
 

 
 

 

 
Sensors 2022, 22, x. https://doi.org/10.3390/xxxxx www.mdpi.com/journal/sensors 

Article, 1 

Highly sensitive and selective surface acoustic wave ammonia 2 

sensor operated at room temperature with a polyacrylic acid 3 

sensing layer 4 

Weiqiang Wang1, Yuanjun Guo1*, Wenkai Xiong1, Yong-Qing Fu2, Ahmed Elmarakbi2, Xiaotao Zu1,* 5 

1 School of Physics, University of Electronic Science and Technology of China, Chengdu, 610054, P. R. China 6 
; 202021120114@std.uestc.edu.cn(W.W.); guoyuanjun@uestc.edu.cn(Y.G.); 7 

plliu@std.uestc.edu.cn(W.X.);xztu@uestc.edu.cn(X.Z.)  8 
2 Faculty of Engineering & Environment, University of Northumbria, Newcastle upon Tyne, NE1 8ST, UK; 9 

richard.fu@northumbria.ac.uk(Y.F.) ; ahmed.elmarakbi@northumbria.ac.uk(A.E.)  10 
* Correspondence: guoyuanjun@uestc.edu.cn(Y.G.), xtzu@uestc.edu.cn(X.Z.) 11 

Abstract: In this study, polyacrylic acid (PAA) films were deposited onto a quartz surface acoustic 12 

wave (SAW) resonator using a spin coating technique for ammonia sensing operated at room tem- 13 

perature, and the sensing mechanisms and performance were systematically studied. The oxygen- 14 

containing functional groups on the surfaces of the PAA film make it sensitive and selective to am- 15 

monia molecules, even when tested at room temperature. The ammonia molecules adsorbed by the 16 

oxygen-containing functional groups of PAA (e.g., hydroxyl and epoxy groups) increase the mem- 17 

brane’s stiffness, which is identified as the primary mechanism leading to the positive frequency 18 

shifts. Whereas mass loading due to adsorption of ammonia molecules is not a major reason as it 19 

will result in a negative frequency shift. When the PAA coated SAW sensor is exposed to ammonia 20 

with a low concentration of 500 ppb, it shows a positive frequency shift of 225 Hz, with both good 21 

repeatability and stability, as well as a good selectivity to ammonia compared with those to 22 

C2H5OH，H2，HCl，H2S，CO，NO2，NO, and CH3COCH3. 23 

Keywords: Surface acoustic wave (SAW); Polyacrylic acid (PAA); Ammonia sensor 24 

 25 

 26 

1. Introduction 27 

Ammonia is one of the most common toxic gases and is widely used in medical, 28 

chemical, gas and food industries, and thus the risk of ammonia leakage or contamination 29 

is very high in our daily life. Excessive ammonia inhalation can lead to respiratory prob- 30 

lems, severe headaches, sore throats, loss of smell and chest pain. Due to these potential 31 

risks, development of highly sensitive and selective ammonia sensors is of great im- 32 

portance [1-3]. At present, various types of ammonia sensors have been developed, in- 33 

cluding metal oxide semiconductor sensors, electrochemical sensors and surface acoustic 34 

wave (SAW) sensors [4-7], etc.  35 

In recent years, SAW based ammonia sensors have attracted extensive attention [8- 36 

11]. They have the advantages including high sensitivity, high speed, good reliability, 37 

high precision and low cost [12-14]. A typical SAW based gas sensor is consisted of a res- 38 

onator with a specific sensing film and its corresponding oscillator [15-17]. The core part 39 

is the SAW resonator [18], which is normally coated with a sensitive film, and the SAW 40 

device’s resonate frequency is changed after adsorption or chemical combination of am- 41 
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monia molecules [19-20]. Changes of conductivity of the sensitive film (i.e., electrical load- 42 

ing), effective mass of the film (i.e., mass loading), and/or modulus of elasticity (i.e., elastic 43 

loading) can change the resonant frequency of the SAW devices [7, 16, 21].  44 

So far, many materials have been used as sensing layers to detect ammonia gas, such as indium oxide, titanium 45 

oxide, cerium oxide, carbon nanotubes and graphene [17,22-29]. For example, Tang et al.[10] deposited ZnO/SiO2 com- 46 

posite films onto the surface of SAW devices using a sol-gel method, and obtained a limit of ammonia detection of 5 47 

ppm. Guo et al.[27] prepared SiO2-SnO2 sensitive thin films onto the SAW device using sol-gel and spin coating methods 48 

and obtained a limit of ammonia detection of 3 ppm. Hung et al.[29] deposited reduced graphene oxide/poly (diketo- 49 

pyrrolopyrrolethiophene-thieno [3,2-b]thiophene-thiophene) (rGO/DPP2T-TT) onto the SAW device using a dripping 50 

method and obtained a limit of ammonia detection of 0.5 ppm. Clearly it is crucial to find a material with a low cost and 51 

a simple method to form a sensitive film for SAW based ammonia sensors. Polyacrylic acid (PAA) polymer, a cheap 52 

organic soft matter, has a large number of carboxyl groups on its surface and  forms carboxyl and ammonia ions when 53 

it is contacted with ammonia molecules. These make it a good adsorbent for toxic gases such as ammonia [30] and thus 54 

a suitable sensitive film for ammonia. Therefore, we believe that an integration of this sensing layer onto the SAW device 55 

will achieve an ammonia sensor with a high sensitivity. However, as far as we have searched, this has never been 56 

reported for SAW based ammonia sensors.   57 

In this work, a PAA-based SAW ammonia SAW sensor was made on an ST cut quartz substrate, and its ammonia 58 

sensing mechanism operated at room temperature was studied. Results prove that the PAA SAW sensor has both good 59 

sensitivity and selectivity to ammonia when operated at room temperature. 60 

2. Materials and Methods 61 

2.1 SAW resonator and sensing layer 62 

Two interdigital transducers (IDTs), each side with 30 finger pairs and reflection gratings of 100 pairs, were used to 63 

construct the SAW resonators on ST-cut quartz substrate. Using a traditional photolithography and lift-off method, the 64 

IDTs and reflection gratings were prepared with a 200 nm thick aluminum, a period of 16 μm and an aperture of 3 mm. 65 

The resonator's intrinsic frequency was designed to be 200 MHz. The configuration of the SAW resonator is 66 

schematically depicted in Figure 1. 67 

 68 

Figure 1. Schematic illustration of SAW resonator. 69 

PAA solutions with concentrations of 0.01 M, 0.05 M, 0.1 M, and 0.2 M (bought from Chengdu Kelong Chemical 70 

Reagent Factory, China) were synthesized in a container with a magnetic stirrer at room temperature for 90 min. They 71 

were then ultrasonically agitated for two hours after being aged for 24 hours. In order to prepare a uniform PAA film, 72 

the produced PAA solutions were spin-coated onto ST-cut quartz resonators at a speed of 7000 rpm for 30 s and then 73 

dried at 60oC 0 for 8 min. Finally, the bonded aluminum wire was used to join the SAW resonator to the external circuit 74 

and control system, to form the whole SAW sensor. 75 

2.2. Sensing and characterization platform  76 
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Figure 2 shows the gas sensing system, which mainly includes a 20 L closed chamber, a DC power supply (Agilent, 77 

E3631A), a hygro thermometer, a digital source meter (Keithley 2400) and a frequency counter (Agilent 53210A). Com- 78 

mercially standard gases of NH3 (2 vol%), H2S (2 vol%), H2 (2 vol%), CO (2 vol%), NO2 (2 vol%), CH3COCH3 (2 vol%), 79 

HCl (2 vol%) and C2H5OH (2 vol%) in the dry air were purchased from the China Academy of Measurement and Testing 80 

Technology. During the sensing process, the testing environment was controlled at room temperature of 20oC and 30% 81 

RH with the precise control of dried air and humidifier. The sensor was put in the 20 L closed chamber. A precisely 82 

controlled syringe was used to fill the test chamber with the given amount of ammonia. By controlling the volume of 83 

ammonia injected into the chamber, different concentrations of ammonia were obtained. For example, in an environ- 84 

ment with 30% RH, injection of a 20 ml of standard ammonia within the 20 liters air achieved 20 ppm of ammonia.  85 

 86 

Figure 2 .  SAW gas sensing test system.  87 

A field emission scanning electron microscope (FE-SEM, FEI Inspect F50), a Fourier transform infrared spectro- 88 

scope (FTIR, Nicolet IS 10, Thermo Fisher Scientific) and a digital source meter (Keithley 2400) were used to character- 89 

ize the morphologies, infrared absorption spectra of the prepared PAA films, and the changes in the conductance of 90 

the sensor before and after it was exposed to ammonia, respectively. 91 

3. Results and Discussion 92 

3.1 Characterization of sensing film  93 

Figure 3 shows SEM images of surface and cross-section morphologies of PAA films with different concentrations. 94 

It can be seen that the prepared PAA films are quite dense, and with the concentration of PAA increased from 0.01 M 95 

to 0.2 M, the corresponding film’s thickness is increased from 234.2 nm to 273.9 nm. 96 

FTIR analysis result of PAA is shown in Figure 4. The band at 3430.16 cm-1 is due to O-H stretching mode and the 97 

presence of hydrogen bonding [31]. The strong band at 1711.30 cm-1 is due to the asymmetric stretching of –COO– [32, 98 

33]. The bands at 1453.50 and 1414.82 cm-1 reveal the symmetric stretching modes of –COO– [34]. FTIR results clearly 99 

indicate that there are various hydroxyl groups and carboxyl groups on the surface of PAA film. The carboxyl groups 100 

on the PAA film were reported to have a large adsorption energy for ammonia molecules [30]. 101 
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(a)                      (b)  103 

 104 

(c)                         (d) 105 

Figure 3. SEM images of surface and cross -section morphologies (inset) of PAA films with different 106 

concentrations: (a) 0.01 M; (b) 0.05 M; (c) 0.10 M; (d) 0.20 M .  107 
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 108 

Figure 4.  FTIR spectra of PAA film.  109 

3.2 Gas sensing results and sensing mechanisms  110 

Fig. 5 shows the frequency shifts (or the responses) of SAW sensors with sensitive films of different PAA molar 111 

ratios, when exposed to 20 ppm ammonia at 293 K and 30% RH. It can be seen from Fig. 5 that the sensor made of 0.1 112 

M PAA solution has the largest response of 8000 Hz. Therefore, the sensor prepared with 0.1 M PAA solution was 113 

selected for the subsequent performance tests. 114 
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 115 
Figure5. Responses of SAW ammonia sensor prepared by PAA with different mole ratios to 20 ppm 116 

ammonia.  117 

Fig. 6(a) shows the frequency shifts of PAA SAW sensor coated with 0.1 M PAA solution to different concentrations 118 

of ammonia between 500 ppb to 50 ppm. As can be seen from Fig. 6(a), the PAA coated SAW sensor has achieved good 119 

limits of detection (LOD) and large frequency shifts when exposed to ammonia. It has a frequency shift response of 225 120 

Hz to 0.5 ppm ammonia. Fig. 6(b) shows the relationship between frequency shift and ammonia gas concentration. The 121 

obtained slopes of the responses for the PAA SAW sensor in the range of 0.5-2 ppm and 2-20 ppm are 750 and 400 122 

Hz/ppm, respectively. Table 1 summarizes the LODs of SAW ammonia sensors with various sensitive layers, reported 123 

in literature, as well as that obtained from this paper. Clearly the SAW sensor with the PAA layer in this study shows 124 
one of the best LODs for the ammonia sensing compared with the others [7,10,17,21,26]. Meanwhile, the SAW sensor 125 
with the PAA layer also shows good repeatability and stability, as well as a good selectivity to ammonia, if compared with 126 
those to various gases of C2H5OH，H2，HCl，H2S，CO，NO2，NO, and CH3COCH3 (seen in section 3.3).  127 
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(a) 129 

 130 

(b) 131 

Figure 6 .  (a) Dynamic responses of PAASAW sensors to ammonia gases with different concentrations; (b) 132 

the relationship between frequency shift and ammonia gas concentrations.  133 

 134 

 135 

 136 
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Table 1. Summary of detection limits of various ammonia SAW sensors 137 

 138 

 139 

 140 

 141 

 142 

 143 

 144 

 145 

 146 

When exposed to ammonia gases with various concentrations, the SAWS sensor's response and recovery times are 147 

quite different, which are shown in Fig. 7. Here, the response time is defined as the time needed for the sensor's fre- 148 

quency shift to reach 90% of its total frequency shift after being exposed to ammonia. Similar to this, the recovery time 149 

is defined as the time needed for the sensor's frequency shift to return to 10% of its total frequency shift after the release 150 

of the target gas. Results show that the response time is increased from 200 seconds to 1800 seconds, and the recovery 151 

time is increased from 230 seconds to 2400 seconds, respectively, when the ammonia concentration is increased from 152 

0.5 ppm to 50 ppm. The gap between these two values becomes more obvious, especially at a larger ammonia concen- 153 

tration. This is quite easily understood because the recovery time becomes slightly longer than the response time, when 154 

the ammonia concentration is increased, thus the difference between these two values turns to be dramatically increased 155 

at a larger concentration of ammonia. 156 

 157 

 158 

Figure 7 .  Response and recovery times of PAA SAW ammonia sensor at different concentrations of ammonia.  159 

Sensitive layer Substrate Detection 

limit 

References 

Co3O4/SiO2 Quartz 1 ppm [7] 

ZnO/SiO2  nanofilm Quartz 5 ppm [10] 

Polyaniline film LiNbO3 25ppm [17] 

L-glutamic acid hydrochloride nanofilm LiNbO3 5 ppm [21] 

TiO2/SiO2 nanofilm Quartz 1 ppm [26] 

ZnS Quartz 1 ppm [27] 

SiO2/SiO2 nanofilm Quartz 3 ppm [28] 

rGO/DPP2T-TT Quartz 0.5 ppm [29] 

PAA film Quartz 0.5 ppm this work 
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Generally speaking, there are various reasons which could result in the changes of resonant frequency of the SAW 160 

device, including electrical loading (or acoustoelectric effect), mass loading and elastic loading[26]. 161 

The relationship between frequency shift (Δf) and electroacoustic effect can be expressed using the following equa- 162 

tion [26,35]:  163 

∆𝑓 = −𝑓0 ×
𝐾2

2
× (

1

1+(
𝑣0𝑐𝑠

𝜎𝑠
)

2)             (1) 164 

Where f0 (~200 MHz), 𝐾2 (0.11% for quartz), 𝑣0 (3158 m/s for quartz) and 𝑐𝑠 (0.5 pF𝑐𝑚−1) are the intrinsic resonant 165 

frequency of SAW resonator, the electromechanical coupling factor, the unperturbed wave velocity for the SAW device, 166 

and the dielectric permittivity of the substrate and the environment, respectively. The measured sheet conductivity 167 

σ𝑠  of the PAA film in air and in 20 ppm ammonia in this study are 4.6 × 10−9 S/m and 4.6138 × 10−9 S/m, respectively. 168 

The corresponding acoustoelectric parameter (ξ = σ𝑠/𝜐0𝐶𝑠) are 2.913 × 10−3and2.921 × 10−3, respectively, as shown in 169 

Fig. 8(a). According to Eq. (1), the original work point located at the PAA film in air, where ∆𝑓1/𝑓0=-4.99995× 10−4; 170 

while for the work point in 20 ppm ammonia, ∆𝑓2/𝑓0 =-5.00014× 10−4 . Thus, the calculated frequency shift ∆𝑓 = 171 

∆𝑓2−∆𝑓1=-(5.00014× 10−4 − 4.99995 × 10−4) × 𝑓0=-3.8 Hz. The calculated frequency shift is only -3.8 Hz for the PAA 172 

SAW sensor exposed to 20 ppm ammonia. Compared to the experimental data in this study, it can be concluded that 173 

electroacoustic effect is not the main mechanism leading to the frequency shift of the sensor. 174 

A SAW electrode's voltage and current were measured after the PAA film was exposed to 20 ppm of ammonia 175 

gas in order to further support this conclusion. Fig. 8(b) shows the resistance responses 𝑅 = 𝑅𝑎𝑖𝑟/𝑅𝑔𝑎𝑠 of SAW device 176 

when it was exposed to 20 ppm ammonia gas, where 𝑅𝑎𝑖𝑟  and 𝑅𝑔𝑎𝑠 are the resistances of the PAA film in the ambient 177 

air and in the ammonia/air mixture, respectively. As shown in Fig. 8(b), the resistance response 𝑅 has no obvious 178 

changes (only from 1.000 to1.0036). 179 

 180 

(a) 181 
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 182 

(b) 183 

Figure8. (a) Frequency changes of PAA film SAW sensor versus acoustoelectric parameter ξ ;  (b) Re- 184 
sistance changes of PAA film before and after exposure to 20 ppm ammonia .  185 

Effect of mass loading on the frequency shift of sensors follows Eq. (2) [26, 35] 186 

∆𝑓 = (𝑘1 + 𝑘2) × 𝑓0
2 × ∆𝜌𝑠                (2) 187 

where 𝑘1(-8.7 × 10-8 m2s kg-1), 𝑘2(-3.9 × 10-9 m2s kg-1), 𝑓0 (~200 MHz) and ∆𝜌𝑠 are the material constants of the ST-cut 188 

quartz substrate, the intrinsic resonant frequency of SAW resonator, and the change of areal density of the sensing film 189 

under NH3 exposure, respectively. When the PAA film is exposed to ammonia gas, a negative frequency shift can be 190 

observed because the mass density of the PAA film is increased. Therefore, the experimentally obtained positive fre- 191 

quency shifts in this study reveal that mass loading should not be the primary mechanism in the frequency shifts of the 192 

PAA SAW sensor to ammonia.  193 

Effect of elastic loading on the frequency shift of sensors follows Eq. (3) [26, 35] 194 

∆𝑓 = 𝑝∆𝐸                           (3) 195 

where 𝑝 and ∆𝐸 are a positive constant and the change of Young's modulus of sensing film when exposed to the NH3 196 

gas. The PAA has a large Young's modulus, i.e., tens of GPa [36]. Due to the small size of ammonia molecules and the 197 

three-dimensional network structure of PAA, ammonia molecules are likely to be adsorbed by the PAA. The ammonia 198 

molecules filled in the PAA gap may increase the stiffness of the membrane, thus resulting in a positive frequency shift 199 

[26]. Therefore, we can confirm that elastic loading is the main factor affecting the frequency of PAA SAW ammonia 200 

sensor. 201 

3.3 Selectivity and stability of SAW sensors 202 

Fig. 9 shows the selectivity of the PAA SAW sensor to several major targeted gases with a fixed concentration of 203 

20 ppm measured at room temperature of 293 K. As can be seen from Fig. 9, the PAA SAW sensor has an obvious 204 

response to NH3 gas and its measured value of frequency shift is as high as 8000 Hz, whereas the values for the other 205 

gases are much lower. The results show that the PAA SAW sensor has an excellent selectivity to ammonia. 206 
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  207 

Figure 9. The absolute value of  frequency shifts of PAA SAW ammonia sensor to different types of gases 208 
of 20 ppm. 209 

Fig. 10(a) shows the dynamic responses of the sensor to five consecutive cycles of 20 ppm NH3 exposure. The 210 

measured frequency shifts are 8.04 kHz, 8.03 kHz, 8.03 kHz, 8.04 kHz, 8.03 kHz, respectively, for these five cycles, which 211 

indicates that the PAA SAW sensor has a good short-term repeatability. In order to study long-term stability of the 212 

sensor, the sensor was tested by exposure to 0.5-20 ppm NH3 every 4 days, up to one month. As shown in Fig. 10(b), the 213 

sensor has shown stable frequency shifts responses (less than 5%) to different concentrations of NH3 within one month 214 

period, which shows that it has a good long-term stability. 215 
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 216 

（a） 217 

 218 
(b) 219 

Figure 10. (a) Short-term repeatability of the PAA SAW sensor to 20 ppm ammonia;(b) Long -term stability 220 
of the PAA SAW sensor to 20 ppm ammonia.  221 

3.4 Influences of humidity and temperature on sensing performance 222 

Humidity is one of the important influencing parameters of SAW gas sensor. Effects of different RH levels on the 223 

properties of PAA sensitive membrane were studied and a humidifier was applied to control the relatively humidity 224 

(RH) levels in the testing chamber. Fig. 11(a) shows the sensing results of the PAA SAW sensor exposed to 20 ppm 225 

ammonia gas in different indoor environments with the RH values of 30%, 56% and 84%, respectively. In the same 226 
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concentration of ammonia, the frequency shift of the sensor decreases with the increase of RH. The reason is that with 227 

the increase of humidity, water molecules adsorbed by the hydroxyl groups in the PAA are increased, and these wate 228 

molecules can become new absorption sites because of high solubility of ammonia in water. Thus, more ammonia 229 

molecules are absorbed and the mass loading effect is increased, which leads to a larger negative frequency shift. There- 230 

fore, the total positive frequency shift is decreased. However, we should address that the effects of RH levels are not 231 

significant, which has a frequency shift of -1200 Hz when the RH level is increased from 36% to 84%.  232 

SAW sensors are also sensitive to temperature, and their dependences can be compared using the value of temper- 233 

ature coefficient of frequency (TCF). The TCF value of the device can be obtained to evaluate the thermal stability of the 234 

SAW device, according to the following definitions: 235 

𝑇𝐶𝐹 =
1

∆𝑇
 
∆𝑓

𝑓0
                         (4) 236 

where ∆𝑇, ∆𝑓 and 𝑓0 are the temperature change, the frequency change and the center frequency of the SAW de- 237 

vice, respectively. It is well known that the TCF of ST-Cut quartz crystal is near zero [37]. Fig. 11(b) shows the variations 238 

of resonant frequencies of the PAA SAW sensor as a function of ambient temperature. When the temperature is in- 239 

creased from 20℃ to 70℃, the frequency shift is increased up to 500 Hz. Since the center frequency of SAW sensor is 240 

about 200 MHz, the calculated TCF is -0.049 ppm/℃, Results clearly show that the slight change of temperature has 241 

little influences on the sensor’s performance and the PAA SAW ammonia sensor has an excellent thermal stability. 242 

 243 
（a）  244 
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 245 

(b) 246 

Figure 11. (a) Response-recovery curve of PAA SAW sensors to 20 ppm ammonia gas at room temperature 247 
of 293 K and different RH values; (b) The relationship between resonant frequency shift of PAA SAW sensor 248 

and temperature. 249 

4. Conclusions 250 

A highly sensitive and selective quartz based SAW sensor with a sensing layer of PAA film was developed 251 

to detect ammonia at room temperature, which has shown a good response to NH3 gas molecules. The 252 

sensor has a positive frequency shift of 225 Hz when exposed to 500 ppb NH3 gas. It has good selectivity 253 

for NH3 and good repeatability/stability. The oxygen-containing functional groups on the surfaces of PAA 254 

film make it sensitive and selective to ammonia gas molecules, even when tested at room temperature. 255 

The ammonia molecules adsorbed by the oxygen-containing functional groups of PAA (e.g., carboxyl 256 

groups, hydroxyl) increase the membrane’s stiffness, thus causing significantly elastic loading effect, 257 

which is identified as the primary mechanism leading to positive frequency shifts. The future work will 258 

be focused on significant reduction of recovery and response times, and synthesis of nanostructured PAA 259 

composite membrane in order to enhance the performance and reduce the influence of humidity on the 260 

sensing performance.  261 

 262 
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