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In the paper a new sensor structure for surface acoustic wave gas system is presented. A bilayer structure
WO3—Pd thin films may be useful for hydrogen detection in low concentration in air. A bilayer sensor structure
of tungsten oxide WOs3 with a very thin catalytic film of palladium on the top has been studied for gas-sensing
application at room temperature (about 25°C) in surface acoustic wave system. The bilayer structure of WOg3
layers with a thickness of about 50 nm, 100 nm and 150 nm was made onto a LiNbOs Y-cut Z-propagating
substrate by means of the vacuum sublimation method using a special aluminum mask. The vapor source consisted
of commercially available WO3 powder (Fluka 99.9%) and molybdenum heater. The thin palladium (Pd) layer
(about 10 nm) was made separately on each WOg3 layer by means of vapor deposition in high vacuum. There
have been investigated three structures: 50 nm WO3 + 10 nm Pd, 100 nm WO3 + 10 nm Pd and 150 nm WOs3 +
10 nm Pd in three canal surface acoustic wave system with reference oscillator. Numerical results obtained by
analysis of the surface acoustic wave gas sensor model have been compared with experimental results.

PACS: 43.25.Fe, 77.65.Dq, 68.35.1v, 07.07.Df

1. Introduction

Surface acoustic wave (SAW) gas sensors are very at-
tractive due to their great sensitivity in a specific bilayer
configuration, as well as low power consumption and fre-
quency measurements. The semiconductor layer on a
piezoelectric substrate creates new possibilities for de-
tecting gas in a SAW sensor system by using an acousto-
electric coupling between the surface wave and the struc-
ture of the sensor in a high sensitivity region. High sensi-
tivity of the SAW sensors results from the simple fact that
most of the acoustic wave energy is concentrated near the
crystal surface within one or several wavelengths. Con-
sequently, the surface wave is in its first approximation
highly sensitive to any changes of the physical or chem-
ical properties of the thin active sensor layer placed on
a wave guide surface [1-15]. As long as the thickness of
the sensor layer is less than the wavelength of the surface
wave, we can take into consideration the Rayleigh wave
type. Otherwise, we have to take into account other types
of waves, such as the Love waves which can propagate in
layered structures [4]. In our case the whole thickness of
the sensor layer structure is smaller than 200 nm. This
is less than the wavelength of the Rayleigh wave in our
sensor structure (A = 80 um).

From the practical point of view two effects are poten-
tially significant — a change in the mass of the sensor
layer and a change of its electrical conductivity. These
two effects occur simultaneously. The electric effect
in semiconducting sensor layers is usually several times
greater than the mass effect. In such a layered sensor
structure we can take into account only acoustoelectric
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interactions in the SAW sensor system as the main detec-
tion mechanism. Mass effect is dominant in nonconduc-
tive polymer films and simple metal or dielectric films in
SAW gas systems [5, 6]. In order to take full advantage
of the high sensitivity offered by the SAW sensor through
the acoustoelectric effect, the conductivity of the sensor
structure must be in some particular range [7, §].

Any changes in the physical or chemical properties of
the thin sensor active layer placed on a surface of the
piezoelectric substrate can influence on the SAW propa-
gation, especially on velocity.

Af=f-fo

Fig. 1. The basic diagram of the SAW gas sensor as
dual delay line oscillator [1].

The basic principle of the SAW sensor with dual line
oscillators (sensor and reference one), which is now well
known, has been shown in Fig. 1.

2. Theory of the acoustoelectric effect in the
piezoelectric-semiconductor layer

The electric effect results from the interaction of the
electric potential associated with the surface wave with
mobile charge carriers in the sensor layer. The interac-
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tion of chemically active sensor layer with gas produces
changes in their electrical conductivity and mass.

In the case of small disturbances, both mass and elec-
tric effect may be considered separately. The total effect
of a relative change of the wave vector Ak/ky and the
velocity of propagation Av/vg is the sum of both these
component disturbances [9):

Ak _(ARY (A O
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where the index o refers to the change of the wave num-
ber by the electric effect, and the index m refers to the
change of the wave number by the mass effect. The mass
load will be negligible.

The perturbed boundary conditions will be specified
in terms of the normalized surface impedance, 2/ (0), or
admittance, y;(0) [10, 11]. We assume that the surface
conductivity o¢ is not dependent on the frequency of the
acoustic wave and the surface admittance, y(0), is only
a function of the surface conductivity, og, and velocity of
propagation of the SAW, vy.
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where oy = od, 0 — bulk conductivity, d — thickness of
the semiconductor layer, eg — air electric permittivity.

The interaction effect between the electric potential as-
sociated with the acoustic wave and the carriers of the
electric charge in this layer leads to a decrease of the
velocity. This effect depends on the electromechanical
coupling factor K2. The Ingebrigtsen formula for electri-
cal surface perturbations of the Rayleigh waves takes the
following form [10, 12]:
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vg is the velocity of the acoustic surface wave, kg is the
wave propagation factor and the index sc refers to frac-
tional change of velocity produced by shorting the surface
potential.

From the Ingebrigtsen formula for single layer we ob-
tain
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where Cs = ¢ +€g is the sum of the electric permittivity
of the wave guide substrate and the environment.
Gas molecules are diffused into a porous thin semicon-
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ducting film. We can assume that the molecules made
no collision with each other during their passage through
the hole, and hence that the molecules moved entirely
independently of each other. This kind of diffusion is a
Knudsen diffusion [1, 13] which depends on the pore ra-
dius, r, and is occurring in pores ranging from 2 nm to
100 nm. The Knudsen diffusion constant, Dk, depends
on the molecular weight of the diffusing gas, M, the pore
radius, r, the temperature, T, and the universal gas con-
stant, R, as follows:

4r [2RT
=\ = (6)
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Taking into account the Knudsen diffusion and first-order
surface reaction we can formulate the well-known diffu-
sion equation [13]:

0C 4 0%C 4

= DK
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where C'4 is the concentration of target gas, t — time, y
— distance from the upper side of the sensor layer, k is
the rate constant of the chemical reaction.

Dk =

—kCy, (7)

Solving this equation in steady state conditions we ob-
tain profile of the gas molecules concentration in sensor
layer [1, 13]:

cosh(y+/k/Dx
CA = CA,S# ’ (8)
cosh(D+\/k/Dx)
where Cy s is the target gas concentration outside the
semiconductor film at the surface.

The gas concentration inside the semiconductor film is
not constant. Now we make an assumption that the elec-
trical conductance o(y) of the thin sheet exposed to the
target gas is linear to the gas concentration (C4) inside
it [13]:

o(y) = oo(l £ aCa), (9)

where o is the layer conductance in air, a is the sensi-
tivity coeflicient.

The profile of gas concentration in a semiconducting
sensor layer changes with the distance from the piezo-
electric substrate. To analyze such a sensor layer in SAW
gas sensor we assumed that the film is a uniform stack of
infinitesimally thin sheets with a variable concentration
of gas molecules and consistently with a different electric
conductance. In our paper [1] we have shown results of
the exact analysis of acoustoelectric interaction in such
case [13]. From the Ingebrigtsen formula for n sublayers
we obtained the following expression for the change of
velocity vs. conductivity [1]:

Av Ak K2
m__m(%>__2

where ocg = o0y is the surface conductivity of the sub-
layer with the thickness d, i = 1, 2, 3, ... n, n — quantity

2
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Using these equations we can numerically analyze re-
sponds of the SAW sensor.

3. Experiment setup

In experiment we prepared bilayer structures (Fig. 2)
for hydrogen detection. On a piezoelectric substrate
LiNbO3 (Y-Z cut) (20 x 30x 2 mm?) four identical acous-
tic delay lines are formed (Fig. 3). All interdigital trans-
ducers consist of 20 finger pairs, each 20 pym wide and
20 pm gaps between them. The operating frequency of
each of the delay lines is about 43.6 MHz and the wave-
length is 80 pm. The interdigital transducers are 14 mm
apart from each other in each delay line.

Bilayer sensor structure

7/

1h<<?u

WO,

SAW

Surface AcousticWave

LINDO ;, Y . Z

Fig. 2.

The bilayer structure of the sensor.

Fig. 3. (a) Four acoustics path on LiNbOgs; (b) SAW
sensor closed in chamber.

The WOj3 sensors layers with thicknesses of about
50 nm, 100 nm, 150 nm were made on three delay line by
means of a vacuum sublimation method, using a special
aluminum mask. The vapor source consisted of commer-
cially available WO3 powder (Fluka 99.9%) and molyb-
denum heater. The average growing velocity of the film
was about 1.5 nm/s and the temperature of the heater
was about 1000°C. A copper—constantan thermocouple
was used to control the heater temperature. The thin
palladium (Pd) layer (about 10 nm) was made on each
WOj3; layer separately by means of vapor deposition in

high vacuum after the deposition of the WO3 film in a
new process. During the sublimation the substrate was
at room temperature.

In experiment measurements the total gas mixture flow
rate of 500 ml/min was used. The volume of the mea-
suring chamber was about 8 cm3. The sensor was tested
in a computer-controlled system. Gases concentrations
of 0.5%, 1%, 1.5%, and 2% hydrogen in synthetic air
were mixed using mass flow controllers (Bronkhorst Hi-
-Tech). The temperature of the substrate was measured
using a thermocouple adjacent to the sensor structure.

As measured output signals the differential frequencies
on the output of the mixer were taken (Fig. 1). Relative
changes of the frequency are proportional to the relative
changes of the SAW velocity.

4. Experimental results for hydrogen gas

Experimental results are presented below for thick-
nesses WOj3 sensor layers 50 nm, 100 nm, and 150 nm
with 10 nm Pd on each. Output differential frequency
signals are showed in Fig. 4. All measurements were car-
ried out at room temperature, about 25 °C, with gas mix-
ture flow rate 100 ml/min through the chamber.

In Fig. 5 there are shown the results in relative scale.
We can see that the value of the change in frequency is
dependent on concentration of the hydrogen and on the
thickness of the sensor layer. We obtained maximum fre-
quency change (output signal from sensor) from 100 nm
thick sensor layer but lower values of the output signals
were obtained for 50 nm and 150 nm thick layers.
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Fig. 4. Experimental results for thickness of the
WO3 + Pd sensor layers 50, 100, 150 nm H> gas (2%,
1.5%, 1.0%, 0.5%), T = 25°C.

These results are summarized in Fig. 6.

5. Numerical results

In the numerical analysis of the SAW gas sensor we
use Eq. (10) applied in the Python code. The following
parameters in the calculations were used: gas concen-
tration, layer thickness and radius of the pores, type of



WOs3—-Pd Structure in SAW Sensor for Hydrogen Detection 619

500

4 Gas concentrations
x10™

Airl 2%Hz - Air/ 1,5%Hg - Air/ 1%Hz - Air/ 0.5%H2
400 4 Air/.0.5%Hz - Air/ 1%Hz + Air/ 1.5%Hg - Air/ 2%Hp

Iy Enya

R -/f50anOa+10nde : .
100 4 / L AS0nmWO3 % 10 u/ /
C.C romenere v

0 ded S Jj

0 1200 2400 3600 4800 6000 7200 8400 9600

(B - AVAT

150nm WOg + 10nm Pd Time [s]
100nm WOg +10nm Pd

50nm WOg3 + 10nm Pd

400

Fig. 5. Experimental results for three layers at thick-
ness 50 nm, 100 nm, 150 nm for various concentration
of Hy gas, T = 25°C.
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Fig. 6. Experimental results for WO3 + Pd sensor lay-

ers at thickness 50 nm, 100 nm and 150 nm at various
concentration of Ho gas.

the semiconductor layer. We reported the characteris-
tics for hydrogen. As the starting point of the work of
the sensor we assumed the conduction of the sensor layer
s =v9Cg = 4.7x 1077 Q~'. As a representative radius
of pores we use r = 2 nm. The numerical results were
checked for the thicknesses of the sensor layer 50 nm,
100 nm and 150 nm at the operation temperature 300 K.
The sensitivity coefficient value a = 1 ppm™! was estab-
lished.

For graphic presentation of the results we use state-
ment between relative changes of the differential fre-
quency and velocity of the SAW wave as follows:

Afmax - Af _ AUmax - Av
Afmax B AUmax ’ (13)

where A fiax, AVmax are the maximum changes of the
differential frequency and SAW velocity, respectively,
Af, Av are changes of the differential frequency and
SAW velocity, respectively, « is scaling parameter.
Numerical results are presented in Fig. 7. We can see
that for 0.5% hydrogen concentration optimal layer thick-
ness is in the range 80 nm to 100 nm, and for 1% to 2%
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Fig. 7. Relative changes of velocity vs. sensor layer
thickness — numerical results. Sensitivity coefficient

a = 1, temperature 300 K, ¢ = 4.7 x 1077 Q71
k= 10% s7%, Dy = 10 nm? s7%, Ey = 2.7 &V (for
WOs3), M =2 g/mol (Hs).

of the hydrogen concentrations optimal thicknesses are
down shifted (50 nm to 80 nm). These numerical results
in essential are in good accordance with experimental re-
sults depicted in Fig. 6, however it must be taken into
account that we have only three points for constructing
curves in Fig. 6 (three sensor layers). Accuracy of this
picture is not satisfactory, but numerical results are con-
verging with experimental results.

6. Conclusions

a) This paper presents the new sensors bilayer struc-
ture WO3 + Pd for hydrogen detection.

b) Experimental results are compared with numerical
analysis SAW gas sensor using theoretical model of
the porous sensor layer in SAW configuration.

¢) Numerical results are in good accordance with ex-
perimental results.

d) Optimal sensor layer thickness depends on gas con-
centration and is thinner for lower concentrations.

e) Theoretical model presented in [1] may be useful
for optimization of the SAW gas sensor structure.
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