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a  b  s  t  r  a  c  t

This paper explains  the  sensing  mechanism  of acoustic  hydrogen  gas  sensors  based  on  Surface  Acoustic
Waves  (SAWs).  The  main  idea  is to take  advantage  of  the presence  of two  different  modes  of  vibration  to
extract  independently  density  and  stiffness  of the studied  thin  film.  The  adopted  methodology  is  based
on  a parametric  study  determining  the variation  in  the  phase  velocity  of  the  sensitive  layer  according  to
thin  film  parameters.  Then,  the  experimental  extraction  of this  phase  velocity  allows  the  determination
of  the thin  film  experimental  parameter  values  by  using  the  established  model.  This  new  methodology
allows  the  measuring  of the  density  and  Young’s  modulus  of thin  films  in  hydrogen  atmosphere.  Also,  it
improves  the  study  of sensing  mechanism  in the  thin  films.  Especially,  since  the  analysis  of  the  sensitive
layer’s  properties  within  a gaseous  atmosphere  is  not  simple.

©  2015  Elsevier  B.V.  All  rights  reserved.
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1. Introduction

In order to minimize the impact of greenhouse gas emissions,
manufacturers have turned to the use of new technologies based
on clean and renewable energy such as hydrogen [1]. However,
exploiting these new energies requires the use of detection
devices, especially to detect any gas leaks and improve safety
for the final user [2]. A first generation of hydrogen gas sensors
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Fig. 1. Sensor delay line with palladium film.

based on catalytic, electrochemical, thermal conductivity, metal
oxide, and MOS  technologies has already been commercialized
and used in the automotive industry. However, they do not meet
the requirements of the automotive industry, especially in terms
of robustness, performance, reliability and safety [3–7].

To mitigate these problems, new emerging technologies based
on Micro/Nano Electromechanical Systems have been proposed
[8–12], which exploit their robustness and high quality factors
[3]. However, these types of technologies are complex to realize.
Another much exploited technology is Acoustic technology. These
devices present a good reliability and robustness in harsh environ-
ments, combined with low manufacturing costs [13–24]. However,
some sensors based on this type of technology still have some
operation weaknesses [3]. Thus, to overcome these weaknesses,
understanding their sensing mechanism is required. This will allow
required optimizations.

As with most gas sensors, the detection principle is based on
the use of sensitive layers able to absorb hydrogen molecules.
Thus, many studies have been conducted to understand the sensing
mechanisms of gas sensors. Three main parameters are often
involved in the sensing mechanism of acoustic sensors: electrical
effect (conductivity) [25–27], mass effect (density), and mechanical
effect (Young’s modulus) [28–31]. Some of the conducted studies
have demonstrated that, under some conditions with respect to
the conductivity and thickness of the sensitive films, only varia-
tions in density and Young’s modulus impact the propagation of
acoustic waves. However, these studies do not detail the relative
contribution of each of them. It would be beneficial to distinguish
the relative contribution of the two parameters in order to deter-
mine which parameter influences the sensing mechanism the most.
This would promote one parameter over the other, depending on
the intended application. Additionally, the analysis of the sensi-
tive layer’s properties within a gaseous atmosphere is not simple.
Actually, there is no way  to determine the variation of these param-
eters in a gaseous atmosphere. This paper presents a methodology
allowing the extraction of different properties of said sensitive layer
absorbing hydrogen in the atmosphere. Thus, the new methodology
presented in this paper explains the sensing mechanism in acoustic
hydrogen gas sensors. This study will determine the effects and the
proportion of each parameter of the sensing mechanism of acous-
tic hydrogen gas sensors. This will also allow the optimization of
future generations of new acoustic gas sensors.

The first section presents a theoretical study and the adopted
approach based on a Finite Element Model. In the following sec-
tion, the tests of experimental sensors in the presence and absence
of hydrogen will thus be presented. Then, the extraction of practi-
cal values of the studied parameters will be done, determining the
effective contribution of each parameter and thus explaining the
sensing mechanism of acoustic hydrogen gas sensors.

2. Theory

The methodology used to explain the sensing mechanism is pre-
sented in this section. The base structure for the acoustic sensors is
the SAW delay-line sketched in Fig. 1: a patch of sensitive Pd film

is deposited between two  interdigitated transducers. Depending
on the crystallographic orientation of the lithium niobate wafer
on which this structure is fabricated, different modes may  be
exploited.

2.1. Proposed approach

The adopted approach is as follows: first, the identification
of two  different exploited acoustic modes is required. Indeed,
some orientations of lithium niobate support two  piezoelectrically
active surface modes – a Quasi-SAW mode with quasi-elliptical
polarization and a Shear-Horizontal (SH) mode with transverse
polarization. The two  modes exhibit a slightly different propaga-
tion velocity, resulting in two  separate contributions visible on the
electrical response of the delay line.

The number of exploited modes must be equal to the number
of studied parameters. In the present case, two parameters are
studied. Second, the studied parameters are identified, and their
variation ranges and the step between each two  consecutive points
are established. Then, based on the finite element model, a para-
metric study for each studied mode is done. This establishes a
relationship between the variation of the phase velocity and the
variation of density and Young’s modulus of the thin film. Even-
tually, the effective phase velocity for the different modes studied
is extracted from electrical measurements using the following for-
mula:

VPd = lPdv

lPd + v�ϕ
360f

(1)

It includes VPd, the experimental acoustic wave phase velocity in
the palladium region (identified with “lPd′′ in Fig. 1), v, the acoustic
wave phase velocity in the lithium niobate region (identified with
“x” in Fig. 1), f, the operating frequency, �ϕ,  the phase shift (in
degrees) between the two delay lines of the sensor, the line with
palladium film and the line without the palladium film, and lPd, the
sensitive thin film length.

Assuming that the two wave velocities in the Pd-coated section
of the delay line are related to both Young’s modulus and density
of the film, these two measurements provide a set of two equations
based on two  unknowns. Hence, the effective mechanical parame-
ters of the film can be obtained by a simple system inversion. Fig. 2
summarizes the adopted approach. The figure demonstrates the
methodology adopted and which allows the extraction of the stud-
ied parameter values in gaseous environment. First, it is necessary
to identify the two  exploited acoustic modes and the studied thin
layer parameters. In our case, Quasi-SAW and SH-SAW modes are
exploited in order to determine the hydrogen effect on the Young’s
modulus and the density of the sensitive layer. Then, it is nec-
essary to establish the variation of phase velocity as function of
studied parameters, density and Young’s modulus. The relation-
ship is established for the two studied modes using a parametric
model. Finally, the experimental extraction of this phase velocity
allows establishing two equations with two unknowns. Solving this
system of equations allows the determination of the experimental
values of studied parameters. Thus, it allows the determination of
the hydrogen effect on thin film studied parameters.

2.2. Finite element model building

In this subsection, we  start by describing how we establish the
theoretical dependence of the phase velocity in the Pd-covered
region of the sensor on the studied parameters. Then, we provide
examples for the two acoustic modes identified in this study.
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