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ABSTRACT

Surface Acoustic Wave (SAW) devices were traditionally
designed for wireless and communication applications, however
their potential has been explored in various other fields. In
recent years SAW devices have shown promising results in the
area of acoustofluidics. SAW devices operate at higher

frequencies (100’ of MHz) which results in high propagation of

mechanical waves on the surface which can be utilized in
acoustofluidics applications such as cell separation and
atomizer. Integration of SAW on acoustofluidics applications
solely depends on the device’s ability to generate an acoustic
wave with high magnitude to transfer high levels of energy
through the liquid. Various factors such as the shape of wave
form and amplitude of the input signal to a SAW can affect the
formation of mechanical waves on the surface. Hence, the
performance of acoustofluidics applications mainly depends on
the selection of input signal to a SAW device. This paper analyzes
the characteristics of input signals such as the shape of impulse,
signal timing, frequency range, and amplitude by considering
piezoelectric substrate XY and YX cut LiNbO3s. The results were
analyzed in relation to insertion loss which is an important
parameter to determine the performance of the SAW device.
Keywords: SAW, Surface Acoustic Wave, Acoustofluidics,
cell separation, pulse in SAW, insertion loss, MEMS, atomizer

NOMENCLATURE

elastic stiffness matrix

electric displacement

distance between IDTs

electrical field vector

piezoelectric constant

permittivity matrix

frequency

insertion loss

wavelength, A = 2d

density of mass

strain vector

stress vector

displacement components, i = x,y, z
electric potential

cartesian coordinate axis, i = x,y,z
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1. INTRODUCTION

Acoustofluidics is an evolving lab-on-a-chip (LOC)
technology in which fluid medium is excited by the high
frequency propagating acoustic waves induced by the
transducer. Cell sorting, particle separation, and atomization are
some of the most popular and commonly used acoustofluidic
applications [1-5]. These applications involve the formation of
transverse mechanical waves on the surface of a piezoelectric
device by applying an electrical signal to the Inter Digital
Transducer (IDT) which acts as an electrode. Mechanical waves
which interact with fluids are a combination of planar and
transverse waves. The predominance of wave propagation
direction depends on the crystal cut and orientation of the
piezoelectric material due to its anisotropic properties [6].
LiNDbO;s is an often-found piezoelectric material which creates
Surface Acoustic Wave (SAW) (frequently referred as Rayleigh
Wave) on the surface that fades away along with the depth of a
substrate that suits the acoustofluidics application [7,8].

The efficiency of the acoustofluidics device is simply
dependent on the performance of the SAW device that ability to
create the required high amplitude Rayleigh wave with minimum
Insertion Loss (IL) [9]. Before integrating a SAW device with
microfluidics there is a necessity to understand the propagation
of the wavefront, operating frequency, IL, amplitude and
velocity of the wave. These parameters are mainly dependent on
the design of IDT, excitation/input signal and power, crystal cut
and orientation and electromechanical coupling coefficient [10].

In this regard, the characteristics of SAW devices were
investigated using time-dependent Finite Element Analysis
(FEA) in COMSOL Multiphysics [11] commercial software.
Initially, a two-dimensional (2D) LiNbO; substrate of size
1600um x 500um with each of four electrodes as input and
output was modeled. Initially, mesh sensitivity analysis was
carried out for the verification of the Finite Element Model
(FEM) on X cut Y propagating LiNbO3, Later, the FEM model
for X cut Y propagating LiNbO3; was validated against
experimental results [8] based on IL. The current study explored
the characteristics of pulses by implementing various shapes of
the input signal based on the applications of the pulse sequence
reported in earlier studies [ 12—14]. The paper compares the effect
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of the orientation of XY and YX cut LiNbO; substrate on
insertion loss depending on pulses where SAW velocity for both
cuts was reported around 3700m/s [15]. Further, this paper
studied the effect of voltage on the displacement of the
mechanical waves of the device as traveling SAW’s (tSAW) and
standing SAW’s (sSAW) components was dependent on the
voltage applied to IDTs [16].

2. MATERIALS AND METHODS
2.1 Model Equation
For a piezoelectric material the constitutive equation that
couples between electric filed and strain [17] is given by
Tij = Cijki Sk1 — exijEx (D
D; = ejp Sy — € Ex (2)
Further piezoelectric constitutive relation reduced to coupled
wave equations [18] as follows,
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with three degrees of freedom for displacement and one for
electric potential.

2.2 Computational Domain

In this work, two different orientations: XY and YX cut
LiNbO; were studied and the 2D computation model used in this
study was represented in Fig. 1. Overall dimension of the domain
consisting of LiNbOs3 substrate was 1600um X 500um. Two
finger pairs of aluminum IDTs were considered at each input and
output ports with a thickness 0.1uym and a width 10um. Input
IDTs were named as “17, “2”, “3” and “4” whereas output IDTs
were “a”, “b”, “c” and “d”. The periodicity of IDTs was 10um
(4/2). Distance of input IDT from output IDT was 90um.These
computational domain dimensions were based on previously
reported design [8].
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FIGURE 1. COMPUTATIONAL DOMAIN FOR SAW DEVICE.

2.2 Mesh and Boundary Conditions

Figures 2a and 2b show the example of the computational
mesh with a zoomed view of area “A” near IDT. The
quadrilateral mesh was applied for the entire domain by using
the size and bias option near IDT regions as indicated in Fig. 2b.
The mesh was divided into three structure blocks (Block 1, Block

2 and Block 3). Block 3 had finer mesh than block 1 and block
2. Mesh details were provided in Table 1.

A,

b)
FIGURE 2. MESH FOR THE a) SAW DEVICE AND b) ZOOMED
VIEW OF AREA “A” NEAR IDT.

TABLE 1. MESH DEATAILS.

Number of Number of elements

Elements per wavelength (1)
Element 1 31540 20
Element 2 60080 40
Element 3 88910 80
Element 4 146570 160
Element 5 204230 240

The left and right sides of the domain were enforced with
periodic boundary conditions whereas the bottom of the domain
kept fixed. The following impulse signal (V;) was applied at input
IDT as an initial condition for the characteristic study. Impulse
function is applied to IDT fingers “2”, “4” and “1”, “3” (Fig. 1)
were set OV.

Step Pulse [19]:

V_{lV,OStSlns ©)
L7 Lo, t>1ns
Gaussian Pulse [20]:
1
Vv, = { e—E(ano—)Z’ 0<t<1ilns (6)
0, t>1ns
Modified Gaussian Pulse [21]:
Vi (7)
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Sinusoidal Pulse [22]:

V= { sin(2nfot —Tp), 0 <t <l1ns ®
v 0, t > 1ns

Peak to peak sinusoidal voltage was applied at input IDT for
voltage and displacement analysis. To determine open circuit
voltage, output IDT (Fig. 1) was configured for the floating
potential condition [19].

2.3 Crystal Orientation

Different orientation of the cut with respect to
crystallographic axes changes the material properties such as
elastic stiffness matrix (C), piezoelectric constant (e) and
permittivity matrix (€) due to anisotropic properties of
LiNbO;[23]. Orientation of the crystal cut was applied by
rotating the coordinate system in COMSOL Multiphysics based
on Euler angles. Additional details about rotating the coordinate
system were provided in the COMSOL Multiphysics
documentation [24]. XY cut LiNbOs specifies that the surface
wave propagates in the Y direction normal to the X surface [22].
Correspondingly, YX cut LiNbOjs indicates that the surface wave
generated in the X direction was normal to the polarized Y
direction. Euler angle was set to (0,90,0) [25] for XY cut LiNbO;
for rotating the coordinate system in COMSOL whereas the
default coordinate system was applied for YX cut LiNbOs.
Material properties for LiNbO; were set from the COMSOL
material library and Table 2 describes properties for IDT.

TABLE 2. MATERIAL PROPERTIES OF IDT

Properties Aluminum (IDT)
Young’s Modulus o
(kPa) 70 x 10
Poisson’s ratio 0.33
Density (kg/m3) 2700

2.4 Numerical Simulation

Numerical analysis was conducted by FEM using COMSOL
Multiphysics software to study the frequency response of the
device by solving coupled 2D wave equations. Transient
analyses were performed for a total time duration of 100 ns with
time step 1ns (for verification) and 0.1ns (for rest) for different
impulse functions (V;) applied at input IDT as mentioned in
equations (5) to (8). The impulse response of the system was
recorded at output IDT. The frequency response of the device
was obtained by performing Fast Fourier Transform (FFT) [8]
by setting “Time to Frequency FFT” option in COMSOL. IL was
calculated by the following expression [26],
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Shape order for the dependent electric potential variable was
considered quadratic on other hand two displacement variables
was set as quadratic serendipity. Other solver parameters were
set to COMSOL’s default settings.

3 RESULTS AND DISCUSSION

Result section was divided into three sections: i)
Verification and Validation ii) Characteristics of Pulses and iii)
Voltage and Displacement.

3.1 Verification and Validation

A mesh independence study was performed for the XY cut
LiNbO; using five different nodes as described in Table 1. Figure
4 illustrates the mesh sensitivity analysis results over different
mesh sizes for time step Ins. Three different frequencies were
chosen: f, = 73.9 MHz, f,, = 82.9 MHz and f, = 92.3MHz for
mesh convergence study and results were depicted in Figs.5. The
absolute error between “element 2” and “element 5” was within
1% (Fig. 5) as a result “element 2” (40 elements per wavelength)
was chosen for all further simulations. Numerical results of XY
cut LiNbO3 was compared with the experimental outcomes to
validate the model [8] as shown in Fig. 6.
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FIGURE 5. CONVERGENCE OF INSERTION LOSS AT
LOCATION (a) f, = 73.9 MHz, (b) f, = 82.9 MHz, and (c) f. = 92.3
MHz.
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FIGURE 6. COMPARISION OF INSERTION LOSS WITH

EXPERIMENTAL AND SIMUALTION RESULT FOR TIME STEP
0.1 ns.

Results obtained for IL were in good agreement with the
experimental and simulation result [8] as displayed in Fig. 6.
The shape of the input signal applied at the input IDT for
equation (5) (Step pulse) used for the verification study for time
step 0.1 ns was depicted in Fig. 7(a). The shape of the input
signal was found to be noisy for time step 1 ns (Fig.7(b)),
accordingly the time step 0.1 ns was used for the rest of the
simulation due to the better representation of the input shape. IL
result was displayed in Fig. 8 for XY cut LiNbO3 by
implementing time step 1 ns. Conversely IL results of XY cut
LiNbO3 with 0.1 ns (Fig. 6) time step resulted in better accuracy
when compared to 1 ns.
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FIGURE 7. INPUT SIGNAL SHAPE AT INPUT IDT FOR (a) TIME
STEP = 0.1 ns and (b) TIME STEP =1 ns.
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FIGURE 8. COMPARISION OF INSERTION LOSS WITH
EXPERIMENTAL AND SIMUALTION RESULT OF XY CUT
LiNbOs FOR TIME STEP 1 ns.

3.2 Characteristics of Pulses

This section describes and compares the characteristics of
different shapes of pulses for XY and YX cut LiNbO; with
shapes of the input signal with an amplitude of 1V.
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FIGURE 9. COMPARISION OF INSERTION LOSS OF XY CUT
LiNbOs AND YX CUT LiNbOs3; FOR (a) STEP SHAPE PULSE, (b)
GAUSSIAN SHAPE PULSE, (c) MODIFIED GAUSSIAN SHAPE,
AND (d) SINUSOIDAL SHAPE PULSE.

Figure 9(a) shows the result of IL for XY and YX cut
LiNbOj; along with step pulse as an input signal. IL for YX cut
LiNbO;3 is lower compared to XY cut LiNbOs;. Similarly,
outcomes of IL were displayed in Fig. 9(b), (c¢) and (d) for
Gaussian, modified Gaussian and sinusoidal shape pulses
respectively. In all the case studies, the results of IL for YX cut
LiNbO3 were smaller in comparison with XY cut LiNbOs. IL for
the sinusoidal shape pulse was found to be lower compared to
the other input waveforms. Therefore, the next section analyzes
the effect of applying continuous sinusoidal signal by varying
peak-to-peak voltage to study the displacement of mechanical
waves.

3.3 Voltage and Displacement



Figures 10 and 11 illustrates the comparison of displacement
components U, and U,, at location “j” (Fig. 1) depending on the
coordinate axis for XY and YX cut LiNbO3 by varying the peak-
to-peak sinusoidal voltage. The displacement increased for all
cases with increment in voltage. The magnitude of transverse
component normal to the surface was found to be dominant in
both XY and YX cut LiNbOs3 as shown in Figs. 10 and 11.
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FIGURE 10. COMPARISION OF DISPLACEMENT (a) U, AND (b)
U, AT DIFFERENT VOLTAGES FOR XY CUT LiNbOs.

The dominance of the transverse components was reported in
previous studies [7,8]. In comparison to XY cut LiNbOs3,
displacement of the transverse component was moderately
higher for YX cut LiNbO; (Fig. 11). However, for YX cut
LiNbOs (Fig. 19), the effect of the longitudinal component along
the wave propagation was also maximal. As result, both XY and
YX cut LiNbO3 produce a combination of the transverse and
longitudinal wave with dominance in out-of-plane direction.
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FIGURE 11. COMPARISION OF DISPLACEMENT (a) U,, AND (b)
U, AT DIFFERENT VOLTAGES FOR YX CUT LiNbOs.

Figure 12 compares the displacement components U, and
U, at 1V for XY cut LiNbOs3. Similar outcomes were described
where displacements components (U, and U, ) were out of phase
with each other [7]. Total displacement surface plots that
represent the wavefront formation for XY and YX cut LiNbO3
were shown in Figs. 13 for 1V at time 100ns. Figures 13 show
that the wavefront shape varies depending on crystal orientation.
According to a previous study, increased excitation power could
cause the device to overheat [27]. Conversely alternative
approaches might involve using the sequence of pulse voltage
for a small duration as outlined in section 3.2.
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FIGURE 12. COMPARISION OF DISPLACEMENT

COMPONENTS U, AND U, AT 1V FOR XY CUT LiNbOs.

FIGURE 13. SURFACE PLOT OF TOTAL DISPLACEMENT FOR
(a) XY CUT AND (b) YX CUT LiNbO3; AT TIME=100ns FOR 1V
(DISPLACMENT SCALE RATIO=1.5% 106um).

4 CONCLUSION

In this framework, the 2D FEM model of XY cut LiNbO;
was verified and wvalidated with experimental result [8].
However, the representation of the input signal was found to be
noisy for time step 1ns. Reduction of time step to 0.1ns retained
the shape of the input signal as represented in Figs. 9 and 10. The
previous study [28] reported that the inclusion of the “z”
direction (3D model) would improve the result of IL for XY cut
LiNbOs. Various shapes of impulse such as sinusoidal, Gaussian
pulse, modified Gaussian and step pulses were studied, and
respective output characteristics for XY and YX cut LiNbO3
devices were measured. These output characteristics were
represented as insertion loss in Figs. 12, 13, 14 and 15. Within a
higher operating frequency of 80-100 MHz, the IL was minimum
for YX cut in comparison with XY cut LiNbO;. Based on the
minimum IL for a sinusoidal pulse from the characteristics study,
the effect of excitation voltage on the displacement of the device
was analyzed and results were depicted in Figs. 10 and 11. The



outcome demonstrated that wavefront was a combination of
transverse and longitudinal wave components with dominance in
the transverse direction normal to the wave propagation. The
displacement component in direction of wave propagation was
found to be of lesser magnitude in the case of XY cut LiNbO3
(Fig. 10). Surface plots for total displacement (Figs. 13) illustrate
that the orientation of the crystal influences the wavefront
formation.

From the above analysis, the selection of an input signal to
SAW is crucial for achieving higher efficiency of acoustofluidics
based SAW devices depending on operating frequency, IDT
design, excitation power and piezoelectric material properties.
Future work would involve a series of experiments to validate
the FEM simulation by integrating with microfluidics and
optimizing the FEM model by considering the wave effects in
3D.
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