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The dielectric and piezoelectric properties of Pb�Mg1/3Nb2/3�O3–PbTiO3 �PMN-PT� and
Pb�In1/2Nb1/2�O3–Pb�Mg1/3Nb2/3�O3–PbTiO3 �PIN-PMN-PT� ferroelectric single crystals were
investigated as a function of thickness/scale in monolithic and piezoelectric/polymer 1–3
composites. For the case of PMN-PT single crystals, the dielectric ��33

T /�0� and electromechanical
properties �k33� were found to significantly decrease with decreasing thickness �500–40 �m�, while
minimal thickness dependency was observed for PIN-PMN-PT single crystals. Temperature
dependent dielectric behavior of the crystals suggested that the observed thickness dependence in
PMN-PT was strongly related to their relatively large domain size ��10–20 �m�. As anticipated,
1–3 composite comprised of PIN-PMN-PT crystals exhibited superior properties to that of PMN-PT
composite at high frequencies ��20 MHz�. However, the observed couplings, being on the order of
80%, were disappointedly low when compared to their monolithic counterparts, the result of surface
damage introduced during the dicing process, as evidenced by the broadened �002� peaks in the
x-ray diffraction pattern. © 2010 American Institute of Physics. �doi:10.1063/1.3437068�

I. INTRODUCTION

Ultrasound imaging is a well-established medical imag-
ing modality that provides noninvasive diagnostic informa-
tion of living tissue and organs. Traditionally, ultrasonic im-
aging is used in the area of cardiology, obstetrics, and
abdominal diagnosis.1,2 In these applications, the ultrasound
frequency is below 10 MHz allowing deeper penetration at
the expense of resolution. Recently, there is growing need for
higher resolution, particularly in the areas of dermatology,
ophthalmology, and intravascular imaging, leading to the re-
search and development of high frequency ultrasound trans-
ducers �20–100 MHz�.3–5

A piezoelectric material is an important component in
ultrasound transducers. The thickness of the piezoelectric el-
ement defines the operational frequency of the transducer
through the frequency constant �N= f � t, where N is the fre-
quency constant, f the frequency, and t the thickness�. High
dielectric ��33

T /�0� and electromechanical coupling �kt� of pi-
ezoelectric materials are often desired for high frequency ar-
rays and small aperture single element transducers, offering
improved electrical matching to the imaging electronics and
increased bandwidth and sensitivity.6–8

Among the wide range of piezoelectric materials,
relaxor-PbTiO3 �PT� single crystals, such as
Pb�Mg1/3Nb2/3�O3–PbTiO3 �PMN-PT�, have attracted inter-
est for ultrasound transducers due to their excellent dielectric
and electromechanical properties �e.g., �r�6000, k33�0.9�.9

In particular, a newly developed ternary single crystal sys-
tem, Pb�In1/2Nb1/2�O3–Pb�Mg1/3Nb2/3�O3–PbTiO3 �PIN-
PMN-PT� offers increased coercive fields ��5 kV /cm� and
improved thermal stability ��120 °C� compared to binary

PMN-PT crystals.10,11 In contrast to polycrystalline ceramics,
e.g., Pb�Zr,Ti�O3, crystals do not suffer from grain size is-
sues, potentially eliminating scaling limitations which may
be associated with high frequency transducers.

To date, however, the thickness dependent properties of
relaxor-PT single crystals have yet to be investigated. Recent
experimental data for PMN-PT 1–3 crystal/epoxy composites
operating at frequencies �40 MHz have reported a large
decrease in electromechanical coupling, leading to the ques-
tion of the origin of the degradation.12,13

In this work, the dielectric and electromechanical prop-
erties of PMN-PT and PIN-PMN-PT monolithic plate reso-
nators and 1–3 composites were investigated as a function of
scale/thickness and/or corresponding ultrasound frequency.

II. EXPERIMENTAL

Relaxor-PT single crystals, including PMN-PT and PIN-
PMN-PT were obtained from TRS technologies Inc., which
were grown using the modified Bridgman method.14 Samples
with various thicknesses were prepared by lapping and pol-
ishing. Initial lapping utilized 15 �m Al2O3 powder sus-
pended in a distilled water medium. Final polishing was car-
ried out with a 0.05 �m diamond paste to minimize surface
damage. Vacuum sputtered gold was applied to the parallel
surfaces of the samples as the electrodes. The samples were
then drilled to the desired dimensions with diameter to thick-
ness ratios of �20. The large aspect ratio ensured that lateral
mode harmonics would not interfere with the fundamental
thickness mode. All samples were annealed at 400 °C for 5 h
in order to alleviate residual stress. Prior to electrical mea-
surements, PMN-PT and PIN-PMN-PT single crystals were
poled for 3 min at room temperature under fields of 10
kV/cm and 20 kV/cm, respectively.
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For the fabrication of 1–3 piezocrystal/epoxy compos-
ites, the samples were diced using an automatic dicing ma-
chine, K&S 982–6 �Kulicke & Soffa Industries, Willow
Grove, PA� with different sizes of blades depending on the
frequency of interest. For transducers operating below 10
MHz, 1–3 composites were machined with a 50�762 �m2

nickel bond dicing blade �Dicing Blade Technology, Inc. �,
and a 26�586 �m2 nickel bond dicing blade �Asahi Dia-
mond, Inc.�. For transducers operating above 10 MHz, the
samples were diced using 2–4 �m grit, 12�343 �m2

nickel bonded diamond blade �Asahi Diamond, Inc.�. The
samples were first diced along one direction with a spindle
speed of 30 000 rpm and a feed rate of 1.5 mm/sec. The
samples were then diced in the perpendicular direction using
the same dicing conditions. A low viscosity epoxy �Epotek
301, Bellerica, MA� was then backfilled into the kerfs in
vacuum for 30 min, and subsequently cured at room tem-
perature for 24 h. The fabricated composites were polished
until all the piezoelectric posts were exposed, and gold elec-
trodes were sputtered on both surfaces. The PMN-PT and
PIN-PMN-PT composites were then poled at room tempera-
ture using fields of 10 kV/cm and 20 kV/cm for 3 min, re-
spectively.

The dielectric properties of the various samples were
characterized using an HP4294A impedance-phase gain ana-
lyzer. The free ��33

T /�0� and clamped ��33
S /�0� permittivities

were calculated from the capacitance values measured at a
frequency of 1 kHz and twice the thickness antiresonance
frequency, respectively. The dielectric behavior as a function
of temperature was determined using a multifrequency
HP4284A LCR meter connected to a computer-controlled
furnace. The resonance and antiresonance frequencies of 1–3
composites were measured using an HP4294A impedance-
phase gain analyzer. The electromechanical coupling factors
were calculated from the measured resonance and antireso-
nance frequencies according to the IEEE standard.15 Scan-
ning electron microscopy �SEM, S-3500N, Hitachi, Tokyo,
Japan� was used for examination of the edge surfaces of the
composite posts. X-ray diffraction �XRD, PANalytical� was
employed to determine the level of dicing damage on the
piezoelectric elements, as reflected by peak broadening.

III. RESULTS AND DISCUSSION

The free ��33
T /�0� and clamped ��33

S /�0� dielectric per-
mittivities of samples, with thicknesses ranging from
500–30 �m, are plotted in Fig. 1. Each value is the average
of 3–5 samples, and the error bars represent the standard
deviation. Thickness frequency constants for both PMN-PT
and PIN-PMN-PT crystals were found to be �2000 Hz m,
maintaining the same values with varying thickness. The cor-
responding thickness resonance frequencies of the crystals
were added on the top X-axis of Fig. 1.

From Fig. 1, it was found that the clamped permittivities
of both PMN-PT and PIN-PMN-PT single crystals exhibited
similar values across the range of thicknesses; however, the
free permittivity of PMN-PT crystals was strongly affected
by the sample scale. At a thickness of �40 �m �correspond-
ing frequency �50 MHz�, the free permittivity of PMN-PT

crystals was reduced by half. In contrast, PIN-PMN-PT crys-
tals exhibited minimal thickness dependent dielectric proper-
ties, even down to thicknesses �40 �m.

Property degradation in ferroelectric materials has been
reported to be attributed to surface damage during sample
preparation, resulting in the low polarizable layers/
nonferroelectric layers.16,17 A series capacitance model, in
which damage layers exist in series with the normal ferro-
electric portion, has been used to explain the degraded di-
electric permittivity as function of the thickness of the non-
ferroelectric layers/samples.18

Property degradation in ferroelectric materials may also
be associated with their respective domain sizes. It is well
known that the dielectric and piezoelectric response of �001�-
poled relaxor-PT single crystals is related to the engineered
domain configuration and polarization rotation
mechanism.6,19,20 For �001� poled rhombohedral crystals, a
stable multidomain structure “4R” is formed since only four
of the eight possible polarization orientations, i.e., �111�,
�1̄11�, �11̄1�, and �1̄1̄1�, remain in the crystals upon poling.
For relatively thick samples �thickness�domain sizes�, the
polarization can freely rotated from �111� to �001� directions
under an external electric field, contributing to the dielectric
and piezoelectric properties. However, when the physical
thickness of the samples becomes on the order of the domain
size, the boundary conditions may disrupt the equilibrium
“4R” domain structures and restrict polarization rotation, re-
sulting in property degradation.

To delineate the degradation mechanism�s� observed in
this work, the dielectric properties were investigated as a
function of temperature and thickness for relaxor-PT crys-
tals. Figure 2 shows the temperature dependence of dielectric
permittivity for PMN-PT samples with different thicknesses.
For comparison, the dielectric behavior of PIN-PMN-PT
crystals is given in the small inset. As observed, in the tem-
perature range of 30 °C–TRT �the rhombohedral to tetrago-

FIG. 1. Free and clamped dielectric permittivities of relaxor-PT crystals as a
function of sample thickness and corresponding ultrasound frequency.
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nal phase transition�, PIN-PMN-PT crystals exhibited similar
dielectric permittivities, regardless of the sample thickness.
In contrast, the permittivity of thin PMN-PT samples was
found to be significantly lower than the values of thick
samples in the same temperature range. Of particular impor-
tance is that both PMN-PT and PIN-PMN-PT samples exhib-
ited thickness independent dielectric behavior above the Cu-
rie temperature �TC�, where no ferroelectric domains exist.
The above results indicate that the degraded dielectric prop-
erties observed in thin PMN-PT crystals could be attributed
to the increased surface boundary effects due to their rela-
tively large domain sizes. Preliminary domain observations
revealed that poled PMN-PT single crystals were found to
possess relatively large domain sizes ��10–20 �m� when
compared to poled PIN-PMN-PT single crystals, whose do-
mains were found to be on the order of �1 �m.

Figure 3 presents the electromechanical coupling factors
�k33� of 1–3 composites as a function of sample thickness
and the corresponding resonance frequency. For comparison,
the coupling �k33� for monolithic and PMN-PT/epoxy 1–3
composites were included in Fig. 3.12,13 The frequency con-
stants �N33� for both PMN-PT and PIN-PMN-PT 1–3 com-
posites were found to be similar, on the order of
�1000 Hz m. For the monolithic samples, the longitudinal
coupling factors were calculated from the equation �k33

=�1− ��33
S /�33

T ��. As expected from the dielectric data �as
shown in Fig. 1�, the coupling of PIN-PMN-PT monolithic
samples was found to maintain same values, being on the
order of 93% over the entire frequency range �2–40 MHz�.
PMN-PT samples, however, exhibited decreased coupling for
samples with frequencies above 10 MHz, related to the as-
sociated domain clamping and polarization rotation sup-
pressing, when sample thickness reaching the size of do-
mains �surface boundary effect�.

From Fig. 3, PMN-PT/epoxy 1–3 composites were
found to exhibit a noticeable decrease in coupling �k33� with
decreasing sample thickness, with coupling being on the or-
der of 72% at 20 MHz, which is similar to that previously
reported.12,13 Of particular significance is that PIN-PMN-PT/

epoxy 1–3 composites were found to maintain relatively high
coupling factors, being on the order of �80% over the thick-
ness range studied �500–50 �m�. However, these values are
far less than the expected values determined from monolithic
samples, being on the order of �90%, indicating that 1–3
composites may contain surface damage layers/low polariz-
able layers caused by the dicing process.

Figure 4 shows an SEM image of a diced PMN-PT crys-
tal composite without epoxy filling. The image shows no
noticeable macroscopic damage, such as chipping and post-
breakage. Similar images were also observed for diced PIN-
PMN-PT crystal composites.

X-ray analysis of PMN-PT and PIN-PMN-PT single
crystals are given in Fig. 5. It was found that the �002� XRD
profiles of diced surfaces exhibited peak broadening, com-
pared to those of polished surfaces. This confirms that me-
chanical dicing can produce highly stressed and/or damaged

FIG. 2. Dielectric permittivity as a function of temperature for PMN-PT and
PIN-PMN-PT crystals with different thicknesses.

FIG. 3. Electromechanical coupling factor �k33� for monolithic and crystal/
epoxy 1–3 composites as a function of sample thickness and corresponding
ultrasound frequency.

FIG. 4. SEM images of a diced PMN-PT single crystal.
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surface layers.21,22 Therefore, the degraded properties of
PMN-PT 1–3 composites can be strongly attributed to the
combination of surface boundary effects and dicing damage,
while those of PIN-PMN-PT 1–3 composites are due only to
the dicing damage. It should be noted that in composites, the
epoxy filler may also play a role in reduced properties, owing
to the clamping effect from the epoxy stiffness.23

IV. CONCLUSION

In summary, the dielectric and electromechanical prop-
erties of relaxor-PT crystals and 1–3 composites were inves-
tigated as a function of thickness �500–40 �m� and corre-
sponding ultrasound frequency. The free dielectric
permittivity of PMN-PT monolithic crystals was found to be
only half of the original value when sample thicknesses de-
creased to 40 �m ��50 MHz�, the underlying mechanism
responsible for the degradation is believed to be related to
their relatively large domains, being on the order of
�10 �m, where the domains were clamped and polarization
rotations suppressed, due to the surface boundary effect. As a
consequence, the coupling was found to decrease with de-
creasing sample thickness. Of particular importance is that
PIN-PMN-PT crystals exhibited minimal thickness depen-
dent dielectric and electromechanical properties, benefiting
from their small domain size �1 �m.

PIN-PMN-PT 1–3 composites, however, were found to
possess lower coupling factors when compared to their
monolithic counterparts, being on the order of 84% at 2
MHz, due to the dicing damage and/or low polarizable sur-
faces, as confirmed by XRD. Of great potential is their yet
high couplings, being 80% at 20 MHz, much higher when
compared to PMN-PT 1–3 composites, being only 72% at

the same frequency, make PIN-PMN-PT crystals promising
candidate for high frequency ultrasound. More investigations
are underway, including domain size study, mitigation of
damage from dicing, alternative composite fabrication meth-
ods, such as deep reactive ion etching and porous polymer
resin.
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