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The results of numerical simulations and experimental measurements of surface acoustic wave resonator centre
frequency and amplitude dependence on external pressure changes in the range 0-1 atm are presented in the paper.
According to the analytical model as well as numerical calculations the pressure influence on the resonator centre
frequency is linear. Unfortunately, in the real measurements the linearity is difficult to observe. Additional effects
that modify the linear dependence of the centre frequency on pressure are caused by water particles. It is well
visible especially in the low pressure range. The phenomenon can be applied for research of water contents in dry
gases as well as construction of acoustoelectronic vacuometers.
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1. Introduction

The operation of the surface acoustic wave (SAW) sen-
sors is based on measurement of its resonance frequency
change caused by physical interactions between certain
environment factors and SAW substrate. In this type
of sensors fluctuations of external gas pressure and tem-
perature play an important role. The reason for this is
not only the ideal gas law but also the influence of the
parameters of immediate surroundings on the SAW prop-
agation conditions. That is why these parameters have
to be stabilised during laboratory measurements.

The temperature influence was investigated for many
years and it is described in detail in many papers
(e.g. [1, 2]). Based on this influence the SAW tempera-
ture sensors are constructed [3]. The influence of external
pressure on the SAW substrate is also investigated in the
context of measurement [4]. In most cases the research
is focused on the changes of SAW parameters under high
pressure when mechanical stress (mass) effect dominates.

The measurement results presented in the paper show
that the low-pressure range is also very interesting from
the point of view of applications. In the range stiffening
effect of adsorbed water particles starts to be significant.
Because the stiffening effect overlap the mass effect the
change of SAW device centre frequency with pressure be-
comes more compound and nonlinear in particular. For
pressures close to 0 the frequency changes are again pos-
itive and linear.

The results of simulations as well as experimental mea-
surements of pressure influence on SAW resonator centre
frequency and amplitude for low pressures are presented
in the paper.
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2. Theoretical background

The SAW velocity and amplitude can change with the
change of environment parameters. On this fact the op-
erational principle of SAW sensors is based; the change
in velocity is usually transformed to the change of centre
frequency of the devices. To amplify the effect, differ-
ent method to increase surface sensitivity are applied,
starting from special surface preparation up to sensitive
layers deposition. The surface even without special treat-
ment is sensitive to many physical parameters. For ex-
ample, according to research based on numerical experi-
ments it is sensitive to external pressure change and such
dependence is observed for each of the excited modes.
The deformations for one of them in the two-port SAW
resonator are presented in Fig. 1.
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Fig. 1. The deformations for a chosen mode of the sur-
face fragment of two-port SAW resonator under low ex-
ternal pressure.

However, the calculations taking into consideration
only mechanical interaction show that the pressure vari-
ations cause very small and negative centre frequency
changes of order of —1 ppm m?/g. On the other hand,
the changes observed in a real measurements far exceed
the expectation based on theoretical model investigation.
Moreover, for the pressures close to 0 their character
changes from positive to negative. The comparison of an
exemplary simulation and measurement results is shown
in Fig. 2.

The main reason of the striking discrepancy visible in
the example in Fig. 2 can be relevant with the humidity.
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Fig. 2. Comparison of exemplary simulation and mea-
surement results. The theoretical changes are far
smaller than these observed in measurements.

In theoretical models the pressure influence is often de-
scribed in terms of mechanical mass surface loading with-
out taking any other phenomena into consideration. Ac-
tually in such kind of sensors that inherently are exposed
to real environment factors at least three kinds of effects
have to be considered. The effects have additive charac-
ter and can be described using the formula [5, 6]:
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where C,, and C. describe the coefficients of mass sen-
sitivity and elasticity of the substrate, respectively, pg is
the surface density of the deposited layer (here water),
f — centre frequency of the SAW sensor, v — phase
velocity of unperturbed Rayleigh wave, h — the layer
thickness, G's — shear modulus of the layer, K2 — the
electromechanical coupling coefficient, og = oh is the
layer conductivity, where o represents the bulk conduc-
tivity of layer material, Cs describes the capacitance per
unit length of the SAW substrate material; Cs = eg + ¢,
where eg and € are the permittivities of the substrate and

free space, respectively.

The first negative term of Eq. (1) represents mass
effect and is usually taken into consideration for pres-
sure influence modelling. The quantitative analysis of
this term show that in an average conditions it is very
small. For instance, for quartz ST substrate at 100 MHz
Cm ~ 1.29x1071° m? 5 /g, that gives the changes in order
of —1 ppm m?/g. Very similar values were obtained from
numerical simulations neglecting the presence of water.

The second term is positive and describes the stiffness
effect of the surface caused by layer existence. According
to the calculations carried out for water layer this term
can be much bigger than the first one and increases when
the layer thickness decreases. It is the effect related to
the water surface tension phenomenon.

The last term, again negative, expresses the layer elec-
tric conductivity influence. The dependence of relative
frequency change vs. relative surface conductivity is
shown in Fig. 3.
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Fig. 3. Relative frequency change vs. relative surface
conductivity.

According to the function illustrated in Fig. 3, extreme
values of conductivity are ineffective for centre frequency
changes [7]. Close to the electrically shorted surface con-
dition the surface stiffness aims at constant value and
close to open one it vanishes. The water particles layer
fulfil rather open conditions because the conductivity of
pure water layer is very small and depends on the num-
ber of water monolayers deposited on a substrate [8].
The dependence of conductivity and number of water
monolayers on relative ambient humidity for quartz sur-
face is illustrated in Fig. 4. It is worth to note that bulk
conductivity of ultrapure water at 25°C equals about
5.5 x 1075 S/m due to hydrogen and hydroxide ions
existence.
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Fig. 4. Surface conductivity and number of water
monolayers vs. relative humidity [8] (A), water on
quartz surface in vacuum (B), physically adsorbed water
at 25°C.

The hydrogen bonds, a dipole—dipole attraction be-
tween water and substrate particles, are particularly
strong. For this reason the water monolayer exists even in
the vacuum conditions and special procedures are needed
for its total removal.

The short analysis presented above shows that two ef-
fects connected with water presence could explain the
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measurement results. First one, close to vacuum, is in-
duced by water surface tension that increases surface
stiffness and the second, for higher pressures, is the
mass effect induced by the adsorption of water molecules.
The two effects are much more stronger than the stress
effect induced by pressure. Because of different charac-
ter there is a kind of interaction between them and for
higher pressures the mass loading effect dominates. That
is why the results from measurement are nonlinear and
differ from simulation taking into consideration only the
mechanical stress interaction. This conclusion was veri-
fied by the measurements.

3. Measurement results

The measurements were carried on using two differ-
ent experimental setups. The first one was modified to
measure SAW resonator frequency changes versus atmo-
spheric pressure variation typical for the SAW sensors
operation. In the measurements a two-port SAW res-
onator was used. The resonator as well as oscillator cir-
cuits have been described in [9, 10]. The schematic view
of the setup is shown in Fig. 5.
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Fig. 5. Setup for measurements in the natural air en-
vironment: A — frequency meter, B — power supply
and temperature measurement, C — hermetic chamber
with a SAW stabilised oscillator, D — air valve, E —
vacuum pump with vacuometer.

In the second experimental setup nitrogen with known
water content was used with molecular sieves that al-
lowed to decrease the humidity down to 0.23 ppm. Beside
frequency changes the second setup enable to measure
SAW amplitude attenuation. This setup has been de-
scribed in detail in [11]. It consists of external ultrastable
SAW excitation unit and digital output signal analyser.
It is worth to stress that the measurement methods for
both setups are different and that the measurements are
independent. The exemplary measurement results ob-
tained using the first setup are shown in Fig. 6.

The value of 0 atm in Fig. 6 (and all subsequent) cor-
responds to vacuum in the medium level of 102 Torr.
During all measurements the temperature was constant
with accuracy +1°C.

The presumption that the key role in the shaping of the
dependence presented here is played by water particles
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Fig. 6. SAW resonator frequency change vs. external
pressure. Tree different series of measurements in the
same setup are presented. The measurements give re-
producible results.

comes from the observation that the frequencies increase
when the SAW resonator was kept longer in vacuum
maintained by a vacuum pump. Since the observation
is repeatable, so the characteristic must be determined
by water adsorption/desorption processes. The examples
of typical characteristics obtained while decreasing pres-
sure and increasing after long conditioning in vacuum are
presented in Fig. 7.
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Fig. 7. Exemplary measurement results measured fre-

quency change vs. pressure. The lower curve was ob-
tained during the pressure decreasing and the upper
during pressure increasing after 15 min detaining of
SAW resonator in the vacuum.

The slope of the upper curve in Fig. 7 is somewhat
bigger than lower one and the curves reach similar fre-
quencies at the normal pressure. The fact allows to con-
clude that the adsorption process is insignificantly slow-
ing down as the number of adsorbed water particles in-
creases.

The presumptions were confirmed by the results of
measurements carried out on using second setup with and
without molecular sieves. The time of vacuum detaining
was in this case lengthened to 30 min. The exemplary
results of measurements are shown in Fig. 8.

As the adsorption and desorption processes are ener-
getically different, some hysteresis is observed in Fig. 8.
It is interesting to note that SAW is sensitive to such
small amount of water like 0.23 ppm. The SAW sensi-
tivity to humidity at normal pressure was investigated
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in [12] and it was shown that for the ultra-dry environ-
ment the frequency changes are very small and corre-
spond to the results of theoretical simulations. In such
kind of environment both the stiffness and mass effects
are insignificant.
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Fig. 8. The frequency changes vs. pressure for humid

environment (triangles — 20000 ppm of water) and dry
one (squares — 0.23 ppm of water). Arrows indicate
the direction of pressure change.

2760

A 4 20000 ppm
2740 LL
1“ =023 ppm
"1
2720 1y
|
2700 h.l
"
'y
2680 "l
l’!
2660 ll::.
i,
l‘l.
2640 i1 .
fafmy
%0,
2620 ey
R
4,0 platm]
2600 T - T 4+
0 02 04 06 08 1 12
Fig. 9. Attenuation vs. pressure for dry and humid

environment. The attenuation is given here in arbitrary
units.

The second measurement setup allowed for the mea-
surement, of the SAW attenuation. The exemplary results
are shown in Fig. 9.

No visible hysteresis is noticeable in Fig. 9 but close to
normal pressure the curves for humid and dry atmosphere
split. The results allow us to conclude that the water ad-
sorption does not affect significantly the resonator atten-
uation in low-pressure condition. In this case pressure
plays the key role. However close to the normal pres-
sure the influence of the mass of the adsorbed water is
noticeable.

4. Conclusions

The measurements of the SAW resonator centre fre-
quency changes with pressure from medium vacuum to
normal pressure allow to conclude that there are two
main mechanisms responsible for the changes. The first
one is positive and dominates for lower pressure val-
ues; for quartz substrate it is observed below 0.1 atm.
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The effect is induced by water surface tension. When the
pressure increases and the adsorbed water layers number
grows the dominant role is played by the water parti-
cles mass loading. Since this effect is negative it causes
the bend of the frequency—pressure characteristics in the
lower pressure range. The apex of the characteristic in-
dicates the equilibrium point between the two mentioned
effects. The presence of water almost does not affect the
SAW attenuation in the low-pressure range. In this range
the parameter vary with pressure and the dependence is
linear. On can say that in SAW devices response low-
pressure variation is better represented by attenuation
than frequency changes.

Because the stiffness effect is linear close to vacuum
it can be utilized to construct a new kind of vacuome-
ter. The phenomena observed during the measurements
described above can be applied to investigate physical
properties of water monolayers as well as water content
level in technical and scientific gases, for example.
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