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Abstract—The dispersion curves of Lamb-wave modes
propagating along a multilayer structure are important for
the operation of thin-film bulk acoustic wave (BAW) de-
vices. For instance, the behavior of the side resonances
that may contaminate the electrical response of a thin-film
BAW resonator depends on the dispersion relation of the
layer stack. Because the dispersion behavior depends on
the materials parameters (and thicknesses) of the layers in
the structure, measurement of the dispersion curves pro-
vides a tool for determining the materials parameters of
thin films. We have determined the dispersion curves for
a multilayer structure through measuring the mechanical
displacement profiles over the top electrode of a thin-film
BAW resonator at several frequencies using a homodyne
Michelson laser interferometer. The layer thicknesses are
obtained using scanning electron microscope (SEM) mea-
surements. In the numerical computation of the dispersion
curves, the piezoelectricity and full anisotropy of the ma-
terials are taken into account. The materials parameters of
the piezoelectric layer are determined through fitting the
measured and computed dispersion curves.

I. INTRODUCTION

HIN-FILM bulk acoustic wave (BAW) devices first ap-
Tpeared two decades ago [1], [2], but only recently their
large-scale commercial applications have been introduced
[3]. This is because of the considerable technical difficulties
in obtaining consistently high-quality, thin-film piezoelec-
tric layers with uniform thickness and the problems in the
suppression of the side resonances that may contaminate
the frequency response close to the main resonance. For
the behavior of the side resonances, the dispersion char-
acteristics of the Lamb-wave modes propagating along a
layered structure are important. In addition, many mod-
eling techniques for thin-film BAW devices, such as the
mode-matching method [4], require knowledge of the dis-
persive behavior. This may be computed numerically or,
alternatively, the measured dispersion curves can be used
in the model.
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In this paper we obtain the dispersion curves us-
ing laser-interferometric probing and subsequent Fourier-
transformation techniques, a procedure also reported in [5]
and [6]. The mechanical displacements on the top surface
of a solidly mounted thin-film BAW resonator are mea-
sured, and the spatial amplitude data obtained is Fourier
transformed to find the lateral component of the wavevec-
tor for the modes excited at each frequency [5]. This ap-
proach also allows for an evaluation of the materials pa-
rameters of thin films through fitting the experimental dis-
persion curves to those computed numerically using matrix
techniques. It should be noted that the materials param-
eters of a thin film may be different from those of bulk
material; the materials parameters also provide informa-
tion on the quality of the film. The experimentally deter-
mined materials parameters can be used in the simulations
of thin-film BAW resonators and filters to predict their be-
havior more accurately and reliably.

We present the numerically computed dispersion curves
together with those obtained experimentally. The materi-
als parameters used in the computation are optimized to
yield matching between the measured and computed dis-
persion curves. The shortcomings and benefits of this ap-
proach for determining the materials parameters are dis-
cussed.

II. LAYER STACK AND SOLIDLY MOUNTED RESONATOR
A. Description of the Resonator

The cross section of our solidly mounted thin-film res-
onator (SMR) is shown in Fig. 1. The piezoelectric mate-
rial is zinc oxide (ZnO) sandwiched between a molybde-
num (Mo) bottom electrode and an aluminum (Al) top
electrode. In the measured SMR, only the topmost Al
layer is patterned to form the top electrode; the floating
bottom electrode is capacitively connected to the large-
area ground plane surrounding the top electrode. The lay-
ers between the glass substrate and the bottom electrode
constitute the acoustic mirror used to prevent leakage of
the acoustic wave into the substrate. These layers oper-
ate as a Bragg reflector in which the acoustic wave is
strongly reflected at each materials interface. The layer
thicknesses within the acoustic mirror are chosen such that
the phases of the reflected waves interfere appropriately.

0885-3010/$20.00 (© 2004 IEEE
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Fig. 1. Solidly mounted composite thin-film BAW resonator (SMR)
configuration. Two Mo-SiO2 layer pairs form the acoustic mirror,
which acoustically isolates the active region of the resonator from the
substrate. The layer thicknesses were determined at several different

locations along the layer interfaces using SEM; the thickness values
shown are averaged.

The higher the difference between the acoustic impedances
of the materials, the more effectively the mirror operates.
The acoustic mirror can be used to transform the acoustic
impedance! of the substrate, such that the interface be-
tween the bottom electrode and the acoustic mirror for
the chosen wave mode appears either free or clamped.
The SMR considered here is a A/2 mode configuration
[8], in which the first layer in the acoustic mirror (below
the bottom electrode) is the one with the lower acoustic
impedance, and the thickness of the piezoelectric layer is
approximately half a wavelength at the fundamental res-
onance frequency. In this configuration, the interface be-
tween the bottom electrode and the acoustic mirror ap-
pears free.

B. Fabrication Procedure

The resonator layer stack was fabricated on a 100-mm
diameter glass substrate (Corning C7059, Corning Glass
Works, Corning, NY). Metal layers (Mo, Al) were all direct
current (DC) sputtered. A silane-based, plasma-enhanced
chemical vapor deposition (PECVD) process was used to
deposit SiO, for the low acoustic impedance reflector lay-
ers. The ZnO piezoelectric layer was radio frequency (RF)
sputtered from a ZnO target in an oxygen atmosphere.
The top Al electrode was the only patterned layer. This
was done using standard lithography and a wet etch having
a high selectivity against the rather sensitive ZnO.

1The acoustic impedance Z for a wave mode with phase velocity v
propagating in a medium with density p is defined as Z = pv [7].
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Fig. 2. SEM image of the cut cross section of the SMR stack, used to
determine the layer thicknesses. The columnar structure of the Mo
and ZnO films is clearly visible.

III. MEASUREMENTS

A. Measuring Layer Thicknesses Using Scanning
Electron Microscopy

A cross section of the wafer was prepared in order to
check the layer thicknesses. The wafer was sliced using a
glass cutter because standard sawing would result in an
excessively rough surface for the cross section. The cut
is located on the wafer only a few millimeters away from
the resonator used in the interferometric imaging. Hence,
the layer thicknesses in the two are expected to differ only
slightly.

The layer thicknesses were determined using scanning
electron microscopy (SEM) equipment (Model Leo 1560,
LEO Electronenmikroscopie GmbH, Oberkochen, Ger-
many). A SEM image of the layer stack is shown in Fig. 2.
The top Al electrode edge was strongly deformed in the
slicing (see Fig. 2), but its thickness could be measured
with a profilometer from the etched patterns.

B. Laser-Interferometric Probing of Vibration Amplitude

For interferometric measurements, the SMR was driven
at 195 selected frequencies within the range from 100 MHz
to 2220 MHz. In the measurement setup, the optical scan-
ning interferometer sweeps the sample surface at each fre-
quency, recording two quantities for each (z,y) point, the
time-averaged amplitude of the vertical motion of the sur-
face and the intensity of the reflected light. The selected
scanning area is a 231 x 231 micrometer square consisting
of 350 x 350 points. Hence, the spatial scanning step is
0.66 pm.
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Fig. 3. Measured magnitudes of displacement components in the z-
direction at the top surface of the SMR at the frequency 1030 MHz.
Lighter shades indicate larger values. The area measured with the
laser probe at each frequency (over which the 2-D FFT is carried
out) is indicated with the dashed line. The end of a bond wire is
seen in the middle of the bottom part of the figure.

Fig. 3 presents the measured magnitudes of the dis-
placement component in the z-direction at the frequency
1030 MHz. The long-wavelength modes are visible in the
amplitude data, even for the bare eye. They are caused
by the finite size of the resonator; waves associated with
the fundamental thickness-extensional (TE1) mode that
propagates along the lateral direction in the layered struc-
ture are reflected at the edges of the top electrode, and a
standing-wave pattern is formed. At the frequency of the
measurement, the TE1 mode is trapped into the electroded
region and the wave amplitude decays exponentially out-
side the top electrode. Waves propagating in the lateral di-
rection occur in a structure with finite lateral dimensions,
but they are not present in an ideal structure with infinite
extent. Our technique for experimentally determining the
dispersion curves relies on the presence of the edges, such
that standing-wave patterns (eigenmodes) due to waves
having finite lateral component of wavevector are formed.

Due to the different reflectivities of the metallized and
nonmetallized regions, there is a step discontinuity in the
measured vibration amplitude at the boundary of the top
electrode. The signal level of the interferometer also varies
pointwise owing to surface roughness. The measured vi-
bration amplitude Apeas depends on the reflectivity R of
the surface:

Ameas(x)y) = Ameas(At(xay))Rt(x)y))a (1)

where A¢(z,y) and Ry(z,y) are the actual vibration am-
plitude and surface reflectivity at the location (z,y), re-
spectively. The signal-to-noise ratio is increased by com-
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Fig. 4. Raw data for the number of measurement points possess-
ing the same vibration amplitude-reflectivity (A, R) values, with-
out any corrections applied. The darker shades of gray indicate a
larger number of measured points. The center-of-mass value of the
vibration-amplitude distribution for each reflectivity (solid line) and
a line fitted to this curve (dashed line) also are plotted. The increase
in the variation of the center-of-mass value versus reflectivity when
approaching toward higher and lower reflectivities is due to the de-
creasing number of (A, R) pairs in these directions. The inset displays
the number of points for each vibration amplitude-reflectivity pair
after application of the correction procedure.

pensating the spatial variations in the reflectivity (within
the area of the top electrode), caused by the roughness of
the sample surface. Here, it is assumed that the rough-
ness is uniform, i.e., the spatial distribution of the points
with a given reflectivity within the top-electrode surface
is uniform. In addition, we used a heuristic model to ap-
proximate (1):

Ameas(xa y) = A(:L') y) - k[]- - Rmeas(xa y)]a (2)
where Rpeas is the measured relative reflectivity scaled
into the range [0, 1] and A(z,y) is the corrected amplitude
approximating the true amplitude A;. This linear relation
essentially expresses the fact that, for constant true vibra-
tion amplitude, the measured amplitude decreases with de-
creasing surface reflectivity Ry. The coefficient & in (2) is
determined from the vibration amplitude-reflectivity (A—
R) distribution as described below.

The number of measurement points possessing the
same measured vibration amplitude-reflectivity values are
counted to obtain the A-R distribution plotted in Fig. 4.
Then, the center of mass of the vibration-amplitude distri-
bution for each reflectivity R is determined [here denoted
as Up(R)]. The curve Up(R) is indicated in Fig. 4 as the
solid line. Were the reflectivity and vibration amplitude
independent, the center-of-mass value and the width of
the amplitude distribution would be equal for all values of
the reflectivity. Next, a line (the dashed line in Fig. 4) is
fitted to the Up(R) curve in the region of the distribution
containing the largest number of points. Using the equa-
tion for the fitted line allows us to estimate & in (2), from
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Fig. 5. Vibration-amplitude profile after the procedure for reducing
the influence of variations in surface reflectivity is applied. Lighter
shades indicate larger amplitude. Note the surface imperfections act-
ing as scattering centers for the acoustic waves.

which the corrected vibration amplitude is solved at each
scanning point in terms of the measured quantities A eas
and Ryeas-

The inset in Fig. 4 shows the A-R distribution obtained
after the correction procedure is applied. The correspond-
ing resulting profile of surface deflection after the correc-
tion procedure is shown in Fig. 5. It can be seen that the
amount of discernible detail has increased, e.g., one may
see circular waves scattered by imperfections.

C. Measured Dispersion Curves

In the ideal case, the eigenmodes correspond to sinu-
soidal waves, and Fourier analysis may be applied to study
the excitation spectrum of the surface modes. However, the
actual nonideal shape of the resonator, its absolute size,
and the imperfections on the sample surface may affect the
eigenmodes. In order to study these effects, we measured
two resonators (located close to each other on the wafer)
with identical layer structure but having different top elec-
trode areas. The excitation spectra for the two were iden-
tical. It may be concluded that the influence of the size of
the resonator, as well as edge effects, are negligible.

The effects due to our interferometer measuring only
the magnitude of the vibration amplitude are illustrated
in Fig. 6 for a one-dimensional (1-D) case. In the fast
Fourier transform (FFT) of the |sin(x)| signal, peaks due
to the DC component (at k, = 0) and higher harmonics
appear (the first one of these higher harmonics is close to
ky = 3.6 x 10° 1/m). The harmonic content also may be
increased due to the resonator operating in the nonlinear
region because of high input power. However, the largest
input power used in the measurements (20 dBm) is low
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Fig. 6. Top: Sine signal representing the actual vibration amplitude
of the surface (crosses) and its magnitude representing the signal
measured by the interferometer (circles). Bottom: FFT of the two
signals in the top figure.

enough that the operation of the resonator is linear. It
also is seen in Fig. 6 that the wavelength is obtained as
A=2x (2n/k;), where k, is the wavenumber determined
from the FFT of the |sin(z)| function. Hence, the Fourier
transform enables one to study spatial waves with wave-
lengths larger than the Nyqvist limit, i.e., A = 4X scanning
step =4 x 0.66 pm = 2.6 ym. Owing to the finite size of
the scanned area (side length L), the smallest observed
wavenumber is on the order of k, = 7/L, corresponding
to the wavelength \ =~ 2L ~ 460 pum.

In the 2-D FFT applied to the corrected amplitude
data, the symmetric Hanning window function w(z,y) =
sin?(rx/L)sin?(wy/L) is applied, where L is the width of
the sampling window. The effect of using this window func-
tion can be seen by comparing Figs. 6 and 7. Usage of the
window function suppresses the side peaks but broadens
the width of the main peak. This is because the FFT of
the window function used has a somewhat wider main lobe,
but stronger suppression of the side peaks in comparison
with the FFT of a step function.

A typical result obtained by carrying out 2-D FFT on
the measured vibration amplitudes, is shown in Fig. 8.
There is no angular dependence in the lateral wavenum-
ber k on the surface, because the ZnO is rather well c-axis
oriented (see Fig. 2), consequently, it is isotropic in the
plane of the film. Hence, angular integration (averaging)
in the k space can be used to reduce noise and to sample
all the modes at a given wavelength [5] (the integration
path is a circle, centered at the origin). The resulting k
spectrum is shown in Fig. 9. The sensitivity of the inter-
ferometer is sufficiently high to allow for weakly excited
modes to be detected. Repeating the process and plotting
the k spectrum for all the frequencies studied yields the
dispersion curves shown in Fig. 10.
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Fig. 7. Top: Sine signal representing the actual vibration amplitude of
the surface (crosses) and its magnitude representing the signal mea-
sured by the interferometer (circles), both multiplied by the window
function sin?(wz/L), where L is the width of the sampling window
(here 210 pm). Bottom: FFT of the two signals in the top figure.

A measurement of the phase of the vibration is not re-
quired for the determination of the dispersion curves, al-
though lack of the phase data in our system limits the
largest observable lateral wavenumber. Interferometer se-
tups that also enable the measurement of the phase infor-
mation were recently presented [9].

IV. SIMULATIONS

The dispersion curves are computed using matrix tech-
niques, accommodating anisotropic and piezoelectric lay-
ers [10]. A numerically robust global matrix method [11] is
used in the implementation that properly handles the ex-
ponentially increasing/decreasing field amplitudes within
the layers. Recently, a scattering-matrix approach, which
also avoids the numerical instabilities encountered in the
transfer-matrix method, has been proposed in [12]. In the
matrix formulation used here, straight-crested waves are
considered, i.e., the field quantities are taken to be in-
dependent of one of the directions, say, the y-direction.
The fields are taken to assume the form e~ "F=?—hk=2givt
where w is the angular frequency and k, and k, are the
z- and z-components of the wavevector. Substituting this
Ansatz into the constitutive and governing equations for
the piezoelectric material under the quasistatic approx-
imation, eight bulk-wave modes in an infinite piezoelec-
tric medium are obtained. Imposing boundary conditions
at the materials interfaces for the mechanical z-, y-, and
z-displacements, the electric potential, the stress compo-
nents zz, zy, and zz, and the z-component of electric dis-
placement, the equations describing the complete layered
structure are obtained. The model used also allows taking
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Fig. 8. Two-dimensional FFT of the measured vibration amplitudes
at the frequency 1029 MHz.
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Fig. 9. Wavenumber spectrum obtained from the 2-D FFT of the
measured vibration amplitudes at the frequency 1030 MHz through
angular integration.

into account the vacuum half-space (which supports only
electric fields) on top and/or bottom of the stack.

Due to the boundary conditions, a mode structure
emerges that is described using dispersion curves. The dis-
persion curves indicate the wavenumbers (or phase veloc-
ities) and the frequencies at which the Lamb modes may
propagate without attenuation®. Applying a suitable exci-

2For modes that propagate without damping in materials and with-
out leakage of energy into the surrounding medium, the z-component
of the wavevector (kg ) is real valued and the amplitude of the wave
does not decay as it propagates.
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Fig. 11).
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Fig. 11. Dispersion curves for the Lamb-wave modes in a ZnO plate.
The solid curves are for the isotropic case, and the dashed curves are
for the anisotropic, piezoelectric case.

tation (e.g., stress excitation through specifying the ampli-
tude of one of the stress components at some interface), the
frequencies of the propagating modes can be solved from
the equations as functions of the lateral wavenumber.

For lossless modes, the mode frequencies are obtained
as the frequencies at which a chosen field variable tends to
infinity in response to the excitation (for given k).

The dispersion curves for Lamb-wave modes propagat-
ing in a laterally infinite 2.5 pm thick ZnO plate are plotted
in Fig. 11. The number associated with the mode indicates
the number of half-wavelengths in the thickness direction
of the plate for the dominating displacement component
of the mode, see Fig. 12. It is seen from Fig. 11 that there

h Ty
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(
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Fig. 12. Explanation of the nomenclature for the Lamb modes.
(a) Displacement in the z-direction (u.) for the fundamental TE1
mode. There is one half wavelength along the thickness direction.
(b) Displacement in the z-direction (ug ) for the third thickness shear
mode (TS3). There are three half wavelengths along the thickness di-
rection. The thickness of the plate is denoted as h.

are considerable differences between the isotropic and the
anisotropic, piezoelectric case. In the isotropic case, the
relations between the ZnO materials constants are fixed
like for an isotropic material, and their values are taken
such that the density, the longitudinal bulk-wave veloc-
ity, and the shear bulk-wave velocity are close to those for
real, physical ZnO (5687.2 kg/m?, 6330 m/s and 2720 m/s,
respectively). The differences between the two cases in
Fig. 11 are mainly due to the anisotropy, the influence
of piezoelectricity being weaker.

The modeled layer structure of SMR is shown in Fig. 1;
it consists of a 370-nm thick Al top electrode, a 1882-nm
thick ZnO, and a 395-nm thick Mo bottom electrode. Be-
tween the bottom electrode and the glass substrate, there
are four mirror layers (from top to bottom): 1595-nm SiOo,
1500-nm Mo, 1535-nm SiOs, and 1575-nm Mo. In 1-D sim-
ulations, the thickness of the glass substrate is taken to be
701 pm; in the simulations of the dispersion curves, the
glass substrate is modeled as a half-space.

The computed z-component of displacement is plotted
in Fig. 13 as a function of the location within SMR at
the resonance frequency (1114.1 MHz) associated with the
TE1 mode. The displacements are computed using a 1-
D model in which the field variables are taken to depend
only on the z-coordinate. Weak attenuation is introduced
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Fig. 13. Magnitude (solid line) and phase (dashed line) of the dis-
placement component in the thickness (z) direction within the SMR
at the series resonance frequency 1114.1 MHz of the TE1 mode com-
puted with a 1-D model. The materials parameters for ZnO are taken
from [14].

to the glass substrate in the simulation to avoid standing
waves formed between the top surface of the stack and
the bottom surface of the substrate; they would cause res-
onance peaks in the response that are closely spaced in
frequency. The displacement plot indicates how the dis-
placement amplitude of the TE1 mode decreases after each
mirror layer and only a small fraction of the acoustic en-
ergy escapes into the substrate. However, the thicknesses of
the mirror layers are slightly suboptimal, as the maximum
of z-displacement does not occur exactly on the interface
between the bottom electrode and the acoustic mirror.

Through increasing the number of layers in the mirror
or by increasing the ratio between the acoustic impedances
of the two materials used in the acoustic mirror, the acous-
tic energy leakage into the substrate may be further dimin-
ished. In addition, as a decreasing fraction of the total vi-
bration energy will be contained in the acoustic mirror, the
attainable effective coupling coefficient kg also increases
with the ratio of the acoustic impedances [13].

V. FITTING PROCEDURE

The materials parameters for film ZnO are determined
through fitting, and those for the other materials are fixed.
The objective function to be minimized in the fitting is:

N

S i — foi)?, (3)

i=1

where N is the number of points on the measured disper-
sion curves used in the fitting (N = 19 was used); point 4
is on the measured dispersion curve at (kg i, fm,i), and the
corresponding point on the simulated dispersion curve is at
(kz,i, fs,:). The points chosen for the fitting are identified
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Fig. 14. Measured (circles) and simulated (grayscale) dispersion
curves. The simulated curves have been obtained with the mate-
rials parameters in Table II. The crosses identify the points on the
measured curves used in the fitting process.

with the crosses in Fig. 14; they have been selected only
from those dispersion curves that clearly correspond to
the TE and T'S modes (see Fig. 11) in which the vibration
energy is concentrated to the ZnO layer. The dispersion re-
lations of these modes are expected to be sensitive to the
materials parameters of ZnO and influence of other layers
is expected to be reduced. There are additional insignifi-
cant peaks in the measured dispersion data (see Fig. 10),
which are attributed to the properties of the FFT and
to possible aliasing effects arising when interferometrically
imaging waves featuring wavelengths smaller than the laser
spotsize on the sample surface. These irrelevant peaks have
been omitted.

To quantify the sensitivity of the dispersion curves to
changes in the ZnO materials parameters, the magnitude
of the relative change in frequency produced by a 3% in-
crease of each ZnO materials constant was computed on 56
different points on the dispersion curves (for a Mo/ZnO/Al
structure). Averaging over the 56 points for each materi-
als constant, the values in Table I were obtained. It can
be seen that the dispersion curves depend most strongly
on the density and elastic constants of ZnO, and depen-
dence on the piezoelectric and dielectric constants is an
order of magnitude weaker. We conclude that the accuracy
with which the piezoelectric and dielectric constants can be
determined with the fitting procedure is correspondingly
lower. Therefore, the piezoelectric and dielectric constants
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TABLE I
MAGNITUDE OF RELATIVE CHANGE IN FREQUENCY AVERAGED OVER
56 SELECTED POINTS ON DISPERSION CURVES FOR 3% INCREASE IN
THE MATERIALS CONSTANT.!

Materials  Frequency
constant  change [%)]
Density 0.91

c11 0.67
c12 0.21
c13 0.18
c33 0.18
Cc44 0.67
€33 0.018
es1 0.015
e1s 0.0094
€11 0.0095
€33 0.017

LComputed for Mo/ZnO/Al structure.

are fixed in the optimization to the values for single-crystal
ZnO taken from [14] and only the values of the density and
the elastic constants of ZnO are optimized.

In the optimization, a conjugate-gradient minimizer
with the Polak-Ribiere update rule [15] was used. To ver-
ify the method, it was first tested for a simpler layer stack
consisting of a Mo bottom electrode, ZnO film, and Al top
electrode. The dispersion curves for this structure were
computed using published values for the materials con-
stants. Points on these computed dispersion curves were
used to replace the measured values in (3). Then, several
optimizations with different starting values for the den-
sity and elastic constants were carried out. The starting
values were obtained through randomly varying the pub-
lished values by +20%. The optimization process consis-
tently provided results close to the published values. The
difference between the optimized and published values of
the density and elastic constants for ZnO decreased as N
in (3) increased and as the number of modes on whose
dispersion curves the points were chosen was increased.

The optimization procedure described above was car-
ried out for the mirror resonator structure in Fig. 1. The
optimization was run 400 times, and, at the start of each
optimization loop, the density and the elastic constants of
ZnO were randomly varied £20% from their bulk values.
From the different sets of materials parameters that yield
a fair matching result, the one for which the density is not
too far above the bulk value (as materials in thin-film form
are less dense than in bulk crystalline form) and for which
the TE1 frequency for k, = 0 is close to the measured
value was chosen as the best-fit result, listed in Table II.
Note that the materials parameters given should not be
considered as absolutely accurate but as only indicative
since the materials parameters of the electrodes and mir-
ror layers also somewhat affect the dispersion curves. In
addition, the temperature of the resonator can rise during
the laser-probe measurement owing to the relatively high-
input power that is fed into the resonator. However, our
measurements indicate that the temperature elevation is

TABLE II
DENSITY AND ELASTIC CONSTANTS OBTAINED FOR FILM ZNO
THROUGH FITTING THE SIMULATED AND MEASURED DISPERSION

CURVES.

Materials Best-fit Bulk

constant value value [14]  Difference [%)]
Density (kg/m?) 5837 5700 2.4

c11 (GPa) 184.6 210 —12.1

c12 (GPa) 123.3 121 1.9

c13 (GPa) 95.3 105 -9.3

¢33 (GPa) 174.1 211 -17.5

Cc44 (GPa) 34.8 43 —19.1
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Fig. 15. Simulated dispersion curves obtained with the materials pa-
rameters in Table II. In the simulations, the excitation is through the
stress 1% at the top surface of the stack, and the response (plotted
with shades of gray) is the z-displacement (vibration amplitude u.)
at the top surface of the stack.

practically insignificant, e.g., at the TE1 resonance with a
14-dBm input power it is below 10°C.

The dispersion curves simulated using the optimized
materials parameters for ZnO are shown in Fig. 15. Note
that the simulation also predicts the strengths of the mea-
sured dispersion curves reasonably well, as can be judged
by comparing Figs. 10 and 15. The sole loss mechanism in-
cluded in the model is the radiation of the acoustic energy
into the substrate. However, in the measurements there
are other factors affecting the amplitudes and shapes of
the curves, e.g., the power delivered to the resonator de-
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pends on frequency. The measured dispersion curves to-
gether with the simulated curves are compared in Fig. 14.
It can be observed that they agree fairly well.

VI. CONCLUSIONS

An approach of fitting the simulated dispersion curves
with the experimental dispersion curves obtained interfero-
metrically from thin-film bulk resonators to determine the
properties of thin films has been presented. Although the
measured and simulated dispersion curves agree fairly well,
the accuracy and reliability of the materials parameters
evaluated with the technique used is somewhat reduced
for the complex layer structure considered here, because
of the lack of a one-to-one mapping between the materials
parameters and the dispersion relations. It also was found
that the values of the piezoelectric and dielectric constants
for ZnO only weakly affect the dispersion behavior; con-
sequently, they are difficult to determine accurately using
the present method. The materials constants vary between
different fitted sets of materials parameters (which result
in an object function value close to the minimum). A set of
parameters with density close to the bulk value and fun-
damental TE1 frequency close to the measured value is
considered as the most reliable set.

An additional complication may arise from the fact
that, in the simulations, the materials properties are con-
sidered to be homogeneous; although in the actual mea-
sured resonators the properties of the ZnO may vary close
to the bottom electrode in which the ZnO deposition
starts, as compared to the properties farther away from
the interface [16]. It also is assumed in the simulations
that the ZnO is strictly c-axis oriented. Considering the
difficulty of an accurate and complete characterization of
the properties of materials in thin-film form, the technique
described above can serve to complement other methods
used for estimations of the materials parameters. A benefit
of our approach is that no special test structures [17] are
required for the evaluation of the materials parameters;
however, for that purpose one may use the very same res-
onators used to constitute, e.g., bandpass filters [18], [19].
However, it is expected that through using specialized test
structures suitable for precise measurements, the results
can be further improved.

For the SMR structure considered, accuracy of the fitted
materials parameters requires that the layer thicknesses of
the many layers in the stack are known precisely. In prin-
ciple, the method could be used to obtain the materials
parameters for several thin-film materials in the stratified
structure simultaneously. To determine the properties of
only the piezoelectric layer using the present method, it
would be advantageous to use a membrane-type thin-film
BAW resonator in the measurements, consisting of a piezo-
electric material between thin electrodes and possibly a
support layer of, e.g., silicon. However, the bending of the
membrane structure due to possible residual stresses in
the films renders its fabrication [20], as well as its inter-

ferometric imaging, more challenging. In general, the less
layers there are, the simpler and more reliable the fitting
procedure becomes.
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