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Finite Element Method on Mass Loading Effect
for Gallium Phosphate Surface Acoustic Wave
Resonators
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Abstract—Mass loading has been one of the major parameter
need to be consider before any of a surface acoustic wave
devices can be fabricate. In this paper a finite element method
(FEM) study of the mass loading on gallium phosphate surface
acoustic wave resonator was done for high temperature sensing
applications. A comparison with the previous experimental
work has shown that FEM can be used to determine the effect of
mass loading to the center frequency of the surface acoustic
wave resonator.

Index Terms—Gallium Phosphate, Mass loading, Surface
Acoustic Wave Resonator. Resonant frequency

I. INTRODUCTION

Surface Acoustic Wave device (SAW) has been used as the
main principle for device that has been successfully applied
to the processing of electrical signal for more than 3 decades.
They are particularly prevalent in the telecommunication
industry and wireless application, especially as bandpass
filters in both IF and RF section, resonator because of their
high performance, small size, rigorous and high
reproducibility. Also due to their high accuracy and crystal
stability over time, SAW devices are suitable for sensor
application such as pressure, temperature, and strain sensors.

The most common structure used for implementation of
SAW sensors is the SAW delay line and the SAW resonator.
In both, the influence of the measured quantity on the
acoustic wave phase propagation speed, v, is utilized for
sensor applications. Both delay line and resonator be making
as single-port or two-port devices. A SAW delay line is
characterized by a propagation path between two separate
interdigital transducers (IDTs): the first is working as a
transmitting transducer and the second as a receiving
transducer to convert the SAW back to the electrical domain.
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Meanwhile, a resonator uses one IDT structure in the centre
between two gratings known as reflectors (are obtained
through the use of metal strips or grooves localized on the
acoustic propagation path), reflecting at the characteristic
frequency, f, which also known as resonance frequency. This
resonance frequency is such that energy stored in between the
reflectors (known as the resonance cavity) is at a minimum
and will be effect due to mass loading.

Mass loading is an effect that results from the modification
of the boundary conditions on the major surface of the
transducer due to the presence of the electrodes. This effect
can be separated into three primary categories [1]. The first,
known as inertial effects due to the electrodes, is commonly
used as a means of frequency adjustment, whereby adding
mass to the surface provides a convenient means of
frequency adjustment. The thin layer of electrodes appears as
lumped masses of mass per unit area, o, determined by the
layer density, p. and thickness, t. .

Oe = pele 1)

So by adding mass to the surface, this provides a
convenient means of frequency adjustment. It is also a
significant source of frequency ageing because of
contamination, especially in harsh conditions. A smaller
inertial effect is an alteration of the resonator
frequency-temperature behaviour as the metallisation
thickness is varied [2].

The second effect is energy trapping, where the mass
loading combined with the size of the electrode will play an
important part in energy trapping under the electrodes. They
create regions with different cut-off frequencies, which will
allow the confinement of vibrational energy. In particular, the
possibility exists to limit the number of trapped modes to
only one, by carefully controlling the mass loading and the
electrode dimensions. This was first studied by Bechmann
and the critical ratio of the electrode dimension to the plate
thickness required to trap only one mode is known as
Bechmann’s number [3]. It is important for the energy of the
trapped mode to be concentrated under the electrodes, which
gives rise to a strong resonator response, whereas the modes
that are not trapped can propagate over the whole resonator.

The final effect is the effect due to the intrinsic stresses in
the electrode layers and mechanical strains due to the thermal
expansion mismatch of the electrode-substrate interface. This
effect is smaller than the pervious two at low temperatures. A
study has shown that the change in the first order of
temperature coefficient of frequency can be calculated as a
function of increasing mass loading for the case of a gold
electrode [4], where the compressive stresses are developed
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in a quartz at the rate of 10* N-m  per Kelvin per percent of
mass loading.

The relative magnitude of the mass loading is expressed in
terms of the ratio R, which is the electrode mass per unit area
to the mass per unit area of the transducer (such as the
resonator).

Oe¢
R=—- 2
psh

where py(kg-m ) and h(m) are the mass density and height of
the piezoelectric substrate. The relationship between the
mass loading and the resonance frequency (of quartz crystal)
was first investigated by Sauerbery in 1957, where he found
that the fundamental resonance frequency was linearly
related to the increased mass, as shown in (3) below

m f

®)

where m, and f, are the mass and frequency after deposition;
m and f are the unloaded quartz crystal and frequency. This as
been further studied by Lewis [5], in which he found that

(4)

()

All of these equations (2) to (5) refer to the typical
piezoelectric plate resonator consisting of a piezoelectric
substrate disk such as quartz with metallic electrodes top and
bottom, as shown in Fig. 1.
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Fig. 1. Piezoelectric plate resonator

In paper, the electrodes of the resonator are made from an
IDT grating and consist of two different layers of material (Pt
with an underlayer of different material such as Zr). So from
the results of the earlier studies [6], (5) is modified to
become:

zp.t. 2

i
R (6)

R = const.
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where p; and t; are the density and height of the layer forming
the IDT grating and the constant of the (6) is 0.455 (g-cm )%,
which was calculated from the research by Bigler and Briot
for surface transverse waves with Al or Au on gallium
phosphate.

Gallium phosphate (GaPOy), is a promising piezoelectric
material for high technology applications in harsh
environments [7]. GaPO, has a structure similar to a-quartz
but a better choice for high temperature piezoelectric devices
than quartz [8]. They both belongs to the point group 32 and
only that for GaPQ, structure the silicon atoms from SiO,
being replaced alternately with phosphorus ad gallium. The
alpha-beta phase transition to the point group 32, with the
occurrence of incommensurable phases common to quartz
and other quartz homeotypes like AIPO,, does not occur in
GaPO, while some advantageous properties, such as the
stiffening of elastic stiffness constant ceg, are still conserved.

These properties are believed to be connected with the
alpha-beta transition due to the rotation mechanism of the
tilted tetrahedrons, which is essentially the same as in all
crystals of this group. At 970°C an irreversible reconstructive
transition occurs to the so-called beta-cristobalite phase. The
resulting density from the molecular weight and the unit cell
volume is 3570 kg-m . The melting point, heat capacity and
the electrical resistivity at room temperature are 1670°C, 560
J/ kg-K and over 10** cm respectively [9]. The high density
leads to a lower acoustic velocity, which have a potential for
reducing the size and the cost of the devices. Meanwhile, due
to high piezoelectric coefficient (double, compared to quartz)
leads to a higher electromechenical coupling coefficient of
GaPO, with better results in SAW devices.

Il. FINITE ELEMENT METHOD BASED ON CELL MODEL

There have been several studies to develop models to
simulate mechanical and electrical behavior of SAW devices
[10]. Numerical method such as finite element method
(FEM) can be used to analyze the infinite grating of IDT in
SAW [11]. It is essential to develop full scale
three-dimensional (3-D) model of SAW devices to better
elucidate their operational mechanism of them, where the
FEM can be the accurate method. However FEM suffers
from immense computational expense if an extremely precise
data are demanded. Moreover, the FEM allow the reduction
of the periodic simulation domain to one base cell [12]. The
computation of one period of the infinite structure with the
application of inverted periodically boundary condition
allows us the analysis of the total device geometry [11, 13].

This paper investigates a 3-D FEM applied for a SAW
resonator containing a novel piezoelectric, GaPO, as a
substrate with 433.92 MHz centre frequency. Three different
metallisation thicknesses of platinum (Pt) as shown in Table
1 with the constant 10 nm zirconium (Zr) under-layer are
used to study the mass loading effect. The periodicity
property is applied for one base cell to reduce size of whole
device under periodic boundary conditions. The frequency
response is determined by using 3-D FEM model. The mass
loading effect is applied to predict the desired resonant
frequency response.
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Table 1. Sample with different platinum thickness

Sample Platinum thickness Total thickness
(hm) (hm)
W1 72 82
W2 75 85
W3 94 104

A. SAW Resonator Structures

As mention before, the geometrical structure of the SAW
resonator for the studies consists of IDT and reflector as
shown in Fig. 2. The IDT which made of metal electrodes or
fingers are connected by bus-bar, and the length where they
are overlap between each other a known as the acoustic
aperture, W, of the IDT. The acoustic aperture is determined
the impedance level which is roughly inversely proportional
to the acoustic aperture.

The reflector electrodes are typically shorted and
connected to the ground to avoid regeneration of SAW
resonator [14]. The pitch, p is defined as the width of one
finger, a, and the gap distance between the fingers. The gaps
serve to provide a controlled phase shift of the propagation
acoustic wave [15]. The propagation of acoustic waves in
piezoelectric media depends on the substrate material
properties, the crystal cut and the structure of the electrodes.
In general, coupling is strong between incident and reflected
waves, if the period of the grating is close to half of the
wavelength (1 =2p) [14].
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Fig. 2. Schematic representation of acoustical element of
one-port SAW resonator

B. Model Descriptions

The phenomenon of surface acoustic wave propagation
was first reported by Lord Rayleigh in 1885 and was named
after hin [16]. These waves propagate along the free surface
of a semi-infinite elastic substrate whose amplitude decays
exponentially with the substrate depth, and penetration depth
is just over one wavelength in piezoelectric materials which
are strictly confined to the sagittal plane [14, 17] as shown in
Fig. 3. This displacement has in a surface-normal or
longitudinal component and surface parallel or vertical
transverse component with respect to the direction of wave
propagation. Therefore, the particle in the upper surface takes
elliptical path and having both the component.
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Fig. 3. (a) the sagittal plane and, (b) cross view of the
substrate particle displacement caused by the SAW

The displacement of surface u,, U, Us along X, X, X
directions for Rayleigh wave is given by (7).

Uz = [Arexp(—haxs) + Aexp(—boxs)exp(jk(x—vt)] (72)
U,=0 (7h)
Us= [(-ba/jK)Arexp(-b1x3) + (jk /bz)Asexp(-boxs)exp(ik(x—vt)] (7€)

where A,, A, are amplitudes, and b,, b, are equal to:

1

2 )2 2 )2
b=kl 1-— b.= k|1-—
b, Uy

v) and v, are longitudinal and transverse wave velocities, k is
the wave number.

This feature of SAW enable us to model only one
wavelength of the substrate depth and reduce the amount of
unnecessary calculation in solving a model with full depth.
Since x, does not contain much information of Rayleigh
SAW, it can be consider the total device as small as section as
in Fig. 4 as known as base cell. Consequently, no variation is
permitted in the x, direction and all the derivatives are equal
to zero. The base cell as shown in Fig. 4 shows a general
periodic structure can be considered as successive repetition
of it. The intensity of the SAW is confined more within
1A thickness of the substrate [18]. The IDTs are periodic in
nature consisting of positive and negative potential
alternately, thus one electrode is sufficient to model the SAW
resonator as a whole. In this simulation the analysed
structures with two electrodes over the piezoelectric substrate
and the geometry is drown in 2-D and extruded to 3-D.
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Fig. 4. Base cell geometry of devices

Meanwhile the harmonic response of the device, where the
governing differential equation which define the mechanical
and electrical properties in the volume have to be established
for the amplitudes of the mechanical displacement, u,and the
electrical scalar potential, @ in (8a) and (8b) in the Cartesian
system [19].

2 o2y o2u.
0" ® E k Ui
22|l ———+2C =p (8a)
Tk Kij 6Xj8Xk UL 8Xj6Xk ot
2
2 o0“u;
s 0@ J
2 _ 7 - _Se. — = |=0forD=0
;% i oX; X ; % ik ox. ox
j 177k
(8b)

where S, E, D, @, C, ¢, p, sand u are the strain, electric filed,
dielectric displacement, electrical potential, elastic constant,
piezoelectric constant, density, dielectric permittivity and
mechanical displacement.

C. Boundary Conditions

As the SAW devices structures are periodic in nature,
appropriate periodic boundary conditions are applied using
the following equation [20]:

u; (X+np) = u; (x)exp(-j2zn)
Vi (x+np) =V, (x) exp(-i2zm) 9)
LuV)=pl (uV)

Meanwhile from Fig. 4, the surface conditions on the
sides of the SAW resonator a fixed at the bottom, free at the
top and periodic boundary for the left and right [20]. These
conditions are then can be written as follows:

. traction free
U L= U R

P =g

Fixed

top surface
left and right boundary :{ (10)

bottom surface
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where U, Ur and ¢, ¢r are displacement and potential at left
and right boundaries respectively.

By considering periodic boundary, it can be conclude that
the right periodic boundary degree of freedom, I'r, is equal to
the left periodic boundary degree of freedom, I'r (see Fig. 4)
[11, 12]. In the simulation a 1 V of electrical potential is
considered onto the electrodes.

D. Material Properties

A trigonal crystal symmetry such as GaPOas crystal with
(90°,5°,0°) Euler angle set was applied as in Table 2 [21].

Table 2. Properties of GaPO4 crystal with (90°, 5°, 0°) Euler

angle
GaPO,
Elastic constant (10" N-m~®)  Cy;  0.6635
Cyy 0.2165
Cy3 0.1456
Cass 1.0131
Cus 0.3780
Piezoelectric constant (C-m '2) €11 0.2238
€14 0.1235
Relative dielectric constant 8151 5.154
c 353 5.818
Mass density (10° kg-m ) P 3.57
Free surface velocity (m-s™) Do 2538.9
Electromechanical coupling K2 0.184

coefficient (%)

In Table 2, [Clexs, [€lexs: [€]axs: and pare the stiffness,
piezoelectric-stress coupling matrix, electrical permittivity
matrix and density of GaPO, respectively.

Platinum (Pt) and Zirconium (Zr) are used as the electrode
material and under-layer respectively. The properties of these
metal are written in Table 3.

Table 3. Properties of metal used for the electrode

Metal Youngs Density, p Poisson’s  Melting
Modulus, Y  (kg-m ) ratio point
(GPa) Q)
Pt 168 21440 0.38 1768
Zr 68 6511 0.34 1855

The melting temperature of Pt and Zr are high (see Table 3),
which are guarantee the stable of this device in harsh
environments. Pt also has other properties such as resistance
to oxidation and nearly constant bulk resistance temperature
coefficient. Meanwhile, Zr is needed as an under layer for a
good adhesion between Pt and GaPO, wafer.
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I1l. ReESULT AND DiscussioN by using the FEM simulated result will also shown the effect
By observing the impedance of SAW resonator simulated O,f th_e.mass Ioad!ng to the resonant frequency of the (_jgvices
using FEM, the change in resonant frequency with different S|gn|f|9antly. This mean that FEM can be used_ to verlfle(_:i of
total metal thickness can be observed and these are the thickness of the metal needed to achieve required
summarized in Table 4 and Fig. 5. In Fig. 6, the resonant op(?ration frequenc.y with any types of piezoelectric-material.
frequencies are then plotted again the calculated, fabricated 'S can be done if all the parameters and properties of the
and simulated. It was found that these three graphs have a  céded material are known.
significant agreement. It also shows that the values of the

simulated and calculated were nearly overlapping each other. Table 5. Mass loading effect vs. total metal thickness
Frequency responce computation Sampl Total Mass Loading Effect
i , : : : , e thicknes (%)
{ S calculate  Fabricated simulate
! (nm) d * d
i i ] w1 82 3.755 3.658 3.757
————— ‘\f SEema T W2 85 4.061 4.070 4.064
Y b ] W3 104 6.280 6.281 6.281

*from previous work given for comparison [6]

Impedance (ohm)
=

. . . . .
41 415 42 425 43 435 4.4
Frequency(Hz) ¢ 10

Fig. 5. Impedance of SAW resonator simulated using FEM

10

Mass loading, R (%)
(&

Table 4. Resonant frequency vs. total metal thickness 1
Sampl  Total Resonant Frequency *
e thicknes (MHz2) 3 : : : : : :
S calculate  fabricated  simulate ® ° P o
(nm) d * d

W1 82 436.34 436.79 434.90
W2 85 434.95 434.90 433.90 Fig. 7. Mass loading vs. resonant frequency
W3 104 424,90 424,90 423.52

*from previous work given for comparison [6]
IV. CONCLUSIONS
In this work, a model on finite element method (FEM) for
mass loading effect has been presented and compared with

the literature. It was found that by using the FEM, the desired
resonant frequency of SAW resonator could be predicted for

fabricated

3 a2 | each case.

ﬂg; 430 calculated / simulated
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