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A SAW gas sensor based on Zinc Oxide (ZnO) piezoelectric substrate is simulated and evaluated for the
detection of the dichloromethane (DCM) volatile organic compound (VOC). The study is performed based
on the finite element method (FEM) using COMSOL Multiphysics software. The obtained device response
using the ZnO substrate is compared to the one using the typical lithium niobate (LiNbO3) piezoelectric
substrate. A thin film of polyisobutylene (PIB) membrane is selected to act as the sensing layer. The obtained
results reveal a linear behaviour of the resonance frequency downshift (i.e., the sensor sensitivity) versus the
investigated gas concentrations varying from 10 ppm to 100 ppm of DCM gas. Additionally, the sensor response
is investigated by applying several thicknesses of PIB ranging from 0.3 µm to 1.0 µm. The observed sensor
response shows less dependence on the PIB thickness using the ZnO substrate than the LiNbO3 one.
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1. Introduction

The deterioration of indoor air quality (IAQ) is
one of the severe problems that generally accompanies
prompt urbanisation and modernisation, especially in
developing countries. The poor IAQ was indicated as
one of the leading causes of health and environmen-
tal problems (Deng et al., 2012; Roesch et al., 2014).
Volatile organic compounds (VOCs) are considered one
of the common indoor air pollutants. They hurt the
health and evaporate quickly at room temperature.
Along with carbon, they may contain other elements
such as hydrogen, oxygen, fluorine, chlorine, bromine,
sulfur, or nitrogen. VOCs are emitted as gases from
solids or liquids, and they are characterised by high
vapour pressure and low water solubility. There are
thousands of different VOCs used in our daily lives
affecting the air quality (Hernandez et al., 2020;
Sua et al., 2013). Some VOCs are hazardous to hu-
man health and cause environmental damages. Among
these VOCs, dichloromethane (or methylene dichlo-

ride, abbreviated herein as DCM), which is considered
one of the most harmful VOCs, has received attention
regarding risk reduction. DCM is a chlorinated hydro-
carbon solvent that is known to be toxic to the central
nervous system, subject to a high level of gas expo-
sure (Koistinen et al., 2008). Therefore, finding an
approach for using sensors to detect such hazardous
VOCs is of high demand and importance for the pro-
tection of a multitude of environmental and human
health applications.

Gas sensors become very significant in several ap-
plication areas. They are considered one of the vi-
tal devices for the supervision of indoor air quality
and the detection of noxious gases. Many methods
and materials have been explored to detect the VOCs,
such as optical fibers (Yoon et al., 2003; Jang et al.,
2006), localised surface plasmon resonance (LSPR)
(Mombello et al., 2009; Ma et al., 2011), metal oxi-
de semiconductor (MOS) sensor (Aslam et al., 2018),
polymer composite sensors (Hands et al., 2012), car-
bon nanotubes (Wang et al., 2009; Wongchoosuk
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et al., 2010), and colorimetric sensor array (Lin et al.,
2011). Each of them exhibits distinguished proper-
ties as well as specific advantages and disadvantages.
For example, the colorimetric sensor array devices are
easy to produce, come at low cost, and make it pos-
sible to monitor different VOC gases in real time. On
the other hand, their problem is that they cannot de-
tect the concentration of VOCs. LSPR sensors showed
a good sensing ability for VOC gas detection. However,
they are expensive and bulky, have a complex fabri-
cation process. Also, side-polished fiber optic sensors
are bulky, have a low dynamic range associated with
high response and recovery times, and showed unstable
sensing performance. Surface acoustic waves (SAW)
sensors have recently received considerable attention
due to their remarkable advantages and characteris-
tics. A SAW device can act as a sensor in many fields.
Indeed, the SAW gas sensors were extensively stud-
ied with significant impact (Ondo et al., 2020; Aslam
et al., 2018; Tang et al., 2004; Jiang et al., 2005;
Leonhard et al., 2004; El-Shennawy et al., 2000;
Liu et al., 2012). They are highly sensitive and selec-
tive, compact, economically priced and cheap in main-
tenance, robust, reliable, reproducible, simple to han-
dle. Additionally, they allow remote sensing and analy-
sis in real-time with no interference by electric or mag-
netic fields. Besides this, they have the ability for solid
state fabrication and compatibility with other modern
technologies. Furthermore, using SAW sensors to de-
tect the VOC has played a prominent role in various
applications such as industrial safety, fire detection, in-
door air quality, and health monitoring.

Typical SAW gas sensors are structured on a piezo-
electric substrate such as quartz, LiNbO3, or LiTaO3.
The use of SAW devices based on thin film structures,
on a non-piezoelectric substrate like silicon (Si), has
attracted considerable attention. The objective of the
film is to excite and detect acoustic waves. Devices im-
plemented in this way benefit from the excellent prop-
erties of the Si-based integrated with the highly de-
veloped thin film technology and their suitability for
integration with other devices on the same substrate.
Moreover, they benefit from the significant piezoelec-
tric and elastic properties of the used piezoelectric
layer. Among the investigated piezoelectric layers, zinc
oxide (ZnO) material is considered a potential mate-
rial that can be employed for SAW device applications
(Huang et al., 2019;Özgür et al., 2005). ZnO exhibits
a suitable wide bandgap of ∼3.4 eV, thermal stability
below 500○C, and a large exciton binding energy of
about 60 meV at room temperature (Guo et al., 2015).
ZnO has been investigated on different materials such
as ZnO/Si (Le Brizoual et al., 2006), ZnO/quartz
(Kumar et al., 2009), and Si/SiO2/ZnO (Caliendo,
Laidoudi, 2020).

In this paper, we report on detecting the DCM in
the air using a SAW gas sensor based on ZnO piezo-

electric substrate. The sensing behaviour of the de-
vice has been performed on COMSOL Multiphysics
software. The resonance frequencies and their corre-
sponding shifts of the device are determined using ZnO
piezoelectric substrates. The results are also compared
to the commonly used LiNbO3 substrate. Then, for
further evaluation of the device performance, the sen-
sor response with several thicknesses of PIB ranging
from 0.3 µm to 1.0 µm is presented and discussed.

2. Theoretical model and simulation
methodology

The device structure was studied by a finite element
method (FEM) model implemented on the COMSOL
Multiphysics. FEM proved its potential as a numerical
method to investigate the performance of SAW devices
(El Gowini et al. 2010; Hofer et al., 2006). The qua-
sistatic equations for modelling piezoelectric devices
are Newton’s law, Gauss’s law, and the constitutive
relations. SAW propagation is controlled by differen-
tial equations that are solved along with the geomet-
ric complexity of the device, the material properties,
and certainly while taking the boundary conditions
into account. The relationship among the stress (T ),
strain (S), electric field (E), and electric displace-
ment (D) of piezoelectric materials is expressed by the
so called constitutive equations or equations of state
of the system as below:

Tij = CEijklSkl − ekijEk, (1)

Di = eiklSkl + εSijEk, (2)

where Tij represents the stress vector, CEijkl is the
elasticity matrix [N/m2], eikl is the piezoelectric ma-
trix [C/m2], εij is the permittivity matrix [F/m], Ek is
the electric field vector [V/m], Skl is the strain vector,
and Di is the electrical displacement [C/m2]. The de-
grees of freedom (dependent variables) are the global
displacements u1, u2, and u3 in the global x, y, and
z directions. The electric potential is calculated by
applying the Newton and Maxwell equations, where
i, j, k, l = 1, 2, and 3:

ρ
∂2ui
∂t2

= Cijkl
∂2ui
∂xj∂xl

+ ekij
∂2ϕ

∂xj∂xl
, (3)

eikl
∂2ui
∂xj∂xl

− εjk
∂2ϕ

∂xj∂xl
= 0. (4)

This study is concerned with a 2D modelling of
SAW sensors based on layered structures. The poten-
tial of using 2D modelling is to reduce computational
complexity. Besides that, a plane strain supposition is
used for solid mechanics. Accordingly, the out of plane
strain component is considered as zero. The change in
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the out of plane path can be considered least if the
acoustic waves are produced in the plane of the model.
Most recently (Ondo et al., 2020) showed the capabil-
ity of applying the 2D FEM simulation for SAW sen-
sors applications. The authors investigated the tem-
perature influence on the performance of SAW sen-
sors operating at gigaHertz frequency range based on
Pt/AlN/sapphire structure. The results show a very
good agreement between the simulation and experi-
ments in the complete range of investigated tempera-
tures and for all critical parameters of the SAW sensor.
The geometry of the device and the periodic bound-
ary conditions are displayed and collated in Fig. 1
and Table 1, respectively. The interdigital transducers
(IDTs) are used in SAW devices to convert electrical
energy to mechanical energy and vice versa. The di-
mensions of the SAW device used in the simulation
are summarised in Table 2. The metallisation ratio is
selected as 50% (λ/2). The wavelength has been cho-
sen to be 4 µm. The material properties of Al are used
from the built in COMSOL library, that is, a den-

Fig. 1. Schematic representation of the studied structure,
with a PIB sensing layer.

Table 1. Boundary conditions used in simulation.

Symbol
Mechanical
boundary
condition

Electrical
boundary
condition

Γ1 Free Zero charge/symmetry
Γ2 Fixed Ground

ΓR1, ΓR2, ΓL1, ΓL2 Periodic boundary condition

Table 2. Summary of the dimensions of the device.

Structure dimensions Value [µm]
Wavelength 4 (λ)

Pitch of electrode 2 (λ/2)
Interdigital Transducer (IDT) width 1 (λ/4)

Si substrate thickness 40 (10λ)

sity of 2700 kg/m3, Young’s modulus of 70 GPa, and
Poisson’s ratio of 0.33. IDTs are periodic and may
have hundreds of identical electrodes. Each electrode’s
length to width ratio can be about 100 times. There-
fore, the edge effects can be neglected and reduce the
model geometry to the periodic unit cell. The height
of this cell should not extend to the bottom of the
substrate but only a few wavelengths down. As a re-
sult, the SAW vanishes out at the lower boundary.
This enforces a zero structural displacement but does
not contribute to any considerable reflection from the
lower boundary back into the bulk of the substrate
when the surface waves are considered (Lerch, 1990).
The used materials’ constants employed for the simu-
lation are collected in Table 3 (Carlotti et al., 1987;
Gualtieri et al., 1994). The mechanical boundaries of
the top and sides of both electrodes are set to be free.
Additionally, the left electrode’s boundaries are set to
electrically ground, and the correct electrode’s boun-
daries are set to a floating potential with zero surface
charge accumulation.

Table 3. Summary of LiNbO3 and ZnO material constants.

Symbol LiNbO3 ZnO
Density [kg/m3] ρ 4647 5720

Elastic constants
[GPa]

c11 203 157
c12 57.3 89
c13 75.2 83
c14 8.5 –
c33 242.4 208
c44 59.5 38

Piezoelectric constants
[C/m2]

e15 3.7 0.45
e22 2.5 –
e31 0.23 0.51
e33 1.33 1.22

Dielectric constant
[10−11 F/m]

ε11 85.2 7.41
ε33 28.7 7.82

A thin film sensing layer coating is required to cover
the acoustic path to determine the performance of the
gas sensor. In this study, a thin film of polyisobuty-
lene PIB is used. The PIB is favoured as a sensing
film due to its low crystalline property, high permeabi-
lity, low density, and good adhesion properties. More-
over, in gas sensing applications, PIB has proven to be
more sensitive than other polymers (Beauchet et al.,
2007; Joo et al., 2006). The density of the PIB film is
0.918 g/m3, the Poisson’s ratio is 0.48, and the Young’s
modulus is set to 10 Gpa. The adsorption of a VOC gas
is represented as a slight increase of the overall density
of the PIB film as:

ρ = ρPIB + switch ⋅ ρGas,PIB. (5)

The model is solved with a specific substrate for two
cases, i.e., without and with the effect of the adsorbed
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organic gas in PIB, and the value of every specific
ρGas,PIB is determined. When the sensor is exposed
to the organic gas in the air at atmospheric pressure
and room temperature, the “partial density” of organic
gas in the PIB film can be calculated as:

ρGas,PIB =KMc, (6)

where K is the air/PIB partition coefficient for every
gas and M is its molar mass. The organic gas concen-
tration (c) is estimated using the gas law:

c = cop

RT
, (7)

where c is in moles/m3, co is the concentration in parts
per million, p is the pressure, T is the temperature, and
R is the gas constant. Any effects of the gas adsorp-
tion on the material properties part from the density
are ignored. Periodic conditions are applied on vertical
boundaries of the unit cell, implying that the wave-
length of the wave must be an integer fraction of the
width of the unit cell. The resonant frequency of the de-
vice is related to the spacing between the IDT and can
be estimated from the following formula:

vR = fλ, (8)

where vR is the Rayleigh wave velocity, f is reso-
nant device’s frequency, and λ is the wavelength of
the acoustic wave.

3. Results and discussions

The SAW is an acoustic wave that propagates con-
fined to the surface region of a piezoelectric material.
It penetrates only a wavelength deep into the bulk re-
gion associated with a very high energy density at the
surface. This wave is also known as the Rayleigh wave.

Fig. 2. Mesh density profile (from left to right) consists of domain elements of 19347, 29577, 40809, 45621, and 55374, respec-
tively, and boundary elements of 2864, 3696, 3760, 3811, and 3894, respectively. The working frequencies are 1200121643 Hz,

1199509466 Hz, 1198909515 Hz, 1198788654 Hz, and 1198767081 Hz, respectively.

The difference between the Rayleigh wave velocities de-
fines a unique resonant frequency for the device to work
on. This frequency is calculated from Eq. (8). The SAW
phase velocity is obtained for the simulated device us-
ing ZnO substrate is 2529 m/s. This value is close to
the reported experimental value for SAW in ZnO crys-
tal film of 2675.4 m/s (Tang et al., 2004). In the case
of LiNbO3, the velocity is reported to be 3420 m/s,
which is comparable to the Rayleigh mode experimen-
tal velocity of ∼3770 m/s (Tonami et al., 1995). The
obtained values of the velocity of SAW are reported
after justifying the sufficiency of mesh density. A mesh
convergence study has been conducted until the values
of the velocity of SAW became constant. The mesh pro-
files are summarised in Fig. 2. To get accurate results
for the study, the maximum number of mesh elements
was chosen to be 121,657 and 4136 boundary elements.
This mesh profile is not shown. This is corresponding
to a working frequency of 1198764420 Hz.

Firstly, the response of the SAW device is stud-
ied with 100 ppm of DCM gas concentration. The
displacement profiles of the device are illustrated in
Fig. 3. Figures 3a and 3b show the obtained resonant
and the anti-resonant SAW modes of the device using
ZnO substrate, respectively. For a comparative study,
the simulation is also performed using the same param-
eters for the LiNbO3 substrate. The obtained results
using LiNbO3 substrate are shown in Figs 3c and 3d
for resonant and anti-resonant SAW modes, respec-
tively. The resonant SAW modes are presented from
the point of view of total displacement. As expected,
most SAWs occur at the surface, and their amplitude
decreases with the depth of the material. It is also
worthy to recall that the resonant SAW mode occurs
due to the constructive interference of propagating
waves, whereas the anti-resonant SAW mode occurs
due to the destructive interference of propagating
waves. The uniform wave travelling along the surface at
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Fig. 3. Total displacement profile. Resonance (a) and antiresonance SAW modes for ZnO substrate (b).
Resonance (c) and antiresonance SAW modes for ZnO substrate for LiNbO3 (d).

Fig. 4. Electric potential distribution using ZnO (a) and LiNbO3 (c) at resonance and at the anti-resonance,
again using ZnO (b) and LiNbO3 (d) piezoelectric substrates.

the x-direction can be identified from the displacement
strength profile. The resonance and anti-resonance fre-
quencies using the ZnO are of values of 632 MHz and
636 MHz, respectively. These correspond to a total
displacement of 1.1 ⋅ 10−3 µm and 0.508 ⋅ 10−4 µm. In
comparison with the LiNbO3, the resonance and anti-
resonance frequencies are evaluated to be of 855 MHz
and 849 MHz, respectively, corresponding to a total
displacement of 0.485 ⋅ 10−4 µm and 2.08 ⋅ 10−3 µm.
The total displacement in the resonance frequency of
LiNbO3 is observed to be a decimal lower than ZnO.
On the other hand, the results show more symmet-
ric displacement of using the ZnO substrate than that
of the LiNbO3 substrate. Figure 4 shows the electric
potential distribution for the ZnO substrate symmet-
ric with respect to the centre of each electrode for
both substrates compared with the LiNbO3 one. ZnO
shows lower results between 4.57 V and −4.57 V and
LiNbO3 shows the highest electric potential between
6.18 V and −5.72 V.

Detection of gas concentrations in the parts per
million level [ppm] is pivotal for crucial applications
such as environmental monitoring. Hence, the sensiti-
vity of the SAW structures with the LiNbO3 and ZnO

in resonance frequency shift under exposure to DCM
gas with concentration is simulated and discussed. The
device has been exposed to air containing DCM con-
centration ranging from 10 ppm to 100 ppm. The ad-
sorbed DCM increases the PIB mass density and low-
ers the phase velocity and consequently the operat-
ing frequency, which can be correlated to the inves-
tigated gas concentration. Figure 5 illustrates the de-
pendence of the resonance frequency shift on the DCM
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Fig. 5. Resonance frequency shift versus the DCM gas con-
centration, for both ZnO and LiNbO3 piezoelectric sub-

strates.
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gas concentration. The frequency shift ∆f of the de-
vice can be calculated as ∆f = f − fo, where f and
fo are the resonance frequencies after and the cor-
responding value before the explosion to the gas, re-
spectively (i.e., a negative value). However, for a more
convenient reading of the graph, the magnitude of the
frequency shift is plotted versus the gas concentra-
tion (see Fig. 5). A comparison with the results ob-
tained using the LiNbO3 substrate is given on the same
plot. The points represent the simulated frequency
shift values due to the exposure of the gas, while the
straight line represents the fit of the results. For both
substrates, the shift in frequency increases in magni-
tude with the increase of the DCM concentration. The
highest frequency shifts are reported with 100 Hz and
224 Hz values, with a gas concentration of 100 ppm,
for the ZnO and LiNbO3, respectively. Further, from
the sensing response of the sensor device, it can be ob-
served that the frequency shift reveals a linear propor-
tionality to the DCM concentration over the range of
the gas concentration under investigation. This linear-
ity characteristic is a vital finding for the employment
of SAW devices in sensing applications. The observed
sensing performance is consistent with earlier experi-
mentally observed performance of other SAW sensors
using different sensing systems for several VOC gases
like dimethylamine, ethanol, and acetic acid VOCs
based on other structures, e.g., the ZnO/SiO2/Si-based
SAW sensor (Horrillo et al., 2006).

Moreover, the slope of the response of the device
using the LiNbO3 substrate, i.e., the sensitivity of
the proposed sensing system, was higher than that
using the ZnO one. Values of 2.23595 Hz/ppm slope
for LiNbO3 structure and 1.00835 Hz/ppm slope for
ZnO structure are reported. The linear dependence
of the gas concentration proposes a sensing system
with a wide dynamic range. This characteristic is of
vital importance for the employment of such devices
in gas sensing applications. Figure 6 shows the ef-
fect of the thickness of the PIB sensing layer (from
0.3 µm to 1.0 µm) on the frequency shift at 100 ppm
of DCM. Increasing the thickness of PIB leads to an
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Fig. 6. Resonance frequency shift versus the thickness of
the PIB sensing layer using both ZnO and LiNbO3 piezo-

electric substrates.

increase in the shift in frequency. For LiNbO3, we ob-
serve an increase in linear growth from 69.667 Hz to
119.448 Hz, unlike ZnO, which shows a minor increase
from 139.014 Hz to 433.011 Hz, varying the PIB thick-
ness from 0.3 µm to 1.0 µm, respectively. Therefore,
it can be concluded that the device behaviour using
the ZnO substrate, rather than using the LiNbO3, is
less dependent on the PIB thickness. Indeed, it is de-
sirable to generate high-quality and single-crystalline
ZnO nanostructures for chemical sensing applications
based on ZnO nanomaterials. Besides this, the ZnO
thin film substrates are more compatible with the in-
tegrated circuit technology and semiconducting man-
ufacturing. As the study is concerned with the use
of LiNbO3 in comparison with ZnO piezoelectric sub-
strates for SAW gas sensing application, the results can
be further interpreted as described. However, the for-
mer processes a more significant resonance frequency
and higher sensitivity to DCM, its temperature coef-
ficient of frequency (TCF) is quite large (Horrillo
et al., 2006). The ZnO is a versatile material exhibiting
low TCF, a wide bandgap characteristic (∼3.37 eV at
room temperature), excellent bonding on various sub-
strates, and high electrical resistivity (Tonami et al.,
1995; Raj et al., 2017; Ondo-Ndong et al., 2002).
These parameters should be taken into consideration
while producing a SAW sensor for applications.

4. Conclusions

A SAW gas sensor for the DCM-VOC gas detection
has been investigated by the COMSOL Multiphysics
package using the ZnO as a piezoelectric substrate. The
sensor’s response using the ZnO substrate is compared
to that of the LiNbO3. The results indicate a linear
dependence of the frequency shift on the gas concen-
tration when the device is exposed to a concentration
from 10 ppm to 100 ppm. This characteristics is vital
for the employment of such devices in sensing applica-
tions. Additionally, the sensor response is analysed at
different thicknesses of the PIB sensing layer. The re-
sults reveal that the response of the sensor using ZnO
is less affected by the change in the PIB thickness than
that using LiNbO3. For example, at PIB thickness of
400 nm, the frequency shifts are evaluated about 90 Hz
and 170 Hz for the ZnO and LiNbO3 substrates, re-
spectively. The study demonstrates the potential of
SAW gas sensors for health and environmental appli-
cations.
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