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Abstract 

SAW gas sensors are attractive because of their remarkable sensitivity due to 
changes of the boundary conditions (mechanical and electrical in the 
acoustoelectric effect) propagating of the Rayleigh wave, introduced by the 
interaction of a thin chemically active sensor film with gas molecules. This 
unusual sensitivity results from the fact that most of the acoustic wave energy is 
concentrated near the waveguide surface within approximately one or two 
wavelengths. In the paper a new theoretical model of analysing a SAW gas 
sensor is presented. The effect of SAW velocity changes depends on the profile 
concentration of diffused gas molecules in the porous sensor film. Basing on 
these analytical results, the sensor structure can be optimized. Some numerical 
results are shown. 
Keywords: gas sensor, SAW, acoustoelectric effect, Knudsen’s diffusion in 
porous film, numerical modelling. 

1 Introduction 

A very interesting feature of SAW sensors is the fact that a layered sensor 
structure on a piezoelectric substrate provides new possibilities of detecting gas 
making use of the acoustoelectric coupling between the Rayleigh waves and the 
free charge carriers in the semiconductor sensor layer. Using a configuration 
with a dual delay line and an adequately chosen active layer, a sensor with a high 
sensitivity and good temperature stability can be designed [1, 2]. SAW gas 
sensors are attractive because of their remarkable sensitivity due to changes of 
the boundary conditions of propagating the surface wave. This unusual 
sensitivity results from the simple fact that most of the acoustic wave energy is 
concentrated near the crystal surface within approximately one or two 
wavelengths.  
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     Any change of the physical properties of the thin active layer placed on a 
piezoelectric substrate can affect the SAW propagation. However, from the 
practical point of view, only the following two affects are potentially significant, 
namely a change in the mass of the layer and a change of its electrical 
conductivity, which cause a significant change in the velocity and attenuation of 
SAW.   These two effects occur simultaneously. In semiconductor layers the 
electric effect is much greater (several times, depending on the gas 
concentration) [2]. 
     In order to optimize the structure of the sensor it is important to get an 
analytical model of the SAW sensor. This paper provides theoretical 
considerations concerning the acoustoelectric effect in the piezoelectric acoustic 
delay line and semiconducting sensor layer configuration. This will be the 
starting point to construct a multilayer analytical model. The sensor layer with 
absorbed gas molecules may be treated as a stack of partial layers with a 
different electrical conductivity due to the concentration profile of gas molecules 
in the sensor layer. These partial layers are positioned at different distances from 
the piezoelectric surface. 
     The paper summarizes the acoustoelectric theory, i.e. Ingebrigtsen’s formula 
[3], the impedance transformation law, gas concentration profiles, and predicts 
the influence of a thin semiconductor sensor layer on the SAW velocity. In the 
paper a new theory of analyzing a SAW gas sensor is proposed. Optimizing this 
structure, we obtain a high sensitivity of specific gas detection. In order to reach 
a high sensitivity we must determine the thickness and porosity of the layer for 
the given gas molecules, the temperature of operation, and other parameters. 

2 Acoustoelectric effect in the piezoelectric – semiconductor 
layer 

In the case of small disturbances, both mass and the electrical “load” may be 
considered separately. The total effect of a relative change of the wave vector Δk/k0 

and the velocity of propagation Δv/v0 is the sum of both these components [4]: 
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     By means of the perturbation analysis the contribution of each of these effects 
can be determined. We assume that the mass of the sensor layer may be 
neglected. Further on only the electric effect will be taken into consideration.  

2.1 Electrical surface perturbations 

If the electrical boundary conditions are perturbed only at the upper surface y=0, 
the perturbation formula is [5]: 
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where the index σ refers to the change of the wave number due to electrical 
surface perturbations.  
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     Unperturbed electrical boundary conditions are usually neither short-circuit 
[φ(0) = 0] nor open–circuit [Dy(0)=0] ones, and it is not clear whether the 
potential or the electrical displacement should be approximated by its 
unperturbed value. The best agreement between the perturbation theory and 
exact numerical calculations is obtained by using the so-called weak-coupling 
approximation, in which the stress field T is assumed to be unchanged by the 
perturbation [3, 5]. It is most convenient to express the electrical boundary 
conditions in terms of the electrical surface impedance per unit area: 
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Figure 1: Electrical boundary conditions. 

     Let us assume that unperturbed electrical boundary conditions correspond to a 
free substrate surface, i.e. the region above the substrate (y<0 in fig. 1) is a 
vacuum and extends to y→∞. The space-charge potential satisfying the Laplace 
equation is reduced in this region to the form: 

 2Φ=0 (4) 
     The unperturbed potential function is therefore: 
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and the normal component of electrical displacement is: 
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     Consequently, the unperturbed surface impedance is: 
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     The perturbed normalized surface impedance is: 
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where ‘ indicates perturbed quantities. The potential  φ’(0)of the perturbed fields 
and electrical displacement Dy’(0)  are now related to the unperturbed fields: 
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where  2T
yz

T
zz

T
yy

T
p   and k0

’ = k0has been approximated.  

     Now the perturbed potential φ’ and electrical displacement D’y on the surface 
may be expressed by the formula: 
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     Finally, we obtain: 
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2 2 - the electromechanical coupling factor, and the index sc 

indicate perturbation due to an electrical short circuit on the boundary. Eq. (12) 
is the Ingebrigtsen formula for electrical surface perturbations.  

2.2 Thin semiconducting sensor layer 

In the case of the semiconducting layer the surface impedance may be 
determined considering the motion of the charge carriers in the layer. Let us 
assume that the semiconductor layer on the piezoelectric substrate is thinner than 
a Debye length. In the one-dimensional case the equation of the current density 
in the direction z (fig.1) is expressed as [6]: 
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where ρ01 and  ρ1 are the intrinsic and whole charge density per unit length, 
respectively. The quantities  and D are the carrier mobility and diffusion 
quantity, respectively, Ez – electric intensity field in the direction z. For the time 
dependence of the Ez expressed as exp i(t – kz) the continuity equation [8], 
concerning current density in the sensor layer is: 
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     The surface density of charge carriers s=l/a(a – width of the layer) induced 
in the layer by the electric field Ez will be:     
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where: c=

 0 relaxation frequency, 
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2
0 diffusion frequency, kB- 

Boltzman constant, T – temperature, q - electric charge. 
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     From the boundary conditions of the space-charge field in a single 
semiconductor layer in the plane y=0 results the continuity of the potential φ(0-) 
= φ(0+) and the condition of dielectric displacement Dy(0

-) – Dy(0
+) = ρs, where 

Dy(0
-) = ε0Ey(0

-), and assuming the electrostatic condition we can write that Ez
- = 

ik0φ(y,z).By applying Gauss’ law and the potential continuity in the plane y=0, 
the impedance zE’(0) can be expressed in the following form: 
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where  σs = σ h  is the surface conductivity of the layer. 
     In semiconducting sensor layers the diffusion effect is usually very small 
(D~0) and the surface conductivity is independent of the frequency of the wave 
propagation. In this case the surface impedance zE’(0) is only a function of the 
surface conductivity σs: 
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3 Profile of the gas concentration in the sensor layer 

In gas sensors the effect of SAW velocity changes vs. the surface conductivity 
depends on the profile of concentration of diffused gas molecules in the porous 
film. The mechanism of gas diffusion through a porous material depends on the 
size of the pores and the type of surface diffusion. In porous sensing material 
usually Knudsen’s diffusion is assumed. This type of diffusion depends on the 
pore radius and prevails in pores ranging from 1 to 100 nm in radius [7]. The 
Knudsen diffusion constant, DK, depends on the molecular weight of the 
diffusing gas, M, the pore radius, r, temperature, T, and the universal gas 
constant, R, as follows: 
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     If the pore radius r>2 nm, a free molecular flow exists. That means that the 
gas molecules collide more frequently with the boundaries than with other gas 
molecules. The original studies of a free-molecule flow were limited to small 
holes in very thin plates. Gas molecules are consumed rapidly or slowly due to 
the surface reaction in the sensing layer [7].  
     Let us consider the gas diffusion in a porous thin semiconducting film, as 
shown in fig. 2.Two assumptions, i.e. Knudsen diffusion and first-order surface 
reaction, allow to formulate the well-known diffusion equation [7, 9]: 
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where CA – is the concentration of target gas, t – time, DK – Knudsen diffusion 
constant, y distance from the bottom layer, counted from the piezoelectric 
substrate, k is the rate reaction constant. 
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Figure 2: Model of a gas sensor with a sensitive layer on the piezoelectric 
substrate. 

     At steady–state conditions the general solution of the diffusion equation is: 
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whereC1 and  C2 are integral constants. 
     At boundary conditions on the surface (y =-h)CA = CAs and ߲ܥ ݕ߲ ൌ 0⁄ the 
profile of the gas molecules concentration in the sensor layer is: 
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     CAs is the target gas concentration outside the film on the surface y = -h. The 
concentration profile depends on the thickness of the sensor layer and the 
constants k and DK. Fig. 3 presents an example of the molecule gas concentration 
profile. Similar as in resistance sensors let us now assume that the electrical 
conductance σ(y)of the sensor layer is linear to the gas concentration CA (y) [7]:   

    )(10 yCay A   (22) 
where σ0 is the initial layer conductance in the air, a is the sensitivity coefficient 
and the sign ± denotes the combination layer type conductivity and oxidation or 
reduction properties of the target gas. Experimental data for H2 have been 
presented by Sakai et al. [7], when CAs  was fixed at 800 ppm at a temperature of 
350C, and assumed to be a = 1 ppm-1. For these data the sensitivity data for H2 

fit fairly well to the correlation line for 01,0/ KDk  nm-1.  

     The electrical conductance of the whole film is obtained by integrating σ(y) 
over the whole range of y (y = -h; 0).That treatment has been proposed by Sakai, 
Williams and Hilger [7, 10]. A semiconductor layer in the SAW sensor cannot be 
treated in the same way.Because the profile of molecule gas concentration in a 
semiconducting sensor layer changes with the distance from the piezoelectric 
substrate (fig. 3), the acoustoelectric interaction differs in every sheet of the 
layer. In order to analyze such a sensor layer we assume that the film is a 
uniform stack of infinitesimally thin sheets (fig. 4) with a variable concentration 
of gas molecules and a different electric conductance. Each sub-layer is in 
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Figure 3: Gas concentration profile in a layer 300 nm thick and for
/ 0,01.Kk D   

 

Figure 4: Model of a sensor layer divided into  n-sub-layers. 

another distance from the piezoelectric wave-guide. The schematic diagram in 
fig. 5 presents the way of analyzing the SAW gas sensor.  
     The resultant admittance is calculated basing on the impedance 
transformation law of each sub-layer to the surface of the wave guide. The 
surface conductance of the sub-layers is calculated applying the profile of 
concentration of the gas and Eq. (22). This resultant impedance applies the 
Ingebrigtsen formula to calculate changes in the propagation velocity of the 
surface wave. The transformation impedance law is derived from the general 
expressions for φ’ and Dy’ in the region 0>y>-h [5, 11]. 
     The normalized impedance at any arbitrary plane y is [5]: 

 

ykykyk

ykykyk

E

ee
A

B
ek

ee
A

B
eik

yz
000

000

)(

)(
)(

00

00
'














 

(23) 

4 
3 
2 
1

n 

Piezoelectric substrate Piezoelectric 

Sensor layer 

Computational Methods and Experimental Measurements XV  489

 
 www.witpress.com, ISSN 1743-355X (on-line) 
WIT Transactions on Modelling and Simulation, Vol 51, © 2011 WIT Press



 
Figure 5: Analytical diagram of the SAW gas sensor. 

     The constant B/A is evaluated by setting y=-h in (23), and this gives the 
impedance transformation law for a single layer in the distance -h: 
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     It can be shown, that the Ingebrigtsen formula for n-sub-layers takes the 
following form [12]: 
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where n – number of sub-layers and T
pSC   0 , 








 


21

12

2
exp

12 TT

TT

k

Eg
TT 

T1=300K, 
1T = 0  

    

 


















1

1
2

00

2

2

)tanh()tanh(1

tanh1
,

n

i
CS

CSi

v
kyky

ky
yf






 

 

 
   

 


























1

1
2

00

2

2

00

2

)tanh()tanh(1

tanh)tanh(1

,
n

i
CS

CS

CSi

v
kyky

v
kyky

yg









 

(26) 

Sensor layer 

Impedance 
transformation law

Resultant admittance

Ingebrigtsen 
Formula Gas concentration 

profile 

Diffusion equation 

n 
 
 

3 
2 
1 
 

Δv/v = Δf/f

490  Computational Methods and Experimental Measurements XV

 
 www.witpress.com, ISSN 1743-355X (on-line) 
WIT Transactions on Modelling and Simulation, Vol 51, © 2011 WIT Press



4 Numerical results of modelling a SAW gas sensor 

As an example of the adaptability of this theory the results of a numerical 
analysis have been presented. A thin layer of a semiconductor is placed on a Y-Z 
LiNbO3 waveguide. Results show the changes in the velocity of propagation 
depending on the concentration of the surrounding gas (H2, CO2, NO2, NH3), the 
thickness of the semiconductor layer (WO3), the pore radius and the sensor 
temperature. In the numerical analysis the following values of the involved 
constants have been assumed: 8 11.6x10 [ ]s 0 Sσ =v C =   , sensitivity coefficient a = 1 

[ppm-1], Eg=2,7 [eV] for WO3 as for solid material [13]. 
     Experimental results confirm the analytical model of the SAW sensor (Fig.8).   
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Figure 6: Changes of the SAW velocity propagation vs. the thickness of the 
WO3 sensor layer at 300 ppm H2, CO2, NO2 or NH3. Pore radius 
r = 2 nm. 
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Figure 7: Changes of the SAW velocity propagation vs. the temperature of 
the WO3 sensor layer for H2, CO2, NO2, NH3 gases. 
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Figure 8: a. Experimental data concerning a WO3 layer with different 
thickness (50, 100, 150 nm). b. Numerical data, 0.5 % H2 gas.  
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     According to numerical results the optimal thickness of the sensor layer is 
about 96 nm. Experimental results reach their maximum in a 100 nm thick layer. 

5 Conclusions 

In this paper a new analytical model of a SAW gas sensor and numerical results 
have been shown for the gases H2, CO2, NO2, NH3 and sensing layers WO3.The 
profile of the concentration of gas in the sensor layer has been applied in order to 
model the acoustoelectric effect in the SAW gas sensor. A porous semiconductor 
layer has been divided into sub-layers. The influence of the impedance above the 
piezoelectric substrate on the relative change of the SAW velocity has been 
calculated. In the sensor layer  the Knudsen diffusion is assumed. 
     Analytical results are compatible with experimental results. The new 
analytical  model may be used to optimize the structure of SAW gas sensors. 
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