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ABSTRACT: It has been a critical challenge to develop highly sensitive H>S gas sensors,
due to its wide-range application in industry and frequent leakage, which endangers people's
lives. In this work, a highly sensitive room-temperature SAW H>S gas sensor based on Si-
Cu nanocomposite was developed. The Cu content in this composite layer plays a key role
for HoS response of the sensor because CuO, an excellent adsorption site for H>S, presents
on the surface of Cu. The amorphous Si content results in the highly porous structure
enhancing the interaction between CuO and H»S. The interaction leads to the formation of
CuS and a negative frequency response of the sensor. H>O molecules effectively participate
the reactions between CuO and H»S, and the responses of H>S were significantly enhanced
in a moister environment. With the relative humidity of 60%, the sensor can detect 50 ppb

H>S with a response of -225 Hz.

Keywords: surface acoustic wave, gas sensor, H>S, CuO, Si, humidity



1. Introduction

H>S is highly toxic, and its toxicity is similar as that of cyanide and 5 times greater than
that of CO [1-3]. It makes people feel uncomfortable at low concentration and can cause
severe damage on nervous and respiratory systems, organs failure and death at relative high
concentrations (>100 ppm) [4-6]. Nevertheless, HoS is widely used in industrial production,
especially in chemical, agriculture, and oil industries, which makes it becoming a serious
threat for people’s lives and property safety [7-11]. For example, on April 17, 2022, three
people were killed with many injured in a hydrogen sulfide leakage incident in Yuyao,
Zhejiang province, China. To prevent similar incidents, H>S gas sensors with high sensitivity,
selectivity and reliability are urgently needed for real time concentration surveillance.

Compared with traditional semiconductor and electrochemical gas sensors, surface
acoustic wave (SAW) gas sensors based on piezoelectric effects are highly precise, sensitive,
light, intelligent and wireless [12-14]. SAW gas sensor is composed of a radio frequency
oscillator, which is generally made of a SAW resonator coated with a sensitive layer, along
with its peripheral circuit [15]. When the gas-sensitive layer adsorbs the target gas molecules,
the corresponding variations in mass, elastic modulus, electrical conductivity of this
sensitive layer will have significant impact on wave velocity and resonant frequency of the
SAW resonator [16], which results in apparent changes in the oscillating frequency (or key
signal) of the SAW sensor. Therefore, this gas-sensitive layer, capable of efficiently and
selectively adsorbing H»S, are actually the key component of a SAW based H»S gas sensors.

Previous studies revealed that metal oxides, such as CuO, ZnO, SnO», Fe2O3, WO3,
1



have excellent adsorption ability toward HoS [14-19]. Among them, CuO is usually used as
the industrial desulfurizer, thus it could be a good candidate for the sensitive layer of the
SAW H,S gas sensor. Pristine CuO layers usually have a dense structure, which hinders the
fast diffusion and release of H>S molecules into or out from the sensitive layer. For example,
our previous work reported a H>S sensor based on sol-gel CuO films with a relative low
porosity, and its response was not high (-8 kHz toward 2 ppm H>S) [15]. Hence, it is
necessary to develop highly porous CuO based sensitive layer to increase the sensitivity of
the SAW sensor toward HzS gas. In addition, as a desulfurizer, the adsorption capability of
the CuO material toward H»S is critically influenced by H>O molecules in the air [20].
Therefore, when the CuO is used as the sensing layer of a SAW sensor, it is also critical to
investigate the impact of humidity level on the sensing performance for H>S. Nevertheless,
very few studies focus on this critical problem and the mechanism is not well addressed.

To fabricating a highly porous CuO based sensitive film, we have utilized the sol-gel
AlLOs as the porous support to build a CuO-ALLOs; composite film in our previous work.
However, the specific surface area and porosity of the film were less than 100 m?/g and 10%,
and the SAW sensor’s response to 5 ppm H2S was less than -30 kHz [21]. Despite for the
sol-gel method, electron beam evaporation (EBE) is another method, which can produce
highly porous film. Especially for the amorphous Si film prepared by EBE, its porosity can
be higher than 50%, which is superior than that prepared by sol-gel method [22,23]. In
addition, the porous silicon is hydrophilic [24,25], which can effectively capture H>2O from

the environment and are beneficial for the studying on the influence H>2O molecules on the
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sensing performance. Therefore, in this work, by using the porous silicon as the support, we
have constructed Si-Cu composites as the highly porous CuO based sensitive layers for SAW
H>S gas sensors by using the EBE method. Previous studies have revealed that CuO presents
on the Cu content in the composite, which can serve as an adsorption site. Amorphous Si
component in the layer produces a highly porous structure, which allows the uniform
distribution of the Cu/CuO content and creates paths for effective gas diffusion/adsorption
into the sensitive layer. Therefore, this Si-Cu composite layer shall be very sensitive toward
H>S and its sensing properties and mechanism are evaluated in this work. In addition, the
influence of the humidity on the performance of the sensor was also investigated and the

mechanism is discussed.



2.Experimental details
2.1 SAW Resonators

Two-port SAW resonators with a central frequency ~200 MHz, an insertion loss (/L) of
-10.19 dB and a Q factor of 7529.2 were manufactured on ST-cut quartz substrates, as shown

in Fig. 1. The detailed parameters of the resonator can be found in Supplementary Material.
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Fig. 1. (a) The optical microscopy image of a SAW resonator, (b) The reflecting gratings structure of the SAW resonator,
(c) The IDTs structure of the SAW resonator, (d) The transmission feature (S21 parameter) of the SAW resonator

2.2 Sensitive layer preparation.

An electron beam evaporator, which has two electron guns to evaporate two different
materials simultaneously, was used to deposited the Si-Cu layer. In our experiment, silicon
and copper were co-evaporated onto the resonators at the same time to obtained Si-Cu
composite layer. By adjusting the power of two electron guns, various evaporation rates of
Si and Cu could be controlled, and four composite layers with different Si/Cu molar mass

ratios (i.e., 1/0, 5.44/1, 3.09/1 and 2.08/1) were obtained. The thickness of each layer was
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precisely controlled at 150 nm for all the samples by using a quartz crystal microbalance
(QCM). For convenience, the layers with the Si/Cu ratios of 1/0, 5.44/1, 3.09/1 and 2.08/1
are denoted as S-1, S-2, S-3 and S-4, respectively. The coated resonators were then annealed
at 200 °C for 2 hours in an air atmosphere to eliminate impurities in sensitive layers. The
characterization methods for the Si-Cu layers can be found in the Supplementary Material.
2.3 Experimental setup and testing.

Peripheral circuits were connected to the coated resonators to construct SAW sensors
(Fig. 2(a)). Ahomemade testing setup (Fig. 2(b)) were used to evaluate the sensing properties.
The detailed gas sensing test procedure can be found in the Supplementary Material. For all
the test procedures, the sensor was placed into the test chamber to interacting with the test
gas for ~700 s. Sensor’s response (Af) equals the difference value between the sensor’s
oscillating frequency in the test gas (f;) and that (fy) in the fresh air, i.e., Af=f;-fo. After the

test, the sensor was put into the fresh air to motivate the recovery.
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Fig. 2. (a) The senor’s diagrammatic sketch; (b)the homemade testing setup
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3. Results and Discussion
3.1 Characterization results.

Fig. 3 shows the Si and Si-Cu layers’ scanning electron microscope (SEM) pictures.
The Si layer (S-1) clearly exhibited a porous structure (Fig. 3(a)), with pore size around 24
nm. Figs. 3(b)-(d) show the surface morphologies of S-2, S-3 and S-4, and these Si-Cu
composite layer’ surfaces exhibit much denser nanoparticulate morphologies and less pores
compared to those of pure Si layer. The pore volume is gradually decreased and the particle
size remains 40 nm, as the Cu content ramps. The cross-sectional picture of the S-2 (The
inset in Fig. 3(b)) shows the thickness of the layer is ~150.94 nm, which is in consistent with

the value measured by the QCM.



Fig. 3. SEM images of (a) S-1, (b) S-2, (c) S-3, (d) S-4. The inset in (c) shows the cross-sectional of the S-2

Si and Si-Cu composite layers’ energy dispersive spectrometer (EDS) results (before
and after they were tested with H»>S gas) are shown in Figs. 4(a)-(d). The inset images in
Figs. 4(a)-(d) are enlarged view of the EDS results. As shown in Fig. 4(a), there is no Cu
signal in the spectrum of the pristine Si layer (S-1). Whereas, Cu peaks can be found in Figs.
4(b)-(d) and its intensity enhances with the Cu ratio in the layer, indicating that the Cu atoms
were successfully doped into the Si. By comparing the spectra of the layers before and after
exposure to H»S, it can be clearly found that S signal appears in the spectra of the composite
layers after the exposure and the intensity of S signal increases with the increase of the Cu

content. With these results, it can be concluded that Si can hardly adsorb H>S molecules



while Cu plays as active sites for the H>S adsorption and further reactions.
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Fig. 4. EDS results of (a) S-1, (b) S-2, (¢) S-3, (d) S-4 before and after exposure to H2S gas

Raman spectra of the Si layer and the Si-Cu composite layers (before and after exposure

to HaS) are shown in Fig. 5(a). All the spectra have a peak centered at 518.3 cm™!, which is

related to Si. In addition, two bands located at 301 cm™ and 618 cm™ can be found in the

spectrum of the Si-Cu layer before exposure to H>S (Fig. 5b), which can be assigned as the

Ag and B2g Raman modes of CuO, respectively [26-28]. This result indicates that CuO

presents on the Cu in the composite. After the Si-Cu layer is exposed to H»S, three peaks

located at 471, 264 and 136 cm™! appear (Fig 5a and c¢), which match well with the reported

Raman spectra of CuS crystals [29-31]. Based on these Raman analysis results, the surface

CuO, rather than Cu in the composite layer, truely adsorbs and chemically reacts with H,S

and then forms CuS.
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Fig. 5. Si layer and Si-Cu composite layers’ Raman results

3.2 Sensor properties.

Frequency responses of the sensors toward 4 ppm H>S at 25 °C and RH=60% are shown
in Fig. 6(a). The Si layer based sensor responses only -4 kHz to the H.S gas, whereas the
sensors with the different Si-Cu composite layers show much stronger negative responses.
In addition, the response enhances with the increase of the Cu content in the layer. For the
sensors with S-2, S-3 and S-4 layers, their responses are -52 kHz, -109 kHz and -143 kHz,
respectively. With this result, it can be concluded that the amount of Cu in composite plays
a key factor for the sensitivity of the sensor because of the CuO on the Cu is an excellent

adsorption site for HS, revealed by the EDS and Raman results. When the sensing process



is over, the sensors were exposed to fresh air to motivate the recovery. However,
experimental results show that the recovery was sluggish at room temperature. To assist the
recovery, the resonator was heated to ~200 °C for 2 minutes by using the Ni-Cr heater
beneath the resonator, and then cooled down to 25 °C. With this method, the full recovery of
the sensors was achieved, and it could be also concluded that no more CuO was produced in
the composite layers during the heat-treatment process.

Besides the response, the noise level and signal/noise ratio (SNR), which decides the
sensitivity of the sensor, is the other key factor for a practical sensor. The noise level, defined
as the maximum magnitude of the frequency jitter, of the sensors with S-2, S-3 and S-4 films
are ~35, ~100 and ~260 Hz, respectively, as shown in fig.6(b). And the signal/noise ratio
(SNR) are 1471, 1097, 550. The SNR decreases with the increase of the Cu content and the
sensor with the S-2 layer has the highest SNR. Therefore, the sensor with the S-2 layer is

selected for the subsequent experimental tests.
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Fig. 6. (a) The response of the sensors with S-1, S2, S-3 and S-4 under 4 ppm H:S; (b) the enlarged picture in the blue box

in (a) showing the noise levels

Previous studies have revealed that the there is a significant humidity influence for a
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SAW gas sensor [20]. Therefore, impact of the humidity on the sensor’s response to H.S
were characterized under RH values of 50%, 60% and 70% at 25 °C (Fig. 7(a)). When the
RH varies from 50% to 60% and 70%, the sensor’s baseline negatively shifts —1.8 and -5.6
kHz, which indicate the Si-Cu layer can capture more H>O in moister environment, resulting
in the increase of the layer’s mass or electrical conductivity. In addition, a significant
increase in the sensor’s response to 4 ppm H>S can be also found in Fig. 7(a), when RH value
increases from 50% to 70%. This result indicates that the H>O molecules in the environment
and on the sensitive layer may enhance the reaction between the H2S and the sensitive layer.

Although the responses of the sensor become stronger at higher RH values, the noise
level of the sensor also increases, and the signals of the sensor become unstable at RH=70%
(Fig. 7(b)). In addition, when the RH value reaches 80%, the sensor stops oscillating. This
is caused by the degradation of the insertion loss (/L) and Q factor of the SAW resonator
induced by the more H>O molecules adsorbed on the sensitive layer, which could absorb
acoustic wave energy propagating through the SAW device (Figs. 7(c) and (d)). Therefore,

for the following test, the RH is fixed at 60%.
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insertion loss (/L) of the SAW resonator coated with the S-2

The sensor’s dynamic responses to H.S gas with various concentrations at 25 °C and
RH=60% are presented in Fig. 8. As is shown, the response increases from -0.2 kHz to -122
kHz when the concentration varies from 50 ppb to 16 ppm. After each response process (each
process was kept at ~700 s), the sensor is exposed to fresh air and the resonator is heated to

200 °C for 2 minutes then cooled at room temperature to achieve the recovery.
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The sensor’s reproducibility was examined by putting it into a H.S environment (4 ppm)
for three successive cycles. The sensor exhibits the similar response in these three cycles,
and the frequency shifts are ~-55 kHz, demonstrating the good stability (Fig. 9(a)). The
sensor’s selectivity was also investigated by putting it in environments with hydrogen,
carbon monoxide, methane nitrogen dioxide, ethanol, ammonia and hydrogen sulfide,
respectively, at RH=60% and 25 °C. A negative frequency shift of -14 kHz can be observed
when the sensor is in 100 ppm ammonia (Fig. 9(b)), whereas there are no responses towards
other gases. The response toward ammonia may be caused by the ammonia molecules
absorbed by the water in the sensor layer [32,33]. However, the response of the sensor to
100 ppm NHj3 (~ -14 kHz) is much weaker than that to 4 ppm H»S (~ -55 kHz), indicating
that the sensor has an excellent selectivity to H>S. The long-term stability of the sensor was
further studied by conducting sensing tests every 5 days in a 20-day period (Fig. 9(c)), the
result shows that the sensor’s response fluctuated less than 20%, indicating the good long-

term stability.
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3.3 Sensing mechanism.

Variations on the sensing layers’ mass, elastic modulus and electrical conductivity are
accountable for SAW sensor’ responses [16,34]. These three variations can be denoted as
mass, elastic and electrical loading effects, and can affect the sensor’s working frequency (f)
and response (Af) in the way shown in Table S1 [16].

The influence of electrical loading effect was firstly evaluated. The sheet conductivity
(05) of the S-2 on the SAW resonator was increased from 3.15%107"* S/m to 1.02x10!2 S/m

when it was exposed to 4 ppm H.S gas at room temperature for the first time (Fig. 10). The
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recovery of gy value cannot be achieved after the exposure neither, whereas it happens after

the heating process, which is in accordance with the frequency measurement.
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Fig. 10. S-2 layer’s dynamic sheet conductivity when it is in 4 ppm HzS

The electric loading affects the frequency response (Af) as following [34],

Af = —f, X K* X A ! (D
- I 1+(v0cs)2
O-S

where vy (=3158 m/s), fo (=~201 MHz), Cs (= ~5.0x10"'! F/m), K? (= 0.0011) are the
unperturbed SAW velocity, resonant frequency, capacitance per unit length and
electromechanical coupling coefficient of the ST-cut quartz SAW resonator, respectively. By
using the equation (1) and the measured as, the calculated Af induced by the electrical loading
effect is -4.8x107% Hz, which is neglectable compared with the measured responses. Hence,
the measured responses must be caused by other factors, e.g., mass loading or elastic loading
effects.

EDS and Raman characterization results have revealed that the CuO in the sensitive

layer can react with H>S when the sensitive layer is exposed to H2S, and the reaction formula
15



can be expressed as [17]:

CuO + H,S(ads) = CuS + H,0 (2)
After the reaction, formation of CuS with a higher molar mass than that of CuO on the
surfaces, results in an increase in the mass of the sensitive layer. This causes a negative
frequency shift of the sensor, as shown in Table S1. Besides, formation of CusS also leads to
an increase of the elastic moduli of the sensitive layer as discussed in our previous work [35]
which results in a positive frequency response of the sensor (Table S1). Nevertheless, all the
measured frequency shifts of our sensors are negative, which indicates that the mass loading
effect dominates frequency response.

The reaction between CuO and H>S (equation (2)) is irreversible and exothermic at
room temperature because of the negative enthalpy of the reaction [17,36], which is
accountable for the sensor’s sluggish recovery. However, it have been proved the high
temperature (>200 °C) may enable the inverse reaction [17,36]. As a result, a heat-treatment
process can accelerate the sensor’s recovery (Figs. 6-10).

Previous studies have revealed that the reaction (2) can be significantly affected by the
adsorbed H>O molecules on the CuO’s surface [20]. HoO molecules adsorbed on the CuO
surface are condensed and a H>O layer is formed, both of which result in the formation of
Cu?" and OH". When exposed to HaS, H2S molecules dissolve in the H2O layer and react
with OH" and the reaction product is HS/S?>~. HS/S*” will finally react with Cu?*, leading
to the formation of CuS, as shown in Fig. 11. The whole above reaction process can be

expressed as follows [20]:
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Cu0 + H,0 = Cu?®* + 20H~
H,S + H,0 = HS™ + H;0%
H,S+ OH™ =2 HS™ + H,0
HS™ + OH™ = 5% + H,0

Cu*t + 52~ =2 CuS

(3)
(4)
(5)
(6)
(7)

This reaction process clearly indicates that the presence of H>O in the environment will

enhance the reaction between CuO and H»S, therefore the response of the sensor is much

stronger in the environment with higher RH values (e.g., 60%) as is shown in Fig. 7(a).
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Adsorbed H,O molecule

Cu0 + H,0 = Cu?* + 20H~

H,S + H,0=HS™ + H;0%
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HS™ + OH™=5?" + H,0

Formation of CuS

Cu?*t + 52~ = CuS

Fig. 11. The schematic of H2S molecules diffusing on the surface of layer and into the layer
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4. Conclusions

Sensing performance and mechanism of surface acoustic wave (SAW) HaS gas sensors
based on electron beam evaporation Si-Cu composite layer were investigated. The Si content
leads to a porous structure of the layer beneficial for the interaction between the layer and
H>S. The CuO content in the composite layer plays a key role for HoS response of the sensor
since it can act as the active sites for the adsorption and reaction of H>S. The reaction
between CuO and HS results in the formation of the CuS, causing an increase in the mass
of the composite layer and leading to the negative frequency response of the SAW sensor.
The humidity is highly influential on the sensing performance of the sensor because the H.O
molecules participate the reactions between CuO and H>S. With higher RH values, the sensor
exhibits much stronger responses but higher noise level because more H>O on the layer leads

to a higher insertion loss and lower Q factor of the SAW device.
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