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 H2S is a crucial industrial gas and also a neurotoxin which poses a significant threat to 
human life and safety in case of leakage. Therefore, it is essential to monitor the H2S 
concentration in real time during industrial production and daily life. In this study, we utilized a 
method that combined electron beam evaporation and annealing to deposit a CuO film on a two-
port quartz surface acoustic wave (SAW) resonator, which was connected to peripheral circuits 
to build a SAW sensor. The sensor exhibited excellent sensitivity, selectivity, and stability, and 
had	a	 response	of	−30	kHz	 to	4	ppm	H2S at RH = 60% and room temperature. The superior 
performance is attributed to the strong chemical adsorption of CuO toward H2S. CuO reacts 
with H2S to form CuS, leading to an increase in the mass of the film, which causes the negative 
frequency response of the sensor. It is also revealed that environmental humidity has a significant 
impact on the sensor response, with higher humidity resulting in a stronger response.

1. Introduction

 H2S is a highly toxic gas, with toxicity lower than that of cyanide, but five to seven times 
higher than that of carbon monoxide and sulfur dioxide.(1–3) The lethal concentration of H2S is 
500 ppm, and the threshold safe concentration for human beings is limited to lower than 20 ppm. 
Extremely high concentrations (above 600 ppm) of H2S can cause sudden death, where the 
person falls to the ground instantly as if electrocuted.(4–6) Despite its high toxicity, people 
inevitably come into contact with H2S in industrial production processes. For example, H2S is 
commonly used in the manufacture of fluorescent powders, optical conductors, reducing agents, 
pesticides, pharmaceuticals, and sulfides.(7–10) H2S is also widely present in oil and gas 
extraction processes, posing a significant threat.(10) For instance, a blowout accident occurred in 
Chongqing on December 2003 and caused 243 deaths and 2142 hospitalizations due to H2S 
poisoning. The accident site failed to detect the concentration of H2S, resulting in the tragedy. 
Therefore, it is of great importance to perform real-time and rapid detection of H2S to protect 
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people’s lives and ensure property safety in oil and gas fields and some industrial production 
processes using high-sensitivity H2S sensors. 
 After years of exploration, different types of H2S gas sensor have been developed on the basis 
of different sensing materials and methods, which can be roughly divided into semiconductor-
type, electrochemical-type, optical-type, catalytic combustion-type, and piezoelectric-type 
sensors.(11–14) Among them, piezoelectric-type surface acoustic wave (SAW) sensors have the 
advantages of fast response, high precision, low cost, real-time measurement, among 
others.(14–16) The core component of SAW sensors is a SAW resonator with a sensitive film on its 
surface. The sensitive film adsorbs H2S gas in the environment, which causes changes in the 
physical properties of the films, leading to a variation in the central frequency of the resonators 
and the responses of the sensors. (15,16)

 Recently, some semiconductor oxide materials, such as ZnO, WO3, Fe2O3, SnO2, and CuO, 
have been widely used as sensitive films for SAW sensors.(16–22) Among them, CuO has strong 
adsorption capabilities for H2S and can further react with H2S.(15,22) The adsorption and reaction 
can cause significant changes in mass, elastic modulus, and conductivity of CuO, which leads to 
frequency responses of the SAW sensors. For example, our previous research has shown that a 
SAW	sensor	based	on	a	sol–gel	CuO	film	has	a	response	of	−8	kHz	to	8	ppm	H2S.(23) However, 
in most of the previous studies, the sensing mechanism of the SAW H2S gas sensors based on 
CuO films has not been fully elucidated Particularly, the contributions of the changes in the 
film’s conductivity, elastic modulus, and mass to the responses of the sensor have not been fully 
understood. 
 In this study, we utilized a method that combined electron beam evaporation and annealing to 
deposit a CuO film on a two-port quartz SAW resonator, which was then connected to peripheral 
circuits to build a sensitive SAW sensor. The sensor’s performance was investigated. The sensing 
mechanism, especially the contributions of the changes in the film’s conductivity, elastic 
modulus, and mass to the responses of the sensor, was fully revealed. 

2. Experimental Details

 Two-port SAW resonators [Fig. 1(a) and 1(b)] were used in this work. The length, width, and 
thickness of the resonator were 13, 2.2, and 0.5 mm, respectively. The specific parameters of the 
resonator can be found in our previous publication.(15) The transmission characteristics (S21) of 
the resonator are shown in Fig. 1(c), with a center frequency of ~200 MHz, insertion loss of 
−10.03	dB,	and	quality	value (Q) of 7758.
 Copper (99.99% purity) was used as the target material, and Cu films were deposited on the 
surface of the SAW resonators and reference Si substrates by electron beam evaporation. During 
the deposition, the electron beam power upper limit was set to 20%, and the deposition rate was 
0.1	Å/s.	By	adjusting	the	deposition	time,	Cu	films	with	thicknesses	of	20,	30,	40,	and	50	nm	
were obtained (the thickness was determined using a quartz crystal microbalance). The coated 
resonators	were	placed	in	a	muffle	furnace	and	annealed	in	air	at	400	℃	for	2	h	to	allow	the	
oxidation of the Cu films. For convenience, the films with different thicknesses were denoted as 
Cu-20, Cu-30, Cu-40, and Cu-50.
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 The coated resonator was connected to the peripheral circuit (including amplifier and phase 
shifter) to form a SAW sensor [Fig. 2(a)]. To accelerate the recovery of the sensor, a Ni-Cr heater 
was placed under the SAW resonator to heat the film. To conduct the sensing test, the sensor was 
placed in a 20 L chamber [Fig. 2(b)]. A DC power supply (Agilent) was used to power the sensor. 
The sensor was then connected to a frequency counter (HP 5385A) for real-time frequency 
acquisition. 
	 During	the	test,	the	temperature	and	humidity	in	the	chamber	were	maintained	at	25	℃	and	
60%, respectively, unless otherwise specified. Different amounts of test gases (H2S, H2, CO, 
CH4, NH3, NO2, and CH3CH2OH, 2 V% diluted in dry air) were injected into the test chamber 
using a precision syringe to obtain the response of the sensor to different gases. The response of 
the sensor was defined as ∆f = fs	−	f0, where fs is the operating frequency of the sensor in the test 
gas, and f0 is the operating frequency of the sensor in the atmospheric environment. After the 
response ceased, the test gas was evacuated from the test chamber to allow the recovery of the 
sensor.
 In this work, the transmission characteristics of the SAW resonator were measured using a 
vector network analyzer (Keysight E5071C). The microstructure and elemental composition of 
the films were analyzed using a field emission scanning electron microscope (SEM, FEI Inspect 
F) and its affiliated energy dispersive X-ray spectroscopy (EDS). The Raman spectra of the 
films were obtained using a Raman spectrometer (WITec Alpha 300). The conductivity of the 
films was tested using a Keithley 2400 digital source meter.

3. Results and Discussion

 SEM images of CuO films with different thicknesses are shown in Fig. 3. It can be seen that 
all the films have relatively dense surfaces. As the film thickness increases, the average particle 
size on the film surface increases from 24.4 to 60.9 nm, and the surface becomes rougher. For 

Fig. 1. (Color online) (a) Optical microscopy image of a SAW resonator. (b) Enlarged picture of the yellow box in 
(a). (c) Transmission feature (S21) of SAW resonator.
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the dense sensitive film, gas may mainly adsorb on the surface of the film. Therefore, the 
rougher surface may lead to more gas adsorption sites, which results in the stronger response of 
the sensor.
 Figure 4 shows EDS spectra of CuO films with different thicknesses coated on the reference 
Si substrates before and after coming into contact with H2S. In all the spectra, a sharp Si peak 
can	be	observed,	which	is	caused	by	the	silicon	substrate.	Before	 the	film	comes	into	contact	
with H2S, peaks of Cu and O appear in the spectra, indicating that the film is CuO. In addition, 
as the film thickness increases, the Cu and O peaks in the spectra become stronger, indicating 
that the content of CuO on the substrate surface is increasing. After the film comes into contact 
with H2S, the intensity of the O peak decreases, and an S peak appears. This indicates that CuO 
reacts with H2S and generates CuS or Cu2S. In addition, the content of S also increases with 
increasing film thickness, indicating that more H2S can be adsorbed on the thicker film, leading 
to more CuS or Cu2S generated. This may result in the stronger response of the sensor, which is 
consistent with the SEM result.

Fig. 2. (Color online) (a) Schematic diagram of a SAW sensor. (b) Test setup.

Fig. 3. SEM images of (a) Cu-20, (b) Cu-30, (c) Cu-40, and (d) Cu-50.
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 The Raman spectra of the Cu-30 film before and after coming into contact with H2S are 
shown in Fig. 5. All the spectra have a peak at 533 cm−1,	which	is	the	Si	peak.	Before	the	film	
comes into contact with H2S, a series of peaks can be observed at 114, 164, 228, 312, and 648 
cm−1,	which	can	be	attributed	 to	 the	Ag	and	B2g	Raman	vibration	modes	of	CuO.(24–26) This 
result once again confirms that the film is CuO. After the film comes into contact with H2S, 
three new peaks appear in the Raman spectra at 122, 277, and 485 cm−1, which are the 
characteristic peaks of CuS.(27–29) This result further confirms that the CuO film reacts with 
H2S to generate CuS, which is consistent with the EDS results.
 The response of SAW sensors based on CuO films with different thicknesses to 4 ppm H2S is 
shown in Fig. 6(a). It can be seen that all the sensors have negative frequency responses to H2S, 
which	are	−30,	−47,	−60	and	−78	kHz,	respectively,	and	the	frequency	response	is	approximately	
linearly related to the thickness. This result proves the excellent adsorption ability of CuO films 
to H2S, which is consistent with EDS and Raman results. In addition, the results also show that 
Cu-50 films with rougher surfaces have more adsorption sites and can adsorb more H2S 
molecules. After the response process is over, H2S is pumped out of the test chamber to facilitate 
the recovery of the sensor. However, the experimental results show that all the sensors cannot 
recover to their initial state, which confirms that CuO reacts with adsorbed H2S to produce CuS 
following Eq. (1).

 CuO + H2S(ads) = CuS + H2O (1)

 This reaction has a negative enthalpy, indicating that the reaction between CuO and H2S is an 
irreversible and exothermic process at room temperature. Therefore, it is difficult for the sensor 
to recover at room temperature. However, previous studies have revealed that the reaction may 

Fig. 4. (Color online) EDS spectra of (a) Cu-20, (b) Cu-30, (c) Cu-40, and (d) Cu-50 before and after coming into 
contact with H2S.
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become	reversible	when	the	sensing	temperature	is	increased	to	200	℃	or	higher.	Therefore,	to	
promote the recovery of the sensor, namely to promote CuS to be oxidized to CuO, the sensitive 
film	 is	heated	 to	200	℃	for	2	min	 to	accelerate	 the	oxidation	of	CuS.	After	 that,	 the	 film	 is	
allowed	to	cool	naturally	to	room	temperature.	By	this	method,	the	sensor	can	quickly	recover	to	
its initial state.

Fig.	5.	 (Color	online)	Raman	spectra	of	Cu-50	film	before	and	after	coming	into	contact	with	H2S.

Fig. 6. (Color online) (a) Dynamic frequency responses of sensors with Cu-20 to Cu-50 to 4 ppm H2S. (b) Dynamic 
sheet resistivity of Cu-20 during its contact with 4 ppm H2S. (c) Dynamic frequency responses of sensors with Cu-20 
toward 4 ppm H2S	under	25,	100	and	200	℃.
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 The working temperature also affects the response process. Therefore, the Cu-20 sensor’s 
dynamic responses toward 4 ppm H2S	at	25,	100	and	200	℃	are	further	evaluated.	As	shown	in	
Fig. 6(c), the sensor shows much faster response and recovery at higher operating temperatures. 
However, the absolute response of the sensor decreases significantly because of the weaker 
adsorption by H2S on the film at high temperatures. Therefore, the response process is conducted 
at	room	temperature	while	 the	recovery	is	conducted	at	200	℃	for	our	sensor	 to	ensure	good	
sensitivity and fast recovery simultaneously.
 As shown in Eq. (1), the reaction between the CuO film and adsorbed H2S produces CuS, 
which causes the frequency response of the sensor. This reaction may cause three changes in the 
film, namely, mass change (mass loading effect), elastic modulus change (modulus loading 
effect), and conductivity change (electrical loading effect), and all three effects may affect the 
frequency response of the sensor. To investigate the contribution of these three effects to the 
frequency response, the dynamic change in conductivity of the CuO-20 film during its contact 
with H2S was investigated. As shown in Fig. 6(b), when the Cu-20 film comes into contact with 
H2S, its sheet resistivity decreases from 2.94 × 109 to 1.32 × 109	Ω·m.	Previous	 studies	have	
revealed that the change in film conductivity affects the frequency response of the sensor 
according to Eq. (2).(30)

 
2

2
0 0

1

12 s

s

Kf f v c
σ

 
 

∆ = − × ×∆   +     

 (2)

In Eq. (2), f0 (=∼201 MHz) is the resonant working frequency of the ST-cut quartz SAW 
resonator, v0 (=3158 m/s) is the unperturbed SAW velocity on the SAW resonator, K2 (=0.0011) is 
the electromechanical coupling coefficient for ST-cut quartz substrate, Cs (=∼5.0 × 10−11 F/m) is 
the capacitance of the SAW resonator per unit length, and σs is the sheet conductivity of the 
sensing layer. According to Eq. (2), the theoretical contribution of the change in film conductivity 
to the frequency response is far less than the measured frequency response. Therefore, it can be 
concluded that the contribution of the electrical loading effect can be neglected, and the mass 
loading and modulus loading effects play a major role in the response of the sensor.
 CuO reacts with H2S to generate CuS, which has a greater mass than CuO, so this reaction 
makes the film heavier. The formation of CuS also leads to a decrease in the film’s porosity, 
resulting in an increase in the film’s elastic modulus.(31) The relationships between the change in 
film mass, elastic modulus, and sensor frequency response are determined using Eq. (3).(32)

 2
1 2 0( )f p E k k f m∆ = ∆ + + × ×∆  (3)

In Eq. (3), p is a positive constant, whereas k1 and k2	are	negative	in	sign,	and	Δm	and	ΔE are the 
changes in film mass and elastic modulus, respectively. According to Eq. (3), an increase in film 
mass results in a negative frequency response of the sensor, whereas an increase in elastic 
modulus results in a positive frequency response. From Fig. 6(a), it can be seen that all the 
sensors respond negatively to H2S; hence, it can be concluded that the mass change, i.e., the mass 
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loading effect, is the main contributor to the sensor’s frequency response. This result is 
consistent with the SEM result, which shows that the film has a dense structure and that H2S 
mainly adsorbs on the surface of the film instead of entering the film, which results in an 
increase in film mass but little change in elastic modulus.
 For practical sensors, the signal-to-noise ratio (defined as the maximum magnitude of the 
frequency jitter) is a more important parameter than the absolute response. Although the absolute 
response of the sensor increases with increasing film thickness, the noise also increases due to 
the larger insertion loss and lower Q value of the SAW resonator for thicker films, as shown in 
Fig. 7. The noise levels of the four sensors are 9.2, 18.0, 23.8 and 26.3 Hz, and the signal-to-noise 
ratios are ~3230, 2610, 2520, and 2970, respectively, and the sensor based on the Cu-20 film has 
the highest signal-to-noise ratio. Therefore, this sensor was selected for further sensing 
performance evaluation. 
 Figure 8(a) shows the dynamic responses of the sensor to H2S in the concentration range from 
0.05 to 20 ppm. It can be seen that the sensor’s response increases with increasing H2S 
concentration.	When	 the	 concentration	 is	0.05	and	20	ppm,	 the	 response	 is	−9	and	−73	kHz,	
respectively. The noise level of the sensor is 9.2 Hz, so the signal-to-noise ratio is as high as ~978 
for 0.05 ppm H2S, indicating that this sensor may have a lower detection limit (LOD) below 0.05 
ppm. However, limited by the experimental facilities, we cannot obtain H2S at concentration 
lower than 0.05, so the response toward the H2S at lower concentration wasn’t measured. 
Furthermore, the reproducibility of the sensor was also investigated by placing it three times in 
an environment with 4 ppm H2S. As shown in Fig. 8(b), the sensor’s three responses are similar, 

Fig. 7. (Color online) Transmission feature of the SAW resonators with Cu-20 to Cu-50. (b) Insertion loss and Q of 
SAW resonators with Cu-20 to Cu-50.

Fig.	8.	 (Color	online)	(a)	Dynamic	responses	of	sensor	with	Cu-20	to	0.05−20	ppm	H2S. (b) Dynamic responses of 
sensor with Cu-20 to 4 ppm H2S for three consecutive times.
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indicating good reproducibility. To evaluate the selectivity, the sensor was put in environments 
with 50 ppm H2, CO, CH4, NO2, CH3CH2OH, and NH3, and 4 ppm H2S. As shown in Fig. 9(a) 
and 9(b), the sensor does not respond to H2, CO, CH4, NO2, or CH3CH2OH, and has a response 
of	−2.2	kHz	to	50	ppm	NH3. However, this response is much weaker than its response to 4 ppm 
H2S, indicating that the sensor also has good selectivity for H2S. To further evaluate the long-
term stability of the sensor, 15 response/recovery cycles were conducted in 15 days. The result is 
shown in Fig. 9(c) and indicates that the sensor’s response toward 0.2, 4 and 20 ppm H2S is 
similar for 15 cycles. Therefore, it can be concluded that the sensor has an excellent long-term 
stability, and the degradation of the sensor’s electrodes never occurred in our test process.
 Humidity has a strong effect on the sensing performance. Therefore, the sensing performance 
of the sensor under different humidity conditions was investigated. As shown in Fig. 10(a), when 
the ambient humidity changes from 50 to 60%, the sensitive film adsorbs more water molecules, 
resulting in an increase in the mass of the film, and the sensor’s frequency baseline decreases by 
−1.8	 kHz.	 Furthermore,	 when	 the	 ambient	 humidity	 changes	 from	 60	 to	 70%,	 the	 baseline	
decreases	by	−6.7	kHz.	At	different	humidity	levels,	the	sensor	responds	to	4	ppm	H2S	at	−20,	
−32,	and	−82	kHz.	This	indicates	that	water	molecules	enhance	the	adsorption	and	reaction	of	
CuO to H2S, which is consistent with previous reports. Nevertheless, although the sensor has a 
stronger absolute response to H2S under higher humidity, the noise of the sensor also increases, 
and the signal-to-noise ratio decreases, as shown in Fig. 10(b). Therefore, the optimal operating 
humidity for the sensor is RH = 60%. Figures 10(c) and 10(d) show that the insertion loss of the 
SAW resonator increases with the RH value, which causes the increase in the noise level.

Fig. 9. (Color online) (a) Responses of sensor to 100 ppm CO, CH4, CH3CH2OH, H2, and NO2, 50 ppm NH3, and 4 
ppm H2S.	(b)	Magnification	of	the	black	box	in	(a).	(c)	The	sensor’s	response	toward	0.2,	4	and	20	ppm	H2S for 15 
response/recovery cycles in 15 days.
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4. Conclusions

 In this study, we utilized a method that combined electron beam evaporation and annealing to 
deposit a CuO film on a two-port quartz SAW resonator, which was connected to peripheral 
circuits to build a highly sensitive and selective SAW H2S sensor. EDS and Raman results 
revealed that the CuO can adsorb and react with H2S to form CuS, which causes changes in the 
conductivity, elastic modulus, and mass of the film. In addition, the change in mass was found to 
be responsible for the negative frequency response of the sensor. With the increase in the 
thickness, the CuO film became rougher and presented more sites for the adsorption of H2S, 
leading to the stronger responses of the sensors. However, the thicker film also led to higher 
noise of the sensor, which resulted in the highest SNR of the sensor with the thinnest CuO film. 
Humidity was found to strongly affect the sensing performance of the sensor, and higher RH 
values caused much stronger responses, whereas the noise level of the sensor also increased. 
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