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Abstract: In order to optimize the actuating performance of single layer surface acoustic wave interdigital transducer (SAW-IDT) and
to improve the deficiencies of calculation process of the d function analysis method, the static properties of the SAW-IDT were
analyzed by the finite element simulation optimization method. The influence of the width of the branch electrodes (w), the electrodes
interval (s), and the thickness of the substrate (£) on the actuating performance of SAW-IDT was investigated. The simulation results
show that when w/=0.7, the optimal strain response can be obtained; when s/£>3.2, the maximum strain can be obtained. Besides, it
can also be concluded that the smaller the electrode interval, the lower the actuating voltage. According to the simulated optimization
results, a SAW-IDT was prepared and the frequency response was tested by experiments. The results provide a guidance for the

preparation, performance testing, and application of SAW-IDT.

Key words: interdigital transducer; structural optimization design; actuating performance

Surface acoustic wave (SAW) transducers generally use a
combination of interdigital electrodes and piezoelectric
material substrate, which combines the piezoelectric activity
of piezoelectric ceramics with a certain flexibility and low
acoustic impedance of polymers. SAW transducer has a high
coupling
piezoelectric strain constant, low mechanical quality factor,
and low acoustic impedance!. It is suitable for producing
transducers with high-sensitivity, wide-band, and narrow-
pulse, and can be used in the fields of communication,
(SHM),

thickness electromechanical coefficient, high

structural ~ health  monitoring and medical
ultrasound®™.

The interdigital transducer (IDT) technology originates
from the development of SAW devices. In recent years, it has
gradually been used to guide wave detection based on SHM
system®”, Fig.1 shows that the single layer IDTs have comb
electrode characteristics. 4 represents the width of a pair of
interdigital electrodes and the cycle of the drive signal, and w

means the width of a single electrode. The characteristics of
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the electrode can be placed on one side or both sides of the
piezoelectric substrate. The frequency characteristics of the
electrode correspond to the geometry of IDT fingers and have

12 Since IDT can form a

the function of modal selection!
directional actuating function through the arrangement of
interdigitated electrodes, the low sidelobe directional waves
can be generated based on this configuration without
complicated electrode actuating. Jin et al™® constructed IDTs
to generate guided waves for non-destructive evaluation
(NDE). The inspection capabilities of IDTs were verified to be
superior to those of ordinary piezoelectric transducers. IDTs
have been used in structures such as planes and surfaces.
Monkhouse et al™ constructed IDTs for exciting and
receiving pipeline guided waves on polyvinylidene fluoride
(PVDF) membrane substrates. The guided wave mode
selection with phase velocity was used and the group velocity
decay curves were tested. The actuating capability of the A,
modal guided wave with an excitation frequency of 0.95 MHz
was verified by the finite element methods. Hayward et al"”
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Fig.1 Schematic diagram of conventional single layer electrode IDT

structure

placed the IDT on the piezoelectric composite layer between
two polychlorinated biphenyls (PCBs) to realize wave number
selection and modal selection. Based on the theory of
wavelength-tunable actuators, Ren et al" proposed the
concept of six circular arrays of PVDF curved IDTs, which
allows each element to produce a diverging beam for ex-
amining the sectoral slice area of the plate. The detection
range makes the operation point of guided wave test flexible.
However, the directivity of IDTs depends on the number of
finger electrodes, the frequency of excitation, and the piezo-
electric constant d,, or d,, of the composite material. The most
commonly used IDTs have been developed on both active
fiber composite (AFC) and macro-fiber composite (MFC)
structures in the form of equally spaced IDTs'”, weighted
IDTs"Y, slanted IDTs™, annular focusing IDTs™", and spiral
MFC direction transducers”’. IDTs with different design
forms and different functions have always been an attractive
topic in the current researches of guided wave excitation. The
main optimization analysis methods of IDT include the o
function analysis method”, extraction finger weighting
method™, equivalent circuit model method™, and component
object model (COM) theory™. Kuznetsova™ presented an
analytical solution for the Lamb waves stimulated by IDT to
find a frequency range where the real part of velocity of
evanescent wave is more than the imaginary one. In this region,
the evanescent mode characterized by opposite directions of
the phase and group velocities also indicates the backward wave.

According to requirements of SAW-IDT actuating perfor-
mance, a theoretical simulation optimization analysis was
conducted in this research. The influence of the width w of the
branch electrodes, the interval s of the branch electrodes, and
the thickness ¢ of the substrate on the actuating performance
was studied. Based on the relationship between the strain
response and electrode width and between substrate thickness
and electrode interval, an optimized design for improving the
SAW-IDT actuating performance was obtained. This research
provided a guideline for the preparation, performance testing,
and application of SAW-IDT.

1 Single Layer IDT Working Principle

The device for excitation of SAW in solid material must be

able to excite the particle displacement of the elastic surface
wave. Assuming that u, and u, are two particle displacement
components of Rayleigh SAW™** and the phase difference is
n/2, the excitation device must be able to generate the two-
mass point displacement components u, and u, with the phase
difference of n/2. For an IDT on a single crystal substrate, d,
is set as the piezoelectric coefficient of the single layer
substrate due to its anisotropy and the piezoelectric equation.
The relationship between the strain S of the excitation electric
field (£,, E,, E,) and the particle displacement u, (i=1, 2, 3) in
piezoelectric crystal can be expressed by a matrix, as follows:

S 0 —dy dy
Sy 0 d,, dy E
1
Si3 _ 0 0 d;;
E, )]
Sy 0 ds 0 P
Sis ds 0 0|7

S, -2d,, 0 0
where d,,, d ., d,,, and d,, are the piezoelectric strain constants
along different directions; E,, E,, and E, are the electric field
components; S,,, S,,, S;, Sy, S5, and S, are the components of
the elastic strain S of the piezoelectric materials. According to
Eq. (1), the applied electric field along x, direction can
stimulate not only the particle displacement and strain along
the x, direction, but also the strains along x, and x, directions.
Fig. 2 shows the schematic diagram of the electric field
excitation based on the assumption that IDT excites the wave
propagating along x direction. Since IDT only excites the
electric field along x, and x, directions in the substrate, the
relationship between the particle displacement and strain
components of the excited particle in Eq.(1) can be expressed

as follows:
u,
S :Txlz dy E,
2
S_16u1+6u3_dE @
13*2 x, ax, — Yist

The phase difference between the IDT alternating electric
fields £, and E, in Fig.2 is n/2. Therefore, the phase difference
between u, and u, is also m/2. This characteristic of particle
displacement component is exactly what Rayleigh SAW
possesses. It is clear that IDT can stimulate Rayleigh SAW.
According to the wave interference principle, when the
frequency of the applied electric field signal of IDT is equal to
the acoustic frequency corresponding to the period length of
the interdigital electrode, the waves excited by each pair of

interdigital electrodes are added at the same phase.
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Fig.2 Schematic diagram of IDT excited electric field on piezo-

electric transducer (PZT) substrate
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Meanwhile, the IDT can stimulate the strongest SAW. If the
frequency of the external electric field is different from that of
the acoustic wave corresponding to the interdigital electrodes,
the SAW excited by each pair of interdigital electrodes cannot
be added at the same phase. So, the wave excited by the entire
IDT will be weakened. The basic mechanism of Rayleigh
SAW excited by IDT suggests that IDT can perform frequency
selection. The optimal design of the IDT structure can excite
the SAW with the strongest energy in different forms.

2 SAW-IDT Finite Element Modeling

The SAW-IDT deformation is divided into four stages™:
(1) the piezoelectric substrate phase and the IDT polymer
phase are linearly and elastically deformed; (2) the piezo-
electric phase undergoes linear elastic deformation, and the
polymer phase nonlinearly deforms; (3) the piezoelectric
phase and the polymer phase are nonlinearly deformed,
(4) IDT breaks as the piezoelectric material breaks.

Because IDT was used in elastic deformation area as a
transducer, the deformation of the analysis process in this
research could only possess the first deformation stage. The
structural deformation of the SAW-IDT actuating element
belongs to the small strain and small deformation, which
conforms to Hooke *s law. Software COMSOL was used to
establish a mathematical model according to the following steps.

The selection of geometric parameters of the IDT electrode
has an important influence on the ability of excitation of high-
frequency acoustic waves and the concentration effect of the
oil separation particles. In order to obtain the relationship
between IDT inter-parameters, the optimization design was
conducted. Fig.3 shows the profile diagram of single layer
IDT electrode profile, where w represents the electrode width,
s represents the electrode interval, and ¢ represents the
substrate thickness. The structural features of electrode are
indicated by the facts that positive and negative branch
electrodes are arranged in an intersecting manner along the x-
axis, and each branch electrode is connected by a pair of
opposite main electrodes. The electrode structures on the
upper and lower surfaces are completely symmetrical. The
electric field is uniformly distributed only in a region far from
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Fig.3 Schematic profile diagram of single layer IDT electrode

the electrode and unevenly distributed near the electrode
region. The area directly below the electrode is called the
“dead zone” due to the low field strength, which is indicated
by the dashed area in Fig.3.

After the finite element model was established, some
assumptions could be made: the polarization direction of the
piezoelectric substrate is parallel to the x-axis; the polarization
intensity of the piezoelectric substrate is uniformly
distributed. To establish a simulation model on x-z plane and
to construct the SAW element, it is essential to design the
piezoelectric phase in the element’s construction scheme, and
to fully consider the influence of the volume ratio of the
piezoelectric phase on the composite material, the elastic
constant of the polymer material, and other -electrical
characteristics. The related piezoelectric substrate parameters
used the actual PZT-51 parameters, as listed in Table 1. &
indicates the flexibility coefficient along different directions;
g, and &;, are the dielectrics constants along x and z directions,
respectively; d,, and d,, are the piezoelectric strain constants
along x and z directions, respectively; p and u are the density
and Poisson’s ratio of piezoelectric material substrate, respec-
tively. The parameters of electrode material were set
according to those of DAD-40 type epoxy conductive
adhesive (shear strength at room temperature of 14.7 MPa,
volume resistivity<1.0x10™ Q-cm). The electrode was confi-
gured as a strip-shaped cross electrode, and electrodes on both
sides could generate opposite polarity electric fields. The
boundary displacement constraint condition was: when X=0,
1, the model is free along x direction; when Y=0, the boundary
is stable, i.e., when U=0 and Y=z, the upper surface of the
model is free. An electric potential difference was applied on
the electrodes on the upper surface by setting the negative
electrode area as electrical ground and setting the positive
electrode as 50 V. The finite element model and the related
mesh are shown in Fig.4. Meshing with four-node quadran-
gular elements was performed in the solid domain. The direct
stationary solver was employed to calculate the steady state of
the numerical model. The nonlinearity was automatically
detected through analysis of the variables of the residual
Jacobian matrix and the constraint Jacobian matrix. With a
relative tolerance of 107, all the calculations converge within
25 iterations. Here the piezoelectric device interface
consisting of the electrostatic interface and the solid mechanic
interface was used to conduct the stationary study.

3 SAW-IDT Structure Simulation Analysis

3.1 Effect of electrode width w on SAW-IDT performance

Fig.5a shows the influence of electrode width w or substrate
thickness ¢ on electric field. The strain length and the

Table 1 Material parameters of piezoceramic substrate (PZT-51)

Flexibility coefficient/

Piezoelectric strain constant/

Dielectric constant Density, p/
x10™"? m* N x10" C-N"! }; r Poisson’s ratio, u
E E E g‘Cm
o 05 S5 en €33 31 ds;
15.8 22.9 20.7 3400 3800 -2.75 6.8 7.45 0.32
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Fig.4 Finite element model and related mesh

thickness direction are alternately changed. The corresponding
unit voltage is used when the ratio of the electrode width to
the thickness of the piezoelectric substrate changes. The
change trends of voltage and strain are shown in Fig.5b. As
the electrode interval decreases, the strain is increased. It can
be seen from Fig.5b that there is an optimal electrode width
when the corresponding strain per unit voltage is the largest.
The optimum electrode width and electrode interval s are
independent of the substrate thickness. The optimum electrode
width can be obtained when w/=0.7. With small electrode
intervals, the position deviation has a large influence on the
voltage. When the electrode width is large, the “dead zone”
between the electrodes can be observed. This field is
perpendicular to the actuating direction x. For a small
electrode width, there is a corresponding weak field between

the electrodes. As shown in Fig. 5c, the optimal electrode
width is 140 um, i.e., when the substrate thickness is stable at
200 pum, the electrode interval is 1 mm, and the electrode
width varies between 25~400 pm, the “dead zone” and
electric field strength reach a balance value when electrode
width w is 140 pm, which further verifies the optimum ratio of
w/t=0.7.

The vector diagrams in Fig.6 show the concentrated electric
fields with the electrode boundary under different electrode
widths. The field strength in the area in Fig.6 is increased with
increasing the w/t ratio. At the same time, the electrode
direction is not affected. The results show that the presence of
an uneven field boundary at the electrode boundary can lead
to cracks in the piezoelectric substrate and cause damage to
the device. With decreasing the strain, the polymer layer can
be used as the buffer zone of the field and the zone of
influence of stress concentration. It can be seen from Fig. 6
that when the substrate thickness is constant, the “dead zone”
between the electrodes is increased as the electrode width
increases.

3.2 Influence of substrate thickness 7 on actuating perfor-

mance of SAW-IDT

Based on the optimal electrode width, the influence of the
substrate thickness ¢ on the output voltage was studied. Fig.7
shows the effect of substrate thickness on the substrate. As the
thickness of the substrate decreases, the strain increases.
When w/t=0.7 and the electrode interval s=1 mm, the electric
field along the direction of center axis x of the substrate
corresponds to the values of three substrates, as shown in
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Fig.5 Influence of electrode width w or substrate thickness ¢ on electric field: (a) IDT surface voltage; (b) strain response of IDT transducer (=

200 pm, w/t=0.7); (c) electric field path diagram (=200 um, s=1 mm, /=50 V)
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Fig.7 Effect of substrate on strain response

Fig.8. As the substrate thickness decreases, the electric field
possesses shorter distance along the in-plane direction, and the
proportion of “dead zones” is decreased. With decreasing the
substrate thickness, the electric field between the electrodes
becomes larger, and the influence between the inverse
electrodes becomes more direct. The results show that the
width of the thin substrate and the electrode conform to the
optimal ratio of w/t=0.7, which improves the actuating
performance of SAW.

3.3 Effect of electrode interval s on actuating performance

of SAW-IDT

To observe the effect of the electrode interval, the ratio of
w/t was set as 0.7, and the electrode interval varied from 1 pm
to 1000 um. Eq. (3) shows the relationship between the
electrode interval s and the strain S produced by the unit

voltage:
S d33
218 3
AR 3)

where V'is the applied voltage.

As shown in Fig.9, the strain response of electrode interval
changes with the electrode separation when the substrate
thickness is 25 um. As the electrode interval decreases, the
microstrain per unit voltage increases. The small electrode
interval can improve the actuating performance. When s=80
um, the unit voltage increases sharply. According to the
calculating result, when s/£>3.2, the greatest microstrain can
be obtained.

4 Frequency Response of Prepared SAW-IDT

In this research, the screen-printing method™ was used to
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Fig.8 Electric field caused by thickness change of three electrodes
(W/t=0.7, s=1 mm, V=0.5 kV)
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Fig.9 Relationship between microstrain and electrode separation

prepare the interdigital electrode. The screen frame was
processed and manufactured. The screen-printing plate was
made of the photosensitive material and then used through the
photolithography method. According to the finite element
simulation analysis results of SAW-IDT optimization size, the
key geometric dimensions of the electrode are shown in
Table 2.

The prepared SAW-IDT electrode is shown in Fig. 10. The
electrode prepared by screen-printing method is smooth and
uniform with high precision and shows excellent electrical
conductivity.

The Agilent5290 impedance analyzer uses the built-in
frequency generator to generate a specific frequency for
exciting the SAW-IDT. The response signal obtained from the
measured SAW-IDT was sampled by the analog-to-digital

Table 2 Key dimensions of interdigital electrodes

Key dimension Value
Electrode width, w/mm 0.25
Electrode interval, s/mm 0.25
Thickness of PZT basement, #/mm 0.7
Working area width, L/mm 14
Number of fingers on unilateral electrode 12

RARRRARARAR

Fig.10 Appearance of SAW-IDT electrode
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Fig.11 SAW-IDT impedance z and phase 6 vs frequency

converter (ADC), and the discrete Fourier transform was
performed through the digital signal processing (DSP). Fig.11
shows the relationship diagram of SAW-IDT impedance z and
phase 6 with frequency based on the continuous measurement
of the real part value R and imaginary part value / of a
frequency band. The first-order center frequency of the
prepared SAW-IDT is 1.62 MHz. SAW-IDT in different
frequency ranges can be obtained by adjusting the electrode
interval, which can be used for detection components with
different frequencies.

5 Conclusions

1) With different electrode intervals s and variation of the
ratio of electrode width w to substrate thickness ¢, the optimal
strain response can be obtained when w/=0.7.

2) When s/t>3.2, the maximum strain can be obtained.

3) According to the optimization relation of the dimension
parameters, the surface acoustic wave interdigital transducer
(SAW-IDT) was prepared and the frequency response was
tested by experiment, which provides a theoretical guide for
the optimal design of SAW-IDT and structural health
monitoring application.
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