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Acoustic Loss Mechanisms in Leaky SAW

Resonators on Lithium Tantalate
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Abstract—We discuss acoustic losses in synchronous
leaky surface acoustic wave (LSAW) resonators on rotated
Y-cut lithium tantalate (LiTaO3) substrates. Laser probe
measurements and theoretical models are employed to iden-
tify and characterize the radiation of leaky waves into the
busbars of the resonator and the excitation of bulk acous-
tic waves. Escaping LSAWs lead to a significant increase in
the conductance, typically occurring in the vicinity of the
resonance and in the stopband, but they do not explain the
experimentally observed deterioration of the electrical re-
sponse at the antiresonance. At frequencies above the stop-
band, the generation of fast shear bulk acoustic waves is the
dominant loss mechanism.

I. INTRODUCTION

SAW DEVICES operating at radio frequencies are widely
Lemployed in modern telecommunication systems. In
particular, LSAW resonators on rotated Y-cut LiTaO3 and
lithium niobate (LiNbOs) substrates constitute building
blocks for resonator filters, such as impedance element fil-
ters (IEFs). In the IEFs, the resonator performance at
frequencies close to the resonance and the antiresonance
determines the insertion loss of the device. Consequently,
identifying the leakage mechanisms and minimizing the
resonator losses is of major technological and commercial
interest. In this paper, we consider losses in LSAW res-
onators on LiTaO3 substrates.

LSAW on 36°-42°YX-LiTaO3 contain a small slow shear
bulk acoustic wave (ss-BAW) component that results in
an attenuation of the LSAW. Significant reduction in this
propagation loss was achieved with the discovery [1] that
the coupling to ss-BAWs may be diminished by an optimal
combination of the crystal cut angle and the thickness of
the aluminum electrodes. However, a remaining problem is
that LSAW resonators feature strong frequency-dependent
losses, which lead to reduction in the filter performance
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Fig. 1. Admittance and conductance of a synchronous test resonator
on 36°YX-cut LiTaO3 vs. a one-dimensional resonator model [8].
Despite including a series resistance as high as 0.5 2, the modeled
conductance, i.e., the losses, are too low.

and require corrections in the device design [2]. Although
the role of phenomena such as backscattering into fast
shear bulk acoustic waves (fs-BAW) and the synchronous
excitation of fs-BAWs have been studied [3], the mecha-
nisms underlying the losses are, for the moment, not well
understood.

Our recent measurements [4] with a scanning optical
Michelson laser interferometer [5] have revealed qualita-
tively that strong radiation of LSAWSs from the active res-
onator region to the busbars of the device may occur at
stopband frequencies [6]. Preliminary results of this work
were reported in [7]. In this paper, we characterize the fre-
quency dependence and the magnitude of the losses caused
by the busbar radiation, LSAW coupling to the ss-BAW,
and the generation of fs-BAWs.

The laser interferometric measurements of a test res-
onator are discussed in Section II, and the loss mechanisms
are analyzed in Section III. A phenomenological structure
model is constructed in Section IV, and the results are
presented in Section V. Section VI concludes the paper.

II. LASER INTERFEROMETRIC MEASUREMENTS

Fig. 1 shows the admittance of a synchronous resonator
on 36°YX-cut LiTaO3 substrate. The test device has Ny
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= 120 electrode pairs in the interdigital transducer (IDT)
and Ny = 50 electrodes in each reflector. The pitch is p
= 2.214 pm, the aperture is W = 70 pm, the relative alu-
minum electrode thickness is h/Ag = 5.6%, and the met-
allization ratio is about 0.5. Also shown is a fit to a one-
dimensional phenomenological resonator model [8], which
takes into consideration the interactions between LSAWSs
and fs-BAWSs. The results are rather typical for the model
and LSAW resonators on 36°-42°YX-LiTaOs.

Although the resonance and the dispersion characteris-
tics are satisfactorily reproduced by the model, systematic
discrepancies in the conductance, representing losses, may
be observed on the high frequency side of the resonance
peak and in the middle of the stopband. As the most no-
table consequence, the predicted @ value of the antireso-
nance is too high. Yet, the agreement shown in Fig. 1 re-
quires the inclusion of a parasitic series resistance of about
0.5 Q; a reasonable theoretical estimate would be about
one order of magnitude lower. Minor differences between
the model and the experiments may be explained by the
numerous approximations underlying our model, but the
magnitude of the disagreement rather suggests the exis-
tence of additional loss mechanisms.

To study directly the acoustic activity in LSAW devices,
we utilize a scanning optical Michelson interferometer [5],
which detects the shear vertical component of the mechan-
ical displacement field. Fig. 2 displays the light reflection
data and a wide amplitude scan of the test resonator at
the frequency f = 910 MHz, coinciding with the unpre-
dicted lump in the conductance slightly above the reso-
nance peak. The resonator is aligned with the crystal X-
axis.

In the longitudinal device direction, the acoustic field
remains confined into the active device region, as ex-
pected on the basis of one-dimensional models. However,
the waves are capable of escaping from the device to the
busbars. At least three separate loss mechanisms may be
identified: the radiation of LSAWSs to the busbars [6],
synchronous waveguide radiation of Rayleigh waves [9]
at an angle of about 40°, and transverse excitation of
Rayleigh waves. Note that because Rayleigh waves have
strong shear vertical polarization and LSAWs are essen-
tially shear horizontal surface waves, the probe images are
likely to strongly pronounce the former over the latter.
Furthermore, it should be kept in mind that mechanisms
such as ss-BAW radiation into the bulk and resistive and
viscous losses are not revealed from surface scans.

The observed asymmetry of the probed acoustic field
may be explained by the crystalline anisotropy—an in-
herent materials property—of the LiTaOj3 substrate. The
LSAW velocity is a symmetric function of the propagation
angle 6 about the crystal X axis, see Fig. 2(a). However,
the LSAW polarization is an asymmetric function of 6, and
the asymmetry is particularly strong in the shear vertical
component detected by the probe [6].

The series of probe images in Fig. 3 illustrates the de-
pendence of the LSAW busbar radiation on frequency.
Below the resonance frequency, the phenomenon exists
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Fig. 2. Areal scan of the test resonator. a) Light reflection data; b) the
shear vertical displacement field at 910 MHz, indicating three two-
dimensional leakage mechanisms. The displacement is not to scale in
the areas with different light reflection coefficients.

weakly; at frequencies slightly above the resonance, it is
very pronounced. Close to a quenching frequency of about
918 MHz, the radiation becomes strongly suppressed and
practically disappears. Similar frequency dependence may
be recognized in the losses in Fig. 1, and it may be un-
derstood on the basis of the curvature of loaded slowness
curves, as will be discussed subsequently.

Because of the quenching of the LSAW busbar radia-
tion, the phenomenon is not likely to be responsible for
the residual losses in the middle of the stopband. Fig. 4
shows the probed field in the resonator at the antireso-
nance. In the image, the radiation of obliquely propagat-
ing and transverse Rayleigh waves appear to be the most
prominent acoustic loss mechanisms.
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Fig. 3. Areal scans of the test resonator, featuring the frequency
dependence of the LSAW radiation to the busbars. Below the reso-
nance, the radiation is weak (a, b). Strong, spatially asymmetric radi-
ation occurs slightly above the resonance (c, d). Toward a quenching
frequency of about 918 MHz, the radiation decreases (e) and virtually
disappears (f). Also scattering from a point-like imperfection in the
metallization, not related to the busbar radiation, is distinguishable.

T

Fig. 4. Areal scan of the test resonator at 934 MHz, close to the
antiresonance frequency.
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III. THEORETICAL ANALYSIS

Green’s function techniques were employed to ana-
lyze surface acoustic waves (SAWs), LSAWs,! and bulk
acoustic waves (BAWSs) on uniformly metallized 36°- and
42°YX-cut LiTaOj3 surfaces. With the exception of LSAW
attenuation, the two cuts are almost identical; the results
presented here are for the 42°-cut. The material param-
eters for the substrate were taken from [10]; aluminum
was assumed isotropic, with a density of 2600 kg/m?
and the Lamé coefficients p = 2.5:101° N/m? and \ =
6.1-10° N/m?2.

A. Leaky Waves on Metallized Crystal Surface

The LSAW slowness under an ideally conducting, uni-
form metal layer depends on the propagation direction 6
and the product of the frequency f and the film thickness
h. The slowness curves and the attenuation for various
frequency-thickness products on 42°YX-cut LiTaOj are
depicted in Fig. 5. The LSAW polarization is dominantly
shear horizontal, and the LSAW attenuation is determined
by the weak coupling to the ss-BAWs.

The slowness curves feature both convex and concave
regions, implying that the direction of the energy flow
varies significantly with the propagation angle. To the pre-
cision of the numerical calculations, the LSAW velocity
and attenuation under a finite aluminum layer remain sym-
metric about the crystal X-axis—despite the asymmetry
of the LSAW polarization both on free surface and under
infinitely thin metallization [6].

Leaky waves attenuate because of the coupling of sur-
face waves to ss-BAWs. For propagation along X (§ =
0), the attenuation has been shown to depend strongly
on the film thickness [1]. In the 36°-cut, the attenuation
grows with increasing film thickness, whereas in the 42°-
cut it decreases for hf =~ 780 m/s. However, according to
our results, the attenuation increases drastically with the
propagation angle for both crystal cuts and for all film
thicknesses, as shown for the 42°-cut in Fig. 5(b). This be-
havior is very different from that of Rayleigh waves, and it
suggests that high order transverse waveguide modes are
likely to possess heavy propagation losses.

B. Leaky Wave Radiation to Busbars

The strong frequency dependence of the LSAW radia-
tion to the busbars may be qualitatively understood on
the basis of the curvature of the LSAW slowness curves.
As illustrated in Fig. 6, these may be characterized by
two thresholds: the slowness for X-propagating LSAW,
S$mo, and the maximum z-component of the slowness, S1.
Both slowness thresholds are functions of the frequency-
thickness product Af.

1Mathematically, LSAWs are presented here by the poles of the
relevant Green’s function, which has been analytically continued [11]
to complex-valued slownesses.
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Fig. 5. a) Slowness curves and b) attenuation for LSAWs on uni-
formly metallized 42°YX-LiTaOs substrate for thickness-frequency
products hf ranging from 0 to 500 m/s. Dotted and solid curves:
rigorous calculation and the empirical model from Section IV, re-
spectively. Dashed curves and circles: the slowness curve for fs-BAWs
with their energy propagating along the crystal surface, rigorous cal-
culation and the empirical model, respectively.

At the stopband frequencies, the standing wave field
in the resonator satisfies the Bragg condition such that
the wavenumbers of the dominating Fourier components
along X are k, = +x/p, with p denoting the mechanical
periodicity. Consequently, the counterpropagating waves
forming the standing field have the x slownesses

se = +1/(2pf). (1)

Because the busbars are of uniform metal, synchronous
radiation of the LSAWSs into the busbars is possible if
the metallized crystal surface supports propagating eigen-
modes with the same z slowness [Fig. 7(a)]. Comparing the
standing field slowness s, with the threshold slownesses
Smo and S,,1, three radiation regimes are identified.

IEEE TRANSACTIONS ON ULTRASONICS, FERROELECTRICS, AND FREQUENCY CONTROL, VOL. 48, NO. 6, NOVEMBER 2001

A
——
&(I)f—»
>\‘
>
— Smo

Fig. 6. Schematic LSAW slowness curve. Depending on the slowness
along X, there may exist two (weak radiation regime, I), four (strong
radiation regime, II), or no (radiation free regime, IIT) LSAW modes.

1. Weak Radiation Regime (I). For |s,;| < smo, the met-
allized surface supports a pair of LSAW eigenmodes with
transverse slownesses +|s,|. Consequently, synchronous
busbar radiation is allowed, but, because the correspond-
ing transverse wavenumbers are fairly large, the coupling
to the field in the resonator is weak.

2. Strong Radiation Regime (II). For syo < |Sz| < Sm1,
the metallized surface features two pairs of LSAW eigen-
modes, which merge into one pair as |s;| — Sm1. For
[sz| ~ Smo, the transverse slownesses are very small for
one of the pairs, and acoustic energy propagates almost
parallel to the crystal X-axis. Hence, the coupling to the
standing wave field in the active region may be consider-
able, and pronounced LSAW radiation to the busbars is
expected. The strength of the excitation depends on the
structure.

3. Radiation Free Regime (III). For |s,;| > Sm1, there
are no LSAW eigenmodes on a metallized surface. Syn-
chronous busbar radiation is prohibited, but weak non-
synchronous radiation may occur.

This reasoning results in an important conclusion. Be-
cause the standing field slowness s, is inversely propor-
tional to fp and the threshold slownesses are monotonic
functions of hf, corresponding frequency regimes of radia-
tion may be determined. The relative threshold frequencies
obtained only depend on the relative film thickness h/2p
in the busbars—they are independent of, for example, the
shape and the width of the electrodes.

The results are shown in Fig. 7(b) for the 42°-cut; those
for the 36°-cut are almost identical. For the metallization
thickness and the pitch of the test structure, an upper
threshold frequency of about 916.7 MHz is predicted. This
agrees well with both the laser interferometric images and
the parasitic conductance observed in Fig. 1. Indeed, the
former comparison also confirms that the radiation in the
weak radiation regime is very weak.
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Observation Explanation

weak radiation regime (I)

f1f,

synchronous LSAW
busbar radiation (II)

Fig. 7. a) Synchronous LSAW busbar radiation from the resonator
and b) estimated relative stopband frequencies f/fg prone to it, as
a function of the relative metal thickness h/(2p). Here, fg denotes
the bulk-wave threshold frequency vg/2p, with vg = 4226.5 m/s.

We emphasize that the analysis presented is limited to
the stopband frequencies. Outside the stopband, the anal-
ysis must be based on the dispersion curve of the LSAW
eigenmodes. In finite structures, small nonsynchronous
LSAW radiation to the busbars may also occur. Numerical
simulations of the effect of the radiation on the electrical
response are presented in Section IV.

C. Rayleigh Waves and BAW

Rayleigh waves may be radiated synchronously to the
busbars in the same way as LSAWSs [9]. The analysis is
similar to that just described, except that the Rayleigh
wave velocity depends only weakly on the propagation an-
gle and the aluminum thickness. In agreement with the
laser probe results, a phase (and energy) direction with an
angle of about 40°is estimated for synchronously coupled
SAWs in the stopband of the test resonator.

The transverse beams seen in Fig. 2 and 4 are proba-
bly generated by the transverse electric fields in the end
gaps between the busbars and the electrodes. However, in-
creased radiation seems to originate also from the maxima
of the field profile inside the resonator; this may be due
to the scattering of LSAWSs off the ends of the electrodes.
The range of the beams vastly exceeds the surface region
shown in the figures. Consequently, the beams must be
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surface waves. Because only Rayleigh waves are theoret-
ically predicted to exist in this direction, the beams are
identified as transversely excited Rayleigh waves.

ss-BAWs are radiated into the substrate at all fre-
quencies of interest. The synchronous radiation of fs-
BAWS occurs at high frequencies. The slowness curve for
surface-skimming fs-BAWs is similar to those of LSAWSs,
with the threshold slownesses spg ~22.366-107% s/m and
sp1 ~2.501-10~* s/m. Consequently, off-axis synchronous
fs-BAW radiation is, in principle, possible for frequencies
above 0.946 fg, about 903 MHz in the test device. How-
ever, the much stronger on-axis synchronous fs-BAW radi-
ation will start at 954.5 MHz in this device, as is evident
in Fig. 1.

IV. PHENOMENOLOGICAL MODEL

The preceding analysis is useful for qualitative analysis
of the origin and the frequency dependence of the losses,
but a model is required to study the leakage mechanisms
quantitatively. Because a rigorous simulation of a realistic
resonator structure would require immense computational
efforts, we resort to a phenomenological model with con-
siderable computational simplification but yet covering the
loss mechanisms of main interest: LSAW backscattering
into fs-BAWSs, busbar radiation, and synchronous fs-BAW
excitation. ss-BAWs are included only through the LSAW
attenuation.

Although LSAWSs on LiTaOg3 contain weak longitudinal
and shear vertical components, they are essentially shear
horizontal surface waves. The shear horizontal component
features almost symmetric magnitude and weak, linearly
deviating phase shift as functions of the propagation an-
gle [6]. Such behavior has been pointed to lead to a shift
of the acoustic transduction amplitude with respect to the
electric source [12], but here the effect is rather weak,
about 0.12 wavelengths. The shear vertical displacement
profiles in Fig. 2 through 4 indicate considerable trans-
verse asymmetry, but our primitive calculations for van-
ishing metal thickness imply that the dominating shear
horizontal field is nevertheless almost symmetric [6]. This
suggests that, for rough evaluation, it suffices to consider
the shear horizontal component only and to treat it as a
scalar field.

Scalar waveguide theory has been used to model SAW
waveguides and waveguide resonators [13]. Leaky wave-
guide modes have been studied in 112°-LiTaOg3 [14] and
in ST-cut quartz [15], [16]. However, these approaches are
not applicable here because of the nonconvex slowness cur-
vature of LSAWSs. For this reason, we resort to a scalar
Green’s function theory, empirically constructed to mimic
the effects of the LSAW slowness curvature.

The grating waveguide in Fig. 8 is chosen as the model
structure. It consists of an infinite periodic array of elec-
trodes with an acoustic aperture W and two infinitely wide
busbars. At the stopband frequencies, such a structure well
approximates a homogeneous synchronous resonator with
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Fig. 8. Grating waveguide with infinite busbars.

long reflectors. Zhang et al. [17] have shown that the pe-
riodic arrays are, from the electrical point of view, com-
pletely characterized by their harmonic admittance. The
concept, originally proposed for one-dimensional arrays,
naturally generalizes to grating waveguides.

A. Scalar Waveguide Model

Let the wavefield be described by a scalar displacement
field u(z,y). Because of the existence of the device atop
the surface, scalar surface stresses T'(x, y) may exist under
the metallized surface regions. The substrate is described
through a Green’s function G(x,y), relating the surface
displacement and stress via

u(x,y) = // Gz —a',y —y"T(',y') da'dy'. o

Harmonic time dependence at the angular frequency w =
2x f is assumed, and it is included in the fields through an
implicit factor of e™*. All fields and quantities are normal-
ized.

The device structure is described through the boundary
conditions. The source field S(z,y) serves to excite waves,
and electrical and mechanical perturbations of the surface
are described through the load density m(z,y). The net
boundary condition is

T(x,y) = m(z,y)w’u(z,y) + Sz, y). 3)
A model for the structure in Fig. 8 is obtained with

m(x,y) = mw + Am(y) + 2m(y) cos(2nz/p).
(4)

Here, the parameter mw measures the loading in the in-
finitely wide busbars, Am(y) = mo(y) — mw, and mo(y)
and mq(y) describe the uniform and periodic loading pro-
files in the grating, respectively.

It is practical to define the free stress field

T(JZ, Y3 mW) = T(JZ, y) - mWW2U($7 y)a (5)

which automatically vanishes in the busbars. Conse-
quently, it must be computed only inside the waveguide
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region. Expressed through the free stress field, the con-
stitutive relation in (2) assumes, in the Fourier domain,
the form

W(ks, ky) = G(ky, ky; mw) T (ks ky; mw) (6)

where the myy-loaded Green’s function is

—1
Gi(ka, iy ) = G’l(kx,ky)—mwwz} .M

We emphasize that the model and, in particular, the em-
pirical Green’s function described subsequently are not
proposed as tools for precise analysis, but rather as a sim-
ple method for obtaining meaningful order-of-magnitude
estimates on the losses and their dependence on frequency
and the device dimensions.

B. FExcitation and Electric Currents

Under harmonic excitation [17], a driving voltage V,, =
Voe 2™ is connected to each electrode n. The currents
I,, generated in the electrodes follow the phase of the volt-
ages, such that I, = Ipe~"?™™. Consequently, the ratio
of current and voltage is the same for all electrodes; it is
known as the harmonic admittance of the array.

Let @ = 27/p denote the grating wavenumber. To
imitate the harmonic excitation in our phenomenological
model, we postulate a source field of the form

S(@,y) = osin(my) (e 4 e~ 10-00) (W2 - \y(gj

Here, & is the electromechanical coupling parameter, ©(z)
denotes the Heaviside function, and W is the electric aper-
ture. Furthermore, we assume that the acoustic contribu-
tion to the harmonic admittance is given as

+W/2

Ya(y, f) = iw2€ / wr =0, y)dy.  (9)

—W/2

Using Fourier transformation techniques, the admit-
tance of a synchronous resonator with IV, active electrode
pairs and surrounded by two infinitely long reflectors may
be expressed through the harmonic admittance as

Y(f) = [/OIYH(% f)%d’y} +iwC.

(10)
Here, the capacitance C' describes the electrostatic storage
of energy in the structure.

C. Empirical Green’s Function

We now empirically construct an approximate Green’s
function that is consistent with the one-dimensional theory
from [8], and that, with reasonable accuracy, produces the
slowness curve for fs-BAWs and those for LSAWs under
uniform metallization.
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The one-dimensional Green’s function from [8] is ex-
tended into two dimensions as follows:

G(km,ky){ PB(km,ky)n(km,ky)]_ . a

Here, Py is a function of the form

1+ c€k2/k2

P = k2 —
B(kzaky) k:};"’ kBO 1+§k2/1€2 (

(1+ Z/)k
12)

and 7 is a function of the form

nok; — mksok /K2

n(kz, ky) = (13)

ko = wspp, where spq is the slowness for surface skim-
ming fs-BAW, 1y is a piezoelectric loading parameter, and
k} denotes £k, with the sign chosen such that the real
part is positive. The quantitities v, ¢, £, 11, and 7y are
anisotropy parameters.

The poles of the empirical Green’s function represent
LSAWSs on a metallized crystal surface, and the branch
points, i.e., the zeros of the function Pg, indicate the slow-
nesses of the surface-skimming bulk waves. The slowness
curves for LSAWs under uniform metallization are found
from the equation

G ks, ky) = mww?. (14)
Here, the loading parameter myy is a monotonic function of
the frequency-thickness product A f. It may be determined
from rigorously computed slownesses for X-propagation

szo(hf) as follows

wihf) = [ 2 (hf) — s nosmomf)} o

(15)

In practice, finding the poles may be reduced to computing
the roots of polynomials of 55 The Green’s function pa-
rameters were determined by fitting the slowness curves to
rigorous computations for vanishing metal thickness. The
resulting approximate slowness curves for the 42°-cut are
compared with rigorous computations in Fig. 5, and an ac-
ceptable agreement is achieved. In addition to the modes
shown in Fig. 5, the empirical Green’s function may also
feature unphysical poles. However, these are located deep
in the complex plane, and they are of no relevance to nu-
merical simulations.

D. Numerical Solution

The model is solved numerically using the coupling-of-
modes (COM) approximation and the boundary element
method (BEM). Under the harmonic excitation condition,
a Floquet expansion of the displacement field yields

+oo

Z un(y)e*i(””)Qm

n—=—oo

u(z,y) = (16)
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similarly for the stress and free stress. In the COM approx-
imation, only the main harmonics (n = 0 and n = —1) are
retained in the expansion. Introducing the same notation
for the source field S(z,y), the boundary conditions in the
COM approximation assume the form

To(y; mw) = Am(y)w?uo(y)
+mi (y)w?u—1(y) + So(y),
_1(y; mw) = Am(y)w?u_1(y) (17)
+m (y)wuo(y) + S-1(y).
The constitutive equation is
+W/2
un(y) = / Grin(y — ¥'smw) T (y's mw)dy’
-W/2 (18)

where

/G (v +n), ky;mw) e~ Fv¥dk,.
(19)

G’Y+n(ya mW

Substituting (18) into (17), a pair of coupled integral equa-
tions is found for the free stress field. This is solved numeri-
cally using the BEM; for the sake of brevity, the details are
omitted. From the free stress field, the displacement field
and the harmonic admittance are subsequently found. The
electrical response of an ideal synchronous resonator is ob-
tained as a weighted integral of the harmonic admittance.

V. ELECTRICAL RESPONSES

At the stopband frequencies, the admittance in (10)
should provide a reasonable approximation to the response
of a resonator with long reflectors and wide busbars. The
theory was employed to model the test structure discussed
in Section II.

The profiles mg(y) and mq (y) for uniform and periodic
loading were assumed constants inside the electrically ac-
tive waveguide region. The magnitudes mg and m; were
determined to yield the correct one-dimensional dispersion
relation; in the gap between the electrically active region
and the busbars, the profile functions assumed one-half
of these values. To describe the losses caused by ss-BAW
radiation in the IDT region, additional attenuation was
introduced using complex-valued frequencies; a value of
9.4 - 10~* Neper per wavelength was extracted from rig-
orous FEM (finite element method)/BEM simulations for
a one-dimensional structure. Resistive losses in the elec-
trodes were estimated to result in an effective series resis-
tance of R = 0.0592. The capacitance C' was chosen to
yield the correct antiresonance frequency.

The experimental and simulated admittances are com-
pared in Fig. 9. Also shown are the scaled harmonic con-
ductance ReY1(0.5, f), describing a periodic IDT, and the
conductance obtained for an effectively one-dimensional
structure with infinite reflectors and aperture. Below the
stopband frequencies, ideal (infinite) reflectors only poorly
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Fig. 9. Admittance and conductance of a synchronous test structure
on 36°YX-cut LiTaO3 vs. a two-dimensional resonator model. For
comparison, also the harmonic conductance from a two-dimensional
IDT model and the conductance from a one-dimensional resonator
model with infinite reflectors are shown.

approximate the actual finite reflectors. Consequently, the
conductance oscillations occuring below the resonance are
not accurately described by the model. However, close to
the resonance, the losses are well reproduced.

Comparisons of the results from one- and two-
dimensional models show agreement with the analysis of
the LSAW busbar radiation discussed in Section III. The
resulting losses are considerable, and they well explain the
experimentally observed bump in the conductance. The
small ripples in the experimental conductance in the stop-
band, appearing because of resonances of high order trans-
verse modes, are accurately reproduced in the model.

However, the simulations provide no insight into the
dominant loss mechanism close to the antiresonance. De-
spite the notable increase in the conductance caused by
waveguide losses and the radiation of fs-BAWs, the simu-
lated conductance values are only one-fifth of those mea-
sured experimentally. Possible causes for the unidentified
losses include the excitation of ss-BAW and acoustic damp-
ing in the electrodes, made of polycrystalline aluminum.
The contribution of synchronous Rayleigh-wave radiation
was investigated by introducing additional poles to the
scalar Green’s function, but, for reasonable values of the
coupling, the resulting losses were found to be almost neg-
ligible.

For frequencies close to and exceeding the threshold
fB ~ 954.5 MHz, the excitation of fs-BAW becomes the
dominant loss mechanism.

The conductances for test structures with varying met-
allization ratios (a/p = 0.3 and 0.7) and apertures (W =
8o and 16)¢) are shown in Fig. 10. The substrate is 42°-
cut LiTaOs, the pitch is p = 4 pm, the metal thickness
is h/Ao = 8%, and the resonators have 75 electrode pairs
in the IDTs and 37 electrodes in each reflector. Because h
and p are the same in all of the structures, the quenching of
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Fig. 10. Experimental and simulated conductances of four test struc-
tures with differing metallization ratios a/p = 0.4 and 0.7 and aper-
tures W = 8)\g and 16\g on 42°YX-cut lithium tantalate; also shown
are the theoretically estimated frequency thresholds from Fig. 7(b).

the LSAW radiation occurs at the same frequency, about
503 MHz, in all of the structures. Another characteristic of
the busbar radiation is that, in contrast to the admittance
caused by LSAW propagation, it depends only weakly on
the aperture. Consequently, the losses are relatively more
important for narrower structures.

Finally, the S1; parameters of test structures with the
aperture W = 16)\; are displayed on the Smith chart
in Fig. 11 for various a/p. In this display, the region of
the radiation is denoted by the thick curves. Because the
stopband changes with a/p and the frequency range prone
to the busbar radiation remains constant, the leakage re-
gion appears to rotate clockwise in the chart as a function
of the metallization ratio.

VI. DISCUSSION

We have carried out laser interferometric measurements
to study the loss mechanisms in an LSAW resonator on
a LiTaOs substrate. The scanned images reveal acous-
tic leakage from the active resonator area to the busbars
of the device. This is identified as LSAWs and Rayleigh
waves being radiated to the busbars and transversely ex-
cited Rayleigh waves.

The radiation of LSAWs to the busbars strongly de-
pends on frequency, and it may result in significant losses.
Although the resonance and the antiresonance depend on
the width, height, and shape of the electrodes and the
geometry of the structure, the frequency characteristics
of the busbar radiation are governed by the relative alu-
minum thickness in the busbars. For the typically em-
ployed electrode thicknesses, the frequency region in which
the side radiation is viable occurs inside the stopband and
sometimes even includes the resonance frequency.
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¢ 503 MHz

Fig. 11. Measured Si1 parameter for test structures with varying
metallization ratio a/p. Thick curves: the frequency interval prone
to busbar radiation with onset at 494 MHz (square) and quenching
at 503 MHz (diamond). For a/p = 0.4, the onset coincides with the
resonance; for higher values, it occurs in the stopband.

A phenomenological simulation was constructed to esti-
mate the losses caused by the LSAW busbar radiation, the
excitation of the fs-BAWs, and LSAW attenuation caused
by coupling to ss-BAWSs. According to the simulations, the
busbar radiation well explains the experimentally observed
increase in the conductance close to the resonance fre-
quency. Experiments confirm that the magnitude of the
radiation depends only weakly on the aperture. Conse-
quently, relative losses are pronounced for narrow aper-
tures.

At high frequencies, above the stopband, the radiation
of fs-BAWSs is the dominant loss mechanism. However,
none of the phenomena studied explains the large mag-
nitude of the losses observed experimentally close to the
antiresonance. The residual excitation of slow shear bulk
waves and the acoustic attenuation in the aluminum elec-
trodes are among the remaining loss mechanisms that re-
quire investigation. Comprehensive experiments or a rig-
orous theoretical simulation may be required to find the
means to minimize the losses and, thus, to optimize the
resonator performance.
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