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Detection and identification of toxic environmental gases have assumed paramount importance pre-
cisely in the defense, industrial and civilian security sector. Numerous methods have been developed for
the sensing of toxic gases in the environment ever since surface acoustic wave (SAW) technology came
into existence. Such SAW sensors called electronic nose (E-Nose) sensor use the frequency response of
a delay line/resonator. SAW device is focused and given importance. The selective coating between input
and output interdigital transducers (IDTs) in the SAW device is responsible for corresponding changes
in operating frequency of the device for a specific gas/vapour absorbed from the environment. A suitable
combination of well-designed SAW delay lines with selective coatings not only help to improve sensor
sensitivity and selectivity but also leads to the minimization of false frequency alarms in the E-Nose
sensor. This article presents a comprehensive review of design, development, simulation and modelling of
a SAW sensor for potential sensing of toxic environmental gases.
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1. Introduction

The concentration of chemical pollutants in the
environment has increased tremendously due to vari-
ous factors like rampant industrialization, sudden pop-
ulation growth, and gross mismanagement of natu-
ral resources (AFZAL et al., 2013; JAKUBIK et al.,
2016; MSEDDI et al., 2016; SINGH et al., 2016; RAJ
et al., 2017). These chemical pollutants come in var-
ious forms such as toxic industrial chemicals (TICs),
volatile organic compounds (VOCs), hazardous gases,
chemical warfare agents, explosive vapours, environ-
mental pollutants, etc. As such, there is an urgent
need for the development of stable technologies for
their timely detection and identification in the envi-
ronment (MATATAGUI et al., 2011b; RAJ et al., 2013b;
Luo et al., 2013). Chemical warfare agents (CWAs)
are weapons of mass destruction which can cause in-
stant death or temporary incapacitation or permanent
impairment in humans and other living organisms.
A good chemical sensor needs to have many desirable
traits like better selectivity, sensitivity, lower response
time, fewer false alarm rates, low power consumption,
reliability over distinct environmental conditions, swift

recovery time, portability and a simple user interface
(HARMER, MARQUIS, 2004; HO et al., 2005; RAJ et al.,
2010; AFZAL et al., 2012; JAKUBIK et al., 2016).

A lot of effort has been put by researchers around
the globe for the development of reliable techniques for
detection of such chemicals in the environment. Ra-
man spectroscopy, lon mobility spectroscopy, Flame
photometry, Infra-red spectroscopy, Surface acoustic
wave (SAW) technology, Calorimetric, Conductomet-
ric, Photo ionization and Flame ionization are some of
the existing techniques for this purpose (WOHLTJEN,
DEssy, 1979; CHANG, SHIH, 1998; MOORE 2004;
SFEROPOULOS, 2009; SINGH et al., 2016). Each method
has its own advantage as well as a limitation of their
hands-on application as a sensor. Among these tech-
niques, SAW technology is one of the promising and
efficient technologies for sensing of chemical agents at
lower concentration levels (ppm and ppb). Precise de-
tection of hazardous chemical compounds in gaseous
and liquid environments is possible with the help of
such SAW sensors. These sensors have the advan-
tage of being compact sized, affordable, highly sen-
sitive and being reliable (WOHLTJEN, DESsY, 1979;
CHANG, SHIH, 1998; MOORE, 2004; SFEROPOULOS,



358 Archives of Acoustics — Volume 43, Number 3, 2018

2009; JAKUBIK, 2011; RAJ et al., 2013b; Luo et al.,
2013; SINGH et al., 2016).

The adsorption and absorption of chemical agents
by sensitive layer in a SAW sensor causes change in
attenuation and phase velocity of acoustic waves prop-
agating on the surface of the piezoelectric substrate
which is then measured in terms of change in fre-
quency (ABRAHAM, 1995; MATATAGUI et al., 2009;
RAJ et al., 2010; RAJ et al., 2012a). A suitable com-
bination of piezoelectric substrate, interdigital trans-
ducers (IDTs), and selective coating is an essential re-
quirement for efficient design and fabrication of SAW
sensors (WILSON, ATKINSON, 2007a; KHANEJA, MIT-
TAL, 2008; TIiGLI, ZAGHLOUL, 2008; PANDYA, 2010;
VENKATESAN, PANDYA, 2013; BANUPRIYA et al.,
2014; SHARMA et al., 2014). The present paper aims to
provide a comprehensive review and critical analysis of
such SAW sensors.

2. SAW sensor devices

Research studies on SAW sensor devices reveals
that the SAW technology has great potential for ap-
plications in high frequency electronic devices (from
a few MHz to GHz) for data processing, telecommu-
nication etc. (KNAUER et al., 1997; DICKERT et al.,
1998; MORGAN, 1998; KUMAR et al., 2004; SMITH,
HINSON-SMITH, 2005; HAO et al., 2010). In addition
to this, SAW sensors are identified to be a promis-
ing candidate for gas sensing applications. A piezo-
electric substrate, sensitive region and IDTs are the
basic requirements for any SAW sensor (Fig. 1). Piezo-
electric single crystal, ST-X Quartz (SiO2) (MORGAN,
1998; HAO et al., 2010), Lithium Tantalate (LiTaOs3),
Lithium Niobate (LiNbO3), Langasite (LazGasSiO14),
GaAs, ZnO films (TASALTIN et al., 2012), and GaN
films are some of the efficient substrates of interest
due to their peculiar properties in different SAW sen-

a)

Input IDTs

sor applications. However, ST-X Quartz and LiNbOj3
are the most commonly used piezoelectric substrates
preferred for chemical sensing because of their zero
temperature coefficient of delay (TCD) and wide band-
width (MATATAGUI et al., 2009; 2011b; HAO et al.,
2010; JAKUBIK et al., 2016).

IDTs are metal electrodes usually made up of alu-
minum (Al), gold (Au) or copper (Cu) placed on
a piezoelectric substrate for the generation and de-
tection of surface acoustic waves. Although gold has
superior electrical properties, its acoustic losses are
very high. Relatively aluminum serves as inert metal
as well as good adhesive and it has low attenuation.
Therefore, it is predominantly used as an electrode ma-
terial (PLESSKI, 2005). Different IDT structures have
been studied by many researchers ever since a pair of
two combs like metal thin films developed photolitho-
graphically by White and Voltmer in 1965 as an IDT
has become so popular due to its fascinating proper-
ties. The geometry of IDTs might be either single or
double or apodized depending upon the specific ap-
plications (PANDYA, 2010; BANUPRIYA et al., 2014,
SHARMA et al., 2014). Any SAW sensor device is basi-
cally either a SAW delay line or resonator device and
it is described below.

2.1. SAW delay line

A SAW delay line is one of the earliest devices
consisting of an input IDT and output IDT placed on
a piezoelectric substrate as presented in Fig. la. At
the input IDT, the applied electric field produces me-
chanical waves (due to the inverse piezoelectric effect)
which are transmitted towards the output IDT and
converted back to electrical field (due to piezoelectric
effect). The delay (7) produced by the SAW sensor
depends on the distance between the centres of input
and output IDTs (L) and the SAW velocity for a par-
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Fig. 1. Schematic design of SAW: a) delay line and b) resonator.
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ticular substrate (vg) which is expressed as 7 = L/vg
(VENKATESAN, PANDYA, 2013; PANDYA et al., 2013;
BANUPRIYA et al., 2014; PRIYA et al., 2016).

2.2. SAW resonator

The resonator is a device which oscillates at its
resonant frequency with greater amplitude. SAW res-
onators have found applications in narrow band fil-
ters, highly selective band stop or band pass filters,
and many other devices. SAW resonators have reflec-
tive gratings placed on both sides of IDT in the form
of an array with spacing A/2. Figure 1b shows the typ-
ical design of a two port SAW resonator. The reflected
surface acoustic waves from the gratings give rise to
a standing wave pattern which forms a resonant cav-
ity around the IDTs. This helps to obtain resonators
with moderately high quality factor (KHANEJA, MIT-
TAL, 2008; NIMAL et al., 2009; VENKATESAN, PANDYA,
2013; PANDYA et al., 2013; BANUPRIYA et al., 2014).

The SAW delay line and resonators are promising
devices for chemical sensing applications due to the
ease of fabrication, relatively large sensitive area and
reliability over other devices. The absorbers made of
thin silicon film are placed on both the ends of the
substrate to ensure the unidirectional flow of acoustic
waves which helps to overcome the loss due to interfer-
ence (PANDYA, 2010; AFZAL et al., 2013; PRIYA et al.,
2016).

3. Simulation and modelling of SAW sensors

The performance of a SAW sensor primarily de-
pends on the operating frequency and sensitive layer
in the active region of the sensor. Therefore, parame-
ters such as number of IDT finger pairs, finger width,
acoustic aperture, transducer periodicity, electrome-
chanical coupling coefficient, substrate velocity, oper-
ating frequency, and IDT geometry have to be taken
into consideration before the fabrication of a SAW
sensor (AFZAL et al., 2013; BANUPRIYA et al., 2014;
SHARMA et al., 2014; PRIYA et al., 2016). The pre-
fabrication modelling and simulation of SAW sensors
using standard models is helpful to optimize these
parameters for real time analysis. Different models
have been developed for this purpose. Delta func-
tion model, impulse response model (PANDYA et al.,

2013; PRIYA et al., 2016), coupling of modes model
(KHANEJA, MITTAL, 2008; SHARMA et al., 2014),
crossed-field equivalent circuit model and transmis-
sion matrix model are some of the models which
are analyzed by many researchers (PANDYA 2010;
SHARMA et al., 2014; PRIYA et al., 2016). Finite el-
ement analysis performed on either COMSOL Mul-
tiphysics or ANSYS platform has been found to be
a useful method for three dimensional analysis of SAW
sensors (EL GOwINI, MouUssa, 2010).

A complete model which gives combined physical
and chemical response of a sensor has yet to be devel-
oped, but still significant contributions from modelling
helps to improve the performance of SAW sensors.

4. SAW sensor fabrication process

This section briefly describes the fabrication pro-
cess of SAW sensors reported in various literature and
it is similar to that used for integrated chips (Fig. 2).
The thermal evaporation technique is commonly em-
ployed for metallization of aluminum or copper layer
(~200 nm) on a specified piezoelectric substrate. The
IDT pattern is designed using AutoCAD by the con-
version of design data into a standard format for mask
pattern generation followed by the photo resistive coat-
ing. Figure 3 shows a typical AutoCAD design of
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Fig. 2. Steps involved in the fabrication of a SAW sensor.

Fig. 3. Typical AutoCAD design of a two port SAW resonator.
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SAW sensor. Ultrafine pattern processing of IDT has
been performed using the photolithographic technique.
These SAW sensors are fabricated in a clean room hav-
ing less than 100 particles per cubic meter. Subsequent
etching, dicing, bonding and packing have to be done
before testing of a SAW sensor using a vector network
analyser (KNAUER et al., 1997; KHANEJA, MITTAL,
2008; SFEROPOULOS, 2009; PANDYA, 2010).

5. SAW chemical sensing process

A SAW chemical sensor is based on a SAW delay
line or resonator device connected in the feedback loop
of a high frequency amplifier along with a phase com-
pensation network resulting in a SAW oscillator con-
figuration. Figure 4 and 5 show a typical design of the
SAW chemical sensor. The target chemical vapour/gas
along with carrier gas passes through the sensitive re-
gion between a pair of IDTs. Change in frequency can
be observed due to the absorption of analyte by the
sensing layer of the SAW sensor. SAW devices having
a higher operating frequency will have greater sensitiv-
ity to target gas, whereas change in frequency depends
on the concentration of analyte to be tested (DICKERT
et al., 1998; MORGAN, 1998; KUMAR et al., 2004; WIL-
SON, ATKINSON, 2007b; RODRIGUEZ-MADRID et al.,
2013; MATATAGUI et al., 2015; RAJ et al., 2015a).

The sensing response of the SAW chemical sensor
is influenced by various parameters including pressure,
temperature, electrical conductivity (HARMER, MAR-
QUIs, 2004; MOORE, 2004; Ho et al., 2005; JAKUBIK,
2011), humidity (MITTAL et al., 2015), electric load-
ing, mass loading, elastic loading (RAJ et al., 2012a;
JAKUBIK et al., 2016) etc., depending upon the nature
of sensing layer. The frequency shift is either positive
or negative depending upon the sensing analyte. Ini-
tially, target vapour molecules are trapped by pores
or grain boundaries of the sensing layer which leads to
the negative frequency shift (—Af) due to elastic load-
ing. Subsequently, the vapour molecule gets adsorbed
on the sensitive layer and causes a positive frequency
shift (+Af) due to the mass loading effect as reported
by (RAJ et al., 2012a; 2012b; 2013a; 2017). Frequency
shift can be positive or negative due to mass loading
and elastic loading, and it depends on the analyte. The
mass loading (Am) can be calculated using a relation
comprising of the volume of the sensitive material (Vy),
solution concentration of the sensitive material (Cy),
partition coefficient (k = C,/C,), vapour concentra-
tion (C,) and it is given by (MATATAGUI et al., 2009;
2011b)

Am = C,Vy = kC, V.
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Fig. 4. A typical SAW chemical sensor.
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Fig. 5. A schematic of a resonator based SAW sensor in oscillator configuration (RAJ et al., 2015a).
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The frequency shift (Af) of a SAW oscillator due
to mass loading can be obtained using the relation
(MATATAGUI et al., 2009; 2011D)

Af = (k1 + ko) f§(Am/[A) = (k1 + k2) fohkCl,

where, k1 and ks are constants of the piezoelectric sub-

turbed resonant frequency of the SAW oscillator and
the area of the sensing film, respectively. The sens-
ing layer plays a pivotal role in sensing properties of
a SAW sensor and therefore, a study of selective coat-
ing materials and their properties is of paramount in-
terest for many researchers (MATATAGUI et al., 2011b;
RAJ et al., 2013a; 2013b; 2015a; 2017; JAKUBIK et al.,

strate, h, fo and A are the coated film thickness, unper-

Table 1. Brief review of polymers used as a selective coating in SAW sensors.

2016).

Pi loctri Operating Analvt
Sensitive coatings 1ezociectric frequency Analyte nalyte Author (Ref.)
substrate [MH7] concentration
Methanol, 1000-4000 ppm
Polymer ST-X Quartz 433.9 benzene, 400-1600 ppm SINGH et al.
(SXFA) ' diesel, 12-48 ppm (2016)
DMMP 1-0 ppm
Polymers
(PIB, PECH, ST-X Quartz 300 ace;;%gﬁ (gzhzze?tl;)ne ppb-ppm VERMA, YADAVA
PVA, PMA, vae, ) (2015)
chloroform etc.)
carbowax etc.)
VOGs, JHA et al
Polymer ST-X Quartz - Nerve agent simulant, - (2014) ’
explosive vapor, etc.
Polymer ST-X Quartz 163 Nerve agent simulant 0.04-1 ppm MATATAGUI
(DMMP) 0.25-10 ppm et al. (2012)
Polymers Nerve agent simulant
(PECH, PIB, ST-X Quartz 157 (DMMP, DCE), Sub ppm MATATAGUI
PEM, et al. (2011a)
VOCs (Toulene)
carbowax etc.)
Polymers 128° YX VOCs (methanol,.ethanol, HAO
(P4VP, PEG, LiNbO. 100 acetone, amine - et al. (2010)
PS, PSMC etc.) 3 and trimethylamine) '
Polymers VOCs (Toluene),
(PIB, PDMS, ST-X Quartz 200 Nerve ager.lt simulant (DMMP), B JHA, YADAVA
PECH, SXCN, Explosives (DNT, TNT), (2010)
PEI etc.) TICs (Benzene)
Polymer LiNbO3 70.3 VOCs (methanol, ethanol) 300 ppm BALCERZAK
et al. (2010)
Polymers
. Nerve agent
(blsphenl, | Quarte, = and its simulant oo NivAL
ol sils;](alie Zn0O/ ls;s (DMMP, Sarin), O. 1ppm’ et al. (2009)
PoOLy ’ & Explosives (DNT) PP
fluoropolyol)
Polymers ST-X Quartz - VOCs (Toulene) 540 ppm MATATAGUL
et al. (2009)
Polymers (SXFA, ST-X Quartz 100 Nerve agent simulant 0.05-0.4 ppm | ALIZADEH, ZEYNALI
OVas, PECH) 0.1-0.8 ppm (2008)
Polymer ST-X Quartz 434 DMMP 5-40 ppm Du et al. (2008)
Polymers
(PIB, PECH, ST-X Quartz| 39.6-264 Nerve agent simulant 5 ppm Joo et al. (2007)
PDMS, PBD,
PIP etc.)
Polymer g v uartz| 433.92 DMMP 0.5 ppm, NivAL
(Bisphenol) 0.1 ppm et al. (2006)
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Table 2. Metal oxides as a selective coating in SAW sensors.

. . | Operating
Sensitive coatings Piezoelectric frequency Analyte Analyte. Author (Ref.)
substrate concentration
[MHz]
Metal oxide (ZnO) | ST-X Quartz 433 Ammonia 25-590 ppm R(A;O(i%al'
Metal OXi(.leS ST-X Quartz 175 TICs, VOCs (Toulene, Xylene) 10 ppm, 5 ppm, | MATATAGU
(ZnO and TiO2) 10 ppm et al. (2015)
Metal oxide (SnO2) | ST-X Quartz|  433.9 NO; gas 20 ppm RAJ et al.
(2015a)
Metal oxide (ZnO) |ST-X Quartz| 433.9 Nerve agent simulant 5-1600 ppm R(‘;é f;b‘)“'
Metal oxides
(Zn0, TeOs, SnOs, | ST-X Quartz|  433.9 DMMP and methanol 1805‘5500 ppb t SZIN‘;E‘M
and TiO2) ’ ppm et al. )
Metal oxides
Chemical Warfare Agents RAJ et al.
ST-X t 433.9 Sub level
(ZnO, TeQz, SnOq, Quartz (DMMP, DBS, CEPS, and DECP) ub ppm leve (2013b)
and TiO2)
VOCs (acetone, trichloroethylene, TASALTIN
Metal oxide (ZnO) | ST-X Quartz 433 chloroform, ethanol, 100-5000 ppm ¢ al. (2012
n-propanol and methanol) et al ( )

5.1. Vapour recognition materials

The sensitive layer is an integral part of a SAW
chemical sensor. Interaction of target gas molecules
on the sensitive layer greatly enhances the sensing
property of SAW chemical sensors (MATATAGUI et al.,
2009; JAKUBIK et al., 2016). Therefore, the sensitive
layer should have greater sensitivity, selectivity, short
recovery time and long term stability. The surface
morphology, structural, electrical and elastic proper-
ties strongly influence the sensing properties of the
sensitive layer. As a result the physical parameters
such as surface roughness, crystallite size, film thick-
ness, resistivity etc., need to be optimized in order
to improve the interaction of target gas molecules
(HAO et al., 2010; RaJ, 2012; RAJ et al., 2015a).
AFZAL et al. (2013) has reported that metal oxides,
carbon nanotubes, supramolecular structures, molec-
ularly imprinted polymers, self-assembled monolayers
and a variety of other polymers have been used as sen-
sitive layer for identification and detection of chemical
vapours. Polymers (HAO et al., 2010; AFzAL et al.,
2013; SINGH et al., 2016), metal oxides (RAJ, 2012;
RAJ et al., 2013a; 2015a; AFZAL et al., 2013; SINGH
et al., 2014) and their nanostructures have been widely
used for these purposes because of their improved per-
formance over other materials and some of them are
depicted in Tables 1 and 2.

5.1.1. Sensitive coating polymers

Polymers have been extensively used as sensitive
coatings for SAW chemical sensors over the past few
decades due to their short response time, high sensitiv-

ity and room temperature operation. For coating poly-
mers as sensitive layers methods like spin coating, sol-
vent casting, dip coating, drop dry method and spray
coating method have been used by many researchers
(ALIZADEH, ZEYNALI, 2008; DU et al., 2008; NIMAL
et al., 2009; SINGH et al., 2016). In drop dry method,
the quantity of polymer loaded on the sensitive region
could be known exactly and therefore it is found to
be a simpler and efficient method (NIMAL et al., 2009;
SINGH et al., 2016). A different class of polymers has
been used depending upon their affinity towards the
specific analyte to be detected Table 1). NIMAL et al.
(2009) have developed flouropolyol and polysiloxane
polymer coated handheld SAW resonator and disper-
sive delay line based devices for the detection of CWAs
and explosives, respectively. And they have reported
that the developed sensor shows reproducible results
for more than three years. One of the major drawbacks
of using polymer sensitive layer is that their stability
and repeatability changes over a long time in differ-
ent environmental conditions (NIMAL et al., 2009). At
higher temperatures, the polymer films are more flex-
ible. Consequently the device may misbehave. There-
fore metal oxides as sensitive layer are good alternative
to overcome these difficulties and for the sustainable
development of SAW sensors.

5.1.2. Metal oxide sensitive coatings

Semiconducting metal oxides and their nanostruc-
tures have been recently emerging as efficient sensing
materials for chemical vapour/gas sensors (BARSAN
et al., 2007; WETCHAKUN et al., 2011; AFZAL et al.,
2012; 2013; RAJ et al., 2013b; ISLAM et al., 2015).
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Metal oxides like ZnO, WOj3, SnO5, CuO, CeOs etc.,
have been widely explored for these purposes (RAJ
et al., 2013a; 2015a; 2017; AFZAL et al., 2013; SINGH
et al., 2014; MSEDDI et al., 2016). The methods such
as ion beam assisted reactive deposition, molecular
beam epitaxy, pulsed laser deposition, chemical vapour
deposition, electron cyclotron resonance, RF or DC
magnetron sputtering, sol-gel, atomic layer deposition,
electron spray technique etc., were utilized to deposit
high quality metal oxide thin films. Over other meth-
ods, RF sputtering has been identified to be a promis-
ing method for metal oxide coating of SAW sensors
(RAJ et al., 2013a; 2015a; 2017; AFzZAL et al., 2013;
MSEDDI et al., 2016). Among different metal oxide ma-
terials, tin oxide (SnO3z) and zinc oxide (ZnO) are ex-
tensively studied for SAW based gas sensors. Further,
ZnO is a well-known piezoelectric material in that it
does not degrade the SAW propagation characteris-
tics and hence, it is effectively utilized for the detec-
tion of target gas molecules (RAJ et al., 2017). Bi-
nary mixture of DMMP and methanol have been rec-
ognized at ppb and ppm levels, respectively, by using
an array of metal oxide sensitive layers (ZnO, TeOa,
SnOs and TiO3) as reported by SINGH et al. (2014).
HARIDAS et al. (2010) have developed an array of sen-
sor using SnOsg thin films loaded with nano clusters
of different catalysts like platinum, palladium, silver
and copper oxide for the detection and identification
of LPG, methane, ammonia, and HyS from a mixture
of gases.

6. Pattern recognition and SAW E-Nose sensor

The arrangement of selectively tuned hardware
(sensor) and software trained to identify gases or
odours as a function that can simulate a mammalian
nose is called an Electronic Nose or E-Nose. For Sens-
ing of different gases in a mixture, one will need highly
selective sensors. Even if this is achieved, the num-
ber of sensors will be equal to the number of tar-
get gases, which is a difficult task (HARIDAS et al.,
2010; RAJ et al., 2015a). A single sensor operating
at different temperatures or an array of four or five
sensors composed of selectively tuned sensitive lay-
ers preferably polymers (ALIZADEH, ZEYNALI, 2008;
SINGH et al., 2016) or metal oxides (HAO et al., 2010)
would be helpful for these purposes. As the number
of response signals from the sensor increases, there is
a critical need for the development of a software based
pattern recognition tool such as principal component
analysis (PCA), artificial neural networks (ANN) and
partial least square analysis (PLS) to analyze complex
data (SINGH et al., 2014; 2016). Recently, HARPREET
(SINGH et al., 2014; 2016) have utilized PCA and ANN
for the development of SAW mono polymer and an ar-
ray of metal oxide based sensors. They have reported
that PCA has redundancy over temperatures and sens-

ing layer of sensor. They have successfully implemented
ANN pattern recognition for the recognition of DMMP,
methanol and some other chemical compounds.

6.1. Chemical vapour generation and delivery system
in SAW sensors

SAW E-Nose sensors are needed to be optimized
with combination of different chemical vapours/gases
for field applications. Therefore, generation and deliv-
ery of vapours of different compounds at various tem-
perature are of paramount interest to many researchers
(KANNAN et al., 2004; RAJ et al., 2010; 2013b; SINGH
et al., 2014; 2016). Figure 6 presents a schematic di-
agram of vapour generation and delivery system. It
consists of flasks (F1 and F2) wounded with heater
wire for the generation of vapour from liquids whose
concentration can be altered using fine flow controllers
(M1-M5) with the help of carrier gas (N3). PID con-
trollers are used for controlling the temperature on the
flask. Solenoid valves (S1 and S2) are used for rapid
switching between carrier and target gas.

To \T/ent To Vent

Flask wound with
heater wires
R14]

v

o

f F3 S1

M5 s2

=u

-.E
-
N

—> To E-Nose

F2

=0 S j=n 3

Filter
Carrier gas
(N2)

Fig. 6. Schematic diagram of sample vapour generation and
delivery system (SINGH et al., 2014).

The concentration of a chemical compound could
be calculated using weight loss method by evaluat-
ing their evaporation rate over different time (NIMAL
et al., 2006; RAJ et al., 2010; 2013a, 2015a; RAJ et al.,
2013; SINGH et al., 2016). Supply of carrier gas (Na)
through S2 helps desorption of target gas molecules
absorbed /adsorbed on the sensor surface.

7. Current issues and future development
of SAW sensors

Environmental monitoring of hazardous air pollu-
tants such as carbon monoxide, sulfur dioxide, nitro-
gen dioxide, VOCs, and CWAs is very much essential
to form a toxin free environment. Thus, there exists an
ever increasing demand for the development of smart
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sensor technology for the timely detection of these
compounds (HARMER, MARQuIs, 2004; Ho et al.,
2005; JOO et al., 2007; HAO et al., 2010; MATATAGUI
et al., 2011b). SAW sensors are aptly suitable for these
applications because of their high sensitivity, portabil-
ity, low cost, quick response,recovery time etc. Glob-
ally, SAW delay line and resonator devices are widely
exploited as chemical sensors and it has been widely in-
vestigated using traditional piezoelectric materials
like LiNbO3 and Quartz as piezoelectric substrates
(HARMER, MARQUIS, 2004; SMITH, HINSON-SMITH,
2005; NIMAL et al., 2009; BANUPRIYA et al., 2014).

The working principle of SAW sensor is based on
the velocity change measured in terms of frequency
and time delay. Hence, the high frequency [MHz| and
ultra-high frequency [GHz] SAW devices are mainly
of interest. The effective use of piezoelectric materi-
als like ZnO and AIN, helps in the development of
ultra-high frequency SAW devices (KNAUER et al.,
1997; DICKERT et al., 1998; RAJ et al., 2010). Opti-
mizing the sensing layer is another important aspect
for the enhancement of sensing properties. Nanostruc-
tured metal oxides have been investigated recently by
many researchers for this purpose. The presence of
nano pores and discrete energy levels would be helpful
to improve the sensitivity by means of mass loading
effect in SAW sensors.

Although significant efforts have been made in the
development of unique sensing layers, sensing of dis-
crete analyte is still very challenging. Since an array of
sensors is used here, pattern recognition tools such as
ANN and PCA can be used for recognition but still the
presence of unknown compound which is not preloaded
into SAW E-nose library cannot be easily recognized.
Further, SAW sensors are not compatible with CMOS
technology, which constrains their use in the integra-
tion of a signal processing circuit (MATATAGUI et al.,
2011b). In addition to this, as the sensitivity gets in-
creased to sub ppm levels, the selectivity and accuracy
become complex under various environmental param-
eters such as humidity (L1 et al., 2015; MITTAL et al.,
2015), temperature (LI et al., 2015), etc. Therefore the
possibility of false frequency alarms increases, which
eventually decreases sensor performance (MORGAN,
1998; MCGILL et al., 2000; DEWAN et al., 2008; RoCK
et al., 2008; SFEROPOULOS, 2009; LiM et al., 2011;
MATATAGUI et al., 2011b). Hence, there is always need
for the development of compatible handheld SAW sen-
sors for careful monitoring of environmental threats.
Intensive research on nanostructured properties of ex-
isting sensitive layer materials or the invention of novel
materials with better structure, morphological proper-
ties and greater stability over time and temperature
might be the need of the hour in such cases.

Nowadays, SAW sensors are extensively used as
electronic filters in many electronic devices such as mo-
bile phones, television, RFIDs and much more. They

are also widely used in industrial and military appli-
cations as well. Such SAW sensors can tolerate wide
temperature ranges and can perform well under high
radiation environments too. Moreover, as these sen-
sors are capable of operating passively without active
electronic circuits, they can be employed for wireless
detection of threats under harsh environments (RAJ
et al., 2017; DEVKOTA et al., 2017; FuU et al., 2017).

8. Concluding remarks

SAW chemical sensors are effectively utilized for
the detection of chemical threats in the environment.
This paper presented an overview of the design, de-
velopment, simulation and modelling of a SAW device
and the modifications required in them for their effec-
tive use and understanding.

Polymers, metal oxides and their nanostructures
are widely used as sensing layer for enhancement of
sensing property up to sub ppm level. An array of sen-
sors and pattern recognition tools (PCA and ANN) is
widely useful for enhanced sensitivity and selectivity
of SAW E-Nose sensors. Chemical vapour generation
and deliver systems find their significance for labora-
tory testing of SAW chemical sensors. The paper also
highlights the various challenges and their possible so-
lutions faced in the design and development of SAW
sensor systems. The authors strongly opine that inte-
gration of chemical and biological sensors into a single
handheld device might be an important step in the
future development of SAW sensors in terms of envi-
ronmental monitoring.
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