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Abstract—The most popular bulk acoustic wave (BAW)
sensor is the quartz crystal microbalance (QCM), which has
electrodes on both the top and bottom surfaces of an AT-cut
quartz wafer. In the QCM, the exciting electric field is primar-
ily perpendicular to the crystal surface, resulting in a thickness
field excitation (TFE) of a resonant temperature compensated
transverse shear mode (TSM). The TSM, however, can also be
excited by lateral field excitation (LFE) in which electrodes are
placed on one side of the wafer leaving a bare sensing surface
exposed directly to a liquid or a chemi/bio selective layer al-
lowing the detection of both mechanical and electrical proper-
ty changes caused by a target analyte. The use of LFE sensors
has motivated an investigation to identify other piezoelectric
crystal orientations that can support temperature-compensat-
ed TSMs and operate efficiently at high frequencies resulting
in increased sensitivity. In this work, theoretical search and
experimental measurements are performed to identify the ex-
istence of high-frequency temperature-compensated TSMs in
LiTaOj3. Prototype LFE LiTaOgj sensors were fabricated and
found to operate at frequencies in excess of 1 GHz and sen-
sitively detect viscosity, conductivity, and dielectric constant
changes in liquids.

I. INTRODUCTION

ULK acoustic wave (BAW) crystal plate resonators

may be classified according to their style of excita-
tion. The “thickness-field-excited” (TFE) resonator [Fig.
1(a)] has electrodes on both plate faces. The electric field
that is induced by the electrodes in the TFE case is im-
pressed across the thickness of the plate, collinear with
the acoustic wave propagation direction. The lateral-field-
excited (LFE) resonators, as shown in Fig. 1(b), have both
electrodes on a single plate face, leaving the opposing plate
face bare with the exciting electric field impressed mostly
across the gap between the electrodes. With thickness
field excitation, the choice of a particular crystal and plate
orientation completely determines the electro-acoustical
properties of the resonator, because it determines both the
propagation direction and the excitation direction. Lateral
field excitation allows the excitation direction to be cho-
sen independently, which in turn allows a degree of control
over the electromechanical coupling to the acoustic modes
at a particular plate orientation [1]. This control may be
used to optimize LFE resonators for different applications.
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The respective electrode configurations of TFE and LFE
resonators also lead to differences in performance. Ne-
glecting fringing effects, the electric field produced by the
TFE resonator electrodes can not penetrate into the mea-
surand or sensing layer due to the conducting electrode on
the sensing surface, and thus, electrical property changes
such as relative permittivity and conductivity can not be
measured [2], [3]. However, in many sensor applications
such as biological or chemical analyte detection, it may
be desirable to maximize the electrical sensitivity to the
environment. Efforts have been made to increase the fring-
ing interactions in TFE resonators [4], [5], but the sens-
ing surface in these devices still has an electrode. Recent
reports have noted progress in the development of LFE
sensors [6]-[8]. This work has been performed using the
well-known AT-cut of a-quartz. The choice of the AT-cut
of quartz has allowed direct comparison to TFE devices
of the same material, particularly the quartz crystal mi-
crobalance (QCM) [9].

It may be possible, however, to enhance the perfor-
mance of LFE sensors by using another piezoelectric plat-
form. The purpose of the present work is to theoretically
identify and experimentally investigate orientations in
LiTaO3 (LTO), a material known for its high electrome-
chanical coupling [10]-[12]. In particular, factors that are
desirable for an LFE-sensing platform are identified. A
theoretical search was then undertaken to identify orien-
tations suitable for an LTO-LFE-sensing platform. Us-
ing the theoretical results as a guide, the (YXwl) —16.5°
cut was selected for experimental testing. The frequency
response, temperature characteristics, and liquid sensing
properties of this cut were measured and compared with
LFE and QCM sensors fabricated on AT-cut quartz.

II. LFE SENSOR PLATFORM REQUIREMENTS

Four factors are important in the identification of other
possible LFE sensing platforms. It is desirable for an LFE
sensor platform to have a piezoelectric active transverse
shear mode (TSM) at that orientation and, preferably, a
pure TSM at that orientation; that is, an allowable piezo-
electrically active acoustic mode for which the mechanical
displacements normal to the plate face are zero. Although
some effort has been made to include and exploit longitu-
dinal displacements in sensor applications [13], such dis-
placements generally degrade performance. Second, given
the existence of a pure TSM, it is desirable for one to be
able to selectively excite this mode with zero coupling
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Fig. 1. (a) Top view (sensing surface) of a standard QCM sensor. Shaded
(sensing surface) and dotted (bottom surface) regions are gold and all
dimensions are in millimeters. (b) Bottom view (reference surface) of an
LFE sensor. Shaded regions are gold. Typical values for the electrode
gap width, w, are 1 mm and 13 mm for the electrode diameter, d.

254

to other modes. Lateral excitation has the advantage of
permitting a degree of control over the mode coupling [1].
The challenge is then to identify those orientations that
maximize the electromechanical coupling to a pure TSM
mode decoupled from interfering modes. Third, the iden-
tified TSM should be temperature compensated so that
the sensor’s frequency response does not fluctuate with
temperature changes. Fourth, it is desirable for the TSM
to possess larger piezoelectric coupling than that observed
for AT-cut quartz, the substrate that has been used in
previous LFE work [6]-[8].

III. SEARCH RESULTS

A theoretical search was performed to identify pos-
sible orientations in LTO, a piezoelectric material that
has been reported to have temperature-compensated bulk
waves [14], that may be used as LFE-sensing platforms.
Acoustic bulk wave velocities and their displacement data
were computed for LTO using the extended Christoffel-
Bechmann method [15]. The material constants and tem-
perature coefficients used for LTO were taken from [14].
The loci of orientations with pure TSMs and the loci of
orientations with zero temperature coefficient of frequency
(TCF) at 25°C (room temperature) were calculated. For
those orientations that lie at the intersections of these
loci, namely, the temperature-compensated pure TSMs,
the piezoelectric coupling for each mode was calculated.
The coordinate systems detailed in the IEEE Standards
on Piezoelectricity [16] as seen in Fig. 2 and Fig. 3 were
used for the calculations.

In LTO 2 cuts, (YXwl) —16.5° and (YXwl) —84.3°, of-
fering significant improvements in coupling (39% and 47%,
respectively) compared with AT-cut quartz (6.3%) were
identified as possible LFE sensor platforms. As shown in
Fig. 4, although the (YXwl) —84.3° exhibits higher piezo-
electric coupling than the (YXwl) —16.5° cut, a slight
variation in the direction of the electric field would also
excite the slow quasi-shear mode, which has relatively high
piezoelectric coupling, leading to interference. The (YXwl)
—16.5° cut has piezoelectric coupling (38.8%) more than

w

Fig. 2. IEEE Standard on Piezoelectricity [16] coordinate system used to
calculate acoustic mode data.

w

Fig. 3. LFE sensor notation system for electric field direction relative to
the crystallographic axes.

6 times that of AT-cut quartz (6.3%). Also, the (YXwl)
—16.5° cut of LTO has been previously investigated for
use in RF-filtering applications [17] and has theoretically
been shown to be temperature compensated at 25°C. This
cut of LTO was therefore selected for further testing as a
possible LFE sensor platform.

IV. EXPERIMENT

A. X-ray Diffraction Measurements

LTO wafers were purchased from Sawyer Technical
Materials, LLC (Eastlake, OH). X-ray diffraction (XRD)
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measurements and calculations.

h_'

psi rotation
angle

v

tests were first performed on the wafer to verify that the
wafer was the desired (YXwl) —16.5° cut of LTO. Fig. 5
shows the coordinate system with respect to the crystal
face used in the XRD tests. Verification of the orientation
was performed through the use of pole figures generated
by a Panalytical (Westborough, MA) X’Pert PRO MRD
Diffractometer using Cu k-o radiation configured with
an X-ray lens and parallel plate collimator/proportional
detector, a Matlab (MathWorks, Natick, MA) modeling
script, and a miscut procedure performed by Sawyer Tech-
nical Materials, LLC.

B. Frequency Response of the LTO Sensor Platform

An LFE sensor platform was fabricated by photolitho-
graphically depositing thin-film gold electrodes with a

chromium adhesion layer on one side (Fig. 6) of an LTO
wafer. A network analyzer (HP 8571A, Hewlett Packard,
Palo Alto, CA) was used to monitor the resonant frequen-
cy of the LTO LFE sensor platform (henceforth referred
to as the LTO LFE). The device’s fundamental frequency
was 5.2 MHz. Due to the high piezoelectric coupling of
LTO, it is possible to operate the device at very high fre-
quencies by exciting high-order harmonics in the device.
Resonances as high as 1.4 GHZ (269th harmonic) were
detected. Although LFE and QCM sensors fabricated on
AT-cut quartz may be operated at elevated harmonics
[18], efficiently exciting above the 7th harmonic is difficult
due to the relatively low piezoelectric coupling of a-quartz
[19].

C. Temperature Stability Measurements

Because the (YXwl) —16.5° cut of LTO is theoretically
predicted to be temperature compensated at 25°C [14] the
temperature behavior of this cut was experimentally ex-
amined. An LTO LFE sensor was placed in a temperature-
controlled oven and operated at temperatures ranging
from 20°C to 90°C. The changes in the resonant frequency
of the LTO LFE sensor was monitored over the tempera-
ture range at the fundamental frequency (5.2 MHz), 15th
harmonic (78 MHz), and 19th harmonic (98.8 MHz).

D. LTO Sensor Platform as a Liquid Phase Sensor

To demonstrate the applicability of the LTO LFE sen-
sor, the mechanical and electrical property changes of lig-

Authorized licensed use limited to: WARWICK UNIVERSITY. Downloaded on January 18, 2010 at 19:31 from IEEE Xplore. Restrictions apply.



782 IEEE TRANSACTIONS ON ULTRASONICS, FERROELECTRICS, AND FREQUENCY CONTROL, VOL. 56, NO. 4, APRIL 2009

uids were measured and compared with standard AT-cut
quartz QCM and LFE sensors. All tests were performed
at a constant temperature of 25°C.

The LTO LFE sensor was operated at a different har-
monic for each test to demonstrate its ability to oper-
ate over a wide range of frequencies. The wide frequency
range of operation for the LTO LFE sensor opens the
possibility of tuning the LTO LFE’s operating frequency
for a given application. It has recently been shown that,
for certain acoustic wave biological-sensing applications,
proper selection of the sensor operating frequency is criti-
cal due to the fact that the depth at which the acoustic
wave penetrates the sensing layer depends on the operat-
ing frequency of the sensor [20].

1) Liquid Viscosity Measurements: To demonstrate the
applicability of the LTO LFE sensor, it was first used to
detect changes in the viscosity of liquids. The LFE LTO
sensor’s performance was compared with the performance
of standard QCM and LFE sensors, both fabricated on
AT-cut quartz with a fundamental frequency of 5 MHz.
Eight solutions of varying viscosities were made by mix-
ing Karo (Memphis, TN) brand corn syrup with deion-
ized water at varying ratios from 0 to 80% corn syrup.
The viscosity of each solution was first measured using a
Cannon-Fenske Routine Viscometer (Cannon Instrument
Company, State College, PA). Each solution was applied
to a standard QCM, an AT-cut quartz LFE sensor, and
a LTO LFE sensor. The change in frequency (from the
operating frequency when only deionized water was pres-
ent) was measured for each device. The QCM and AT-
cut quartz LFE sensor responses were measured using a
Maxtek PLO-10i phase lock oscillator and an EZ FC-705U
100 MHz Universal Counter while the network analyzer
was used to monitor the LTO LFE at the fundamental
frequency and 63rd harmonic of the TSM. The QCM and
AT-cut quartz LFE sensor were fabricated from identical
1-in. diameter AT-cut quartz wafers obtained from Max-
tek, Inc. (Beaverton, OR).

2) Liquid Conductivity Measurements: The LTO LFE
sensor was also tested to determine its response to electri-
cal property changes in liquids. Its response to the conduc-
tivity of NaCl water solutions in the range of 0 to 0.07 wt%
was compared with the response of a QCM and quartz
LFE. The LTO LFE was operated at the 87th harmonic
for the conductivity tests, and its resonant frequency was
monitored by the network analyzer. The quartz LFE and
QCM were operated at their fundamental frequency, and
their resonant frequency was measured using the Maxtek
PLO setup described in Section IV-D-1.

3) Liquid Relative Permittivity Measurement: Permit-
tivity measurements were performed by monitoring the re-
sponses of the LTO LFE, AT-cut LFE, and AT-cut QCM
to changes in 2- propanol concentrations from 0 to 60 wt%
in water. The 2 propanol was chosen because its liquid
permittivity changes significantly when it is added to wa-

K—— 23.8mm ———)

Fol 4mm

238 / \ ~

\JL [T
K—12.7mm—

Fig. 6. LTO LFE test crystal with dimensions.

ter [21]. The LTO LFE was operated at the 49th harmonic
for the permittivity tests, and its resonant frequency was
monitored by the network analyzer. The quartz LFE and
QCM were operated at their fundamental frequency, and

their resonant frequency was measured using the Maxtek
PLO setup described in Section IV-D-1.

V. RESULTS AND DISCUSSION
A. XRD Results

Using [16], the desired orientation is described as
(YXwl) —16.5°, which places the unit plate normal at [0x,
+ cos(16.5%y, £ sin(16.5°) z| in an orthonormal coordi-
nate system. Numerical rotations appropriate for a trigo-
nal 3m type lattice [22] were performed to generate the
plate normals corresponding to the equivalent crystallo-
graphic planes. Because the International Centre for Dif-
fraction Data (ICDD) database for this crystal is defined
in terms of Miller-Bravais indices on an abc afy [5.147,
5.147, 13.766] [90°, 90°, 120°] system a transformation of
indices is desirable [23]. Transformation to Miller-Bravais
indices for this orientation results in the 3 crystallographi-
cally equivalent planes hk.l (0 —1.0931 1), (—1.0931 1.0931
0), and (1.0931 0 1). The (2 0 2) plane was selected for
measurement via XRD because it is in the same family
as the (1 0 1) and near the theoretical (1.0931 0 1) wafer
orientation. Figure 7(a) shows a (2 0 2) pole figure ob-
tained with a diffractometer set at 2-theta = 45.569°. A
Matlab modeling script was created that would simulate a
theoretical XRD pole figure for a (YXwl) —16.5°% see Fig.
7(b). The XRD (2 0 2) pole figure and results of the mod-
eling script for (YXwl) —16.5° are very similar. It can be
concluded that a member of the family of (2 0 2) planes is
very close to the cut surface of the sample, (YXwl) —16.5°
family (which all possess identical characteristics due to
crystallographic equivalence [24]) and that the received
wafer was in fact cut very close to our desired orientation.
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Fig. 7. a) X'Pert Texture generated experimental pole figure of the (202) plane for (YXwl) —16.5° LTO (concentric circles represent values of psi
ranging from 0° to 90° in 15° increments) and b) theoretical Matlab simulation for (YXwl) —16.5° LTO (concentric circles represent values of psi

ranging from 0° to 90° in 10° increments).

For a more precise measurement and confirmation of these
conclusions, the wafer was sent to Sawyer Technical Mate-
rials, LLC, for a miscut analysis. Sawyer determined that
the orientation was either (YXwl) —16.467° or (YXwl)
—19.433°. The (YXwl) —19.433° possibility was excluded
through an XRD measurement of the (0 0 6) pole figure.
In the case of a (YXwl) —16.5° orientation, the (0 0 6) pole
would be located at psi = 73.5° In the case of the (YXwl)
—19.433° orientation, the (0 0 6) pole would be located at
psi = 70.467°. The fact that the (0 0 6) pole was observed
to be at psi = 73.5° in the XRD measurements further
verified that the wafer was the correct orientation.

B. Temperature Stability Measurements

The (YXwl) —16.5° cut of LTO is theoretically tem-
perature compensated at 25°C. However, as seen in Fig.
8(b), experimental measurements show this cut is actually
temperature compensated at approximately 70°C, not at
25°C. It is interesting to note that the temperature behav-
ior of the LTO LFE sensor changes very little when it is
operated at higher harmonics. We believe that the discrep-
ancy between our predicted and measured temperature
behavior for this cut is due slight inaccuracies in the tem-
perature coefficients used for the theoretical calculations
because small changes in these values can have significant
impacts on the predicted results. Given that the (YXwl)
—16.5° cut of LTO is experimentally temperature compen-
sated at 70°C, it is possible that an orientation close to the
(YXwl) —16.5° cut is in fact temperature compensated at
25°C. These temperature stability results clearly point to
a need for updated and more accurate material constants
and temperature coefficients for LTO.
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Fig. 8. Experimental temperature behavior for (YXwl) —16.5° LTO at
its fundamental frequency (5.2 MHz, connected ‘O’), 15th harmonic (78
MHz, connected ‘*’), and 19th harmonic (98.8 MHz, connected ‘<’).

C. LTO Sensor Platform as a Liquid Phase Sensor

1) Liquid Viscosity Measurements: Quartz LFE, quartz
QCM, and LTO LFE sensors were tested by applying so-
lutions of corn syrup water solutions with viscosities rang-
ing from 1 to 94 ¢S. As can be seen in Fig. 9(a), the LTO
LFE sensor had significantly larger responses to viscos-
ity change than either the standard QCM or quartz LFE
when it was operated at the 63rd harmonic. Specifically,
the LTO LFE sensor showed an approximately 12 times
larger frequency shift when compared to either the stan-
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Fig. 9. Sensor response to change in corn syrup viscosities for the a) AT-cut QCM (fundamental frequency, connected ‘A’), AT-cut quartz LFE (fun-
damental frequency, connected ‘W), (YXwl) —16.5° LTO LFE (fundamental frequency, connected ‘®’), and (YXwl) —16.5° LTO LFE sensor (63rd
Harmonic, connected ‘x’), and b) AT-cut QCM (fundamental frequency, connected ‘A’), AT-cut quartz LFE (fundamental frequency, connected ‘W’),

(YXwl) —16.5° LTO LFE (fundamental frequency, connected ‘@) only.

dard QCM or quartz LFE sensors. It is interesting to note
that, as seen in Fig. 9(b), the LTO LFE and the quartz
LFE exhibited almost identical frequency shifts when they
were both operated at their fundamental frequencies.

2) Liquid Conductivity Measurements: As discussed in
Section I, LFE sensors are also capable of detecting electri-
cal changes because there is no metal layer on the sensing
surface as opposed to the QCM where a metal electrode is
placed on both surfaces of the plate [6]-[8].

To test the LTO LFE sensor’s ability to measure chang-
es in the conductivity of a liquid, the change in resonant
frequency of an LTO LFE sensor was monitored using an
HP 8751A network analyzer while the sensor was subject-
ed to liquids with various concentrations of NaCl. These
measurements were performed at the 87th harmonic of the
LTO LFE sensor. The response of a standard QCM and
quartz LFE to the same liquids was measured using the
PLO setup previously discussed. The resonant frequency
changes of the sensors with respect to their resonant fre-
quencies in deionized water as a function of NaCl concen-
tration is shown in Fig. 10(a).

Because the resonant frequency change of the LFE
sensors is due to both mechanical and electrical property
changes in the liquid, the NaCl concentrations chosen for
this experiment (0 to 0.07% wt) have very small varia-
tions in mechanical property changes such as density and
viscosity. The frequency shift for a 0.5% wt NaCl solution
predicted by mechanical perturbation theory was found
to be only 5 Hz [4]. It can therefore be assumed that the
mechanical properties of the liquid had negligible effects
on the frequency response of the sensors.

As can be seen in Fig. 10(a) and Fig. 10(b), the LTO
LFE sensor was able to measure the changes in the liquid
conductivity while the QCM could not. As can be seen

in Fig. 10(b), the quartz LFE exhibited a frequency shift
of 434 Hz for the 0.07 wt% solution (11500 pS/cm). The
frequency fluctuations of the QCM for all of the liquids
were within the noise of the sensor. The frequency change
of the LTO LFE sensor was 30.75 kHz for the 0.07 wt%
(11500 pS/cm) solution leading to the conclusion that the
LTO LFE sensor is extremely sensitive to small electrical
property changes.

3) Liquid Relative Permittivity Measurement: The LTO
LFE’s sensor response to changes in relative permittivity
(e,) was also explored. Fig. 11(a) shows the resonant fre-
quency changes of the LTO LFE, quartz LFE, and QCM
sensors with respect to their resonant frequencies in de-
ionized water to changes in 2-propanol concentrations in
water between 0 wt% (g, = 80) and 60 wt% (e, = 44). As
can be seen in Figs. 11(a) and (b), the frequency of the
QCM decreased by 338 Hz at 60 wt% 2-propanol concen-
tration while the frequency of the LTO and quartz LFE
sensors increased. Unlike the LFE sensors, which respond
to both mechanical and electrical liquid property changes,
the resonant frequency of the QCM is only influenced by
the mechanical properties of the liquid, in this case, the
product of density and viscosity, which reaches a maxi-
mum at approximately 50 wt% (e, = 50) [21]. The LFE
sensors also respond to changes in density and viscosity.
However, in the case of the permittivity changes in this
experiment, the sensor’s frequency response is dominated
by the changes in electrical properties. It has previously
been reported that relative permittivity decreases approx-
imately linearly with 2-propanol concentrations in water
from 0 wt% to 70 wt% [25]. In the case of the LFE sensors,
the resonant frequency increases as the relative permittiv-
ity decreases. The frequency shift of the LTO LFE sensor
was approximately 29 times larger when it was operated
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Fig. 10. Sensor response to changes in NaCl concentration for a) AT-cut QCM (fundamental frequency, connected ‘A’), AT-cut quartz LFE (fun-
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Fig. 11. Sensor response to changes in 2-propanol concentration for a) AT-cut QCM (fundamental frequency, connected ‘A’), AT-cut quartz LFE
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at its 49th harmonic compared with the quartz LFE sen-
sor operated at its fundamental frequency.

VI. CONCLUSIONS

A search was made for orientations in lithium tantalate
that, when excited with a lateral electric field, would of-
fer improved sensor performance over standard AT-quartz
LFE and QCM sensors. Two candidate orientations of
lithium tantalate were theoretically identified that showed
significant improvements in electromechanical coupling
and predicted to have temperature compensated pure
TSMs at 25°C, namely, the (YXwl) —16.5° and (YXwl)
—84.3° cuts. The (YXwl) —16.5° cut was chosen for further
testing based on the separation of interfering modes and
the body of literature available on it from its use in RF-

filtering applications. XRD measurements were performed
on the wafer that verified that it was the correct orienta-
tion. An improperly aligned wafer was then excluded as
a possible explanation for the differences observed in the
theoretical and measured temperature characteristics. An
LFE sensor with a fundamental frequency of 5.2 MHz was
fabricated on this cut and found to be capable of operat-
ing at frequencies as high as 1.4 GHz (269th harmonic).
The temperature behavior for this cut of LTO was experi-
mentally measured and found to be temperature compen-
sated at 70°C instead of 25°C as theoretically predicted.
We believe that inaccuracies in the material constants and
temperature coefficients used to perform the theoretical
calculations are the cause of this discrepancy.

This result points to the need for more experimental
work to determine exactly the orientation in LTO that
is temperature compensated at 25°C. When tested as a
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sensor, the LTO LFE was found to be capable of detect-
ing both mechanical and electrical property changes in
liquids, unlike the standard QCM. This sensor was used to
measure viscosity, conductivity, and relative permittivity
changes in liquids and found to have significantly larger
frequency changes than AT-cut QCM and LFE sensors
when it was operated at high frequencies. It is expected
that the LTO LFE sensor will yield significant increases in
sensor sensitivity for both chemical and biological sensing
applications.

REFERENCES

(1] A. Ballato, E. R. Hatch, M. Mizan, T. Lukaszek, and R. Tilton,
“Simple thickness plate modes driven by lateral fields,” in Proc. 39th
Ann. Frequency Control Symp., 1985, pp. 462-472.

[2] F. Josse, “Acoustic wave liquid-phase-based microsensors,” Sens.
Actuators A, vol. 44, no. 2, pp. 199-208, 1994.

[3] M. Rodahl, F. Hook, and B. Kasemo, “QCM operation in liquids:
An explanation of the measured variations in frequency and Q fac-
tor with liquid conductivity,” Anal. Chem., vol. 68, no. 13, pp. 2219
2227, 1996.

[4] Y. Lee, D. Everhart, and F. Josse, “The quartz crystal resonator as
detector of electrical loading: An analysis of sensing mechanisms,”
in Proc. IEEFE Int. Frequency Control Symp., 1996, pp. 577-585.

[5] C. Zhang and J. F. Vetelino, “A bulk acoustic wave resonator for
sensing liquid electrical property changes,” in Proc. IEEE Int. Fre-
quency Control Symp., 2001, pp. 535-541.

[6] C. York, L. A. French, Y. Hu, P. Millard, and J. F. Vetelino, “A
lateral field excited acoustic wave biosensor,” in Proc. IEEE Ultra-
sonics Symp., 2003, pp. 46-51.

[7] W. Pinkham, L. French, Y. Hu, D. Frankel, and J. F. Vetelino, “Pes-
ticide detection using a lateral bulk excited acoustic wave sensor,”
Chem. Sens., vol. 20, suppl. B, pp. 262263, 2004.

[8] Y. Hu, L. A. French Jr., K. Radecsky, M. P. da Cunha, P. Millard,
and J. F. Vetelino, “A lateral field excited liquid acoustic wave sen-
sor,” IEEE Trans. Ultrason. Ferroelectr. Freq. Control, vol. 51, no.
11, pp. 1373-1380, 2004.

9] S.J. Martin, V. E. Granstaff, and G. C. Frye, “Characterization of
a quartz crystal microbalance with simultaneous mass and liquid
loading,” Anal. Chem., vol. 63, no. 20, pp. 2272-2281, 1991.

[10] J. Detaint and R. Lancon, “Temperature characteristics of high fre-
quency lithium tantalate plate,” in Proc. 30th Ann. Frequency Con-
trol Symp., 1976, pp. 132-140.

[11] R. W. Weinert, B. R. McAvoy, M. M. Driscoll, R. A. Moore, and H.
F. Tiersten, “LiTaOg lateral field resonators,” in Proc. IEEE Ultra-
sonics Symp., 1989, pp. 477-480.

[12] J. Detaint, J. Schwartzel, H. Carru, R. Lefevre, C. Joly, B. Cappelle,
Y. Zheng, and A. Zarka, “New designs for resonators and filters us-
ing lithium tantalate,” in Proc. 44th Ann. Frequency Control Symp.,
1990, pp. 337-348.

[13] Y. Kim, J. R. Vig, and A. Ballato, “Sensing the properties of liquids
with doubly rotated resonators,” in Proc. IEEE Int. Frequency Con-
trol Symp., 1998, pp. 660—-666.

[14] R. T. Smith and F. S. Welsh, “Temperature dependence of the
elastic, piezoelectric, and dielectric constants of lithium tantalate
and lithium niobate,” J. Appl. Phys., vol. 42, no. 6, pp. 2219-2230,
1971.

(15] A. Ballato, “Extended Christoffel-Bechmann elastic wave formalism
for piezoelectric, dielectric media,” in Proc. IEEE Int. Frequency
Control Symp., 2000, pp. 340-344.

(16] IEEE Standard on Piezoelectricity, ANSI/IEEE Standard,176-1987,
pp. 26-28.

[17] M. M. Driscoll, C. R. Vale, and R. W. Weinart, “Measurement of
flicker noise in high-Q, lithium tantalate, bulk wave resonators,” in
Proc. 1987 Ultrasonics Symp., pp. 347-352.

[18] B. Morray, S. Li, J. Hossenlopp, R. Cernosek, and F. Josse, “PMMA
polymer film characterization using thickness-shear mode (TSM)
quartz resonators,” in Proc. IEEE Frequency Control Symp. and
PDA Ezhibition, 2002, pp. 294-300.

(19] S. Ballantyne, Ph.D. dissertation, “Electromagnetic excitation of
high frequency acoustic shear waves for the study of interfacial bio-

chemical phenomena,”Dept. of Chemistry, Univ. Toronto, Toronto,
Canada, 2005.

[20] D. W. Branch and T. L. Edwards, “Love wave acoustic array biosen-
sor platform for autonomus detection,” in Proc. IEEE Ultrasonics
Symp., 2007, pp. 260-263.

(21] R. West, CRC Handbook of Chemistry and Physics. Boca Raton, FL:
CRC Press, 1980.

(22] E. Prince, Mathematical Techniques in Crystallography and Materi-
als Science. New York, NY: Springer Verlag, 1992, p. 29.

(23] B. K. Vainshtein, Modern Crystallography. New York, NY: Springer
Verlag, 1994, p. 212.

[24] J. Detaint and R. Lancon, “Temperature characteristics of high fre-
quency lithium tantalate plates,” in Proc. IEEE Frequency Control
Symp., 1976, pp. 132-140.

[25] O. Madelung, Ed., Landolt-Bornstein Numerical Data and Function-
al Relationships in Science and Technology, vol. 6. Berlin: Springer-
Verlag, 1991.

Donald F. McCann (SM’03) was born in Ban-
gor, ME, in 1977. He received a B.S. degree in
electrical engineering from Cornell University,
Ithaca, NY, in 2000 and a B.S. degree in physics
from Ithaca College, Ithaca, NY, in 2000. In 2008,
he received an M.S. degree in electrical engineer-
ing from the University of Maine, Orono, ME. He
is currently a Ph.D. candidate in electrical engi-
neering at the University of Maine. His Ph.D.
work is concentrated on developing novel high-
frequency bulk acoustic wave sensors.

He is currently an NSF GK-12 fellow. From 2000 to 2005 he worked
for Sensor Research and Development Corporation, Orono, ME, as the
manager of the Electronic Development. He has published 9 scientific
papers and currently has 3 patents pending on sensor-related technol-
ogy. In 2007, he received the University of Maine College of Engineering
Graduate Research Assistant Award.

Jason M. McGann was born in Bangor, ME, in
1982. He earned his B.S. degree in electrical engi-
neering at the University of Maine, Orono, ME, in
2006. He is currently pursuing an M.S. degree in
electrical engineering at the University of Maine,
where he is working to optimize overtone bulk
acoustic wave devices for sensing applications. Mr.
McGann is currently an NSF GK-12 fellow.

Jesse M. Parks was born in Calais, Maine in 1976. Mr. Parks earned
his B.S. degree in electrical engineering in 1999 and his M.S. degree
in electrical engineering in 2006, both from the University of Maine in
Orono, Maine. His graduate research work was in the field of bulk acous-
tic wave sensors, with an interest in lithium tantalate.

He is currently a product quality assurance engineer at Parata Sys-
tems, LLC in Durham, NC. He has also worked for Edwards Systems
Technology, Pittsfield, Maine, and Sensor Research and Development,
Orono, Maine. He is currently supporting the launch of Parata Max, the
first and only next-generation pharmacy automation.

Mr. Parks is a member of Phi Kappa Phi, Tau Beta Pi, and Eta
Kappa Nu honor societies.

David Frankel was born in Willimantic, CT, in 1949. He received his
B.S. degree in applied physics from Cornell University, Ithaca NY, in
1971 and his M.S. and Ph.D. degrees in applied physics from Stanford
University, Palo Alto CA, in 1973 and 1978, respectively.

He is presently a senior research scientist at the Laboratory for Sur-
face Science & Technology (LASST), University of Maine, Orono, ME,
where he is involved in the development of thin-film growth and surface
analysis instrumentation and collaborates on several projects associated
with the development of sensor technology. Prior to coming to Maine, he

Authorized licensed use limited to: WARWICK UNIVERSITY. Downloaded on January 18, 2010 at 19:31 from IEEE Xplore. Restrictions apply.



MCCANN ET AL.: A LATERAL-FIELD-EXCITED LITAO3 HIGH-FREQUENCY BAW SENSOR 787

was a research physicist at the Center for Research in Surface Science,
Department of Physics, Montana State University, Bozeman, MT, where
he carried out research in semiconductor surface physics.

Mauricio Pereira da Cunha (S’83-M’95-
SM’02) was born in Brazil in 1963. He received a
B.S. degree in 1985 and an M.S. with Honors in
electrical engineering in 1989 from the Escola
Politécnica, Universidade de Sao Paulo. His mas-
ter’s thesis title was “Design and implementation
of a 70 MHz SAW convolver.” He received a Ph.D.
degree, Dean’s Honor List, from McGill Universi-
ty, Montreal, Canada, in electrical engineering in
1994. His Ph.D. thesis title was “SAW propaga-
tion and device modeling on arbitrarily oriented
substrates.”

He has worked with the Microwave Devices R&D Group at Nippon
Electric Company ( NEC), Brazil; Laboratério de Microeletronica, Es-
cola Politécnica, Department of Electrical Engineering, Universidade de
Sao Paulo; McGill University, Montreal, Canada; and SAWTEK Inc.,
Orlando, FL. He spent a sabbatical year at the University of Central
Florida, Consortium for Applied Acoustoelectronic Technology (CAAT),
Orlando, FL, where he worked in cooperation with Piezotechnology Inc,
on the characterization of new piezoelectric materials, namely, langatate,
langanite, and langasite, and with bulk and surface acoustic wave devic-
es. Dr. Pereira da Cunha was a professor in the Department of Electronic
Engineering, Universidade de Sao Paulo until he joined the Department
of Electrical and Computer Engineering at the University of Maine in
2001, where he presently holds the position of associate professor.

Dr. Pereira da Cunha is a member of the IEEE, Sigma Xi, and of the
Brazilian Microwave Society (SBMO). He was elected to serve on the
SBMO Administrative Committee from 1996 to 1999. He is a reviewer
for the IEEE Transactions on Ultrasonics, Ferroelectrics, and Frequency
Control, and he has been a member of the IEEE International Ultrason-
ics Symposium Technical Program Committee since 1997. He has served
on the UFFC-Society Administrative Committee from 2002 to 2004,
is presently the vice-chair for Ultrasonic, and the Technical Program
Committee chair for the IEEE 2007 Ultrasonics Symposium, New York,
NY. At Ultrasonics Symposia he gave the invited paper, “High velocity
pseudo surface acoustic waves (HVPSAW): Further insight,” in 1996,
and presented the short course, “SAW, PSAW, and BAW materials and
devices” in 2000. He wrote the invited paper “Pseudo and high velocity

pseudo SAWS,” for the International Journal of High Speed FElectronics
and Systems (ITHSES), also published as a chapter in the book Advances
in SAW Technology, Systems and Application, vol. 2, World Scientific
Publishing Co., Singapore, 2001.

John F. Vetelino (S'63-M’80-SM’93) was born
in Westerly, RI, on October 17, 1942. He received
the B.S.; M.S., and Ph.D. degrees in electrical en-
gineering from the University of Rhode Island in
1964, 1966, and 1969, respectively. He has been
with the University of Maine since 1969 and is
\ currently professor of Electrical and Computer

& X Engineering. He was one of the founding members
(_‘ LN of the Laboratory for Surface Science and Tech-
{i ’( nology at the University of Maine and currently is

the leader of the solid-state sensor group.

His research group is working on chemical and biological sensors
based on acoustic wave and chemiresistive technology. In 1976, he was
at the Max Planck Institute Fuer Festkorperforschung in Stuttgart, West
Germany, working on solid-state properties of piezoelectric crystals. In
1980, he was awarded the Presidential Research Achievement Award,
given annually to the outstanding researcher at the University of Maine.
From 1983 to 1987, he was chairman of the Electrical Engineering De-
partment at the University of Maine. In 2008 he received the Distin-
guished Maine Professor award.

Dr. Vetelino has given invited talks at many universities both in the
United States and abroad, at national and international conferences. He
also has published several invited papers and received outstanding paper
awards at the International Chemical Sensors meeting, the Society of
Plastic Engineers Conference, and the IEEE Ultrasonics Symposium. He
was a guest editor of the special issue of the IEEE Transactions on Ultra-
sonics, Ferroelectrics, and Frequency Control on sensors and actuators in
1998. He currently is a member of the technical program committee for
the IEEE Ultrasonics group. Four sensor companies—the BIODE Corpo-
ration in Westbrook, ME; Microsensor Conversion Technology in Brook-
ings, SD; Sensor Research and Development Corporation in Orono, ME;
and Mainely Sensors, LLC in Orono, ME—have been incubated from his
research group. He is a member of Phi Kappa Phi, Sigma Xi, Tau Beta
Pi, and Eta Kappa Nu. Dr. Vetelino has advised more than 40 graduate
students to M.S. and Ph.D. degrees and has published more than 200
scientific papers.

Authorized licensed use limited to: WARWICK UNIVERSITY. Downloaded on January 18, 2010 at 19:31 from IEEE Xplore. Restrictions apply.



