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Surface Acoustic Load Sensing Using
a Face-Shear PIN-PMN-PT
Single-Crystal Resonator

Kyungrim Kim, Shujun Zhang, and Xiaoning Jiang

A bst'r'act—Pb(InU,5Nb0.5) Og*Pb(Mgl/ng2/3)03*PbTi03
(PIN-PMN-PT) resonators for surface acoustic load sensing
are presented in this paper. Different acoustic loads are ap-
plied to thickness mode, thickness-shear mode, and face-shear
mode resonators, and the electrical impedances at resonance
and anti-resonance frequencies are recorded. More than one
order of magnitude higher sensitivity (ratio of electrical imped-
ance change to surface acoustic impedance change) at the reso-
nance is achieved for the face-shear-mode resonator compared
with other resonators with the same dimensions. The Krim-
holtz, Leedom, and Matthaei (KLM) model is used to verify
the surface acoustic loading effect on the electrical impedance
spectrum of face-shear PIN-PMN-PT single-crystal resona-
tors. The demonstrated high sensitivity of face-shear mode
resonators to surface loads is promising for a broad range of
applications, including artificial skin, biological and chemical
sensors, touch screens, and other touch-based sensors.

I. INTRODUCTION

PIEZOELECTRIC resonators are widely used in appli-
cations in the chemical, bio-medical, semiconductor,
and information industries because of their merits of sim-
ple structure and low cost. For example, microbalances
which are made of quartz or other piezoelectric material
can be used for sensing the degradation of fuel cells by
measuring the corrosion on the surface area of electrodes
[1]. They also have been used as highly sensitive humidity
sensors because the microbalances are very stable devices,
and thus, can detect small mass changes (less than a nano-
gram) of vapor deposition [2]. In the medical field, piezo-
electric tactile sensors have been developed for measuring
the elastic stiffness of tissues [3]-[6], for the endoscopic
sensor in minimally invasive surgery (MIS) [7], [8], for the
smart skin used in diagnosing breast tumors or prostate
gland disease [9], and also for sensing the intraocular pres-
sure (IOP) in the human eye [10]. Information-industry
applications include touch input devices, fingerprint iden-
tification, and virtual reality video game devices [11]. Typ-
ically, these types of sensors use direct piezoelectric effect
or measure changes in the resonant frequency of oscilla-
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tion caused by interaction between piezoelectric resonator
arrays and target materials. The change in the resonant
frequency is directly proportional to the applied force by
the Sauerbrey equation [12]. Thus, the local distribution
of the applied mechanical stress can be detected by mea-
suring the fundamental frequency shift of the resonator
array. However, to obtain the tactile information from the
object, the time duration of applied stress must exceed
the required time for array scanning and data processing.
In this case, the parallel scanning process can be used to
speed up the scanning of the sensor array [13]. A relatively
new tactile sensing technique, which uses the relationship
between electrical impedance of the piezoelectric resonator
and acoustic load impedance of the front load, has been
developed for the fingerprinting application [14], [15]. The
sensing component was made of a piezoelectric composite
[lead zirconate titanate (PZT)/epoxy 1-3 composite] with
diced electrodes forming a 2-D array. When an object is
applied to the front surface of sensor, the electrical imped-
ance of piezoelectric elements at a particular frequency is
changed. This change is related to the acoustic impedance
of applied objects. As a result, the distribution of acoustic
load impedance of the object can be mapped by measur-
ing the electrical impedance of each element of the array
in a rapid fashion. This device can be highly sensitive as
a biometric sensor compared with capacitive and thermal
tactile sensors because the contrast ratio of acoustic im-
pedance between air and tissue is 4000:1, whereas that of
thermal conductivity is about 8:1 and dielectric permit-
tivity is 32:1 [16]. For these reasons, this acoustic imped-
ance sensing is promising for applications in biomedical
industry (artificial skin sensor) and service robotics (touch
screen and fingerprint reader).

The PZT ceramics are commonly used piezoelectric
materials for the aforementioned sensors because of their
high dielectric constants, large electromechanical coupling
factors, and ease of manufacturing [17]. Lead magnesium
niobate-lead titanate (PMN-PT) single crystals have also
been investigated as promising candidates with advanced
properties compared with PZT [18], [19]. For example, the
elastic compliance of PMN-PT is about 6 times higher
than that of PZT-5H. A high elastic compliance leads
to reduced element and device size for a given resonance
frequency. The piezoelectric coefficient of PMN-PT is 3 to
5 times higher than that of PZT-5H, which determines
the performance of the piezoelectric device. In addition,
PMN-PT has a higher electromechanical coupling fac-
tor (longitudinal mode, k33): greater than 0.90 compared
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TABLE I. MEASURED PROPERTIES OF THE CRYSTAL.

ki fu B 556 dy Ny
(kHz) (kHz) e3/<0 (m?/N) ks (pC/N) (Hz'm)
Values 68.25 93.45 2940 111 x 1012 0.76 1280 682

with 0.75 of PZT-5H [20], [21]. A much broader operating
bandwidth can be achieved with a large coupling factor
[18], [22]. For these reasons, PMN-PT crystals have been
used in various devices such as sensors, actuators, and
other electromechanical devices in advanced medical ap-
plications [18]. However, the low coercive field (2.5 kV/
cm) of binary PMN-PT crystal can limit its application,
which requires a high excitation signal [18], [23]. Further-
more, the low depoling temperature (Tg 1 = 75°C to 95°C)
can be a cause for reduced performance of the devices [24].
Recently developed ternary PIN-PMN-PT crystals retain
similar electromechanical couplings (k33 > 0.9) and piezo-
electric coefficients (ds3 > 1500 pC/N) compared with the
binary PMN-PT, but have significantly improved coer-
cive field (5 kV/cm), and Ty (117°C) [18], [25], [26].
In the case of the thickness-shear mode, the high shear
piezoelectric coefficients (d;5) and electromechanical cou-
pling factors (k;5) for different domain configurations were
also observed to be >2000 pC/N and >0.85, respectively
[27]. More recently, the face-shear mode PIN-PMN-PT
crystals have been given attention because of their ultra-
low frequency constant (500 Hz-m) and high piezoelectric
coefficient (2000 to 2500 pC/N) [28]. The low frequency
constant allows the piezoelectric device to be small for
ultra-low-frequency applications such as sonar transduc-
ers. More importantly, unlike thickness-shear-mode crys-
tals, the face-shear-mode crystals can be easily repolar-
ized because the poling electrode is the same as the active
electrode. Moreover, the face-shear-mode PIN-PMN-PT
crystals have significantly higher mechanical quality factor
Qm (150 to 180) than that of thickness-shear crystal (20 to
30) [18], [28], which is promising in resonator applications.

In this paper, the face-shear-mode PIN-PMN-PT sin-
gle-crystal resonators were first fabricated and character-
ized by measuring properties such as shear piezoelectric
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Fig. 1. The schematic of the single-surface loaded piezoelectric face-
shear-mode resonator.

coefficients (dgg), electromechanical coupling factors (ksg),
elastic compliance (sg5), and frequency constant (Nsg) us-
ing the resonance method. Different acoustic loads were
then applied to the thickness-mode, thickness-shear-mode,
and face-shear-mode crystal resonators to compare the
sensitivity to electrical impedance change induced by the
applied acoustic loads. The experimental results were veri-
fied by a Krimholtz, Leedom, and Matthaei (KLM) model
simulation.

II. FACE-SHEAR PIN-PMN-PT SINGLE CRYSTAL

In this study, [011}-cut rhombohedral PIN-PMN-PT
single crystals were used, which have the macroscopic
symmetry mm2. The crystals were oriented using a real-
time back-reflection Laue system. Face-shear-mode sam-
ples were prepared by rotating a 45° angle about the Z-
axis [011] direction, with dimensions of 10 x 10 x 1 mm.
Electrodes were deposited on the (011) surface of each
crystal. The samples were poled along the crystallograph-
ic [011] direction. The capacitance of the face-shear PIN—
PMN-PT single crystal was measured at 1 kHz and the
free dielectric constant (¢3;/¢,) was found to be 2940. The
resonant frequency (f,) and anti-resonant frequency (f,)
were also measured wusing an impedance analyzer
(HP4294A, Agilent Technologies Inc., Santa Clara, CA)
and found to be 68.25 and 93.45 kHz, respectively. Prop-
erties of the crystals can be calculated according to the
IRE standards [29], [30]. Table I shows the measured and
calculated properties of the face-shear PIN-PMN-PT sin-
gle crystal. Compared to the published data [30], the over-
all properties showed slightly lower values. This might be
attributed to the fact that the sample properties are re-
lated to the crystal composition of the sample used.
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Fig. 2. The equivalent circuit for a single-side loaded piezoelectric crystal
using the Krimholtz, Leedom, and Matthaei (KLM) model.
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Fig. 3. Electrical impedance spectrum of the face-shear-mode resonator
with the front load.

III. SURFACE LOAD SENSING MODEL

Fig. 1 indicates the schematic of the single surface load-
ed piezoelectric face-shear mode resonator. The surface
load can be any material, including air, water, metal, and
rubber. Z)p represents the electrical impedance of piezo-
electric resonator. The acoustic impedance changes from
the surface load of the resonator can be sensed by mea-
suring the change of the electrical impedance (Zxp). The
KLM model [31] was used to verify the effect of the acous-
tic loading on the face-shear-mode PIN-PMN-PT crystal.
Fig. 2 represents the equivalent circuit of the KLM model
[32]. The acoustic impedance at the port CD is a combi-
nation of the right acoustic impedance (Z;) and the left
acoustic impedance (7). Z, and Z; are given by [33]

ZEF + Zc ta‘nh(fyclc/Q)

7. =17 1

r ¢Z.+ Zgptanh(yl./2) (1)
Zan + Z,tanh(yl./2)

7, =17 ¢ ce 2

! ¢ Zc + ZGH tanh(%lc/z) ’ ( )

where Z, is the characteristic impedance [acoustic shear
impedance, (p. X cgg)'/2, where cgq is the shear elastic
modulus of the crystal], 7. is the complex wave propaga-
tion factor [= jw(pe/ces)t/?], and I, is the length of the
resonator crystal. Zgp and Zgpy represent the acoustic load
impedance at the ports EF and GH. The total acoustic
impedance (Zcp) at position CD is the parallel arrange-
ment of Z. and Z;. Thus, Zcp is

1
ZCD:1 1 (3)
7tz

T

The electrical impedance (Zyp) at port AB can be calcu-
lated from
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Fig. 4. Shear acoustic impedance and sound velocity of rubber and alu-
mina mixtures.

1 ) 1
Zag = m+]X1 +WZCD7 (4)
where
%
jX, = m;sma, (5)
11 431 o
N0, a 290 (6)
and

— il |Pe
a = wl, v (7)

N, Xj, Gy, and « represent the turn ratio of the transform-
er, additional reactance of the equivalent circuit, clamped
capacitance of the crystal, and the complex acoustic wave
phase shift (= ww/wy), respectively. p, is the crystal den-
sity and v, is the speed of shear sound waves in the crystal.
Because the acoustic load (Z;,) was applied to one side of
the crystal, we can assume that the load at the port GH
(Zau) is zero and at the port EF (Zgp) is 71, as shown
in Fig. 1. Finally, the electrical impedance (Zap) can be
obtained for a single-side loaded piezoelectric crystal using
(1)~(7) [32]-[36]:

« .7
1 k2 2tans — j 2
1_ 30 2 —J7z, . (8)

S| —j%cota

Fig. 3 shows the calculated electrical impedance spectrum
of the face-shear-mode resonator with the front load using

TABLE II. INPUT PARAMETERS FOR KLM MODEL.

lc Ue Pe CO Z ( Z L,air Z L,water
(mm) (m/s) (kg/m3) (nF) (Mrayl) (rayl) (Mrayl)
Values 10 1632 8100 2.6 13.2 420 1.5
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TABLE III. SPECIFICATIONS OF SINGLE CRYSTAL RESONATORS.

Dimensions
Mode Crystal (mm)
Thickness (dz3) PMN-PT 10 x 10 x 0.5
Thickness-shear (d;s) PMN-PT 10 x 10 x 1
Face-shear (ds) PIN-PMN-PT 10 x 10 x 1

the KLM model. At the resonant frequency and anti-res-
onant frequency, the electrical impedance is changed with
different loads such as air and water. Input parameters
used for the modeling of face-shear mode resonator are
shown in Table II.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

For the acoustic impedance sensing test, we used crys-
tal resonators operating in three different modes, includ-
ing thickness mode (or ds3 mode), thickness-shear mode
(or di5 mode) and face-shear mode (or dsg mode). The
dimensions of all resonators are listed in Table III. Cr/
Au electrodes were sputtered onto 10 x 10 mm surfaces.
For electrical connection to the impedance analyzer, 10-
cm co-axial wires (AWG 25, Hitachi Cable Ltd., Tokyo,
Japan) were bonded to both electrodes on the resonators
using silver epoxy. The silicon rubber (Sylgard 170, Dow
Corning Corp., Midland, MI) was used as the carrier ma-
terial for control of acoustic load variations. Aluminum
oxide (AlyO3) powders in different percentages by weight
were mixed with the liquid silicon rubber. The amount of
mixed alumina oxide was 10%, 20%, 30%, and 40% of the
silicon rubber by weight. The liquid silicon rubber with
or without AlyO3 powders was applied to one side of each
crystal and cured for 24 h in a vacuum desiccator. The
thickness of rubber or rubber/aluminum oxide composite
was about 2 mm.

The longitudinal sound velocities of rubber mixtures
were measured using the pulse-echo method and then
the shear sound velocities were calculated. For pulse—echo
tests, the rubber mixture sample was immersed in a water
tank and a 30-MHz transducer was located 5 mm away
from the top surface of the rubber sample in water. This
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Fig. 5. Measured face-shear-mode resonator behavior with different
acoustic load impedances.
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Fig. 6. Relative electrical impedance of each mode at the resonant fre-
quency.

transducer transmitted ultrasound waves into the water
and received ultrasound echo signals from the top and
bottom surfaces of the rubber targets. The time of flight
of pulse-echo waves between the top and bottom surfaces
of rubber samples was measured [37]. The shear velocity
was calculated from the longitudinal velocity using the
Poisson’s ratio of rubbers (v = 0.5). The dimension and
the weight of the rubber mixture were measured using a
digital caliper and a micro balance to determine the den-
sity of the rubber mixtures. The shear acoustic impedance
(Z,) of rubber mixtures was calculated using

Zs = PV, (9)
where p and v, are the density and the shear sound veloc-
ity of the rubber mixtures, respectively. Fig. 4 shows the
shear acoustic impedance and shear sound velocity of the
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Fig. 7. Relative electrical impedance of each mode at the anti-resonant
frequency.
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Fig. 8. Calculated sensitivity of face-shear, thickness-shear, and thick-
ness-mode resonators at the resonant frequency under different surface
loadings (1 to 10 Mrayl).

rubber mixtures. The acoustic impedance and velocity of
the rubber mixtures increased with the composition ra-
tio of aluminum oxide powders. The electrical impedance
spectrum of each resonator was measured using an imped-
ance analyzer (HP4294A). Fig. 5 shows the measured elec-
trical impedance of face-shear-mode crystal with different
acoustic loads for the frequency range from 30 to 120 kHz.
The insets show close-ups of the impedance changing with
the application of different acoustic loads. The electrical
impedance increased at the resonant frequency, whereas it
decreased at the anti-resonant frequency, as the acoustic
load impedance increased. To compare the performance of
resonators operating in different modes, the electrical im-
pedance of each resonator was normalized by the reference
impedance (pure rubber loaded resonator). Figs. 6 and 7
present the relative electrical impedance for each vibration
mode at the resonance and anti-resonance, respectively. In
the case of thickness-shear mode, it was hard to find the
relationship between the surface load and the electrical
impedance because the change in electrical impedance was
too small and the resonance peak was not clear. The sensi-
tivity (Sz) of electrical impedance to applied surface loads
can be calculated by using

A7 sg
az,

7z

5|

; (10)

where dZ,p is the electrical transmitting impedance and
dZ;, is the acoustic load impedance. The sensitivity of
face-shear mode, thickness-shear mode, and thickness
mode were compared, as shown in Table IV. At the reso-
nance, the sensitivity of face-shear mode was about 20
times higher than that of thickness-shear mode and 85
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Fig. 9. Electrical impedance of face-shear-mode resonator with different
thickness of rubber layers at the resonant and anti-resonant frequencies.

times higher than that of thickness mode. Similarly, at the
anti-resonance, face-shear mode showed 95 times and 1400
times higher sensitivity than thickness-shear mode and
thickness mode, respectively. As a result, the face-shear-
mode resonator was found to be much more sensitive to
the surface acoustic loads than its thickness-shear and
thickness-mode counterparts at both resonance and anti-
resonance. The KLM modeling results for sensitivity of
each resonator under different surface loadings are shown
in Fig. 8. The calculated sensitivity of the face-shear mode
at the resonant frequency was 63 Q/Mrayl, which was 55
times higher than other modes. The higher mechanical
quality factor than other modes, which determines the
quality of resonance and the sensitivity to the load, can
be the main reason for high sensitivity. These measured
sensitivities were slightly lower than the calculated sensi-
tivity values. This was because the wires connected to the
resonator could act as an additional resistance and the
silver epoxy used for the wire bonding on the resonator
surface could be considered as an additional surface load.
This unique property of face-shear-mode resonator can be
a merit for a broad range of applications such as artificial
skins, biological and chemical sensors, touch screens, and
other tactile-based sensors which require high sensitivity
to the surface load. Fig. 9 shows the impedance of the
face-shear resonator with different thickness of rubber lay-
ers (1 to 4 mm) at the resonance and anti-resonance. The
impedance changes were found to be less than 5%. Be-
cause these changes were very small, we assumed that the
effect from thickness of rubber was not significant in cases
in which the front load thickness is >1 mm. Fig. 10 shows
the lateral size effect of the face-shear resonator with dif-
ferent operational frequency. The resonator dimension is

TABLE IV. MEASURED SENSITIVITY OF DIFFERENT MODE CRYSTALS (£2/MRAYL).

Face-shear Thickness-shear Thickness
mode mode mode
Sensitivity at resonance 47 2 0.5
Sensitivity at anti-resonance 74624 785 53
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TABLE V. CALCULATED SENSITIVITY AND RESONANT
FREQUENCY OF FACE-SHEAR MODE RESONATOR.

Resonant
Crystal length Sensitivity frequency
(mm) (©/Mrayl) (kHz)
10 63 68.25
5 126 136.50
2 315 341.25
1 631 682.50

related to the resonator sensitivity because the dimension
determines the resonant frequency of the resonator. As the
resonant frequency increases, the amount of impedance
change—that is, the sensitivity to the surface load—in-
creased. Table V indicates the sensitivity of the face-shear
mode resonators with different lateral sizes and resonant
frequencies. The sensitivity is inversely proportional to the
crystal length, but proportional to the resonant frequency.
For example, ideally, the sensitivity of the 1-mm-length
resonator was 10 times higher than that of the 10-mm-
length resonator. This result supports the idea that minia-
turized face-shear resonator arrays are very promising for
surface load sensing applications.

V. CONCLUSION

In conclusion, the sensitivity to the acoustic surface
load impedance of PIN-PMN-PT resonator was investi-
gated. Different acoustic loads were applied to the thick-
ness-mode, thickness-shear-mode, and face-shear-mode
resonators. The highest sensitivity was found from the
face-shear-mode resonator, which was found to be about
ten times higher than other modes, and which was success-
fully verified by the KLM model results. It was also found
that surface load sensitivity increases with decreased lat-
eral sizes of resonators, which favors large area surface

1000

800

600

400

200

Impedance at resonance (Q)

Loaded impedance (Mrayl)

Fig. 10. The size effect of face-shear-mode resonators with lateral sizes
from 1 to 10 mm.

sensing using an array of face-shear resonators. The high
sensitivity of the face shear mode to the surface load can
be promising for applications such as artificial skins, bio-
logical sensors, chemical sensors, touch screens, and other
tactile-based sensors.
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