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LAMINATED PIEZOELECTRIC BODY,
LAMINATED PIEZOELECTRIC BODY
MANUFACTURING METHOD, AND
ULTRASOUND TRANSDUCER AND
ULTRASOUND DIAGNOSTIC DEVICE USING
LAMINATED PIEZOELECTRIC BODY

CROSS REFERENCE TO RELATED
APPLICATION

This Application is a 371 of PCT/JP2011/001033 filed on
Feb. 23,2011 which, in turn, claimed the priority of Japanese
Patent Application No. 2010-084018 filed on Mar. 31, 2010
and 2010-084533, filed Mar. 31, 2010, all applications are
incorporated by reference herein.

TECHNICAL FIELD

The present invention is related to a laminated piezoelec-
tric body formed by laminating piezoelectric bodies in a
plurality of layers and a method of manufacturing the lami-
nated piezoelectric body. In addition, the present invention
relates to an ultrasound transducer using the laminated piezo-
electric body which is suitably used as an Ultrasound probe of
an ultrasound diagnostic device and the like, and an ultra-
sound diagnostic device using the laminated piezoelectric
body.

BACKGROUND ART

Generally, a piezoelectric body is used in an ultrasound
transducer. This is because a piezoelectric body has a so-
called coupling effect between an electric system and a
mechanical system for converting mechanical energy into
electrical energy and, conversely, electrical energy into
mechanical energy. The piezoelectric body has a sheet shape,
a plate shape, or a rod shape and is provided with a pair of
electrodes, one electrode being fixed to a rear layer and the
other electrode being in contact with a medium via an acous-
tic lens or a matching layer.

Many piezoelectric ultrasound transducers emit sound
waves toward a medium or detect sound waves propagating
through the medium in a d;; mode or an e;; mode. It is
generally considered that the d;; mode is a longitudinal vibra-
tion of a column vibrator and that the e,; mode is a thickness
vibration of a plate vibrator. Ferroelectrics such as PZT
ceramics and PVDF, high dielectrics such as P(VDCN/VAc),
and porous polymer electret piezoelectric bodies exhibit the
d,; mode or the e,; mode by retaining residual polarization
due to an orientation of an electric dipole by polling process-
ing. On the other hand, with piezoelectric crystals without
residual polarization, a C axis in the case of piezoelectric
crystals such as ZnO, LiNbO;, and KNbO; and the A axis in
the case of quartz are respectively oriented perpendicular to
an electrode surface to exhibit the d,; mode or the e;; mode in
the case of quartz, a d,; mode or an e, ; mode). Piezocompos-
ite materials are dependent on what materials are used.

With a piezoelectric body constituting an ultrasound trans-
ducer, a simplest mechanical boundary condition is a case
where one end is a fixed end and the other end is a free end. In
theory, an acoustic impedance Z (unit: MRayl.) and a bound-
ary condition of an object in contact have a relationship in
which Z=0 represents the free end and Z=oo represents the
fixed end. However, the present specification is not as strict,
and with the exception of an adhesion layer and an electrode
layer, a fixed end is assumed when an impedance Z of a
piezoelectric material is smaller or equal to an impedance Z of
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2

an object in contact and a free end is assumed when the
impedance Z of the piezoelectric material is greater. In addi-
tion, a resonance of a longitudinal vibration or a thickness
vibration of a piezoelectric body is used by an ultrasound
transducer to transmit and receive waves, and a resonance
frequency fr thereof is determined primarily by physical
properties and dimensions of the piezoelectric body and, to a
lesser degree, by a structure of the transducer and how the
transducer is pressed against a medium. Therefore, in the
present specification, factors which alter the resonance fre-
quency besides than dimensions and properties of a piezo-
electric body are eliminated.

First, the resonance frequency fr in the d,; mode or the e, 5
mode of a piezoelectric body is given using a sound velocity
v and a height (thickness) h of the piezoelectric body by
Expression (1) below.

fr=viAh (1)

This is generally referred to as a resonance in a A/4 reso-
nance mode, A denotes a wavelength inside the piezoelectric
body. There is also a A/2 resonance mode with both ends free.
A resonance frequency thereof is double the resonance fre-
quency of the A/4 resonance mode.

Meanwhile, the sound velocity v of the piezoelectric body
is given by Expression (2) below in the case of a longitudinal
vibration of a column vibrator and by Expression (3) below in
the case of a thickness vibration of a plate-like thickness
vibrator.

v=(1/sp)1/2 @)

v=(c/p)1/2 ©)

where s denotes elastic compliance, ¢ denotes elastic stiff-
ness, and p denotes density.

From Expressions (1) to (3) above, it is understood that
respective frequencies of wave transmission and wave recep-
tion by a transducer are primarily determined by a height
(thickness) h, an elastic modulus s, and a density p of a
piezoelectric body.

Furthermore, for ultrasound diagnostic devices used in the
fields of medicine, architecture, and the like, there are
demands for higher frequencies and improved wave transmit-
ting/receiving performances in transducers for the purpose of
obtaining images with higher resolutions. In regards to
improving a wave transmitting/receiving performance of an
ultrasound transducer using a piezoelectric body, electrical
impedance matching between the transducer and an electric
processing circuit is an important factor in transmitting elec-
trical signals at a high S/N ratio. In addition, in regards to
achieving a higher frequency, since wave transmitting/receiv-
ing frequencies are determined by the thickness of a piezo-
electric body, the piezoelectric body must be thinned.
Although thinning of a piezoelectric body causes a decline in
electrical impedance and is therefore beneficial in terms of
impedance matching with an electrical circuit, a magnitude of
decline is, at best, no more than an inverse of a thickness ratio.
Furthermore, thinning of a piezoelectric body increases the
difficulty of a production process in terms of film thickness
control, handling, and the like.

Therefore, in conventional art, a harmonic component of a
wave transmission/reception signal of a conventional A/4
resonant transducer is used in order to obtain a high-fre-
quency signal. However, since a harmonic component has a
lower sensitivity than a fundamental wave component and is
susceptible to attenuation due to damping by the piezoelectric
body or surrounding materials, it is difficult to obtain a signal
with a high S/N ratio. In consideration thereof, an e, thick-
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ness-stretch mode will be described with reference to FIG. 1
as an example of ultrasound wave transmission/reception
using harmonics. FIG. 1 and the following description are
presented in Non-Patent Document 1. Constants of the ele-
ments constituting an equivalent circuit shown in FIG. 1 are
given in Expressions (4) to (6) below.

Cu=puk? Co Q)

L=1/w,°C, (3)

and
P =(1/m>)(8/n2),n=2m-1 (6)
where C,, denotes a capacitance of each element, [. denotes
inductance, kt denotes an electromechanical coupling coeffi-
cient in the thickness-stretch mode, and w,, denotes reso-
nance frequency.

By incorporating an approximation of p, =1/n* into Expres-
sion (6) above, Expression (4) becomes Expression (7) below.

M

Expression (7) indicates that an effective value of the elec-
tromechanical coupling coefficient in an n-th order harmonic
decreases to 1/n, in the case of a first order mode, since n=1,
Expression (7) becomes Expression (8) below.

C/Co=k 21

C=1Cy=k? (8)

Expression (8) is consistent with an expression when incor-
porating substitutions of €7=C +C, and €°=C° in arelational
expression (9) between k, and permittivity in the first order
mode.

eles=1+k? ©)

where €° denotes permittivity under a clamped condition, €7
denotes permittivity under a free condition, and C, and C,,
denote capacitance. For the d;; mode, a similar result is
obtained by replacing Expression (4) with Expression (10)
below.

Co=pn (k332/1—k332)C0 (10)

In addition, an effective value of an electromechanical
coupling coefficient when transmitting and receiving third
order harmonics is given by Expression (7) in the case of n=3,
and by letting an apparent coupling coefficient be k', k,=k,/
n=k,/3 is obtained. This result signifies that the apparent cou-
pling coefficient attenuates to 4 when transmitting and
receiving third order harmonics.

FIG. 2 is a graph showing frequency characteristics (cal-
culated vales) of a complex permittivity of a piezoelectric
body in which a first order mode of resonance in a thickness
direction is represented by a frequency of 1 MHz. In FIG. 2,
an abscissa represents frequency in units of MHz and an
ordinate represents complex permittivity. However, k,=0.3,
h/2v=2.485x107"(s), and tan 8, =0.04.

A local maximum and a local minimum of a real part
(denoted by reference character al) and a local maximum of
an imaginary part (denoted by reference character c2) at 1
MHz are of the first order mode of resonance in the thickness
direction. Subsequently, a third order harmonic component is
observed at 3 MHz and a fifth order harmonic component is
observed at 5 MHz. Meanwhile, as shown in FIG. 3, applying
the third order harmonic component (dashed line) shown in
FIG. 2 to a piezoelectric body model (solid line) with 3 MHz
as a first order mode revealed that, by reducing a coupling
coefficient and a piezoelectric body thickness of the piezo-
electric body model to 4, a waveform of the piezoelectric
body model becomes consistent with that of a piezoelectric
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body with 3 MHz as a third order mode. This result is con-
sistent with the interpretation presented above. FIG. 3 is a
graph showing frequency characteristics (calculated values)
of'a complex permittivity of a piezoelectric body exhibiting
thickness vibration. In FIG. 3, an abscissa represents fre-
quency in units of MHz and an ordinate represents complex
permittivity. However, as described earlier, the dashed line
represents k,=0.3, h/2v=2.485x107"(s), and tan §,,=0.04. On
the other hand, the solid line represents k,=0.1, h/2v=3.300x
1077(s), and tan d,,=0.04.

As described above, with conventional art, an apparent
electromechanical coupling coefficient decreases to 1/n while
a harmonic is being detected and electrical impedance is
primarily determined by dimensions of a piezoelectric body.

Meanwhile, with medical ultrasound diagnostic devices,
harmonic imaging (THI) diagnostics of body tissue using a
harmonic signal is becoming a standard diagnostic modality
due to its ability to produce diagnostic images with clarity not
possible with conventional B-mode diagnostics. Harmonic
imaging technology has many advantages due to the use of
higher frequencies including a reduced sidelobe level,
increased SiN, enhanced contrast resolution, a thinner beam
width, improved lateral resolution, lower sound pressure at
short distances, and a lower likelihood of an occurrence of
multiple reflections due to less fluctuation in sound pressure.

In consideration thereof, in Patent Document 1, signals
received by respective piezoelectric elements of an ultra-
sound transducer are added in a phasing adder circuit and then
commonly inputted to a fundamental wave band filter and a
harmonic band filter. In addition, outputs thereof are
weighted by gains respectively corresponding to a depth of'a
diagnosis domain of a subject and then combined. Patent
Document 1 proposes an ultrasound diagnostic device which
accordingly interpolates an attenuation of a harmonic com-
ponent in a deep diagnosis domain with a fundamental wave.
In other words, when receiving harmonics, the ultrasound
diagnostic device disclosed in Patent Document 1 compen-
sates for a reduction in the electromechanical coupling coef-
ficient using a filter and an amplifier.

Similarly, in Patent Document 2, a harmonic piezoelectric
element is laminated on a fundamental wave piezoelectric
element, and a transmission ultrasound wave is emitted from
the fundamental wave piezoelectric element. In addition, a
fundamental wave signal component received by the funda-
mental wave piezoelectric element and a plurality of har-
monic components received by the harmonic piezoelectric
element are respectively passed through band separation fil-
ters to extract desired components, separately subjected to
gain adjustment, and finally added together, Patent Document
2 proposes an ultrasound diagnostic device that accordingly
obtains a signal in accordance with a depth of a diagnosis
domain.

However, with the conventional art described above, filters
and amplifiers must be inserted to signal paths from a large
number of piezoelectric elements.

Furthermore, an organic material such as PVDF is more
favorably used than an inorganic material such as PZT for
receiving signals with a high frequency. However, while an
inorganic material has high permittivity and therefore high
capacitance and low electrical impedance and, as a result,
matching with a subsequent stage circuit is relatively easy, an
organic material has low permittivity and therefore low
capacitance and high electrical impedance and, as a result,
matching with a subsequent stage circuit is difficult.
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Patent Document 1: Japanese Patent Application Publication
No. 2002-11004
Patent Document 2: Japanese Patent Publication No.
4192598

Non-Patent Document 1: ‘“Fundamentals of Piezoelectric
Materials Science”, Takuro Ishida, Ohmsha, Ltd.

SUMMARY OF THE INVENTION

The present invention has been made in consideration of
the circumstances described above, and an object thereof'is to
provide a laminated piezoelectric body which is capable of
increasing an output sound pressure during transmission or an
output voltage during reception of a desired high-frequency
component by an ultrasound transducer compared to those in
a first order mode and which is capable of reducing electrical
impedance, a laminated piezoelectric body manufacturing
method, and an ultrasound transducer and an ultrasound diag-
nostic device that use the laminated piezoelectric body.

In a laminated piezoelectric body, a laminated piezoelec-
tric body manufacturing method, an ultrasound transducer,
and an ultrasound diagnostic device according to the present
invention, a plurality of mutually laminated piezoelectric
bodies are electrically connected in parallel to each other, and
each of the plurality of piezoelectric bodies arranges an ori-
entation of residual polarization or a crystal axis that is related
to an electrical displacement or a sign of an electric field due
to a direct piezoelectric effect in a direction which reduces
sensitivity in a first resonance mode and increases sensitivity
in a second resonance mode of a higher order than the first
resonance mode with respect to an axis of a first-level piezo-
electric body on a fixed end-side. As a result, the laminated
piezoelectric body, the laminated piezoelectric body manu-
facturing method, the ultrasound transducer, and the ultra-
sound diagnostic device configured in this manner are
capable of increasing an output sound pressure during trans-
mission or an output voltage during reception of a desired
high-frequency component compared to those in a first order
mode and are capable of reducing electrical impedance.

These and other objects, features, and advantages of the
present invention will become apparent from the following
detailed description when considered in connection with the
accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is an equivalent circuit diagram in a thickness-
stretch mode of a piezoelectric body.

FIG. 2 is a graph showing frequency characteristics of
complex permittivity of a piezoelectric body in which a first
order mode of resonance in a thickness direction is repre-
sented by a frequency of 1 MHz.

FIG. 3 is a graph showing frequency characteristics of
complex permittivity of a third order mode of the piezoelec-
tric body shown in FIG. 2 and a first order mode of a piezo-
electric body in which a first order mode of resonance in a
thickness direction is represented by a frequency of 3 MHz.

FIG. 4 is a schematic sectional view of a A/4 resonance
state in a three-layer piezoelectric transducer.

FIG. 5 is a schematic sectional view of a 3A/4 resonance
state in the three-layer piezoelectric transducer shown in FIG.
4.

FIG. 6 is a schematic sectional view of an n-layer piezo-
electric transducer.

FIG. 7 is a diagram schematically showing displacement
and distortion when n-th order harmonics are excited or
detected by the n-layer piezoelectric transducer shown in
FIG. 6.
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FIG. 8 is a diagram showing a relationship between an
orientation of residual polarization of each piezoelectric body
or a C axis or an A axis of crystals when detecting n-th order
harmonics and electrical displacement due to a direct piezo-
electric effect in the laminated piezoelectric body shown in
FIG. 7.

FIG. 9 is a diagram schematically showing a structure of a
2n-layer piezoelectric transducer for detecting an n-th order
harmonic.

FIG. 10 is a sectional view schematically showing a struc-
ture of a two-layer piezoelectric transducer that is a detailed
example of an embodiment conforming to the concept illus-
trated in FIG. 8.

FIG. 11 is a diagram for explaining displacement and dis-
tortion during harmonic transmission/reception by the two-
layer piezoelectric transducer shown in FIG. 10.

FIG. 12 is a diagram showing a relationship between an
orientation of residual polarization of each piezoelectric body
when detecting a third-order harmonic and electrical dis-
placement due to a direct piezoelectric effect in the laminated
piezoelectric bodies shown in FIGS. 10 and 11.

FIG. 13 is a graph showing experimental data and simula-
tion results of ultrasound wave transmitting/receiving perfor-
mance of the two-layer piezoelectric body shown in FIG. 10
and a comparative example thereof.

FIG. 14 is a sectional view schematically showing a struc-
ture of a three-layer piezoelectric transducer that is another
detailed example of an embodiment conforming to the con-
cepts illustrated in FIGS. 8 and 5.

FIG. 15 is a diagram for explaining displacement and dis-
tortion during harmonic transmission/reception by the three-
layer piezoelectric transducer shown in FIG. 14.

FIG. 16 is a diagram showing a relationship between an
orientation of residual polarization of each piezoelectric body
when detecting a third-order harmonic and electrical dis-
placement due to a direct piezoelectric effect in the laminated
piezoelectric bodies shown in FIGS. 14 and 15.

FIG. 17 is a graph showing experimental data and a simu-
lation result of ultrasound wave transmitting/receiving per-
formance of the three-layer piezoelectric body shown in FIG.
16.

FIG. 18 is a graph showing experimental data and a simu-
lation result of ultrasound wave transmitting/receiving per-
formance of a comparative example of the three-layer piezo-
electric body shown in FIG. 16.

FIG. 19 is a sectional view schematically showing a struc-
ture of a six-layer piezoelectric transducer that is yet another
detailed example of an embodiment conforming to the con-
cept illustrated in FIG. 8.

FIG. 20 is a diagram showing a relationship between an
orientation of residual polarization of each piezoelectric body
when detecting a third-order harmonic and electrical dis-
placement due to a direct piezoelectric effect in the laminated
piezoelectric body shown in FIG. 19.

FIG. 21 is a graph showing a simulation result regarding
ultrasound wave transmitting/receiving performance of the
six-layer piezoelectric body shown in FIG. 20.

FIG. 22 is a perspective view showing an exterior structure
of an ultrasound diagnostic device according to an embodi-
ment.

FIG. 23 is a block diagram slowing an electrical configu-
ration of a diagnostic device main body of the Ultrasound
diagnostic device shown in FIG. 22.

FIG. 24 is a sectional view schematically showing an
example of a structure of an ultrasound transducer of an
ultrasound probe in the Ultrasound diagnostic device shown
in FIG. 22.
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FIG. 25 is a sectional view schematically showing another
example of a structure of an ultrasound transducer of an
ultrasound probe in the ultrasound diagnostic device shown in
FIG. 22.

FIG. 26 is a graph showing an analysis result of organic
piezoelectric, materials created to be used in the ultrasound
transducer.

FIG. 27 is a graph showing a transmission waveform in a
case of single pulse drive without coding.

FIG. 28 is a graph showing a transmission signal waveform
in a case of multiple pulse drive with coding.

DESCRIPTION OF EMBODIMENTS

Hereinafter, an embodiment of the present invention will
be described with reference to the drawings. In the respective
drawings, like components are denoted by like reference
characters and a description thereof will be omitted when
appropriate.

(Fundamental Principle)

First, a fundamental principle of a laminated piezoelectric
body, and an ultrasound transducer and an ultrasound diag-
nostic device (for example, a medical ultrasound diagnostic
device) that use the laminated piezoelectric body will be
described. The laminated piezoelectric body is constructed
based on findings by the inventors of the present application
that, by laminating piezoelectric bodies with equal thickness
according to a predetermined rule, a component of a reso-
nance mode of a high order and, in particular, a resonance
mode of a third or higher order can be efficiently transmitted
and received. Although many methods of laminating a plu-
rality of piezoelectric bodies have already been reported, the
present application focuses on a presence of a distortion dis-
tribution in a piezoelectric body when transmitting and
receiving a component of'a high order resonance mode and, in
particular, a resonance mode of a third or higher order.

As an example, for the sake of convenience, a A/4 vibrator
shown in FIG. 4 in which three piezoelectric bodies A1, A2,
and A3 are laminated will be described, where A\ denotes
wavelength. With the A/4 vibrator, in an excited state in a A/4
resonance mode, it is assumed that the three piezoelectric
bodies A1, A2, and A3 expand and contract in synchroniza-
tion and perform an overall maximum expansion/contraction
of AZ. In addition, if 7, denotes a coordinate of a back surface
position on a first layer (first level) piezoelectric body A1 that
is in contact with a fixed end or, in other words, a rear layer
having an acoustic impedance that is smaller than 40 MRayl,
but still sufficiently large, then a displacement of the position
due to expansion/contraction is given as zZ,=AZ sin 0°=0. In
contrast, a displacement of a coordinate z, of a front surface
position on the first layer piezoelectric body Al is given as
7,=AZ sin 30°=0.5AZ. A displacement of a coordinate z, of a
front surface position on a second layer (second level) piezo-
electric body A2 is given as z,=AZ sin 60°=0.87AZ. In addi-
tion, a front surface of a third layer (third level) piezoelectric
body A3 is in contact with a free end or, in other words, a
space having an acoustic impedance that is greater than 0
described above but still sufficiently small, and a displace-
ment of a coordinate z; of a front surface position of the third
layer piezoelectric body A3 is given as z,=AZ sin 90°=1.0AZ.
Now, as far as the front and back sides of the piezoelectric
bodies A1, A2, and A3 are concerned, upon pressurization of
the piezoelectric bodies in a thickness direction (a lamination
direction), a side on which a positive voltage is generated will
be defined as front and a side on. Which a negative voltage is
generated will be defined as back.
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In other words, in the case of the three-layer piezoelectric
bodies Al, A2, and A3 shown in FIG. 4, among the overall
expansion/contraction AZ, the fixed end-side piezoelectric
body Al is responsible for an expansion/contraction of
0.5AZ, the second layer piezoelectric body A2 is responsible
for an expansion/contraction of 0.37AZ, and the third layer
piezoelectric body A3 only expands/contracts by 0.13AZ. In
this manner, with the laminated piezoelectric body, while the
respective piezoelectric bodies A1, A2, and A3 expand/con-
tract in synchronization (in a same direction) during a reso-
nance of a fundamental wave in the A/4 resonance mode, the
respective piezoelectric bodies Al, A2, and A3 do not uni-
formly expand/contract by a same amount and have an inho-
mogeneous distortion distribution in which amounts of
expansion/contraction differ from each other.

On the other hand, a result of resonating a similar lami-
nated piezoelectric body in a 3A\/4 resonance mode is as
shown in FIG. 5. Specifically, a coordinate z, of a back sur-
face position on a first layer piezoelectric body Al is given as
7,=AZ sin 0°=0, a coordinate z, of a front surface position on
the first layer piezoelectric body Al is given as z,=AZ sin
90°=AZ, a coordinate z, of a front surface position on a
second layer piezoelectric body A2 is given as z,=AZ sin
180°=0, and a coordinate z, of a front surface position on a
third layer piezoelectric body A3 is given as z;=AZ sin
270°=-AZ. Therefore, in contrast to the first layer piezoelec-
tric body A1 which expands by AZ, the second layer and third
layer piezoelectric bodies A2 and A3 respectively contract by
AZ.

In consideration thereof, the present inventors have
focused on such an inhomogeneous distortion distribution
and have laminated piezoelectric bodies at inconsistent loca-
tions (which correspond to a “~” sign) by reversing front and
back sides of the piezoelectric bodies so that residual polar-
ization ferroelectric such as PZT and PVD) of each piezo-
electric body or an orientation of a C axis or an A axis (an axis
that determines a sign of d;;, €53, dy;, and e, ;) of crystals
(such as quartz) becomes consistent with an electrical dis-
placement or a sign of an electric field in a distortion distri-
bution during harmonic transmission/reception. In the case of
FIGS. 4 and 5, as indicated by arrows on a left hand-side,
second layer and third layer piezoelectric bodies A2 and A3
are laminated such that an orientation of the residual polar-
ization or a crystal axis is opposite to that of the first layer
piezoelectric body A1 Accordingly, with a laminated piezo-
electric body configured as described above, a component of
a fundamental wave A becomes 0.5-AZ+0.37-(-AZ)+0.13-(-
AZ)=0 and is eliminated, while a component of a third order
harmonic 3A becomes 1-AZ+(~1) (~AZ)+(~1))(~AZ)=3AZ
and can be extracted.

Next, with reference to FIG. 6, a case will be described in
which an n-th order harmonic is transmitted and received by
a \/4 vibrator in which n-number (where n is an integer equal
to or greater than 4) of piezoelectric bodies are laminated. In
order to simplify the model, one end of a laminated film is
fixed to a base (rear layer) and another end is set as a free end.
Effects of an impedance matching layer and a rear layer
(backing layer), a thickness of an adhesion layer, and the like
are to be eliminated.

FIG. 7 is a diagram schematically showing displacement
and distortion when an n-th order harmonic is excited or
detected by the n-layer piezoelectric transducer shown in
FIG. 6. FIG. 7A represents a lamination condition, FIG. 7B
shows displacements of the respective layers at a given
moment, and FIG. 7C shows a polarity of distortions. In a
similar manner to FIGS. 4 and 5 described earlier, an interfa-
cial boundary between the base and a piezoelectric body in
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contact with the base is assumed to be an origin 7, and coor-
dinates in a height direction (a thickness direction, a lamina-
tion direction) of the elements are denoted by z,, 7,, 75, . . . ,
7,,. Inside the laminated piezoelectric body, displacements of
the respective piezoelectric body layers form a sine wave
having an origin z, on a boundary between the rear layer and
the first-level piezoelectric body 1.

Generally, it is known that when n-th harmonics (nz1) are
excited in a thickness direction, a displacement £(z) at a
height z is given by Expression (11) below (for example,
reference: “Fundamental Physics Library Volume 8: Vibra-
tion and Undulation”, Masataka Ariyarna, Shokabo Publish-
ing Co., Ltd.).

E(z,0)=E sin (mn/2z/h)(cos no,; +6) 1)

where m, denotes a resonance frequency 2xtf, of the laminated
piezoelectric body, and 6 denotes a phase difference between
stress and displacement when receiving voltage or a sound
wave. A coefficient &, sin(nrn/2-z/h) signifies an amplitude of
adisplacement at a height z. In the following description, time
terms will be omitted.

In this case, a displacement £(z,) at a coordinate z, is given
by Expression (12) below.

E(z))=Ey sin (mn2-2/h) 12)

Since a relationship between displacement (z) and distortion
S is given by Expression (13) below a distortion S, of an m-th
layer piezoelectric body is given by Expression (14) below,
where m=1 to n, and z,=0.

dS=d%/dz 13)

S =8 -8 (- DV EpZ1)

Therefore, the distortion S, of the piezoelectric body 1 is
given by Expression (15) below.

14

S\=Ak/h=Eq sin (u/2h /B, 1s)

where Ah, denotes a variation in thickness of the piezoelectric
body 1, E(z,)-E(z=0), and h, denotes the thickness of the
piezoelectric body 1. Similarly, in regards to the piezoelectric
body 2, a distortion S, is given by Expression (16) below.

Sy=Ahy/hy=Eof sin(ua/2-(h +ho) h)-sin(u/2-h JED Y
b 16
A distortion S, of an m-th layer piezoelectric body is given
by (17) below.

S =A/h,=Eo{ sin(nn/2-z,/h)-sin(ma/2z,,_,/h) }/h,, 17

Expression (17) signifies that a distortion of a piezoelectric
body at the m-th layer is determined by sin(np/2-z,,/h)-sin
(np/2-7,, ,/h) and does not uniformly expand/contract as
described above. Therefore, it is understood that by reversing
the front and back sides between a piezoelectric body for
which the term described above has a positive sign and a
piezoelectric body for which the term described above has a
negative sign, an electrical displacement or a sign of an elec-
tric field due to a direct piezoelectric effect can be matched
between the piezoelectric bodies and an electrical signal of
n-th order harmonics of a piezoelectric element can be
obtained in an efficient manner.

Furthermore, by equalizing thicknesses of the respective
piezoelectric bodies, simplification is achieved as given in

Expression (18) below.
z,,=(mmh,z,, =(m-1/mhh,,=h/m (18)

By substituting Expression (18) into Expression (17), we get
Expression (19) below.

S, =mEo{ sin (ma/2)-sin [(m-1)w/2]}/h 19)
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Next, an electric system will be considered. An electrical
displacement (a charge per unit electrode area) D,,, generated
by an m-th layer piezoelectric body due to a direct piezoelec-
tric effect is given by Expression (20) below.

D,,=e335,, or D, =d335,=d33T,, (20)

where s denotes an elastic compliance of a piezoelectric body,
in a case where respective piezoelectric bodies are electrically
coupled in parallel to each other, a net electrical displacement
Dy, ,..; outputted by a laminated piezoelectric body is given by
Expression (21) below, where Z in Expression (21) denotes a
sum that ranges from m=1 to m=n.

A 1oar=2D,, (2D

If C denotes a capacitance of each piezoelectric body, then a
capacity of the laminated piezoelectric body is given as nxC
and electrical impedance decreases to 1/n of one piezoelectric
layer.

Furthermore, based on Expressions (19) and (21) above,
the inventors of the present application have discovered a
regularity regarding a realization of a simple parallel coupling
and regarding residual polarization or an arrangement of the
C axis or the A axis of crystals at which a net electrical
displacement outputted from a laminated piezoelectric body
reaches maximum. In addition, the inventors of the present
application have discovered that, when the number of lami-
nations n is 4 or more, by matching the number of laminations
n and the order of harmonics with each other, nodes and
antinodes of an elastic wave propagating within a piezoelec-
tric body can be matched with an interfacial boundary of the
piezoelectric body, in which case distortions of respective
piezoelectric bodies assume absolute values that are
unchanged and phases that are inverted by 180 degrees, and
n-th order harmonics can be detected with greater efficiency.
More specifically, for example, in the case of FIG. 7 in which
respective piezoelectric bodies are connected in series, if it is
assumed that a first-level piezoelectric body 1 has a “+”
distortion, a periodicity of “+, —, —, +” can be observed every
four layers. A more theoretical explanation of the above will
be given below.

FIG. 8 shows an example of a relationship between an
orientation of residual polarization of each piezoelectric body
or a C axis or an A axis of crystals when detecting an n-th
order harmonic and electrical displacement D (C/m?) due to a
direct piezoelectric effect in an n-layer piezoelectric body.
Electrodes are provided at interlayers between the respective
piezoelectric bodies of the n-layer piezoelectric body and on
surfaces of piezoelectric bodies at both ends of the n-layer
piezoelectric body, and farther-side electrodes of mutually
adjacent piezoelectric bodies are coupled by connecting wir-
ings to connect the respective piezoelectric bodies in parallel.
In addition, residual polarization (in the case of a piezoelec-
tric body without residual polarization, a C axis of crystals (an
A axis in case of quartz)) is oriented in a z axis direction. In
the drawings, for the sake of convenience, a direction of the
residual polarization or the C axis or the A axis of crystals of
the piezoelectric body 1 is denoted as +P. This is done to
distinguish whether the residual polarization or the C axis or
the A axis of other crystals of other piezoelectric bodies are in
the same direction or an opposite direction to that of the
piezoelectric body 1, and is not intended to limit the polar-
ization direction of the piezoelectric body 1.

As shown in FIG. 7C, distortions of the respective piezo-
electric bodies have periodicity (in the case of FIG. 7C, the
respective piezoelectric bodies are in series as described ear-
lier). Therefore, when the orientations of residual polariza-
tion or the C axes or A axes of crystals are set so as to be
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parallel to each other, in order to achieve a high charge output
or a high potential output, each electrode must be electrically
insulated and independently wired, which is difficult in terms
of structure and production.

However, in the present embodiment, as shown in FIG. 8,
by performing parallel connection such that a periodicity of
“+P, +P, —=P, —P” is given to the residual polarization or the C
axes or A axes of crystals of piezoelectric bodies every four
layers or, in other words, with respect to an axis of a first-level
piezoelectric body that is in contact with a rear layer, arrang-
ing a second-level piezoelectric body that is in contact with
the first-level piezoelectric body in a same direction, arrang-
ing a third-level piezoelectric body that is in contact with the
second-level piezoelectric body and a fourth-level piezoelec-
tric body on top of the third-level piezoelectric body in oppo-
site directions, and arranging subsequent piezoelectric bodies
s0 as to have a periodicity of a same direction, a same direc-
tion, an opposite direction, and an opposite direction every
four layers, electrical impedance can be reduced to 1/n of a
single-layer piezoelectric body and, at the same time, a charge
sensitivity between both terminals can be readily amplified
n-fold.

Although a case of detecting an n-th order harmonic has
been exemplified above, even in a reverse situation of trans-
mitting an n-th order harmonic, efficiency may be improved
compared to what is conventional by connecting an oscillator
between terminals in FIG. 8. In the case of wave transmission,
a relationship between distortion S and an applied electric
field E is given by Expression (22) below.

S=dE or S=(e/c)E (22)

By connecting a voltage generator between both terminals of
the laminated piezoelectric body shown in FIG. 8 and apply-
ing a voltage with a frequency corresponding to an n-th order
harmonic, a distortion shown in FIG. 8 and a displacement
shown in FIG. 7B are created and ultrasound waves may be
excited within a medium. In addition, due to the relationship
of electrical impedance described earlier, such a structure is
capable of driving a high current at a low voltage.

Onthe other hand, FIG. 9 is a diagram schematically show-
ing a structure of a 2n-layer piezoelectric transducer for
detecting an n-th order harmonic. FIG. 9A represents a lami-
nation condition, FIG. 9B shows displacements of the respec-
tive layers at a given moment, and FIGS. 9C and 9D respec-
tively show coefficients of distortion and electrical
displacement. The coefficients 0.3 and 0.7 represent respec-
tive relative ratios of distortion and electrical displacement
and do not indicate absolute values. Moreover, an approxi-
mation of 14"?=0.7 is adopted. Electrodes are provided at
interlayers between respective piezoelectric bodies and on
both end surfaces of the piezoelectric bodies, and farther-side
electrodes of mutually adjacent piezoelectric bodies are con-
nected to each other in order to couple the respective piezo-
electric bodies in parallel. In this case, compared to the
n-layer piezoelectric transducer described earlier, while an
electrical displacement due to a direct piezoelectric effect is
the same, capacitance is doubled while electrical impedance
is reduced by half. An arrangement of residual polarization or
C axes or A axes repeats a pattern of “+P, =P, =P, +P, =P, +P, +P,
-P” every eight layers with respect to a first-level piezoelec-
tric body that is in contact with a rear layer.

A distortion Sm”™® of each piezoelectric body is given by
Expression (23) below, where m=1, 2, ... 2 n.

Sm"=2nEy"{ sin [m(@/4)]-sin [(m-1)(7/4)] }h (23)

First Embodiment

Hereinafter, a first embodiment based on the concepts pre-
sented above will be described. First, as a first embodiment,
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detection of a 3A\/4 harmonic by a two-layer piezoelectric
transducer shown in FIG. 10 will be described. A structure of
a two-layer piezoelectric transducer is the simplest among
laminated piezoelectric bodies. In this case, the order of a
harmonic used for wave transmission/reception and the num-
ber of laminations are inconsistent. However, by applying the
concepts described above as follows, an efficiency of wave
transmission/reception can be improved.

Specifically, distortions S, and S, of a piezoelectric body 1
and a piezoelectric body 2 shown in FIG. 10 are respectively
given by Expression (24) and Expression (25) below.

S\=Ak /=g sin (n/2h /), (24)

Sy=Ah/hy=E o sin(rn/2)—sin(ra/2h /) Y (25)

where h denotes a height of a laminated piezoelectric body,
and h; and h, denote heights of the respective piezoelectric
bodies and have a relationship expressed as h,=h,=h/2.

A response to 3A/4 resonant harmonics is given by n=3.
Distortions S,>® and S,>® in this case are given by Expression

(26) and Expression (27) below.
S3928 3 sin(3m/4 ) h=2(E>/2V2)/h (26)
S,39=28 3! sin(37/2)-sin(3/4) M h=—28>°(1+1/2"
2)/h 27

where the superscript 3o denotes a displacement of third
order harmonies. Now, by adopting an approximation
of 14'2=0.7, the respective expressions indicate that the dis-
tortion of the piezoelectric body 2 and the distortion of the
piezoelectric body 1 have an amplitude ratio of -=1.7:4+0.7 in
the case of third order harmonics.

Displacements and signs of distortions of the respective
piezoelectric bodies are shown in FIG. 11. FIG. 11A shows
displacement and FIG. 11B shows distortion. A distortion
ratio of the piezoelectric body 1 and the piezoelectric body 2
is as shown in FIG. 11B. Absolute values of distortions of the
respective piezoelectric bodies are inconsistent because
boundaries of the respective piezoelectric bodies are not con-
sistent with nodes and antipodes of the displacements.

Therefore, as shown in FIG. 12, when electrodes on far-
ther-side surfaces of mutually adjacent piezoelectric bodies
are connected to each other in order to couple the respective
piezoelectric bodies in parallel, the electrical impedance of
the laminated piezoelectric body becomes V2 of an impedance
of a single piezoelectric body. Furthermore, when an orien-
tation of residual polarization or an orientation of a C axis or
an A axis of crystals of the piezoelectric body 1 is set in the
same direction as an orientation thereof in the piezoelectric
body 2, an electrical displacement D, _,*” due to a direct
piezoelectric effect is added with a polarity of one of the
piezoelectric bodies reversed by the parallel connection, and
are given by Expression (28) below.

D, _=2(142"2)e&*/h (28)

Meanwhile, a response to a fundamental wave can be
understood as a case of n=1 in Expressions (24) and (25). In
other words, distortions S, and S,® are given by Expression
(29) and Expression (30) below.

S,9=28,* sin(m/4)/h=2(E,“12Y*)/h (29)

S,9=2€,%{ sin(m/2)-sin(w/4) }/h=25,°{1-1/22}/h (30)

Now, when performing a parallel coupling such as that
shown in FIG. 12 and orienting residual polarization or C axes
or A axes of crystals in a same direction, an electrical dis-
placement D, | is given by Expression (31) below.

Dy “=2eE(2"?-1)/h (31)
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where 1 in the subscript corresponds to an orientation of the
residual polarization or an orientation of the C axis or the A
axis of crystals of each piezoelectric body and, starting from
the left, indicate the orientation of the residual polarization or
the orientation of the C axis or the A axis of crystals of
piezoelectric body 1 and the orientation of the residual polar-
ization or the orientation of the C axis or the A axis of crystals
of piezoelectric body 2.

From the results described above, by taking distortion of
each piezoelectric body into consideration and, in the case of
a parallel connection, orienting the residual polarization or
the C axes or the A axes of crystals in the same direction, a
two-layer piezoelectric body structured as described above is
capable of amplifying sensitivity by a factor of 2.4 with
respect to a 3h/4 wave and reducing sensitivity by a factor of
0.4 with respect to a 2.14 wave. Therefore, by applying the
concepts described above to an ultrasound transducer consti-
tuted by a two-layer piezoelectric body, signals in the 3)/4
resonance mode can be transmitted and received at a high S/N
ratio.

FIG. 13 shows results of an experiment and a simulation
regarding wave transmission/reception sensitivity character-
istics of an ultrasound transducer constituted by a two-layer
piezoelectric body using P(VDF/TrFE). In FIG. 13A, an
abscissa represents frequency in units of MHz and an ordinate
represents sensitivity in units of dB. A solid line depicts an
experiment result and a dashed line depicts a simulation
result. In both cases, farther-side surfaces or, in other words,
electrode surfaces formed on outer surfaces of mutually adja-
cent piezoelectric bodies are connected to each other in order
to couple the respective piezoelectric bodies in parallel. In
addition, a A/4 resonance frequency is approximately 7 MHz
and a 3A/4 resonance frequency is approximately 20 MHz.
FIG. 13A shows a result in a case where polarizations are
oriented in a same direction based on the concepts described
above, and FIG. 13B shows a result in a case where polariza-
tions are oriented in opposite directions for reference. As
shown in FIG. 13A, when the polarization direction and wir-
ing method based on the concepts described above are com-
bined, a resonance peak in the 3A/4 resonance mode that is
observed at 20 MHz is higher than a resonance peak in the /4
resonance mode that is observed at 7 MHz. In addition, com-
pared to the result shown in FIG. 13B, the 3)/4 resonant peak
has increased by 20 dB. As shown, even in the case of a
two-layer piezoelectric body, by combining a polarization
direction and a wiring method based on the concepts
described above, a third order harmonic component can be
increased and, at the same time, a fundamental wave compo-
nent can be attenuated.

Second Embodiment

Next, detection of a third order harmonic by a three-layer
piezoelectric transducer will be described. FIG. 14 is a dia-
gram showing a schematic structure thereof. This three-layer
piezoelectric transducer is also a A/4 vibrator with one end of
a laminated piezoelectric body fixed to a rear layer and the
other end thereof being a free end.

First, a design process based on the concepts presented
above will be described. As described earlier, a boundary
between a rear layer (for example, a substrate) and a piezo-
electric body 1 is assumed to be an origin z,, and a coordinate
of'en element in a height direction (thickness direction, lami-
nation direction) is denoted by z. Next, a distortion S created
by each piezoelectric body is considered. Starting from a base
side, it is assumed that piezoelectric bodies are laminated in
an order of the piezoelectric body 1, a piezoelectric body 2,
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and a piezoelectric body 3. The coordinate z is assumed to be
7=0 at the boundary between the substrate and the piezoelec-
tric body 1, z, at a boundary between the piezoelectric body 1
and the piezoelectric body 2, z, at a boundary between the
piezoelectric body 2 and the piezoelectric body 3, and z, at an
end of the piezoelectric body 3. In addition, it is assumed that
the piezoelectric body 1 has a thickness of h,, the piezoelec-
tric body 2 has a thickness of'h,, and the piezoelectric body 3
has a thickness of h;.

In this case, since a displacement &(z, ) at the coordinate z,
is given by Expression (32) below, a distortion S, of the
piezoelectric body 1 is given by Expression (33) below.

§(z))-E, sinun22,/h) (32)

Sy =Mk /b =5 sin(u/2-h )/, 33)

Similarly, respective distortions S, and S; of the piezoelectric
body 2 and the piezoelectric body 3 are respectively given by
Expression (34) and Expression (35) below.

Sy=Ah/hy=Ef sin (na/2- (r +h) h)—sin(ro/2-h /) )/
i, (34)

Sy=Ahy/hy=E o sin(rn/2)—sin(ra/2-(y+ho)/B) s (35)

In addition, distortions of the respective piezoelectric bod-
ies during a resonance in a 3A/4 resonance mode are given by
n=3 in Expressions (33) to (35) above. In a case where the
respective piezoelectric bodies have a same thickness or, in
other words, when h;=h,=h; h/3 in the expressions above,
distortions S,3®, S,*®, and S,>® of the piezoelectric bodies

are respectively given by Expressions (36) to (38) below.
S 39=Ak, 3%/ =35> sin(a/ ) h=3E,>/h (36)
S,30=Ahy 3 /hy=3E > {sin(m)- (0/2) Jh=-3E 3/ (37)
S330=Ahy3/h3 =35> {sin(3/2)-sin(m) }h=-3E >/ (38)

where the superscript 3m signifies a response of third order
harmonics. These expressions show that, in a resonance in the
3M/4 resonance mode, the distortions of the piezoelectric
body 2 and the piezoelectric body 3 and the distortion of the
piezoelectric body 1 have opposite phases.

FIG. 15 is a diagram showing displacements and signs of
distortions of the respective piezoelectric bodies. FIG. 15A
shows displacement and FIG. 15B shows distortion. Since the
laminated piezoelectric body according to the present
embodiment transmits and receives third order harmonics and
is a lamination of three piezoelectric bodies, as shown in FIG.
15A and in FIG. 5 described earlier, nodes and antinodes of
displacements are consistent with boundaries between the
respective piezoelectric bodies, in this case, as far as the
distortions of the respective piezoelectric bodies are con-
cerned, ifthe distortion of the piezoelectric body 1 is assumed
to be “+”, then distortions of the piezoelectric body 2 and the
piezoelectric body 3 are “~""as shown in FIG. 15B and in F1G.
5 described earlier.

The derivation of an optimal structure of an electrical sys-
tem based on the behavior of the dynamic system presented
above will now be described. As shown in FIG. 16, by con-
necting electrodes on farther-side surfaces of mutually adja-
cent piezoelectric bodies to each other, and extracting wirings
from the electrodes and coupling the wirings, the respective
piezoelectric bodies can easily be electrically connected to
each other in parallel. In this case, an electrical impedance of
the laminated piezoelectric body decreases to %3 of a single
piezoelectric body. In addition, with respect to an orientation
of residual polarization or an orientation of a C axis or an A
axis of crystals of the first-level piezoelectric body 1 (+P), an
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orientation of residual polarization or an orientation of a C
axis or an A axis of crystals of the second-level piezoelectric
body 2 is set in a same direction (+P), and an orientation of a
C axis or an A axis of crystals of the third-level piezoelectric
body 3 is set in an opposite direction (-P). Due to such a
configuration, a charge induced in the wiring is equal to a sum
of charges generated by a direct piezoelectric eftect. In this
case, an electrical displacement D, ; _ > induced between
both terminals is given by Expression (39) below.

Dy 3 =eS ~e(Sy+S3)=9¢E > /h (39)

where 1 and -1 in the subscript each corresponds to an ori-
entation of the residual polarization or an orientation of the C
axis or the A axis of crystals of each piezoelectric body and,
starting from the left, indicate the orientation of the residual
polarization or the orientation of the C axis or the A axis of
crystals of piezoelectric body 1, the orientation of the residual
polarization or the orientation of the C axis or the A axis of
crystals of piezoelectric body 2, and the orientation of the
residual polarization or the orientation of the C axis or the A
axis of crystals of piezoelectric body 3.

In addition, a response to a A/4 resonance is given by n=1,
while distortions S|, S, and S; of the respective piezoelectric
bodies are respectively given by Expression (40), Expression
(41), and Expression (42) below and have a relationship given
by Expression (43) below.

S\=Ak/h, =3, sin(/6)/h (40)
Sy=Ahy/hy=3E{ sin(m/3)—sin(w/6)} /A 1)
Sy=Ahy/hy=3E{ sin(m/2)—sin(w/3)} /A 42)
$1=5,+55 @3)

Meanwhile, in the parallel connection shownin FIG. 16, an
electrical displacement D, ; _,“ withrespect to aresonance in
a A/4 resonance mode is given by Expression (44) below,
which indicates that with a transducer formed by a three-layer
piezoelectric body according to the present embodiment, the
sensitivity based on a resonance in the A/4 resonant mode is
canceled.

Dy i _1“=e(S+5,+S53)=0 (44)

As a comparison, transmission/reception of third order
harmonics by a three-layer piezoelectric body in which
residual polarizations or C axes or A axes of crystals are
simply arranged parallel to each other will be described
below. An electrical displacement D, | ** created due to a
direct piezoelectric effect by an laminated piezoelectric body
in a 3A\/4 resonance is given by

Dy 2=e(S,+S,+83)=—3€E > /h 43)

Therefore, in the present embodiment, as shown in Expres-
sion (45) above, an electrical displacement between terminals
in a parallel connection can be improved three-fold (by
approximately 10 dB).

FIG. 17 shows experimental data and a simulation result of
ultrasound wave transmission/reception characteristics of the
three-layer piezoelectric body shown in FIG. 16. For the
experiment, a copolymer of vinylidene fluoride and trifluo-
roethylene (P(VDF/TrFE)) which is a typical ferroelectric
polymer was used. A schematic structure of an ultrasound
transducer is shown in the right hand-side diagram of FIG. 17.
In this example, based on the concepts described above, a
three-layer piezoelectric body is electrically coupled in series
and a same orientation of polarization as that shown in FIG.
15 is adopted. The three-layer piezoelectric body has a height
of'approximately 120 um and a resonance frequency in a A/4
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resonance mode is 4.5 MHz. In the left hand-side diagram, a
solid line represents an experiment result and a dashed line
represents a simulation result.

With reference to FIG. 17, at and below 20 MHz, both the
experiment and the simulation do not exhibit peaks near 4.5
MHz corresponding to the resonance frequency and a reso-
nance peak in the A/4 resonance mode has disappeared.
Therefore, a first peak of the transducer according to the
present embodiment occurs at 13.5 MHz which is a resonance
frequency of a 3A\/4 resonance mode of the transducer.

As a comparative example, a laminated piezoelectric body
in which orientations of residual polarization of the piezo-
electric body 2 and the piezoelectric body 3 have been set
opposite to FIG. 17 is shown in a right hand-side diagram in
FIG. 18. FIG. 18 also shows characteristics of the laminated
piezoelectric body. As shown in a left hand-side diagram, the
three-layer piezoelectric body exhibits peaks at 4.5 MHz
which is a resonance frequency in a A/4 resonance mode and
at 13.5 MHz which is a third order harmonic component
thereof. In addition, a sensitivity of the third order harmonic
component is around —50 to =60 dB which is approximately
10 to 20 dB lower than the results of the present embodiment
shown in FIG. 17. These experiment results also show that by
combining a polarization direction and a wiring method
based on the concepts described above, a third order har-
monic component can be increased and a fundamental wave
component can be attenuated.

While a method of transmitting and receiving third order
harmonics using a three-layer piezoelectric body has been
described above in the second embodiment, by matching the
order of harmonics and the number of laminations in a lami-
nated piezoelectric body, (i) conforming an interfacial bound-
ary of a piezoelectric body with nodes and antinodes of an
elastic wave of the piezoelectric body and coding a vibra-
tional mode of each piezoelectric body, and based on the
coding and a wiring method, (ii) orienting a residual polar-
ization or a C axis or an A axis of crystals of each piezoelectric
body in a same or opposite direction based on the concepts
described above, not only is the laminated piezoelectric body
able to increase sensitivity by three-fold (approximately 10
dB) or more when transmitting and receiving a 3A/4 wave as
compared to a case where residual polarizations or C axes or
A axes of crystals of respective piezoelectric bodies are sim-
ply arranged in a same direction, the laminated piezoelectric
body can also function as a filter that cancels a A/4 wave.
Furthermore, since the laminated piezoelectric body is elec-
trically coupled in parallel, electrical impedance can be
reduced to %3. As described above, a laminated piezoelectric
body based on the concepts described above is extremely
effective when selectively transmitting and receiving a 3\/4
wave at a high S/N ratio. Accordingly, in the case of wave
reception, a band separation filter or an amplifier may be
eliminated. Alternatively, even when eliminating such com-
ponents is not feasible, the order of such a filter can be
lowered to suppress loss in a case where a laminated piezo-
electric body based on the concepts described above func-
tions as a filter, and a gain of such an amplifier can be reduced
in a case where a laminated piezoelectric body based on the
concepts described above functions as an amplifier.

Third Embodiment

The third embodiment relates to transmission and recep-
tion of third order harmonics by a transducer in which piezo-
electric bodies with equal thickness are laminated in six lay-
ers. For the present embodiment, each piezoelectric body in
the three-layer piezoelectric body shown in the second
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embodiment has been split into two piezoelectric bodies. In
addition to further reducing electrical impedance by halfin a
case of parallel coupling, since an upper end electrode and a
lower end electrode are connected to each other, an entire
laminated piezoelectric body can be electrically shielded.

FIG. 19 is a sectional view which shows a structure of the
six-layer piezoelectric body and which schematically shows
displacement and distortion when transmitting and receiving
third order harmonics. In a similar manner to FIG. 9, FIG.
19A represents a lamination condition. FIG. 19B shows dis-
placements of the respective layers at a given moment, and
FIG. 19C shows coefficients of distortions.

Distortions S;, S,, S5, S,, Ss, and S, of the respective
piezoelectric bodies are given by Expression (46), Expression
(47), Expression (48), Expression (49), Expression (50), and
Expression (51) below Now, by adopting an approximation of
15220 7, ratios of distortions of the respective piezoelectric
bodies are as shown in the schematic view of FIG. 20.

S,=6%, sin(w/4)/h=6E,(1/2"2) (46)
S,=6E o{sin(m/2)-sin(m/4) }/h=6E(1-1/2V2) 47
S3=6Eo{ sin(3m/4)—-sin(mw/2) }h=684(1/2"-1) (48)
Sy=6E{ sin(m)—sin(3a/4) }/h=6Eq(-1/2"2) 49)
Ss=6E{ sin(5a/4)-sin(m) }=6E,(~1/2"2) (50)

Se=6E{ sin(3m/2)-sin(5m/4)}=6&,(1/2V2-1) (51)

FIG. 20 also shows a favorable arrangement of residual
polarizations or C axes or A axes of crystals in a case were
farther-side electrodes of mutually adjacent piezoelectric
bodies are connected to each other to electrically couple the
respective piezoelectric bodies in parallel. B adopting such a
configuration, while net charge remains unchanged from the
configuration of the three-layer lamination shown in FIG. 16,
electrical impedance can be reduced to V2 of the configuration
shown in FIG. 16.

FIG. 21 shows a result of a simulation of frequency char-
acteristics of sensitivity in a six-layer piezoelectric: body that
combines polarization arrangement and wiring as shown in
FIG. 21. A right hand-side diagram in FIG. 21 shows a con-
figuration thereof, while a left hand-side diagram in FIG. 21
shows characteristics thereof. A resonance frequency in a A/4
resonance mode of the six-layer piezoelectric body is 5 MHz.
However, by combining a polarization arrangement and wir-
ing based on the concepts described above as shown in the
right hand-side diagram, sensitivity in the A/4 resonance
mode attenuates and sensitivity in a ¥ resonance mode
becomes maximum as shown in the left band-side diagram.

Moreover, the laminated piezoelectric body described
above is not limited to an ultrasound transducer in an ultra-
sound diagnostic device and can also be applied to a fish
finder or the like. In addition, transmission/reception signals
of the laminated piezoelectric body described above are not
limited to the ultrasound band, and the laminated piezoelec-
tric body described above may also be applied to configura-
tions in which a low-frequency stress is applied to generate
power.

Fourth Embodiment

While a laminated piezoelectric body based on the con-
cepts described above can conceivably be applied to various
products as described above, a case where such a laminated
piezoelectric body is applied to an ultrasound diagnostic
device will now be described. FIG. 22 is a perspective view
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showing an exterior structure of an Ultrasound diagnostic
device according to an embodiment. The ultrasound diagnos-
tic device 1 comprises: an ultrasound probe 2 which transmits
anultrasound wave toward a subject such as a living body (not
shown) and which receives an ultrasound wave generated by
reflection or the like by the living body; and a diagnostic
device main body 4 which is connected to the ultrasound
probe 2 via a cable 3, which causes the ultrasound probe 2 to
transmit an ultrasound signal toward the subject by transmit-
ting an electrical transmission signal via the cable 3, and
which creates a tomographic image of an internal state of the
subject based on a signal received by the ultrasound probe 2.

The diagnostic device main body 4 comprises an operating
panel 5 and a display panel 6 in an upper portion thereof. The
operating panel 5 is used to perform various setting opera-
tions and the like, while the display panel 6 displays images
for supporting such operations, tomographic images created
based onreceived ultrasound signals, and the like. In addition,
aholder 7 that holds the ultrasound probe 2 when not in use is
provided at an appropriate location on the operating panel 5 or
the diagnostic device main body 4.

FIG. 23 is a block diagram showing an electric configura-
tion of the diagnostic device main body 4. The diagnostic
device main body 4 comprises an operation input unit 11 (of
which the operating panel 5 is one example), a transmitting
unit 12, a receiving unit 13, a signal processing unit 14, an
image processing unit 15, a display unit 16 (of which the
display panel 6 is one example), a control unit 17, a voltage
control unit 18, and a reference signal storage unit 19.

The operation input unit 11 is constituted by an operating
panel, a keyboard, or the like comprising a plurality of input
switches, and is used to input a command for instructing the
start of a diagnosis, data such as personal information of the
subject, and the like.

The transmitting unit 12 is a circuit which generates a
transmission pulse under control by the control unit 17 and
which performs forming so that transmission pulses from
respective piezoelectric elements of the ultrasound probe 2
focus at a predetermined focusing position. Furthermore, in
the present embodiment, the transmission pulses described
above are constituted by a plurality of coded pulses stretched
in a temporal axis direction. A created transmission pulse is
supplied to the voltage control unit 18 via the control unit 17,
and after an amplitude thereof is expanded, the transmission
pulse supplied to each piezoelectric element.

The receiving unit 13 is a circuit which receives an electric
reception signal from the ultrasound probe 2 via the cable 3 by
performing a predetermined reception process under control
by the control unit 17, and outputs the reception signal to the
signal processing unit 14.

The signal processing unit 14 performs correlation pro-
cessing of an output of the receiving unit 13 and a reference
signal set in advance in order to detect a received ultrasound
wave from the output of the receiving unit 13. The reference
signal is an approximation function derived from the order of
third or higher order harmonics to be detected when a fre-
quency of a transmitted ultrasound wave is a fundamental
frequency, a diagnosed region of the subject, and diagnostic
depth.

Moreover, prior to performing the correlation processing,
the signal processing unit 14 compresses the coded pulse in
the temporal axis direction to create a reception pulse that
corresponds to the transmission pulse. By using such coded
pulses, an impact of a transmission pulse on a living body that
is the subject can be prevented from becoming significant and
a reception pulse with a large amplitude or, in other words, a
favorable S/N is obtained. By combining a decoding filter that
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extracts only such third or higher order harmonics with a
bandpass filter, changing the type of coded pulses, or the like,
both S/N improvement and extraction of the third or higher
order high-frequency waves can be achieved, Known and
conventional means may be used to perform stretching and
compression processes using the coded pulses, and a process-
ing technique therefor is described in, for example, Japanese
Patent Application Publication No. 2003-225217.

The reference signal storage unit 19 is configured so as to
comprise a storage element such as a ROM (Read Only
Memory) or an EEPROM (Electrically Erasable Program-
mable Read Only Memory), and stores approximation func-
tions corresponding to a plurality of diagnosis domains and
diagnostic depths in the subject as the reference signals. The
signal processing unit 14 performs correlation processing by
selecting a single reference signal from the plurality of refer-
ence signals (approximation functions) stored in the refer-
ence signal storage unit 19 in correspondence with the diag-
nosis domains and the diagnostic depths of the subject. In
addition, the transmitting unit 12 performs beam forming in
response to the selected reference signal. The diagnosis
domains and the diagnostic depths are inputted using the
operation input unit 11.

The image processing unit 15 is a circuit which, under
control of the control unit 17, generates an image (ultrasound
image) of an internal state of the subject based on a reception
signal subjected to correlation processing by the signal pro-
cessing unit 14.

The display unit 16 is a device which, under control of the
control unit 17, displays the ultrasound image of the subject
generated by the image processing unit 15. The display unit
16 is a display device such as a CRT display, an L.CD, an
organic display, and a plasma display, a printing device such
as a printer, or the like.

The control unit 17 is a circuit which comprises a micro-
processor, a storage element, peripheral circuits thereof, and
the like and Which controls the entire ultrasound diagnostic
device 1 by respectively controlling the operation input unit
11, the transmitting unit 12, the voltage control unit 18, the
receiving unit 13, the signal processing unit 14, the reference
signal storage unit 19, the image processing unit 15, and the
display unit 16 according to their functions.

FIG. 24 is a sectional view schematically showing a struc-
ture of an ultrasound transducer 21 which is used as an ultra-
sound transducer 20 in the ultrasound probe 2 described
above. The ultrasound transducer 21 comprises a plurality of
piezoelectric elements arranged in a same straight line, and an
arrangement direction ofthe piezoelectric elements is a direc-
tion perpendicular to the paper plane in FIG. 24 (a thickness
direction). The ultrasound transducer 21 is basically an
organic-inorganic; laminated ultrasound transducer config-
ured such that a transmitting piezoelectric layer 23, an inter-
mediate layer 24, and a receiving piezoelectric layer 25 are
sequentially laminated in this order on a backing layer (rear
layer) 22. The transmitting piezoelectric layer 23 is formed of
an inorganic material so as to enable large power transmission
and is laminated on top of the backing layer 22. The receiving
piezoelectric layer 25 is provided on a subject side of the
transmitting piezoelectric layer 23 via the intermediate layer
24 and is formed of an organic material capable of receiving
a harmonic band for harmonic imaging. A transmission pulse
from the voltage control unit 18 is supplied to the transmitting
piezoelectric layer 23 that is a second piezoelectric body,
while a reception signal received by the receiving piezoelec-
tric layer 25 that is a first piezoelectric body is supplied to the
receiving unit 13.
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The intermediate layer 24 is provided between the trans-
mitting piezoelectric layer 23 and the receiving piezoelectric
layer 25 in order to alleviate a difference in acoustic imped-
ances between the transmitting piezoelectric layer 23 and the
receiving piezoelectric layer 25, In the present embodiment,
an acoustic impedance of the receiving piezoelectric layer 25
approaches an acoustic impedance of a living body that is a
subject due to the receiving piezoelectric layer 25 being
formed of an organic material such as those described later
and, as a result, an acoustic matching layer is not provided on
the subject side of the receiving piezoelectric layer 25, In this
manner, the ultrasound transducer 21 has a simplified struc-
ture. Moreover, an acoustic lens may be provided on the
receiving piezoelectric layer 25 as necessary.

In the ultrasound transducer 21 configured as described
above, any one of the laminated piezoelectric bodies
described earlier with reference to FIGS. 8,9, 12, 16, and 20
is used in the receiving piezoelectric layer 25 formed of an
organic material. In addition, when a transmitted ultrasound
wave has a wavelength of A, the transmitting piezoelectric
layer 23 resonates in a A/4 resonance mode, the receiving
piezoelectric layer 25 resonates in a 3A\/4 resonance mode,
and the receiving piezoelectric layer 25 extracts third order
harmonics with a wavelength of A at a high gain as described
earlier to remove a fundamental wave. Accordingly, the ultra-
sound diagnostic device 1 according to the present embodi-
ment is able to eliminate the need for a filter and an amplifier
in the receiving unit 13 or, alternatively, even when such a
filter and an amplifier is used, the ultrasound diagnostic
device 1 is capable of reducing the order of the filter and
reducing the gain of the amplifier. Furthermore, since the
ultrasound transducer 21 according to the present embodi-
ment is capable of using an inorganic piezoelectric body and
an organic piezoelectric body respectively suitable for trans-
mission and reception, the ultrasound probe 2 is realized
which is well suited for harmonic imaging in which large
power transmission is performed and harmonics generated by
a subject are received at high gain.

Meanwhile, FIG. 25 is a sectional view schematically
showing a structure of another ultrasound transducer 31
which is used as the ultrasound transducer 20 in the ultra-
sound probe 2 described above. The ultrasound transducer 31
also comprises a plurality of piezoelectric elements arranged
in a same straight line, and an arrangement direction of the
piezoelectric elements is a direction perpendicular to the
paper plane in FIG. 25 (a thickness direction). The ultrasound
transducer 31 is an organic-inorganic parallel ultrasound
transducer in which an organic piezoelectric body and an
inorganic piezoelectric body are arranged in parallel. In the
ultrasound transducer 31, a receiving piezoelectric layer 35
formed of an organic material capable of receiving a har-
monic band for harmonic imaging is provided at center in a
width direction on a hacking layer (rear layer) 32 in the same
straight line, and transmitting piezoelectric layers 33 and 34
formed of an inorganic material capable of large power trans-
mission are provided in parallel on both sides of the receiving
piezoelectric layer 35 in a width direction thereof.

In addition, acoustic matching layers 33qa, 344, and 354 for
matching acoustic impedance with a living body that is a
subject and acoustic lenses 33/, 344, and 355 for focusing
ultrasound waves are respectively laminated on the piezo-
electric layers 33, 34, and 35. Furthermore, interposed mem-
bers 33c¢, 34c¢, and 35c¢ are respectively interposed between
the piezoelectric layers 33, 34, and 35 and the backing layer
32. The interposed member 35¢ of the central receiving piezo-
electric layer 35 is a flat plate, while the interposed members
33c¢ and 34c of the transmitting piezoelectric layers 33 and 34
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on both sides are formed in a wedge shape in order to cause
the transmitting piezoelectric layers 33 and 34 to tilt inward to
the side of the receiving piezoelectric layer 35. In other
words, the interposed members 33¢ and 34c¢ are formed so
that thicknesses thereof gradually increase from center out-
ward. Note that, in FIG. 25, the inward tilt angles of the
wedge-shaped interposed members 33¢ and 34c¢ are drawn
larger than in reality for better understanding.

In the ultrasound transducer 31 configured as described
above, any one of the laminated piezoelectric bodies
described earlier with reference to FIGS. 3,9, 12, 16, and 20
is used in the receiving piezoelectric layer 35 formed of an
organic material. In addition, when a transmitted ultrasound
wave has a wavelength of A, the transmitting piezoelectric
layers 33 and 34 resonate in a A/4 resonance mode, the receiv-
ing piezoelectric layer 35 resonates in a 3A/4 resonance mode,
and the receiving piezoelectric layer 35 extracts third order
harmonics with a wavelength of A at a high gain as described
earlier to remove a fundamental wave. Accordingly, the ultra-
sound diagnostic device 1 according to the present embodi-
ment is able to eliminate the need for a filter and an amplifier
in the receiving unit 13 or, alternatively, even when such a
filter and an amplifier is used, the ultrasound diagnostic
device 1 is capable of reducing the order of the filter and
reducing the gain of the amplifier. Furthermore, since the
ultrasound transducer 31 according to the present embodi-
ment is capable of using an inorganic piezoelectric body and
an organic piezoelectric body respectively suitable for trans-
mission and reception, the ultrasound probe 2 is realized
which is well suited for harmonic imaging in which large
power transmission is performed and harmonics generated by
a subject are received at high gain.

Hereinafter, a specific preparation method and materials of
a laminated piezoelectric body that is used as the receiving
piezoelectric layers 25 and 35 which perform resonance in the
3\/4 resonance mode will be described in detail. Generally,
an ultrasound vibrator is constructed by arranging a pair of
electrodes on both sides of a piezoelectric layer (also referred
to as a piezoelectric body layer, a piezoelectric film, and a
piezoelectric body film) formed of a film-like piezoelectric
material. In addition, the ultrasound transducer 20 is con-
structed by arranging a plurality of vibrators (piezoelectric
elements) one-dimensionally or two-dimensionally. In order
to arrange the plurality of vibrators, a method is used in which
a single vibrator is bonded to a backing layer, and after an
acoustic matching layer or the like is bonded as necessary,
dicing is performed to split the vibrator into respective ele-
ments.

An aspect ratio Win of each element of the laminated
vibrator split in plurality favorably ranges from 0.4 to 0.6,
where W denotes an azimuth direction width and H denotes
height. This is because interference between a vibration in a
transmitting/receiving direction in which ultrasound waves
propagate and a vibration (lateral vibration) in a scanning
direction (arrangement direction) that is perpendicular to the
transmitting/receiving direction can be suppressed, narrow-
ing of directional characteristics of the vibrator in the
arrangement direction can be avoided, and favorable sensi-
tivity can be maintained even with a large angle of deflection
without limiting an angle of beam spread.

In addition, the laminated piezoelectric body has a function
of setting a predetermined number of vibrators in a long axis
direction in which the plurality of vibrators are arranged as a
bore, drives a plurality of vibrators belonging to the bore so as
to focus and irradiate an ultrasound beam on a measurement
region inside a subject and, at the same time, receiving an
ultrasound reflection echo or the like emitted by the subject
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using a plurality of vibrators belonging to the bore or a plu-
rality of vibrators that differ from those belonging to the bore
and converting the ultrasound reflection echo into an electri-
cal signal.

In a case where a laminated piezoelectric body is formed of
an inorganic material such as ceramics in order to realize the
laminated piezoelectric bodies shown in FIGS. 8, 9, 12, 16,
and 20, a piezoelectric body layer and an electrode layer are
laminated and then integrated by firing or the like.

On the other hand, in a case where a laminated piezoelec-
tric body is formed of an organic material such as PVDF, the
laminated piezoelectric body is integrally formed by forming
anelectrode layer on a part of or all of front and back surfaces,
laminating an organic material sheet subjected to a polariza-
tion treatment, and connecting interlayers with an adhesive,
in this case, contact surfaces of the electrode layer favorably
overlap each other. This is to prevent an unnecessary electric
field and a non-uniform sound field from forming during
driving of the vibrator or reception of an ultrasound wave.
Although the adhesive has an insulating property, rough sur-
faces (minute irregularities) of an organic material layer and
an electrode layer penetrate each other upon lamination and,
as a result, adjacent electrodes enter a conduction state. After
lamination and adhesion, unnecessary portions at the ends of
the vibrator are cut off and the vibrator is molded into a size
mountable on a transducer. Subsequently, in order to connect
the respective piezoelectric bodies in parallel, electrode
extraction directions are switched for every other piezoelec-
tric body, and the respective electrodes are connected by a
conductive paste. As a result, a signal electrode and a GNU
electrode are respectively extracted on both side portions on
the side of the backing layers 22 and 32.

Examples of materials for the laminated piezoelectric body
include inorganic piezoelectric materials such as convention-
ally used quartz, piezoelectric ceramics including PZT and
PZLT, and a thin film of piezoelectric single crystals such as
PZN-PT, PMN-PT, LiNbO;, TaO;, KNbO;, ZnO, and AIN, as
well as organic piezoelectric materials such as polyvinylidene
fluoride and polyvinylidene fluoride-type copolymers, poly-
vinylidene cyanide and vinylidene cyanide-type copolymers,
odd nylons such as nylon 9 and nylon 11, aromatic nylon,
alicyclic nylon, polylactic acid, polyhydroxy carboxylic
acids such as polyhydroxybutylate, cellulosic derivatives, and
polyurea. In addition, composite materials using a combina-
tion of an inorganic piezoelectric material and an organic
piezoelectric material or a combination of an inorganic piezo-
electric material and an organic polymeric material may also
be used. In the ultrasound transducers 21 and 31 shown in
FIGS. 24 and 25, the inorganic material described above is
used for the transmitting piezoelectric layers 23; 33, and 34,
and the organic material described above is used for the
receiving piezoelectric layers 25 and 35.

A thickness of a single layer in the laminated piezoelectric
body is dependent on a set center frequency (wavelength A)
and favorably ranges within 5 to 200 um, in consideration of
workability. Since adopting a same thickness for the respec-
tive piezoelectric bodies 1 to 3 or the like enables the respec-
tive piezoelectric bodies to be manufactured with greater
ease, productivity may be improved with the ultrasound trans-
ducers 21 and 31 configured as described above.

Favorable methods of forming a piezoelectric layer formed
of'an organic piezoelectric material include a method of form-
ing a film by coating and a method of forming a film by vapor
deposition (vapor deposition polymerization). Examples of
coating methods include spin coating, solvent casting, melt
casting, melt pressing, roll coating, flow coating, printing, dip
coating, and bar coating, in addition, as a vapor deposition
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(vapor deposition polymerization) method, a film can be
obtained by evaporating a monomer from a single evapora-
tion source or a plurality of evaporation sources in a vacuum
of around several hundred Pa or lower, and depositing and
reacting the monomer on a substrate. Temperature adjustment
of the substrate is appropriately performed when necessary.

When forming an electrode layer on the organic piezoelec-
tric body film created as described above, first, an underlaying
metal such as titanium (Ti) or chrome (Cr) is formed by
sputtering to a thickness of 0.02 to 1.0 um. Then, a metallic
material mainly consisting of a metallic element or a metallic
material formed by an alloy of the metallic element, to which
an insulating material is partially added if necessary, is
formed by an appropriate method such as sputtering to a
thickness of 1 to 10 um. Subsequently, a polarization treat-
ment of the piezoelectric layer (piezoelectric body film) is
performed. Gold (Au), platinum (Pt), silver (Ag), palladium
(Pd), copper (Cu), nickel (Ni), tin (Sn), or the like is used as
the metallic material. Besides the sputtering described above,
electrode formation can also be performed by applying a
conductive paste which combines a fine metal powder with
low-melting-point glass by screen printing, dipping, spray-
ing, or the like.

Meanwhile, a formation method of the acoustic matching
layers 33a,34a, and 35a and the acoustic lenses 335,345, and
35b which are formed in the ultrasound transducer 31 shown
in FIG. 25 is as follows. In order to prevent an occurrence of
a reflection at an interfacial boundary due to a difference in
acoustic impedance between a vibrator and body tissue and to
prevent prolonged free vibration, the acoustic matching lay-
ers 33a, 34a, and 354 are interposed between the vibrator and
the body tissue and have an acoustic impedance that is inter-
mediate between the two. By interposing the acoustic match-
ing layers, the reflection at the interfacial boundary is reduced
and free vibration converges rapidly, pulse widths of ultra-
sound pulses transmitted and received by the transducer
become shorter, and ultrasound waves are eftectively propa-
gated into the living body.

Examples of materials used for the acoustic matching lay-
ers 33a, 34a, and 35q include metallic materials (such as
aluminum, aluminum alloys (for example, Al—Mg alloy),
and magnesium alloys), glass (such as MACOR glass, silicate
glass, and fused silica), carbon materials (such as carbon
graphite and copper graphite), and resin materials (such as
polyethylene (PE), polypropylene (PP), polycarbonate (PC),
nylon (PA6, PA6-6), polyphenylene sulfide (PPS, glass fiber-
polyphenylene allowed), polyphenylene ether (PPE), poly-
ether ether ketone (PEEK), polyamide-imide (PAI), polyeth-
ylene terephthalate (PETP), epoxy resins, urethane resins,
ABC resins, ABS resins, AAS resins, and AES resins). A
thermosetting resin such as epoxy resin to which zinc oxide,
titanium oxide, silica, alumina, red iron oxide, ferrite, tung-
sten oxide, ytterbium oxide, barium sulfate, tungsten, molyb-
denum, or the like is added as a filler and which is then molded
is favorably used as the material of the acoustic matching
layers 33a, 34a, and 35a.

The acoustic matching layers 33qa, 34a, and 354 may be
single layers or may be constituted by a plurality of layers.
Favorably, the acoustic matching layers 33a, 34a, and 35a
consist of two or more layers. A thickness of the acoustic
matching layers 33a, 34a, and 35a must be determined so as
to be A/4 when a transmitted ultrasound wave has a wave-
length of A (in FIGS. 24 and 25, the thickness is greater
because a velocity of an ultrasound wave is greater in the
transmitting piezoelectric layers 23; 33, and 34 than in the
receiving piezoelectric layers 25 and 35). In the case where
the above requirement is not satisfied, this causes a plurality
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of spurious portions to appear in a frequency that differs from
an original resonance frequency, which in turn causes a sig-
nificant fluctuation in fundamental acoustic characteristics
and a decline in sensitivity and S/N due to an increase in
reverberation time and a waveform distortion of a reflection
echo. The thickness of such acoustic matching layers 33a,
34a, and 35a is approximately within a range of 30 um to 500
pm.

In addition, the backing layers 22 and 32 are arranged on a
back surface of the ultrasound vibrator and suppress (absorb)
propagation of ultrasound waves emitted backward. Accord-
ingly, unnecessary reflection toward the side of the vibrator is
suppressed and pulse width can be shortened. Examples of
materials used for the backing layers 22 and 32 include mate-
rials created by adding a powder such as tungsten oxide,
titanium oxide, and ferrite to natural rubber, ferrite rubber, or
epoxy resin and then performing press molding, thermoplas-
tic resins such as vinyl chloride, polyvinyl butyral (PVB),
ABS resin, polyurethane (PUR), polyvinyl alcohol (PVAL),
polyethylene (PE), polypropylene (PP), polyacetal (POM),
polyethylene terephthalate (PETP), fluororesin (PTFE),
polyethylene glycol, and polyethylene terephthalate-polyeth-
ylene glycol copolymer, and the like.

Backing materials are favorably made of a rubber compos-
ite and/or an epoxy resin composite, and a shape thereof can
be selected as appropriate according to a shape of the piezo-
electric body or a shape of a probe head including the piezo-
electric body.

The rubber composite favorably contains a rubber compo-
nent and a filler and has a hardness ranging from A70 accord-
ing to a type A durometer to D70 according to a type D
durometer among spring-type hardness testers (durometer
hardness) conforming to JIS K6253, and various other com-
pounding agents may be further added as necessary.

Favorable examples of the rubber component include eth-
ylene-propylene rubber (EPDM or EPM), hydrogenated
nitrile rubber (HNBR), chloroprene rubber (CR), silicone
rubber, a blend rubber of EPDM and HNBR, a blend rubber of
EPDM and nitrile rubber (NBR), a blend rubber of NBR
and/or HNBR and high styrene rubber (HSR), and a blend
rubber of EPDM and HSR. More favorable examples include
ethylene-propylene rubber (EPDM or hydrogenated nitrile
rubber (HNBR), a blend rubber of EPDM and HNBR, a blend
rubber of EPDM and nitrile rubber (NBR), a blend rubber of
NBR and/or HNBR and high styrene rubber (HSR), and a
blend rubber of EPDM and HSR. While a single rubber com-
ponent such as vulcanized rubber and a thermoplastic elas-
tomer may be used independently as the rubber component
according to the present embodiment, a blend rubber that is a
blend of two or more rubber components may also be used.

As the filler that is added to the rubber component, a wide
range of fillers from those ordinarily used to those with high
specific gravity may be selected in various compounding
quantities and shapes. Examples of fillers include metallic
oxides such as zinc oxide, titanium white, red iron oxide,
ferrite, alumina, tungsten trioxide, and ytterbium oxide, days
such as calcium carbonate, hard clay, and diatomite, metallic
salts such as calcium carbonate and barium sulfate, glass
powders, fine metallic powers of tungsten, molybdenum, and
the like, and various balloons such as glass balloons and
polymer balloons. Although the fibers may be added at vari-
ous ratios, the fibers are favorably added at around 50 to 3000
parts by mass with respect to 100 parts by mass of the rubber
component, and more favorably added at around 100 to 2000
parts by mass or around 300 to 1500 parts by mass. In addi-
tion, the fillers may be added singularly or as a combination of
two or more fillers.
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Other compounding agents such as a vulcanizing agent, a
cross-linking agent, a hardening agent, auxiliary agents
thereof, a degradation preventing agent, an antioxidant, and a
coloring agent may be added to a rubber composite as neces-
sary. For example, carbon black, silicon dioxide, processing
oil, sulphur (a vulcanizing agent), dicurnyl peroxide (Dicup,
a cross-linking agent), and stearic acid may be compounded.
While these compounding agents are used as necessary, gen-
erally, the compounding agents are respectively used in quan-
tities of around 1 to 100 parts by mass with respect to 100
parts by mass of the rubber component, and such quantities
are varied as appropriate according to overall balance and
characteristics.

The epoxy resin composite favorably contains an epoxy
resin component and a filler, and various compounding agents
are further added as necessary. Examples of the epoxy resin
component include bisphenol A, bisphenol F, resol novolac,
phenol modified novolac, and other novolac-type epoxy res-
ins, naphthalene structure-containing polycyclic aromatic
epoxy resin, anthracene structure-containing polycyclic aro-
matic epoxy resin, fluorene structure-containing polycyclic
aromatic epoxy resin and other polycyclic aromatic epoxy
resins, hydrogenerated alicyclic epoxy resins, and liquid-
crystalline epoxy resins. While the epoxy resin component
according to the present embodiment may be used indepen-
dently, two or more epoxy resin components may be used
mixed in a similar manner to blended resins.

As the filler added to the epoxy resin component, various
fillers from those similar to the aforementioned fillers that are
added to the rubber component to composite particles created
by pulverizing the rubber composite may be favorably used.
Examples of the composite particles include those obtained
by pulverizing silicone rubber filled with ferrite with a pul-
verizer to a particle size of around 200 pum.

When using the epoxy resin compound, a cross-linking
agent must be further added, examples of which include
diethylene trianiine, triethylenetetramine, dipropylene
diamine, diethylamino propylamine and other chain aliphatic
polyamines, N-aminoethylpiperazine, menthene diamine,
isophorone diamine and other cyclic aliphatic polyamines,
m-xylene diamine, meta-phenylenediamine, diaminodiphe-
nyl methane, diaminodiphenyl sulfone and other aromatic
amines, polyamide resin, piperidine, NN-dimethylpipera-
zine, triethylenediaminc, 2,4,6-tris(dimethylaminomethyp-
phenoi, benzyldimethylamine, 2-(dimethylaminomethyl)
phenol and other secondary and tertiary amines,
2-methylimidazole, 2-ethylimidazole, 1-cyanoethyl-2-unde-
cyl imidazolium trimellitate and other imidazoles, liquid
polymercaptan, polysulfide, phthalic anhydride, trimellitic
anhydride, methyltetrahydrophthalic acid anhydride, methyl
endo methylene tetrahydrophthalic anhydrite, methyl butenyl
tetrahydrophthalic anhydrite, methyl hexahydrophthalic acid
and other acid anhydrides.

The backing layers 22 and 32 formed as described above
favorably have a thickness of around 1 to 10 mm and more
favorably 1 to 5 mm.

Meanwhile, the acoustic lenses 335, 345, and 356 are pro-
vided in order to converge ultrasound waves using refraction
and to improve resolution. Requirements for the acoustic
lenses 33b, 34b, and 3556 include being able to converge
ultrasound waves, being capable of coming into close contact
with the living body that is a subject to match acoustic imped-
ances (densityxsound velocity: (1.4 to 1.6)x106 kg/m?>-sec)
between the side of the piezoelectric layers 33, 34, and 35 and
the living body in order to reduce reflection of ultrasound
waves, and the lenses themselves having low ultrasound
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attenuation. Therefore, acoustic lenses created based on a
polymeric material have conventionally been provided.

With a desirable lens material, sound velocity thereof is
sufficiently lower than that of the human body, attenuation
thereof is low, and an acoustic impedance thereofis similar to
avalue ofhuman skin if the sound velocity of the lens material
is sufficiently lower than that of a human body, the lens may
be given a convex shape which improves sliding during a
diagnosis and thereby enabling the diagnosis to be performed
safely. In addition, low attenuation enables ultrasound waves
to be transmitted and received with good sensitivity. Further-
more, if the acoustic impedance is similar to a value of human
skin, since reflection decreases or, in other words, transmis-
sivity increases, ultrasound waves can be similarly transmit-
ted and received with better sensitivity.

In the present embodiment, as materials that constitute the
acoustic lenses 33b, 34b, and 355b, conventional and known
silicone-based rubbers, butadiene-based rubbers, polyure-
thane rubber, epichlorohydrin rubber and other homopoly-
mers, and copolymer rubbers such as ethylene-propylene
copolymer rubber formed by copolymerizing ethylene and
propylene can be used Among the above, silicone-based rub-
bers are particularly favorably used.

Examples of silicon-based rubbers usable in the present
embodiment include silicone rubber and fluorine silicone
rubber. In particular, silicone rubber is favorably used in
consideration of lens material characteristics. Silicone rubber
refers to organopolysiloxane having a molecular frame made
of Si—O bonds and a plurality of organic groups primarily
attached to the Si atoms. Normally, a main component of the
organopolysiloxane is methyl polysiloxane and 90% or more
of all organic groups are methyl groups. Hydrogen atoms,
phenyl groups, vinyl groups, allyl groups, and the like may be
introduced instead of the methyl groups. For example, the
silicone rubber can be obtained by mixing a hardening agent
(a vulcanizing agent) such as benzoyl peroxide into highly
polymerized organopolysiloxane, and hardening the mixture
by heating and vulcanizing. An organic or inorganic filler
such as silica and nylon powder, a vulcanizing assistant such
as sulfur and zinc oxide and the like may be added as neces-
sary.

Examples of butadiene based rubber used in the present
embodiment include copolymer rubber solely consisting or
mainly consisting of butadiene and having a small amount of
styrol or acrylonitrile copolymerized with the butadiene. In
particular, butadiene rubber is favorably used in consider-
ation of lens material characteristics, Butadiene rubber refers
to a synthetic rubber obtained by a polymerization of butadi-
ene having conjugated double bonds. Butadiene rubber can
be obtained by an 1.4 to 1.2 polymerization of butadiene
having conjugated double bonds as a single constituent, Buta-
diene rubber is favorably vulcanized using sulfur and the like.

The acoustic lenses 335, 34b, and 356 according to the
present embodiment may be obtained by mixing a silicone-
based rubber and a butadiene-based rubber and then vulca-
nizing and hardening the mixture. More specifically, this can
be achieved by mixing silicone rubber and butadiene rubber
at an appropriate ratio using a mill roll, adding a vulcanizing
agent such as benzoyl peroxide, performing heating and vul-
canization, and finally performing cross-linking (hardening).
In doing so, zinc oxide is favorably added as a vulcanizing
assistant. Zinc oxide is capable of promoting vulcanization
and reducing vulcanization time without compromising lens
characteristics. Furthermore, a coloring agent and other addi-
tives may be added in an amount which does not compromise
Characteristics of the acoustic lenses. Normally, in order to
obtain an acoustic impedance approximating that of a human
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body, a sound velocity lower than that of a human body, and
low attenuation, the silicone-based rubber and the butadiene-
based rubber are favorably mixed at a ratio of 1:1. However,
the mixture ratio can be modified as appropriate.

Silicone rubbers are commercially available, and usable
examples thereof include KE742U;, KE752U, KE931U,
KE941U, KE951U, KE91U, KE850U, KES555U, and
KE575U manufactured by Shin-Etsu Chemical Co., Ltd.,
TSE221-3U, TE221-4U, TSE2233U, XE20-523-4U, TSE27-
4U, TSE260-3U, and TSE-260-4U manufactured by Momen-
tive Performance Materials Inc., and SH35U, SHS55UA,
SH831U, SE6749U, and SE1120U, SE4704U manufactured
by Dow Corning Toray Co., Ltd.

Moreover, in the present embodiment, for the acoustic
lenses 33b, 34b, and 35b, an inorganic filler such as silica,
alumina, and titanium oxide or an organic resin such as nylon
can be mixed depending on intended use such as sound veloc-
ity adjustment and density adjustment to a rubber material
base (main component) such as silicone-based rubber
described above. In addition, a substance which emits light
when irradiated by an excitation light or, in other words, a
luminescent material may be added to a region of the acoustic
lenses 33b, 34b, and 3556 in proximity to a surface of the
subject.

A generally used epoxy-based resin is suitable for adhesion
between members used in the present embodiment. Specific
examples of commercially available epoxy adhesives include
DP-420, DP-460, and DP-460EG manufactured by Sumi-
tomo 3M Limited, Excel-EPO, EP001, EP008, EP330, and
EP331 manufactured by Cemedine Co., Ltd., Araldite Stan-
dard (registered trademark) and Araldite Rapid (registered
trademark) manufactured by Huntsman Advanced Materials,
System Three Epoxy and GelMagic manufactured by System
Three Resins, Inc., 20871 (high-strength two-component
epoxy-containing resin), 2082C (room temperature-curable
two-component epoxy resin with high-shear bond strength),
and 2081D (soft polyvinyl chloride epoxy-based adhesive)
manufactured by ThreeBond. Co., Ltd., E Set L. manufactured
by Konishi Co., Ltd., and 4525IP, 7050, NM25, and 44611P
manufactured by Cotronies Corp. However, strong adhesion,
low reactivity, and the like are required in consideration of
dicing suitability, chemical resistance, and the like. Further-
more, since an adhesion layer is desirably made thin as pos-
sible, a low viscosity adhesive is favorable. Favorably, to
adhesion layer has a thickness of 0.5 to 3 pm.

A method of fabricating a piezoelectric body will be
described below. First, an inorganic piezoelectric body that is
used as the transmitting piezoelectric bodies 23; 33, and 34
will be described. CaCO,;, La,0;, Bi,0;, and TiO, as con-
stituent materials and MnO as an accessory constituent mate-
rial were prepared and weighed so that the constituent mate-
rials had a final composition of (Ca, o;1.a, o3)Bis o; 1140 5.

Next, pure water was added thereto, and the pure water
mixture was mixed for 8 hours by a ball mill with zirconia
media and then sufficiently dried to obtain a mixed powder.
The obtained mixed power was provisionally molded and
then calcinated in air for 2 hours at 800° C. to fabricate a
calcinated article.

Next, pure water was added to the obtained calcinated
article, and the calcinated article was pulverized in pure water
by a ball mill with zirconia media and then dried to fabricate
a piezoceramic material powder. For the pulverization, piezo-
ceramic material powders with particle sizes of 100 nm were
respectively obtained by varying pulverization durations and
conditions.

6 percent by mass of pure water was added as abinder to the
respective piezoceramic material powders with different par-
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ticle sizes. The powders were subjected to press molding to
obtain a plate-like temporary compact with a thickness of 100
um, and the plate-like temporary compact was vacuum-
packed and then molded by pressing under a pressure of 235
MPa.

Next, the compact was fired, and a final sintered compact
had a thickness of 20 um. The firing was performed respec-
tively at a temperature of 1100° C. Subsequently, an electric
field of 1.5xEc (MV/M) or higher was applied for 1 minute to
perform a polarization treatment.

Next, a method of fabricating an organic piezoelectric
body that is used as the receiving piezoelectric bodies 25 and
35 will be described. An organic piezoelectric material
according to the present embodiment contains the polymeric
material described earlier as a main component and has a
film-like form that is stretchable at a temperature equal to or
higher than room temperature and lower than melting point
by 10° C. or more, and can be fabricated by performing a heat
treatment while maintaining tension within a constant range
and then performing second-stage stretching while being
cooled down to room temperature.

When using an organic piezoelectric material such as
vinylidene fluoride according to the present embodiment as a
vibrator, the organic piezoelectric material is formed into a
film and a surface electrode used to input electrical signals is
then formed. Although it is a feature of the present embodi-
ment that an electric field is applied in a thickness direction
via an electrode formed on a surface and polarization is per-
formed while applying compression, a similar effect may be
achieved without forming an electrode on a surface by install-
ing an electrode to which voltage is applied to a surface in
contact with a material constituting a compressed member
and then similarly applying an electric field in a thickness
direction of the material while applying compression to per-
form polarization.

Film formation can be performed using a general method
such as melting and casting. In a case of a polyvinylidene
fluoride-trifluoroethylene copolymer which is known to have
acrystal formthatis spontaneously polarized simply by being
formed into a film, it is useful to apply a treatment for adjust-
ing molecular arrangement in order to further enhance char-
acteristics. Examples of means thererfor include stretching
and polarization treatment.

Various known methods may be adopted to perform
stretching. For example, a method of stretching may involve
casting a solution of the polymeric material described earlier
melted in an organic solvent such as ethyl methyl ketone
(MEK) onto a substrate such as a glass plate, drying the
solvent at room temperature to obtain a film with a desired
thickness, and stretching the film at room temperature at a
predetermined stretching ratio to a given length. The stretch-
ing may be performed either uniaxially or biaxially as long as
the organic piezoelectric material given a predetermined
shape is not destroyed. The stretching ratio ranges from 2 to
10 and favorably from 2 to 6.

Moreover, with a vinylidene fluoride-trifluoroethylene
copolymer and/or a vinylidene fluoride-tetrafluoroethylene
copolymer, a melt flow rate at 230° C. is 0.03 g/min or less.
More favorably, the melt flow rate is 0.02 g/min or less and,
even more favorably, a highly-sensitive piezoelectric body
thin film is obtained by using a polymeric piezoelectric body
with a melt flow rate of 0.01 g/min or less.

Generally, when subjecting a film-like material to heat
treatment, ends of the material are supported by chucks, clips,
and the like and the material is placed in a predetermined
temperature environment so that heat is applied onto a film
surface in an efficient and uniform manner. In doing so, in
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case of a material that shrinks while being heated, applying
heat in a configuration in which a heat source such as a
heating plate comes into direct contact with the film surface
adversely affects flatness and is therefore undesirable. Rather,
performing a minor relaxation process with respect to thermal
shrinkage during heating is more beneficial to flatness. The
relaxation process involves varying stress at both ends of the
film while tracking a contracting or expanding force which
acts on the film during heat treatment and subsequent cooling
down to room temperature. In the relaxation process, the film
may be shrunk so as to alleviate stress or expanded in such a
manner that the film does not stretch in a tensioned direction
as long as the film does not relax to such a degree that flatness
can no longer be maintained or the film does not break due to
excessive stress. In the present embodiment, when a stretch-
ing direction is defined as a positive direction, stretching is
performed by about 10% by length, and in the event that the
film stretches during cooling, second-stage stretching is per-
formed up to about 10% so as to follow slack. The second-
stage stretching is performed by operating a stretching chuck
to the extent that the slack of the film is eliminated and the film
becomes tightly stretched. Further treatment causes stretch-
ing during cooling and may result in breaking the film.

In the heat treatment of the organic piezoelectric material
according to the present embodiment, for the purpose of
applying heat onto a film surface in an efficient and uniform
manner, ends of the film are favorably supported by chucks,
clips, and the like and the film is placed in a temperature
environment not exceeding a temperature lower than a melt-
ing point of the film by 10° C. For example, in a case of a
organic piezoelectric material containing polyvinylidene
fluoride as a main component, since polyvinylidene fluoride
has a melting point of 150 to 180° C., heat treatment is
favorably performed in a temperature of 110 to 140° C. In
addition, although effects of the heat treatment emerge after
30 minutes or more and the longer the duration, the greater the
promotion of crystal growth, since saturation also proceeds
with time, an actual duration of the heat treatment is around
10 hours and around a full day at the longest. Even during this
period, the film is favorably subjected to a certain amount of
stress in order to maintain the flatness of the film, From the
perspective of final flatness, the tension during the heat treat-
ment favorably ranges within 0.1 to 500 kPa and, more favor-
ably, minimum stress is used as the tension. Since film during
heat treatment is soft and stretches even farther when tension
exceeds this value, the effect of the heat treatment may be lost
and, at worst, the film may break.

A polarization treatment is performed by bonding elec-
trodes to both surfaces of the organic piezoelectric material
created as described above and, under compression by an
insulating member, applying a voltage between the elec-
trodes, Generally, a piezoelectric material is a material char-
acteristically having a deformation response with respect to
an electric field response, Therefore, a deformation response
occurs even due to an electric field during a polarization
treatment. In other words, deformation occurs due to an elec-
tric field even when a polarization treatment is being per-
formed on a material by subjecting the material to the electric
field in order to impart characteristics as a piezoelectric mate-
rial. Therefore, materials sometimes deform after the polar-
ization treatment and are unable to maintain their initial
shapes. In consideration thereof, in the present embodiment,
by performing a polarization treatment while applying com-
pression in order to suppress such deformation during the
polarization, an organic piezoelectric material is obtained
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which has less deformation and favorably retains its flatness
before and after the polarization treatment and which has high
piezoelectric characteristics.

In this case, a pressing force or, in other words, pressing
pressure is favorably at least 0.98 (10 kg/cm?) or higher and
9.8 MPa (100 kg/cm?) or lower. This is because a force of 0.98
MPa (10 kg/cm?®) or higher enables suppression of deforma-
tion, and a force 0of 9.8 MPa (100kg/cm?) or lower prevents an
occurrence of deformation in a thickness direction and
enables an initial thickness to be retained or prevents short-
circuiting of an impressed current during the polarization
treatment. As a polarization treatment method according to
the present embodiment, known voltage application methods
such as direct voltage application and alternating voltage
application may be applied.

The present embodiment will now be described using a
specific example of an organic piezoelectric material. How-
ever, the present embodiment is not limited to the following
example. Inthe present embodiment, P(VDF-TrFE) is used as
the organic piezoelectric material. A composition method
thereof is as follows, 70 parts (3000 g) of vinylidene fluoride
(VDF; manufactured by Sigma-Aldrich Co, LL.C), 30 parts of
trifluoroethylene (TrFE; manufactured by Sigma-Aldrich Co.
LLC.), 210 parts of pure water, 0.1 parts of methylcellulose
(manufactured by Tokyo Chemical Industry Co., Ltd.), 0.2
parts of sodium pyrophosphate (manufactured by Taihei
Chemical Industrial Ltd.), and 0.61 parts of dinormal propyl
peroxyl dicarbonate (manufactured by NOF CORPORA-
TION) were placed in a stainless-steel pressure-proof auto-
clave with an internal volume of 14 I, and polymerization
was started at 25° C. 3.0 parts of ethyl acetate was added over
a period of 3 hours and the polymerization reaction was
continued. Subsequently, once internal pressure of the auto-
clave dropped to 25 kg/cm?, unreacted material was recov-
ered, and after sequentially repeating dehydration and aque-
ous washing of the polymeric substance three times, reduced-
pressure drying was performed. The yield was 26%. An
evaluation of the obtained P(VDF-TrFE) revealed a molecu-
lar weight of 255000 and a dispersion of 2.4.

Moreover, a weight-average molecular weight (Mn) and a
molecular weight distribution (Mw/Mn) were calculated as
described below by gel permeation chromatography (GPC),
Measurement conditions were as follows.

Solvent: 30 mMLiBr in N-methylpyrrolidone

Instrument: HLC-8220GPC (manufactured by Tosoh Cor-
poration)

Column: TSKgel SuperAWM-Hx2 (manufactured by
Tosoh Corporation)

Column temperature: 40° C.

Sample concentration: 1.0 g/L.

Injection amount: 40 pl

Flow rate: 0.5 ml/min

Calibration curve: Standard polystyrene PS-1 (manufac-
tured by Polymer Laboratories Ltd.); calibration curves of 9
samples within a range of Mw=580 to 2560000 were used.

A composition was determined by 1H-NMR. A 3 wt %
deuterated dimethylsulfoxide solution of the obtained
P(VDF-TrFE) was prepared and placed in a sample tube, and
analyzed at a frequency of 400 MHz by an NMR (nuclear
magnetic resonance) device (Varian 400-MR, manufactured
by Varian Medical Systems, Inc.). From an analysis of
obtained data (refer to FIG. 26), VDF/TrFE=3/1 was deter-
mined based on a ratio of a signal of proton specific to TrFE
that appears near 5.3 to 6.0 ppm and a signal of proton specific
to VDF that appears near 2.3 to 3.3 ppm.
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In a similar manner, PVDF that is a homopolymer of VDF
was also polymerized. A GPC evaluation revealed a molecu-
lar weight of 200000 and a dispersion of 2.1.

The obtained P(VDF-TrFE) was applied on a glass plate
using methyl ethyl ketone (manufactured by Kanto Chemical
Co., Inc.) as a solvent to have a dried film thickness of 40+1
um, and was dried for 30 minutes at 60° C. to fabricate an
organic piezoelectric film.

In addition, after a chrome electrode with a thickness 0f 0.1
um was formed by vapor deposition on a surface of the
P(VDF-TrFE) (film thickness: 401 um), a gold electrode
with a thickness of 0.2 um was formed by vapor deposition,
the organic piezoelectric film was sandwiched by acrylic
plates so that a pressure of 30 kgf/cm? was uniformly applied
to the organic piezoelectric film with the exception of both
ends thereof, and one of the electrode layers of the organic
piezoelectric film was grounded while the other was con-
nected to a function generator (20 MHz Function/Arbitrary
Waveform Generator 33220A; manufactured by Agilent
Technology) and a power amplifier (AC/DC AMPLIFIER
HVA4321; manufactured by nF CORPORATION) so that a
voltage is applied in a thickness direction of the organic
piezoelectric film. Subsequently, under application of a 0.1
Hz sine wave, voltage was increased in 100 V increments
every 20 seconds, and a maximum 100 MV/m electric field
was applied to perform polling processing. Then, the elec-
trodes were immersed in a 1% (methanol-pH4 sodium acetate
aqueous solution) of 3-mercaptopropyl trimethoxy silane for
5 minutes, dried and than aqueously washed, dried once
again, and then subjected to surface processing.

Three or six layers of this organic piezoelectric film were
laminated so as to have a thickness including the electrodes of
0.12 mm and an overlapping portion (voltage application
range) of the front and back electrodes of 3.3 mm. For the
lamination, polarization directions of the organic piezoelec-
tric films were set to a same direction, a same direction, and an
opposite direction as shown in FIG. 16 described earlierin the
case of three layers, and set to a same direction, a same
direction, an opposite direction, an opposite direction, . . . as
shown in FIG. 8 described, earlier in the case of six layers.
Moreover, as comparative examples, a three-layer lamination
with polarization directions set to a same direction, an oppo-
site direction, and a same direction as shown in FIG. 18
described earlier, and a lamination using PZT that is an inor-
ganic material were also created. An adhesive used during
lamination was an epoxy-based resin, while applied pressure
was 30 kgf/cm? and uniform in the thickness direction. After
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lamination, dicing was performed to cut out dices of 7.5
mmx50 mm, side electrodes were formed, and laminated
piezoelectric bodies 1 to 4 and laminated piezoelectric bodies
5 and 6 were created.

An evaluation method of the laminated piezoelectric bod-
ies 1 to 6 will now be described. First, the organic piezoelec-
tric bodies themselves were evaluated. This was performed
by sequentially adhering an electrode-patterned FPC onto
side surfaces and adhering a backing layer with a thickness of
3.0 mm onto back surfaces of the laminated piezoelectric
bodies 1 to 6, and then adhering an acoustic matching layer
(ML layer) on an ultrasound wave emitting side (in cases of
laminated piezoelectric bodies 1, 2, 5, and 6). Subsequently,
dicing was performed at 0.15 mm intervals in a longitudinal
direction using a blade with a thickness of 30 um. Further-
more, an insulating layer of around 3 pm was provided by a
parylene treatment, and in a case of laminating an acoustic
matching layer, a lens was further adhered onto the insulating
layer. Subsequently, a connector was connected to the FPC,
and the ultrasound transducers created in this manner were
placed in cases to create the ultrasound probes 1 to 6 capable
of both transmission and reception.

A pulsar receiver (PANAMETRICS-NDT MODEL
5900PR, manufactured by Olympus Corporation, input
impedance: 5000Q) and an oscilloscope TPS5032, manufac-
tured by Tektronix, Inc.) were connected to the ultrasound
probes 1 to 6, the ultrasound probes 1 to 6 were placed in
deaerated water, and a metallic reflector was arranged on an
ultrasound wave emitting surface side. The ultrasound probes
1 to 6 were driven in two ways, namely, using a pulse without
coding and using a coded pulse described in Japanese Patent
Application Publication No. 2003-225237 described earlier.
A received ultrasound wave was converted into an electrical
signal and a voltage waveform thereof was observed by an
oscilloscope. An alignment of the ultrasound probes and the
reflector was determined as a coordinate where an effective
value of the voltage waveform is maximum. Ultrasound
waves were transmitted and received after the alignment.
FIG. 27 shows a received waveform when coding was not
performed, and FIG. 28 shows a received waveform when
coding was performed. With respect to pulses obtained as
described above, sensitivities with respect to fundamental
waves were determined based on band characteristics
acquired by FFT analysis performed on pulses subjected to
pulse compression in cases where a coded pulse was used and
on pulses without modification in cases where a coded pulse
was not used. A result thereof is as shown in Table 1.

TABLE 1
TRANS- POLAR- TRANS- TRANSMISSION/
MITTING/ ~ NUMBER THICK- IZATION MISSION  RECEPTION RECEPTION
RECEIVING OFLAMI- NESS ARRANGE- ML FREQUENCY FREQUENCY  SENSITIVITY
PROBE MATERIAL  NATIONS  [um] MENT CODING LAYER [MHz] [MHz] [dB]
1 PVDF 3 120 FIG.16 NOT PRESENT 15 15 -33
APPLIED
2 PZT 3 240 FIG. 16 NOT PRESENT 12 12 -27
APPLIED
3 PVDF 3 120 FIG.16 APPLIED ABSENT 15 15 -21
4 PVDF 6 120 FIG.8 APPLIED ABSENT 15 15 -20
5 PVDF 3 120 FIG.18 NOT PRESENT 18 18 -39
(COMPAR- APPLIED
ATIVE
EXAMPLE 1)
6 PZT 3 240 FIG. 18 NOT PRESENT 10 10 -35
(COMPAR- APPLIED
ATIVE

EXAMPLE 2)




US 9,375,754 B2

33

The present results show that, by using the ultrasound
probes 1to 4 mounted with the laminated piezoelectric bodies
1 to 4 created by a lamination method having a regularity
based on the concepts described earlier, a high-frequency
wave that has been reflected in a living body can be received
with high sensitivity and a diagnostic image with high defi-
nition and high resolution can be obtained.

Next, the laminated piezoelectric bodies 1 to 6 described
above were mounted on an inorganic piezoelectric body,
whereby an evaluation was performed as a mutually separate

34

A laminated piezoelectric body according to one mode
comprises: a plurality of mutually laminated piezoelectric
bodies of equal thickness; a plurality of electrodes arranged at
interlayers of the plurality of mutually laminated piezoelec-
tric bodies and on surfaces of piezoelectric bodies at both
ends; and two connecting wirings which mutually connect the
respective piezoelectric bodies in parallel by coupling far-
ther-side electrodes of mutually adjacent piezoelectric bod-
ies, wherein each of the plurality of piezoelectric bodies

transmitter and receiver. In other words, an intermediate layer 10 arranges an orientation of residual polarization or a crystal
(IL) 24 exists in a structure shown in FIG. 24 in order to axis that is related, to an electrical displacement or a sign ofan
improve the passage of sound from an inorganic transmining electric field due to a direct pieZOeleCtI‘iC effect in a direction
piezoelectric layer 23 to an upper receiving piezoelectric which reduces sensitivity in a first resonance mode and
layer. Specifically, an electrode-patterned FPC was adhered increases sensitivity in a second resonance mode of a higher
onto side surfaces and a PZT layer with a central frequency of 15 order than the first resonance mode with respect to an axis of
5 MHz and a backing layer were adhered onto back surfaces a first-level piezoelectric body on a fixed end-side.

of the laminated piezoelectric bodies 1 to 6 in sequence, and With the laminated piezoelectric body configured in this
an acoustic matph}ng lgyer was further adhered onto the ulty a- manner, since the respective piezoelectric bodies are arranged
§ound wave ?mlttlrég 51d(§: szhen nepessar}i. S}lbse(lluen.tlya(.hci in a direction corresponding to a desired resonance mode, an
g was performed at 0.1> mm tervals i a longitudinal output sound pressure during transmission or an output volt-
direction using a blade with a thickness of 30 pm. Further- - - . -

. - . age during reception of a desired high-frequency component
more, an insulating layer of around 3 pm was provided by a bei q 4 to those in a first ord de and
parylene treatment, and in a case of laminating the acoustic c?n e.:lnlc.rease 9 compareb N dosedln a st order mode an
matching layer, a lens was further adhered onto the insulating clectrica Impedance can be reduced. . .
layer. Subsequently, a connector was connected to the FPC, In addltlgn, accordlng to another mode, in the laminated
and the ultrasound transducers created in this manner were 25 PleZOGleCFﬂC body descrlbf:d abo.Ve,.favorably, the number. of
placed in cases to create the ultrasound probes 1to 6 inwhich ~ the plurality of piezoelectric bodies is two, and the respective
atransmitter and a receiver are configured mutually separate. piezoelectric bodies are arranged such that an orientation of

The pulsar receiver and the oscilloscope described above residual polarization or a crystal axis that is related to an
were connected to the ultrasound probes 1 to 6 to perform electrical displacement or a sign of an electric field due to a
experiments by the same method as described above. With 30 direct piezoelectric effect is in a same direction.
respect to obtained pulses, sensitivities in a third order har- Furthermore, a laminated piezoelectric body manufactur-
monic band were determined based on band characteristics ing method according to another mode is a method of manu-
acquired by FFT analysis performed on pulses subjected to facturing a laminated piezoelectric body which includes
pulse compression in cases where a coded pulse was used and piezoelectric bodies of equal thickness that are laminated in
on pulses without modification in cases where a coded pulse two layers and which transmits and receives an ultrasound
was not used. A result thereof is as shown in Table 2. wave of a third order harmonic component due to a 3\/4

TABLE 2
RECEPTION
POLAR- TRANS- SENSITIVITY
NUMBER  THICK- IZATION MISSION  RECEPTION OF THIRD
RECEIVING OFLAMI- NESS ARRANGE- ML FREQUENCY FREQUENCY ORDER
PROBE MATERIAL ~ NATIONS  [um] MENT CODING LAYER [MHz] [MHz] HARMONIC [dB]
1 PVDF 3 120  FIG. 16 NOT PRESENT 5 15 +15
APPLIED
2 PZT 3 240 FIG. 16 NOT PRESENT 4 12 +8
APPLIED
3 PVDF 3 120  FIG. 16 APPLIED ABSENT 5 15 +30
4 PVDF 6 120 FIG. 8 APPLIED ABSENT 5 15 +31
5 PVDF 3 120 FIG. 18 NOT PRESENT 6 18 +6
(COMPAR- APPLIED
ATIVE

EXAMPLE 1)

6 PZT 3 240 FIG. 18 NOT PRESENT 33 10 +2

(COMPAR- APPLIED

ATIVE

EXAMPLE 2)

The present results show that, by using the ultrasound resonance created by an expansion and contraction of the
probes 1to 4 mounted with the laminated piezoelectric bodies thickness of the piezoelectric bodies, the method comprising:
1 to 4 created by a lamination method having a regularity 4, mutually connecting the respective piezoelectric bodies in
based on the concepts described earlier, third order harmonics parallel by coupling, among electrodes formed at an inter-
generated in a living body can be received with high sensi- layer and on external surfaces of the respective piezoelectric
tivity and a diagnostic image with high definition and nigh bodies, electrodes on the external surfaces by a connecting
resolution can be obtained. wiring; and arranging both piezoelectric bodies such that an

While the present specification discloses techniques of 65 orientation of residual polarization or a crystal axis that is

various modes as presented above, primary techniques
among such disclosed techniques are summarized as follows.

related to an electrical displacement or a sign of an electric
field due to a direct piezoelectric effect is in a same direction.



US 9,375,754 B2

35

With atwo-layer laminated piezoelectric body and a manu-
facturing method thereof which are configured as described
above, among electrodes formed at an interlayer and on exter-
nal surfaces of the respective piezoelectric bodies, electrodes
on the external surfaces are coupled by a connecting wiring in
order to mutually connect the respective piezoelectric bodies
in parallel. In addition, both piezoelectric bodies are arranged
such that an orientation of residual polarization or a crystal
axis that is related to an electrical displacement or a sign of an
electric field due to a direct piezoelectric effect is in a same
direction.

Therefore, with a two-layer laminated piezoelectric body
configured as described above, an output sound pressure dur-
ing transmission or an output voltage during reception of a
third order harmonic component of a resonance in the 31/4
resonance mode can be increased in comparison to a A/4
resonance mode and a signal in a first order mode can be
attenuated without using a filter, an amplifier, or the like. In
addition, with a two-layer laminated piezoelectric body con-
figured as described above, since the number of parallel
piezoelectric bodies or, in other words, the number of lami-
nations is two, electrical impedance can be reduced to 12
which is advantageous to piezoelectric bodies with a low
permittivity and a small capacitance such as an organic piezo-
electric body. Furthermore, a manufacturing method config-
ured as described above provides a two-layer laminated
piezoelectric body that achieves such operational advantages.

Moreover, according to another mode, in the laminated
piezoelectric body described above, favorably, the number of
the plurality of piezoelectric bodies is three, and the respec-
tive piezoelectric bodies are arranged such that, with respect
to an axis of a first-level piezoelectric body on a fixed end-
side, an orientation of residual polarization or a crystal axis
that is related to an electrical displacement or a sign of an
electric field due to a direct piezoelectric effect is in a same
direction for a second-level piezoelectric body that is in con-
tact with the first-level piezoelectric body and in an opposite
direction for a third-level piezoelectric body that is in contact
with the second-level piezoelectric body.

In addition, a laminated piezoelectric body manufacturing
method according to another mode is a method of manufac-
turing a laminated piezoelectric body which includes piezo-
electric bodies of equal thickness that are laminated in a
plurality of layers and which transmits and receives an ultra-
sound wave of a third order harmonic component due to a
3\/4 resonance created by an expansion and contraction of
the thickness of the piezoelectric bodies, the method com-
prising: laminating the piezoelectric bodies in three layers;
mutually connecting the respective piezoelectric bodies in
parallel by coupling, among electrodes formed at interlayers
of the respective piezoelectric bodies and on surfaces of the
piezoelectric bodies at both ends, farther-side electrodes of
mutually adjacent piezoelectric bodies by a connecting wir-
ing; and arranging the respective piezoelectric bodies such
that, with respect to an axis of a first-level piezoelectric body
on a fixed end-side, an orientation of residual polarization or
a crystal axis that is related to an electrical displacement or a
sign of an electric field due to a direct piezoelectric effect is in
a same direction for a second-level piezoelectric body that is
in contact with the first-level piezoelectric body and in an
opposite direction for a third-level piezoelectric body that is
in contact with the second-level piezoelectric body.

With a three-layer laminated piezoelectric body and a
manufacturing method thereof which are configured as
described above, among electrodes formed at interlayers of
the respective piezoelectric bodies and on surfaces of the
piezoelectric bodies at both ends, further-side electrodes of
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mutually adjacent piezoelectric bodies are coupled by a con-
necting wiring in order to mutually connect the respective
piezoelectric bodies in parallel in addition, the respective
piezoelectric bodies are arranged such that, with respect to an
axis of a first-level piezoelectric body on a fixed end-side, an
orientation of residual polarization or a crystal axis that is
related to an electrical displacement or a sign of an electric
field due to a direct piezoelectric effect is in a same direction
for a second-level piezoelectric body that is in contact with
the first-level piezoelectric body and in an opposite direction
for a third-level piezoelectric body that is in contact with the
second-level piezoelectric body.

Therefore, with a three-layer laminated piezoelectric body
configured as described above, an output sound pressure dur-
ing transmission or an output voltage during reception of the
third order harmonic component can be increased in compari-
son to a case of a A/4 resonance mode and a signal in a first
order mode can be attenuated without using a filter, an ampli-
fier, or the like, in addition, with a three-layer laminated
piezoelectric body configured as described above, since the
number of parallel piezoelectric bodies or, in other words, the
number of laminations is three, electrical impedance can be
reduced to 4 which is advantageous to piezoelectric bodies
with a low permittivity and a small capacitance such as an
organic piezoelectric body. Furthermore, a manufacturing
method configured as described above provides a three-layer
laminated piezoelectric body that achieves such operational
advantages.

Moreover, according to another mode, in the laminated
piezoelectric body described above, favorably, the number of
the plurality of piezoelectric bodies is four or more, and the
respective piezoelectric bodies are arranged to have a period-
icity such that, with respect to an axis of a first-level piezo-
electric body on a fixed end-side, an orientation of residual
polarization or a crystal axis that is related to an electrical
displacement or a sign of an electric field due to a direct
piezoelectric effect for a second-level piezoelectric body that
is in contact with the first-level piezoelectric body is ina same
direction; and an orientation of residual polarization or a
crystal axis that is related to an electrical displacement or a
sign of an electric field due to a direct piezoelectric effect for
a third-level piezoelectric body that is in contact with the
second-level piezoelectric body, and for a fourth-level piezo-
electric body is in an opposite direction. In addition, in the
laminated piezoelectric body described above, favorably, an
ultrasound wave in a resonance mode of a third or higher
order is transmitted and received due to an expansion and
contraction of the piezoelectric body in a thickness direction.

In addition, a laminated piezoelectric body manufacturing
method according to another mode is a method of manufac-
turing a laminated piezoelectric body which includes piezo-
electric bodies of equal thickness that are laminated in four or
more layers, the method comprising; mutually connecting the
plurality of piezoelectric bodies in parallel by coupling,
among electrodes formed at interlayers of the respective lami-
nated piezoelectric bodies and on surfaces of the piezoelectric
bodies at both ends, farther-side electrodes of mutually adja-
cent piezoelectric bodies by a connecting wiring; and arrang-
ing the respective piezoelectric bodies to have a periodicity
such that, with respect to an axis of a first-level piezoelectric
body on a fixed end-side, an orientation of residual polariza-
tion or a crystal axis that is related to an electrical displace-
ment or a sign of an electric field due to a direct piezoelectric
effect for a second-level piezoelectric body that is in contact
with the first-level piezoelectric body is in a same direction;
and an orientation of residual polarization or a crystal axis
that is related to an electrical displacement or a sign of an
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electric field due to a direct piezoelectric effect for a third-
level piezoelectric body that is in contact with the second-
level piezoelectric body, and for a fourth-level piezoelectric
body is in an opposite direction.

With a laminated piezoelectric body having four or more
layers and a manufacturing method thereof which are config-
ured as described above, among electrodes formed at inter-
layers of the respective laminated piezoelectric bodies and on
surfaces of the piezoelectric bodies at both ends, farther-side
electrodes of mutually adjacent piezoelectric bodies are
coupled by a connecting wiring in order to mutually connect
the plurality of piezoelectric bodies in parallel. In addition,
the respective piezoelectric bodies are arranged to have a
periodicity such that, with respect to an axis of a first-level
piezoelectric body on a fixed end-side, an orientation of
residual polarization or a crystal axis that is related to an
electrical displacement or a sign of an electric field due to a
direct piezoelectric effect for a second-level piezoelectric
body that is in contact with the first-level piezoelectric body is
in a same direction; and an orientation of residual polarization
or a crystal axis that is related to an electrical displacement or
a sign ofan electric field due to a direct piezoelectric effect for
a third-level piezoelectric body that is in contact with the
second-level piezoelectric body, and for a fourth-level piezo-
electric body is in an opposite direction.

Therefore, with a laminated piezoelectric body having four
or more layers configured as described above, an output
sound pressure during transmission or an output voltage dur-
ing reception of a harmonic component of a resonance in a
high order resonance mode such as a 5i/4 resonance mode
can be increased in comparison to a A/4 resonance mode and
a signal in a first order mode can be attenuated without using
a filter, an amplifier, or the like. In addition, with a laminated
piezoelectric body having four or more layers configured as
described above, if n denotes the number of parallel piezo-
electric bodies or, in other words, the number of laminations,
then electrical impedance can be reduced to 1/n which is
advantageous to piezoelectric bodies with a low permittivity
and a small capacitance such as an organic piezoelectric body.
Furthermore, a manufacturing method configured as
described above provides a laminated piezoelectric body hav-
ing four or more layers which achieves such operational
advantages.

Moreover, according to another mode, in the laminated
piezoelectric bodies described above, favorably, each of the
piezoelectric bodies is further split into two piezoelectric
bodies in a thickness direction and the two piezoelectric bod-
ies are mutually connected in parallel to constitute one set to
be laminated, and for each of the split piezoelectric bodies,
front and back sides of the piezoelectric body are reversed so
that the orientation of the residual polarization or the crystal
axis is consistent with an electrical displacement or a sign of
an electric field in a distortion distribution within the lami-
nated piezoelectric bodies.

In addition, according to another mode, in the laminated
piezoelectric body manufacturing methods described above,
favorably, each of the piezoelectric bodies is further split into
two piezoelectric bodies in a thickness direction and the two
piezoelectric bodies are mutually connected in parallel to
constitute one set to be laminated, and for each of the split
piezoelectric bodies, front and back sides of the piezoelectric
body are reversed so that the orientation of the residual polar-
ization or the crystal axis is consistent with an electrical
displacement or a sign of an electric field in a distortion
distribution within the laminated piezoelectric bodies.

With a laminated piezoelectric body and a manufacturing
method thereof configured as described above, each of the
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piezoelectric bodies is split into two piezoelectric bodies
which are mutually connected in parallel to be handled as one
set.

Therefore, a laminated piezoelectric, body configured as
described above is capable of further reducing electrical
impedance by half and, at the same time, since electrodes at
both ends assume a same potential, the entire laminated
piezoelectric body can be electrically shielded. In addition, a
manufacturing method configured as described above pro-
vides a laminated piezoelectric body that achieves such
operational advantages.

Furthermore, an ultrasound transducer according to
another mode uses any of the laminated piezoelectric bodies
described above.

An ultrasound transducer with such a configuration is
capable of increasing an output sound pressure during trans-
mission or an output voltage during reception of a harmonic
component in comparison to a case of a A4 resonance mode,
attenuating a signal in a first order mode, and reducing elec-
trical impedance without using a filter, an amplifier, or the
like.

Moreover, an ultrasound diagnostic device according to
another mode comprises: an ultrasound transducer which
transmits an Ultrasound wave into a subject that is a measure-
ment object and which receives an ultrasound wave originat-
ing from the subject; a transmitting unit which supplies a
transmission ultrasound signal to the ultrasound transducer; a
receiving unit which performs predetermined signal process-
ing on a reception signal received by the ultrasound trans-
ducer; and an image processing unit which creates a tomo-
graphic image of an internal state of the subject based on the
reception signal from the receiving unit, wherein the ultra-
sound transducer is a laminated piezoelectric body including:
a plurality of mutually laminated piezoelectric bodies of
equal thickness; a plurality of electrodes arranged at interlay-
ers of the plurality of mutually laminated piezoelectric bodies
and on surfaces of piezoelectric bodies at both ends; and two
connecting wirings which mutually connect the respective
piezoelectric bodies in parallel by coupling farther-side elec-
trodes of mutually adjacent piezoelectric bodies, wherein
each of the plurality of piezoelectric bodies arranges an ori-
entation of residual polarization or a crystal axis that is related
to an electrical displacement or a sign of an electric field due
to a direct piezoelectric effect in a direction which reduces
sensitivity in a first resonance mode and increases sensitivity
in a second resonance mode of a higher order than the first
resonance mode with respect to an axis of a first-level piezo-
electric body on a fixed end-side.

With an ultrasound diagnostic device configured in this
manner, since the ultrasound transducer arranges the respec-
tive piezoelectric bodies in a direction corresponding to a
desired resonance mode, an output sound pressure during
transmission or an output voltage during reception of a
desired high-frequency component can be increased com-
pared to those in a first order mode and electrical impedance
can be reduced. Therefore, an ultrasound diagnostic device
configured as described above enables easier impedance
matching and improves S/N.

In addition, according to another mode, in the ultrasound
diagnostic device described above, favorably, the number of
the plurality of piezoelectric bodies in the ultrasound trans-
ducer is two, and the respective piezoelectric bodies in the
ultrasound transducer are arranged such that an orientation of
residual polarization or a crystal axis that is related to an
electrical displacement or a sign of an electric field due to a
direct piezoelectric effect is in a same direction.
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With an ultrasound diagnostic device configured as
described above, an ultrasound transducer is configured so as
to comprise a two-layer laminated piezoelectric body and, in
order to transmit and receive an ultrasound wave of a third
order mode component, an orientation of residual polariza-
tion or an orientation of a C axis or an A axis of crystals of
each piezoelectric body is conformed to an electrical dis-
placement or a sign of an electric field due to a direct piezo-
electric effect. Therefore, an ultrasound diagnostic device
configured as described above comprises a two-layer lami-
nated piezoelectric body and is capable of effectively trans-
mitting and receiving ultrasound waves of a third order mode
component and reducing electrical impedance.

Moreover, according to another mode, in the ultrasound
diagnostic device described above, favorably, the number of
the plurality of piezoelectric bodies in the ultrasound trans-
ducer is three, and the respective piezoelectric bodies in the
ultrasound transducer are arranged such that, with respect to
an axis of a first-level piezoelectric body on a fixed end-side,
an orientation of residual polarization or a crystal axis that is
related to an electrical displacement or a sign of an electric
field due to a direct piezoelectric effect is in a same direction
for a second-level piezoelectric body that is in contact with
the first-level piezoelectric body and in an opposite direction
for a third-level piezoelectric body that is in contact with the
second-level piezoelectric body.

With an ultrasound diagnostic device configured as
described above, an ultrasound transducer is configured so as
to comprise a three-layer laminated piezoelectric, body and,
in order to transmit and receive an ultrasound wave of a third
order mode component, an orientation of residual polariza-
tion or an orientation of a C axis or an A axis of crystals of
each piezoelectric body is conformed to an electrical dis-
placement or a sign of an electric field due to a direct piezo-
electric effect. Therefore, an ultrasound diagnostic device
configured as described above comprises a three-layer lami-
nated piezoelectric body and is capable of effectively trans-
mitting and receiving ultrasound waves of a third order mode
component and reducing electrical impedance.

Furthermore, according to another mode, in the ultrasound
diagnostic device described above, favorably, the number of
the plurality of piezoelectric bodies in the ultrasound trans-
ducer is four or more, and the respective piezoelectric bodies
in the ultrasound transducer are arranged to have a periodicity
such that, with respect to an axis of a first-level piezoelectric
body on a fixed end-side, an orientation of residual polariza-
tion or a crystal axis that is related to an electrical displace-
ment or a sign of an electric field due to a direct piezoelectric
effect for a second-level piezoelectric body that is in contact
with the first-level piezoelectric body is in a same direction;
and an orientation of residual polarization or a crystal axis
that is related to an electrical displacement or a sign of an
electric field due to a direct piezoelectric effect for a third-
level piezoelectric body that is in contact with the second-
level piezoelectric body, and for a fourth-level piezoelectric
body is in an opposite direction.

With an ultrasound diagnostic device configured as
described above, an ultrasound transducer is configured so as
to comprise a laminated piezoelectric body having four or
more layers and, in order to transmit and receive an ultra-
sound wave of a third order mode component, an orientation
of residual polarization or an orientation of a C axis or an A
axis of crystals of each piezoelectric body is conformed to an
electrical displacement or a sign of an electric field due to a
direct piezoelectric effect. Therefore, an ultrasound diagnos-
tic device configured as described above comprises a lami-
nated piezoelectric body having four or more layers and is
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capable of effectively transmitting and receiving ultrasound
waves of a third order mode component and reducing electri-
cal impedance.

Moreover, according to another mode, in the ultrasound
diagnostic devices described above, favorably, the laminated
piezoelectric body in the ultrasound transducer is used for
both transmitting and receiving ultrasound waves, and the
ultrasound transducer transmits an ultrasound wave in a 3A/4
resonance mode.

According to the configuration described above, an ultra-
sound diagnostic device is realized comprising an ultrasound
probe which uses a 3A/4 resonance mode for both transmis-
sion and reception and which is suitable for high-frequency
waves or, in other words, high resolution imaging.

In addition, according to another mode, in the ultrasound
diagnostic devices described above, favorably, the laminated
piezoelectric body in the ultrasound transducer is used for
receiving an Ultrasound wave as a first piezoelectric body, the
ultrasound transducer further includes a second piezoelectric
body that transmits an ultrasound wave of a fundamental
wave component in a A/4 resonance mode, and the second
piezoelectric body and the first piezoelectric body are lami-
nated in this order from a side of a rear layer.

According to the configuration described above, an ultra-
sound diagnostic device is realized comprising an ultrasound
probe which is capable of respectively using suitable piezo-
electric bodies for transmission and reception and which is
suitable for harmonic imaging in which large power trans-
mission is performed and harmonics generated by a subject
are received at high gain.

Furthermore, according to another mode, in the ultrasound
diagnostic devices described above, favorably, the laminated
piezoelectric body in the ultrasound transducer is used for
receiving an ultrasound wave as a first piezoelectric body, the
ultrasound transducer further includes two second piezoelec-
tric bodies that transmit an ultrasound wave of a fundamental
wave component in a A/4 resonance mode, and the second
piezoelectric bodies are provided in parallel on both sides of
the first piezoelectric body.

According to the configuration described above, an ultra-
sound diagnostic device is realized comprising an ultrasound
probe which is capable of respectively using suitable piezo-
electric bodies for transmission and reception and which is
suitable for harmonic imaging in which large power trans-
mission is performed and harmonics generated by a subject
are received at high gain.

Moreover, according to another mode, in the ultrasound
diagnostic devices described above, favorably, the first piezo-
electric body is made of a material containing an organic
polymer as a main component.

According to the configuration described above, an organic
polymer piezoelectric body is capable of handing a high-
frequency signal and is suitable for receiving the harmonics,
Therefore, an ultrasound diagnostic device is realized com-
prising an ultrasound probe which is suitable for harmonic
imaging in which large power transmission is performed and
harmonies generated by a subject are received at high gain as
described above by using an organic piezoelectric body for
reception.

In addition, according to another mode, in the ultrasound
diagnostic devices described above, favorably, the second
piezoelectric body is made of an inorganic material, the first
piezoelectric body is made of a material containing an organic
polymer as a main component, and a member for acoustic
matching purposes is not interposed between the first piezo-
electric body and a subject.
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According to the configuration described above, among the
laminated inorganic and organic piezoelectric bodies, since a
subject side piezoelectric body is an organic piezoelectric
body with low acoustic impedance, a member for acoustic
impedance matching purposes can be omitted from between
a subject such as a living body and the organic piezoelectric
body. Therefore, with an ultrasound diagnostic device con-
figured as described above, since an acoustic matching layer
for impedance matching can be eliminated from between the
organic piezoelectric body and the subject in the ultrasound
transducer, a structure of the ultrasound transducer can be
simplified.

Furthermore, according to another mode, in the ultrasound
diagnostic devices described above, favorably, the transmit-
ting unit supplies a transmission signal to the laminated
piezoelectric body in the ultrasound transducer as a coded
pulse voltage, and the receiving unit performs pulse compres-
sion on a signal received by the laminated piezoelectric body
in the ultrasound transducer and causes the image processing
unit to perform imaging on the pulse compressed signal.

With an ultrasound diagnostic device configured as
described above, an ultrasound transducer thereof is capable
of obtaining a reception pulse with a large amplitude or, in
other words, favorable S/N while preventing an impact on a
subject from becoming significant.

The present application is based on and claims priority to
Japanese Patent Application No. 2010-84018, filed on Mar.
31, 2010, and Japanese Patent Application No. 2010-84533,
filed on Mar. 31, 2010, the contents of which are incorporated
by reference herein.

While the present invention has been described above as
related to preferred embodiments in an appropriate and suf-
ficient manner with reference to the accompanying drawings,
it is to be understood that modifications and/or variations will
be apparent to those skilled in the art. Therefore, it is to be
understood that unless modifications or variations that are
made by those skilled in the art depart from the scope of rights
of the invention as set forth in the claims, all such modifica-
tions or variations are encompassed in the scope of rights of
the invention.

INDUSTRIAL APPLICABILITY

According to the present invention, it is possible to provide
a laminated piezoelectric body, a laminated piezoelectric
body manufacturing method, and an ultrasound transducer
and an Ultrasound diagnostic device that use the laminated
piezoelectric body.
The invention claimed is:
1. An ultrasound transducer comprising:
only three mutually laminated piezoelectric layers of equal
thickness;
aplurality of electrodes arranged at interlayers of the mutu-
ally laminated piezoelectric layers and on surfaces of
piezoelectric layers at both ends; and
two connecting wirings which mutually connect the
respective piezoelectric layers in parallel by coupling
farther-side electrodes of mutually adjacent piezoelec-
tric layers, wherein
a first-level piezoelectric layer of the laminated piezoelec-
tric layers includes a fixed end-side and an opposite side
on which the others of the piezoelectric layers are lami-
nated,
the respective piezoelectric layers are arranged such that an
orientation of the residual polarization or the crystal axis
of'the first-level piezoelectric layer is in a first direction,
an orientation of the residual polarization or the crystal
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axis is in the first direction for a second-level piezoelec-
tric layer that is in contact with the first-level piezoelec-
tric layer and in a second direction, which is an opposite
direction to the first direction, for a third-level piezoelec-
tric layer that in contact with the second-level piezoelec-
tric layer, and

the mutually laminated piezoelectric layers transmit an
ultrasound wave into a subject and receive an ultrasound
wave from the subject.

2. The ultrasound transducer according to claim 1, wherein

each of the piezoelectric layers is further split into two
piezoelectric layers in a thickness direction and the two
piezoelectric layers are mutually connected in parallel to
constitute one set to be laminated, and

for each of the split piezoelectric layers, front and back
sides of the piezoelectric layer are reversed so that the
orientation of the residual polarization or the crystal axis
is consistent with an electrical displacement or a sign of
an electric field in a distortion distribution within the
laminated piezoelectric layers.

3. The ultrasound transducer according to claim 1, wherein

the fixed-end side of file first-level piezoelectric layer is
fixed to a rear layer by sandwiching the electrode ther-
ebetween, and defines a fixed end in a vibration of the
first-level piezoelectric layer.

4. An ultrasound transducer comprising:

only six mutually laminated piezoelectric layers of equal
thickness;

aplurality of electrodes arranged at interlayers of the mutu-
ally laminated piezoelectric layers and on surfaces of
piezoelectric layers at both ends; and

two connecting wirings which mutually connect the
respective piezoelectric layers in parallel by coupling
farther-side electrodes of mutually adjacent piezoelec-
tric layers, wherein

a first-level piezoelectric layer of the laminated piezoelec-
tric layers includes a fixed end-side and an opposite side
on which the others of the piezoelectric layers are lami-
nated,

the respective piezoelectric layers are arranged to have a
periodicity such that an orientation of the residual polar-
ization or the crystal axis of the first-level piezoelectric
layer is in a first direction, an orientation of a residual
polarization or a crystal axis for a second-level piezo-
electric layer that is in contact with the first-level piezo-
electric layer is in the first direction; and an orientation
of a residual polarization or a crystal axis for a third-
level piezoelectric layer that is in contact with the sec-
ond-level piezoelectric layer, and for a fourth-level
piezoelectric layer that is in contact with the third-level
piezoelectric layer is in a second direction, which is an
opposite direction to the first direction, and an orienta-
tion of a residual polarization or a crystal axis for a
fifth-level piezoelectric layer that is in contact with the
fourth-level piezoelectric layer, and for a sixth-level
piezoelectric layer that is in contact with the fifth-level
piezoelectric layer is in the first direction, and

the mutually laminated piezoelectric layers transmit an
ultrasound wave into a subject and receive an ultrasound
wave from the subject.

5. The ultrasound transducer according to claim 4, wherein

each of the plurality of piezoelectric layers is arranged such
that each orientation of a residual polarization or a crys-
tal axis in the each of the plurality of piezoelectric layers
is in a direction which reduces sensitivity in a first reso-
nance mode and increases sensitivity in a second reso-
nance mode of a higher order than the first resonance
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mode with respect to the orientation of the residual
polarization or the crystal axis of the first-level piezo-
electric layer, and

wherein the second resonance mode is a resonance mode of
a third or higher order created by an expansion and
contraction of the laminated piezoelectric layers in a
thickness direction.

6. An ultrasound diagnostic device comprising:

an ultrasound transducer which transmits an ultrasound
wave into a subject that is a measurement object and
which receives an ultrasound wave originating from the
subject;

a transmitting unit which supplies a transmission ultra-
sound signal to the ultrasound transducer;

a receiving unit which performs predetermined signal pro-
cessing on a reception signal received by the ultrasound
transducer; and

an image processing unit which creates a tomographic
image of an internal state of the subject based on the
reception signal from the receiving unit, wherein the
ultrasound transducer is a laminated piezoelectric body
including:

only three mutually laminated piezoelectric layers of equal
thickness; a plurality of electrodes arranged at interlay-
ers of the mutually laminated piezoelectric layers and on
surfaces of piezoelectric layers at both ends; and two
connecting wirings which mutually connect the respec-
tive piezoelectric layers in parallel by coupling farther-
side electrodes of mutually adjacent piezoelectric lay-
ers, wherein a first-level piezoelectric layer of the
laminated piezoelectric layers includes a fixed end-side
and an opposite side on which the others of the piezo-
electric layers are laminated,

the respective piezoelectric layers in the ultrasound trans-
ducer are arranged such that an orientation of the
residual polarization or a crystal axis of the first-level
piezoelectric layer on a fixed end-side is in a first direc-
tion, an orientation of a residual polarization or a crystal
axis is in the first direction for a second-level piezoelec-
tric layer that is in contact with the first-level piezoelec-
tric layer and in a second direction, which is an opposite
direction to the first direction, for a third-level piezoelec-
tric layer that is in contact with the second-level piezo-
electric layer, and

the mutually laminated piezoelectric layers being config-
ured to at least one of transmit an ultrasound wave into a
subject and receive an ultrasound wave from the subject.

7. The ultrasound diagnostic device according to claim 6,
wherein the laminated piezoelectric body in the ultrasound
transducer is used for both transmitting and receiving ultra-
sound waves, and the ultrasound transducer transmits an
ultrasound wave in a 3A/4 resonance mode.

8. The ultrasound diagnostic device according to claim 6,
wherein the laminated piezoelectric body in the ultrasound
transducer is used for receiving an ultrasound wave as a first
piezoelectric body, the ultrasound transducer further includes
a second piezoelectric body that transmits an ultrasound wave
of'a fundamental wave component in a A/4 resonance mode,
and the second piezoelectric body and the first piezoelectric
body are laminated in this order from a side of a rear layer.

9. The ultrasound diagnostic device according to claim 8,
wherein the first piezoelectric body is made of a material
containing an organic polymer as a main component.

10. The ultrasound diagnostic device according to claim 8,
wherein

the second piezoelectric body is made of an inorganic
material, the first piezoelectric body is made of a mate-
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rial containing an organic polymer as a main component,
and a member for acoustic matching purposes is not
interposed between the first piezoelectric body and the
subject.

11. The ultrasound diagnostic device according to claim 6,
wherein the laminated piezoelectric body in the ultrasound
transducer is used for receiving an ultrasound wave as a first
piezoelectric body, the ultrasound transducer further includes
two second piezoelectric bodies that transmit an ultrasound
wave of a fundamental wave component in a A/4 resonance
mode, and the second piezoelectric bodies are provided in
parallel on both sides of the first piezoelectric body.

12. The ultrasound diagnostic device according to claim 6,
wherein

the transmitting unit supplies a transmission signal to the
laminated piezoelectric body in the ultrasound trans-
ducer as a coded pulse voltage, and

the receiving unit performs pulse compression on the
reception signal received by the laminated piezoelectric
body in the ultrasound transducer and causes the image
processing unit to process the pulse-compressed signal.

13. The ultrasound diagnostic device according to claim 6,
wherein

the fixed-end side of the first-level piezoelectric layer is
fixed to a rear layer by sandwiching the electrode ther-
ebetween, and defines a fixed end in a vibration of the
first-level piezoelectric layer.

14. A ultrasound diagnostic device comprising:

an ultrasound transducer which transmits an ultrasound
wave into a subject that is a measurement object and
which receives an ultrasound wave originating from the
subject;

a transmitting unit which supplies a transmission ultra-
sound signal to the ultrasound transducer;

a receiving unit which performs predetermined signal pro-
cessing on a reception signal received by the ultrasound
transducer; and

an image processing unit which creates a tomographic
image of an internal state of the subject based on the
reception signal from the receiving unit, wherein

the ultrasound transducer is a laminated piezoelectric body
including:

only six mutually laminated piezoelectric layers of equal
thickness; a plurality of electrodes arranged at interlay-
ers of the mutually laminated piezoelectric layers and on
surfaces of piezoelectric layers at both ends; and two
connecting wirings which manually connect the respec-
tive piezoelectric layers in parallel by coupling farther-
side electrodes of mutually adjacent piezoelectric lay-
ers, wherein a first-level piezoelectric layer of the
laminated piezoelectric layers includes a fixed end-side
and an opposite side on which the others of the piezo-
electric layers are laminated,

the respective piezoelectric layers in the ultrasound trans-
ducer are arranged such that an orientation of the
residual polarization or the crystal axis of the first-level
piezoelectric layer on a fixed end-side is in a first direc-
tion, an orientation of a residual polarization or a crystal
axis for a second-level piezoelectric layer that is in con-
tact with the first-level piezoelectric layer is in the first
direction; and an orientation of a residual polarization or
a crystal axis for a third-level piezoelectric layer that is
in contact with the second-level piezoelectric layer, and
for a fourth-level piezoelectric layer that is in contact
with the third-level piezoelectric layer is in a second
direction, which is an opposite direction to the first
direction, and an orientation of a residual polarization or
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acrystal axis for a fifth-level piezoelectric layer that is in
contact with the fourth-level piezoelectric layer, and for
sixth-level piezoelectric layer that is in contact with the
fifth-level piezoelectric layer is in the first direction, and

the mutually laminated piezoelectric layers transmit an 5
ultrasound wave into a subject and receive an ultrasound
wave from the subject.
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