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Abstract The performance of transducers operating at high
frequencies is greatly influenced by the properties of the
piezoelectric materials used in their fabrication. Selection of
an appropriate material for a transducer is based upon many
factors, including material properties, transducer area, and
frequency of operation. This review article outlines the major
developments in the field of piezoelectrics with emphasis on
materials suitable for the design of high frequency medical
imaging ultrasonic transducers. Recent developments in the
areas of fine grain and thin film ceramics, piezo-polymers,
single crystal relaxor piezoelectrics, as well as lead-free and
composite materials are discussed.
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1 Introduction

Medical ultrasonic transducers come in a variety of forms
and sizes ranging from single element transducers for
mechanical scanning, linear arrays, to multidimensional
arrays for electronic scanning. Although the performance
of an ultrasonic scanner is critically dependent upon trans-
ducers/arrays, array/transducer performance has been one of
the bottlenecks that prevent current ultrasonic imagers from
reaching their theoretical resolution limit. The primary
reason is that medical ultrasonic array/transducer design

and fabrication are processes of a broad interdisciplinary
nature. They require knowledge from a variety of disciplines
such as acoustics and vibration, electrical engineering,
material sciences and engineering, medical imaging, and
anatomy and physiology. It is of no wonder that even to date
the design of transducers is still mostly empirical, generally
involving a trial and error approach. Many manufacturers
regard their expertise in designing and manufacturing trans-
ducers as a trade secret of the highest order.

The most crucial component of an ultrasonic transducer
is a piezoelectric element. There are quite a number of pie-
zoelectric materials available to choose from when design-
ing a single element or array transducer. A critical look at
the piezoelectric properties of these materials in the
orientation of interest can greatly narrow down the choices.
Materials such as single crystal lithium niobate (LiNbO3),
polycrystalline lead titanate (PbTiO3), and polymer PVDF
are excellent choices for fabricating large aperture single
element transducers due to their exhibited low dielectric
permittivities. In contrast, a material such as Navy Type VI
(PZT-5H) is more ideal for array elements which typically
have much smaller element areas due to it’s large dielectric
permittivity.

High frequency ultrasonic imaging has many clinical
applications because of its improved image resolution. It is
gaining acceptance as a clinical tool for the examination of
the anterior segment of the eye, skin and vascular system
[1, 2]. Its development has pushed the limits of ultrasonic
imaging technology, giving diagnostic quality information
about microscopic structures in living tissue. For high
frequency devices the grain size of the piezoelectric mate-
rial does factor into manufacturability and attainable perfor-
mance. Therefore in recent years quite a bit of research has
been directed to the development of fine grain piezoelectric
ceramics [3, 4], and single crystal piezoelectric materials
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[5–7]. This review article outlines the major developments
in the field of piezoelectrics with emphasis on materials
suitable for the design of high frequency medical imaging
ultrasonic transducers.

2 Basic principles

Naturally occurring piezoelectric crystals are seldom used
today as transducer materials in diagnostic ultrasonic
imaging because of their weak piezoelectric properties.
The most popular material is a polycrystalline ferroelectric
ceramic material, lead zirconate titanate, Pb(Zr, Ti)O3 or
PZT which possesses very strong piezoelectric properties
following polarization. Polarization of a ferroelectric
material is carried out by heating it to a temperature just
above the Curie temperature of the material and then
allowing it to cool slowly in the presence of a strong
electric field, typically in the order of 20 kV/cm, applied in
the direction in which the piezoelectric effect is required.
The electrical field is usually applied to the material by
means of two electrodes. This process aligns the dipoles
along the direction of polarization. There are a great variety
of ferroelectric materials. Barium titanate (BaTiO3) was
among the first that were developed. Certain piezoelectric
properties of PZT can be enhanced by doping. As a result,
many types of PZT are commercially available.

To completely describe the piezoelectric properties of a
material, 18 piezoelectric stress constants and 18 receiving
constants are required. Fortunately, since these materials
usually are symmetric, a smaller number of constants are
actually needed. For instance, in quartz there are only five
constants. Unlike single crystals such as quartz and lithium
niobate which have crystallographic axes, the principal axis
of a ferroelectric ceramic like PZT is defined as the
direction in which the material is polarized. A plate cut
with its surface perpendicular to the x-axis of a crystal is
called x-cut, and so forth. The x, y, z directions are indicated
by numbers 1, 2, 3. For polarized ceramics, the 3 direction
is usually used to denote the polarization direction. A
piezoelectric strain constant, d33, represents the strain
produced in the 3 direction by applying an electric field
in the 3 direction and d13 is the strain in the 1 direction
produced by an electric field in the 3 direction when there is
no external stress. Here it is important to note that the
piezoelectric properties of a material depends upon bound-
ary conditions and therefore upon the shape of the material.
For example, the piezoelectric constant of a material in the
plate form is different from that in a rod form.

The ability of a material to convert one form of energy
into another is measured by its electromechanical coupling
coefficient defined as stored mechanical energy/total stored
energy. The total stored energy includes both mechanical

and electrical energy. It should be noted that this quantity is
not the efficiency of the transducer. If the transducer is loss
less, its efficiency is 100% but the electromechanical
coupling coefficient is not necessarily 100% because some
of the energy is stored as mechanical energy but the rest
may be stored dielectrically in a form of electrical potential
energy. Since only the stored mechanical energy is useful,
the electromechanical coupling coefficient is a measure of
the performance of a material as a transducer. The
piezoelectric constants for a few important piezoelectric
materials are listed in Table 1.

There are a few important material geometries that are
frequently used in ultrasonic imaging. These are shown in
Fig. 1 using the effect of geometry on electromechanical
coupling coefficient as an example. For a disc of PZT-5H
with the diameter much larger than the thickness (c), the
thickness mode electromechanical coupling coefficient kt is
used. For a long tall element with the sides of the square
cross-section much smaller than the thickness (a) and a tall
element with rectangular cross-section (b), the electrome-
chanical coupling coefficients are denoted respectively as
k33 and k33′. The geometry shown in Fig. 1b is the most
important in that it is often used in linear arrays. It is in-
teresting to note that the electromechanical coupling coef-
ficient is highest in the bar mode shown in (a), attributable
to the fact that more energy is irradiated in the long axis
direction because the bar is surrounded by air which has a
much lower acoustic impedance than PZT. The effect of
material shape on other measured piezoelectric properties
can be found in Table 2. If a 75 MHz transducer element,
for example, is designed using PZT-5H it would be
approximately 25–30 μm thick depending on the geometry
used. However for array transducers the width of such an
element, operating in bar or element mode, should be on the

Table 1 Properties of a few important piezoelectric materials used in
high frequency transducer designs.

Property PVDF
[9, 10]

PZT–5H
[8, 11]

PbTiO3

[11, 12]
PMN–PT
Crystal
(33%PT)
[13, 14]

d33 (10
−12 C/N) −33 593 60 5,500–6,500

kt 0.12–0.15 0.51 0.49 0.58
k33 – 0.75 0.51 0.94
"S33

�
"0 5–13 1,470 180 680–800

c (m/s) 2,200 4,580 5,200 4,610
ρ (kg/m3) 1,780 7,500 7,660 8,060
Curie
temp. (°C)

100 200 260 130

"S33
�
"0 is the relative clamped dielectric permittivity and ρ and c

denote density and plate mode sound velocity, respectively.
These values are approximate and will vary with the manufacturing
and/or testing methodology used.
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order of 15 μm or less to avoid an unwanted lateral
resonance. It is therefore easy to imagine how challenging
it would be to fabricate such a device.

3 Fine grain ceramics

Conventional piezoceramics, having grain sizes on the
order of 5 to 10 μm, are not particularly suited for high fre-
quency array applications where the dimensions of the trans-
ducer element can be on the order of tens of micrometers. As
mentioned in the pervious section if a PZT-5H element is
used in a 75MHz array transducer it would be on the order of
25 μm or 2.5–5 grains thick. Finer grain materials also have
proven to be superior in dicing operations [3], and retain
their bulk material properties better at higher frequencies
than their larger grain counterparts [11, 16]. Lastly
materials such as Pb(Mg 1/3Nb 2/3)O3–PbTiO3 (PMN–PT),
which are particularly suited for linear array transducers
due to their high clamped dielectric permittivity, are now
being manufactured in fine grain versions [17]. Alternately,
fine grain PbTiO3 has enabled the development of high
frequency (50 MHz) annular array transducers due to its
moderately low clamped dielectric permittivity [12].

4 Piezoelectric polymers

In addition to PZT, piezoelectric polymers have also been
found to be useful in a number of imaging applications [18].
One of these polymers, polyvinylidine fluoride (PVDF), has
been used for years to produce high frequency transducers
[19, 20]. After processes like polymerization, stretching, and
poling, a thin sheet of PVDF with a thickness on the order of
6 to 25 μm can be used as a transducer material. The
advantages of this material are its low acoustic impedance

(4 Mrayls), flexibility, and cost. Transducers made from this
material are typically very wideband. However this material
is not very efficient due to its low transmitting constant,
large dielectric loss and low electromechanical coupling
coefficient (kt∼0.12–0.15). Also it is not well suited for
linear or phased array designs because of its extremely low
relative clamped dielectric permittivity ("S33

�
"0 � 5� 13).

Although PVDF is not an ideal transmitting material, it does
possess a fairly high receiving constant. Miniature PVDF
hydrophones are commercially available operating at up to
100 MHz. P(VDF-TrFE) co-polymer has been shown to
have a higher electromechanical coupling coefficient (kt∼
0.20–0.30) [10] than PVDF and can be polarized by
applying an electrical field at elevated temperatures. This
material therefore has proven to be useful in the production
of simple, yet very effective, high frequency single element
and annular array transducers [21, 22].

5 Piezoelectric composites

One of the most promising frontiers in transducer technol-
ogy is the development of piezoelectric composite materials
[23]. Innovation in fabrication technology has allowed the
preparation of PZT polymer 1–3 composites for applica-
tions in the 1 to 80 MHz range [24, 25]. These 1–3 compo-
sites consisting of small PZT rods embedded in a low
density polymer, illustrated in Fig. 2a where the dark and
light regions indicate respectively the piezoelectric ceramic
phase and the polymer phase, have been used for low-
frequency underwater applications for many years. The
notation 1–3, 2–2, etc has been coined by [26]. A notation
of 1–3 means that one phase of the piezoelectric is con-
nected only in one direction whereas the second phase in all
three directions. A notation of 2–2 means that both phases
are connected in two directions as illustrated in Fig. 2b.
These composites with piezoelectric volume concentration
of 20 to 70%, have a higher kt, and lower acoustic imped-
ance (4 to 25 MRayls) than conventional PZT (34 MRayls)
which better matches the acoustic impedance of human
tissue. The higher coupling coefficient and better imped-
ance matching can lead to higher transducer sensitivity and
improved image resolution.

Table 2 Approximate material properties for PZT–5H in different
geometries [15].

Property Bar
mode

Element
mode

Plate
mode

Velocity (m/s) 3,850 4,000 4,580
Acoustic impedance (Mrayl) 28.9 30.0 34.4
Electromechanical coupling
coefficient

0.75 0.70 0.51

k 33 = 0.75

k t = 0.51

k 33
’ = 0.70

a b

For PZT-5H
3

1
2

c

Fig. 1 The effect of a piezoelectric material affects its piezoelectric
properties. This is illustrated byway of the electrical mechanical coupling
coefficient a a tall element of square cross-section frequently seen in
composite materials b a tall element frequently seen in linear arrays
c a circular disc frequently seen in single element transducers [8]
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There exist a number of techniques currently available
for fabrication of piezo-polymer composites. The most
common of these is the “dice-and-fill” technique whereby a
mechanical dicing saw is used to cut kerfs into a piece of
bulk piezoceramic, which are subsequently backfilled with
epoxy [27]. Unfortunately this technique can be problem-
atic when considering the small feature sizes required for
very high frequency transducer operation. Interdigital pair
bonding [24] and more recently interdigital phase bonding
[25] have been determined to be effective modified dicing
methods for manufacturing high volume fraction 2–2 or 1–3
composites at frequencies up to 80 MHz. Other composite
machining techniques available include laser ablation, and

chemical etching which are more useful when working with
brittle single crystal materials at high frequencies. The
stacking and bonding of thin piezoceramic plates has also
been an effective method for creating high frequency 2–2
composites [28]. An electron micrograph of a 2–2 com-
posite manufactured by this technique is shown in Fig. 3
with 18 μm wide piezoceramic posts and 5 μm wide
polymer kerfs. Using tape-cast PZT is a viable alternative to
this “stack-and-bond” technique for production of large
quantities of 2–2 composites at low cost [29]. This
technique involves the printing of carbon black ink on thin
sheets of green piezoceramic tape. The tape layers are then
stacked to form the 2–2 structure, and the carbon is
volatilized during heat treatment of the stack. The voids
left by the removed carbon can then be back-filled with
epoxy under vacuum. Another technique that is suitable for
large scale production is termed the “lost-mold” technique
[30]. This technique involves the pressing of a piezoce-
ramic paste is into mold, which is usually silicon and can be
designed for various composite geometries. The mold is
removed by chemical etching. After sintering the remaining
composite posts, the voids left by the mold removal are
backfilled with epoxy. It should be noted however that at
present both the tape-cast and lost-mold techniques exhibit
inferior piezoelectric properties when compared to com-
posites fabricated using bulk piezoceramic or single crystal
materials.

6 Relaxor-based piezoelectric single crystals

For several decades, the material of choice for medical
transducers has been polycrystalline ceramics based on the
solid solution Pb(Zr1−xTix)O3 (PZT), compositionally engi-
neered near the morphotropic phase boundary (MPB). The
search for alternative MPB systems has led researchers to
revisit relaxor-based materials with the general formula, Pb

a  1-3 Composite

b  2-2 Composite

Fig. 2 Two different configurations of piezoceramic composites a 1–3
composites b 2–2 composites [26]

Fig. 3 A scanning electron micrograph of a 2–2 composite consisting
of a piezoceramic separated by polymer [28]
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(B1,B2)O3 (B1:Zn
2+, Mg2+, Sc3+, Ni2+..., B2 :Nb5+ Ta5+...).

In the single crystal form, however, Relaxor-PT materials,
represented by Pb(Zn1/3Nb2/3)O3–PbTiO 3 (PZN–PT), Pb
(Mg1/3Nb2/3)O3–PbTiO3 (PMN–PT) have been found to
exhibit high coupling coefficients (k33>0.9), dielectric
constants ranging from 1,000 to 5,000 with low dielectric
loss <1%, and exceptional piezoelectric coefficients d33>
2,000 pC/N [5]. However, these single crystals have low
Curie temperatures (Tc)<160 °C which may limit their
thermal stability during operation in medical imaging
devices. Thus, there is currently an interest in exploring
materials with similar piezoelectric properties and higher
Curie temperatures (>300 °C). It has been reported that
single crystal Pb(Yb1/2Nb1/2)O3–PbTiO3 (PYbN–PT) can
have a Curie temperature as high as 360 °C and a d33 as high
as 2,500 pC/N [31, 32]. This material therefore may 1 day
replace PMN–PT and PZN–PT as the material of choice for
medical imaging transducers.

Several groups have used relaxor-based piezoelectric
single crystals for medical ultrasonic transducer designs
[33]. Saitoh et al. [34] reported a 3.7 MHz phased array
transducer using PZN-9%PT single crystal. This array
displayed increased sensitivity (5 dB) and bandwidth
(25%) over the equivalent PZT array. Oakley and Zipparo
[7] reported on a 4 MHz 1–3 PZN–PT single crystal com-
posite transducer with 100% −6 dB bandwidth and a 6 MHz
PMN–PT transducer with 114% bandwidth. Ritter et al. [6]
reported −6 dB bandwidths of 75–141% for 3.5–4.5 MHz
single element PZN–PT composite transducers. Subsequent
to these works, single crystal transducers for cardiac
harmonic imaging applications have been commercially re-
alized at approximately 5 MHz by Philips Ultrasound [33].
However, further investigation in crystal growth, micro-
machining techniques and testing are still required if these
materials are to be used effectively in high frequency
applications.

7 Lead free materials

As previously mentioned the most widely used piezoelec-
tric ceramics are lead oxide based ferroelectrics, especially

the Pb(Zr,Ti)O3 (PZT) system. However, the PZT materials
contain up to 50% lead by weight. Due to the high toxicity
of lead, there is significant interest in developing lead-free
piezoelectric ceramics and single crystals for biomedical
transducer applications. Recently, Saito et al. [35] reported
a new combination of a morphotropic phase boundary in an
alkaline niobate-based perovskite solid solution, and the
development of a processing route leading to highly (001)
textured polycrystals in the (K, Na)NbO3–LiTaO3 system
and (K, Na)NbO3–LiTaO3–LiSbO3 system. The ceramic deve-
loped exhibits a d33 of above 300 pC/N, and the texturing ma-
terial leads to a peak d33 of 416 pC/N. Hollenstein et al. [36],
also reported that potassium sodium niobate piezoelectric
ceramics substituted with lithium (K0.5−x/2,Na0.5−x/2,Lix)NbO3

or lithium and tantalum (K0.5−x/2,Na0.5−x/2,Lix)(Nb1−y,Tay)O3

can be synthesized by traditional solid state sintering. The
compositions chosen are among those recently reported to
show improved piezoelectric properties. However these
materials do not currently perform as well as their lead
containing counterparts and have yet to prove their worth in
medical imaging transducer designs.

Single crystal lithium niobate (LiNbO3) and potassium
niobate (KNbO3) are lead free materials that have proven to
possess several material properties ideal for making single
element transducers especially at high frequencies. These
materials display a comparable kt to PZT, a low dielectric
permittivity and high longitudinal sound speed, which are
all ideal for designing sensitive large aperture high
frequency single element transducers (Table 3). Numerous
transducers operating the 10–100 MHz range have been
constructed using both of these materials [37–39]. The
performance of these devices varied due to design differ-
ences with −6 dB bandwidths up to 75% and insertion loss

Table 3 Relevant material properties of 36° Y-cut LiNbO3 and 49.5°
X-cut KNbO3.

Property LiNbO3 [37] KNbO3 [38]

kt 0.49 0.67
"S33

�
"0 39 45

ρ (kg/m3) 4,640 4,570
c (m/s) 7,340 7,600
Acoustic impedance (Mrayl) 34.0 34.7
Curie temp. (°C) 1,150 220

SMA 

Connector

Brass 

Housing

Conductive 

Epoxy Backing

Electroplated

LiNbO3
Silver Epoxy

Matching Layer 
Parylene

Matching Layer 

Insulating 

Epoxy

Fig. 4 Design cross section of a typical high frequency LiNbO3

transducer. This drawing is not to scale
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values as low as 9 dB. Figure 4 shows the design cross-
section and Fig. 5 shows the echo waveform and spectrum
for a representative 75 MHz high frequency LiNbO3

transducer. Results from these studies have shown that
LiNbO3 and KNbO3 are two of the most ideal materials
available for fabricating highly sensitive single element
transducers for high frequency applications. In fact the high
sensitivity of transducers constructed using these materials
has enabled clinical images to be attained at higher
frequencies than what was possible with other materials
used in the past [40, 41].

8 Piezoelectric thin films

One of the technical challenges for very high frequency
(>100 MHz) imaging is the fabrication of transducers with
piezoelectric elements of a thickness on the order of only a
few micrometers. It is very difficult and time consuming to
lap down and mechanically machine very thin piezoelectric

ceramics and crystals. Therefore, piezoelectric thin/thick
film technology may be a good low-cost alternative
solution for high frequency transducer (100–200 MHz)
designs. However, the only drawback to using these
materials is their inferior piezoelectric properties when
compared to bulk produced piezoceramics [42–48].

To date, there are a number of groups that have
successfully fabricated PZT thin/thick films. Sugiyama et
al. [42] prepared PLZT thick films by a multiple electro-
phoretic deposition and sintering processes. Barrow et al.
[43] and Lukacs et al. [44] have reportedly used thick PZT
ceramic coatings using sol–gel derived porous 0–3 compo-
sites to produce high frequency single element transducers.
Chen et al. [45] produced PZT thick films by a modified
sol–gel process involving an acetic acid route. Kurchania
and Milne [46] also fabricated PZT thick films using
titanium di-isopropoxide bi-acetylacetonate as a precursor
material. Finally, Zhou et al. reported the development of
PZT composite films [47], and the fabrication of micro-
electromechanical (MEMS) tonpilz transducers using mod-
ified sol–gel PZT films [48]. The scanning electron
microscope (SEM) cross-section of a 6 μm and 20 μm
thick sol–gel film are shown in Fig. 6a and b, respectively.
It is anticipated that films such as these will be used to
fabricate >100 MHz array transducers in the near future.

9 Summary and conclusions

In this article we reviewed the current state of art in piezo-
electric materials for high frequency applications. Fine-
grain ceramics are easier to machine and have proven to
retain their bulk material properties better at higher
frequencies than their larger grain counterparts. These
materials are currently the ideal choice for high frequency
linear and phased array designs. Piezoelectric polymers are
widely used in high frequency single element transducer
designs because of their low acoustic impedance, inherently
wideband nature, flexibility, and low cost. Piezoelectric
composites have proven to be superior in performance
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Fig. 5 Measured pulse–echo response for a 75 MHz LiNbO3

transducer. The axes on the top and right refer to the pulse frequency
spectrum (dashed line)

Fig. 6 A scanning electron mi-
crograph of PZT films deposited
on silicon substrate derived by
the a pure sol–gel process and b
modified process
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when compared to traditional bulk piezoelectrics and
piezoelectric polymers. However these materials are diffi-
cult to fabricate at high frequencies due to dimensional
requirements. Nevertheless there exist several novel com-
posite manufacturing techniques available for transducers
designed to operate at up to 80 MHz. Relaxor-based single
crystal materials have superior electromechanical coupling
over traditional piezoelectric ceramics but have yet to be
proven effective in high frequency transducer designs. Lead
free materials provide an alternative to traditional lead
based piezoelectric materials in designs where biological
safety is an issue. Some common lead free materials such
single crystal lithium niobate (LiNbO3) and potassium
niobate (KNbO3) have proven to be ideal for fabricating
highly sensitive, large aperture, high frequency single
element transducers. Finally, thin-film deposition and
micromachining techniques are an exciting new area of
study for the development of very high frequency
(>100 MHz) single element transducers and arrays.

Acknowledgment Financial support was provided through by NIH
grant # P41-EB2182.

References

1. K.K. Shung, M.J. Zipparo, IEEE Eng. Med. Biol. Mag. 15, 20
(1996)

2. G.R. Lockwood, D.H. Turnbull, D.A. Christopher, F.S. Foster,
IEEE Eng. Med. Biol. Mag. 15, 60 (1996)

3. W.S. Hackenberger, N. Kim, C.A. Randall, W. Cao, T.R. Shrout,
in Proc. 1996 IEEE App. of Ferroelect., vol. 2, (1996) p. 903

4. D.S. Yu, J.C. Han, L. Ba, Am. Ceram. Soc. Bull. 81, 38 (2002)
5. S.E. Park, T.R. Shrout, IEEE Trans. Ultrason. Ferroelectr. Freq.

Control 44, 1140 (1997)
6. T.A. Ritter, X. Geng, K.K. Shung, P.D. Lopath, S.-E. Park, T.R.

Shrout, IEEE Trans. Ultrason. Ferroelectr. Freq. Control 47, 792
(2000)

7. C.G. Oakley, M.J. Zipparo, in Proc. 2000 IEEE Ultrason. Symp.,
vol. 2, (2000), p. 1157

8. G.S. Kino, Acoustic Waves: Devices, Imaging, and Analog Signal
Processing (Prentice-Hall, New Jersey, 1987)

9. L.F. Brown, IEEE Trans. Ultrason. Ferroelectr. Freq. Control 47,
1377 (2000)

10. Measurement Specialties Inc. http://www.meas-spec.com
11. M.J. Zipparo, K.K. Shung, T.R. Shrout, IEEE Trans. Ultrason.

Ferroelectr. Freq. Control 44, 1038 (1997)
12. K.A. Snook, C.-H. Hu, T.R. Shrout, K.K. Shung, IEEE Trans.

Ultrason. Ferroelectr. Freq. Control 53, 300 (2006)
13. R. Zhang, B. Jiang, W. Cao, J. Appl. Phys. 90, 3471 (2001)
14. H. C. Materials Corporation http://www.hcmat.com
15. K.K. Shung, Diagnostic Ultrasound: Imaging and Blood Flow

Measurements (Taylor & Francis, Florida, 2006), p. 44
16. T.A. Ritter, K.K. Shung, W. Cao, T.R. Shrout, J. Appl. Phys. 88,

394 (2000)
17. H. Wang, B. Jiang, T.R. Shrout, W. Cao, IEEE Trans. Ultrason.

Ferroelectr. Freq. Control 51, 908 (2004)

18. L.F. Brown, inProc. 1992 IEEE Ultrason. Symp., vol. 1, (1992), p. 539
19. M.D. Sherar, F.S. Foster, Ultrason. Imag. 11, 75 (1989)
20. J.A. Ketterling, O. Aristizábal, D.H. Turnbull, F.L. Lizzi, IEEE

Trans. Ultrason. Ferroelectr. Freq. Control 52, 672 (2005)
21. M. Robert, G. Molingou, K. Snook, J. Cannata, K.K. Shung, J.

Appl. Phys. 96(1), 252 (2004)
22. E.J. Gottlieb, J.M. Cannata, C.-H. Hu, K.K. Shung, IEEE Trans.

Ultrason. Ferroelectr. Freq. Control 53, 1037 (2006)
23. W.A. Smith, in Proc. 1989 IEEE Ultrason. Symp., vol. 1, (1989),

p. 755
24. R. Liu, K.A. Harasiewicz, F.S. Foster, IEEE Trans. Ultrason.

Ferroelectr. Freq. Control 48, 299 (2001)
25. J. Yin, M. Lukacs, K. Harasiewicz, F.S. Foster, in Proc. 2004

IEEE Ultrason Symp., vol. 3, (2004), p. 1962
26. R.E. Newnham, D.P. Skinner, L.E. Cross, Mater. Res. Bull. 13,

525 (1978)
27. H.P. Savakas, K.A. Klicker, R.E. Newnham, Mater. Res. Bull. 16,

677 (1981)
28. T.A. Ritter, T.R. Shrout, R. Tutwiler, K.K. Shung, IEEE Trans.

Ultrason. Ferroelectr. Freq. Control 49, 217 (2002)
29. W. Hackenberger, S. Kwon, P. Rehrig, K. Snook, S. Rhee, X.

Geng, in Proc 2002 IEEE Ultrason. Symp., vol. 2, (2002), p. 1253
30. S. Cochran, A. Abrar, K.J. Fox, D. Zhang, T.W. Button, B. Su, C.

Meggs, N. Porch, in Proc. 2004 IEEE Ultrason. Symp., vol. 3,
(2004), p. 1682

31. S. Zhang, S. Priya, E. Furman, T. Shrout, C. Randall, J. Appl.
Phys. 91, 6002 (2002)

32. Q.F. Zhou, Q. Zhang, T. Yoshimura, S. Trolier-McKinstry, Appl.
Phys. Lett. 82, 4767 (2003)

33. J. Chen, R. Panda, in Proc. 2005 IEEE Ultrason. Symp., 235
(2005)

34. S. Saitoh, T. Takeuchi, T. Kobayashi, K. Harada, S. Shimanuki, Y.
Yamashita, IEEE Trans. Ultrason. Ferroelectr. Freq. Control 6, 1109
(1999)

35. Y. Saito, H. Takao, T. Tani, T. Nonoyama, K. Takatori, T. Homma,
T. Nagaya, M. Nakamura, Nature (London) 42, 84 (2004)

36. E. Hollenstein, M. Davis, D. Damjanovic, N. Setter, Appl. Phys.
Lett. 87, 182905 (2005)

37. J.M. Cannata, T.A. Ritter, W.H. Chen, R.H. Silverman, K.K. Shung,
IEEE Trans. Ultrason. Ferroelectr. Freq. Control 50, 1548 (2003)

38. N.M. Kari, T.A. Ritter, S.E. Park, T.R. Shrout, K.K. Shung, in
Proc. 2000 IEEE Ultrason. Symp., vol. 2, (2000), p. 1065

39. Q.F. Zhou, J.M. Cannata, H.K. Guo, K.K. Shung, C.Z. Huang, V.
Z. Marmarelis, IEEE Trans. Ultrason. Ferroelectr. Freq. Control
52, 127 (2005)

40. D.J. Coleman, R.H. Silverman, A. Chabi, M.J. Rondeau, K.K.
Shung, J.M. Cannata, H. Lincoff, Ophthalmology 111, 1344
(2004)

41. R.H. Silverman, J.M. Cannata, K.K. Shung, O. Gal, M. Patel, H.
O. Lloyd, E.J. Feleppa, D.J. Coleman, Ultrason. Imag. 28, 1
(2006)

42. S. Sugiyama, A. Takagi, K. Tsuzuki, Jpn. J. Appl. Phys. 30, 2170
(1991)

43. D.A. Barrow, T.E. Petroff, M. Sayer, Surf. Coat. Technol. 76, 113
(1995)

44. M. Lukacs, M. Sayer, S. Foster, IEEE Trans. Ultrason. Ferroelectr.
Freq. Control 47, 148 (2000)

45. H.D. Chen, K.R. Udayakumar, C.J. Gaskey, L.E. Cross, J. Am.
Ceram. Soc. 79, 2189 (1996)

46. R. Kurchania, S.J. Milne, J. Mat. Res. 14, 1852 (1999)
47. Q.F. Zhou, H.L.W. Chan, C.L. Choy, Thin Solid Films 375, 95 (2000)
48. Q.F. Zhou, J.M. Cannata, R.J. Meyer, J.D. Van Tol, W.J. Hughes,

K.K. Shung, S. Trolier-McKinstry, IEEE Trans. Ultrason. Ferroe-
lectr. Freq. Control 52, 350 (2005)

J Electroceram (2007) 19:139–145 145

http://www.meas-spec.com
http://www.hcmat.com

	Piezoelectric materials for high frequency medical imaging applications: A review
	Abstract
	Introduction
	Basic principles
	Fine grain ceramics
	Piezoelectric polymers
	Piezoelectric composites
	Relaxor-based piezoelectric single crystals
	Lead free materials
	Piezoelectric thin films
	Summary and conclusions
	References




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for journal articles and eBooks for online presentation. Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


