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The profile of the gas concentration in the sensor layer can be expressed as a polynomial function involving
the diffusion coefficient (Dk), semiconductor film thickness (h), rate constant (k), gas concentration outside the
semiconductor film (Cs). Before reaching a steady state of the concentration profile, its behavior depends on
a few factors as the distance from the piezoelectric surface, the rate constant, the thickness of the layer and

the diffusion constant and time.

We are going to simulate temporary processes in the semiconductor sensor

film in the surface acoustic wave gas sensor system and to describe the influence on relative changes of the sur-
face acoustic wave velocity. The numerical results basing on the code written in Pyton, are described and analyzed.

PACS: 07.07.Df, 43.25.Fe, 68.35.Iv, 77.65.Dq

1. Introduction

The generally applied gas sensors, basing on electro-
chemical, photoacoustic or gas chromatography, do not
warrant a sufficient accuracy of measurements or re-
quire laborious operations in the laboratory. Therefore,
presently investigations have been started concerning the
structure of new cheap gas sensors with adequate metro-
logical parameters. Previous to their production com-
puter simulations are carried out in order to select the
right structural and constructional parameters and con-
ditions of operation of the sensor. Of no less importance
is also the matching of a mathematical model to the
achieved experimental results. These papers suggest a
theoretical model as well as numerical analyses of a gas
sensor of surface acoustic wave (SAW) type [1-10], in its
steady state. As the phenomenon of the acoustoelectric
effect depends in the set of a semiconducting layer and
piezoelectric acoustic waveguide on the profile of the dis-
tribution of concentrations of the charge carriers in the
sensor layer, it has been suggested to divide the sensor
layer into thin sublayers, assuming a constant concentra-
tion of the carriers in these sublayers, alternating in each
subsequent sublayer situated at different distances from
the acoustic waveguide. Transforming the impedance of
the respective sublayers to the surface of the waveguide,
a substituting impedance “visible” for the acoustic surface
wave was determined. Such a procedure permits to de-
termine changes in the velocity of propagation of the sur-
face wave due to changes in the concentration of charge
carriers in the sensor layer, affected by the ambient gas.
A stationary model will be supplemented by time depen-
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dences permitting investigations concerning the dynamic
characteristics of SAW gas sensor.

2. The influence of the diffusion of gas into
sensor layer on the acoustoelectric effect

The electric properties of the semiconducting sensor
layer deposited on the piezoelectric waveguide depend on
the ambient atmosphere, particularly on the concentra-
tion of active particles in the gas [11-15]. The diffusion
of gas particles into the sensor layer causes the formation
of a certain profile of the distribution of concentration of
these particles deep into the layer. So far it has been as-
sumed that the profile of the distribution of the particles
and hence also the profile of the distribution of electric
conductivity in the sensor layer are homogeneous over
the whole cross-section of the layer. The phenomenon of
the diffusion of gas into the sensor layer is of essential
importance in the case of porous layer with a developed
surface. Such layers are built up in expressly performed
technological processes. A high porosity ensures a high
sensitivity to the impact of gas. As far as porosity is con-
cerned, there are to be distinguished: surface diffusion at
a diameter of the pores below 1 nm, Knudsen’s diffusion
when the diameter of the pores amounts to 1-100 nm,
and molecular diffusion in the case of pores with diam-
eters exceeding 100 nm [8, 9]. Practically, Knudsen’s
diffusion is most essential in the application of sensors.
Knudsen'’s diffusion is the diffusive transport of gas, tak-
ing place in pores which are so small that the mean free
way of the diffusing molecules is restricted by their col-
lision with the walls of the microspores and not by their
collision with other molecules. In the case of Knudsen’s
diffusion the mean free way of the gas molecules is com-
parable with the dimensions of the pores. One of the chief
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domains of the occurrence of Knudsen’s diffusion is the
transport in microporous substances. This phenomenon
cannot be described by means of formalism basing on av-
eraged parameters with respect to time and space such
as: pressure, density, velocity and temperature, comply-
ing with a certain set of partial differential equations.

3. Processes of diffusion into the sensor layer

In a sensor with a SAW the chemically active sensor
layer is deposited on a piezoelectric waveguide (Fig. 1).
In sensors which operate basing on the acoustoelectric
phenomenon the electric conductivity of the sensor layer
is affected by the ambient gas. The authors of [1] and [2]
analyzed the influence of the diffusion of the ambient gas
molecules into the sensor layer on changes of the conduc-
tance of this layer. This process becomes essential when
the layer is porous. Of special importance is the case
of Knudsen’s diffusion. The profile of the concentration
of the gas molecules in the layer conditioned by value
of the ratio of the constant reaction rate k to the coef-
ficient of diffusion D, k/D: when this value decreases,
the distribution of the gas molecules in the sensor layer
becomes more and more homogeneous. If the coefficient
of the rate of reaction k is very high or the value of the
constant of diffusion D is low, the gas penetrates merely
the zone adjacent to the surface of the sensor layer. The
constants D and k depend also on temperature.
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Fig. 1. Model of a gas sensor with the sensor layer on

a piezoelectric substrate.

Thus, a change of temperature involves a change of
the profile of the distribution of the investigated gas in
the sensor layer [1]. The diffusion is also a kinetic phe-
nomenon, depending on time. The profile of the distribu-
tion of gas molecules in the layer changes, therefore, with
the lapse of time. Time analysis of this phenomenon per-
mits to test the response and regeneration of the sensor
as a function of time. The distribution of the concentra-
tion of gas molecules in the layer is the function of time
t and the depth y in a resistance sensor, making use of
Fourier’s transformat, has been dealt with by Sakai and
others [1, 2] expressing the concentration C(y,t) as fol-
lows:
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where w, = ”WZ‘P, Cs — concentration on the surface
of the sensor (y = —h), n — number of iterations, h —
thickness of the sensor layer.
The distribution of gas molecules in the layer in time

and space depends on quite a lot of parameters, as re-
action rate, the constant of diffusion, time, temperature
and other. The accuracy of numerical calculations de-
pends on the number of iterations n. As may be seen,
the profile of concentration depends strictly on the pa-
rameters of diffusion. The results obtained at various
constants diffusion D have been compared and proved to
be convergent with the results obtained by Sakai et al. [2].
The profile presented in Figs. 2—4 concerns gas in the
case of a fixed number of iterations n = 10, a fixed time
t = 0.1 ns, a constant reaction k = 108 s~! and two values
of the constants of Knudsen’s diffusion D = 108 nm? s~!

and D = 10" nm? s~!. The accuracy of the method
of determining the profile increases with the number of
iterations, and already in the case of 10 iterations the

results of calculations do not differ from each other. The

authors of the present paper discovered also that, simi-

larly as quoted in [2], the analysis of non-stationary states

in time is of essential importance within the range from

t =1071% to 1079 s. It may be assumed that stationary

profile of concentration in the time from 1076 to 107! s
exactly coincides with the analytical solution in [2].
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Fig. 2. Profiles of the concentration of gas depending
on the number of iterations n = 1, 5, 10, 50, at Cs =
10000 ppm, t =1 ns, k=107 s7%, D = 10® nm? s71.

|
|
|
100 120 140

60 80
Thickness [nm]

Fig. 3. Profiles of the concentration of gas depending
on the thickness of the layer in the time t = 107°, 107°,
1077 s, at Cs = 10000 ppm, n = 10, k = 107 s,
D =108 nm? s~ L.
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Fig. 4. Profiles of the concentration of gas in time
in the case of various thicknesses of the sensor layer
at Cs = 1000 ppm, n = 10, k = 107 s}, D =
102 nm? s

Calculations of the profile according to (1) were carried
out in the software Pyton. The graphic interface of the
user was designed permitting to change all the parame-
ters of Eq. (1). The influence of the following parameters
on the profile of the concentration of gas molecules in
the layer was simulated: the reaction constant, the coef-
ficient of diffusion, time and number of iterations [1, 2, 7].
Exemplary results, illustrating the shape of the profile of
concentration in the sensor layer have been gathered in
Figs. 2—4.

The chief aim of simulation was to comprehend the
essence of the dynamic phenomena occurring in the sen-
sor layer of the gauge SAW in the presence of gas. It
has become possible to check the effect of the rate of the
reaction taking place between the gas molecules and the
semiconductor layer and to find out how long the tran-
sient processes do last until the profile of concentration
has reached its stationary state.

An analysis of the results quoted above indicates that
the profile of the concentration of gas diffusing into the
sensor layer changes monotonically in time. At the fixed
depth y the concentration of the gas molecules increases
monotonically, reaching in the course of several microsec-
onds its steady state. After a somewhat longer time, e.g.
t = 0.1 to 100 s, the steady profiles fully agree with pro-
file determined basing on stationary Eq. (2) [1, 2J:

v —C cosh(y\/k/Dy)
AT A’Scosh(h\/k/Dk)'

This agreement proves true in spite of considerable dif-
ferences in the notation of both equations. The consid-
erations quoted above lead also to the conclusion that of
practical importance will be the steady profile of concen-
tration which has been arisen after a few microseconds
after the layer had been exposed to action of gas.

The presented method of analyzing the profile of the
gas molecules concentration in sensor layer may be ap-
plied in investigations of transient phenomena occurring
in the SAW gas sensor. In this case the final effects
are changes of the velocity of propagation of the surface
wave due to the acoustoelectric effect of the electric field
caused by the elastic wave in the piezoelectric material
with charge carriers distributed in the sensor layer.

(2)

4. Numerical analysis of the acoustoelectric
effect in a sensor layer with the concentration
profile of the gas molecules

The acoustoelectric interaction of an acoustic wave in
the piezoelectric with charge carriers in the sensor layer
depends on the profile of the distribution of the carriers
(gas molecules) in this layer. The distance of the charge
carriers from the piezoelectric waveguide deserves special
attention. This stationary phenomenon of interaction has
been dealt with by Hejczyk et al. [7-10]. At present the
procedure described above is applied in the analysis of
the phenomenon of the non-stationary acoustoelectric ef-
fect in the SAW gas sensors. The output quantity is the
relative change of the propagation velocity of the surface
waves as the function of changes in the concentration of
the gas molecules in sensor layer. The graphic diagram
of the algorithm realizing the time analysis of the acous-
toelectric effect has been presented in Fig. 5.
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Fig. 5. Block diagram of the algorithm of the time
analysis of the acoustoelectric effect in a SAW gas sen-
Sor.

The acoustoelectric interaction of the SAW with charge
carriers distributed in the sensor layer was calculated in
compliance with the profile resulting from diffusion of the
gas molecules in the ambient atmosphere. This problem
was analyzed numerically, assuming a constant concen-
tration of the gas molecules at the surface of the sensor
layer and in its surroundings. Changes of the relative ve-
locity of the wave were determining numerically, viz. the
concentration of the gas molecules on the surface Cgs, the
values of the mean radius of the pores r and the thick-
ness of the layer h. The analysis was performed in the
unsteady state, changing the time within the range from
t=10"'"2stot = 10""!s, basing on the assumption that
after the time ¢ = 10~! s the profile of the concentra-
tion of the gas molecules in the sensor layer attains its
steady state. The results of the analysis indicate in which
way the dynamic parameters of the SAW sensor change
in the presence of the given gas. The numerical analysis
was carried out basing on Egs. (1) and (3) [8, 10]:



792 M. Urbariczyk, T. Hejczyk

731+ aCa) 1+ S flyio ()]

Av Ak K?
o ‘Re(ko) -T2

where Cs = g9 4 ¢, g0 — electrical permittivity of the
vacuum (the medium above the sensor), e} — electrical
permittivity of the piezoelectric waveguide, N — number
of the separation of sensor layer into sublayers, o9 —

surface conductivity of the sublayer.

5. Results of the numerical analysis

The results of the numerical analysis may serve as the
basis for the optimization of the parameters of the sen-
sor layer with respect to the maximum dynamics and
sensitivity of the sensor. Figures 6—9 present exemplary
results of the analysis in unsteady state concerning the
sensor layer of WO3. The chosen representative gas was
hydrogen, the properties of which have been investigated
comprehensively in [3-7].
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Fig. 6. Relative change of the SAW velocity. Sensor
layer WO3, concentration Ho Cs = 300 ppm, n = 10,
D = 10" nm? s7!, k = 10® s7*, t = 0.1 ns depend-
ing on thickness of the layer, result of the excess of the
characteristics of the concentration profile.
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Fig. 7. The effect of the concentration of Ho molecules
on the change of the SAW velocity. The calculations
concern: gs = voCs = 4.7 x 1078 Q_l, a=0.5 ppm_l,
thickness of the WOg3 sensor layer 100 nm, tempera-
ture 300 K, radius of the pores 5 nm, reaction rate k =

108 s, variable time from t = 1072 s to t = 107! s.

As can be seen in Fig. 9, the optimal thickness of the
sensor layer is that in which the acoustoelectric effect
(change of the SAW velocity) attains its maximum in
steady state [7] and in the unsteady state.
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Fig. 8. The effect of the radius of the pores in the sen-
sor layer on changes in the SAW velocity concerning
H2 molecules with a concentration of 300 ppm. The
calculations concern: o5 = voCs = 4.7 x 1078 Qfl,
a = 0.5 ppm ™!, thickness of the WO3 layer A = 100 nm,
temperature 300 K, time from t = 1072 stot = 107% s,
k=10%s""
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Fig. 9. The effect of the thickness of the WO3 sensor
layer on changes of the SAW velocity concerning Hs
molecules with concentration of 300 ppm. The calcu-
lations concern: os = voCs = 4.7 x 1078 Q_l, a =
0.5 ppm ™!, temperature T = 300 K, sensor layer thick-
ness h = 100 nm, radius of the pores r = 2 nm, time
t=10"%s, n =100, k =102 s~} D =10'? nm? s~ 1.

6. Conclusions

The boundary conditions are disturbed when in the
sensor layers are applied which conduct electrical cur-
rents [7]. Such an effect is due to the acoustoelectric
effect of interaction of SAW with charge carriers in the
sensor layer. The presented numerical model illustrates
the acoustoelectric effect in such a layer, taking into ac-
count the profile of concentration changing in time.

Assuming the mechanism of diffusion of the Knudsen
type concerning gas molecules in porous sensor layer, the
profiles of the concentration of gas molecules in the layer
changing in time were determined. The profiles in the
unsteady state have been simulated basing on diffusion-
-reaction equations. Relative changes in the velocity of
the surface wave were determined as the result of the
acoustoelectric effect depending on numerous parameters
of the sensor and its environment.
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Transient states are distinctly visible in the range of
time from 10712 to 107% s. The performed analyses in-
dicate that the steady state of responses of the sensor
is achieved after only of a few milliseconds, depending
on the parameters of the sensor layer. The calculations
are also visibly affected by the iterative parameter n con-
ditioning the accuracy of numerical calculations. Prac-
tically, in calculations of the response of the sensor the
number of iterations may be assumed to be 10.
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