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Abstract— The paper presents a study on surface acoustic
wave (SAW) one-port resonating sensor device using 2-D
modelling based on finite element method (FEM). The proposed
SAW resonator structure was modeled with aluminum inter-
digitated transducer (IDT) metallic electrodes over Lithium
Niobate piezoelectric substrate. The SAW sensor model was
designed with the carbon nanotube with a sensing polymer layer
polyisobutylene, which helps in the detection of the various
properties of the target gas i.e., Trichloromethane (TCM) at
room temperature. The sensing characteristics was compared
with other volatile organic compounds at 100 ppm of gas
concentration. The eigen frequencies were measured either by
exposure of target gas or without over the sensing layer. The
model shows the significant shift in resonant frequencies (Af)
for 100 ppm gas concentrations. Sensor admittance (Y11)
parameter, change in CNT thickness and electric potential
distribution for the TCM SAW sensor were investigated. The
outcome of various response for multilayered SAW sensor
shows better performance in terms of sensitivity, and found to
be the most suitable for sensing TCM.

Keywords— Finite element method, Lithium Niobate, carbon
nanotube, polyisobutylene, Trichloromethane

l. INTRODUCTION

In the current scenario, human health becomes a major
concern for the society which entirely depends on
environmental conditions. It is quite a difficult task to
strengthen a healthy life in such polluted atmosphere where
the existence of toxic gaseous elements is growing day wise
[1]. This leads to rapid emergence of lung ailments, skin
infection and other threatening medical disorders like
carcinoma, liver damage, hyperglycemia etc. A proper
detection and observation of air quality is highly required, to
get prevent from these diseases. With the advent of the
technology, development of the sensors which can measure
the toxic gases, is a huge challenge and importance for
today’s researcher. The category of carbon-based chemical
compounds known as volatile organic compounds (VOCs)
includes molecules that readily float in the air at normal
climate [1]. These compounds are generally found in
cosmetics, varnishes, personal care items, industrial
operations, paints and waxes, among other things. Some
examples of VOCs are dichloromethane, ethanol, benzene,
toluene, methanol, dichloroethane, acetone,
chlorofluorocarbons, and methylene chloride. Capacitive and
resistive gas sensors, chemical, potentiometric, and surface
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acoustic wave sensors are only a few of the sensor types that
have been created so far for the detection of VOCs [2].
SAW technology offers a robust framework to detect VOCs
in gaseous and fluidic phases in an accurate manner [1].
Composite materials such as polymers and nanoparticles
have considerably enhanced the sensitivity of the sensor used
to construct the heterostructure design model. The nanofilms
are constructed with highly sensitive elements such as
graphene oxide [2], CNT, or ZnO nanorods. SAW sensor for
various gases exhibit optimum sensitivity choice along with
a rapid reaction time. With the advent of technology based on
piezoelectric material, the SAW device has the capability to
detect the size of contaminants available in the gas at a very
minute scale [3]. Among all other gas sensors, enhancement
of the SAW device sensitivity makes an optimum choice for
the industry related work. The device sensitivity analysis can
be carried out with the measurement of output frequency in
terms of frequency shift, proportional to the mass of gaseous
molecules absorbed by the sensitive material at the sensor
surface [4]. The incorporation of nanotubes onto the sensing
layer of piezoelectric substrate proven to be the most
promising layer in the making of gas sensor [5]. Surface
acoustic wave devices yields resonance frequency were
affected with the change of IDT and chosen piezoelectric
substrate dimension.

SAW sensor based on Rayleigh wave has shown high
sensitivity because of a significant portion of energy is
concentrated on the substrate surface [6]. A piezoelectric
substrate, IDT, and sensing layer built up the three significant
parts of SAW gas sensor [7]. The SAW gas sensor works by
interacting with an acoustic wave that is traveling through the
substrate with a sensing layer whose properties, such as
density, stiffness, conductivity, and permittivity, modify with
the absorption of gases [8]. Phase variation in received signal
and frequency shift in an oscillator system are investigated to
determine the analyte-induced changes in acoustic wave
velocity propagating through the sensing layer. The polymer
sensing layer and IDTs in SAW sensors are built on a
piezoelectric substrate. A certain amount of voltage produced
with the mechanical force applied directly onto the device.
This results in the voltage variation which depends on size
and direction of the applied force. The device piezoelectric
substrate composition influences the acoustic wave's
velocity, which ranges between 1500 and 4800 m/s [9].This
work shows a design of SAW one-port resonator in MHz


mailto:ashishtiwary@giet.edu
mailto:jitendrakumar@giet.edu
mailto:subhrajitpradhan@giet.edu
mailto:basudeb.ece@nitjsr.ac.in

frequency range incorporated with CNT, suitable for
detection of TCM compared with other toxic gases available
in the environment. In the proposed work, the response of the
SAW one-port resonator has been examined and the result
was compared with available TCM SAW sensor.

Il. MODELLING OF SURFACE ACOUSTIC SENSOR

Modeling of a SAW one-port resonating sensor device is
shown in Fig. 1. The IDTs are placed periodically on a
piezoelectric substrate. A voltage source Vi, with its internal
resistance Ri, is applied to the bus bars of input IDT which
allows the current to flow inside the IDT fingers [10]. The
IDT is made up of aluminum material that produces a
vibration in the fingers and gives rise to acoustic
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Fig. 1. Schematic of SAW one-port resonator device.

The incoming acoustic wave signals at the output IDT are
converted into an electrical signal in the form of SAW output
frequencies that would be calculated in terms of frequency
shift. A calculated amount of target gas particles in parts per
million (ppm) is allowed to reach at the sensing region of the
piezoelectric substrate surface for the chosen model.
Precisely, changes in acoustic wave velocity, mass loading,
amplitude (successive peaks), and frequency shift can be
observed. The potential distribution is computed in Fig. 2 for

a 2-D issue i.e., xy plane by varying the voltage level. Here,
in the inside specified region, potential distribution into
squares of length ‘h’ on a side is required.

The model parameters such as stress, strain, electric field, and

electric displacement are represented by equation (1-2) [11]:

T = cgS— €'E ¥

@

where T is the stress matrix, S is the strain matrix, E [V/m]
termed as the electric field, D termed as the electric
displacement matrix [C/m?], c; termed as the elasticity
matrix [Pa], e” termed as the piezoelectric matrix [C/m?] and
&s termed as permittivity matrix. We have assumed in
equation (3), the region to be charge freei.e., V.D=0o0r V.
E = 0 and for a 2-D model;
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Fig. 2. Computational model of potential distribution.

Now the Laplace equation is given by the equation (4) as;
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Approximate values for these partial derivatives can be
obtained. The potential (Vo) at geometrical mid-point i.e.,
origin of the model is obtained from equation (5-9), where
potentials at nearby symmetric points are known. Now, from
the above figure 2;

a_Vla = Vi-Vo (5)
ox h
a_Vlc = Vo—V3 (6)
0x h
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From the above equation (10-11), it is observed that the
potential at mid-point ‘0’ is average of the potential at the
four neighboring points.

A. Proposed Design of SAW sensor

In the proposed design of a SAW sensor, the impact of the
influencing parameters has been studied using the SAW
resonators, which have been designed and simulated. A
metallic periodic structure in the form of a comb made up of
aluminum material creates the wave in this instance by using
the piezoelectric effect to transform electrical energy into
mechanical energy further shown in Fig. 3. Here, each IDT
finger width spacing is confined to (1/8 + 1/4 + 1/8) the
size of the unit cell (A =4 pum).
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Fig. 3. A schematic of SAW resonator with alternating IDT electrodes.

Two neighboring IDT pairs are separated by the wavelength
(W/2). Two fingers and two spaces desribes a wavelength (A)
of the device. Each finger and space on an IDT are of the
same width [12]. The wave velocity propagates throughout
the substrate wavelength, can be used to compute the
frequency of an acoustic wave since the polarity of the
electrodes on two adjacent IDTs is opposite associated with
the natural resonance eigenmode frequency. COMSOL
Multiphysics simulation tool has been used to carry out FEM
to explore the features of the generated SAW propagation
velocity of 3488 m/s.
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Fig. 4. Schematic of SAW device with sensing layer (a) PIB/LiNbOs3, (b)
CNT/PIB/LiNbO;.

A PIB polymer sensor was constructed in this work model at
early phase to estimate resonance frequency (f,), and the anti-
resonance frequency (f4-) which displayed an irregular shift

in frequency. The several parameters necessary to create such
sensors were computed based on these results and compared
to multi-layered structures or heterostructures. Fig. 4 outlines
a 2-D geometry derived from a three-dimensional model
where monolayered and multi-layered structures have been
depicted. A one-port SAW resonators consists of two IDT
fingers, each having its own size. In this instance, the radio
frequency (RF) signal is applied to the IDT electrodes, which
produces a vibrational effect as a result of the opposite
piezoelectric material functioning as an elastic body [13].

45

TTIC, 2022, Vol.6

Certain acoustic waves are produced by this vibration and
propagates along the piezoelectric substrate's surface. SAW
signals can be developed and detected by periodic
interdigitated electrodes on a piezoelectric plane surface. A
Radio Frequency (RF) source is applied to the IDT terminals,
a periodic electric field is created, enabling piezoelectric
incorporate to a propagating surface wave plane [14]. In order
to convert maximum electrical energy to mechanical, a RF
signal is supplied to the IDT bus bars with the frequency (f).
As a result, the relation between 'f’ and periodicity ‘A of
SAW model is expressed in equation (12) as;

12)

where v, is the velocity of surface acoustic wave and fo is the
center (operating) frequency of the SAW sensor. A major
factor in selecting the center (operating) frequency while
modelling the sensor structure is the velocity of SAW
propagation. The surface wave electro-mechanical coupling
co-efficient (k2) is meant to be another significant feature for
wide range of applications [15]. This element is characterized
by the change in SAW velocity occurred, propagates along
the piezoelectric surface enveloped with the weightless
conductor. This is achieved essentially after short-circuiting
the piezoelectric material.

The surface wave electro-mechanical coupling co-efficient
(k2) is measured by equation (13);

-V

v
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where, vy is the free surface wave velocity and vpm.. is the
metallized surface velocity where IDT fingers are coated on
the piezoelectric substrate.
As long as the gaseous ions are not in contact, the sensing
layer is in thermal equilibrium. Once reached, the adsorption
rate is accelerated by a significant concentration of gaseous
chemical species deposits on the sensor layer [16]. This
results in mass loading effect rises due to the adsorption
phenomena occurred, and eventually a small variation in the
SAW velocity led to a frequency shift that can be determined
from the equation (14);

Af = (k1 + k2)f5tKC (14)
where, k1 and k2 termed as coupling constants, t is the
thickness of the layer in pm, K termed as air/partition
constant for various gases and C is the gas concentration in
ppm.

In general, the measurement of gas sensor sensitivity (S) can
be calculated as the ratio between the change in sensor
response (AR) to the gas concentration (An), i.e., S =AR/An.
Therefore, the increase in the value AR concerning frequency
shift compared to other sensors for the same mass loading



will definitely provide a higher sensitivity [17]. The
relationship between AR, surface acoustic wave velocity and
mass loading can be represented by the equation (15) as;

AR:AU

v

=Y = +k)feam/a (15)
1 2 0

fo

where Av is the change in wave velocity, v is the unperturbed
velocity on the piezoelectric substrate, A is the surface area
and Am is the mass loading variation onto gaseous substance
[18]. In this study, 128" Y X-cut Lithium Niobate is used as
the piezoelectric crystal substrate material. The acoustic wave
velocity of Rayleigh wave is considered as ~3488 m/s with
high electromechanical coupling coefficient, being more
stable, and having lower wave transmission loss compare to
other piezoelectric substrate materials [19]. The COMSOL
Multiphysics simulation tool has been used to create and
simulate multilayer 2-D structures. The SAW acoustic sensor
enables IDTs constructed of aluminum metal electrode or
gold during the simulation.

The rigidity of the piezoelectric surface layer is altered by
TCM gas exposure and is now being assessed for the
heterostructure design in equation (16-18) [20];

PrcM = KMC (16)
€ = (Co x 10-6 x P)/RT )
K = 10436 (18)

where, Co is the gas concentration in ppm, M is termed as
molar mass, C termed as the gas concentration present in air,
and K termed as an air/PIB partition coefficient for TCM,
where prcy is termed as the TCM density, P is the pressure,
T defined as temperature, R is universal gas constant.

The foremost goal of this study is to investigate and compute
responses from the proposed heterostructure device with the
chosen specific piezoelectric substrate LiNbOs; with and
without the subjection of gas molecules. The simulated
structure was compared for experimental verification with
other VOCs. During the wave propagation, IDTs transform
an electric signal into SAW frequencies using harmonics that
are multiples of the fundamental frequencies [21].

In this work, the structures show a variation in certain
parameters such as frequency shift and displacement with a
change in the parameter value. The SAW gas sensors were
built with mixture material such as PIB polymer and CNT as
sensitive layers. This multi-layered device was studied for the
measurement of change in frequency for the amount of TCM
gas absorbed on the sensing layer. A PIB layer was placed on
the LiNbOs substrate without CNT material, made up the first
structured model. In Fig. 5, the sensor model was tested with
the exposure of TCM gas on PIB layer without CNT coating,
results in no change in frequency in a one-port SAW
resonator.

RESULTS AND DISCUSSION
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Fig. 5. Plot between change in frequency and gas concentration without
CNT coating.

With the coating of carbon nano materials on the PIB layer,
the increase in mass loading has been observed as TCM
absorption is high on the sensing layer shown in Fig. 6.

1600

TCM
1400

1200
1000
800
600 [
400

CHANGE IN FREQUENCY (kHz)

200 |

200 300 400 500

GAS CONCENTRATION (ppm)

100

Fig. 6. Plot between gas concentration and change in frequency with CNT.
Our proposed model has been evaluated to understand the
device outcome as for the change in the resonating signal
frequency. This variation is observed with the change in CNT
layer thickness ranges from lowest 0.3 um to highest 1 um.
From Fig. 7, maximum Af of 280.7 kHz is obtained in
between 0.4 um to 0.6 um of CNT thickness for TCM gas. It
was observed that with the change in CNT thickness, the
sensitivity (Af/f) is the same as the Af.
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Fig. 7. Plot between Change in Frequency and CNT Thickness.

A. Simulation Results

The details of SAW device mentioned in the above Table I,
the proposed sensor has been designed and simulated. A sub-
micron layer of PIB having a depth of 0.5 um has been
layered on a piezoelectric substrate. The width and height of
the substrate should be always in the 1:10 ratio to overcome
the mechanical deformation of resonance and anti-resonance



effect [22]. Here, the piezoelectric substrate made up of
LiNbOs; material has a width dimension of 4 um and a
substrate height of 40 pm in the XZ plane system. The
proposed sensor design added a second layer of CNT placed
over PIB as a top layer to increase sensitivity and serve as an
outstanding TCM adsorbent with a thickness of 0.5 um. A
comb-like structure, an IDT electrode of aluminium material
is being chosen for the conversion of RF signal to the
acousto-mechanical wave. The IDT of finger count two is
now mounted on the LiNbOs substrate with a depth of 0.2 um
and the space between the fingers of 1 pm.

TABLE| SAW SENSOR PARAMETERS
Parameters CNT/PIB/LINbO3

Gas Concentration 100 ppm
IDT depth 0.2 ym
Space between two IDT electrodes 1 um
IDT thickness 1 um
CNT depth 0.5 um
PIB depth 0.5 um
LiNbO; substrate width 4 um
LiNbO; substrate height 40 um
SAW resonating frequency 857.21 MHz
Free Surface wave velocity 3428.84 m/s

B. Multi-Layer structure (PIB/CNT/LiNbOs)

The multi-layered structure exhibits a f - of 873.67 MHz and
fr effect of 857.21 MHz that has a transition from switch =
0 to switch = 1 shown in Fig. (8-11). The simulation result is
obtained with and without exposure to TCM gas
concentration on the sensing layer [23]. Due to this switching
phenomenon, the quantity of the change in eigen frequency
with respect to Af and the displacement is computed for the
heterostructure device SAW sensor.

switch(1)=0 Eigenfrequency=857.21 MHz Surface: Total displacement (um) 9

| A& va2xio™
x107
10
8

6

@ b 4 & b b & R A o

Fig. 8. Resonance effect of 857.21 MHz for the CNT/PIB/LiNbOs.
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switch(1)=0 Eigenfrequency=873.8 MKz Surface: Total displacement (um)

£2 22

| a128x10%
1 x107¢

& b 4 & b kW R s o

N " . " vo
4 2 0 2 4 6 8 Hm

Fig. 9. Anti-resonance effect of 873.8 MHz for the CNT/PIB/LiNbO;.
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Fig. 10. Resonance effect of 856.92 MHz for the CNT/PIB/LiNbOs
SAW sensor.
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Fig. 11. Anti-resonance effect of 873.67 MHz for the CNT/PIB/LiNbO3
SAW sensor.

From the Fig. (12-15), the surface potential distribution of
heterostructure model for the SAW resonator has been
simulated using the switching mode from 0 to 1 at both
resonance and anti-resonance frequency.

switch(1)=0 Eigenfrequency=857.21 MHz Surface: Electric potential (V) o
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Fig. 12. Electric potential distribution (switch=0) at Resonance frequency.
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Fig. 13. Electric potential distribution (switch=0) at anti-resonance
frequency.
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Fig. 14. Electric potential distribution (switch=1) at resonance frequency.
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Fig. 15. Electric potential distribution (switch=1) at anti-resonance
frequency.

The one-port SAW resonator performance is characterized by
its absolute and imaginary admittances, shown in Fig. 16
below;

o

B =)

Global

Admittance (S)

850 855 860 870 875 880

865
Fraquency (MHz)

Fig. 16. The real and imaginary admittance of SAW sensor in frequency
domain.

48

TTIC, 2022, Vol.6

The simulated evaluation for TCM for 100 ppm gas
concentration results in Eigen frequencies that define f, and

far for the proposed SAW sensor. The IDTs electrode
computes a specific lowest range of frequency shift (kHz),
with or without the subjection of TCM gas on the sensor
layer.

TABLE Il COMPARISON OF FREQUENCY SHIFT FOR TCM GAS

Concentration of target Af (kHz) References
gas (ppm)
100 280.7 This work
100 1.394 [24]
100 1.840 [25]

The SAW heterostructure model (PIB/CNT/LiNbO3)
frequency shift (Af) responses were compared with other
research work in given Table Il. These literatures used Lamb
wave resonator on SOI/AIN substrate and Sezawa mode for
TCM gas sensor with PIB layer respectively [24], [25]. The
Af for the same TCM gas at 100 ppm was studied. Our
proposed one-port CNT/PIB/LiNbO; SAW TCM gas sensor
shows Af of 280.7 kHz whereas, 1.394 kHz and 1.840 kHz is
observed in the previous research work done [24], [25].
Sensitivity of 3 kHz/ppm was reported for bulk acoustic wave
(BAW) device at 1.377 GHz [26]. For similar device
resonating frequency with the specified dimensions i.e., IDT
width of 0.7 pm, A of 2.8 um with £, of 1.245 GHz, we have
achieved 3.18 kHz/ppm which is in comparison or even
slightly better than the BAW devices [26].

High sensitivity of the proposed device is observed due to
presence of CNT/PIB multilayer. The multi-layered
CNT/PIB/LiINbO3; SAW gas sensor for TCM detection shows
the best results concerning frequency shift.

IV. CONCLUSIONS

In this work, SAW one-port resonating sensor device for
TCM gas sensing has been modeled and the sensor
performance was simulated by considering two different
sensor design with and without PIB layer. The SAW
resonating device were modeled in Finite Element Method
based on COMSOL Multiphysics. The characteristics of the
sensor were studied with change in the gas concentration and
CNT thickness, at room temperature. When exposed to the
target gas, the proposed multi-layered SAW sensor
(PIB/CNT/LiINDbOs3) provides a frequency shift of 280.7 kHz.
It was observed that the resonant and anti-resonant
frequencies changes as a result of modification in the sensor
parameters. The SAW heterostructure provides an excellent
outcome shows with an optimum sensitivity, Af , and
electrostatic potential distribution. These investigations can
be further carried out for different volatile organic gases with
suitable choice of sensing material and may lead to
fabrication of the device for real time industrial applications.
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