SAW sensor exploiting palladium layer properties
for selective detection of hydrogen.

Meddy Vanotti, Virginie Blondeau-Patissier, Jean-Yves Rauch,

David Rabus, Benjamin Mazal
FEMTO-ST Institute, Besangon, France

Email: meddy.vanotti@femto-st.fr , virginie.blondeau @ femto-st.fr,

Sylvain Ballandras
frec|n|sys
Besancon, France
Email: sylvain.ballandras @frecnsys.fr

jyves.rauch @femto-st.fr, david.rabus @femto-st.fr, benjamin.mazal @ femto-st.fr

Abstract—For an increasing number of application (energy
production, car industry, space, etc.), Hydrogen (H:) appears as
a solution of the future as it is the most common body in the
Universe (and therefore on Earth). However, due to its unstable
properties, a particular care must be dedicated to control possible
gaseous leaks close to facilities using this resource. In this paper
we propose surface acoustic wave sensors for detecting gaseous
Hydrogen in standard environmental conditions (atmospheric
pressure and room temperature). The proposed SAW sensors
consists in two Rayleigh-wave delay lines built on Quartz. One
equipped with a Palladium (Pd) overlay (exploiting H> absorption
capabilities of this material) and the other exhibits a free
path between the two interdigitated transducers. A dedicated
hermetical gas test cell has been developed to test the efficiency
of the sensor when exposed to Hydrogen-composed atmospheres.
A particular care was paid to avoid Hydrogen leakage in the
working environment and to perform the regeneration of the
gas absorbing layer. The developed SAW devices have been
manufactured using different Palladium thicknesses and used
to detect Hydrogen and to measure its concentration in the
0.25-2% range diluted in nitrogen in current atmosphere. The
influence of the palladium thickness on the gas detection as well
as Yttrium doping of the palladium layer on the sensor behavior
are reported.

I. INTRODUCTION

The raising shortage of fossil energy resources added to the
increasing concern towards environmental issues have led to
consider Hs as one of the most promising energy resource.
This odorless and colorless gas being highly explosive over
4% concentration in air, the availability of a fast and accurate
detection system close to storing facilities and equipping
Hydrogen-operated machines is mandatory for obvious secu-
rity reasons. Such a system must exhibit a significant selec-
tivity as it must detect the presence of gaseous Hs in air with
concentrations smaller than the above-mentioned critical limit
at standard conditions (room temperature and atmospheric
pressure) as well as in harsher environment (very low or signif-
icantly high temperature). Although some solutions have been
proposed [1] [2] [3] [4] [5] [6] [7], the current availability of
such a detection system meeting modern specifications of Hy
use and storage is still questionable. The mains improvements
for such detection purpose are their sensitivity, the sensor
selectivity and their reliability together with their overall size,
cost reduction, energetic needs and response delay [8]. A
comprehensive review of Hy detection can be found in the

literature [9] describing several different methods developed in
that purpose, providing a substantial material base to try and
address the above challenges. Among the possibilities, Surface
Acoustic Wave (SAW) sensors have been widely studied in the
last decades because of their attractive capabilities. Indeed,
SAW devices exhibit high sensitivity to surface perturbation
since the quasi totality of the energy propagates in a close-
surface thickness a few times the wavelength of the prop-
agating acoustic wave. SAW device do exhibit limited size
(less than 1 cm?) and it is a mature technology allowing for
wireless use [10]. Initial works were made by D’ Amico et al.
[11] using the properties of Palladium (Pd) layer to trap the
targeted gas. Since this pioneer work, innovations concerning
the selectivity and stability of sensitive layers versus external
parameter have been proposed to improve Hy detection using
SAW devices [12] [13] [14] [15] [16] [17] [18] [19]. In this
paper, a SAW sensor is proposed for detecting gaseous Hs in
standard environmental conditions (H5 diluted in nitrogen un-
der atmospheric pressure at room temperature). The proposed
SAW sensor consists in two Rayleigh-wave delay lines built
on Quartz, one covered with a Palladium (Pd) overlay and
the other exhibiting a free path between the two interdigitated
transducers (IDTs) used to excite and detect the acoustic wave.
These IDTs are built using Aluminum electrodes, as this metal
is known to be inert to gaseous H,. An innovative aspect of
the proposed sensing system consist in the open-loop strategy
for phase changes monitoring [20]. Moreover, delay lines are
monitored in parallel using a synchronous detection approach
that provides high frequency measurement resolution and a
systematic characterization of the device before operated.
Along this approach, the impact of changes of intrinsic proper-
ties of the devices such as working frequency drift with aging
can be minimized. The developed device allows for identifying
different concentrations of Hy diluted in Ny and is also able
to detect Hs in current atmosphere. In the following section,
SAW sensor as well as the exploited monitoring system will
be first exposed. Experimental validation of Hs detection then
is reported, with a description of the chemical test bench and
detection results for various Pd layer thicknesses. An analysis
of the influence of both thickness variation and Yttrium doping
on Hy adsorption and their influences on SAW propagation is
proposed to provide routes for the device optimization. Indeed,
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Fig. 1. Scheme of a Pd functionalized SAW delay line.

given that Yttrium atom has a larger radius than Palladium,
the Yttrium doping of the Pd layer is expected to expand the
Pd lattice promoting the diffusion of gaseous Hy [21].

II. SAW SENSOR AND ASSOCIATED MONITORING SYSTEM

In this work, selective detection of Hs at room temperature
and standard pressure has been achieved using SAW delay
lines exploiting temperature-compensated Rayleigh waves on
AT-cut Quartz, trying to reduce as much as possible thermal
contribution to the signal to detect. The configuration of both
generation and detection IDTs used for the sensor consist in 50
fingers pairs with a grating period of 10 ym and a center-to-
center spacing of Smm (the reactive surface). The wavelength
is 40um, yielding a frequency operation in the vicinity of
78MHz as the wave velocity approaches 3100m.s~!. The Pd
and Y-Pd alloy films were deposited by thermal evaporation
in a single run and shaped by a lift-off technique. The length
of the film along the propagation path was 3mm and the
corresponding thickness has been varied from 15 nm to 300
nm to test its influence on the detection conditions. The device
configuration is shown in Fig. 1.

Using a network analyzer, the transfer function of the device
can be easily determine and hence the phase shift induced by
gas absorption has been first monitored along that way. How-
ever, the use of a dedicated electronics shown in Fig. 2 [20]
has been implemented and delivers similar information. This
system includes two separated phase measurement schemes:
a rough characterization stage using the AD8302 phase and
magnitude detector, and a high sensitivity phase measurement
using dedicated phase detectors and variable gain, low noise
amplifiers as presented in [20].

The sensitivity of the set-up allows for some tens mill-
degrees resolution and is easily transportable. The response
of the bare device and the functionalized one are respectively
measured. This configuration has been used so as to make a
systematic characterization of each new device used for Hs de-
tection. Fig. 3 illustrates the way the phase shift measurement
is achieved.

III. SIMULATION RESULTS

A crucial part of the development of such a sensor consists
in the improvement of its sensitivity and its response time.
Simulation results are expected to provide informations on
the way the sensing layer has to be designed to optimize its
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Fig. 2. Scheme and photograph of the SAW device probing card.
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Fig. 3. Phase shift measurement principle using our dedicated instrumentation
(Fig. 2).

efficiency. In that purpose, a theoretical study of the influence
of the palladium layer thickness on the sensor response during
the hydrogenation is reported here.

Accurate calculations have been achieved, based on a set of
programs dedicated to the analysis of stratified structures used
as elastic wave guides. Described in [22] [23], the calculation
principle is based on the derivation of a surface or interface
effective permittivity yielding numerous information about the
wave propagation characteristics such as the wave velocity, the
mode coupling and possible propagation losses. The model
accounts for all the known linear properties of the materials
composing the layered structure. These properties directly
condition the accuracy of the results as no assumption is made
on the device operation (provided flat interfaces). Moreover,
since only devices composed of Quartz substrates have been
used here, changes in electrodes conductivity are not consider
as a possible origin of the observed phase velocity drift and
therefore were not taken in account in the proposed analysis.
Electromechanical coupling of Rayleigh waves on Quartz
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Fig. 4. Simulated phase shift of the Rayleigh wave that propagates under
Pd films of different thicknesses during its hydrogenation.

substrates is actually small enough to consider conductivity
changes negligible. As shown by Anisimkin and al in [24] the
two main phenomena that influence the phase velocity change
of elastic waves on Quartz are mass- and elastic-loading. This
theoretical study takes into account the contribution of both
phenomena provided some parametric adjustement. Indeed,
even if Palladium is known to expands when exposed to Ho,
this expansion seems to depend on the thickness of the Pd
layer. Here we consider an expansion of the very thin layer
close to zero because of the influence of the substrate. This
assumption permits to explain the density increase during Hs
absorption that induces mass-loading observed for very thin
films. It is actually shown here that the thinner the sensitive
layer is the more mass-loading effects dominates. Otherwise,
the damping of the transfert function in magnitude of the
delay line evidences mass-loading. On an other hand, the
Rayleigh wave is more affected by elasticity modification of
the Pd layer than mass-loading when the Pd film thickness
overcomes 25pm. One can see on Fig. 4 the theoretical
phase shift during hydrogenation for different film thicknesses.
These calculation are in adequacy with experimental results
symbolized by the points. One can notice a difference between
the shape of simulation results and the experimental ones
exposed in the next section. Actually, calculations do not take
into account the absorption dynamics of the hydrogen through
the palladium layer. The comparison with experimental data
is performed considering a total hydrogenation of the Pd layer
that corresponds to an hydrogenation coefficient X = 0.66 on
Fig. 4.

IV. EXPERIMENTAL RESULTS

Detection of Hy using SAW delay lines exhibiting dif-
ferent Pd overlay thicknesses as functionalizing films have
been achieved at room conditions. Figures. 5 and 7 present
experimental results when using nitrogen as carrier gas. The
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Fig. 5. Experimental Rayleigh wave phase shift induced within palladium
layers of different thicknesses during hydrogenation under 2%vol Ha.
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Fig. 6. Experimental Rayleigh wave phase shift induced within Pd and Y-Pd
alloy sensitive layers during hydrogenation under 2%vol Ha.
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Fig. 7. Experimental delay line phase shift velocity observed for different
Pd and Y-Pd film thicknesses under 2%vol. Ha exposition

detection of about 2%vol of Hy in Ny at 35% RH and 20°C
can be achieved with a minimum response delay of 10 seconds
considering that the determination of the Hs concentration
in the melting gas is derived from the velocity of the phase
shift during the exposure and not from the total phase shift at
the steady state. As shown in Fig. 7, the Pd film thickness
appears as a way of improving the reactivity of our sensor.



Indeed, an effective maximum phase shift velocity of 4+0.7
degree.s~! has been observed for the 50nm Pd functionalized
device. Contrary to the others for which the phase shift
velocity doesn’t exceed 2 degree.s~'. One will note that the
parameter to improve is the absolute value of the phase shift
velocity. Actually, depending on either mass- or elastic-loading
is the dominant effect occurring during the hydrogenation, a
decrease or an increase of the phase will be observed. The
aim of this work is to maximize the phase shift velocity
irrespectively of the direction of change.

As the sensitivity and the reactivity of our device depends
on the capability of the functionalizing layer to trap the sur-
rounding Hydrogen, a chemical doping of this layer has been
considered to investigate its influence on the sensor operation.
Preliminary result concerning Yttrium doping is reported in
Fig. 6 and 7. It shows that the Yttrium doping allows for
increasing the phase shift velocity during the hydrogenation.
Indeed, this velocity is -7.62 mili-degree.s~* for an exposition
to 2%vol H, in Ny that is about twice the largest value reached
with non-doped Pd Layer. In this case, mass-loading is the
dominant effect that impacts the behavior of the wave. We
note that this is an encouraging preliminary result that needs
to be validated in terms of repeatability and reversibility.

V. CONCLUSION AND FURTHER WORKS

In this paper, the capability of our Hs sensor to operate in
the 0.25-2% range diluted in nitrogen has been demonstrated.
The influence of thickness of the Pd film together with an
Yttrium doping of the sensing layer have been studied. It
finally appears that the use of a certain sensing layer thickness
allows for exploiting either mass- or elastic-loading that both
occure during the hydrogenation. It has been observed that the
use of Pd layer that thinner than 300nm allows for minimizing
the dependence of the response delay of the device on the
adsorption dynamics of Hs through Pd.

Further works will consist in correlate the delay line re-
sponse and the absorption dynamics of Hy through Pd and Y-
Pd films regarding the influence of the film thickness and the
Y/Pd ratio. Then we will carry on investigating how to promote
a faster absorption to enhance the sensitivity and reactivity
of our sensor. Physical analysis of sensitive layers during
hydrogenation will be made in order to explain and improve
the parametric adjustment used to simulate the behavior of
our devices. The use of different thicknesses of Y-doped Pd
films will also be studied in order to reinforce our knowledge
concerning this promising way of trapping hydrogen.
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