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(7) ABSTRACT

The ultrasound probe includes a piezoelectric element
including a piezoelectric composition and an electrode that
applies a voltage to the piezoelectric composition. The
piezoelectric composition has piezoelectric characteristics
expressed by any coordinates included in a region formed by
a polyhedron having a plurality of predetermined points as
vertexes in Cartesian coordinates (K, g €,,%, B.) including
variables kg €  and E_.
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PIEZOELECTRIC ELEMENT, ULTRASOUND
PROBE AND ULTRASOUND IMAGING
APPARATUS

CROSS REFERENCE TO RELATED
APPLICATIONS

[0001] This application is entitled to and claims the benefit
of Japanese Patent Application No. 2016-121715, filed on
Jun. 20, 2016, the disclosure of which including the speci-
fication, drawings and abstract is incorporated herein by
reference in its entirety.

BACKGROUND OF THE INVENTION

1. Field of the Invention

[0002] The present invention relates to a piezoelectric
element, an ultrasound probe, and an ultrasound imaging
apparatus having the ultrasound probe.

2. Description of Related Art

[0003] An ultrasound probe in an ultrasound imaging
apparatus to be utilized in the medical field has a piezoelec-
tric element including a piezoelectric composition and an
electrode that applies a voltage to the piezoelectric compo-
sition. In the ultrasound imaging apparatus, the piezoelectric
composition is vibrated by an electrical signal to thereby
generate ultrasound to be transmitted. The ultrasound
reflected in a subject is received by the ultrasound probe.
Thus, the ultrasound imaging apparatus can obtain an ultra-
sound image of the subject.

[0004] The ultrasound probe preferably includes a piezo-
electric composition having a high relative permittivity, a
coercive electric field and an electromechanical coupling
coefficient from the viewpoint of realizing an ultrasound
probe having a high sensitivity to ultrasound. As an example
of such an ultrasound probe, an ultrasound probe is known
which includes a piezoelectric composition having a per-
ovskite structure including zirconium in a predetermined
composition (see, for example, Japanese Patent No.
5063606). The piezoelectric composition of the ultrasound
probe has a relative permittivity of 4,000 or more and a
coercive electric field of about 5.3 to 10 kV/cm. The relative
permittivity of the piezoelectric composition described in
Japanese Patent No. 5063606 here means a value measured
at a sufficiently low frequency (usually 1 kHz) after a
polarization treatment, namely, a relative permittivity (¢7) in
a free state.

[0005] As another example of the ultrasound probe, a
piezoelectric element is known which includes a piezoelec-
tric composition being a BiScO;-based solid solution (see,
for example, Japanese Patent Application Laid-Open No.
2006-188414). The relative permittivity of the piezoelectric
composition of the piezoelectric element is also measured at
a low frequency.

[0006] There is a case where a piezoelectric composition
having a small thickness is used, for example, a case where
an acoustic back layer acoustically coupled to a piezoelectric
element is included, a case where ultrasound having a high
center frequency (for example, center frequency: 7 MHz or
more) is used, or a case where a piezoelectric element is
layered. In such a case, there is demanded an ultrasound
probe that can be driven at a high driving voltage and that
has a higher sensitivity to ultrasound than a conventional
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ultrasound probe, from the viewpoint of a further increase in
performance of an ultrasound imaging apparatus.

[0007] 1In the above case, the piezoelectric composition is
in a substantially bound state. That is, the piezoelectric
composition of an actual ultrasound probe is fixed to other
member (for example, acoustic back layer) by an adhesive
or the like, and is thus in a bound state to some extent.
Furthermore, when the frequency of ultrasound is in the
vicinity of the antiresonant frequency or is higher than the
antiresonant frequency, the piezoelectric composition is in a
substantially bound state. Therefore, not relative permittiv-
ity ” (hereinafter, also referred to as “free relative permit-
tivity”) in a free state after a polarization treatment, but
relative permittivity €° (hereinafter, also referred to as
“bound relative permittivity”) in a bound state after a
polarization treatment is important for the design of an
ultrasound probe.

[0008] The design of a probe in consideration of a free
relative permittivity cannot sometimes provide any ultra-
sound probe having a piezoelectric element having a small
thickness, the probe realizing desired piezoelectric charac-
teristics and having a sufficient sensitivity to ultrasound. As
is clear from the above PTLs, an ultrasound probe has been
conventionally known which includes a piezoelectric ele-
ment having a piezoelectric composition focused on a free
relative permittivity.

[0009] While an ultrasound probe is preferably high in
electromechanical coupling coeflicient with respect to a
vibration mode in a direction (longitudinal direction) paral-
lel with the polarization direction (electric field direction), it
is preferably low in electromechanical coupling coeflicient
with respect to a vibration mode in a direction (lateral
direction) perpendicular to the polarization direction (elec-
tric field direction). As is clear from Japanese Patent Appli-
cation Laid-Open No. 2006-188414, a piezoelectric compo-
nent for a low frequency, focused on the electromechanical
coupling coeflicients (k,,, ks, ) in the lateral direction, such as
a piezoelectric speaker or a piezoelectric pump, has been
conventionally known as a piezoelectric element having a
PMN-PZT-based piezoelectric ~composition partially
replaced with BiScO,. Any piezoelectric element including
the piezoelectric composition, however, is not known at all
which is designed in consideration of bound relative per-
mittivity e,” and electromechanical coupling coeflicient k
in an ultrasound region (PMN and PZT represent Pb(Mg, ,
3Nb, ;)05 and Pb(ZrTi)O;, respectively).

[0010] Furthermore, no ultrasound probe has been found,
which is focused on a bound relative permittivity, and the
electromechanical coupling coeflicient or the effective elec-
tromechanical coupling coefficient in the longitudinal direc-
tion and which includes a piezoelectric composition suffi-
ciently high in all of a bound relative permittivity, a coercive
electric field and an effective electromechanical coupling
coeflicient. Accordingly, a piezoelectric composition having
a small thickness cannot sometimes impart a sufficient
sensitivity to ultrasound.

SUMMARY OF THE INVENTION

[0011] A first object of the present invention is to provide
a piezoelectric element and an ultrasound probe excellent in
sensitivity to ultrasound even when a piezoelectric compo-
sition having a small thickness is adopted. A second object
of the present invention is to provide an ultrasound imaging
apparatus having the ultrasound probe.
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[0012] Inorder to achieve at least one of the above objects,
an ultrasound probe according to a first aspect of the present
invention is an ultrasound probe including a piezoelectric
element including a piezoelectric composition and an elec-
trode that applies a voltage to the piezoelectric composition,
and an acoustic back layer acoustically coupled to the
piezoelectric element on a back surface of the piezoelectric
element, in which the piezoelectric composition has piezo-
electric characteristics expressed by any coordinates
included in a region formed by a polyhedron having point
Al to point A18 shown below as vertexes in Cartesian
coordinates (K, €55, E,) including variables k,, €, and
F_ when an effective electromechanical coupling coeflicient,
a bound relative permittivity and a coercive electric field
thereof'are defined as kg €, . and B (kV/cm), respectively:

[0013] Point Al (0.5, 2200, 18)
[0014] Point A2 (0.5, 1400, 18)
[0015] Point A3 (0.7, 600, 18)
[0016] Point A4 (0.9, 600, 18)
[0017] Point AS (0.9, 2200, 18)
[0018] Point A6 (0.5, 2200, 15)
[0019] Point A7 (0.5, 1400, 15)
[0020] Point A8 (0.7, 600, 15)
[0021] Point A9 (0.9, 600, 15)
[0022] Point A10 (0.65, 2200, 10)
[0023] Point A1l (0.65, 1400, 10)
[0024] Point A12 (0.8, 600, 10)
[0025] Point A13 (0.9, 600, 10)
[0026] Point A14 (0.75, 2200, 7)
[0027] Point A15 (0.75, 1400, 7)
[0028] Point A16 (0.8, 1000, 7)
[0029] Point A17 (0.9, 1000, 7)
[0030] Point A18 (0.9, 2200, 7)
[0031] Inorderto achieve at least one of the above objects,

an ultrasound probe according to a second aspect of the
present invention is an ultrasound probe including a piezo-
electric element including a plurality of piezoelectric com-
positions and an electrode that applies a voltage to each of
the plurality of piezoelectric compositions, a layer of each of
the piezoelectric compositions and the electrode being alter-
nately stacked, in which the piezoelectric composition has
piezoelectric characteristics expressed by any coordinates
included in a region formed by a polyhedron having point
B1 to point B14 shown below as vertexes in Cartesian
coordinates (kg €35, B) including variables kg €55 and
E_ when an effective electromechanical coupling coeflicient,
a bound relative permittivity and a coercive electric field
thereof are defined as k,; €; .Y and E_ (kV/cm), respectively:

[0032] Point B1 (0.5, 2200, 18)
[0033] Point B2 (0.5, 600, 18)
[0034] Point B3 (0.9, 600, 18)
[0035] Point B4 (0.9, 2200, 18)
[0036] Point B5 (0.5, 2200, 15)
[0037] Point B6 (0.5, 600, 15)
[0038] Point B7 (0.65, 2200, 9)
[0039] Point B8 (0.65, 1000, 9)
[0040] Point B9 (0.75, 600, 9)
[0041] Point B10 (0.9, 600, 9)
[0042] Point B11 (0.8, 2200, 7)
[0043] Point B12 (0.8, 1000, 7)
[0044] Point B13 (0.9, 1000, 7)
[0045] Point B14 (0.9, 2200, 7)
[0046] Inorder to achieve at least one of the above objects,

an ultrasound probe according to a third aspect of the present
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invention is an ultrasound probe including a piezoelectric
element including a single-layer piezoelectric composition
and an electrode that applies a voltage to the piezoelectric
composition, and no acoustic back layer to be acoustically
coupled to the piezoelectric element on a back surface of the
piezoelectric element, in which the piezoelectric composi-
tion has piezoelectric characteristics expressed by any coor-
dinates included in a region formed by a polyhedron having
point C1 to point C18 shown below as vertexes in Cartesian
coordinates (k,; €55, E,) including variables k,; €5, and
E_ when an effective electromechanical coupling coefficient,
a bound relative permittivity and a coercive electric field
thereof are defined as k5, €, .~ and B_ (kV/cm), respectively:

[0047] Point C1 (0.55, 2200, 18)
[0048] Point C2 (0.55, 1400, 18)
[0049] Point C3 (0.75, 600, 18)
[0050] Point C4 (0.9, 600, 18)
[0051] Point C5 (0.9, 2200, 18)
[0052] Point C6 (0.55, 2200, 13)
[0053] Point C7 (0.55, 1400, 13)
[0054] Point C8 (0.75, 600, 13)
[0055] Point C9 (0.9, 600, 13)
[0056] Point C10 (0.6, 2200, 10)
[0057] Point C11 (0.6, 1400, 10)
[0058] Point C12 (0.8, 600, 10)
[0059] Point C13 (0.9, 600, 10)
[0060] Point C14 (0.75, 2200, 7)
[0061] Point C15 (0.75, 1400, 7)
[0062] Point C16 (0.8, 1200, 7)
[0063] Point C17 (0.9, 1200, 7)
[0064] Point C18 (0.9, 2200, 7)
[0065] Inorderto achieve at least one of the above objects,

a piezoelectric element according to a fourth aspect of the
present invention includes a piezoelectric composition
including, as a main component, a composition represented
by the following general formula, and an electrode that
applies a voltage to the piezoelectric composition, in which
the piezoelectric composition satisfies the following expres-
sions (1) to (3) when an electromechanical coupling coef-
ficient, a bound relative permittivity and a coercive electric
field thereof are defined as ks, €55° and E_ (kV/em), respec-
tively:

X[(Pb,yA,2){(M1 1,3Nbs/3)03} ]{(Pb,, A ,o) TiOs -2 {
(Pb,1A,2)Z105}

[0066] 1in which A represents Ba or Sr, M1 represents Mg,
or Mg and Zn, and the following expressions (4) to (8) are
satisfied:

k3320.65 M
€35°21000 (3]
E212 ©)
0=a2=0.1 )
al+a2=1 (©)
xy+z=1 (6)
0.1=x<0.375 M
0.52y/(y+2)=0.64 ®)
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[0067] Inorderto achieve at least one of the above objects,
an ultrasound imaging apparatus according to one aspect of
the present invention includes the ultrasound probe.

BRIEF DESCRIPTION OF DRAWINGS

[0068] The present invention will become more fully
understood from the detailed description given herein below
and the appended drawings which are given by way of
illustration only, and thus are not intended as a definition of
the limits of the present invention, and wherein:

[0069] FIG. 1 illustrates a schematic cross-sectional view
of one configuration example of an ultrasound probe accord-
ing to Embodiment 1 of the present invention;

[0070] FIG. 2 illustrates a schematic view illustrating
piezoelectric characteristics of a piezoelectric composition
according to Embodiment 1 of the present invention;
[0071] FIG. 3A illustrates a schematic view of one con-
figuration example of an ultrasound imaging apparatus
according to Embodiments of the present invention, and
FIG. 3B illustrates a block diagram of one electric configu-
ration example of the ultrasound imaging apparatus accord-
ing to Embodiments of the present invention;

[0072] FIG. 4 illustrates a schematic cross-sectional view
of one configuration example of an ultrasound probe accord-
ing to Embodiment 2 of the present invention;

[0073] FIG. 5 illustrates a schematic view illustrating
piezoelectric characteristics of a piezoelectric composition
according to Embodiment 2 of the present invention,
[0074] FIG. 6 illustrates a schematic view illustrating
piezoelectric characteristics of a piezoelectric composition
according to Embodiment 2 of the present invention;
[0075] FIG. 7 illustrates a schematic cross-sectional view
of one configuration example of an ultrasound probe accord-
ing to Embodiment 3 of the present invention;

[0076] FIG. 8 illustrates a schematic view illustrating
piezoelectric characteristics of a piezoelectric composition
according to Embodiment 3 of the present invention; and
[0077] FIG. 9 illustrates a schematic cross-sectional view
of one configuration example of an ultrasound probe accord-
ing to Embodiment 4 of the present invention.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

[0078] A piezoelectric composition forming a piezoelec-
tric element is required to have a small thickness from the
viewpoint of generating an ultrasound high in center fre-
quency. When the coercive electric field of the piezoelectric
composition is constant, the voltage that can be applied to
the piezoelectric element is decreased as the thickness of the
piezoelectric composition is decreased. When the coercive
electric field of the piezoelectric composition is too low, a
high voltage cannot be applied to the piezoelectric element,
and the output of ultrasound cannot be increased. Therefore,
the resulting ultrasound probe has difficulty in having an
increased sensitivity. Accordingly, the piezoelectric compo-
sition of the ultrasound probe preferably has a high coercive
electric field in order that the sensitivity to ultrasound is
higher even when the piezoelectric composition has a small
thickness.

[0079] The relative permittivity of the piezoelectric com-
position tends to be lower, as the coercive electric field is
higher. As the relative permittivity of the piezoelectric
composition is lower, a piezoelectric element using the
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piezoelectric composition is higher in electric impedance.
The electric impedance is required to be matched with
electric impedances of a transmitting circuit and a receiving
circuit of an ultrasound imaging apparatus from the view-
point of increasing the sensitivity to ultrasound. An existing
ultrasound probe is often higher in the electric impedance of
a piezoelectric composition than the electric impedances of
the transmitting circuit and the receiving circuit, and a
reduction in the electric impedance of a piezoelectric ele-
ment is demanded. That is, a piezoelectric composition of an
ultrasound probe preferably has a high relative permittivity
from the viewpoints that the electric impedance is matched
in the ultrasound probe and the sensitivity to ultrasound is
increased.

[0080] As described above, the present inventors have
focused on bound relative permittivity €° instead of free
relative permittivity €”, and also have focused on effective
electromechanical coupling coefficient k .

[0081] An object of the present invention is to realize a
piezoelectric element and an ultrasound probe including a
piezoelectric composition being sufficient in all of a bound
relative permittivity, a coercive electric field and an effective
electromechanical coupling coeflicient, and having a high
sensitivity to ultrasound even when the piezoelectric com-
position has a small thickness. Another object of the present
invention is to realize an ultrasound imaging apparatus
including the ultrasound probe. Hereinafter, Embodiments
of the present invention are described.

Embodiment 1

[0082] An ultrasound probe according to Embodiment 1
includes an acoustic back layer as a structural feature.
[0083] FIG. 1 illustrates a schematic cross-sectional view
of one configuration example of an ultrasound probe accord-
ing to Embodiment 1 of the present invention. Ultrasound
probe 100a according to the present Embodiment includes
back surface load material 110, acoustic back layer 120,
piezoelectric element 1304, acoustic matching layer 140 and
a flexible printed circuit (FPC, not illustrated).

[0084] Ultrasound probe 100a can be configured in the
same manner as in a known ultrasound probe, except for
piezoelectric element 130a. For example, an electrode is
attached to piezoelectric element 130¢ in FPC not illus-
trated, and any beamforming can be performed by transmit-
ting and receiving driving of ultrasound to be controlled in
an ultrasound imaging apparatus to which ultrasound probe
100q is connected.

[0085] The center frequency of a transmitting and receiv-
ing band of ultrasound in ultrasound probe 1004 according
to the present Embodiment is not particularly limited. The
center frequency is preferably 7 MHz or more, more pref-
erably 10 MHz or more, further preferably 12 MHz or more
from the viewpoint of an increase in the resolution of
ultrasound probe 100a. The center frequency is preferably
30 MHz or less from the viewpoint of suppressing attenu-
ation of ultrasound. The transmitting and receiving band
refers to a frequency band of ultrasound to be transmitted
from and received by piezoelectric element 130a. The center
frequency refers to the average value of the upper limit
frequency and the lower limit frequency in a frequency band
where the maximum peak value of ultrasound is reduced by
-6 dB.

[0086] The center frequency can be appropriately set
depending on the intended use of ultrasound probe 100a.
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The center frequency can be increased as the thickness of
piezoelectric element 130a is decreased.

[0087] (Back Surface Load Material)

[0088] Back surface load material 110 is an ultrasound
absorber having an acoustic impedance higher than the
acoustic impedance of piezoelectric element 130¢ and
absorbing unnecessary ultrasound. In the present Embodi-
ment, back surface load material 110 supports acoustic back
layer 120. Back surface load material 110 is mounted on a
surface (rear surface, back surface) of piezoelectric element
130q, the surface being opposite to a surface of piezoelectric
element 130a on the side capable of transmitting ultrasound
to and receiving ultrasound from a subject (for example, a
living body), thereby absorbing ultrasound generated on a
surface opposite to the subject.

[0089] Examples of the material of back surface load
material 110 include natural rubber, ferrite rubber, an epoxy
resin, a silicone resin, a thermoplastic resin, and a resin-
based composite obtained by press molding of a mixture of
at least any of such materials with a powder of tungsten
oxide, titanium oxide, ferrite, or the like. Other examples of
the material of back surface load material 110 include a
material obtained by pulverizing the resin-based composite,
mixing it with other material such as the thermoplastic resin
or the epoxy resin, and curing the resulting mixture.
[0090] Examples of the thermoplastic resin include vinyl
chloride, polyvinyl butyral, an ABS resin, polyurethane,
polyvinyl alcohol, polyethylene, polypropylene, polyacetal,
polyethylene terephthalate, a fluororesin, polyethylene gly-
col and a polyethylene terephthalate-polyethylene glycol
copolymer. The material of back surface load material 110 is
particularly preferably a resin-based composite, further par-
ticularly preferably a rubber composite material or an epoxy
resin-based composite.

[0091] Other compounding agent may also be, if neces-
sary, added to back surface load material 110. For example,
an inorganic material such as Macor glass or glass, or a
porous material having pores may also be added to back
surface load material 110 from the viewpoint of adjusting
the acoustic impedance of back surface load material 110.
[0092] The shape of back surface load material 110 can be
appropriately determined depending on the shapes of piezo-
electric element 130q, ultrasound probe 100a including
piezoelectric element 130a, and the like.

[0093] The thickness of back surface load material 110 is
preferably in the range from 1 to 30 mm, more preferably in
the range from 1 to 10 mm.

[0094] Herein, back surface load material 110 and FPC
described below can be bonded to each other by, for
example, an adhesive (for example, an epoxy-based adhe-
sive) commonly used in the technical field.

[0095] (Acoustic Back Layer)

[0096] Acoustic back layer 120 is disposed facing the back
surface of piezoelectric element 130q, and changes the
vibration mode of piezoelectric element 130a. Acoustic back
layer 120 is acoustically coupled to piezoelectric element
130q. The “front surface” of the piezoelectric element refers
to a surface disposed on the side capable of transmitting
ultrasound to and receiving ultrasound from a subject, and
the “back surface” of the piezoelectric element refers to a
surface of the piezoelectric element, disposed opposite to the
front surface. Acoustic back layer 120 may have an acoustic
impedance different from or comparable with the acoustic
impedance of piezoelectric composition 131a.
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[0097] When acoustic back layer 120 serves as an acoustic
reflection layer, the acoustic impedance of acoustic back
layer 120 is higher than the acoustic impedance of piezo-
electric composition 131a. In such a case, acoustic back
layer 120 is mounted on the back surface of piezoelectric
element 130q, and reflects ultrasound transmitted opposite
to the subject (the back surface of piezoelectric element
1304). Ultrasound probe 100a preferably has acoustic back
layer 120 from the viewpoint of increasing the sensitivity to
ultrasound.

[0098] The material of acoustic back layer 120 is not
particularly limited. Examples of the material of acoustic
back layer 120 include tungsten and tantalum. Acoustic back
layer 120 may also include a piezoelectric composition not
subjected to a polarization treatment. In particular, when
acoustic back layer 120 serves as an acoustic reflection layer,
the material of acoustic back layer 120 is preferably tungsten
carbide in terms of reflection efficiency.

[0099] The thickness of acoustic back layer 120 is appro-
priately determined depending on the center frequency,
acoustic design, and the like. The thickness of acoustic back
layer 120 is preferably in the range from 0.01 to 1 mm, more
preferably in the range from 0.02 to 0.4 mm.

[0100] (Piezoelectric Element)

[0101] Piezoelectric element 130a can convert an electri-
cal signal to a mechanical vibration, and can also convert a
mechanical vibration to an electrical signal. Thus, piezo-
electric element 130a can transmit and receive ultrasound.
[0102] Herein, piezoelectric element 130a and acoustic
back layer 120 are preferably at least partially bonded to
each other by an adhesion layer from the viewpoint of an
increase in adhesiveness of piezoelectric element 130a and
acoustic back layer 120. For example, a silicone-based
adhesive or an epoxy-based adhesive can be used as the
material of the adhesion layer.

[0103] The shape of piezoelectric element 130a can be
appropriately set depending on the intended use. For
example, the shape of piezoelectric element 1304 may be a
rectangular parallelepiped shape or a cylindrical shape. The
shape of piezoelectric element 130a may also be a shape
where the thickness is constant from the center portion
toward the peripheral portion, or may also be a hanafy lens
shape where the thickness is decreased from the center
portion toward the peripheral portion. The shape of piezo-
electric element 130a is preferably a hanafy lens shape from
the viewpoint of increasing the sensitivity to ultrasound.
[0104] Piezoelectric element 130a according to the pres-
ent Embodiment includes piezoelectric composition 131a
and electrode 132 that applies a voltage to piezoelectric
composition 131a. In the present Embodiment, two elec-
trodes 132 are disposed on both surfaces of single-layer
piezoelectric composition 131a so as to be opposite to each
other with piezoelectric composition 131a interposed.
[0105] Piezoelectric composition 131a may be any as long
as it has piezoelectricity, and may be ceramics, oriented
ceramics, an inorganic/organic composite, or a single crys-
tal.

[0106] FIG. 2 illustrates a schematic view illustrating
piezoelectric characteristics of piezoelectric composition
131a according to Embodiment 1. Piezoelectric composition
131a, as illustrated in FIG. 2, has piezoelectric characteris-
tics expressed by any coordinates included in a region
formed by polyhedron 1 having point A1 to point A18 shown
below as vertexes in Cartesian coordinates (k. €% B
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including variables kg €,,° and E_ when the effective

electromechanical coupling coefficient, the bound relative
permittivity and the coercive electric field thereof are
defined as k,, €,," and E, (kV/em), respectively:

[0107] Point Al (0.5, 2200, 18)
[0108] Point A2 (0.5, 1400, 1)
[0109] Point A3 (0.7, 600, 18)
[0110] Point A4 (0.9, 600, 18)
[0111] Point A5 (0.9, 2200, 18)
[0112] Point A6 (0.5, 2200, 15)
[0113] Point A7 (0.5, 1400, 15)
[0114] Point A8 (0.7, 600, 15)
[0115] Point A9 (0.9, 600, 15)
[0116] Point A10 (0.65, 2200, 10)
[0117] Point A1l (0.65, 1400, 10)
[0118] Point A12 (0.8, 600, 10)
[0119] Point A13 (0.9, 600, 10)
[0120] Point Al4 (0.75, 2200, 7)
[0121] Point A15 (0.75, 1400, 7)
[0122] Point A16 (0.8, 1000, 7)
[0123] Point A17 (0.9, 1000, 7)
[0124] Point A18 (0.9, 2200, 7)
[0125] If piezoelectric composition 131a is too low in at

least one of k,, €,,” and E, to have piezoelectric charac-
teristics expressed by any coordinates included in a region
formed by polyhedron 1, a sufficient sensitivity to ultrasound
is not achieved. Piezoelectric composition 131a which is too
high in at least one of k e,;° and E,_ to have piezoelectric
characteristics expressed by any coordinates included in a
region formed by polyhedron 1 is not preferable because of
being difficult to actually produce.

[0126] “Effective electromechanical coupling coefficient
k_,” here represents an effective electromechanical coupling
coeflicient (coeflicient representing the conversion ability
between the electric energy applied to piezoelectric compo-
sition 1314, and the mechanical energy) possessed by piezo-
electric composition 131a incorporated into ultrasound
probe 100a. “k,;” is a value depending on the vibration
mode of piezoelectric composition 131« in ultrasound probe
100q, and the structure of ultrasound probe 100a.

[0127] “k,,” can be measured with respect to piezoelectric
composition 131a processed into a shape for actual use as an
ultrasound probe, according to a resonance-antiresonance
method with a commercially available impedance analyzer.
[0128] “k.,” can be adjusted by the composition of piezo-
electric composition 131a, the relative density to the theo-
retical density of piezoelectric composition 131a (when
piezoelectric composition 131a is ceramics), the crystal
orientation of piezoelectric composition 131a, and the like.
As the composition of piezoelectric composition 131a is
closer to the morphotropic phase boundary (MPB), “k_,”
tends to be higher. In addition, as the relative density of
piezoelectric composition 131a is higher, “k ;” tends to be
higher.

[0129] “Bound relative permittivity €,,*” represents the
relative permittivity along with direction 33 when the strain
of piezoelectric composition 131« is constant, and it means
a relative permittivity at a sufficiently high frequency (for
example, center frequency: 7 MHz or more) compared with
the antiresonant frequency. In ultrasound probe 1004, a
frequency equal to or higher than the frequency ranging
from the resonant frequency to the antiresonant frequency is
used, and piezoelectric composition 131a is substantially
bound because of being fixed to other member by an
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adhesive or the like. Therefore, an important parameter for
the ultrasound probe is not free relative permittivity €,,%, but
bound relative permittivity €,5°.

[0130] “e,,™ can be measured by use of a commercially
available impedance analyzer, with respect to rod-like
(shape 33) piezoelectric composition 131a (for example, a
piezoelectric composition having a size of 1 mmxl mmx3
mm, polarized in the longitudinal direction) that is higher in
the length in a direction parallel with the polarization
direction than the length in a direction perpendicular to the
polarization direction. The frequency to be used here is a
sufficiently higher frequency (for example, 10 MHz) than
the antiresonant frequency of mode 33. The adjustment
method of €,,° is described below.

[0131] Furthermore, “coercive electric field E.” represents
a voltage to be applied which is necessary for application of
a voltage in a reverse direction to the polarization direction
of the remaining polarization in piezoelectric composition
131a to allow the remaining polarization in piezoelectric
composition 131a to disappear.

[0132] “E_” can be measured by, for example, the follow-
ing method. First, an electric field ranging from 0 kV/em to
40 kV/cm is applied to piezoelectric composition 131a and
an electric field ranging from 40 kV/em to -40 kV/em is
continuously applied thereto by use of a ferroelectric char-
acteristic evaluation system (manufactured by Leadtech) at
room temperature, to measure the hysteresis of the amount
of polarization (uC/cm?) to the electric field intensity (kV/
cm) in continuous application of a voltage of -40 kV/cm to
40 kV/em. The coercive electric field can be determined
from the electric field intensity value at an amount of
polarization of 0 in the resulting hysteresis curve.

[0133] The thickness of piezoelectric composition 131a
can be appropriately set depending on the center frequency
of ultrasound, the frequency constant of piezoelectric com-
position 131a, the acoustic design, and the like. The thick-
ness of piezoelectric composition 131a is preferably small
from the viewpoint of realizing a high center frequency. For
example, the thickness of piezoelectric composition 131a is
preferably in the range from 0.02 to 1 mm, more preferably
in the range from 0.03 to 0.4 mm. When the center frequency
is 10 MHz, the thickness of piezoelectric composition 131a
is, for example, in the range from 0.04 to 0.2 mm.

[0134] From the viewpoint of realizing a high sensitivity
to ultrasound, piezoelectric composition 131a preferably
satisfies the following expressions when the electromechani-
cal coupling coeflicient, the bound relative permittivity and
the coercive electric field thereof are defined as ks, €55” and
a (kV/cm), respectively:

k332065
€35°21000

Ez12

[0135] “Electromechanical coupling coefficient k,,” here
is a coeflicient representing the conversion ability between
the electric energy applied to the piezoelectric composition,
and the mechanical energy, and is a value intrinsic to the
piezoelectric composition. In the present Embodiment, the
k- value is about 0.9xk,; to 1xk;;. Bound relative permit-
tivity ,,” and coercive electric field a are the same as €,,°
and E_ described above, respectively.

[0136] “k.;” can be measured with respect to rod-like
(shape 33) piezoelectric composition 131a (for example, a
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piezoelectric composition having a size of 1 mmx1 mmx3
mm, polarized in the longitudinal direction) that is higher in
the length in a direction along with the polarization direction
than the length in a direction perpendicular to the polariza-
tion direction, according to a resonance-antiresonance
method with a commercially available impedance analyzer.
The adjustment method of k5, is described below.

[0137] The upper limit of k5 is not particularly limited.
The upper limit of k;; can be appropriately determined
within the scope where piezoelectric composition 131a can
be produced.

[0138] The composition of piezoelectric composition
131a can be appropriately changed as long as at least one of
the effects of the present Embodiment is obtained. Piezo-
electric composition 131a may be produced by a production
method described below, or may be a ready-made product.
Piezoelectric composition 131a preferably includes, as a
main component, a composition represented by the follow-
ing general formula (1), more preferably includes, as a main
component, a composition represented by the following
general formula (2), from the viewpoint of realizing a high
sensitivity to ultrasound. The content of the main component
relative to piezoelectric composition 131a is, for example, 0
to 20 parts by mass (more than 0 parts by mass and 20 parts
by mass or less). When piezoelectric composition 131a is
here an inorganic/organic composite, the content of the main
component is defined as the content under the assumption
that the proportion of only an inorganic substance except for
an organic substance is 100 parts by mass.

A[(Pby A2 (M1 13NDo3) 03 10{(Pbyy Agp) TiOs 1-2{
(PbyyAy)Zr05} M

[0139] In the general formula (1), A represents Ba or Sr,
M1 represents Mg, or Mg and Zn, and the following
expressions are satisfied. When M1 represents Mg and Zn,
the ratio of Mg and Zn is not particularly limited, and is, for
example, 10:0 to 5:5.

0=a2<0.1
al+a2=1
X+y+z=1
0.1sx50.375
0.5=y/(y+2)=0.64

A[(PbyA,o) (M1 13NDo3) 03 1{(Pb,y Ap)TiOs -2
[R1{(Pb,1A,5)Z105}—R2(BiScOs )] @

[0140] In the general formula (2), A represents Ba or Sr,
M1 represents Mg, or Mg and Zn, and the following
expressions are satisfied. When M1 represents Mg and Zn,
the ratio of Mg and Zn is not particularly limited, and is, for
example, 10:0 to 5:5.

0=a2<0.1
al+a2=1
X+y+z=1
0.1sx=0.25
0.5<y/(y+7)<0.64

0<R2s0.25
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[0141] In the general formulae (1) and (2), the values of
al, a2, x, y, z and R2 can be appropriately set as long as at
least one of the effects of the present Embodiment is
obtained. If barium (Ba) or strontium (Sr) is excessively
added to piezoelectric composition 131a, k,, may be exces-
sively lower, and therefore a2 is preferably 0.1 or less. The
present inventors have also first found that the inclusion of
BiScO; in piezoelectric composition 131a is effective for
increasing k. (k_;) and piezoelectric constant d.;, as piezo-
electric characteristics in the polarization direction with €5;°
being kept.

[0142] Each microcrystal of piezoelectric composition
131a may be ceramics oriented in a specific plane orienta-
tion (so-called oriented ceramics) or may be a single crystal
having a specific plane orientation. The specific plane ori-
entation, while it may be in any orientation, is preferably
(001), (110) or (111) in terms of a pseudocubic crystal from
the viewpoint of more enhancing piezoelectricity.

[0143] A known method can be used for an orientation
method of ceramics, and for example, a TGG method in
which a seed particle (or referred to as a template particle)
and a matrix particle are used, an RTGG method including
a reaction to be performed halfway, or a magnetic field
orientation method and the like, can be used.

[0144] The contents of various elements in piezoelectric
composition 131a can be calculated from the amounts of
raw materials loaded, in the case of ceramics, for example.
More precisely, inductively coupled plasma (ICP) emission
spectrometry or the like can be used. In the case of a single
crystal, any difference between the composition in loading
and the composition of a crystal produced may occur, and
therefore the contents can be determined by a method with
an electron probe micro analyzer (EPMA), ICP emission
spectrometry, or the like. The crystal system of the com-
pound in piezoelectric composition 131a can be confirmed
by, for example, an X-ray diffraction method. The plane
orientation in piezoelectric composition 131a can be con-
firmed by, for example, an X-ray diffraction method. The
degree of orientation can be confirmed by, for example, a
Lotgering method or a rocking curve method.

[0145] Piezoelectric composition 131a may contain, if
necessary, other accessory component. Examples of the
accessory component include impurities (a donor and an
acceptor), a seed particle (for example, BaTiO; or SrTiO;)
in the case of piezoelectric composition 131« being oriented
ceramics, and an additive (for example, lead oxide, bismuth
oxide) for suppression of evaporation of Pb and Bi in
production (sintering) of piezoelectric composition 131a.
The content of the accessory component in piezoelectric
composition 131a is, for example, 0 to 20 parts by mass
(more than 0 parts by mass and 20 parts by mass or less). The
accessory component may be partially or fully in the form of
asolid solution, or may not be in the form of a solid solution.
When the accessory component is not in the form of a solid
solution, the accessory component is present as a subphase
(seed particle including a subphase) in the piezoelectric
composition.

[0146] Next, a method of producing piezoelectric compo-
sition 131a is described. The method of producing piezo-
electric composition 131a includes at least a raw material
preparation step of providing a raw material composition
containing powders including desired elements selected
from the group consisting of lead, barium, strontium, mag-
nesium, niobium, titanium, zirconium, bismuth and scan-



US 2017/0365771 Al

dium in a proportion depending on the composition of
piezoelectric composition 131a to be produced, a heat
treatment step of heating the composition to 800 to 1,300°
C. to provide piezoelectric composition 1314, and a cooling
step of cooling piezoelectric composition 1314 to a desired
temperature, preferably -20 to 40° C.

[0147] The production method can be performed in the
same manner as in a common piezoelectric composition
production method as long as specific conditions described
below such as the types of materials and temperature con-
ditions are satisfied. Hereinafter, the respective steps are
described.

[0148]

[0149] The raw material preparation step is a step of
preparing the raw material composition, for example, a raw
material powder or a molded product thereof. Hereinafter,
the raw material preparation step is described with reference
to specific examples. First, respective powders serving as
sources of inorganic elements in piezoelectric composition
131a, for example, desired oxide(s), carbonate(s), and vari-
ous acid salts, are prepared. Examples of the oxide(s)
include PbO, Pb,0;, Pb,0,, Bi,0O,, TiO,, 7Zr0,, Sc,0;,
MgO, ZnO, Nb,O,, MgNb,O, and ZnNb,O,. Examples of
the carbonate(s) include BaCO; and SrCO,.

[0150] Next, respective powders containing inorganic ele-
ments, weighed in necessary amounts, are mixed to produce
a raw material powder. The method of producing the raw
material powder may be any of dry and wet methods.
Examples of the method include a wet pulverizing method
by a ball mill, a jet mill, or the like. When a wet pulverizing
method is performed by a ball mill, the raw material powder
is mixed with a dispersant, and the resulting mixture is
loaded into a pulverizing apparatus. Examples of the dis-
persant include various alcohols such as methanol and
ethanol, and pure water. A pulverizing medium such as a
zirconia ball is further added to a pulverizing apparatus, and
mixing and pulverizing are performed, for example, until the
raw material powder is made fine and substantially uniform
in terms of the particle size.

[0151] Next, the pulverizing medium is taken out from the
resulting mixture, and the dispersant is removed from the
mixture by use of a common apparatus such as a suction
filtration apparatus or a dryer to provide the raw material
powder.

[0152] Next, the resulting raw material powder is placed
in a vessel such as a crucible, and calcined. Such calcining
can be performed at, for example, 600° C. to 1,000° C. Thus,
the raw material powder can be made uniform in the
composition and can be enhanced in the sintered density.
The calcining, however, is not necessarily essential, and the
raw material powder from which the dispersant is removed
by drying may be subjected to the following molding step
without being calcined, or on the contrary, may be calcined
twice or more for the purposes of uniformity of the com-
position and an enhancement in the sintered density.

[0153] After the calcining, the raw material powder cal-
cined may be re-pulverized. In the re-pulverizing step, a
binder may be further added to the raw material powder. The
binder can be added at any stage of the initial, the middle or
the end of the re-pulverizing step. When the binder is added,
the resulting mixture is, for example, dried again. Examples
of the binder include polyvinyl alcohol (PVA) and polyvinyl
butyral (PVB).

[Raw Material Preparation Step]
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[0154] Next, the mixture is molded to provide a molded
product. Such molding is performed using, for example, a
machine commonly used, and the mixture is molded into, for
example, a cylindrical pellet. The pellet has, for example, a
diameter of about 10 to 50 mm and a thickness of about 1
to S mm. In the case of an array type ultrasound probe, the
mixture can be molded to a plate-like pellet having a
longitudinal width of about 10 to 20 mm, a lateral width of
about 30 to 70 mm and a thickness of about 1 to 5 mm.

[0155] Finally, the resulting molded product is placed in
an electric furnace, and heated to 500 to 750° C. for about
several hours to 20 hours. Such heating allows the binder to
be removed from the molded product. Thus, the molded
product, as one example of the raw material composition, is
obtained by molding the raw material powder into a prede-
termined shape. The raw material preparation step is thus
completed.

[0156] The molded product is not be necessarily calcined,
as described above. While the raw material preparation step
is described as that in a case of a common solid phase
method, the step can also be performed by, for example, a
method utilizing a hydrothermal synthesis method, or a
method using an alkoxide as a starting material. In such a
case, the molded product not calcined can be obtained.
[0157]
[0158] The heat treatment step is a step of placing the raw
material composition in a heating furnace such as a crucible
and heating it to 800 to 1,300° C. as a treatment temperature,
more preferably 950 to 1,250° C. The heating rate is usually
50 to 300° C./hour, depending on the size of the raw material
composition. The heat treatment step provides a sintered
body of the piezoelectric composition. The heating rate may
be constant or varied in the heat treatment step. The heating
rate can be represented as a representative value (for
example, average value).

[0159] The treatment time in the heat treatment step has
been conventionally about 5 minutes to 4 hour in general.
The treatment time is preferably 6 to 3,000 hours when
piezoelectric composition 131a is a single crystal. The
reason is because the heat treatment step serves as a crystal
growth step when piezoelectric composition 131 is particu-
larly a single crystal. When piezoelectric composition 131a
is oriented ceramics or ceramics (polycrystal), the treatment
time is preferably 5 minutes to 300 hours, more preferably
1 hour to 200 hours.

[0160] The treatment temperature may or may not be
constant. For example, the treatment temperature may be
gradually dropped in the heat treatment step. Such dropping
of the treatment temperature is particularly effective when
piezoelectric composition 131a to be obtained is a single
crystal. For example, in the case of 2-stage sintering, such
sintering is performed at a high temperature for only a
slightly short time at the initial stage, and thereafter at a
temperature lower than the initial temperature by about 50 to
250° C. Also in such a case, the treatment temperature is not
constant.

[0161]

[0162] The cooling step is a step of cooling piezoelectric
composition 131a obtained in the heat treatment step to a
desired temperature, for example, -20 to 40° C., more
specifically room temperature. The cooling rate in the cool-
ing step is preferably 0.1 to 200° C./min from the viewpoints
of productivity and prevention of pinning of a domain. The

[Heat Treatment Step]

[Cooling Step]
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cooling rate in the cooling step may be constant or varied.
The cooling rate can be represented as a representative value
(for example, average value).

[0163] Piezoelectric composition 131a is suitably used in
piezoelectric element 130a. Piezoelectric element 130a
includes piezoelectric composition 131a and electrode 132
that applies a voltage to piezoelectric composition 1314, and
1s formed into a predetermined form in the same manner as
in a known piezoelectric composition except that piezoelec-
tric composition 131a is used.

[0164] Piezoelectric composition 131a is molded after the
heat treatment step. Piezoelectric composition 131a can be
molded by a known processing method such as machining or
polishing, and, for example, the thickness of piezoelectric
composition 131a is adjusted by such processing. The
polishing is usually performed by mechanical polishing
using an abrasive grain of diamond, SiC, alumina, or the
like.

[0165] Piezoelectric element 130a can also be produced
by a method including a step of disposing an electrode on
piezoelectric composition 131a, and a step of applying an
electric field to piezoelectric composition 131a.

[0166] At least two electrodes 132 are usually disposed on
piezoelectric composition 131a. Electrodes 132 can be dis-
posed by the same method as a usual method of disposing
electrodes 132 on piezoelectric composition 131a. Examples
of the material of electrodes 132 include gold, silver, plati-
num, palladium, nickel and copper. For example, a step of
disposing electrodes 132 may be conducted by a method of
baking silver or a silver-palladium paste, or a method of
sputtering or vapor-depositing the electrode material. In the
case of a silver paste, a baking treatment is preferably
performed at, for example, about 400 to 700° C. for a short
time. A buffer electrode of titanium or the like may also be
disposed between each of electrodes 132 and piezoelectric
composition 131a before disposing of electrodes 132 in
order to enhance adhesiveness of piezoelectric composition
131a and each of electrodes 132.

[0167] The step of applying an electric field is a step of a
polarization treatment of piezoelectric composition 131a
(hereinafter, the step is also referred to as “polarization
step”). While the polarization step can be performed in an oil
bath at a high temperature, the step can also be performed in
high vacuum or in a powder high in insulation, as another
example. The polarization step may be performed before
disposing of electrodes 132 on piezoelectric composition
131a, or may be performed after disposing of electrodes 132
on piezoelectric composition 131a. The electric field to be
applied is not necessarily a direct current electric field, and
may be of a high-frequency wave such as a rectangular
wave, a saw-tooth wave or a burst wave, or may be super-
imposed on a direct current component.

[0168] The polarization step is usually performed in insu-
lation oil after disposing of electrodes 132 on piezoelectric
composition 131a. The treatment temperature is usually
about several tens to 200° C. The intensity of the electric
field to be applied is about 10 to 100 kV/cm. The step is
preferably performed usually under conditions of a high
temperature and a strong electric field. The treatment time is
usually about 5 to 60 minutes.

[0169] In the polarization step, application of the electric
field may be stopped, and piezoelectric composition 131a or
piezoelectric element 130a may be taken out from the
insulation oil, and then cooled. When the polarization treat-
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ment is more completely performed, field cooling with the
electric field being applied in the insulation oil may also be
performed. Such a polarization treatment can be performed
to measure desired piezoelectric characteristics such as
piezoelectric constant d,; and to complete production of
piezoelectric element 130a.

[0170] The method of producing piezoelectric element
130a may also further include other step depending on the
intended mode of piezoelectric element 130a. For example,
the production method may also further include a step of
processing piezoelectric composition 131a into a desired
shape. Piezoelectric composition 131a can be processed by
aknown processing method such as polishing or machining.
While the processing of piezoelectric composition 131a is
usually performed before production of electrodes 132, it
may be performed after production of electrodes 132. For
example, piezoelectric composition 131a can be processed
into desired size and shape by cutting or machining before
formation of electrodes 132, thereby producing piezoelectric
element 130q.

[0171] Piezoelectric constant d,, of piezoelectric compo-
sition 131a is preferably 200 pC/N or more, more preferably
400 pC/N or more from the viewpoint of an enhancement in
performance of piezoelectric element 130a. Piezoelectric
constant d,; is increased by, for example, forming oriented
ceramics or a single crystal oriented in a desired plane
orientation from isotropic ceramics.

[0172] As described above, the polarization treatment can
be reproducibly performed, and therefore piezoelectric ele-
ment 130a having a predetermined piezoelectric constant
can be obtained at a high productivity. Piezoelectric element
130a can be used in various actuators, inkjet heads, and
sensors, and can be particularly suitably used in an ultra-
sound probe.

[0173] (Acoustic Matching Layer)

[0174] Acoustic matching layer 140 is a layer that allows
the acoustic impedances of piezoelectric element 130a and
a subject (when ultrasound probe 100a has an acoustic lens
described below, such an acoustic lens) to be matched to
suppress the reflection of an ultrasound at a boundary
surface. Therefore, acoustic matching layer 140 has an
acoustic impedance which is generally an intermediate
impedance between the acoustic impedances of piezoelec-
tric element 130a and the subject. Acoustic matching layer
140 is disposed on a surface of piezoelectric element 130a
on the side facing the subject (front surface), for example,
with one of the above electrodes being interposed.

[0175] Acoustic matching layer 140 may be a single-layer
or a multi-layer, and is preferably a layered product made of
a plurality of layers different in acoustic impedance, for
example, preferably includes two or more layers, more
preferably four or more layers from the viewpoint of adjust-
ment of acoustic characteristics. The thickness of acoustic
matching layer 140 is preferably A/4, in which A means the
wavelength of ultrasound.

[0176] Acoustic matching layer 140 can be formed from,
for example, various materials. The acoustic impedance of
acoustic matching layer 140 is preferably set so as to be
stepwise or continuously closer to the acoustic impedance of
the subject towards the acoustic lens, and can be adjusted by,
for example, the type and the content of an additive to be
added to the material.

[0177] Examples of the material of acoustic matching
layer 140 include aluminum, an aluminum alloy (for
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example, Al—Mg alloy), a magnesium alloy, Macor glass,
glass, fused quartz, copper graphite and a resin. Examples of
the resin include polyethylene, polypropylene, polycarbon-
ate, an ABS resin, an AAS resin, an AES resin, nylon such
as nylon 6 and nylon 66, polyphenylene oxide, polyphe-
nylene sulfide, polyphenylene ether, polyether ether ketone,
polyamide-imide, polyethylene terephthalate, an epoxy
resin, and a urethane resin.

[0178] Examples of the additive include zinc flower, tita-
nium oxide, silica, alumina, colcothar, ferrite, tungsten
oxide, ytterbium oxide, barium sulfate, tungsten, molybde-
num, a glass fiber and a silicone particle.

[0179] Forexample, the surface portion of acoustic match-
ing layer 140 is preferably formed from an epoxy resin and
also preferably contains a silicone particle from the view-
point of adjustment of the acoustic impedance of acoustic
matching layer 140. As described below, when silicone as
the material of the acoustic lens is dispersed in a substrate of
acoustic matching layer 140 to thereby be present therein,
the acoustic impedance of acoustic matching layer 140 can
be close to that of the acoustic lens.

[0180] Respective layers in acoustic matching layer 140
are bonded by, for example, an adhesive (for example,
epoxy-based adhesive) commonly used in the art.

[0181] (Flexible Printed Circuit)

[0182] FPC has a wiring to be connected to, for example,
a pair of electrodes for piezoelectric composition 131a, the
wiring having a pattern corresponding to piezoelectric ele-
ment 130a. For example, without being particularly illus-
trated, FPC has a signal lead-out wiring serving as one
electrode, and a ground lead-out wiring to be connected to
other electrode. FPC may be a commercially available
product as long as it has the above proper pattern.

[0183] Examples of the material of the electrodes include
gold, platinum, silver, palladium, copper, aluminum, nickel,
tin, and alloys including such metal elements. For example,
the electrodes are each produced by first applying an under-
lying metal such as titanium or chromium by a sputtering
method so that the thickness is 0.002 to 1.0 um, and then
applying the material, and further, if necessary, partially
applying an insulating material, by a proper method such as
a sputtering method or a vapor deposition method so that the
thickness is 0.02 to 10 um. The electrodes can also be each
produced by applying a conductive paste obtained by mixing
a fine metal powder and low-melting-point glass, by screen
printing, a dipping method or a spraying method, to thereby
form a layer of the conductive paste.

[0184] Ultrasound probe 100¢ may also further include
other constituent component such as an acoustic lens that
focuses an ultrasound beam.

[0185] The acoustic lens is formed from, for example, a
flexible polymer material having an intermediate acoustic
impedance between the acoustic impedances of the subject
and acoustic matching layer 140. Examples of the polymer
material include silicone-based rubber, butadiene-based rub-
ber, polyurethane rubber, epichlorohydrin rubber, and eth-
ylene-propylene copolymer rubber obtained by copolymer-
izing ethylene and propylene. In particular, the polymer
material preferably includes silicone-based rubber and buta-
diene-based rubber.

[0186] Examples of the silicone-based rubber include sili-
cone rubber and fluorine silicone rubber. In particular, the
acoustic lens preferably includes silicone rubber. The sili-
cone rubber refers to an organopolysiloxane which has a
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molecular skeleton including a Si—O bond and in which a
plurality of organic groups are primarily bound to the Si
atom. The silicone rubber usually includes methyl polysi-
loxane as a main component, and 90% or more of the entire
organic groups are a methy! group. In the silicone rubber, at
least a part of methyl groups of the methyl polysiloxane may
be replaced with a hydrogen atom, a phenyl group, a vinyl
group or an allyl group.

[0187] The silicone rubber can be obtained by, for
example, kneading a curing agent (vulcanizing agent) such
as benzoyl peroxide with organopolysiloxane high in the
degree of polymerization, and curing the resultant by heat-
ing and vulcanizing. An organic or inorganic filler such as a
silica or nylon powder, a vulcanization aid such as sulfur or
zine oxide, or the like may be further added depending on
the purposes such as adjustment of the acoustic velocity and
adjustment of the density in acoustic lens 170.

[0188] Examples of the butadiene-based rubber include
butadiene rubber that is a homopolymer of butadiene, and
copolymer rubber in which butadiene as a main component
and a small amount of styrol or acrylonitrile are copolymer-
ized. In particular, the acoustic lens preferably includes
butadiene rubber. The butadiene rubber refers to synthetic
rubber obtained by polymerization of butadiene having
conjugated double bonds. The butadiene rubber can be
obtained by homopolymerization of butadiene having con-
jugated double bonds at the 1,4-positions or the 1,2-posi-
tions. The butadiene rubber may be further vulcanized by
sulfur.

[0189] An acoustic lens including silicone-based rubber
and butadiene-based rubber can be produced by, for
example, mixing silicone-based rubber and butadiene-based
rubber, and curing the resulting mixture by vulcanizing. For
example, the acoustic lens can be obtained by mixing
silicone rubber and butadiene rubber in an appropriate ratio
by a kneading roll, adding thereto a vulcanizing agent such
as benzoyl peroxide, and crosslinking (curing) the resultant
by heating and vulcanizing.

[0190] In the above case, zinc oxide is preferably further
added as a vulcanization aid. Zinc oxide can promote
vulcanization without any substantial loss in characteristics
of the acoustic lens, resulting in a decrease in the vulcaniz-
ing time. Moreover, a colorant and/or other additive can be
added as long as any of characteristics of the acoustic lens
is not impaired. The mixing ratio of silicone-based rubber
and butadiene-based rubber can be appropriately set. For
example, the acoustic impedance of the acoustic lens is
preferably set so that such an acoustic impedance is approxi-
mately that of the subject, the acoustic velocity in the
acoustic lens is lower than that in the subject and the
acoustic impedance of the acoustic lens is less attenuated.
The mixing ratio of silicone-based rubber and butadiene-
based rubber is preferably 1:1 from such viewpoints.
[0191] Ultrasound probe 100a may be, for example, a
so-called array type ultrasound probe in which a plurality of
piezoelectric elements 130a (channels) are disposed in par-
allel at a predetermined interval.

[0192] Ultrasound probe 100a may be subjected to water-
proofing processing such as parylene coating so as to be
usable in water or in a water-containing environment. For
example, such waterproofing processing may be applied on
the front surface of ultrasound probe 100a before bonding of
the acoustic lens. The “parylene” is a registered trademark of
Specialty Coating Systems, Inc.
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[0193] Ultrasound probe 100a is suitably used in an ultra-
sound imaging apparatus. The ultrasound imaging apparatus
can be configured in the same manner as in a known
ultrasound imaging apparatus except for ultrasound probe
100g. The ultrasound imaging apparatus is suitable as, for
example, an ultrasound diagnostic apparatus for medical use
or a non-destructive ultrasound inspection apparatus.
[0194] FIG. 3A illustrates a schematic view of one con-
figuration example of ultrasound imaging apparatus 200a
according to the present Embodiment, and FIG. 3B illus-
trates a block diagram of one electric configuration example
of ultrasound imaging apparatus 200a.

[0195] Ultrasound imaging apparatus 200a includes, as
illustrated in FIG. 3A, main body 201, ultrasound probe
100a connected to main body 201 via cable 202, and input
section 203 and display section 208 disposed on main body
201.

[0196] Main body 201 includes, as illustrated in FIG. 3B,
control section 204 connected to input section 203, trans-
mitting section 205 and receiving section 206 each con-
nected to control section 204 and cable 202, and image
processing section 207 connected to each of receiving
section 206 and control section 204. Control section 204 and
image processing section 207 are each connected to display
section 208.

[0197] Cable 202 connects ultrasound probe 100z and
transmitting section 205, and connects ultrasound probe
100a and receiving section 206, to transmit a signal.
[0198] Input section 203 is an apparatus that allows data
such as a command instructing the start of diagnosis or the
like, and personal information of a subject to be input, and
is, for example, an operation panel or a key board provided
with a plurality of input switches.

[0199] Control section 204 is configured to include, for
example, a microprocessor, a memory element, and a
peripheral circuit thereof. Control section 204 is a circuit
that controls ultrasound probe 100a, input section 203,
transmitting section 205, receiving section 206, image pro-
cessing section 207 and display section 208 depending on
the respective functions, to thereby control the entire ultra-
sound diagnostic apparatus 200.

[0200] Transmitting section 205 transmits, for example, a
signal from control section 204 to ultrasound probe 1004 via
cable 202.

[0201] Receiving section 206 receives, for example, a
signal from ultrasound probe 100a, and outputs the signal to
control section 204 or image processing section 207 via
cable 202.

[0202] Image processing section 207 is, for example, a
circuit that forms an image (ultrasound image) representing
the internal state of a subject based on a signal received by
receiving section 206 according to the control of control
section 204. For example, image processing section 207
includes a Digital Signal Processor (DSP) that produces an
ultrasound image of a subject, and a digital-analog conver-
sion circuit (DAC circuit) that converts the signal processed
in the DSP from a digital signal to an analog signal.
[0203] Display section 208 is, for example, an apparatus
that displays an ultrasound image of a subject, the image
being produced in image processing section 207 according
to the control of control section 204. Display section 208 is,
for example, a display apparatus such as a CRT display, a
liquid crystal display (LCD), an organic EL display or a
plasma display, or a printing apparatus such as a printer.
[0204] In ultrasound imaging apparatus 200q, control sec-
tion 204 receives a signal from input section 203 and outputs
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to transmitting section 205 a signal that transmits ultrasound
(first ultrasound signal) to a subject such as a living body,
and control section 204 also allows receiving section 206 to
receive an electrical signal corresponding to ultrasound
(second ultrasound signal) from the subject based on the first
ultrasound signal.

[0205] The electrical signal received by receiving section
206 is transmitted to image processing section 207, and
processed into an image signal corresponding to the elec-
trical signal.

[0206] The image signal is transmitted to display section
208, and an image corresponding to the image signal is
displayed on display section 208. Display section 208 also
displays an image and an operation (for example, displaying
of a character, and transferring and enlarging of an image
displayed) corresponding to information that is input from
input section 203 and that is to be transmitted via control
section 204, based on the information.

[0207] Inultrasound imaging apparatus 200a, an electrical
signal as an ultrasound component is detected. Piezoelectric
composition 13le has piezoelectric characteristics
expressed by any coordinates included in a region formed by
polyhedron 1. That is, piezoelectric composition 131a is
sufficient in all of the bound relative permittivity, the coer-
cive electric fleld and the effective electromechanical cou-
pling coeflicient. Therefore, ultrasound probe 100¢ includ-
ing acoustic back layer 120 can achieve a high sensitivity to
ultrasound, even when piezoelectric composition 131a has a
small thickness. As a result, ultrasound imaging apparatus
200a can achieve precise and highly reliable measurement
results due to a high spatial resolution. The reason for this is
because piezoelectric composition 131a has piezoelectric
characteristics expressed by any coordinates included in a
region formed by polyhedron 1 to thereby improve electric
impedance matching between a transmitting and receiving
circuit and piezoelectric element 130¢ in ultrasound imaging
apparatus 200a and also allow a sufficiently high coercive
electric field to be ensured, and therefore even when piezo-
electric composition 131a has a small thickness, depolar-
ization and polarization degradation of piezoelectric com-
position 131« in voltage application can be inhibited from
oceurring.

[0208] Ultrasound imaging apparatus 2004 is applied to an
ultrasound diagnostic apparatus for medical use. Ultrasound
imaging apparatus 200¢ can be applied to, in addition
thereto, an apparatus that shows an ultrasound probing result
by an image, a numerical value and the like, such as a
fishfinder (sonar) and a flaw detector for non-destructive
inspection.

[0209] As can be seen from the foregoing, the ultrasound
probe is an ultrasound probe including a piezoelectric ele-
ment including a piezoelectric composition and an electrode
that applies a voltage to the piezoelectric composition, and
an acoustic back layer acoustically coupled on the back
surface of the piezoelectric element, in which the piezoelec-
tric composition has piezoelectric characteristics expressed
by any coordinates included in a region formed by a poly-
hedron having point Al to point A18 shown below as
vertexes in Cartesian coordinates (k_ €,5°, E_) including
variables kg, €;;° and E_. Therefore, the Embodiment can
provide an ultrasound probe and an ultrasound imaging
apparatus excellent in sensitivity to ultrasound even when a
piezoelectric composition having a small thickness is
adopted.
[0210]
[0211]

Point Al (0.5, 2200, 18)
Point A2 (0.5, 1400, 18)
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[0212] Point A3 (0.7, 600, 18)
[0213] Point A4 (0.9, 600, 18)
[0214] Point A5 (0.9, 2200, 18)
[0215] Point A6 (0.5, 2200, 15)
[0216] Point A7 (0.5, 1400, 15)
[0217] Point A8 (0.7, 600, 15)
[0218] Point A9 (0.9, 600, 15)
[0219] Point A10 (0.65, 2200, 10)
[0220] Point A1l (0.65, 1400, 10)
[0221] Point A12 (0.8, 600, 10)
[0222] Point A13 (0.9, 600, 10)
[0223] Point Al4 (0.75, 2200, 7)
[0224] Point A15 (0.75, 1400, 7)
[0225] Point A16 (0.8, 1000, 7)
[0226] Point A17 (0.9, 1000, 7)
[0227] Point A18 (0.9, 2200, 7)
[0228] It is more effective that the center frequency of the

transmitting and receiving band be 7 MHz or more from the
viewpoint of realizing high-frequency driving.

[0229] 1t is much more effective that the piezoelectric
composition satisfy the following expressions from the
viewpoint of increasing the sensitivity to ultrasound.

k3320.65
€35°=1000

Ez12

[0230] Itis also much more effective that the piezoelectric
composition include, as a main component, a composition
represented by the following general formula (1) from the
viewpoint of increasing the sensitivity to ultrasound.

5[(Pb, A 2){ (M1 1;3Nbo/3)03}]-p{(Pb, A ) TiOs}-2{
(Pb,yA2)Z105} M

[0231] In the general formula (1), A represents Ba or Sr,
M1 represents Mg, or Mg and Zn, and the following
expressions are satisfied.

0s02<0.1
al+a2=1
X+y+z=1
0.1=x=0.375

0.5=y/(y+2)=0.64

[0232] It is much more effective that the piezoelectric
composition include, as a main component, a composition
represented by the following general formula (2) from the
viewpoint of increasing the sensitivity to ultrasound.

A[(PbgyA2){ (M1 13Nb5 3)03 ]{(Pbyy Agp) TiOs -2
[RI{(Pbg A 5)Z10;3}—R2(BiScOs)] @

[0233] In the general formula (2), A represents Ba or Sr,
M1 represents Mg, or Mg and Zn, and the following
expressions are satisfied.

0=a2<0.1
al+a2=1
x+yp+z=1
0.1=x<0.25
0.52y/(y+2)=0.64

0<R2<0.25
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[0234] Tt is more effective that the piezoelectric composi-
tion be ceramics oriented in a specific plane orientation from
the viewpoint that high piezoelectric characteristics are
exhibited as compared with a piezoelectric composition
being isotropic ceramics, and it is also more effective that
the piezoelectric composition be a single crystal having a
specific plane orientation from the above viewpoint.

Embodiment 2

[0235] Ultrasound probe 1006 according to Embodiment 2
includes piezoelectric element 1305 in which a plurality of
piezoelectric compositions 131 and a plurality of electrodes
132 are alternately stacked, as a structural feature.

[0236] Ultrasound probe 1005 according to Embodiment 2
differs from ultrasound probe 100a according to Embodi-
ment 1 in terms of only the configuration of piezoelectric
element 1304. The same components as in ultrasound probe
100a according to Embodiment 1 are marked with the
respective same symbols, and descriptions thereof are omit-
ted. Any components different from those of ultrasound
probe 100q are mainly described.

[0237] FIG. 4 illustrates a schematic cross-sectional view
of one configuration example of ultrasound probe 10056
according to Embodiment 2. Ultrasound probe 1005 accord-
ing to the present Embodiment includes back surface load
material 110, piezoelectric element 1305, acoustic matching
layer 140 and a flexible printed circuit (not illustrated).
[0238] (Piezoelectric Element)

[0239] Piezoelectric element 1305 can convert an electri-
cal signal to a mechanical vibration, and can also convert a
mechanical vibration to an electrical signal. Thus, piezo-
electric element 13056 can transmit and receive ultrasound.
[0240] Piezoelectric element 1305 is bonded to FPC by,
for example, a conductive adhesive. The conductive adhe-
sive is, for example, an adhesive containing a conductive
material such as a silver powder, a copper powder, and a
carbon fiber.

[0241] Piezoelectric element 1305 according to the pres-
ent Embodiment includes a plurality of piezoelectric com-
positions 1315, and electrode 132 that applies a voltage to
each of the plurality of piezoelectric compositions 13154, and
a layer of each of piezoelectric compositions 1315 and
electrode 132 are alternately stacked. The number of piezo-
electric compositions 1315 can be, if necessary, appropri-
ately selected. In the present Embodiment, three layers of
piezoelectric compositions 1315 and four layers of elec-
trodes 132 (two electrodes 1321 and two electrodes 1322)
are alternately stacked.

[0242] Piezoelectric element 1305 includes, as illustrated
in FIG. 4, a plurality of piezoelectric compositions 1315, a
plurality of electrodes 1321 and 1322 each disposed between
a plurality of piezoelectric compositions 1315, lead-out
electrodes 1331 and 1332 that each mutually connect elec-
trodes 1321 and mutually connect electrodes 1322, respec-
tively, and each insulator 134 that insulates each electrode
1321 and each electrode 1322.

[0243] Piezoelectric compositions 1315 may be any as
long as they have piezoelectricity, and may be each ceram-
ics, oriented ceramics, an inorganic/organic composite, or a
single crystal.

[0244] Piezoelectric compositions 1315 are each disposed
so that polarization directions are opposite to each other
between adjacent piezoelectric compositions 1315 in the
layering direction. Each arrow in FIG. 4 indicates the
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polarization direction of each piezoelectric composition
1315. Electrodes 1321 are protruded onto one end of piezo-
electric compositions 1315 in the planar direction, and
electrodes 1322 are protruded onto other end thereof in the
planar direction. Electrodes 1321 and 1322 are connected to
lead-out electrodes 1331 and 1332 at ends protruded, respec-
tively. Insulator 134 is filled in a space between other ends
of electrodes 1321 and lead-out electrode 1332, and a space
between electrodes 1322 and lead-out electrode 1331,
thereby preventing an electrode not connected to a lead-out
electrode from being connected to the lead-out electrode.
[0245] An ultrasound probe (ultrasound probe 1005) usu-
ally allows piezoelectric element 1305 to be operated at an
impedance of about 50€2. Piezoelectric element 1305 having
a multi-layered structure can be produced by, for example,
layering and pressure-bonding green sheets of piezoelectric
compositions 1315 and electrodes 132, and subjecting the
resultant to a known production method including respective
steps of debindering, sintering, cutting, electrode-mounting,
leading out by a lead wire, and the like.

[0246] Ultrasound probe 1005 may be, for example, a
so-called array type ultrasound probe in which a plurality of
piezoelectric elements 1304 (channels) are disposed in par-
allel at a predetermined interval. The ultrasound probe is
generally easily decreased in the area of a portion thereof to
be irradiated with ultrasound, and therefore is easily
decreased in the area of a portion thereof on which the
piezoelectric elements are arrayed. Therefore, piezoelectric
element 1305 is preferably piezoelectric element 1305 hav-
ing a multi-layered structure in which layers of a plurality of
piezoelectric compositions 1315 and a plurality of electrodes
132 are alternately stacked, from the viewpoint that trans-
mitting and receiving impedance matching of ultrasound is
more easily conducted. Piezoelectric element 1305 having a
multi-layered structure is preferable from the viewpoint that
the impedance in piezoelectric element 1305 is reduced to
allow transmitting and receiving of ultrasound to be effi-
ciently performed.

[0247] FIG. 5 and FIG. 6 each illustrate a schematic view
illustrating piezoelectric characteristics of each piezoelectric
composition 1315 according to Embodiment 2. Each piezo-
electric composition 1315, as illustrated in FIG. 5, has
piezoelectric characteristics expressed by any coordinates
included in a region formed by polyhedron 2 having point
B1 to point B14 shown below as vertexes in Cartesian
coordinates (k,, €5 B,) including variables k,, €,;* and
E. when the effective electromechanical coupling coefli-
cient, the bound relative permittivity and the coercive elec-
tric field thereof are defined as kg €55 and E, (kV/em),
respectively:

[0248] Point B1 (0.5, 2200, 18)
[0249] Point B2 (0.5, 600, 18)
[0250] Point B3 (0.9, 600, 18)
[0251] Point B4 (0.9, 2200, 1)
[0252] Point B5 (0.5, 2200, 15)
[0253] Point B6 (0.5, 600, 15)
[0254] Point B7 (0.65, 2200, 9)
[0255] Point B8 (0.65, 1000, 9)
[0256] Point B9 (0.75, 600, 9)
[0257] Point B10 (0.9, 600, 9)
[0258] Point B11 (0.8, 2200, 7)
[0259] Point B12 (0.8, 1000, 7)
[0260] Point B13 (0.9, 1000, 7)
[0261] Point B14 (0.9, 2200, 7)
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[0262] If each piezoelectric composition 1315 is too low
in at least one of k5 €;,° and E, to have piezoelectric
characteristics expressed by any coordinates included in a
region formed by polyhedron 2, a sufficient sensitivity to
ultrasound is not achieved. Each piezoelectric composition
1315 which is too high in at least one of k,, €,,” and E, to
have piezoelectric characteristics expressed by any coordi-
nates included in a region formed by polyhedron 2 is not
preferable because of being difficult to actually produce.
[0263] Each piezoelectric composition 1315, as illustrated
in FIG. 6, preferably has piezoelectric characteristics
expressed by any coordinates included in a region formed by
polyhedron 2' having point B51 to point B64 shown below
as vertexes from the viewpoint of realizing a high sensitivity
to ultrasound.

[0264] Point B51 (0.5, 2200, 18)
[0265] Point B52 (0.5, 1400, 18)
[0266] Point B53 (0.6, 600, 18)
[0267] Point B54 (0.9, 600, 18)
[0268] Point B55 (0.9, 2200, 18)
[0269] Point B56 (0.5, 2200, 17)
[0270] Point B57 (0.5, 1400, 17)
[0271] Point B58 (0.6, 600, 17)
[0272] Point B59 (0.75, 600, 11)
[0273] Point B60 (0.9, 600, 11)
[0274] Point B61 (0.75, 2200, 9)
[0275] Point B62 (0.75, 1000, 9)
[0276] Point B63 (0.9, 1000, 9)
[0277] Point B64 (0.9, 2200, 9)
[0278] The thickness of each piezoelectric composition

1315 can be appropriately set depending on the center
frequency of ultrasound, the frequency constant of each
piezoelectric composition 1315, the acoustic design, and the
like. The thickness of each piezoelectric composition 1315
is preferably small from the viewpoint of realizing a high
center frequency. For example, the thickness of each piezo-
electric composition 1315 is preferably in the range from
0.02 to 1 mm, more preferably in the range from 0.03 to 0.5
mm. When the center frequency is 7 MHz, the thickness of
each piezoelectric composition 1315 is, for example, in the
range from 0.05 to 0.2 mm.

[0279] Each piezoelectric composition 1315 also satisfies
the following expressions from the viewpoint of realizing a
high sensitivity to ultrasound:

k332065
€,°21000

Ez12.

[0280] The composition of each piezoelectric composition
1315 can be appropriately changed as long as at least one of
the effects of the present Embodiment is obtained. Examples
of the composition of each piezoelectric composition 1315
are the same as those of piezoelectric composition 131a
according to Embodiment 1.

[0281] FIG. 3A schematically illustrates one configuration
example of ultrasound imaging apparatus 2005 according to
the present Embodiment, and FIG. 3B illustrates a block
diagram of one electric configuration example of ultrasound
imaging apparatus 2004.

[0282] Ultrasound probe 1005 is also suitably used in an
ultrasound imaging apparatus. Ultrasound imaging appara-
tus 2005 can be configured in the same manner as in a known
ultrasound imaging apparatus except for ultrasound probe
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1005. The ultrasound imaging apparatus is suitable as, for
example, an ultrasound diagnostic apparatus for medical use
or a non-destructive ultrasound inspection apparatus.
[0283] Also in ultrasound imaging apparatus 2006, an
electrical signal as an ultrasound component is detected as in
ultrasound imaging apparatus 200a according to Embodi-
ment 1. Each piezoelectric composition 1315 has piezoelec-
tric characteristics expressed by any coordinates included in
a region formed by polyhedron 2 or polyhedron 2'. That is,
each piezoelectric composition 1315 is sufficient in all of the
bound relative permittivity, the coercive electric field and the
effective electromechanical coupling coeflicient. Thus, ultra-
sound probe 1005 including piezoelectric element 1304 in
which a plurality of piezoelectric compositions 1315 and a
plurality of electrodes 132 are alternately stacked can
achieve a high sensitivity to ultrasound high in center
frequency. As a result, ultrasound imaging apparatus 2005
can achieve precise and high-reliable measurement results
due to a high spatial resolution. The reason for this is
because each piezoelectric composition 1315 has piezoelec-
tric characteristics expressed by any coordinates included in
a region formed by polyhedron 2 or polyhedron 2' to thereby
enable a signal received by ultrasound imaging apparatus
2005 to be efficiently transmitted to piezoelectric element
1305 and also allow a sufficiently high coercive electric field
to be ensured, and therefore even when the thickness of each
piezoelectric composition 1315 is low, depolarization and
polarization degradation of each piezoelectric composition
1315 in voltage application can be inhibited from occurring.
[0284] As can be seen from the foregoing, the ultrasound
probe is an ultrasound probe including a piezoelectric ele-
ment including a plurality of piezoelectric compositions, and
an electrode that applies a voltage to each of the plurality of
piezoelectric compositions, respectively, and a layer of each
of the piezoelectric compositions and the electrode are
alternately stacked, in which each of the piezoelectric com-
positions has piezoelectric characteristics expressed by any
coordinates included in a region formed by a polyhedron
having point Bl to point B14 shown below as vertexes in
Cartesian coordinates (k, €,,°, E,) including variables K.p
€;;° and E_. Therefore, the Embodiment can provide an
ultrasound probe and an ultrasound imaging apparatus
excellent in sensitivity to ultrasound, even when a piezo-
electric compositions having a small thickness is adopted.

[0285] Point B1 (0.5, 2200, 18)
[0286] Point B2 (0.5, 600, 18)
[0287] Point B3 (0.9, 600, 18)
[0288] Point B4 (0.9, 2200, 18)
[0289] Point B5 (0.5, 2200, 15)
[0290] Point B6 (0.5, 600, 15)
[0291] Point B7 (0.65, 2200, 9)
[0292] Point B8 (0.65, 1000, 9)
[0293] Point B9 (0.75, 600, 9)
[0294] Point B10 (0.9, 600, 9)
[0295] Point B11 (0.8, 2200, 7)
[0296] Point B12 (0.8, 1000, 7)
[0297] Point B13 (0.9, 1000, 7)
[0298] Point B14 (0.9, 2200, 7)
[0299] It is thus much more effective that the piezoelectric

element in the ultrasound probe be configured so as to allow
the plurality of the piezoelectric compositions and the plu-
rality of electrodes to be alternately stacked, from the
viewpoint that the impedance in transmitting and receiving
of ultrasound in the piezoelectric element is reduced.
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[0300] Ttis also much more effective that the piezoelectric
element have piezoelectric characteristics expressed by any
coordinates included in a region formed by a polyhedron
having point B51 to point B64 shown below as vertexes
from the viewpoint that a high sensitivity to ultrasound high
in center frequency is achieved.

[0301] Point B51 (0.5, 2200, 18)
[0302] Point B52 (0.5, 1400, 18)
[0303] Point B33 (0.6, 600, 18)
[0304] Point B54 (0.9, 600, 18)
[0305] Point B35 (0.9, 2200, 18)
[0306] Point B56 (0.5, 2200, 17)
[0307] Point B57 (0.5, 1400, 17)
[0308] Point B58 (0.6, 600, 17)
[0309] Point B59 (0.75, 600, 11)
[0310] Point B60 (0.9, 600, 11)
[0311] Point B61 (0.75, 2200, 9)
[0312] Point B62 (0.75, 1000, 9)
[0313] Point B63 (0.9, 1000, 9)
[0314] Point B64 (0.9, 2200, 9)
Embodiment 3

[0315] Ultrasound probe 100¢ according to Embodiment 3

includes piezoelectric element 130c¢ including a single-layer
piezoelectric composition and no acoustic back layer, as a
structural feature.

[0316] Ultrasound probe 100¢ according to Embodiment 3
differs from ultrasound probe 100a according to Embodi-
ment 1 in that piezoelectric element 130c¢ includes no
acoustic back layer. The same components as in ultrasound
probe 100¢ according to Embodiment 1 are marked with the
respective same symbols, and descriptions thereof are omit-
ted.

[0317] FIG. 7 illustrates a schematic cross-sectional view
of one configuration example of ultrasound probe 100¢
according to Embodiment 3. Ultrasound probe 100c¢ accord-
ing to the present Embodiment includes back surface load
material 110, piezoelectric element 130¢, acoustic matching
layer 140, and a flexible printed circuit (not illustrated). As
described above, ultrasound probe 100c according to the
present Embodiment includes no acoustic back layer to be
acoustically coupled on the back surface of the piezoelectric
element.

[0318] (Piezoelectric Element)

[0319] Piezoelectric element 130c can convert an electri-
cal signal to a mechanical vibration, and can also convert a
mechanical vibration to an electrical signal. Thus, piezo-
electric element 130¢ can transmit and receive ultrasound.
[0320] Piezoelectric element 130¢ is bonded to FPC by,
for example, a conductive adhesive. The conductive adhe-
sive is, for example, an adhesive containing a conductive
material such as a silver powder, a copper powder and a
carbon fiber.

[0321] Piezoelectric element 130c¢ according to the present
Embodiment includes single-layer piezoelectric composi-
tion 131¢, and electrode 132 that applies a voltage to
piezoelectric composition 131c.

[0322] Piezoelectric composition 131¢ may be any as long
as it has piezoelectricity, and may be ceramics, oriented
ceramics, an inorganic/organic composite, or a single crys-
tal.

[0323] FIG. 8 schematically illustrates piezoelectric char-
acteristics of the piezoelectric composition according to
Embodiment 3. Piezoelectric composition 131¢, as illus-
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trated in FIG. 8, has piezoelectric characteristics expressed
by any coordinates included in a region formed by polyhe-
dron 3 having point C1 to point C18 shown below as
vertexes in Cartesian coordinates (k,; €,5° a) including
variables k, €., and E.

[0324] Point C1 (0.55, 2200, 18)
[0325] Point C2 (0.55, 1400, 18)
[0326] Point C3 (0.75, 600, 18)
[0327] Point C4 (0.9, 600, 18)
[0328] Point C5 (0.9, 2200, 18)
[0329] Point C6 (0.55, 2200, 13)
[0330] Point C7 (0.55, 1400, 13)
[0331] Point C8 (0.75, 600, 13)
[0332] Point C9 (0.9, 600, 13)
[0333] Point C10 (0.6, 2200, 10)
[0334] Point C11 (0.6, 1400, 10)
[0335] Point C12 (0.8, 600, 10)
[0336] Point C13 (0.9, 600, 10)
[0337] Point C14 (0.75, 2200, 7)
[0338] Point C15 (0.75, 1400, 7)
[0339] Point C16 (0.8, 1200, 7)
[0340] Point C17 (0.9, 1200, 7)
[0341] Point C18 (0.9, 2200, 7)
[0342] If piezoelectric composition 131¢ is too low in at

least one of k4 €;,° and a to have piezoelectric character-
istics expressed by any coordinates included in a region
formed by polyhedron 3, a sufficient sensitivity to ultrasound
is not achieved. On the other hand, piezoelectric composi-
tion 131c which is too high in at least one of'k_ €55 and
a to have piezoelectric characteristics expressed by any
coordinates included in a region formed by polyhedron 3 is
not preferable because of being difficult to actually produce.
[0343] The thickness of piezoelectric composition 131¢
can be appropriately set depending on the center frequency
of ultrasound, the frequency constant of piezoelectric com-
position 131¢, the acoustic design, and the like. The thick-
ness of piezoelectric composition 131¢ is preferably small
from the viewpoint of realizing a high center frequency. For
example, the thickness of piezoelectric composition 131¢ is
preferably in the range from 0.02 to 1 mm, more preferably
in the range from 0.03 to 0.5 mm. When the center frequency
is 15 MHz, the thickness of piezoelectric composition 131¢
is, for example, in the range from 0.04 to (0.2 mm.

[0344] Piezoelectric composition 131c also satisfies the
following expressions from the viewpoint of realizing a high
sensitivity to ultrasound.

k3320.65
€35°=1000

Ez12

[0345] The composition of piezoelecttic composition 131¢
can be appropriately changed as long as at least one of the
effects of the present Embodiment is obtained. Examples of
the composition of piezoelectric composition 131¢ are the
same as those of piezoelectric composition 131a according
to Embodiment 1.

[0346] FIG. 3A schematically illustrates one configuration
example of ultrasound imaging apparatus 200¢ according to
the present Embodiment, and FIG. 3B illustrates a block
diagram illustrating one electric configuration example of
ultrasound imaging apparatus 200c.

[0347] Ultrasound probe 100c is also suitably used in an
ultrasound imaging apparatus. Ultrasound imaging appara-
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tus 200¢ can be configured in the same manner as in a known
ultrasound imaging apparatus except for ultrasound probe
100c. The ultrasound imaging apparatus is suitable as, for
example, an ultrasound diagnostic apparatus for medical use
or a non-destructive ultrasound inspection apparatus.
[0348] Ultrasound probe 100¢ may also be, for example, a
so-called array type ultrasound probe in which a plurality of
piezoelectric elements 130¢ (channels) are disposed in pat-
allel at a predetermined interval.

[0349] Also in ultrasound imaging apparatus 200c, an
electrical signal as an ultrasound component is detected as in
ultrasound imaging apparatus 200a according to Embodi-
ment 1. Each piezoelectric composition 131¢ has piezoelec-
tric characteristics expressed by any coordinates included in
aregion formed by polyhedron 3. That is, each piezoelectric
composition 131c¢ is sufficient in all of the bound relative
permittivity, the coercive electric field and the effective
electromechanical coupling coeflicient. Therefore, ultra-
sound probe 100c¢ including single-layer piezoelectric com-
position 131¢ and no acoustic back layer can achieve a high
sensitivity to ultrasound high in center frequency. As a
result, ultrasound imaging apparatus 200¢ can achieve pre-
cise and highly reliable measurement results due to a high
spatial resolution. The reason for this is because each
piezoelectric composition 131¢ has piezoelectric character-
istics expressed by any coordinates included in a region
formed by polyhedron 3 to thereby enable a signal received
by ultrasound imaging apparatus 200c to be efficiently
transmitted to piezoelectric element 130¢ and also allow a
sufficiently high coercive electric field to be ensured, and
therefore even when the thickness of each piezoelectric
composition 131¢ is small, depolarization and polarization
degradation of each piezoelectric composition 131¢ in volt-
age application can be inhibited from occurring.

[0350] As can be seen from the foregoing, the ultrasound
probe is an ultrasound probe including a piezoelectric ele-
ment including a single-layer piezoelectric composition and
an electrode that applies a voltage to the piezoelectric
composition, and no acoustic back layer to be acoustically
coupled to the piezoelectric element on the back surface of
the piezoelectric element, in which the piezoelectric com-
position has piezoelectric characteristics expressed by any
coordinates included in a region formed by a polyhedron
having point C1 to point C18 shown below as vertexes in
Cartesian coordinates (kg €15, B.) including variables k
€,,° and E_. Therefore, the Embodiment can provide an
ultrasound probe and an ultrasound imaging apparatus
excellent in sensitivity to ultrasound, even when a piezo-
electric composition having a small thickness is adopted.

[0351] Point C1 (0.55, 2200, 18)
[0352] Point C2 (0.55, 1400, 18)
[0353] Point C3 (0.75, 600, 18)
[0354] Point C4 (0.9, 600, 18)
[0355] Point C5 (0.9, 2200, 18)
[0356] Point C6 (0.55, 2200, 13)
[0357] Point C7 (0.55, 1400, 13)
[0358] Point C8 (0.75, 600, 13)
[0359] Point C9 (0.9, 600, 13)
[0360] Point C10 (0.6, 2200, 10)
[0361] Point C11 (0.6, 1400, 10)
[0362] Point C12 (0.8, 600, 10)
[0363] Point C13 (0.9, 600, 10)
[0364] Point C14 (0.75, 2200, 7)
[0365] Point C15 (0.75, 1400, 7)
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[0366] Point C16 (0.8, 1200, 7)
[0367] Point C17 (0.9, 1200, 7)
[0368] Point C18 (0.9, 2200, 7)
[0369] It is thus much more effective that the piezoelectric

element in the ultrasound probe be configured so as to allow
the plurality of the piezoelectric compositions and the plu-
rality of electrodes to be alternately stacked, from the
viewpoint that the impedance in transmitting and receiving
of ultrasound in the piezoelectric element is reduced.

[0370] It is also much more effective that the ultrasound
probe include the piezoelectric element including a single-
layer piezoelectric composition and the electrode that
applies a voltage to the piezoelectric composition, and no
acoustic back layer to be acoustically coupled on the back
surface of the piezoelectric element, from the viewpoint of
simplifying the configuration of the ultrasound probe.

Embodiment 4

[0371] An ultrasound probe according to Embodiment 4
includes a characteristic piezoelectric composition in a
piezoelectric element. The ultrasound probe according to
Embodiment 4 may be any ultrasound probe of ultrasound
probe 100a according to Embodiment 1, ultrasound probe
1005 according to Embodiment 2 and ultrasound probe 100¢
according to Embodiment 3. In Embodiment 4 below, ultra-
sound probe 1004 having the same configuration as in
ultrasound probe 100a according to Embodiment 1 is
described, and descriptions of the same components as in
ultrasound probe 100q are omitted.

[0372] The piezoelectric composition may be any as long
as it has piezoelectricity, and may be ceramics, oriented
ceramics, an inorganic/organic composite, or a single crys-
tal.

[0373] The piezoelectric composition of the ultrasound
probe according to the present Embodiment satisfies the
following expressions when the electromechanical coupling
coeflicient, the bound relative permittivity and the coercive
electric field thereof are defined as k., €,,° and

E_ (kV/em), respectively:
k3320.65
€35°21000

Ez12,

[0374] k., and the measurement method thereof, €,,° and
the measurement method thereof, and E_ and the measure-
ment method thereof are the same as those in Embodiment
1, and therefore descriptions thereof are omitted. The adjust-
ment methods of k., €,,° and E__ are described below.
[0375] “k,5” can be adjusted by the composition of the
piezoelectric composition, the relative density to the theo-
retical density (when the piezoelectric composition is ceram-
ics), the crystal orientation of the piezoelectric composition,
and the like. As the composition of the piezoelectric com-
position is closer to the morphotropic phase boundary
(MPB), “k,;5” tends to be higher. In addition, as the relative
density of the piezoelectric composition is higher, “k;;”
tends to be higher.

[0376] “e,;™ can be adjusted by the composition of the
piezoelectric composition. For example, as the content of
Mg, ,;Nb, . in the piezoelectric composition is higher, “e,,>”
tends to be higher. In addition, as the composition of the
piezoelectric composition is closer to the morphotropic
phase boundary (MPB), “e,;™ tends to be higher.

[0377] “E_.” can be adjusted by the composition of the
piezoelectric composition, the composition of impurities,
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and the like. When E_ is adjusted by impurities, €,,” tends to
be lower as E_ is higher, and when e,.° is too low, a
piezoelectric composition usable in an ultrasound probe is
difficult to produce. E_. is preferably adjusted in view of such
a viewpoint. For example, the present inventors have first
found that a PMN-PZT-based material, in particular BiScO,,
can be contained to thereby not only increase E, with e,,”
being kept, but also increase piezoelectric characteristics
(k5 and d,5) in a direction parallel with the polarization
direction.
[0378] The thickness of the piezoelectric composition can
be appropriately set depending on the center frequency of
ultrasound, the frequency constant of the piezoelectric com-
position, the acoustic design, and the like. The thickness of
the piezoelectric composition is preferably small from the
viewpoint of realizing a high center frequency. For example,
the thickness of the piezoelectric composition is preferably
in the range from 0.02 to 1 mm, more preferably in the range
from 0.03 to 0.5 mm, further preferably in the range from
0.04 to 0.2 mm. When the center frequency is 10 MHz, the
thickness of the piezoelectric composition is, for example, in
the range from 0.04 to 0.2 mm.
[0379] The composition of the piezoelectric composition
can be appropriately changed as long as at least one of the
effects of the present Embodiment is obtained. The piezo-
electric composition may be produced by the above-men-
tioned production method, or may be a ready-made product.
The piezoelectric composition preferably includes, as a main
component, a composition represented by the following
general formula (1), more preferably includes, as a main
component, a composition represented by the following
general formula (2), from the viewpoint of realizing a high
sensitivity to ultrasound.
$[(Pb1 A2 {(M1,3Nby3)03}1-1{(Pb 4y A,o) TiOs }-2{

(PbyyAg)ZrOs} )]
[0380] In the general formula (1), A represents Ba or Sr,
M1 represents Mg, or Mg and Zn, and the following
expressions are satisfied. When M1 represents Mg and Zn,
the ratio of Mg and Zn is not particularly limited, and is, for
example, 10:0 to 5:5.

0=a2=0.1
al+a2=1
x+y+z=1
0.1sx=0.375
0.52y/(y+2)=0.64

H{(PbyAn){(MI 1/3Nb2/3)03}]'Y{(Pba1Aaz)Ti03}'Z
[RI{(PbsiA2) 7105} —R2(BiScOs)] @

[0381] In the general formula (2), A represents Ba or Sr,
M1 represents Mg, or Mg and Zn, and the following
expressions are satisfied. When M1 represents Mg and Zn,
the ratio of Mg and Zn is not particularly limited, and is, for
example, 10:0 to 5:5.

0=a2=0.1
al+a2=1
x+y+z=1
0.1=x<0.25
0.52y/(y+2)=0.64

0<R2<0.25
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[0382] In the general formulae (1) and (2), the values of
al, a2, x, y, z and R2 can be appropriately set as long as at
least one of the effects of the present Embodiment is
obtained. If barium (Ba) or strontium (Sr) is excessively
added to the piezoelectric composition, k;; may be exces-
sively lower, and therefore a2 is preferably 0.1 or less. The
present inventors have also first found that the inclusion of
BiScO; in the piezoelectric composition 1s effective for
increasing E_, k. and piezoelectric constant d,, with €,,°
being kept.

[0383] While the piezoelectric composition includes, as a
main component, any composition represented by the gen-
eral formulae (1) and (2), such any composition may vary in
terms of the contents of Pb and Bi evaporated, as long as a
perovskite structure is stably kept. The piezoelectric com-
position may also contain other accessory component, as in
the piezoelectric composition according to Embodiment 1.
[0384] Each microcrystal of the piezoelectric composition
may be ceramics oriented in a specific plane orientation
(so-called oriented ceramics) or may be a single crystal
having a specific plane orientation. The specific plane ori-
entation, while it may be in any orientation, is preferably
(111), (110) or (001) in terms of a pseudocubic crystal from
the viewpoint of more enhancing piezoelectricity. The ori-
entation method of ceramics and the contents of various
elements in the piezoelectric composition are the same as
those in Embodiment 1, and therefore descriptions thereof
are ornitted.

[0385] Examples of the method of producing the piezo-
electric composition are also the same as the method of
producing piezoelectric composition 131¢ according to
Embodiment 1, and therefore description thereof are omit-
ted.

[0386] FIG. 9 illustrates a schematic cross-sectional view
illustrating a configuration of ultrasound probe 1004 accord-
ing to Embodiment 4. Ultrasound probe 100d according to
the present Embodiment includes back surface load material
110, acoustic back layer 120, piezoelectric element 1304,
acoustic matching layer 140, and a flexible printed circuit
(FPC, not illustrated). Piezoelectric element 1304 according
to the present Embodiment includes single-layer piezoelec-
tric composition 131d, and electrode 132 that applies a
voltage to piezoelectric composition 131d. In the present
Embodiment, two electrodes 132 are disposed on both
surfaces of piezoelectric composition 1314 so as to be
opposite to each other with piezoelectric composition 1314
interposed therebetween.

[0387] FIG. 3A illustrates a schematic view of one con-
figuration example of ultrasound imaging apparatus 2004
according to the present Embodiment, and FIG. 3B illus-
trates a block diagram of one electric configuration example
of ultrasound imaging apparatus 200d.

[0388] Ultrasound imaging apparatus 2004 includes, as
illustrated in FIG. 3A, main body 201, ultrasound probe
1004 connected to main body 201 via cable 202, and input
section 203 and display section 208 disposed on main body
201.

[0389] Also in ultrasound imaging apparatus 200d, an
electrical signal as an ultrasound component is detected as in
ultrasound imaging apparatus 200a according to Embodi-
ment 1. Ultrasound probe 1004 of ultrasound imaging appa-
ratus 2004 includes piezoelectric composition 131d. Piezo-
electric composition 1315 is sufficient in all of the bound
relative permittivity, the coercive electric field and the
effective electromechanical coupling coeflicient. Therefore,
ultrasound probe 1004 including acoustic back layer 120 can
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achieve a high sensitivity to ultrasound, even when piezo-
electric composition 1314 has a small thickness. As a result,
ultrasound imaging apparatus 200d can achieve precise and
highly reliable measurement results due to a high spatial
resolution. The reason for this is because ultrasound probe
1004 includes piezoelectric composition 131d to thereby
improve electric impedance matching of piezoelectric ele-
ment 1304 and also allow a sufficiently high coercive
electric field to be ensured, and therefore even when piezo-
electric composition 1314 has a small thickness, depolar-
ization and polarization degradation of piezoelectric com-
position 1314 in voltage application can be inhibited from
occurring.

[0390] As can be seen from the foregoing, the piezoelec-
tric element includes a piezoelectric composition including,
as a main component, a composition represented by the
following general formula, and an electrode that applies a
voltage to the piezoelectric composition, in which the piezo-
electric composition satisfies the following expressions (1)
to (3) when the electromechanical coupling coefficient, the
bound relative permittivity and the coercive electric field
thereof are defined as ks, €35° and E_ (kV/cm), respectively.
Therefore, the Embodiment can provide a piezoelectric
element, an ultrasound probe and an ultrasound imaging
apparatus excellent in sensitivity to ultrasound even when a
piezoelectric composition having a small thickness is
adopted.

X[(PbayAu2){(M1,3Nb53)05}1-9{(Pbay A o) TiOs -2{
(PbayA)Z10s}
[0391] in which A represents Ba or Sr, M1 represents Mg,
or Mg and Zn, and the following expressions (4) to (8) are
satisfied:

k3320.65 (1)
€35°21000 @
Ez12 3)
0=a2<0.1 @
al+a2=1 )
xy+z=1 (6)
0.15xs0.375 ™
0.52y/(y+2)=0.64 (3)
[0392] Itis also much more effective that the piezoelectric

composition include, as a main component, a composition
represented by the following general formula, from the
viewpoint of increasing the sensitivity to ultrasound.

X[(Pb,yA,0){(M11;3Nb53)03}1{(Pb,,A) TiO4 -2
[R1{(Pb,1A,2)ZrO;}—R2(BiScO;)]

[0393] in which A represents Ba or Sr, M1 represents Mg,
or Mg and Zn, and the following expressions are satisfied.

0=a2=0.1
al+a2=1
x+y+z=1
0.1=x<0.25
0.52y/(y+2)=0.64

0<R2s<0.25.
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[0394] Tt is more effective that the piezoelectric composi-
tion be ceramics oriented in a specific plane orientation from
the viewpoint that high piezoelectric characteristics are
exhibited as compared with a piezoelectric composition
being isotropic ceramics, and it is also more effective that
the piezoelectric composition be a single crystal having a
specific plane orientation from the above viewpoint.

[0395] While there is described a case where the ultra-
sound probe according to the present Embodiment has the
same configuration as that of ultrasound probe 100a accord-
ing to Embodiment 1, the ultrasound probe according to
Embodiment 4 is not limited thereto. The ultrasound probe
according to Embodiment 4 can be adopted to an ultrasound
probe having the configuration of any of the ultrasound
probes according to Embodiments 2 and 3.

[0396] As disclosed in Japanese Patent No. 5063606
above, the necessity has been conventionally known for
increases in free relative permittivity €,,”, electromechani-
cal coupling coeflicient k35 and coercive electric field E_ of
a piezoelectric composition for an ultrasound probe. Japa-
nese Patent No. 5063606, however, has disclosed not bound
relative permittivity €55, but free relative permittivity e,
In addition, the maximum of E_ disclosed in Examples of
Japanese Patent No. 5063606 has been about 10 kV/cm.
When the thickness of a piezoelectric body is low, a higher
E. is desirable. The present inventors have found that the
piezoelectric composition having the composition is adopted
to thereby sufficiently increase all of €,,%, E_ and k,. The
present inventors have further found that the PMN-PZT-
based material can be replaced with a BiScO5-based mate-
rial to thereby impart higher k, in the polarization direction
with high €5, being kept.

[0397] Japanese Patent Application Laid-Open No. 2006-
188414 has disclosed a piezoelectric component for low-
frequency articles such as a piezoelectric speaker and a
piezoelectric pump as applications of a piezoelectric com-
position whose material is replaced with BiScO;. Therefore,
Japanese Patent Application Laid-Open No. 2006-188414
has focused on only the piezoelectric constant and the
electromechanical coupling coefficient in a direction (lateral
direction, direction 31) perpendicular to the polarization
direction (electric field direction) of the piezoelectric com-
position. In the case of an array type ultrasound probe, the
coupling coeflicient in the lateral direction (direction 31) is
desirably lower so that the ultrasound signals from adjacent
piezoelectric elements are not mutually affected. Japanese
Patent Application Laid-Open No. 2006-188414, however,
has not focused on the bound relative permittivity and the
electromechanical coupling coeflicient in a direction (lon-
gitudinal direction, direction 33) parallel with the polariza-
tion direction (electric field direction) of the piezoelectric
composition, such properties being necessary for the ultra-
sound probe. On the contrary, the present inventors have
focused on €,,” and ks, and have found that the piezoelec-
tric composition is adopted to thereby sufficiently increase
all of €,,°, E_ and ks5.

[0398] Embodiments 1 to 4 can provide a piezoelectric
element and an ultrasound probe excellent in sensitivity to
ultrasound even when a piezoelectric composition having a
small thickness is adopted, and can provide an ultrasound
imaging apparatus having the ultrasound probe.
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Examples

[0399] Hereinafter, the present invention is described in
more detail with reference to Examples.

[0400] [Simulation]

[0401] The simulation of the sensitivity to ultrasound in
the changes of kg €,;° and E_ was performed. An ultra-
sound probe here used for the simulation had a configuration
in which a back surface load material having an acoustic
impedance of 2.8 MRayl, a piezoelectric composition, four
acoustic matching layers, and an acoustic lens were layered
in the order presented. The impedance of a cable (length: 2.2
m) that connected the ultrasound probe and the main body
of an ultrasound imaging apparatus was 75Q, and the
input-output impedance in transmitting and receiving was
508. The simulation was performed under such configura-
tion conditions according to a KLM (Krimholtz, Leedom
and Mattaei model) method.

[0402] K, €55° and E_ were set as shown in Table 1, the
output voltage V,,, was 100 V, and the simulation of the
sensitivity to ultrasound was performed with respect to
respective array type ultrasound probes whose configura-
tions were the same as those of the ultrasound probes
according to Embodiments 1 to 3.

[0403] The class, the ultrasound probe No., the ultrasound
probe configuration, and the conditions and simulation
results (sensitivity) of the simulation are shown Tables 1 to
3. In Tables 1 to 3, “No.” represents the ultrasound probe
number.

[0404] Table 1 shows the results for the ultrasound probe
according to Embodiment 1. The title of Table 1 represents
a “DML type ultrasound probe”, and means that the simu-
lation results with respect to an array type ultrasound probe
having the configuration of the ultrasound probe according
to Embodiment 1 are shown. The center frequency was set
at 10 MHz. In the present Example, the DML type ultra-
sound probe was an ultrasound probe having the above
configuration further including an acoustic back layer hav-
ing an acoustic impedance of 94 MRayl between the back
surface load material and the piezoelectric composition
under the above configuration conditions. The following
further conditions were added thereto: the pitch between
channels arrayed was 0.2 mm and the opening width of each
of the channels in the shorter axis direction was 3 mm. In
Table 1, the “relative sensitivity” represents the sensitivity of
each ultrasound probe with, as the reference (0), the sensi-
tivity to ultrasound in a simulation under a condition where
a commercially available soft material having good piezo-
electric characteristics and a high E_, C-6 (manufactured by
Fuji Ceramics Corporation), was used as the material of the
piezoelectric composition.

[0405] Table 2 shows the results for the ultrasound probe
according to Embodiment 2. The title of Table 2 represents
a “multi-layer type ultrasound probe”, and means that the
simulation results with respect to an array type ultrasound
probe having the configuration of the ultrasound probe
according to Embodiment 2 are shown. The center fre-
quency was set at 7 MHz. The present simulation was
performed under the same conditions as the above configu-
ration conditions, and the number of piezoelectric compo-
sition layers was 3. The following further conditions were
added thereto: the pitch between channels arrayed was 0.1
mm and the opening width of each of the channels in the
shorter axis direction was 5 mm. In Table 2, the “relative
sensitivity” represents the sensitivity of each ultrasound
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probe with, as the reference (0), the sensitivity to ultrasound
in a simulation under a condition where a commercially
available soft material having good piezoelectric character-
istics and a high €,,°, C-83H (manufactured by Fuji Ceram-
ics Corporation), was used as the material of the piezoelec-
tric composition.

[0406] Table 3 shows the results for the ultrasound probe
according to Embodiment 3. The title of Table 3 represents
a “single-layer type ultrasound probe”, and means that the
simulation results with respect to an array type ultrasound
probe having the configuration of the ultrasound probe
according to Embodiment 3 are shown. The center fre-
quency was set at 15 MHz. The present simulation was
performed under the same conditions as the above configu-
ration conditions. The following further conditions were
added thereto: the pitch between channels arrayed was 0.2
mm and the opening width of each of the channels in the
shorter axis direction was 2.5 mm. In Table 3, the “relative
sensitivity” represents the sensitivity of each ultrasound
probe with, as the reference (0), the sensitivity to ultrasound
in a simulation under a condition where C-6 (manufactured
by Fuji Ceramics Corporation) was used as the material of
the piezoelectric composition and a single-layer piezoelec-
tric plate was used.

TABLE 1

Simulation results with respact to DML type ultrasound probe

Relative
E. sensitivity

Class No. ky[—] €5’ [—] [kViem] [dB]
Example 1 0.5 2200 18 1.2
2 0.5 1700 18 0.5
3 0.7 600 18 1.8
4 0.9 600 18 3.6
5 0.9 2200 18 8.2
6 0.7 1200 18 5.3
7 0.5 2200 15 1.0
8 0.55 1400 15 1.3
9 0.7 600 15 1.6
10 0.9 600 15 34
0.9 2200 15 8.0
0.7 1400 15 5.7
13 0.65 2200 10 2.0
14 0.65 1400 10 0.8
15 0.85 600 10 1.1
16 0.9 1400 10 35
17 0.9 2200 10 4.5
18 0.75 1400 10 34
19 0.75 2200 7 1.1
20 0.75 1400 7 0.3
21 0.9 1600 7 0.8
Reference Example R1 0.69 820 10.5 0
Comparative Example ~ C1 0.5 1200 18 -1.5
C2 0.6 600 18 =22
C3 0.55 800 15 =24
C4 0.55 2200 10 -1.0
Cs 0.6 1200 10 -1.2
C6 0.7 600 10 -2.0
Cc7 0.65 2200 7 -1.1
C8 0.65 1400 7 =23
C9 0.85 800 7 -0.6
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TABLE 2

Simulation results with respect to multi-layer type ultrasound probe

Relative

E, sensitivity
Class No. ky[—] e5'[—] [kViem] [dB]
Example 22 0.5 800 18 1.0
23 0.5 2200 15 1.1
24 0.5 1000 15 0.4
25 0.65 2200 9 0.4
26 0.65 1000 9 0.4
27 0.75 600 9 0.9
28 0.9 600 9 0.9
29 0.9 2200 9 2.1
30 0.8 2200 7 0.2
31 0.8 800 7 0.6
32 0.9 1000 7 0.1
33 0.55 2200 15 2.5
34 0.55 1400 15 2.7
35 0.6 600 15 1.5
36 0.65 2200 11 2.1
37 0.65 1000 11 2.1
38 0.75 600 9 0.9
39 0.9 600 9 0.9
40 0.5 2200 18 2.5
41 0.9 600 18 6.7
42 0.9 1400 18 84
43 0.9 2200 18 8.0
44 0.7 1200 18 7.7
45 0.75 600 15 5.3
46 0.9 600 15 5.3
47 0.9 2200 15 6.5
48 0.7 1400 15 6.3
49 0.75 1400 9 2.8
50 0.5 1400 18 2.3
51 0.6 600 18 3.0
52 0.5 2200 17 2.5
33 0.5 1400 17 2.3
34 0.6 600 17 3.0
35 0.75 600 11 2.6
56 0.9 600 11 2.6
57 0.75 2200 9 2.4
58 0.75 1000 9 2.4
59 0.9 1000 9 2.2
60 0.9 2200 9 2.2

Reference Example R2 0.70 1210 7 0
Comparative Example  C10 0.5 600 13 -1.3
Cll 05 1400 13 -0.4
C12 03 2200 13 -0.2
C13 0.6 2200 9 -0.8
Cl4 0.6 1200 9 -0.6
Cc15 07 600 9 -0.3
Ccl6 0.7 2200 7 -0.9
C17  0.65 1000 7 -0.6
Cc18 0.8 600 7 -0.3
TABLE 3
Simulation results with respect to
single-layer type ultrasound probe

Relative

E. sensitivity
Class No. ky[—] e€5°[—] [kViem] [dB]
Example 61 0.55 2200 18 1.3
62 0.55 1400 18 0.2
63 0.75 600 18 14
64 0.9 600 18 1.1
65 0.9 2200 18 5.2
66 0.7 1200 18 3.8
67 0.55 2200 13 1.3
68 0.55 1400 13 0.2
69 0.75 600 13 14
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TABLE 3-continued

Simulation results with respect to
single-layer type ultrasound probe

Relative
E, sensitivity
Class No. ky[—] e€3'[—] [kViem] [dB]
70 0.9 600 13 1.1
71 0.9 2200 13 5.2
72 0.7 1400 13 4.4
73 0.8 600 10 0.4
74 0.85 600 10 0.7
75 0.9 2200 10 3.3
76 0.75 2200 7 1.0
77 0.75 1400 7 0.3
78 0.85 1200 7 0.3
79 0.9 2200 7 0.2
80 0.8 1600 7 1.2
Reference Example R3 0.69 820 10.5 0
Comparative Example C19 0.5 2000 13 -0.7
C20 0.5 1400 13 -0.9
C21 0.6 600 13 -2.1
Cc22 0.55 2200 10 -0.7
[0407] As shown in Table 1, ultrasound probes 1 to 21

according to Examples were excellent in sensitivity to
ultrasound when compared with ultrasound probe R1 as a
reference. The reason for this was considered because the
piezoelectric composition of each of ultrasound probes 1 to
21 had piezoelectric characteristics possessed by a portion
(see FIG. 2) surrounded by polyhedron 1 having point Al to
point A18 shown above as vertexes in Cartesian coordinates
(ko €35% B

[0408] In contrast, ultrasound probes Cl to C9 according
to Comparative Examples were insufficient in sensitivity to
ultrasound when compared with ultrasound probe R1 as a
reference. The reason for this was considered because the
piezoelectric composition of each of ultrasound probes C1 to
C9 did not have piezoelectric characteristics expressed by
any coordinates included in a region formed by polyhedron
1 having point A1 to point A18 shown above as vertexes in
Cartesian coordinates (kg €% B

[0409] As shown in Table 2, ultrasound probes 22 to 60
according to Examples were excellent in sensitivity to
ultrasound when compared with ultrasound probe R2 as a
reference. The reason for this was considered because the
piezoelectric composition of each of ultrasound probes 22 to
60 had piezoelectric characteristics possessed by a portion
(see FIG. 5) surrounded by polyhedron 2 having point Bl to
point B14 shown above as vertexes in Cartesian coordinates
(keﬁs 5335, E).

[0410] In particular, ultrasound probes 40 to 60 according
to Examples had a relative sensitivity of 2.2 dB or more
when compared with ultrasound probe R2 as a reference.
The reason for this was considered because the piezoelectric
composition of each of ultrasound probes 40 to 60 had
piezoelectric characteristics possessed by a portion (see FIG.
6) surrounded by polyhedron 2' having point B51 to point
B64 shown above as vertexes in (k,j €55°, E,).

[0411] In contrast, ultrasound probes C10 to C18 accord-
ing to Comparative Examples were insufficient in sensitivity
to ultrasound when compared with ultrasound probe R2 as
a reference. The reason for this was considered because the
piezoelectric composition of each of ultrasound probes C10
to C18 did not have piezoelectric characteristics expressed
by any coordinates included in a region formed by polyhe-
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dron 2 having point Bl to point B18 shown above as
vertexes in Cartesian coordinates (kg €35, E,).

[0412] As shown in Table 3, ultrasound probes 61 to 80
according to Examples were excellent in sensitivity to
ultrasound when compared with ultrasound probe R3 as a
reference. The reason for this was considered because the
piezoelectric composition of each of ultrasound probes 61 to
80 had piezoelectric characteristics possessed by a portion
(see FIG. 8) surrounded by polyhedron 3 having point C1 to
point C18 shown above as vertexes in Cartesian coordinates
(keﬁs Essss E).

[0413] In contrast, ultrasound probes C19 to C22 accord-
ing to Comparative Examples were insufficient in sensitivity
to ultrasound when compared with ultrasound probe R3 as
a reference. The reason for this was considered because the
piezoelectric composition of each of ultrasound probes C19
to C22 did not have piezoelectric characteristics expressed
by any coordinates included in a region formed by polyhe-
dron 3 having point C1 to point C18 shown above as
vertexes in Cartesian coordinates (K. €57, B).

[0414] [Production of Piezoelectric Element]

[0415] Next, there are described respective methods of
producing a piezoelectric composition having any compo-
sition represented by the following general formula (1) or
(2) and a piezoelectric element including, as a main com-
ponent, the piezoelectric composition, the piezoelectric
composition and the piezoelectric element being usable in
the ultrasound probe according to the present invention.
Also evaluated were piezoelectric characteristics (d,;, ks,
€,,°, B_) of each piezoelectric element produced.

X[(Pby A, {(M13Nbo/3)05 1 ]-p{ (Pb,1A0) TiO3}-2{
(Pb,A,)Z105) M

[0416] In the general formula (1), A represents Ba or Sr,
M1 represents Mg, or Mg and 7n, and the following
expressions are satisfied.

0=a2=0.1
al+a2=1
X+y+z=1
0.1£x<0.375
0.52y/(y+2)=0.64

X[(PbyyAg2){(M1,3Nb53)05 ]9{(Pbyy A go) TiOs -2
[R1{(Pb,A,,)Z10;}—R2(BiScOy)] @

[0417] 1In the general formula (2), A represents Ba or Sr,
M1 represents Mg. or Mg and Zn, and the following
expressions are satisfied.

0=a2=0.1
al+a2=1
x+y+z=1
0.1=x<0.25
0.52y/(y+2)=0.64

0<R2<0.25

[0418] Hereinafter, bulk ceramics is described, but the
piezoelectric composition in the present invention is par-
ticularly not limited to ceramics (polycrystal), and the pres-
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ent invention can also be applied to any case where the
piezoelectric composition is oriented ceramics, a thick film,
or a single crystal. When the piezoelectric composition is
ceramics or a single crystal, such ceramics or single crystal
may be cut to a desired size and then heat-treated.

[0419] [Production of Piezoelectric Element 1]
[0420] (Raw Material Preparation Step)
[0421] Respective powders of PbO, BaCO;, ZrO,, TiO,

and MgNb,O, were weighed in a ratio of x:y:z of 0.375:0.
40:0.225 and a value of a2 0f 0.05 in the general formula (1)
so that the total amount was 30 g.

[0422] The powders, 80 ml of ethanol, and a proper
amount of a ZrO, ball were placed into a pot, and the
powders were pulverized by a ball mill for 16 hours. Next,
the resulting mixed powder was calcined by heating at a
furnace temperature of 800° C. for 6 hours. The resulting
powder was further pulverized by a ball mill under the same
conditions as above to provide calcined powder 1.

[0423] Three parts by mass of PVYB based on 100 parts by
mass of calcined powder 1 was added to calcined powder 1,
mixed, and press-molded into a disc shape to provide
molded product 1. Molded product 1 had a diameter of 12
mm and a height (thickness) of 1.5 mm.

[0424] (Heat Treatment Step)

[0425] Molded product 1 was placed into a crucible in
order to inhibit raw material components from being vola-
tilized from molded product 1, and the crucible furnace
temperature was raised from room temperature to 1,250° C.
at a rate of temperature rise of 200° C./hour. Next, molded
product 1 was heated at a furnace temperature of 1,250° C.
for 2 hours.

[0426] (Cooling Step)

[0427] Molded product 1 heat-treated was cooled to room
temperature at a cooling rate of 0.05 to 0.3° C./second to
provide molded product 1 subjected to heat treatment 1.
[0428] (Electrode Formation Step)

[0429] Piezoelectric composition 1 was polished, a gold
electrode was disposed thereon by sputtering, and the resul-
tant was cut by a diamond cutter to a desired size (4 mmx1.5
mmx0.4 mm).

[0430] (Polarization Step)

[0431] Next, a polarization treatment was performed in oil
at 60° C. in an oil bath for 30 minutes by application of an
electric field of 35 kV/cm for 30 minutes, to thereby provide
piezoelectric element 1 for measurements of piezoelectric
constant d,; and coercive electric field E_.

[0432] Piezoelectric composition 1 was cut to a size of 1
mmx1 mmx3 mm, a gold electrode was deposited on each
of surfaces of the resultant, opposite to each other in the
longitudinal direction, by sputtering, to thereby produce a
piezoelectric element as a sample for measurements of
electromechanical coupling coefficient k,; and bound rela-
tive permittivity e,,” described below. Piezoelectric element
1 for measurements of k., and €,,° was also subjected to a
polarization treatment in the same manner as in the polar-
ization step.

[0433] [Evaluation]
[0434] (1) Measurement of Piezoelectric Constant d;
[0435] Piezoelectric element 1 for measurement of ds;

was used to measure piezoelectric constant ds of piezoelec-
tric composition 1 by a berlin court type d,, meter, and d,;
of the piezoelectric element 1 was found to be 432 pC/N.
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[0436] (2) Measurement of Electromechanical Coupling
Coefficient k;;
[0437] Piezoelectric element 1 for measurement of ki,

was used to measure electromechanical coupling coefficient
ks, of piezoelectric composition 1 by an impedance analyzer
(Agilent 4294A; manufactured by Agilent Technologies)
according to a resonance-antiresonance method, and k55 of
piezoelectric element 1 was found to be 0.66.

[0438] (3) Measurement of Bound Relative Permittivity
6"

[0439] Piezoelectric element 1 for measurement of €;5°
was used to measure bound relative permittivity e,,° of
piezoelectric composition 1 by the impedance analyzer at a
frequency equal to or higher than the antiresonant frequency,
and €,,” of piezoelecttic element 1 was found to be 1510.

[0440]

[0441] Piezoelectric element 1 for measurement of E_ was
used to measure coercive electric field E, of piezoelectric
composition 1 by a charge amplifier type ferroelectric char-
acteristic evaluation system (manufactured by Leadtech),
and E_ of piezoelectric element 1 was found to be 12 kV/em.

[0442]

[0443] Each of piezoelectric elements 2 to 7 was produced
in the same manner as in piezoelectric element 1 except that
respective powders of PbO, BaCO,, ZrO,, TiO, and
MgNb,O4 were used so that the values of x, y, z and a2 were
as shown in Table 4 below, and piezoelectric characteristics
thereof were evaluated in the same manner as in piezoelec-
tric element 1.

[0444]

[0445] Piezoelectric element 8§ was produced in the same
manner as in piezoelectric element 2 except that a powder of
SrCO, was used instead of BaCO; so that Ba as A in the
general formula (1) was replaced with Sr, and piezoelectric
characteristics thereof were evaluated in the same manner as
in piezoelectric element 1. In addition, piezoelectric element
9 was produced in the same manner as in piezoelectric
element 3 except that a powder of SrCO; was used instead
of BaCO; so that Ba as A was replaced with Sr, and
piezoelectric characteristics thereof were evaluated in the
same manner as in piezoelectric element 1.

[0446]

[0447] Each of piezoelectric element 10 to 13 was pro-
duced in the same manner as in piezoelectric element 1
except that respective powders of PbO, Bi,0;, BaCO;,
7r0,, TiO,, MgNb,O4 and Sc,CO; were used so that the
values of X, y, z and a2 were as shown in Table 4 below and
R2 in the general formula (2) represented each value as
shown in Table 4 below, and piezoelectric characteristics
thereof were evaluated in the same manner as in piezoelec-
tric element 1.

[0448] Inproduction of each of piezoelectric elements 2 to
13, the polarization treatment temperature was in the range
from 40 to 150° C., the voltage to be applied was in the range
from 10 to 40 kV/cm and the voltage application time was
in the range from 10 to 60 minutes.

[0449] The class, X, v, Z, y/(y+2), a2, R2, element A, d;;,
Kas. €35° and E_ with respect to piezoelectric elements 1 to
13 are shown in Table 4. In Table 4, “No.” represents the
piezoelectric element No.

(4) Measurement of Coercive Electric Field E,

[Production of Piezoelectric Elements 2 to 7]

[Production of Piezoelectric Elements 8 and 9]

[Production of Piezoelectric Elements 10 to 13]
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TABLE 4
No. X y z yiy+z) a2 R2 A dy; [PCN] kg3 [] €35° [—] E, [kV/iem]
1 0375 040 0225 064 005 0  Ba 432 0.66 1510 12.0
2 025 042 033 056 005 0 Ba 503 0.69 1100 12.1
3020 043 037 0538 005 0  Ba 460 072 120 135
4 020 043 037 0338 007 0 Ba 516 071 1230 129
5 020 044 036 055 007 0 Ba 420 0.67 1130 15.0
6 015 044 041 0518 007 O  Ba 550 072 1140 13.0
7 015 045 040 0529 007 O  Ba 400 0.67 1060 154
8§ 025 042 033 056 005 0 S 524 070 1250 125
9 020 043 037  053% 005 0 S 480 071 1150 13.0
10 010 048 042 0333 005 025 Ba 5T2 072 1100 13.1
11 015 046 039 03541 005 012 Ba 440 0.68 1080 15.8
12 015 0465 0385 0347 005 025 Ba 599 072 1150 13.0
13 020 044 036 0355 005 012 Ba 563 073 1130 12.0
[0450] As can be seen from Table 4, all piezoelectric 1. An ultrasound probe comprising:

elements 1 to 13 satisfy the following expressions. In
consideration of the k_,value being about 0.9xk;; to 1xk;;,
all piezoelectric elements 1 to 13 fall within the conditions
with respect to all of polyhedron 1, polyhedron 2, polyhe-
dron 2' and polyhedron 3. That is, piezoelectric elements 1
to 13 including, as a main component, the composition
represented by general formula (1) or (2) are each found to
be a material effective for any ultrasound probes having the
same configuration as the ultrasound probes according to
Embodiments 1 to 3.

k3320.65
€35°=1000

Ez12

[0451] When piezoelectric characteristics of piezoelectric
element 2 and those of piezoelectric element 8 are com-
pared, and piezoelectric characteristics of piezoelectric ele-
ment 3 and those of piezoelectric element 9 are compared,
it can be seen that there are not any remarkable differences
in piezoelectric characteristics whether element A represents
Ba or Sr. That is, it can be seen that piezoelectric elements
1 to 13 including, the composition represented by general
formula (1) or (2) are each a material effective for any
ultrasound probe having the same configuration as the
ultrasound probes according to Embodiments 1 to 3,
whether element A represents Ba or Sr.

[0452] Furthermore, when piezoelectric characteristics of
piezoelectric elements 1 to 9 and piezoelectric characteris-
tics of piezoelectric elements 10 to 13 are mutually com-
pared, it can be seen that, when R2 is more than 0, the d;;
and k. values are increased with €,,° being kept at the same
level. That is, BiScOj is preferably introduced to the piezo-
electric composition from the viewpoint of enhancing piezo-
electric characteristics of the piezoelectric composition in
the polarization direction, such characteristics being impor-
tant for the ultrasound probe. In the present Example, the
amounts of Ba and Sr serving as A replaced can be 0. M1 can
also be partially replaced with Zn.

INDUSTRIAL APPLICABILITY

[0453] The present invention enables to form a high-
sensitive ultrasound probe in the case of a piezoelectric
composition having a small thickness. Accordingly, the
present invention allows an ultrasound imaging apparatus to
be expected to be further generally used.

a piezoelectric element comprising a piezoelectric com-
position and an electrode that applies a voltage to the
piezoelectric composition, and

an acoustic back layer acoustically coupled to the piezo-
electric element and disposed on a back surface of the
piezoelectric element, wherein

the piezoelectric composition has piezoelectric character-
istics expressed by any coordinates included in a region
formed by a polyhedron having point Al to point A18
shown below as vertexes in Cartesian coordinates (kg
e,,°, B_) comprising variables k, ; €, and E_ when an

effective electromechanical coupling coeflicient, a
bound relative permittivity and a coercive electric field
thereof are defined as k. €,;° and B, (kV/cm), respec-
tively:

Point A1 (0.5, 2200, 18)

Point A2 (0.5, 1400, 18)

Point A3 (0.7, 600, 18)

Point A4 (0.9, 600, 18)

Point A5 (0.9, 2200, 18)

Point A6 (0.5, 2200, 15)

Point A7 (0.5, 1400, 15)

Point A8 (0.7, 600, 15)

Point A9 (0.9, 600, 15)

Point A10 (0.65, 2200, 10)

Point A1l (0.65, 1400, 10)

Point A12 (0.8, 600, 10)

Point A13 (0.9, 600, 10)

Point A14 (0.75, 2200, 7)

Point A15 (0.75, 1400, 7)

Point A16 (0.8, 1000, 7)

Point A17 (0.9, 1000, 7)

Point A18 (0.9, 2200, 7).

2. The ultrasound probe according to claim 1, wherein the
ultrasound probe has a center frequency of a transmitting
and receiving band of 7 MHz or more.

3. The ultrasound probe according to claim 1, wherein the
piezoelectric composition satisfies the following expressions
when an electromechanical coupling coefficient, a bound
relative permittivity and a coercive electric field thereof are
defined as k., €5~ and E_ (kV/cm), respectively:

k3320.65;
€35°>1000; and

Ez212,
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4. The ultrasound probe according to claim 3, wherein a
composition as a main component of the piezoelectric
composition is represented by the following general for-
mula:

X[(Pb, A, (M1 13ND5/3)05}1-9{(Pb,, A, ) TiO; }-z{
(Pbay A)Z10s}

wherein A represents Ba or Sr, M1 represents Mg, or Mg

and Zn, and the following expressions are satisfied:

0=a2<0.1;
al+a2=1;
x+y+z=1;
0.1=x=<0.375; and

0.52y/(y+2)=0.64.

5. The ultrasound probe according to claim 4, wherein a
composition as a main component of the piezoelectric
composition is represented by the following general for-
mula:

$[(Pb1A,2){(M1,3Nb53)03}-»{(Pb 1 A ) TiOs -2
[R1{(Pb,A _)Z103}—R2(BiScOs)]

wherein A represents Ba or Sr, M1 represents Mg, or Mg

and 7Zn, and the following expressions are satisfied:

0=a2<0.1;

al+a2=1;

x+y+z=1;
0.1=sx<0.25;
0.5y/(y+2)<0.64; and

0<R2s0.25.

6. (canceled)

7. (canceled)

8. (canceled)

9. (canceled)

10. An ultrasound probe comprising:

a piezoelectric element comprising a plurality of piezo-
electric compositions and an electrode that applies a
voltage to each of the plurality of piezoelectric com-
positions, a layer of each of the piezoelectric compo-
sitions and the electrode being alternately stacked,
wherein

the piezoelectric composition has piezoelectric characteris-
tics expressed by any coordinates included in a region
formed by a polyhedron having point B1 to point B14 shown
below as vertexes in Cartesian coordinates (kg €55 B
comprising variables kg d,,° and E, when an effective
electromechanical coupling coeflicient, a bound relative
permittivity and a coercive electric field thereof are defined
as k_ €55° and E_ (kV/cm), respectively:

Point B1 (0.5, 2200, 18)

Point B2 (0.5, 600, 18)

Point B3 (0.9, 600, 18)

Point B4 (0.9, 2200, 18)

Point B5 (0.5, 2200, 15)

Point B6 (0.5, 600, 15)

Point B7 (0.65, 2200, 9)

Point B8 (0.65, 1000, 9)
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Point B9 (0.75, 600, 9)

Point B10 (0.9, 600, 9)

Point B11 (0.8, 2200, 7)

Point B12 (0.8, 1000, 7)

Point B13 (0.9, 1000, 7)

Point B14 (0.9, 2200, 7).

11. The ultrasound probe according to claim 10, wherein
the piezoelectric composition has piezoelectric characteris-
tics expressed by any coordinates included in a region
formed by a polyhedron having point B51 to point B64
shown below as vertexes:

Point B51 (0.5, 2200, 18)

Point B52 (0.5, 1400, 18)

Point B53 (0.6, 600, 18)

Point B54 (0.9, 600, 18)

Point B55 (0.9, 2200, 18)

Point B56 (0.5, 2200, 17)

Point B57 (0.5, 1400, 17)

Point B58 (0.6, 600, 17)

Point B59 (0.75, 600, 11)

Point B60 (0.9, 600, 11)

Point B61 (0.75, 2200, 9)

Point B62 (0.75, 1000, 9)

Point B63 (0.9, 1000, 9)

Point B64 (0.9, 2200, 9).

12. The ultrasound probe according to claim 10, wherein
the ultrasound probe has a center frequency of a transmitting
and receiving band of 7 MHz or more.

13. The ultrasound probe according to claim 10, wherein
the piezoelectric composition satisfies the following expres-
sions when an electromechanical coupling coefficient, a
bound relative permittivity and a coercive electric field
thereof are defined as k,, €,,* and B_ (kV/cm), respectively:

k3320.65;
€35°=1000; and

Ez12.

14. The ultrasound probe according to claim 13, wherein
a composition as a main component of the piezoelectric
composition is represented by the following general for-
mula:

X[(Pb, A ) {(M1;3Nby3)05} - p{(Pb 1 A,) TIOs }-2{
(PbayAg2)Z105)

wherein A represents Ba or Sr, M1 represents Mg, or Mg and
Zn, and the following expressions are satisfied:

0=a2=0.1;
al+a2=1;
X+y+zr=1;
0.1=x<0.375; and

0.5=y/(y+2)=0.64.

15. The ultrasound probe according to claim 14, wherein
the composition as a main component of the piezoelectric
composition is represented by the following general for-
mula:

[(Pb, A, {(M1;3Nbo3) O3}y {(Pb,y A, TiOs} -2
[R1{(Pb,A.,2)Z103}—R2(BiScO3)]
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wherein A represents Ba or Sr, M1 represents Mg, or Mg
and 7Zn, and the following expressions are satisfied:

0=02<0.1;

al+a2=1;

X+y+z=1;
0.1=x<0.25;
0.5=y/(y+7)=0.64; and

0<R2=0.25.

16. (canceled)
17. (canceled)
18. (canceled)
19. (canceled)
20. An ultrasound probe comprising;

a piezoelectric element comprising a single-layer piezo-
electric composition and an electrode that applies a
voltage to the piezoelectric composition; and

no acoustic back layer to be acoustically coupled to the
pieroelectric element and disposed on a back surface of
the piezoelectric element, wherein

the piezoelectric composition has piezoelectric characteris-
tics expressed by any coordinates included in a region
formed by a polyhedron having point C1 to point C18 shown
below as vertexes in Cartesian coordinates (kg €,.°, B)
comprising variables k. €.,° and E, when an effective
electromechanical coupling coeflicient, a bound relative
permittivity and a coercive electric field thereof are defined
as k_ €55 and E_ (kV/em), respectively:

Point C1 (0.55, 2200, 18)
Point C2 (0.5, 1400, 18)
Point C3 (0.75, 600, 18)
Point C4 (0.9, 600, 18)
Point C5 (0.9, 2200, 18)
Point C6 (0.55, 2200, 13)
Point C7 (0.55, 1400, 13)
Point C8 (0.75, 600, 13)
Point C9 (0.9, 600, 13)
Point C10 (0.6, 2200, 10)
Point C11 (0.6, 1400, 10)
Point C12 (0.8, 600, 10)
Point C13 (0.9, 600, 10)
Point C14 (0.75, 2200, 7)
Point C15 (0.75, 1400, 7)
Point C16 (0.8, 1200, 7)
Point C17 (0.9, 1200, 7)
Point C18 (0.9, 2200, 7).

21. The ultrasound probe according to claim 20, wherein
a thickness of the piezoelectric composition is 0.02 to 1 mm.

22. The ultrasound probe according to claim 20, wherein
the ultrasound probe has a center frequency of a transmitting
and receiving band of 7 MHz or more.

23. The ultrasound probe according to claim 20, wherein
the piezoelectric composition satisfies the following expres-
sions when an electromechanical coupling coefficient, a

23
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bound relative permittivity and a coercive electric field
thereof are defined as k5, €;5° and E,, (kV/cm), respectively:

k3320.65;
€37°=1000; and
E=12.

24. The ultrasound probe according to claim 23, wherein
a composition as a main component of the piezoelectric
composition is represented by the following general for-
mula:

X[(PbgAg2){(M1,3Nb53)05}1:0{(Pbgy Ago) TiOs -2{
(PbgA)Z105)

wherein A represents Ba or Sr, M1 represents Mg, or Mg
and 7Zn, and the following expressions are satisfied:

0=a2<0.1;
al+a2=1;
ry+z=1;
0.1=x<0.375; and
0.5sy/(y+2)=0.64.

25. The ultrasound probe according to claim 24, wherein
the composition as a main component of the piezoelectric
composition is represented by the following general for-
mula:

X[(PbayA,2){(M11;3Nb53)03}1-9{(Pby A o) TiOs -2
[RI{(Pbg1A,)210;}—R2(BiScO3)]
wherein A represents Ba or Sr, M1 represents Mg, or Mg
and 7Zn, and the following expressions are satisfied:

0=a2<0.1;

al+a2=1;

x+y+z=1;
0.1=x=0.25;
0.52y/(y+2)=0.64; and
0<R2s0.25.

26. (canceled)
27. (canceled)
28. (canceled)
29. (canceled)
30. A piezoelectric element comprising:

a piezoelectric composition comprising, as a main com-
ponent, a composition represented by the following
general formula, and an electrode that applies a voltage
to the piezoelectric composition, wherein

the piezoelectric composition satisfies the following expres-
sions (1) to (3) when an electromechanical coupling coef-
ficient, a bound relative permittivity and a coercive electric
field thereof are defined as ks, €55° and E_ (kV/em), respec-
tively:

5[(Pb, A {(M1 3Ny 3)03}-p{(Ph 1 A,0) TiOs }-2{
(PbyA,2)Zr05}
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wherein A represents Ba or Sr, M1 represents Mg, or Mg and wherein A represents Ba or Sr, M1 represents Mg, or Mg
Zn, and the following expressions (4) to (8) are satisfied: and 7Zn, and the following expressions are satisfied:
k3320.65 1) D=a2<0.1;
€35°21000 @ al+a2=1;
E212 ) x+p+z=1;
0=42s0.1 &) 0.1=x<0.25;
al+a2=1 & 0.58/(y42)20.64; and
wp+z=1 ©® 0<R2<0.25.
0.1=x=0.375 @) 32, (canceled)
0.5p/(y+2)<0.64 (®). 33. (canceled)
31. The piezoelectric element according to claim 30, 34. (canceled)
wherein the piezoelectric composition comprises, as a main 35. An ultrasound probe comprising the piezoelectric

component, a composition represented by the following element according to claim 30.
general formula: 36. (. led)
. (cancele

2[(Pb,1 A ) (M1 13Nbo 3005110 (Pb, A ) TiO3 -2
[R1{(Pb,, A ;)ZrO;}—R2(BiScO;)] 0k ok k k
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