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GAS SENSING WITH SURFACE-WAVE DEVICES"
v. SCHICKFUS, M.,? RAPP, M., Heidelberg

We s.mEa investigated a gas sensor based on a surface acoustic wave delay line
oompﬂ with a selectively absorbing material. Coating materials were Palladium for the
ﬂﬂnn:oz of hydrogen and the organic compound “Quadrol” with a specific sensitiv-
ity for SO,. The variation of the velocity of sound associated with absorption by the
layer allowed the detection of gas concentrations of the order of a few percent in the
case of H, and of less than a ppm for SO, in air.

I. INTRODUCTION

In :.5 past 15 years the application of Surface Acoustic Wave (SAW) devices
has .mmioa considerable importance for signal processing. Examples of such
mcv.:om:osm are filters, dellay lines, oscillators and convolvers. The reason for
the importance of SAW devices for such purposes is the fact that, in contrast to
bulk waves, the propagating surface wave is accessible to external perturbations
at all times. Recently the potential of SAW devices for sensor purposes has
om:a.a forth increasing attention (see, for example, [1—4]). For this application
the influence of gases or liquids absorbed on the surface of the device is
employed to propagate the surface wave. Selectivity and sensitivity of the sensor
depend on the choice of suitable coatings of the surface of the device.

A w.cnmmoo layer on a SAW device will affect the propagation of the surface
wave in several ways. Firstly its contribution to an effective elastic constant and
to the mass density will modify the sound velocity. The relative variation of the
sound velocity Av/v by a layer of thickness 4 is given by [5]

Av  okh

ﬂ = Q [4ul G, ~ (uf + u3) SNGQL (1)
Here w and k are frequency and wave vector of the surface wave, W its intensity
and u; the components of the displacement. v, is the SAW velocity of the
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substrate, G amd g are-the-shear module_and the density of the layer, respec-
tively. The sensitivity of the device is then given by the derivative of this
expression with respect 10 0, and G,, the relative importance of the two
contributions depending on the layer material.

A second contribution to the sound velocity may exist if the substrate
material is piezoelectric and if the sensor film changes its resistivity. Normally
the electrical contribution to the potential energy of the wave will increase the
sound velocity (piezoelectric stiffening) [5]. Shorting this field by a conducting
layer will decrease sound velocity again by Avfv = —K?*/2, where K is the
piezoelectric coupling factor of the substrate material. In an intermediate regime
of conductivity the electrical energy will relax with a time constant comparable
to the inverse of the ultrasonic frequency. In this case we have a transition
between the sound velocity of the open device and that of a metalcovered one.
Although this effect is rather great, of the order of a few percent, its maximum
sensitivity lies in a rather limited frequency- and conductivity regime. Therefore
it has not been employed in our investigation.

Ultrasonic absorption can in principle be used for sensor purposes as well.
Variations of, e.g., the viscosity of the layer will cause a corresponding change
of the damping. This effect, however, is normally quite small and therefore
difficult to detect. The electrical mechanism described above, on the other hand,
can cause a very large absorption associated with a high sensitivity if the
condition @7 = 1 is reached. There remains, however the problem of reaching
this regime under practical circumstances. Therefore we have restricted our
technique to measuring changes of the velocity of propagation of the surface
wave.

IL. EXPERIMENTAL TECHNIQUE

The most simple technique to measure relative variations of the velocity of
sound is to use the SAW device as the frequency determining element in an
oscillator circuit. The change of sound velocity is then given by that of the
frequency: 4v/v = Aw/w. In our apparatus we have employed a system consist-
ing of two identical 6.9 ps delay lines on one LiNbO, chip operating at a centre
frequency of 100 MHz (Fig. 1). This frequency was chosen as a compromise
between the necessity to have high hk values to increase sensitivity (Eq. 1) and
the simplicity construction of the SAW device and of the microwave com-
ponents.

The oscillators were formed by connecting the tranducer pairs of each delay
line by RF amplifiers and an adjustable attenuator to keep the loop gain close
{0 one and to establish stable operation with a minimum of mode jumps. The
outputs of the two oscillators were mixed and the difference frequency was
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measured by a frequency counter. This technique was used in order to suppress

the influence of thermal expansion of the substrate. The frequency difference
was recorded versus time.
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From the measured curve it 1s obvious thal (he respornse of e device s Tatter
slow. Furthermore it is to be characterized by at least two time constants. The
first and relatively fast response it ascribed to an absorption forming Pd:H in
the alpha phase [6] in which atomic hydrogen is dissolved homogeneously in the
pd matrix. The time constant for this process is determined by surface processes
like dissociation of the H, molecule and its penetration into the butk. After some
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Fig. 1. Experimental setup for the measurement of small changes of sound velocity due to absorbed
gases.

In spite of the differential technique there was still a considerable temperature
dependence of the output frequency. Temperature therefore had to be stabilized
nmam?:v\. within 1072 K. This was achieved by heating either the copper block
supporting the device or the gas flowing over it. The system was thermally
insulated by mounting it into a dewar vessel. The operating temperature was
kept slightly above room temperature at 26°C.

The test gas was prepared by appropriately mixing synthetic air or nitrogen
at a flow rate of 21/min with the gas to be sensed. The mixing ratio was
controlled by calibrated gas flow regulators. Before admission of the test gas the
system was evacuated in order to remove unwanted traces of other gases.

HI. SAMPLE PREPARATION AND RESULTS

So far we have investigated two types of sensors. The first was produced by
m<mnoﬂm::m or sputtering a layer of Palladium onto one of the delay lines
Thickness ranged between 120 and 420 nm. In all cases a 10 nm layer of Cr Emw
evaporated first to improve adhesion. Results for a sample with a sputtered Pd
layer of 420 nm thickness are shown in Fig. 2.
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Fig. 2. Response of the Pd-coated device to

Fig. 3. Velocity change of the Quadrol — coa-

three different hydrogen concentrations.
Percentages in the figure are volume concentra-
tions in air.

ted device for different SO, concentrations.

time the (higher concentration-) beta phase begins to form in which the hydro-
gen in inhomogencously distributed. Under our experimental conditions this
happens at a lower time constant and over times exceeding the duration of the
experiment. The time to reach half the final value in this experiment was roughly
5h for the absorption process and 2.5 h for the desorption process. An m-
proved response time of about 1 h could be achieved by sputtering a 20 nm layer
of Platinum onto the Palladium surface. Obviously the catalytic action of Pt
enhance the dissociation of the hydrogen molecule on the surface.

The second sensor material investigated was the organic compound Ethyl-
enedinitrilotetra-2-propanol (‘Quadrol’). This material can weakly (and thus
reversibly) bind Lewis-acids like SO,. At room temperature Quadrol is a highly
viscous liquid, therefore only the mass variation associated with absorption wil
influence sound velocity (second term in Eq. 1). It was applied to one of the
delay lines by spin-coating the device with a solution of Quadrol in chloroform.
The layer on the reference track was removed afterwards by immersing it into
the solvent. The layer thus obtained had a thickness of about 0.5 pm.

In contrast to the Pd/H, sensor Quadrol has a very fast response for SO,, the
stationary state for absorption and desorption was reached after a few minutes.
The sensitivity of the device is shown in Fig. 3 for concentrations between 0.05
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and 90 ppm. At a concentration of 25 ppm we have a SO,/Quadrol molar ratio
of 1, the device begins to saturate and sensitivity decreases. The reason for the
high sensitivity and the fast response is that Quadrol is a liquid and that the S0,
molecule can thus diffase into the bulk of the layer quite rapidly.

There are, however, a few problems with the use of this material. Firstly, the
layer tends to peel off after some time, especially if there were dust particles on
the device during preparation. With carefully prepared devices lifetimes exceed-
ing 40 days couls be achieved. Another problem is the cross-sensitivity of
Quadrol against other compounds like NO, and water vapour [7]. In fact

Quadrol is so hydrophilic that a prolonged exposure to ambient air will destroy
the film.

IV. CONCLUSION

We have investigated a gas-sensor based on a surface wave device coated with
a thin layer of selectively absorbing sensor material. The absorption process is
associated with a variation of the velocity of sound which can be easily measu-
red by the frequency change of an oscillator circuit made with the SAW device.

Two types of sensor material were tested : Palladium with a specific sensitivity
for hydrogen and Quadrol for sensing SO,. The hydrogen sensor proved to
work well in the concentration range of a few percent, but with very long
response times. The SO, sensor was very sensitive and fast, concentrations of
0.05 ppm could be detected. The only problem encountered was the limited
lifetime of the device.

For the future we plan firstly to improve the thermal stability of the device
by using Quartz substrates instead of LiNbO;. We intend to investigate the
suitability of other organic sensor materials for the detection of other gases.
Furthermore better materials and preparation methods must be found in order
to improve the aging behaviour of the devices.

We acknowledge technical support by the Siemens company and important
contributions by F. Dittrich in the early stage of this investigation.
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UHAMKALNMSA FA3A ITIPM IOMOIA YCTPOMCTB, OCHOBAHHBIX HA BA3E
NMOBEPXHOCTHBIX BOJTH

MB!I HCC/IEIOBANIM TA30BbI HHAMKATOpP, OCHOBAaHHBI Ha JHMHHM 3aJEPKKM aKyCTHYECKOM
IOBEPXHOCTHON BOJIHBI, MOKPHITON BbIGOpOuUHO mornowaroumm matepuatoM. [Tokpeisatouiue
MaTepHAJIB! ObLIM HaIaaui s AeTEKLUMH BOAOPONa U opranuueckas cmeck «Quadrol» co crenu-
(HYECKON UYBCTBHTENBLHOCTHIO NO OTHomenuo k SO,. NU3menenue ckopocty SByka,, CHABAHIGE
¢ NOTJIOLIEHHEM CIIOSl, TO3BOJIAJO ACTEKTHPOBAThH KOHUEHTPALMHM ra3a NOPAAKA HECKOJbKHX
npoueHToB B ciy4vae H, u Mensine, yem ppm ans SO, B Bo3ayxe.
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