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Analysis and Modelling of Surface Acoustic
Wave Chemical Vapour Sensors

Marija Hribsek and Dejan Tosi¢
Institute Gosa Belgrade, University of Belgrade
Serbia

1. Introduction

Surface Acoustic Wave (SAW) sensors demonstrate superior selectivity for the detection of
chemical agents. Due to their solid state design and fabrication, compatible with other
modern technologies such as MIC (microwave integrated circuits), MEMS (micro-electro-
mechanical-systems), CMOS, CCD (charge coupled devices) and integrated optic devices,
SAW chemical sensors are extremely reliable. They have compact structure, high sensitivity,
small size, outstanding stability, low cost, fast real-time response, passivity, and above all
the ability to be incorporated in complex data processing systems. They can be used for in
situ monitoring and sensing systems [Ho et al., 2003; Wohltjen & Dessy, 1979; Wohltjen,
1984; Comini, 2009] and for wireless sensing and monitoring in harsh environment [Pohl,
2000] including the detection of chemical warfare agents [Data Sheet, 2005] and land mine
detection [Kannan et al., 2004]. It is interesting that a SAW-based sensor system is used as a
volatile organic contamination monitoring system for the satellite and space vehicle
assembly rooms in NASA. SAW sensors can distinguish organophosphates, chlorinated
hydrocarbons, ketones, alcohol, aromatic hydrocarbons, saturated hydrocarbons, and water
[Ho et al., 2003].

Surface acoustic waves were discovered in 1885 by Lord Rayleigh and are often named after
him as Rayleigh waves [Rayleigh, 1885]. A surface acoustic wave is a type of mechanical
wave motion which travels along the surface of a solid material, referred to as substrate. The
amplitude of the wave decays exponentially with distance from the surface into the
substrate, so that the most of the wave energy is confined to within one wavelength from the
surface [Farnell, 1977; Martin et al., 1994].

A basic SAW device was originally developed in 1965 [White & Voltmer, 1965] by White
and Voltmer when they found out how to launch a SAW in a piezoelectric substrate by an
electrical signal. The basic SAW device consists of two interdigital transducers (IDTs) on a
piezoelectric substrate such as quartz, Fig. 1.

Each IDT is a reversible transducer made of interleaved metal electrodes, which are used to
convert an electrical signal to an acoustic wave and vice versa. An IDT is a bidirectional
transducer: it radiates energy equally on both sides of the electrodes. Consequently,
theoretical insertion loss introduced by an IDT is at least 6 dB. SAW devices work in the
frequency range of 10 MHz to several GHz.

Source: Acoustic Waves, Book edited by: Don W. Dissanayake,
ISBN 978-953-307-111-4, pp. 466, September 2010, Sciyo, Croatia, downloaded from SCIYO.COM
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Fig. 1. The basic structure of a SAW device.

A sinusoidal voltage v of frequency f applied to the input IDT forms an electric field which
through the piezoelectric effect causes a strain pattern of periodicity 2d, where d denotes the
distance between the centres of the electrodes. If the frequency fis such that 2d is close to the
surface wave wavelength, a surface wave will be launched in two opposite directions away
from the transducer. The surface wave causes the corresponding electric field in the output
transducer and thus the voltage at the impedance Z;. The magnitude of the output signal is
the function of the ratio of the signal’s wavelength and the distance 2d. If the distance 2d is
equal to the wavelength, the magnitude of the output voltage is maximal. The
corresponding frequency is then called the centre or synchronous frequency of the device.
The magnitude of the output voltage decays as the frequency shifts from the centre
frequency. It means that a SAW device is a transversal bandpass filter with constant group
delay. Therefore, it is usually called a SAW filter or delay line type of a SAW device. The
phase characteristic is a function of the distances between the electrodes and the amplitude
characteristic is a function of the electrodes’ number and lengths. The width of the
electrodes usually equals the width of the inter-electrode gaps giving the maximal
conversion of electrical to mechanical signal and vice versa. The minimal electrode width
obtained in industry is around 0.3 pm, which determines the highest frequency of around
3 GHz. The commonly used substrate crystals are: quartz, lithium niobate, lithium tantalate,
zinc oxide and bismuth germanium oxide. They have different piezoelectric coupling
coefficients and temperature sensitivities. The ST quartz is used for the most temperature
stable devices. The wave velocity is a function of the substrate material and is in the range of
1500 m/s to 4800 m/s, which is 105 times lower than the electromagnetic wave velocity. This
enables the construction of a small size delay line of a considerable delay.

In the second type of SAW devices, called SAW resonators, Fig. 2, IDTs are used only as
converters of electrical to mechanical signals and vice versa, but the amplitude and phase
characteristics are tailored using the reflections of the wave from either metal stripes or
grooves of small depths.
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Fig. 2. a) One-port SAW resonator and b) two-port SAW resonator.

SAW resonators are made as one-port or two-port devices. In a one-port SAW resonator
only one IDT, placed in the centre of the device, is used for both, input and output,
transductions. The input electrical signal connected to IDT, via antenna or directly, forms an
acoustical wave in the piezoelectric substrate which travels along the surface on both sides
from the transducer. The wave reflects from the reflective array and travels back to the
transducer, which transforms it back to the electrical signal. The attenuation of the signal is
minimal if the frequency of the input signal matches the resonant frequency of the device.
The resonant frequency is determined by the geometries of the transducer and reflectors, the
distance between the transducer and the reflectors and the wave velocity. The wave velocity
depends upon the substrate type, and the temperature. One-port resonators are used in
oscillators. Two-port resonators are used as narrow bandpass filters. The dimensions of
resonators are smaller than the delay line filters of the same centre frequency and
bandwidth.

Beginning from around year 1970, versatile SAW devices were developed for pulse
compression radars, band pass filters for the TV receivers (sets), and radio systems. The rise
of mobile radio of the eighties, and particularly cellular telephones, caused an increase in the
demand for SAW filters, so that they are now produced in vast number.

In the last three decades SAW devices of both types have found applications as
identification tags, sensors of different physical quantities, chemical sensors, and biosensors
[Pohl, 2000; Seifert at al., 1994; Hribsek et al., 2009; Hribsek et al., 2010, Mitsakakis et al.,
2009]. They are used in consumer and highly professional devices and systems. SAW
sensors are passive elements (they do not need power supply). The main advantage of all
SAW sensors is their ability to be accessed wirelessly enabling remote monitoring in harsh
environment. Wireless access is achieved simply by connecting an antenna to the input
transducer.

The operation of delay line SAW sensors is based on the fact that the measurand
(temperature, pressure, strain, chemical vapour etc.) affects the propagation of the SAW in
the sensor in attenuation and delay. If the sensor is heated, stretched or compressed, or if it
is mass loaded, the substrate's length and its elasticity constants are changed. These changes
cause velocity and phase delay variations, which then proportionally change the centre
frequency, attenuation and time delay of the device. The first reported use of SAW
technology for a sensor application was in 1975 for pressure sensing [Cullen & Reeder, 1975;
Cullen & Montress, 1980]. SAW temperature sensors have millidegree resolution, good
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linearity, fast response, and low hysteresis [Pohl, 2000]. They are sealed in hermetic
packages. The response time is about 0.3's, 1000 times faster than in bulk acoustic wave
(BAW) sensors. For temperatures up to 200°C lithium niobate is the ideal material for
temperature sensors, because of its large temperature coefficient (TCD) of approximately
90 ppm/°C and its high electro-acoustic coupling constant. For temperatures up to 1000°C
langasit substrate is used.

SAW chemical vapour sensors were invented by Wohltjen [Wohltjen & Dessy, 1979;
Wohltjen, 1982]. A SAW chemical vapour sensor is made from a SAW device by placing
chemically sensitive coatings (usually polymer films) on the device surface. The absorbed
chemical vapours into the coating cause a change in the centre or resonant frequency of the
sensor. A microcomputer can measure these changes and use them to determine the
presence and concentration of chemical agents.

The SAW sensor coatings have unique physical properties which allow a reversible
adsorption of chemical agents. In order to make the whole system as compact as possible,
the SAW device should be incorporated in CMOS or MEMS integrated circuits [Zaki et al.,
2006]. In that case piezoelectric material is placed on the top of the IC circuit, e.g. on the top
of silicon or the isolating layer, usually silicon dioxide. Commonly used piezoelectric
materials in classical SAW applications are ST-cut quartz and lithium niobate. Besides them
7ZnO, AlGaN, GaN, AIN are used [Zaki et al., 2006; Rufer et al., 2006, Assouar et al., 2000;
Rufer et al., 2005; Kirsch et al., 2006; Kirsch et al., 2007, Omori et al., 2008]. Recently,
multilayered substrates are used for the wave velocity increase [Ahmadi et al., 2004]. The
highest velocities are achieved when the piezoelectric material is placed on the top of the
diamond layer, due to its highest acoustic wave velocity [Assouar et al., 2000; Benetti et al.,
2004; Benetti et al., 2005; Besmaine et al., 2008; Hakiki et al., 2005; Mortet et al., 2008; Jian et
al., 2008; Shikata et al.,, 2005]. Several piezoelectric materials in combination with
diamond/silicon substrates have been investigated theoretically and experimentally.
Theoretical calculation of the wave velocity in the multilayer structures is based on the
solution of the wave equation demanding elaborate numerical computations. The use of
diamond in the multilayered SAW structure has the following advantages: high frequencies
up to 5 GHz, high coupling coefficients up to 1.2%, small temperature deviations, high
power capability, and small device size without submicron lithography. The disadvantages
of the layered SAW structures are the complex design and the problem related to the
deposition of a piezoelectric layer with appropriate crystalline orientation. These facts
probably have caused insufficient research on SAW sensors using diamond. Extreme
chemical stability and bio-inertness [Specht et al., 2004] make diamond ideal material for
sensors operating in harsh or biologic environments.

This chapter describes principles of operation, analyses and modelling of delay line
chemical vapour SAW sensors.

2. Principles of chemical vapour SAW sensor operation

The basic principle of chemical vapour SAW sensors is the reversible sorption of chemical
vapours by a coating which is sensitive to the vapour to be detected. A transversal, or delay
line, SAW chemical sensor can be schematically presented as in Fig. 3. It consists of two
IDTs and a chemically sensitive thin layer placed between them on the top surface of the
piezoelectric substrate.
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Fig. 3. The basic configuration of a chemical SAW sensor.

The surface wave is induced by an electrical signal applied to the input IDT. The output
signal (voltage) is taken from the output IDT. The velocity and attenuation of the wave are
sensitive to mass and viscosity of the thin layer, usually polymer film. The purpose of the
thin layer is to absorb chemicals of interest. When the chemical is absorbed, the mass of the
polymer increases causing a change in velocity and phase of the acoustic signal, which
causes a change in amplitude and frequency of the output voltage at the load impedance Z;.
Acoustic absorbers placed on the substrate edges damp unwanted SAW energy and
eliminate spurious reflections that could cause signal distortions.

The IDTs are identical with uniformly spaced electrodes of equal lengths and equal ratio of
electrodes width and spacing. The number of electrodes defines the frequency bandwidth of
a SAW device. The electrodes’ lengths and their number, and matching networks at the
electrical ports, should be chosen to match the IDT input resistance, at the centre frequency
fo, to the load resistance Ry and the generator resistance Rg. In that case, the overall minimal
loss due to IDTs is 12 dB. The wavelength corresponding to the centre frequency equals 2d
(the distance between the electrodes of the same polarity). The centre frequency and the
bandwidth are determined by the IDT"s geometry and the substrate type.

The middle part of a SAW sensor, a delay line, is generally treated as lossless. However, its
losses can be neglected only for lower frequencies and small delays (small distances
between the transducers). The transfer function of the delay line is normally assumed unity,
although this may not be true for high frequencies ( f > 0.5 GHz ) or if there are films in the

propagation path [Golio, 2008]. In communications, in electrical filtering applications, the
distance between the IDTs is small. Quite opposite, in chemical sensors this part is essential
and must have a certain length, usually 100-200 wavelengths [Martin et al., 1994], which
should be taken into account.

The frequency and the magnitude of the output voltage across the load are proportional to
the mass loading of the sensing part. The output voltage in the presence of sensing material
(without vapour) serves as a reference. The difference of the output voltage in the presence
of vapour and the reference is proportional to the vapour concentration. Sometimes the
output voltage is directly measured, but usually a SAW delay line is placed in the feedback
loop of the oscillator, Fig.4, so that the oscillation frequency is proportional to the
measurand and it can be easily measured.

www.intechopen.com



364 Acoustic Waves

= = Output

Fig. 4. SAW delay line oscillator.

Time delay 7 of the SAW delay line sensor is the ratio of acoustical length L (distance
between the first electrodes of the input and output transducers) and SAW velocity v.
Generally, in the known sensor applications, L and v are changed due to a temperature
change, mechanical stress, and strain, or because of a mass loading from a thin surface layer.
In chemical vapour sensors L does not change so that the relative change of the delay due to
the variation of a loading from a thin sensitive layer, with or without the vapour, denoted as
measurand y, can be expressed as follows:

dr do

T ody dy =y,dy 1)
where y, can be called the delay sensitivity with respect to y. It is determined by the
orientation and type of crystalline material used to fabricate the sensor [Pohl, 2000;
Zivkovié¢, 2003].
The oscillations are sustained if the following conditions are met:
- amplification in the open loop is greater than 1,
- net phase in the closed loop, acoustical plus electrical, equals 2nz, where n is the

number of the mode, e.g.,:

2r
L s gu(f)=2m @
where f is the oscillation frequency, and ¢, is the phase of the amplifier. Since the
electrical delay is much smaller than acoustical, from (1) and (2) can be found:

Loy ©

which gives the straight influence of the measurand on the frequency. To avoid temperature
influence on measuring results sensors should be made on ST-cut quartz.

In some applications the sensor is a part of a more sophisticated system. In that case two
equal SAW sensors are used: one is vapour-free and serves as reference, the other one is
exposed to vapour and actually performs the sensing function, Fig. 5. The two SAW sensors
are embedded into electrical oscillator circuits and the frequency shift between the
oscillators is proportional to the gas concentration. Using an electronic circuit called the
mixer the voltage proportional to the vapour concentration is obtained from the frequency
shift.
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Fig. 5. Block diagram of a differential chemical SAW sensor system.

3. Analyses and modelling of delay line SAW sensors

According to equation (3) the goal of the analysis of SAW chemical sensors is the derivation
of formulas which connect the frequency shift and chemical quantities (e.g., vapour
concentration). The existing analysis approaches are usually: (a) the analysis based on the
wave equation solutions [Wohltjen & Dessy, 1979; Martin et al., 1994], (b) the analysis based
on published formulas derived from the wave equation [Grate & Klusty, 1991; Grate &
Zellers, 2000], and (c) approximate analysis by means of equivalent electro-mechanical
circuits [Zivkovié et al., 2009]. In the first two approaches chemical SAW sensors have been
analyzed mainly from the chemical point of view without giving any relations between
chemical quantities and the geometry of the SAW sensor and matching conditions at its
electrical ports. Only in the last approach the derived formulas give the straightforward
connection between the chemical vapour concentration and the geometry of the SAW
sensor, sensing part, and substrate properties. The most complete analyses based on the
wave equation are reported in [Martin et al., 1994].

In all of these approaches the centre frequency f, without sensing film should be known.
The centre frequency is proportional to the wave velocity v and inversely proportional to
the wavelength A, (which is equal to the period of IDTs A, =24 ):

fo= % (4)

If the substrate is single layer piezoelectric crystal the centre frequency can be easily
calculated from the IDT geometry and velocity of the material (can be found in the open
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literature). However, if the substrate is multilayered, as is the case when the sensor is
imbedded in MEMS or integrated circuits or when diamond is used, theoretical velocity
determination is rather tedious task and numerical calculation methods are to be performed
in each case separately [Mortet et al., 2008; Benetti et al., 2004; Adler et al., 1990].

3.1 Analyses based on wave equation

It is well known that the exact analysis using surface wave theory is very complex even in
the case of a free surface and single layer piezoelectric substrate [Farnell, 1977; Martin et al.,
1994; Golio, 2008; Ballantine et al., 1997]. It can be found in classical SAW books [Farnell,
1977; Farnell, 1978; Feldman & Henalff, 1989] for single piezoelectric substrate. It starts from
the second Newton’s law applied to particle motion, which gives a set of partial differential
equations. The equations are solved for the appropriate boundary conditions and relations
between mechanical and electrical quantities of a piezoelectric substrate. The Maxwell’s
equations for the electromagnetic field should be taken into account, as well.

Velocity determination is performed by solving wave equations. The wave equations are the
partial differential equations of the form [Farnell, 1977; Farnell, 1978; Hribsek, 1982; Hribsek,
1986]:

3 0T,
pgt= Y=, (m=1,23) )

where

p is the density of the substrate,

u,, is displacement in the direction x,, ,

T,,; is the component of the stress tensor,

X; ’s are space coordinates,

t is time, and

Tmn = Tnm *

Surface wave is propagating in x; direction, and x; direction is normal to the surface,
Fig. 1.

For the piezoelectric substrate the relations between mechanical and electrical variables can
be expressed as follows:

T =c, S

mn mnpq-pq €pmnE (m,n,p,q N 1'213) (6)

pmn=p’

D, = €Sy + EmnE )

mnp mn=n

where

e,y are the piezoelectric constants of the material (elements of the piezoelectric tensor),

Cpnpg are elastic constants of the material measured at the constant electric field,

&yp are dielectric constants measured at the constant mechanical conditions,

Ep is electric field,

D

S, 1s relative mechanical displacement defined as

., 1S electric displacement, and
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1( ou, ou
S,=S,=—| —+—L|. 8
pa o 2(69517 8xpj ®)

Besides that, Maxwell’s equations for electromagnetic field are taken into account. Based on
the fact that the electromagnetic field is slowly varying, it can be assumed to be static, e.g.,
that the electric field is the gradient of a scalar, but variable, potential ¢:

op
E /A | 9
" ox,, ©)

The lack of free charges in the substrate yields

oD,,
ox

0. (10)

Using (6)-(10), equations (5) and (10) can be transformed to a more convenient form
0% o*u, 0%

—H—c =e , 11
or*  ""Mox,ox, P ox,ox, D

2 ou
Emp 9 _ Cipq P, (12)
0x,,0x,, 0x,,0X,

Last equation represents the Laplace equation for anisotropic piezoelectric materials. The
equations are solved for the appropriate mechanical and electrical boundary conditions at
the surface x; =0. For the unloaded surface, the Laplace equation holds for the potential

above the surface and

Ty|. =0, (n=1,2,3) (13)

x3=0
Potential and electric displacement D; also satisfy the continuity equation for x; =0, while
for x5 = vanish. Consequently, potential ¢ has the form

¢ — ¢(O)efk)%eik(xl —ot) (14)

where k = /v is the wave number and v is the wave velocity.

Equations (11) and (12) can be solved only numerically using various methods. One method
is to represent the solution as a sum of partial solutions given by [Farnell, 1977; Farnell,
1978]

u(l) — a}sfll) ejkb(i)x3ejk(x1 —ot) , (0(1) — ug) , (m — 1,2’3’4) ) (15)

m

Each partial solution must satisfy equations (11)-(12) and equals zero for x;=o. By
substituting partial solutions in (11) and (12), a set of four linear algebraic equations is
formed in which the coefficients are the functions of density and elastic, dielectric and
piezoelectric constants of the substrate. In order to get non trivial solutions, the determinant
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of the system must be zero, which gives an algebraic equation of the eighth order (degree) in
b') . Since the wave amplitude decays with substrate’s depth, only four solutions within
lower halfplane of the complex variable b are of interest. Consequently, the solution has the
form

4 . . i .
", = (Zciar(;) e}kb( ) jelk(m —ot) , o=u,, (m=1,2,3,4) . (16)
i=1

Coefficients k, b) and @' are the functions of velocity v . Weighting coefficients C; are
found to satisfy boundary conditions at x;=0. From these conditions a set of four
equations is obtained. Velocity v is calculated setting the determinant of the system to zero.
Even in the case of substrate crystals with symmetry, where many of the coefficients c, e
and ¢ are equal to zero, the explicit solution for velocity cannot be found. The solution has
to be found numerically, using iterative procedures. When the velocity is calculated, the
coefficients C; can be found, e.g., solutions for the particle motion (displacements) and
potential. The procedure can be used for any substrate, but the calculation time depends on
the substrate type. From (16) is obvious that all variables are independent of x, and u, . The
wave amplitude decays exponentially with the distance from the surface, so that the most of
the wave energy is confined within the depth of one wave length. Therefore, the motion in
x, direction can be generally represented as

u1=u1(x3)ej“’t_7xl, }/=oz+jk=05+j2 (17)
v

where

y is complex propagation factor and

a is attenuation [Ballantine et al., 1997].

For multi layer substrates calculations are even more difficult. In that case, equations (11)
and (12), assuming u, =0 and that all variables are independent of x,, expand to three
two-dimensional partial differential equations with three unknowns: particle displacement
components u; and wu; and potential component ¢. To find the velocity, these three
equations along with two equations for normal stress and one equation for normal electrical
displacement are solved in each layer with appropriate boundary conditions at the top and
bottom surface and across the interfaces. To find the velocity, matrix techniques can be used
[Ahmadi et al., 2004; Adler et al., 1990].

The finite element method (FME) can be also used for multilayer substrates analyses
[Sankaranarayanan et al., 2005]. It is employed to calculate the effective phase velocity in
multilayer structures with diamond [Hashimoto, 2000; Plessky & Koskela, 2000; Sung et al.,
2009].

At McGill University PC Acoustic Wave Software was developed for the velocities
calculation in multilayer substrates [Adler et al., 1990].

Derivation of the frequency shift due to the sensing film and chemical quantities can be
found from (4):

Ao _ Ao

18
o (18)
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The velocity shift is not solely determined by the material constants but also by the ratio
between the thickness of the piezoelectric layer and the wavelength corresponding to the
centre frequency.

Applying perturbation method to the solutions of the wave equation, Tiersten and Sinha
derived a formula relating velocity change to film properties for the case of an acoustically
thin, elastic film [Tiersten & Sinha, 1978]. Wohltjen first applied the Tiersten formula to
analyze the response of polymer-coated SAW sensors [Wohltjen, 1984].

The simplest (and the one most utilized) interaction for SAW sensor applications is the
response due to changes in the mass density on the device surface. For that case, in
[Ballantine et al., 1997] the relation between the changes in wave velocity, changes in wave
energy density, and fractional change in mass density of the lossless medium is derived:

Mo AU__Ap a9

(2 Uy £o

where v,, U, and p, denote unperturbed propagation velocity, energy density and
density, respectively. Using expression (19), solutions for velocities from the wave equation
and grouping together all the substrate-dependent constants, result in the expression for the
mass-induced change of the thin film in SAW propagation velocity in the form

Av
- = _CmeIOs (20)
Yo

where c,, is the mass sensitivity factor, and p, is the density of the mass load. Coefficient
c,, for quartz, lithium niobate and gallium arsenide can be calculated from the data given in
[Table 3.1, Ballantine et al., 1997].

In [Martin et al., 1994] a perturbation method is also used to find the changes in the complex
propagation factor (velocity and attenuation) contributed by acoustically thin and thick visco-
elastic polymer films. In acoustically thin films, displacement is uniform across the film and
varies only in the direction of propagation. For thick films, inertial effects cause a phase lag
across the film for shear displacements. To obtain velocity changes linearly proportional to
absorbed vapour concentration, it is necessary that the film remains in the acoustically thin
regime [Martin et al., 1994]. The regime of the film operation can be determined from the ratio
R of cross-film to in-plane gradients induced by the SAW [Martin et al., 1994]:

R = Aoeph (21)
|G|

where

p , hand G are the film density, thickness, and shear modulus, respectively;

A is a substrate-dependent parameter (having a value of 1.9 for ST-cut quartz) [Martin et al.,
1994].

When the film coating is sufficiently thin (small /) and rigid (large G) such that R<< 1, the
film is acoustically thin. If the film properties are such that R>>1, the film is acoustically thick.
When the films are elastic the intrinsic elastic moduli are real, resulting in zero attenuation
changes, and the Tiersten formula [Tiersten & Sinha, 1978] for fractional velocity change,
written in terms of the Lamé constants (A, u ) [Martin et al., 1994; Ballantine et al., 1997]:
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Av 7 4u A+ u
—=-wh|c| p—— |+p+C — 22
o (1(/) vSJ 2P {p v§l+2ﬂn (22)

Where o is the angular frequency and c; are the elastic constants of the material.
Wohltjen described the frequency shift Af, due to a thin, non-conducting film as [Wohltjen,
1984]

Af, = (ky + ko)F2hp = ko FPh(du [ VR)(A+ 1) [ 2+240)] (23)

where

F is the centre frequency of a SAW device,

Vi is the wave velocity in the substrate, and

ki, k, are material constants of the substrate. If only mass loading is taken into account,
frequency shift is calculated using the first term in (23).

In [Grate et al., 1988; Grate et al., 1992] frequency shift Af, due the vapour sorbed in the
film is given by

_ AM.CK

Af, (24)
P

where
C, is the concentration of the vapour in the vapour phase, and

\'
K is the partition coefficient, which is the ratio of the concentration of the vapour in the
sorbent phase, C,, to the concentration of the vapour in the gas phase, C, .
In [Grate & Zellers, 2000] equation (24) is modified to include the contribution of swelling-
induced modulus changes to vapour sensor responses:

_ AMCK

C K Af.A
Af +fL f SAW

Ps AL a

(24a)

AR.C K Af.A
of, = AR fo, Heloan 24b)

S

3.2 Analysis based on published formulas

Typically, the published formulas which connect frequency shifts and chemical compounds
quantities are applied formally, without any insight into the influence of many properties of
a real SAW delay line (geometry, propagation losses, technological constraints, and
production tolerances) on the frequency change. This is the reason why some researchers
perform more experiments than needed, or have difficulties in explaining discrepancies
between the expected and measured values [Joo et al., 2005]. The mostly used formula for
the frequency shift is actually equation (20) expressed in a slightly different form. In
[Balcerzak & Zhavnerko, 2007] it has the form (neglecting the changes of viscoelasticity,
dielectric constant and electric conductivity of the layer)

Af =K, ngm% (25)
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where
K, is a constant (for lithium niobate K, =5.49-10 s m?g™"),
fo is operating frequency of the sensor,

A is the surface of chemosensitive layer, and
Am 1is the change of mass bonded to the sensor.
In [Benetti et al., 2004] it is in the form

Af = ¢, fEHap, (26)

where
c,, is the mass sensitivity coefficient (frequency independent),

h' is the thickness of the part of the coating that incorporates gas molecules, and

Ap, is the mass density change due to absorption.
In [Ho et al., 2003] modifications of (24) are used.

3.3 Analyses based on the electro-mechanical equivalent circuit

The analysis of transversal chemical SAW sensors, based on the electro-mechanical
equivalent circuit, develops in a straight forward manner explicit general relations between
electrical signals, voltages or frequencies, and vapour detection estimations taking into
account properties of real SAW devices [Zivkovi¢ et al., 2009]. The whole sensor is modelled
as a two-port network consisting of three parts: (1) the input interdigital transducer, (2) the
delay line that is the sensing part, and (3) the output interdigital transducer, Fig. 6. The
transducers are modelled as three-port networks and the delay line as a two-port network.
The closed form formula for vapour concentration estimation is derived using analogy
between electrical and mechanical quantities, the properties of the surface wave and the
technological process and implementation of the sensor.

Zy IDT 1 F, | DL | F2 IDT2 Zy

Py
L

®

Vout

Fig. 6. The equivalent circuit of a SAW sensor.

The characteristic SAW acoustic impedance of the unloaded substrate is designated by Z,
and the acoustic impedance due to the mass loading of the thin filmis Z, :

Zy = Apu 27)
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Zin = AmPrm? (28)
where
A is the substrate cross-section area through which the waves propagate,
P, is the mass density of the piezoelectric substrate,
v is the SAW velocity in the piezoelectric substrate,
A,, is the cross-section area of the thin film, and
Pm is the mass density of the film.
Z, =R, and Z; =R; are purely resistive electrical impedances of the generator and the
electrical load, respectively.
The relative variation of the centre frequency due to the mass loading is equal to the relative
variation of the wave velocity, equation (18), and can be found using the equivalent circuit

of a mass loaded delay line, Fig. 7.

Fig. 7. The equivalent circuit of a mass loaded delay line.

By analogy between electrical and mechanical quantities, the relative variation of frequency
and the relative variation of velocity, for Z, much smaller than Z,, are

A_fzﬂz _Zm — _pmhm Kw (29)
f 0 v Z0 psﬂ'O
where
Pm and h, are the density and thickness of the thin layer, respectively,
P, is the density of the piezoelectric substrate, and
K,, is a coefficient that depends on the technological process and implementation of the
sensor.
The components of the wave decay exponentially inside the substrate and the penetration is
of the order of one wavelength. Therefore, in (29), instead of the substrate thickness, one

wavelength 4, is used. From the last equation Af can be determined as

Af =~ Lulm g2y (30)
psv

The last equation shows that the higher sensitivity will be obtained if the centre frequency is
higher, thickness and density of the film larger, and the substrate density and velocity
smaller. This means that quartz (p, =2.62 ¢ / cm?® ) is a better choice for the substrate than
lithiumniobate (p,=4.7g / cm® ). Furthermore, if ST-cut quartz is used temperature
dependence can be neglected. Using the last equation the frequency shift, Af,, due to the
sensing film (without vapour) can be determined:

Af,  poh
——="EfiK,, (31)
fO Psv
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where p, and h, are the density and thickness of the film, respectively.

Using the same reasoning, the fact that hp is much smaller than 4,, and the partition
coefficient K, the frequency shift Af,,, due to the concentration of the vapour in the vapour
phase C, (concentration in the ambient), can be calculated as:

My

Afvap = KCV 0
p

(32)

4. Conclusion

Analysis of chemical SAW sensors can be approached to in three ways: (1) exact analysis by
solving the wave equation, (2) published formulas which connect frequency shifts and
chemical compounds quantities, and (3) approximate analysis by means of equivalent
electro-mechanical circuits.

The exact analysis of SAW sensors using surface wave theory is very complex even in the
case of a free surface of a single layer piezoelectric substrate.

The published formulas which connect frequency shifts and chemical compounds quantities
are applied formally, without any insight into the influence of many properties of a real
SAW delay line (geometry, propagation losses, technological constraints, and production
tolerances) on the frequency change. This is the reason why some researchers perform more
experiments than needed, or have difficulties in explaining discrepancies between the
expected and measured values.

The analysis based on electro-mechanical equivalent circuits of SAW sensors connects, in a
straight forward manner, electrical signals and chemical vapour concentrations, taking into
account important properties of real SAW devices, such as propagation losses, technological
constraints, and production tolerances. The unique feature of this approach is a set of closed
form analytic expressions for vapour concentration estimations. The expressions explicitly
relate the vapour concentration, substrate parameters, and centre frequency. They enable
insight into the influence of the sensor design parameters on the sensor performance and
predict very efficiently and correctly the frequency and voltage shifts due to the vapour
concentrations. The closed-form expressions can be used for the design of optimal sensors
for a given vapour.
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