto-electric
interaction. The equation representing these three contributions is given as [37]:

=2 o L fol(ps) + 4CefoA(KG") — K72A< vﬁcS ) @)

fo Vo




where Af and fo are the frequency shift and the initial center frequency, Av and vo are

the change in SAW velocity and unperturbed SAW velocity, Cm and Ce are the
sensitivity coefficients of mass and elasticity respectively, ps and h are the density per
unit area and the thickness of the sensing layer respectively, G' is the shear modulus,
K2 is the electromechanical coupling coefficient, s is the sheet conductivity of the
sensing layer, cs is the capacitance per unit length of the device. In Eq. (2), the first
term and the third term represent effects of the changes in mass and electrical
conductivity of the sensing film, respectively. These two effects both result in a
negative change of the center frequency (e.g., a decrease in frequency). The second
term is contributed from the changes in elasticity, which results in a positive change
of the center frequency (e.g., a increase in frequency).

For the untreated PbS/SAW gas sensor, the center frequency decreased after the
supply of NO: gas. According to Eg. (2), both mass loading effect and
acousto-electric interaction may cause the decrease in frequency. In order to separate
the contributions of mass loading and acousto-electric interaction, an Al film with a
thickness of 120 nm was deposited on the sensing area of the SAW delay line using
magnetron sputtering before the addition of the PbS CQD film. The SAW sensor with
Al film would only sense non-electrical signal changes, since the metal film can
eliminate the acousto-electric effect [38]. The mechanical effects, such as mass
loading, would not be affected by the deposition of the Al film. After the PbS CQD
film was added, the reference sensor (with Al film) and a standard sensor (without Al

film) were then exposed to 10 ppm of NO: for comparison. As shown in Fig. 7, the



two sensors exhibit almost the same frequency shift, suggesting that the sensing
response was not suppressed by the intervening Al layer. Hence, it could be inferred
from the comparison experiment that the acousto-electric interaction did not play a
significant role in the observed sensing response. On the other hand, it should be
noted that the effect of acousto-electric interaction is related to the change in
conductivity of the sensing film. Therefore, to further identify the small contribution
of acousto-electric interaction, the sheet conductivity (os = 4.8X10® S-cm™) of the
untreated PbS CQD film was obtained by Hall effect measurement. In the third term
of Eq. (2), the calculated value of (vocs/as)? is « 1 (s = 0.5 pF-cm?, vo=3158 m-s* for
substrate of ST-cut quartz). Meanwhile, the K? of the ST-cut quartz substrate has a
low value of 0.11%.Thus, it can be concluded that acousto-electric interaction have a
negligible contribution to the sensing response. The Af is mainly caused by the mass
loading effect for the untreated PbS/SAW gas sensor.

To further understanding the role of the Pb(NOs). treatment on the sensing
mechanism, we conducted the FTIR analysis and the results are shown in Fig. 8a. As
observed, the intensity characteristics of the transmittance peaks (2850-2920 cm™) for
the aliphatic C-H stretching bands are significantly decreased, indicating that
Pb(NO3)2 treatment could remove most of the OA and OLA ligands around the CQDs
through a ligand exchange process (Fig. 8b). It should be noted that the removal of
these OA and OLA ligands would induce volume shrinkage in the CQD films, and
thus some small cracks are formed after the Pb(NOs3). treatment as shown in the

top-view SEM images (Fig. 9). The presence of these small cracks should provide



more areas for the target gas (NO2) molecules to be adsorbed. More and more NO;
molecules will be bounded to the crack walls and condensed in the cracks, which
could result in an increase in the stiffness in the sensing layer and thereby increase the
SAW frequency [39]. Therefore, we believe that the changes in elasticity are the
dominant sensing mechanism for Pb(NOz).-treated PbS/SAW gas sensor. The increase
in elasticity of the sensing film due to the entrapment of target gas molecules in pores
at grain boundaries was also reported by other researchers [40,41].

Based on the above discussions, we propose a model for the sensing mechanism of
PbS CQD-based SAW gas sensors in the present work (Fig. 10). The spin-coating of
PbS CQDs onto the SAW device result in a dense film after the solvent volatilization.
Upon exposure to NO2 atmosphere, the NO2 molecules are physically absorbed on the
surface of the CQD film and induce an increase in the film mass, which hinders the
acoustic wave propagation and also results in a decrease in the center frequency due
to the mass-loading effect as shown in Fig. 10. When the sensor was treated by
Pb(NO3)2, the long-chain ligands around the CQDs are removed and some small
cracks are appeared on the film surface. In this case, large amounts of NO2 molecules
are trapped in the cracks as shown in Fig. 10. As a result, the sensing film becomes
stiffer. Consequently, the center frequency increased due to the increase in elasticity.
Furthermore, the porous morphology of the Pb(NOs3).-treated film enables rapid gas
adsorption and diffusion, thus resulting in faster response and recovery times than
those of the untreated device.

To investigate the potential practical applications of the Pb(NO3).-treated sensor, its



detection limits, stability and selectivity were further studied. As shown in Fig. 11a,
the dynamic sensing responses of the sensor toward different concentrations of NO>
gas were measured at room temperature. Upon exposure to NO2, the response
increased from 1 to 12 kHz with changes in the NO. concentration from 0.5 to 30
ppm. The response was found to be linearly proportional to the NO2 concentration in
the region below 10 ppm (Fig. 11b). The slope in the linear regime was 0.91 ppm™
with a fitting quality R?=0.997. Using the least-square method of fitting in the linear
regime [42], we estimated the theoretical detection limit (DL) for NO2 gas as follows:
200 data points at the initial baseline in Fig. 11a were taken. These points were then
averaged and a standard deviation (S) was obtained to be 0.14 kHz. Thus the sensor
noise (RMSnoise) Was calculated to be 0.01 using the root-mean-square deviation
(RMSD) according to the Eq. (3) and the theoretical detection limit is about 32 ppb
according to the Eq. (4).

MS s 3)
RMSpise = N

DL(ppm) = 3%’;2” 4)
where N is the number of data points. This ppb level of the detection limit for NO>
gas suggested the potential usage of our Pb(NOs).-treated PbS SAW sensor in
applications of environmental monitoring and breath analysis, especially for
diagnosing asthma. To test the stability, the sensor was exposed to 10 ppm of NO> gas
for three consecutive cycles (Fig. 11c). The frequency shift was highly reproducible,

and a standard deviation of ~54 Hz was found for the successive exposures. Moreover,

to evaluate the selectivity of the sensor, we conducted gas-sensing tests towards



various gas species, i.e., H2S, NH3z, H2 and ethanol. The sensor showed superior
selectivity towards NO- gas (Af = 10 kHz at 10 ppm) against other interfering gases
(Af<0.6 kHz at 100 ppm) (Fig. 11d). Considering this result, the sensor is capable of
selectively detecting NO2 gas in a complex atmosphere. Eventually, we summarized
the performance of our PbS CQD-based SAW gas sensor and compared it with other
SAW NO: gas sensors reported in the literatures (Table 1). The results indicated that
our sensor exhibited a sensitive response at lower concentration, fast response and
recovery times as well as low working temperature, capable of being a potential
application in portable devices with low power consumption. Moreover, the sensor
was made by spin-coating a CQD film onto SAW device, a simple and cost-effective

approach compared to magnetron sputtering or pulsed laser deposition.
4. Conclusions

In this work, we demonstrated for the first time that PbS CQDs synthesized via a
cation-exchange method could be successfully integrated into a SAW delay line as the
sensing layer for highly sensitive NO, detection. The sensor coated with the untreated
PbS CQDs had a dense film morphology and showed a negative response, which was
mainly due to the increase in the mass loading caused by absorbed NO: gas. In
contrast, the sensor coated with the Pb(NOz),-treated PbS CQDs had a porous film
morphology with some small cracks and showed a positive response. These small
cracks appeared to favor a change in the elasticity of the sensing layer with exposure
to NO2 gas. Moreover, the Pb(NO3).-treated sensor showed a potential for monitoring

traces of NO- (0.5-30 ppm) with good sensitivity and selectivity at room temperature.
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List of Figure Captions

Fig. 1. Schematic of the SAW gas sensor.
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Fig. 2. The setup of the experimental system for gas sensing measurement.

SAW sensor

Fig. 3. (a) and (b) Transmission electron microscope (TEM), (c) high-resolution TEM
(HRTEM) and (d) selected area electron diffraction (SAED) images of the synthesized

PbS CQDs. Inset was the size distribution of the sample.
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Fig. 4. XRD pattern and UV-vis absorption spectra of the as-prepared PbS CQDs.
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Fig. 5. Frequency response of the SAW devices before and after being coated with

(Pb(NOs),-treated) PbS CQDs.
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Fig. 6. Response curves of the SAW gas sensors deposited with untreated PbS CQD
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Schematic diagram of the ligand exchange process by Pb(NO3)..
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Fig. 9. SEM image of the untreated and Pb(NOz3),-treated PbS CQD films deposited

on SAW devices.
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Fig. 10. Schematic diagrams on the gas sensing mechanism of the SAW gas sensors

based on the untreated and Pb(NO3)2-treated PbS CQD films.
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Fig. 11. (a) Transient response curves of the Pb(NOs).-treated PbS CQD-based SAW
sensor to 0.5-30 ppm NO- gas at room temperature, (b) Relationship of the sensor

response and NO2 concentration, (c) the stability and (d) the selectivity of the sensor.
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Table 1 NO,-sensing properties of SAW gas sensors in this work and that reported in the

literatures.
Materials Method Temperature Concentration  Response tres/trec Reference
PbS Spin-coating R.T. 10 ppm 9.8 KHz 455s/58 s This work
Zn0O RF magnetron R.T. 0.4 ppm 6.0 KHz hasn’t been [21]
sputtering studied
PZT Pulsed laser R.T. 80 ppm 1.1 KHz hasn’t been [43]
deposition studied
CUuPc/MWNTSs Spray-coating R.T. 100 ppm 5.0 KHz ~300 /1800 s [44]
(150°C annealing)
SnO; RF magnetron R.T. 20 ppm 30 MHz 2s/45s [40]
sputtering
Graphene Ink-jet printing R.T. 3 ppm 0.08 KHz ~205s/10s [45]
PPy/TiO; Dip-coating R.T. 100 ppm 0.09 KHz / [46]
Polypyrrole Drop-casting R.T. 2.1 ppm 4.5 KHz 133s/298 s [47]
Polyaniline/In;03 Drop-casting R.T. 2.1 ppm 2.5 KHz 30s/65s [48]
InOx DC sputtering 246°C 4.25 ppm 91 KHz 180 /360 s [49]
InOx DC sputtering 168°C 0.51 ppm 73.6 KHz / [50]




