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Lateral field excitation of thickness shear mode waves
in a thin film ZnO solidly mounted resonator
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In recent years, interest in the development of highly sensitive acoustic wave devices as biosensor
platforms has grown. A considerable amount of research has been conducted on AT-cut quartz
resonators both in thickness excitation and in lateral excitation configurations. In this report, we
demonstrate the fabrication of a ZnO solidly mounted resonator operated in thickness shear mode
(TSM) using lateral field excitation of the piezoelectric film. Theoretical Christoffel equation
calculations are provided to explore the conditions for excitation of a TSM wave in c-axis-oriented
ZnO through lateral excitation. The existence of a TSM wave is verified through the comparison of
theoretical and experimentally obtained acoustic velocity values from frequency versus thickness
measurements and water loading of the resonators. A major strength of this design is that it
incorporates a simple eight-layer, single-mask fabrication process compatible with existing
integrated circuit fabrication processes and can be easily incorporated into multidevice arrays. With
minimal electrode optimization, we have been able to fabricate resonators with nearly 100% yield
that demonstrate Q values of up to 550 and K? values of 0.88% from testing of more than 30

devices. © 2007 American Institute of Physics. [DOI: 10.1063/1.2562040]

I. INTRODUCTION AND BACKGROUND

The interest in developing highly sensitive acoustic
wave devices for chemical and biological sensing purposes
has dramatically increased in the past decade. Acoustic de-
vices offer an attractive alternative to other sensor schemes
such as surface plasmon resonance’ (SPR) and electrochemi-
cal sensors” because they are small, relatively inexpensive to
produce, and offer a potentially superior sensitivity to sur-
face perturbations. The acoustic wave resonating in the pi-
ezoelectric cavity acts as a probe querying the surface for
any changes in boundary conditions such as mass loading.
This is the fundamental concept behind the operation of
acoustic biosensors.

In the past, piezoelectric ZnO thin films have been used
in the fabrication of thin film bulk acoustic resonators
(FBARSs) for high frequency filters.” Typically, these devices
are operated in the thickness-excited longitudinal mode in
which the frequency can be tuned simply by varying the
thickness of the ZnO thin film. The particle displacement of
the propagating acoustic wave in a longitudinal bulk mode is
normal to the surface of the film and generates compres-
sional waves in the medium adjacent to the device surface.
When operated in an adjacent liquid medium, the longitudi-
nal mode energy is dissipated into the liquid for devices uti-
lizing waves that propagate at a velocity higher than the
sound velocity in the liquid. This results in a highly reduced
quality factor, Q, and poor mass resolution in a sensor appli-
cation. The thickness shear mode (TSM) is better suited for
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liquid sensing applications due to the shear particle displace-
ment of the acoustic wave in the piezoelectric film. Since the
adjacent liquid medium cannot effectively support a shear
wave, very little energy is transferred into the liquid, and this
results in minimal damping of the thickness shear mode.
The most common type of TSM resonator is the quartz
crystal microbalance (QCM). QCMs are made from thin
plates of AT-cut quartz. These devices have been shown to be
highly sensitive as gravimetric sensors in both vapor phase
and in liquid phase sensing.4_7 The frequency dependence of
the resonator-based biosensor has been characterized by
many, including Sauerbrey,8 Kanazawa and Gordon,” and
most recently Hunt et al.,'" but all agree that the frequency
sensitivity of these devices is proportional to a power of the
fundamental resonant frequency f,. QCMs typically operate
in the frequency range of 5-35 MHz. In AT-cut quartz
plates, it is difficult to further increase the fundamental op-
erating frequency because of its dependence on the thickness
of the quartz plate. At very low thicknesses, the quartz plate
becomes extremely fragile and is difficult to handle. It is
possible to achieve higher frequencies with the QCM by
monitoring harmonic modes beyond the fundamental, but
these become progressively diminished with increasing har-
monic number. Solidly mounted FBARSs, on the other hand,
do not suffer from this problem because the piezoelectric
film is grown directly onto a solid foundation. Solidly
mounted resonators (SMRs) are made possible by the fabri-
cation of an acoustic mirror directly below the piezoelectric
thin film. This so-called Bragg reflector in effect presents the
lower side of the piezoelectric material with an acoustic im-
pedance close to that of air over a fairly broad range of
frequencies,” resulting in the reflection of the acoustic en-

© 2007 American Institute of Physics
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ergy back into the piezoelectric film. This allows for the
utilization of extremely thin piezoelectric sensing layers and,
ultimately, very high frequency devices (i.e., gigahertz
range) can be produced.

The sensitivity of acoustic waves in AT-cut quartz plates
has been widely exploited in QCMs which use thickness
excitation (TE) to excite the wave. It has been shown, how-
ever, that lateral field excitation (LFE) can be used to excite
the TSM wave'>™"® and that the resulting device may be
more sensitive to surface perturbations than the standard TE
QCM for liquid phase sensing applications.m*19 The advan-
tages of LFE over TE are mainly attributed to the fact that in
LFE, the electrodes that generate the electric field are not
directly in the path of the acoustic wave, as in TE. Since the
metal material that forms the electrode is a source of acoustic
wave scattering and damping, its removal from the acoustic
path results in higher Q values. Other advantages include
increased stability at a given harmonic and reduced aging of
the crystal since the electrode is absent from the area of
greatest vibrational motion.”’ For biosensor applications, re-
moving the electrode from the acoustic path means that bio-
logical molecules can be immobilized directly onto the re-
gion of highest particle displacement which should result in
greater sensitivity of the sensor.

There has been varied interest, thus far, in generating a
thickness shear mode in ZnO for acoustic devices. One of the
more highly investigated methods involves the growth of
inclined c-axis oriented films”’ coupled with an electrode
pattern in which the electrodes are situated on opposite sides
of the thin film to produce an electric field through the thick-
ness. Wang and Lakin had excellent success in fabricating
oriented films with the c-axis-oriented 40° to the substrate
normal.”> While their resonator Q and electromechanical
coupling were high, the operating frequency was low
(~293 MHz) and the fabrication procedure required bulk
etching of the Si wafer to produce the air-backed ZnO mem-
brane resonators. More recently, Link et al.>>* have revived
the inclined ZnO growth research with the intent of develop-
ing ZnO TSM resonators for liquid phase sensing. A short-
coming of the inclined ZnO growth method is that the thick-
ness excitation requires that the electrodes be in the path of
the acoustic wave. While it offers the benefit of a higher
operating frequency than the QCM for sensing, it still suffers
from the same pitfalls as the QCM because the electrodes are
located in the area of highest sensitivity.

In a study by Wei et al. focusing on noninclined
c-axis-oriented ZnO, the thickness shear mode was excited
through lateral field excitation.”” The devices were solidly
mounted resonators fabricated through the use of a self-
aligning process that involved ZnO lift-off and a spiral elec-
trode structure spanning 2 mm in diameter. Operating close
to 4.1 GHz, the devices illustrated the ability for ZnO
FBARSs to be operated at high frequencies with relative ease.
However, an acoustic mirror was not implemented in the
design, and the quality factor Q of the resonators was very
low (roughly 35). Acoustic velocity calculations we made
from the numbers given in the study come out to ~3280 m/s
as compared to a theoretical value of ~2841 m/s calculated
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FIG. 1. Electrode and stack configuration.

using bulk stiffness properties of ZnO available in
Rosenbaum.?® This value is reasonable considering varia-
tions in ZnO thin film material parameters.

In this paper, we present a laterally excited ZnO thick-
ness shear mode resonator that is both extremely simple to
fabricate and highly sensitive to surface perturbations. The
resonator configuration consists of a laterally excited, solidly
mounted ZnO thin film resonator that incorporates the use of
an acoustic mirror. Future investigations will yield optimized
electrode designs and even higher performance devices. It
should be noted that this device approach is amenable to
array format such that multiple target molecules can be si-
multaneously detected while also providing reference sen-
sors to add statistical significance to the test results. An ad-
ditional benefit of these devices is the ease of fabrication of
repeatable highly c-axis-oriented ZnO thin films by rf sput-
tering. We will present data on devices which have been
fabricated with a single mask step.

Il. DEVICE FABRICATION AND EXPERIMENTAL
PROTOCOL

The overall device design can be seen in Fig. 1. The thin
film six-layer stack of alternating W and SiO, was deposited
by rf magnetron sputtering using the Unifilm PVD-300 sput-
tering system to create an acoustic reflector analogous to that
of a reflector grating in a surface acoustic wave device.”?
Scanning electron microscopy (SEM) analysis of the deposi-
tion layers demonstrated that we could achieve greater than
90% uniformity of deposition thickness across a 3 in. wafer.
The acoustic mirror is designed according to the model de-
scribed by Lakin.”® For the desired resonance frequency of
approximately 2 GHz, W and SiO, thicknesses of 600 and
1200 nm, respectively, were calculated to achieve the desired
mirror response. The results of a model simulation based on
actual thickness measurements of the fabricated device are
shown in Fig. 2. The plot illustrates that over the frequency
range of 1.8—2.3 GHz, the reflection coefficient approaches
unity. The layers comprising the reflector stack were alternat-
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FIG. 2. Simulated reflection coefficient of the acoustic mirror.

ing fused SiO, and W, in which W was the first layer depos-
ited onto a Si (1 0 0) wafer. All sputtering parameters used
for the fabrication of these devices are provided in Table I.
Following deposition of the stack, a ZnO thin film was sput-
tered using the Unifilm PVD-300 sputtering system. The fi-
nal thicknesses of the thin film layers were verified by imag-
ing a cross section of the fabricated wafer using a LEO 1530
thermally assisted field emission (TFE) scanning electron
microscope (SEM), and can be seen in Fig. 3. To finish the
fabrication procedure, approximately 120 nm of Al was de-
posited on top of a 30 nm seeding layer of Cr to create the
electrodes using a CVC e-beam evaporator and a standard
photolithography lift-off process. The electrodes were de-
signed such that the electric field created upon excitation
would be perpendicular to the wafer surface normal. This
laterally oriented electric field is important for excitation of a
bulk acoustic shear wave in the ZnO. To verify the orienta-
tion of the electric field resulting from the electrode geom-
etry, electric field simulations were carried out using the
COMSOL MULTIPHYSICS™ finite element modeling software
package. The resonator scattering parameters of the finished
devices were obtained using a Cascade Microtech 9000
probe station with Cascade Microtech ACP40-GS/SG probes
and analyzed using a HP 8753C network analyzer equipped
with a 85047A S parameter test set.

The x-ray diffraction (XRD) data were taken on a Philips
X’Pert Materials Research Diffractometer™ using a hybrid
mirror/monochromator incident optics and a 1/4-degree re-
ceiving slit in the diffracted optics beam path. A 26-Q
rocking-curve scan of the film indicated a strong peak at
approximately 34.26°, indicating a (0 0 2) ZnO hexagonal

TABLE I. Sputtering parameters for respective layers using a Unifilm PVD-
300 sputterer.

w Si0, Zno
Power (W) 0.86 dc 281 1f 142 of
0, NA 2.5% 3%
Ar 100% 97.5% 97%
Temperature (°C) Not heated Not heated 325
Deposition time (min) 84 139 115
Pressure (torr) 5.00x 1073 5.02x 1073 5.10x 1073

J. Appl. Phys. 101, 054514 (2007)
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FIG. 3. SEM image of the acoustic mirror and ZnO thin films on a Si
substrate.

crystal orientation shown in Fig. 4. The peak has a full width
at half maximum (FWHM) of 0.35°, indicating a highly ori-
ented c-axis crystal film. Figure 4 also shows a tight peak at
40.1°, which corresponds to the (1 1 0) orientation of the
tungsten layers in the acoustic stack. As expected, no peaks
were observed for the SiO, layers in the stack because they
are amorphous.

lll. THEORETICAL BACKGROUND AND FINITE
ELEMENT MODELING

With the verification of the ZnO crystal orientation in
hand, it is possible to solve the Christoffel equation to find
the modes of propagation in the bulk given a defined electri-
cal excitation direction. We begin by considering the nonpi-
ezoelectric Christoffel equation

(kzliKCKLle)vj=pwzvi7 (1)

where k=®/v,, p is the density of the material, v; and v; are
the particle polarization direction vectors, and the /;x matrix
is in the form of
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FIG. 4. 26-w rocking-curve scan of the ZnO film sputtered on the six-layer
W/SiO, acoustic mirror. The inset is a zoomed image of the ZnO peak.
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I, 00 0 L I
liK= 0 l)’ 0 lZ lx N (2)
001110

where the nonzero terms come from the propagation vector
i:lxi+lyj+lzf(. The /;; matrix is simply the transpose of [,
and cg; is the material stiffness tensor rotated according to
the desired Euler angles. It follows from the XRD data that
the ZnO thin films belong to a hexagonal system with a
crystal class of 6 mm.

Since the ¢ axis is oriented normal to the surface, we will
arbitrarily choose to align the z coordinate axis along this
crystal axis for our calculations. For thickness shear mode
propagation, wave propagation is defined to be in the z di-
rection, so /, and /, go to zero and [, goes to 1.

Equation (1) is used to solve for directions and velocities
of bulk waves propagating in the substrate, but it does not
account for the piezoelectric properties of a material nor the
possibility of the generation of these waves by an electric
field. For this reason, we turn to the piezoelectric Christoffel
equation

kz{liK{ciL + @—Kﬂw}lu}vj = pw?v;, (3)
m;e;m;
where eg; is the piezoelectric coupling tensor, sisj is the 3
X3 permittivity tensor at constant strain, m is the vector
corresponding to the direction of the electric excitation field,
and now c%, corresponds to the 6 X6 stiffness tensor at a
constant electric field. As can be seen, Eq. (3) is similar to
Eq. (1) but for the inclusion of the piezoelectric and permit-
tivity tensors, which apply piezoelectric “stiffening” to the
stiffness tensor.

For the lateral field excitation of the c-axis-oriented
Zn0O, we desire the electric excitation field to be orthogonal
to the wave propagation. Therefore, if the wave propagation
is in the direction of the z axis, the electric field is in the x-y
plane. Here, we will describe the coupling and acoustic wave
propagation for the general case of an electric field along any
direction within the x-y plane. The electric field vector m; is
of the form

m.=|m, |. (4)

Solving the piezoelectrically stiffened Christoffel equa-
tion for laterally excited ZnO, we set m,=0 and mi+m§:1.
The 6 mm hexagonal system stiffness tensor is of the form

¢ cpp ez 0
cp ¢ c3 0
ci3 ¢13 ¢33 0
0 0 0 cy
0 0 0 0 cy
0 0 0 0 0 cg

: (5)

oS O O O
oS O O o O

and the form of the piezoelectric matrix is

J. Appl. Phys. 101, 054514 (2007)

0 0 0 0 es 0
e=| 0 0 0 €5 0 0]. (6)
€31 €31 €33 0 0 0

The resulting Christoffel matrix is of the form

c44 + e,smi/sll e%smxmy/s” 0
= e%smxmy/sll cdd + elSmf,/s“ 0 |. (7)
0 0 C33

The eigenvalues of this matrix correspond to terms that can
be used to solve for v,, the acoustic velocity in each of the
three wave propagation modes, while the corresponding
eigenvectors relate to the direction of particle displacement.
Solving for the eigenvectors and eigenvalues of I" gives

—-m m

y X
X1 = m, N )\1:C44; Xy = my N
0 0
(8)
) 0
— s, =lo —
)\2 =Cyq + N X3 = 5 )\3 =C33.
€11
0

From these results, we find that only one mode is piezoelec-
trically excited (defined by x, and \,) and that the particle
displacement will be directly aligned with the electric field,
regardless of the orientation of the field with respect to the
x-y plane. This mode is a pure shear thickness mode and is
the mode we seek. Another pure shear mode exists (defined
by x, and \,) with particle displacement also in the x-y plane
at an angle perpendicular to that of the piezoelectrically ex-
cited mode; however, it is piezoelectrically inactive. The lon-
gitudinal mode (defined by x; and \3), importantly, is also
piezoelectrically inactive. These results indicate that an elec-
tric field in the x-y plane will excite a pure shear thickness
mode with particle displacement aligned with the electric
field. The acoustic velocity for this mode can be calculated
from

2
+e7s/
v, = [Ca4 315811‘ )
p

Using bulk values for ZnO from Rosenbaum,? e15=—0.48,
cyy=43%10° N/m?, £,,=8.6 (rel.), and p=5700 kg/m?>, the
theoretical acoustic velocity for the piezoelectrically stiff-
ened thickness shear mode is approximately 2841 m/s.
Since most ZnO thin films include various dopants and are
not of pure crystal uniformity, they will have stiffness, den-
sity, and piezoelectric constants that are different from these
bulk values. This calculated acoustic velocity is therefore an
approximate figure and not an absolute value from which to
evaluate an experimentally obtained mode. The theoretical
piezoelectric coupling constant for the ZnO LFE resonator is
given by
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FIG. 5. (Color online) Finite element simulation plots illustrating the elec-
tric field characteristics resulting from the electrode configuration in Fig. 1.
(a) shows the electric field streamline plot and (b) shows an arrow plot
where the electric field direction is indicated by the direction of the arrow,
and the relative strength of the electric field (C/m) is indicated by the size of
the arrow.

2
€1s (10)

K*= ,
Ca4€11

which is calculated to be approximately 0.07 or 7% for the
case of the thickness shear mode.

All of the above calculations rely on the assumption that
the lateral excitation field is aligned in the x-y plane. There-
fore, it is important to verify that a given electrode structure
generates an electric field consisting of a primarily lateral
component. To accomplish this, the electromagnetics module
of the COMSOL MULTIPHYSICS® finite element modeling soft-
ware package was used to evaluate the electrode configura-
tion. While multiple electrode geometries have been investi-
gated, only the most basic structure, as shown in Fig. 1, will
be discussed here for the sake of simplicity.

Figure 5(a) shows a streamline plot of the electric field
lines produced from the simple electrode geometry with a
gap of 20 um. The streamlines visualize the direction of the
electric field lines with no information about the strength of
the vector field. Figure 5(b) is an image of the electric field
produced by the gap depicted through arrows which illustrate
the direction (orientation of arrow) and relative intensity of
the electric field (size of arrow) in the ZnO. The plots specify
that the electric field is aligned parallel to the surface in the
area between the gaps, while it is aligned primarily normal to
the surface in the area directly below the electrodes. The
relative sizes of the arrows in Fig. 5(b) show that the relative
strength of the electric field within the electrode gap is ap-
proximately twice that of the electric field directly beneath
the electrodes (data not shown). These plots indicate that the
electric field generated by the proposed electrode configura-
tion will generate a laterally oriented field in the active area

J. Appl. Phys. 101, 054514 (2007)
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FIG. 6. Network analyzer probe measurements showing (a) the magnitude
of the impedance response as a function of frequency and (b) the S;; Smith
chart plot.

of the device with a minimal surface-normal component
which is a requisite for lateral field excitation. Further, it is
indicated that a weak response due to thickness excitation of
the longitudinal mode is expected.

IV. RESULTS AND DISCUSSION

RF probing of individual devices yielded thickness shear
mode activity in the ZnO devices over a range of ZnO thin
film thicknesses. Testing the acoustic response by fabricating
wafers with multiple thicknesses of ZnO is important for
verifying that the S;; response is due to an acoustic phenom-
enon rather than some electromagnetic resonance. This can
be done by verifying that as the film thickness changes, the
resonant frequency changes accordingly. Probing of more
than 30 devices yielded impedance and S;; responses similar
to those shown in Fig. 6. As can be seen from the Smith chart
[Fig. 6(b)], a clear loop pattern, indicative of resonant activ-
ity, is present. An average unloaded Q of these resonators is
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TABLE II. Result of changing ZnO thickness on resonator response.

Measured ZnO thickness Extracted acoustic velocity

(nm) fo (GHz) (m/s)
790 2.0 3160
710 2.2 3130
660 2.35 3100

approximately 340 and the K? is approximately 0.4%, with
peak values of 550 and 0.88%, respectively. The calculations
used to assess Q and K> are’®?

d
Q=<§>—jfz, (11)
2 —
K2=<§) J%—f (12)
)4

The acoustic velocity was empirically determined to be on
the average of 3130 m/s. This is somewhat close to the the-
oretical value of 2841 m/s, but much closer to the experi-
mental value of 3280 m/s, as calculated from the results of
Woo Wai et al.*’ The theoretical longitudinal velocity for
ZnO is approximately 6300 m/s. This value is much higher
than the experimentally obtained acoustic velocity, and is
therefore a good indicator that it is the shear mode that is
being excited and not the longitudinal. Interestingly, no lon-
gitudinal peak was found to exist throughout the frequency
spectrum of the resonators and may be attributed to poor
reflection characteristics of the mirror at the longitudinal fre-
quency. This can also be explained by the weak electric field
component normal to the surface generated by the electrode
configuration. To further confirm acoustic wave resonance,
we altered the thickness of the ZnO to demonstrate that in-
creasing the film thickness resulted in a corresponding de-
crease in resonant frequency. The results of these tests are
summarized in Table II. We feel that the resonance could be
significantly improved through optimization of the electrode
configuration to enhance piezoelectric coupling of the elec-
tric field energy to the crystal and to provide energy trapping
for the acoustic wave.

Aside from comparing the experimentally obtained
acoustic velocity to the TSM and longitudinal velocities, an-
other way to further establish the existence of a thickness
shear mode is to expose the resonators to water at the sur-
face. If the acoustic activity were longitudinal, application of
de-ionized water at the surface would decimate the acoustic
resonance observed in the device since water can support a
longitudinal wave, but not a shear wave. Figure 7 shows the
response before (triangles) and after (squares) application of
de-ionized water to the surface. As can be seen, the water
had only small effects on the suppression seen in the Sy,
magnitude response, and a negative frequency shift occurred
after water was applied to the device of approximately
1.1 MHz. According to Sauerbrey,8 this response is to be
expected from a TSM device, roughly described in his
equation

J. Appl. Phys. 101, 054514 (2007)
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FIG. 7. (Color online) Frequency shift observed in §;; measurement in
response to loading the surface of the resonator with de-ionized H,O. Some
deterioration of the resonance was observed resulting in the decrease of the
Q factor.

2
Af:(#ﬂ)Amq, (13)
ANpghtg

where f, is the resonant frequency of the device, A is the
relevant area, Py is the material density, Mg is the material
stiffness, and Am, is the change in mass at the surface. It is
reasonable to assume that the observed frequency shift indi-
cates a mass loading on the surface of the device by the
de-ionized water. This would also confirm the prediction
made by analysis of the Christoffel matrix that the wave is a
TSM wave. The response to the water test was shown to be
repeatable across different devices in various locations about
the wafer.

V. CONCLUSIONS

Theoretical analysis of the Christoffel equation has
shown that a TSM wave can be excited in c-axis-oriented
ZnO with an in-plane excitation field oriented in any direc-
tion on the wafer. Further, it has been shown that the shear
particle displacement will be parallel to the excitation field,
assuming an entirely lateral field.

To implement the theoretical findings, a solidly mounted
resonator consisting of alternating layers of W and SiO, were
grown on a p-doped (I 0 0) Si substrate with ZnO as the
active piezoelectric layer at the surface. The acoustic mirror
was designed to have a reflection coefficient closest to unity
near the frequency of operation. The acoustic mirror fre-
quency response was simulated to provide assurance of the
frequency range coverage given a fixed number of alternat-
ing pairs of W and SiO,. Finite element modeling was also
performed to predict the electric field of an electrode con-
figuration consisting of two long electrodes positioned on the
top of the ZnO with a gap between them. Simulations
showed that the electric field within the gap between the
electrodes was primarily laterally oriented, while the electric
field directly beneath the electrodes was shown to be reduced
in magnitude with an orientation normal to the surface of
ZnO.

To verify the thickness shear mode operation of the de-
vices, we investigated the experimentally extracted acoustic
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velocity and the effects of water loading on the resonance.
Without these tests it is difficult to adequately determine that
a resonance is necessarily TSM. We have presented evidence
of a TSM wave through exposure of the device to de-ionized
water, comparison of extracted acoustic velocity with theo-
retical acoustic velocity, and varying the piezoelectric film
thickness to yield respective changes in the frequency re-
sponse.

On the basis of these results, it is expected that with an
appropriate chemical surface preparation, these devices
could be used as a platform for biosensor applications. The
simple fabrication and small device size make this an appro-
priate candidate for fabrication of sensor arrays. The results
of our investigation indicate that the lateral excitation of a
thickness shear mode in solidly mounted ZnO FBARs is re-
alizable both theoretically and experimentally. In the future,
we will experiment with multiple electrode geometries in
order to improve device response and performance.
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