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Abstract: A theoretical model is established to describe the response mechanism of 

surface acoustic wave (SAW) gas sensors based on physical adsorption on the detector 

surface. Wohljent’s method is utilized to describe the relationship of sensor output 

(frequency shift of SAW oscillator) and the mass loaded on the detector surface. The 

Brunauer-Emmett-Teller (BET) formula and its improved form are introduced to depict the 

adsorption behavior of gas on the detector surface. By combining the two methods, we 

obtain a theoretical model for the response mechanism of SAW gas sensors. By using a 

commercial SAW gas chromatography (GC) analyzer, an experiment is performed to 

measure the frequency shifts caused by different concentration of dimethyl 

methylphosphonate (DMMP). The parameters in the model are given by fitting the 

experimental results and the theoretical curve agrees well with the experimental data. 
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1. Introduction 

Since White and Voltmer [1] excited surface acoustic waves (SAWs) by utilizing interdigital 

transducers (IDTs) deposited on a piezoelectric crystal surface, SAW technology has developed 

rapidly and is widely used in the telecommunication and other areas. Because the energy of SAWs is 

conserved near the surface of the piezoelectric substrate, a surface perturbation will lead to significant 

changes in surface acoustic wave properties such as propagation velocity, phase, attenuation and wave 
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form. This characteristic can be used to develop acoustic sensors with good performance. Wohltjen 

and Dessy [2] first reported a chemical sensor for organic gas detection by coating a sensitive film on 

the surface of a SAW device. Since then a variety of SAW gas sensors have been developed for gas 

sensing [3–5]. The key unit of most of the reported sensors is a SAW oscillator (shown in Figure 1), 

which consists of a periphery circuit, a SAW detector and a sensitive film deposited on the detector 

surface. The sensitive film can strongly absorb a certain kind of gasses and almost dose not absorb 

other gasses; therefore we can obtain the content of the gas by measuring the change in oscillation 

frequency. The emphasis of this kind of sensor is to coat a sensitive film with high selectivity and high 

adsorption capacity. Such a SAW sensor or sensor matrix can only perceive one or several kind of 

gases; thus they are applicable to measure the content of some special gases [6–9]. In many areas, such 

as environmental monitoring, food security, explosive detection, there is a strong need for sensors 

which have a wide detecting range to monitor volatile organic or semi-volatile organic compounds 

(VOCs or SVOCs) [10–12]. To satisfy the demand, another kind of SAW sensor [13–17] was reported, 

in which a gas separation apparatus such as a gas chromatography (GC) column is set in front of the 

detector to separate and identify the tested multi-component gas. A multi-component gas can be 

separated and identified by their characteristic retention time in the GC column; thus SAW-GC sensors 

are available to detect VOCs and SVOCs in a wide range. 

Figure 1. Schematic of SAW gas sensors. 

 

Many theoretical studies on SAW gas sensors have been reported. The basic theoretical model for 

SAW gas sensors is mainly Wohljent’s method [18], which is based on the perturbation formula 

relating SAW velocity to film properties for the case of an acoustically thin film. Later Martin [19] 

expanded the method and his model is also applicable for the case of an acoustically thick film. The 

main problem they focused on is the changes in SAW device performance caused by a known layer on 

the device surface. If the quantity of the absorbed gas is known, the sensor output can be derived by 

using their theories. However, for a practical sensor, one must know the relationship between the 

output signal (changes in oscillation frequency of oscillators) and the measured gas properties, such as 

concentration and type. The type of gas can be identified by the selectivity of sensitive film or the 

characteristic retention time in GC column; therefore it is required to know the relationship between 

the adsorption amount and gas concentration.  
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Unfortunately, it is still very scarce the theoretical model for the relationship between the sensor 

output and the gas properties. Ricco [20] and Hietala [21] used SAW technology and commercial gas 

adsorption analyzer to measure the specific surface area and the pore size of porous film fabricated on 

SAW devices. Because commercial adsorption tools are adopted, the relationship between SAW 

sensor outputs and the gas concentration was not involved in their studies. 

In this work, a theoretical model is presented for the response mechanism of SAW gas sensors with 

gas adsorption on the detector surface. In Section 2.1, the relationship between SAW sensor output 

(frequency or velocity shift) and the mass layer (the amount of absorbed gas) loaded on the surface of 

SAW detectors by using Wohljent’s method is presented. In Section 2.2, the adsorption behavior of a 

gas on the surface of solids is analyzed; the BET formula and its improved form are introduced for 

describing the relationship between gas adsorption amounts and gas pressures which can be obtained 

from gas concentration by using the gas state equation. In Section 2.3, the relationship between SAW 

sensor outputs and gas pressures is brought out to describe the response mechanism for SAW gas 

sensors. A method is introduced to determine the model parameters by fitting the experimental data. In 

Section 3, an experiment is performed by using a SAW-GC gas sensor to verify the theoretical model. 

The frequency shifts caused by different concentration of DMMP is measured and the parameters in 

the model is given by fitting the experimental data. The theoretical curve is obtained and it agrees well 

with the experimental results. 

2. Theoretical Analysis  

2.1. Frequency Shift Caused by the Mass Loaded on a SAW Device Surface 

The frequency shift of the SAW oscillator from the bare device is caused by the applied sensitive 

layer and the absorbed gas. In this work, only the change caused by the adsorption is included. 

Perturbation theory [18,19] and other methods such as the transfer matrix method are often used to 

calculate the frequency shift caused by the mass load. The transfer matrix method [22–24] is much 

more complicated although it has a more accurate solution. In this work, the amount of absorbed gas is 

tiny, the solution of Wohltjen’s method, which is based the perturbation theory, has enough accuracy; 

therefore, Wohltjen’s method is adopted due to its simple expression. We assume that the absorbed gas 

forms an isotropic, non-piezoelectric, non-conducting layer with a thickness of h, a density of ρ on the 

SAW detector surface. The change in oscillation frequency can be described by [18]: 
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where k1 and k2 are the coupling constants determined by the different displacement components of 

SAW in the substrate; f0 is the unperturbed oscillating frequency of the SAW oscillator, which is 

determined by the propagation velocity of SAW and the period of the IDTs fabricated on the surface of 

the piezoelectric substrate; μ and λ are the shear modulus and Lame constant of the layer; v0 is the 

unperturbed velocity of SAW in the piezoelectric substrate. The first term in Equation (1) represents 

the frequency change caused by mass loading and the second term depends on the acoustic wave 
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coupled into the layer. Because the layer formed by adsorbed gas is very thin, it can be seen as a 

simple mass load attached to the surface of the SAW device. Thus Equation (1) can be simplified as: 

  2

1 2 0f k k f     (2)  

where σ = ρh is the areal density of the layer formed by the adsorbed gas. Equation (2) means that the 

sensor output is proportional to the quantity of the mass loaded on the surface of a SAW device, and it 

is the theoretical basis for the detection of SAW sensors.
 

2.2. Adsorption Mechanism of Gas on the Surface of Solids 

Due to intermolecular forces or chemical bonding force, when a gas contacts with the surface of a 

solid, part of the gas molecules will stay on the solid surface for some time. This phenomenon is called 

adsorption. The adsorption generated by the intermolecular force is a physical adsorption; the 

adsorption generated by chemical bonding force is a chemical adsorption. During the process of 

chemical adsorptions, chemical reactions will produce new molecules from the molecules of absorbed 

gas and the molecules in the solid surface, which means that the absorbed gas will be changed into a 

new material. Since chemical bonds are much stronger than molecular diffusions, chemical adsorptions 

are almost irreversible at room temperature and pressure, which means that no desorption will happen 

when the gas leaves. Thus, the sensor based on chemical adsorption is unrepeatable. Most of SAW gas 

sensors are required to be repeatable, so the adsorption is a physical one. Among all theoretical models 

for physical adsorption, the BET formula proposed by Brunauer, Emmett and Teller in 1938 [25] is the 

most commonly used method:  
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(3)  

where V is the gas volume occupied by the gas molecules adsorbed on the solid surface; V1 is the 

volume of the saturated monomolecular layer adsorption, which means the required gas volume for 

covering the solid surface with a single molecular layer; P is the gas pressure; P0 is the saturated vapor 

pressure at the adsorption temperature; c is an adsorption characteristic parameter, which is decided by 

the temperature, the average adsorption heat of the first monolayer and the gas liquefaction heat. 

According to the equation of state of an ideal gas, we can get the gas pressure: 

RT
M

ρ
P

C
=  (4)  

where ρC is the mass quantity of the test gas within a unit volume; M is the mass of per mole gas; R is 

the ideal gas constant; T is the adsorption temperature in the thermodynamic temperature scale. 

Equation (4) indicates that the gas pressure is proportional to its mass volume concentration. 

Equation (3) is the well-known two-parameter BET equation; its best suitable interval of relative 

gas pressure is between 0.05 and 0.35. For convenience, we use x to represent the relative pressure 

P/P0 in this work. When x exceeds 0.35, the theoretical adsorption values will be higher than the 

experimental results. In order to obtain a larger suitable scope, many researchers try to improve the 

BET equation. In this study, a BET equation improved by Anderson [26] and Brunauer [27] is adopted: 
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where k is an adjustable constant decided by the nature of the adsorption system. By selecting the 

appropriate value of k, we can get the theoretical results consistent with the experimental data at x of 

0.05–0.9. 

2.3. The Response Mechanism for SAW Gas Sensors Based on Surface-Adsorption 

Obviously, the mass of the gas adsorbed in the surface of a SAW device is proportional to the gas 

volume occupied by the adsorbed gas molecules. Assuming that σ1 is the areal density with a 

monomolecular layer of adsorbed gas on the SAW detector surface, through Equation (2) we can get: 
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where Δf1 is the frequency offset of the SAW oscillator caused by a monomolecular layer covering the 

detector surface. Substituting Equation (6) into (5), we can get: 
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(7)  

Equation (7) expresses the relationship between the oscillation frequency shift and gas pressure 

(decided by the gas concentration and temperature), which is the theoretical model of the response 

mechanism for a SAW gas sensor with gas absorbed on the device surface directly. 

The parameters of Δf1 and c in Equation (7) can be determined through fitting experimental data. 

Another form of Equation (7) is: 
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Equation (8) can be considered as a linear function of kx/[∆f (1−kx)] with respect to kx. The slope a 

and the intercept b of the line can be gotten by linear fitting of the experimental data; then we can get 

Δf1, the oscillation frequency shift caused by a monomolecular layer of adsorbed gas, and c, the 

adsorption characteristic parameter: 
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3. Experimental Verification 

To verify the theoretical model, an experiment was performed by using an ultra-fast SAW-GC 

analyzer with a type of zNose 4200, produced by Electronic Sensor Technology (EST, Newbury Park, 

CA, USA). As shown in Figure 2, the analyzer is mainly composed of an injection unit, a separation 

and identification unit, and a detection unit. The injection unit consists of a carrier gas and a sampling 

part; the separation and identification unit of a programmable heated GC column; the detection unit of 
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a SAW detector and an oscillating circuit. The carrier gas is helium which can pass through the GC 

column freely. When a multi-component gas is sampled, it will be carried through the GC column. 

Because each component has its own unique passage rate, the various gas components are separated 

and identified by their characteristic retention times in the GC column. When reaching the surface of 

the SAW detector, each gas component is absorbed in the surface of the detector and results in a 

perturbation on the propagation velocity of SAW, which leads to a frequency shift of the oscillation 

circuit; the content of each component gas can be obtained by measuring the frequency shift. The 

detector is a SAW resonator fabricated on ST-cut X-propagate quartz (its coupling constants  

k1 = −8.93 × 10
−8

 s∙m
2
/kg and k1 = −3.86 × 10

−8
 s·m

2
/kg) and the operation frequency of the resonator 

is 500 MHz. 

Figure 2. Schematic of the SAW-GC analyzer used in the experiment. 

 

In our experiment, dimethyl methylphosphonate (DMMP) is input via the sample inlet; helium 

carries DMMP through the GC column and reaches the surface of the SAW detector. The temperature 

of the SAW detector is controlled at 25 °C. The gas concentration can be adjusted by changing the 

injection volume of DMMP and the corresponding frequency shift of the oscillation circuit is measured 

as the sensor output. The saturated vapor pressure P0 is the vapor pressure when the vapor is in 

equilibrium with the liquid at a certain temperature. A substance has different P0 at different 

temperatures, and P0 increases as the temperature increases. The saturated vapor pressure can be 

calculated by using the Antoine equation: 

 0ln
B

P A
C T

 


 (10)  

where P0 is the saturated vapor pressure; A, B and C are empirical Antoine constants; T is the 

thermodynamic temperature. If P0 in Pascal, the Antoine constants of DMMP [28] are A = 22.319, 

B = 4,344.0 and C = −51.7. In this work, the temperature of the SAW detector is controlled at 25 °C 

(T = 298.15 K), substituting these parameters into Equation (10) we can get P0 = 111 Pa.  

Figure 3 shows a linear fit according to Equation (8) and the measured results; the adjustment factor 

k of the relative pressure is set as 1.35. The slope a of the fitting line is 1.37 × 10
−4

 and the intercept b 

is 2.39 × 10
−5

. Substituting these values into Equation (9), we obtain the Δf1 of 6.20 kHz and the 

characteristic adsorption constant c of 6.74. It should be noted that the adjustment factor k is less than 

1 in Anderson’s article, which is explained as the adsorption heat of the layers above the first layer is 
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less than the heat of liquefaction. In this work, the adjustment factor k is greater than 1; the reason for 

this difference is perhaps that the adsorption heat of the layers above the first layer is more than the 

heat of liquefaction. 

Figure 3. Linear fitting of  1kx f kx     versus adjusted relative pressure kx at the 

SAW detector temperature of 25 °C. Solid line: the fitting line; stars: the measured data. 

 

The theoretical and measured oscillation frequency shifts are compared in Figure 4. The theoretical 

sensor outputs are calculated by using Equation (7) and the parameters are listed in the previous 

paragraph. When the relative gas pressure is less than 0.8 (kx < 1), the theoretical curve has a 

wonderful agreement with the measured data.  

Figure 4. The oscillation frequency shift Δf versus the relative pressure P/P0 at the detector 

temperature of 25 °C. Solid line: the calculated curve; stars: the measured data. 
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Especially when x < 0.6, the sensor has a good detection performance with the frequency shifts 

proportional to the gas pressure (concentration) substantially. When the relative gas pressure exceeds 

0.8 (kx close or more than 1), the theoretical predicted curves is obviously above on the experimental 

data. The reason for this is the assumption that at kx = 1 an infinite number of gas molecular layers are 

adsorbed in the BET equation; but in reality it is only a limited number of layers. 

4. Conclusions 

In this work, a theoretical model is put forth to describe the response mechanism for SAW gas 

sensors based on physical adsorption on the detector surface. By combining Wohljent’s method and 

the modified BET formula, we obtain a theoretical model which describes the relationship of the 

sensor output (frequency shift of SAW oscillator) and the gas pressure (determined by the gas 

concentration and temperature). By using a commercial zNose 4200 SAW-GC gas sensor, an 

experiment is performed to measure the frequency shifts caused by different concentration of DMMP. 

The parameters in the theoretical model are given by fitting the experimental data and the theoretical 

curve of the sensor output is compared with the experimental data. When the relative gas pressure is 

less than 0.8, the theoretical curve agrees well with the experimental results. The model developed in 

this work and the discussions on the adsorption behavior of gas on the SAW detector surface will 

benefit attempts to achieve a SAW gas sensor with better performance. 

Acknowledgments 

Authors would like to acknowledge the financial support provided by National Natural Science 

foundation of China (No 11104314). 

Author Contributions 

In this work, Jiansheng Liu conducts the theories, experiment design and data analysis, and the 

writing of the manuscript. Yanyan Lu conducts the experiment operation. 

Conflicts of Interest 

The authors declare no conflict of interest. 

References  

1. White, R.M.; Voltmer, F.W. Direct coupling to surface elastic waves. Appl. Phys. Lett. 1965, 7, 

314–316.  

2. Wohltjen, H.; Dessy, R. Surface Wave Probe for Chemical Analysis: I. Introduction and 

Instrument Description, II. Gas Chromatography Detector. Anal. Chem. 1979, 51, 1458–1470. 

3. Caliendo, C.; Verardi, P.; Verona, E.; D’Amico, A.; Di Natale, C.; Saggio, G.; Serafini, M.; 

Paolesse, R.; Huq, S.E. Advances in SAW-based gas sensors. Smart Mater. Struct. 1997, 6, 

689–699. 

4. Jakubik, W.P. Surface acoustic wave-based gas sensors. Thin Solid Films 2011, 520, 986–993.  

http://iopscience.iop.org/0964-1726/6/6/005


Sensors 2014, 14 6852 

 

 

5. Shiokawa, S.; Kondoh, J. Surface Acoustic Wave Sensors. Jpn. J. Appl. Phys. 2004, 43,  

2799–2802. 

6. Sadek, A.Z.; Wlodarski, W.; Kalantar-Zadeh, K.; Baker, C.; Kaner, R.B. Doped and dedoped 

polyaniline nanofiber based conductometric hydrogen gas sensors. Sens. Actuator A 2007, 139,  

53–57. 

7. Sayagoa, I.; Fernándeza, M.J.; Fontechaa, J.L.; Horrilloa, M.C.; Verab, C.; Obietab, I.; Bustero, I. 

New sensitive layers for surface acoustic wave gas sensors based on polymer and carbon nanotube 

composites. Sens. Actuator B 2012, 175, 67–72. 

8. Matatagui, D.; Martí, J.; Fernández, M.J.; Fontecha, J.L.; Gutiérrez, J.; Gràcia, I.; Cané, C.; 

Horrillo, M.C. Chemical warfare agents simulants detection with an optimized SAW sensor array. 

Sens. Actuators B 2011, 154, 199–205. 

9. Bryant, A.; Poirier, M.; Riley, G.; Lee, D.L.; Vetelino, J.F. Gas detection using surface acoustic 

wave delay lines. Sens. Actuators 1983, 4, 105–111. 

10. Hagleitner, C.; Hierlemann, A.; Lange, D.; Kummer, A.; Kerness, N.; Brand, O.; Baltes, H. Smart 

single-chip gas sensor microsystem. Nature 2001, 414, 293–296.  

11. Gan, H.L.; Che Man, Y.B.; Tan, C.P.; NorAini, I.; Nazimah, S.A.H. Characterisation of vegetable 

oils by surface acoustic wave sensing electronic nose. Food Chem. 2005, 89, 507–518. 

12. Miremadi, B.K.; Colbow, K.; Harima, Y. A CdS photoconductivity gas sensor as an analytical 

tool for detection and analysis of hazardous gases in the environment. Rev. Sci. Instr. 1997, 68, 

3898–3903. 

13. Mah, C.; Thurbide, K.B. Acoustic methods of detection in gas chromatography. J. Sep. Sci. 2006, 

29, 1922–1930. 

14. Yadava, R.D.S.; Chaudhary, R. Solvation, transduction and independent component analysis for 

pattern recognition in SAW electronic nose. Sens. Actuators B 2006,113, 1–21. 

15. Staples, E.J.; Viswanathan, S. Ultrahigh-speed chromatography and virtual chemical sensors for 

detecting explosives and chemical warfare agents. IEEE Sens. J. 2005, 5, 622–631. 

16. Staples, E.J.; Viswanathan, S. Development of a Novel Odor Measurement System Using Gas 

Chromatography with Surface Acoustic Wave Sensor. J. Air Waste Manag. Assoc. 2008, 58, 

1522–1528. 

17. Liu, J.; Wang, W.; Li, S.; Liu, M.; He, S. Advances in SAW Gas Sensors Based on the 

Condensate-Adsorption Effect. Sensors 2011, 11, 11871–11884.  

18. Wohltjen, H. Mechanism of Operation and Design Considerations for Surface Acoustic Wave 

Device Vapor Sensors. Sens. Actuators 1984, 5, 307–325. 

19. Martin, S.J.; Frye, G.C.; Senturla, S.D. Dynamics and Response of Polymer-Coated Surface 

Acoustic Wave Devices: Effect of Viscoelastic Properties and Film Resonance. Anal. Chem. 

1994, 66, 2201–2219. 

20. Ricco, A.J.; Frye, G.C.; Martin, S.J. Determination of BET Surface Areas of Porous Thin Films 

Using Surface Acoustic Wave Devices. Langmuir 1989, 5, 273–276.  

21. Hietala, S.L.; Smith, D.M.; Hietala, V.M.; Frye, G.C.; Martin, S.J. Pore Structure Characterization 

of Thin Films Using a Surface Acoustic Wave/Volumetric Adsorption Technique. Langmuir 

1993, 9, 249–251. 

http://www.sciencedirect.com/science/article/pii/S0924424706007485
http://www.sciencedirect.com/science/article/pii/S0924424706007485
http://www.sciencedirect.com/science/article/pii/S0924424706007485
http://www.sciencedirect.com/science/article/pii/S0924424706007485
http://www.sciencedirect.com/science/article/pii/S0924424706007485
http://www.sciencedirect.com/science/journal/09244247
http://www.sciencedirect.com/science/journal/09244247
http://www.sciencedirect.com/science/journal/09254005
http://www.sciencedirect.com/science/journal/09254005
http://www.nature.com/nature/journal/v414/n6861/abs/414293a0.html
http://www.nature.com/nature/journal/v414/n6861/abs/414293a0.html
http://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=4915264
http://www.tandfonline.com/action/doSearch?action=runSearch&type=advanced&searchType=journal&result=true&prevSearch=%2Bauthorsfield%3A(Staples%2C+E+J)
http://www.tandfonline.com/action/doSearch?action=runSearch&type=advanced&searchType=journal&result=true&prevSearch=%2Bauthorsfield%3A(Viswanathan%2C+S)


Sensors 2014, 14 6853 

 

 

22. Fan, L.; Zhou, F.; Wang, C.; Gao, H.; Zhang, S.; Zhang, H.; Wang, X. Influence of surface 

conductivity on sensitivity of acoustic wave gas sensors based on multilayered structures. IEEE 

Trans. Ultrason. Ferroelectr. Freq. Control. 2011, 58, 451–460. 

23. Fan, L.; Ge, H.; Zhang, S.; Zhang, H.; Zhu, J. Optimization of sensitivity induced by surface 

conductivity and sorbed mass in surface acoustic wave gas sensors. Sens. Actuators B 2012, 161, 

114–123. 

24. Fan, L.; Zhang, S.; Ge, H.; Zhang, H. Theoretical optimizations of acoustic wave gas sensors with 

high conductivity sensitivities. Sens. Actuators B 2012, 171–172, 1272–1276. 

25. Brunauer, S.; Emmett, P.H.; Teller, E.J. Adsorption of gases in multimolecular layers. J. Am. 

Chem. Soc. 1938, 60, 309–319. 

26. Anderson, R.B. Modifications of the Brunauer, Emmett and Teller Equation. J. Am. Chem. Soc. 

1946, 68, 686–691. 

27. Brunauer, S.; Skalny, J.; Bodor, E.E. Adsorption on nonporous solids. J. Colloid Interf. Sci. 1969, 

30, 546–552. 

28. Butrow, A.B.; Buchanan, J.H.; Tevault, D.E. Vapor pressure of organophosphorus nerve agent 

simulant compounds. J. Chem. Eng. Data 2009, 54, 1876–1883. 

© 2014 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 

distributed under the terms and conditions of the Creative Commons Attribution license 

(http://creativecommons.org/licenses/by/3.0/). 

http://www.sciencedirect.com/science/article/pii/0021979769904238
http://www.sciencedirect.com/science/article/pii/0021979769904238
http://www.sciencedirect.com/science/article/pii/0021979769904238
http://www.sciencedirect.com/science/journal/00219797
http://pubs.acs.org/doi/abs/10.1021/je8010024
http://pubs.acs.org/doi/abs/10.1021/je8010024

