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(57) ABSTRACT

An ultrasonic probe which has high propagation efficiency of
ultrasound and can obtain a high resolution ultrasonic diag-
nostic image, the ultrasonic probe includes an ultrasonic
transducer including: a piezoelectric body which generates
ultrasound; and a first matching layer which is disposed in a
predetermined direction as seen from the piezoelectric body
and is for performing acoustic matching between the piezo-
electric body and a subject, wherein the first matching layer
includes a plurality of matching regions which have a uniform
thickness in the predetermined direction, are arranged in a
direction perpendicular to the predetermined direction, and
include at least two matching regions having frequency char-
acteristics of ultrasound transmittance different from each

other.
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ULTRASONIC PROBE AND ULTRASONIC
DIAGNOSTIC DEVICE

TECHNICAL FIELD

[0001] The present invention relates to ultrasonic probes
and ultrasonic. diagnostic devices. In particular, the present
invention relates to an ultrasonic probe and an ultrasonic
diagnostic device that include an ultrasonic transducer, which
are used for ultrasonic diagnosis of a subject

BACKGROUND ART

[0002] Various imaging technique have been developed in
the medical field to observe the inside of a subject to make
diagnosis. In particular, ultrasound imaging which obtains
internal body information of subject by transmitting and
receiving ultrasound allows not only real-time observation of
images but also saves the subject from exposure to radiation,
unlike other medical image technique such as an X-ray pho-
tograph and a radio isotope (RI) scintillation camera etc,
Therefore, as highly safe imaging technique, ultrasound
imaging is used not only for a fetal diagnosis in obstetrical
field but also used for wide range of areas such as the gyne-
cologic system, the circulatory system, and the digestive sys-
tem. The ultrasound imaging is an image generation tech-
nique which takes advantage of the property that the
ultrasound is reflected at the boundary of regions having
different acoustic impedances (e.g., a boundary of a struc-
ture). The contour of a structure that exists inside the subject
(e.g., an internal organ, and diseased tissue) is extracted by
transmitting the ultrasound beam to the inside of the subject
such as ahuman body, receiving an ultrasound echo generated
in the subject, and obtaining a reflecting point at which the
ultrasound echo is generated and its reflection intensity.
[0003] A device which performs the ultrasound imaging
(called, for example, an ultrasonic diagnostic device, and an
ultrasonic imaging device) includes a transducer (piezoelec-
tric transducer) as an ultrasonic transducer which transmits
and receives ultrasound. The transducer generally used is
obtained by forming electrodes on both sides of a piezoelec-
tric body such as a piezoelectric ceramic represented by a Pb
(lead) zirconate titanate (PZT), and a polymeric piezoelectric
body material represented by a polyvinylidene difluoride
(PVDF).

[0004] FIG. 2 is a schematic view showing an example of a
one-dimensional array type ultrasonic probe. As shown in
FIG. 2, an ultrasonic probe 403 that is of a one-dimensional
array type includes: a plurality of ultrasonic transducers 205
each including a piezoelectric body 208, a signal electrode
206, a ground electrode 207, and a matching layer 203; a
backing 201; a grounding line 202; signal wiring 204; and an
acoustic lens 209.

[0005] All of the ground electrodes 207 are connected to
the one grounding line 202. Each of the signal electrodes 206
is connected to a corresponding one of the signal wiring 204.
The signal electrode 206 and the ground electrode 207 are
bonded to a pair of opposing surfaces of the piezoelectric
body 208. The direction toward the ground electrode 207 as
seen from the signal electrode 206 is referred to as +Z. The
matching layer 203 is provided on the +Z side with respect to
the ground electrode 207.

[0006] As shown in FIG. 2, the ultrasonic probe 403 that is
of the one-dimensional array type includes a plurality of the
ultrasonic transducers 205 arranged in a one-dimensional
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array on the +Z side of the backing material 201 which
absorbs sound waves. Furthermore, further on the +Z side
with respect to the ultrasonic transducer 205, the acoustic lens
209 is provided. The ultrasonic probe 403 emits ultrasound to
a subject (not shown) via the acoustic lens 209.

[0007] The voltage applied to each of the two electrodes
207 and 206 of the ultrasonic transducer 205 causes expan-
sion and contraction of the piezoelectric body 208 due to the
piezoelectric effect, and ultrasound is thus generated. It is
possible to form an ultrasound beam which is transmitted to a
predetermined direction, by arranging the ultrasonic trans-
ducers 205 one-dimensionally (or two-dimensionally) as
described above, and driving each of the ultrasonic transduc-
ers sequentially. Furthermore, the ultrasonic transducer
receives the ultrasound reflected off the inside of the body of
the subject, and expands or contracts to generate an electric
signal. The electric signal is used as a reception signal of the
ultrasound.

[0008] FIG. 4 is a schematic view showing an example of
an ultrasonic diagnostic device. As shown in FIG. 4, an ultra-
sonic diagnostic device 401 includes an ultrasonic probe 403.
The ultrasonic probe 403 and a diagnostic device main body
404 are connected via a cable 405. The diagnostic device
main body 404 transmits, via the cable 405, a signal for
vibrating the ultrasonic transducer to the ultrasonic probe
403, and creates an image of internal condition of the subject
as an ultrasonic diagnostic image based on the signal from the
ultrasonic probe 403.

[0009] The above-described ultrasonic probe includes the
matching layer 203 between the piezoelectric body 208 and
the subject due to the following reason.

[0010] The propagation efficiency of the ultrasound at the
interface where different substances contact each other
changes depending on the acoustic impedance of the each of
the substances. Specifically, the ultrasound reflects well at the
interface where the difference in acoustic impedance is large,
which causes large propagation loss of the ultrasound.
[0011] Inview ofthis, amatchinglayeris provided between
the ultrasonic transducer and the subject to match the acoustic
impedance. The acoustic impedance changes in a stepwise
manner through the matching layer from the transducer
toward the subject. This lowers reflectance of ultrasound at
each of the interfaces and thereby propagation loss of the
ultrasound is reduced.

[0012] However, providing the matching layer to increase
the propagation efficiency of the ultrasound is known to cause
an adverse effect, that is, the frequency band becomes narrow
and thus the resolution of the ultrasonic diagnostic image
becomes degraded. The realization of the matching layer
which does not degrade the resolution of the ultrasonic diag-
nostic image is required.

[0013] Conventionally, to build the matching layer which
does not degrade the resolution of the ultrasonic diagnostic
image, a technique has been disclosed to widen the band by
providing, in a plane perpendicular to the propagation direc-
tion of the ultrasound, a plurality of regions in which the
matching layers have different thicknesses (e.g., patent litera-
ture 1).

[Citation List]
[Patent Literature]

[PTL 1]

[0014] Japanese Unexamined Patent Application Publica-
tion No. 2003-299195
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SUMMARY OF INVENTION

[Technical Problem]

[0015] As described above, there is a problem that a match-
ing layer, which is provided in an ultrasonic probe to increase
the propagation efficiency of the ultrasound, narrows the fre-
quency band of the ultrasound transmitted through the match-
ing layer and causes the degradation of the resolution of the
ultrasonic diagnostic image. Thus, an issue is to build the
ultrasonic probe which has high propagation efficiency of
ultrasound and can obtain a high resolution ultrasonic diag-
nostic image.

[0016] To the above-described issue, the structure
described in PTL 1 includes a matching layer including, in a
plane perpendicular to the propagation direction of the ultra-
sound, a plurality of regions having different thicknesses In
this case, a time lag is generated among ultrasound pulses
transmitted through each of the regions of the matching layer.
Providing an acoustic lens does not completely eliminate
such time lag, causing a phenomenon in which the ultrasound
pulses having time lags are superimposed one another in the
body of the subject. This causes the ultrasound emitted from
the matching layer to have a waveform different from the
ideal impulse waveform, which causes degradation in reso-
lution in the propagation direction of the ultrasound in the
ultrasonic diagnostic image. Therefore, the technique dis-
closed by PTL 1 does not solve the above-described issue.
[0017] The present invention is conceived to solve the
aforementioned conventional issues and has an object to pro-
vide the ultrasonic probe and the like which have high propa-
gation efficiency of the ultrasound and can obtain a high
resolution ultrasonic diagnostic image.

[Solution to Problem]

[0018] In order to achieve the aforementioned object, an
ultrasonic probe according to an aspect of the present inven-
tion is an ultrasonic probe used for ultrasonic diagnosis of a
subject, the ultrasonic probe includes an ultrasonic transducer
including: a piezoelectric body which generates ultrasound;
and a first matching layer which is disposed in a predeter-
mined direction as seen from the piezoelectric body and is for
performing acoustic matching between the piezoelectric
body and the subject, wherein the first matching layer
includes a plurality of matching regions which have a uniform
thickness in the predetermined direction, are arranged in a
direction perpendicular to the predetermined direction, and
include at least two matching regions having frequency char-
acteristics of ultrasound transmittance different from each
other.

[0019] With this, it is possible to widen frequency band of
ultrasound which passes through the matching layer com-
pared to the conventional matching layer having a uniform
frequency characteristic. The reason for this is that frequency
characteristic of ultrasound which passes through each of the
matching regions is different, and thus the ultrasound which
passed through each of the matching regions added to the
entire matching layer is wider in frequency band than the
ultrasound which passed through the conventional matching
layer having the uniform frequency characteristic. In addi-
tion, the thickness of the matching region in the ultrasound
propagation direction (the predetermined direction) is con-
stant, and thus time lag does not occur to the ultrasound pulse
which passes through the respective matching regions. As a
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result, the ultrasound pulse is propagated to the subject with a
waveform close to the impulse waveform. This makes it pos-
sible to obtain a high-resolution ultrasonic diagnostic image.

[0020] Furthermore, it is preferable that the matching
regions include at least two matching regions having densities
different from each other.

[0021] With this, it is possible to realize the matching
regions having different frequency characteristics of ultra-
sound transmittance. The reason for this is that the matching
regions having different densities have different frequency
characteristics of ultrasound transmittance.

[0022] Furthermore, it is preferable that the first matching
layer include a plurality of matching materials which have
different acoustic impedances, and at least one of the match-
ing materials have tapered shapes parallel to the predeter-
mined direction, and each of the tapered shapes have a thick-
ness which continuously increases or decreases in the
predetermined direction.

[0023] Withthis, it is possible to allow part of the matching
layer closer to the piezoelectric body to have an acoustic
impedance close to an acoustic impedance of the piezoelec-
tric body, and allow part of the matching layer closer to the
subject to have an acoustic impedance close to an acoustic
impedance of the subject. Furthermore, it is possible to allow
the acoustic impedance in the matching layer to continuously
change in the propagation direction of the ultrasound.

[0024] Furthermore, it is preferable that the number of the
tapered shapes in a unit area in one of the matching regions be
different from the number of the tapered shapes in a unit area
in an other one of the matching regions, the unit areas each
being in a plane perpendicular to the predetermined direction.

[0025] With this, it is possible to realize the matching
regions having different frequency characteristics of ultra-
sound transmittance. The reason for this is that the matching
regions in which the densities of the tapered shapes are dif-
ferent have different frequency characteristics of ultrasound
transmittance.

[0026] Furthermore, it is preferable that a size of the at least
one of the matching materials which has the tapered shapes in
one of the matching regions be different from a size of the
tapered shapes in an other one of the matching regions, the
sizes each being in the predetermined direction.

[0027] With this, it is possible to realize the matching
regions having different frequency characteristics of ultra-
sound transmittance. The reason for this is that the matching
regions in which the heights, in the ultrasound propagation
direction, of the tapered shapes are different have different
frequency characteristics of ultrasound transmittance.

[0028] Furthermore, it is preferable that a width of the at
least one of the matching materials which has the tapered
shapes in one of the matching regions be different from a
width of the at least one of the matching materials which has
the tapered shapes in an other one of the matching regions, the
widths each being in a direction in which the matching
regions are arranged.

[0029] With this, it is possible to realize the matching
regions having different frequency characteristics of ultra-
sound transmittance. The reason for this is that the matching,
regions in which the thicknesses of the tapered shapes are
different have a different frequency characteristic of ultra-
sound transmittance.
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[0030] Furthermore, it is preferable that, out of a front
surface and a back surface of the first matching layer, a
surface which is more distant from the piezoelectric body be
flat.

[0031] With this, the contact surface between the matching
layer and an acoustic lens is flat, and the ultrasonic probe can
receive, in a wide range of temperature, ultrasound in a wide
band. As a result, a high-resolution ultrasonic diagnostic
image can be obtained. The reason for this is that the acoustic
lens has a high rate of shrinkage with respect to a change in
temperature. Thus, the acoustic lens may be detached due to
shrinkage of the acoustic lens if the contact surface is not flat.
[0032] Furthermore, it is preferable that the first matching
layer include a plurality of matching sub-layers stacked in the
predetermined direction, and at least one of the matching
sub-layers include a plurality of matching regions which (i)
are arranged in a direction perpendicular to the predetermined
direction, and (ii) have different frequency characteristics of
ultrasound transmittance.

[0033] With this, the acoustic matching between the piezo-
electric body and the subject can be performed with higher
precision and, at the same time, it is possible to widen the
frequency band of the ultrasound which passes through the
matching layer. The reason for this is that the matching sub-
layers having different acoustic impedances make it possible
to perform acoustic matching in a stepwise manner from the
piezoelectric body to the subject, and the matching regions
makes it possible to increase the frequency characteristics of
ultrasound transmittance.

[0034] Furthermore, it is preferable that each of the match-
ing sub-layers have a uniform thickness in the predetermined
direction.

[0035] With this, the ultrasonic probe can receive, in a wide
range of temperature, ultrasound in a wide band. As a result,
a high-resolution ultrasonic diagnostic image can be
obtained. The reason for this is that the matching sub-layers
may be detached from each other due to the difference in rate
of shrinkage of the matching sub-layers with respect to the
change in temperature if each of the matching sub-layers does
not have a constant thickness.

[0036] Furthermore, it is preferable that the first matching
layer be formed from a mixture obtained by mixing a plurality
of materials in a predetermined mixing ratio, and a mixing
ratio in one of the matching regions is different from a mixing
ratio in an other one of the matching regions.

[0037] Furthermore, it is preferable that the first matching
layer include a sintered material.

[0038] Furthermore, it is preferable that the first matching
layer include at least silicon dioxide and at least one material
out of silver, copper, and an acrylic material.

[0039] Furthermore, it is preferable that the first matching
layer include, as material, a plurality of particles which are
different in diameter by at least five times.

[0040] With this, it is possible to realize the matching
regions having different frequency characteristics of ultra-
sound transmittance. The reason for this is that each of the
matching regions in which materials of the mixtures are
mixed in different mixing ratio has a different frequency
characteristic of ultrasound transmittance.

[0041] Furthermore, it is preferable that a width of each of
the matching regions in a direction in which the matching
regions are arranged be greater than or equal to a wavelength
of ultrasound used for the ultrasonic diagnosis.
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[0042] With this, itis possible to build the matching regions
having different frequency characteristics of ultrasound
transmittance, The reason for this is that, when the width of
the matching region is smaller than the wavelength of the
ultrasound, the matching region of which frequency charac-
teristic of ultrasound transmittance is a predetermined value
is not formed.

[0043] Furthermore, it is preferable that the first matching
layer include metal nano particles each of which has a diam-
eter less than or equal to one micron, and at least part of the
first matching layer be metal bulked, the first matching layer
having density determined by a mixing ratio of the metal nano
particles to the first matching layer.

[0044] With this, it is possible to efficiently manufacture
the matching materials having different densities. The reason
for this is that the matching materials having different densi-
ties can be manufacture by using the same materials and
changing their mixing ratios,

[0045] Furthermore, it is preferable that the ultrasonic
transducer further include: a backing material which is dis-
posed on a side opposite to a side on which the first matching
layer is disposed with respect to the piezoelectric body and
absorbs ultrasound; and a second matching layer disposed
between the backing material and the piezoelectric body, and
including a plurality of matching regions which are arranged
in a direction perpendicular to the predetermined direction
and each of which allows ultrasound of different frequency to
be transmitted.

[0046] With this, it is possible to increase the sound pres-
sure of the ultrasound that is propagated toward the direction
of the subject from the piezoelectric body.

[0047] Furthermore, it is preferable that the ultrasonic
transducer further include: a backing material which is dis-
posed on a side opposite to a side on which the first matching
layer is disposed with respect to the piezoelectric body and
absorbs ultrasound; and a high reflective layer disposed
between the backing material and the piezoelectric body, and
having a property of reflecting ultrasound.

[0048] With this, it is possible to widen the frequency band
of the ultrasound which passes through the matching layer.
[0049] Furthermore, it is preferable that the ultrasonic
transducers be arranged in a one-dimensional array, and in
each of the ultrasonic transducers, an average frequency that
is an average value of frequency of ultrasound transmitted
through the matching regions located at each of ends of the
ultrasonic transducer in a direction in which the matching
regions are arranged is lower than an average frequency that
is an average value of frequency of ultrasound transmitted
through one or more of the matching regions located in the
center of the ultrasonic transducer in the direction in which
the matching regions are arranged.

[0050] With this, it is possible to obtain a high-resolution
ultrasonic diagnostic. image.

[0051] Furthermore, it is preferable that the ultrasonic
transducers be arranged in a one-dimensional array, and in
each of the ultrasonic transducers, an average frequency that
is an average value of frequency of ultrasound transmitted
through the matching regions located at each of ends of the
ultrasonic transducer in a direction in which the matching
regions are arranged is higher than an average frequency that
is an average value of frequency of ultrasound transmitted
through one or more of the matching regions located in the
center of the ultrasonic transducer in the direction in which
the matching regions are arranged.
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[0052] With this, it is possible to obtain the ultrasonic diag-
nostic image with a high signal to noise ratio (S/N).

[0053] Furthermore, it is preferable that the ultrasonic
transducers be arranged in a one-dimensional array, and the
matching regions in one of the ultrasonic transducers be
arranged in an order different from an order of the matching
regions in an other one of the ultrasonic transducers.

[0054] Furthermore, it is preferable that the ultrasonic
transducers be arranged in a one-dimensional array, and the
matching regions in each of the ultrasonic transducers be
arranged in an order to form a cyclic pattern in the ultrasonic
probe.

[0055] With these, it is possible to obtain an ultrasonic
diagnostic image in high resolution with high S/N.

[0056] Furthermore, an ultrasonic diagnostic device
according to an aspect of the present invention includes: an
ultrasonic probe; and a diagnostic device which generates a
signal for causing the piezoelectric body to generate ultra-
sound, and generates an ultrasonic diagnostic image based on
a signal received by the ultrasonic probe from the subject.
[0057] With this, it is possible to produce the effects of the
above-described ultrasonic probe to perform ultrasonic diag-
nosis on the subject.

[Advantageous Effects of Invention]

[0058] With an ultrasonic probe or the like according to the
present invention, a matching layer which does not cause
degradation of resolution of the ultrasonic diagnostic image is
built, and thus it is possible to obtain a high resolution diag-
nostic image for ultrasonic diagnosis.

[BRIEF DESCRIPTION OF DRAWINGS]

[0059] FIG. 11is a cross-sectional view of an example of an
ultrasonic probe according to Embodiment 1 of the present
invention.

[0060] FIG. 2 is a schematic view of an example of a one-
dimensional array type ultrasonic probe.

[0061] FIG. 3 is a cross-sectional view of a conventional
ultrasonic probe.

[0062] FIG. 4 is an example of a schematic view showing
an ultrasonic diagnostic device.

[0063] FIG. 5is a diagram showing sound pressure distri-
bution at the contact surface between a subject and the ultra-
sonic probe according to Embodiment 1.

[0064] FIG. 6 is a cross-sectional view of an example of an
ultrasonic probe according to Embodiment 2 of the present
invention.

[0065] FIG. 7 is a cross-sectional view of an example of a
multi-transmittance layer of the ultrasonic probe according to
Embodiment 1 of the present invention.

[0066] FIG. 8 is a cross-sectional view of another example
of the multi-transmittance layer of the ultrasonic probe
according to Embodiment 1 of the present invention.

[0067] FIG.9 is a cross-sectional view of another example
of the multi-transmittance layer of the ultrasonic probe
according to Embodiment 1 of the present invention.

[0068] FIG.10isadiagram showing arelationship between
an acoustic impedance and a mixing ratio of silver to a mix-
ture which includes the silver.

[0069] FIG. 11 is a diagram showing the relationship
between an acoustic impedance and a mixing ratio of copper
to a mixture which includes the copper.
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[0070] FIG.12isadiagram showing arelationship between
anacoustic impedance and a mixing ratio of acryl to a mixture
which includes the acryl.

[0071] FIG. 13 is a cross-sectional view of an example of a
matching layer of the ultrasonic probe according to Embodi-
ment 1 of the present invention.

[0072] FIG.14isacross-sectional view of another example
of the matching layer of the ultrasonic probe according to
Embodiment 1 of the present invention.

[0073] FIG.15isacross-sectional view of another example
of the matching layer of the ultrasonic probe according to
Embodiment 1 of the present invention.

[0074] FIG.16isacross-sectional view of another example
of the matching layer of the ultrasonic probe according to
Embodiment 1 of the present invention.

[0075] FIG.17isadiagram showing arelationship between
an acoustic impedance of a multi-impedance layer and an
average transmittance frequency of the matching layer.
[0076] FIG.18isadiagram showing arelationship between
an acoustic impedance of another multi-impedance layer and
an average transmittance frequency of the matching layer.
[0077] FIG.19is adiagram showing arelationship between
an acoustic impedance of another multi-impedance layer and
an average transmittance frequency of the matching layer.
[0078] FIG.20isacross-sectional view of another example
of the matching layer of the ultrasonic probe according to
Embodiment 1 of the present invention.

[0079] FIG.21 is a diagram showing arelationship between
an acoustic impedance of another multi-impedance layer and
an average transmittance frequency of the matching layer.
[0080] FIG.22is anexample ofa cross-sectional view of an
ultrasonic transducer according to Embodiment 3 of the
present invention.

[0081] FIG. 23 is a cross-sectional view of an ultrasonic
transducer according to Embodiment 4 of the present inven-
tion,

[0082] FIG. 24 is a diagram showing transmittance charac-
teristics of a matching layer according to Embodiment 3 of
the present invention.

[0083] FIG. 25 is a diagram showing transmittance charac-
teristics of another matching layer according to Embodiment
3 of the present invention.

[0084] FIG.26 is a diagram showing a relationship between
an average transmittance frequency of two matching layers
and a density of a multi-density layer.

[0085] FIG.27is adiagram showing arelationship between
an average transmittance frequency of the matching layer and
a density of a multi-density layer according to Embodiment 3
of the present invention.

[0086] FIG. 28 is a cross-sectional view of another ultra-
sonic transducer according to Embodiment 3 of the present
invention.

[0087] FIG. 29 is a diagram showing an example of a rela-
tionship between a position (in an axis perpendicular to a
propagation direction of ultrasound) and an average density
of'a multi-density layer.

[0088] FIG. 30 is a cross-sectional view of an ultrasonic
transducer according to Embodiment 4 of the present inven-
tion.

[0089] FIG.31 is adiagram showing a relationship between
an average transmittance frequency of a matching layer and a
density of a multi-density layer according to Embodiment 4
of the present invention.
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[0090] FIG. 32 is a cross-sectional view of an ultrasonic
transducer according to Embodiment 5 of the present inven-
tion.

[0091] FIG. 33 is adiagram showing a relationship between
an average transmittance frequency of a matching layer and a
density of a multi-density layer according to Embodiment 5
of the present invention.

[0092] FIG. 34 is a cross-sectional view of another ultra-
sonic transducer according to Embodiment 5 of the present
invention.

[0093] FIG. 35 is a schematic view showing a conventional
ultrasonic probe and propagation of ultrasound.

[0094] FIG. 36 is a schematic view showing an ultrasonic
probe and propagation of ultrasound according to Embodi-
ment 6 of the present invention.

[0095] FIG. 37 is a schematic view showing another ultra-
sonic probe and propagation of ultrasound according to
Embodiment 6 of the present invention.

DESCRIPTION OF EMBODIMENTS

[0096] Hereinafter, embodiments of the present invention
shall be described with reference to the Drawings. It should be
noted that each of the embodiments described hereafter illus-
trates a preferred specific example of the present invention.
Numerical values, shapes, materials, constituent elements,
the positioning and connection configuration of the constitu-
ent elements, steps, the sequence of the steps, and so on,
described in the embodiments below are merely examples
and are not intended to limit the present invention. Further-
more, among the constituent elements in the following
embodiments, those constituent elements which are not
described in the independent claims indicating the broadest
concept of the present invention are described as optional
constituent elements for configuring a more preferable
embodiment.

[0097] Furthermore, the same constituent elements are
assigned with the same reference signs, and detailed descrip-
tions thereof may be omitted.

Embodiment 1

[0098] FIG. 1is across-sectional view of an example of an
ultrasonic probe according to Embodiment 1 of the present
invention.

[0099] Asshown in FIG. 1, an ultrasonic probe 102 accord-
ing to this embodiment includes a piezoelectric body 208, a
signal electrode 206, and a ground electrode 207. Further-
more, it is more preferable that the ultrasonic probe 102
further include a backing 201, and the acoustic lens 209.
[0100] The ultrasonic probe 102 is different from a conven-
tional ultrasonic probe 304 in that the ultrasonic probe 102
includes a matching layer 101 between the ground electrode
207 and a subject (not shown).

[0101] The matching layer 101 includes a plurality of
matching regions arranged in the X-direction and each having
a different transmittance of ultrasound. The matching layer
101 is designed so that a matching region 101« located in the
center in the X-direction transmits, at the highest rate, the
ultrasound generated by the piezoelectric body 208, and that
the transmittance decreases towards both ends which are a
matching region 1015 and a matching region 101¢. Therefore,
the ultrasound which passes through the matching region
101a located in the center has the highest sound pressure, and
the ultrasound which passes through each of the matching
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regions 101c¢ located at each of the ends has the lowest sound
pressure. The ultrasonic diagnosis with high S/N can be real-
ized by using, with the ultrasonic diagnostic device (FIG. 4),
the ultrasonic probe according to the present invention
instead of the conventional ultrasonic probe.

[0102] The following describes the reason why the ultra-
sonic diagnosis with a high S/N can be performed using the
ultrasonic probe according to the present invention

[0103] FIG. 3 is a cross-sectional view of the conventional
ultrasonic probe. When frequency characteristic of a sound
pressure of ultrasound emitted from a surface of the ultrasonic
probe is constant on the surface, a side lobe 303 is formed in
the body of a subject in addition to a main lobe 302. The
ultrasonic diagnostic image includes the image obtained by
the main lobe 302 on which the image obtained by the side
lobe 303 is superimposed as a noise. The generation of the
side lobe causes degradation of S/N (signal to noise ratio) of
the ultrasonic diagnostic image.

[0104] With the ultrasonic probe 102 shown in FIG. 1, the
sound pressure of the ultrasound which passes through the
matching region 1014 located in the center is increased to be
higher than the sound pressure of the ultrasound which passes
through the matching regions located at each of the ends. This
makes it possible to lower the sound pressure of side lobe 104
than the sound pressure of the conventional ultrasonic probe.
Due to the above, the ultrasonic diagnosis with high S/N can
be realized.

[0105] Here, an example of a method for building a match-
ing layer including a plurality of regions having different
transmittance (hereinafter also referred to as a multi-trans-
mittance layer) is described.

[0106] FIG. 7 is a cross-sectional view of an example of a
multi-transmittance layer of the ultrasonic probe according to
this embodiment.

[0107] A matching layer 703 shown in FIG. 7 includes: a
first matching material 702 having an acoustic impedance
close to an acoustic impedance of the piezoelectric body 208;
and a second matching material 701 having an acoustic
impedance close to an acoustic impedance of living body
tissue of the subject. The first matching material 702 is coni-
cal in shape. A plurality of the first matching materials 702 are
provided with their bases located on the side of the piezoelec-
tric body 208 and their vertexes located on the side of the
subject. Furthermore, the portion of the matching layer 703
other than the portion filled by the first matching material 702
is filled by the second matching material 701.

[0108] Here, the first matching material 702 which is coni-
cal in shape is made from a composite material obtained by
mixing a metal, a semiconductor, ceramics, or resin with
metal or oxide. The range of the acoustic impedance of the
first matching material 702 is from 10 to 30 MRayl. The
second matching material 701 is made from a composite
material obtained by mixing various resins or mixing resin
with metal or oxide. The range of the acoustic impedance of
the second matching material 701 is from 1.2 to 3 MRayl. In
general, the range of the acoustic impedance of the piezoelec-
tric body 208 is from 20 to 30 MRayl, and the acoustic
impedance of the living body tissue of the subject is approxi-
mately 1.5 MRayl. Therefore, arranging the first matching
material and the second matching material as described above
makes it possible to reduce the difference in acoustic imped-
ance between both the matching layer and the piezoelectric
body, and between the matching layer and the living body
tissue of the subject.
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[0109] The following describes specific examples of the
above material. Examples of the first matching material 702
include: aluminum (17 MRayl), lead (22 MRayl), silicon (20
MRayl), a mixture of approximately 95% silver and approxi-
mately 5% silicon dioxide (16 MRayl), and crystal (16
MRayl). Examples of the second matching material 701
include: plastics, rubber and the like, such as silicone rubber
(1.5 MRayl), acrylic resin (3 MRayl), and polyimide (3
MRayl).

[0110] The matching layer 703 includes matching regions
703a, 7035, and 703¢ each of which includes the cones made
from the first matching material 702. The cones are arranged
at different intervals depending on the region. Specifically,
the intervals between the cones are smallest in the matching
region 703a located in the center in the X-direction, and the
intervals between the cones increases toward each ofthe ends,
that is, the intervals between the cones are greater in the
matching regions 7035 and 703c.

[0111] In this manner, the region in which cones are
arranged at greater intervals transmits the ultrasound at a
lower rate. Thus, it is possible to design a multi-transmittance
layer having an arbitrary transmittance can be designed by
adjusting the intervals between the cones for each of the
regions.

[0112] Furthermore, it is preferable that the intervals
between the cones be less than or equal to a quarter of a
wavelength of the ultrasound in the region having the biggest
intervals, With this, it is possible to build an ultrasonic probe
which has high sensitivity and allows observation of a deeper
portion.

[0113] FIG. 8 is a cross-sectional view of another example
of a multi-transmittance layer of the ultrasonic probe accord-
ing to this embodiment.

[0114] A matching layer 804 shown in FIG. 8 includes: a
first matching material 702 having an acoustic impedance
close to an acoustic impedance of the piezoelectric body 208;
and a second matching material having an acoustic imped-
ance close to an acoustic impedance of living body tissue of
the subject. The first matching material 702 is conical in
shape. A plurality of the first matching materials 702 are
provided with their bases located on the side of the piezoelec-
tric body 208 and their vertexes located on the side of the
subject.

[0115] Furthermore, the portion of the matching layer 804
other than the portion filled by the first matching material 702
is filled by the second matching materials 803, 802, and 801.
[0116] In the matching layer 804, matching regions 804a,
8045, and 804c¢ includes second matching materials 803, 802,
and, 801, respectively. The second matching materials are
selected so that the acoustic impedance of the second match-
ing material 803 has an acoustic impedance closest to the
acoustic impedance of the piezoelectric body 208, and the
regions closer to each of the ends includes materials, which
are the second matching materials 802 and 801, having
greater difference in acoustic impedance with respect to the
piezoelectric body 208.

[0117] Inthis manner, the closer the acoustic impedance of
the second matching material is to the acoustic impedance of
the piezoelectric body, the higher the transmittance is, Thus,
it is possible to design a multi-transmittance layer by adjust-
ing the acoustic impedance of the second matching material
for each of the regions.

[0118] It should be noted that, in an example described
here, the multi-transmittance layer in which the acoustic
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impedances of the second matching materials are different
depending on the matching regions. However, the multi-
transmittance layer in which the acoustic impedance of the
second matching materials is uniform and the acoustic
impedances of the first matching materials are different
depending on the matching regions is also acceptable. In this
case, the closer the acoustic impedance of the first matching
material is to the acoustic impedance of the subject, the higher
the transmittance is, Thus, it is possible to design a multi-
transmittance layer by adjusting the acoustic impedance of
the first matching material. With this, it is possible to enhance
S/N in the ultrasonic diagnosis.

[0119] Itshould be noted that the structure in which the first
matching materials and the second matching materials are
different depending on the regions is also acceptable.

[0120] However, a material which is hard to process, such
as a metal, is often used as a second matching material. Thus,
it is preferable that the second matching material be of one
type. Use of the second matching material of one type makes
it possible to provide the ultrasonic probe more inexpen-
sively.

[0121] It should be noted that many materials of the first
matching materials have significantly different coefficients of
thermal expansion depending on the materials, and thus it is
preferable that the first matching material of one type be used.
This makes it possible to provide the ultrasonic probe more
superior in heat resistance.

[0122] As described above, the ultrasonic probe 102 of the
present invention can be built, by using the matching layer
703 and the matching layer 804 that are the multi-transmit-
tance layers as the matching layer 101 in FIG. 1.

[0123] Itshould be noted that the matching layer 703 can be
manufactured at alower cost than the matching layer 804. The
matching layer 804 has less wavelength dependency com-
pared to the matching layer 703, and is easy to design. Thus,
itis preferable that an optimal structure be used depending on
the applications.

[0124] It should be noted that the multi-transmittance layer
in which both the matching materials and the intervals of the
cones are different for each of the regions makes it possible to
design the transmittance of matching layer more freely with a
small number of types of matching material, and thus is
preferable.

[0125] FIG. 9 is a cross-sectional view of another example
of the multi-transmittance layer of the ultrasonic probe
according to this embodiment.

[0126] In the matching layer 904 shown in FIG. 9, each of
the matching regions 904a, 9045, and 904¢ is made from one
type of matching materials 903, 902, and 901, respectively,
Furthermore, the matching materials 901, 902, and 903 are
made from materials having acoustic impedances different
from one another. In this manner, even when each of the
matching regions is made from one type of the matching
material (i.e., conic structures shown in FIG. 7 and. FI1G. 8 are
absent), the transmittance is different in each of the regions,
when each of the matching regions includes a material having
a different acoustic impedance. Thus, it is apparent that char-
acteristics of the matching layer of the present invention are
satisfied. With this, it is possible to enhance S/N in the ultra-
sonic diagnosis.

[0127] Hereinafter, the matching layer including a plurality
of matching regions having different acoustic impedances as
described above is referred to as a multi-impedance layer.
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[0128] Furthermore, itis preferable that the speed of sound
be approximately uniform in each matching region, and each
matching region have an almost uniform thickness. With this,
a time lag in the ultrasound which passed through the respec-
tive regions is reduced, and thus the resolution in the propa-
gation direction of the ultrasound increases.

[0129] Inthis manner, when the sound field inside the body
of the subject is designed with the structure shown in FIG. 9
(multi-impedance layer), use of a mixture material made from
a plurality of materials having different acoustic impedances
is more preferable in order to allow designing of arbitrary
transmittance.

[0130] The inventors of the present invention conducted
dedicated studies to prepare a plurality of materials having
different acoustic impedances, and found such materials can
be obtained as follows.

[0131] FIG.10isadiagram showing a relationship between
an acoustic impedance and a mixing ratio of silver to a mix-
ture which includes silver and silicon dioxide. The unique
study conducted by the inventors of the present invention
revealed that it is possible to obtain a material having an
arbitrary acoustic impedance at least in a range from 18 to 25
MRayl, by adjusting a mixing ratio of silver to a mixture,
which includes silver and silicon dioxide, as shown in FIG.
10.

[0132] FIG.11is a diagram showing a relationship between
an acoustic impedance and a mixing ratio of copper to a
mixture which includes copper and silicon dioxide. The
unique study conducted by the inventors of the present inven-
tion revealed that it is possible to obtain a material having an
arbitrary acoustic impedance at least in a range from 4 to 8
MRayl, by changing a mixing ratio of copper to a mixture,
which includes silver and silicon dioxide, as shown in FIG.
11.

[0133] FIG.12is adiagram showing a relationship between
anacoustic impedance and a mixing ratio of acryl to a mixture
which includes acryl and silicon dioxide. The unique study
conducted by the inventors of the present invention revealed
that it is possible to obtain a material having an arbitrary
acoustic impedance at least in a range from 2.2 to 3.8 MRayl,
by changing a mixing ratio of copper to a mixture, which
includes acryl and silicon dioxide, as shown in FIG. 12.

[0134] Inthis manner, it is possible to manufacture a mate-
rial having an arbitrary acoustic impedance by using a mix-
ture material which includes a plurality of materials. Thus, it
is possible to design arbitrary transmittance.

[0135] Thus, transmittance can be designed freely, which
produces a greater effect in reducing the side lobe, and
enhances S/N in ultrasonic diagnosis.

[0136] Theabovedescribed the examples, with referenceto
FIGS. 7t0 9, the matching layers each of which includes three
types of matching regions, and has the sound pressure that
gradually decreases toward each of the ends of the matching
layer. However, it is preferable that the ultrasonic probe of the
present invention include a greater number of matching
regions in the matching layer. Specifically, as shown by a
solid line 501 in FIG. 5, the structure which allows the sound
pressure to continuously decrease from the center toward the
each of the ends is more preferable.

[0137] Furthermore, the sound pressure distribution close
to Gaussian distribution of which center is in the matching
region located in the center is even more preferable. With this,
the side lobe can be further reduced.
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[0138] Inthe case ofthe ultrasonic diagnostic device which
can perform a three-dimensional ultrasonic diagnosis by
scanning the ultrasound in the X-direction, it is possible to
achieve an effect of increased resolution in the X-direction
(scan direction).

[0139] Furthermore, the structures of the matching layer
shown in FIG. 7 and FIG. 8 make it possible to widen the band
compared to the band of the matching layer which includes a
multi-impedance layer (FIG. 9), and thus is more preferable
in this regard. Furthermore, the matching layer shown in FIG.
9 can be manufactured at a lower cost than the matching
layers shown in FIG. 7 and FIG. 8, and thus is more preferable
in this regard.

[0140] Furthermore, it is preferable that (position) distribu-
tion of the sound pressure of the ultrasound on the surface of
the ultrasonic probe be different for each frequency. As shown
by an example in FIG. §, it is preferable that the higher the
frequency is, the narrower the width in the X-direction be
having localized sound pressure distribution as shown by a
dotted line 502; and the lower the frequency is, the broader the
width in the X-direction be having gentle sound pressure
distribution as shown by a solid line 501.

[0141] This makes it possible to reduce variation in energy
ratio between the main lobe 103 and the side lobe 104 of the
ultrasound having a high frequency and the ultrasound having
a low frequency, and thus an ultrasound pulse waveform
inside the subject becomes more stable. Thus, the resolution
in the propagation direction (Z direction) of the ultrasound
increases in the ultrasonic diagnostic image of the inside of
the subject.

[0142] Furthermore, for example, in FIG. 5, when it is
defined that a width in the X-direction at which the sound
pressure is the half of the sound pressure in the center of the
matching region is a half-width, it is more preferable that the
half-width be in inverse proportion to frequency. With this, it
is possible to further increase the SIN in the ultrasonic diag-
nosis.

[0143] Inthis manner, to allow the contact surface between
the ultrasonic probe and the subject to have a different sound
pressure distribution for each frequency, it is necessary to
realize the matching layer which includes a plurality of
regions which are different in transmittance frequency char-
acteristics (i.e. shape of a graph in which the vertical axis
indicates transmittance and the horizontal axis indicates fre-
quency is different). The following describes such embodi-
ment.

[0144] FIG. 13 is a cross-sectional view of an example of
the matching layer of the ultrasonic probe according to
Embodiment 1 of the present invention. The following
describes a matching layer 1301 shown in FIG. 13. The
matching layer 1301 is an example of a matching layer
including a plurality of regions which have different fre-
quency characteristics of transmittance (hereinafter referred
to as a multi-transmittance F characteristic layer).

[0145] As with the matching layer 703, the matching layer
1301 includes: the first matching material 702 having an
acoustic impedance close to an acoustic impedance of the
piezoelectric body 208; and the second matching material
701 having an acoustic impedance close to an acoustic imped-
ance of living body tissue of the subject. A plurality of the first
matching materials 702 each of which is conical in shape are
provided with their bases positioned on the side of the piezo-
electric body 208 and their vertexes positioned on the side of
the subject. Furthermore, the portion of the matching layer
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1301 other than the portion filled by the first matching mate-
rial 702 is filled by the second matching material 701. Fur-
thermore, in the matching layer 1301, the base area of the
cones made from the first matching material 702, and the
intervals between the adjacent cones are largest in the vicinity
of point A in FIG. 13, and the base area of cone decreases
toward the point B and, along with this, the intervals between
the adjacent cones become smaller.

[0146] In this manner, in the matching layer in which the
intervals between the cones are different depending on the
portion, it is possible to allow the value defined by (transmit-
tance of low frequency)/(transmittance of high frequency) to
be larger in a portion in which the intervals between the cones
are larger. Thus, the multi-transmittance F characteristic layer
can be realized.

[0147] FIG.14isacross-sectional view of another example
of'the matching layer of the ultrasonic probe according to this
embodiment. The following describes a matching layer 1401
shown in FIG. 14, which is another example of the multi-
transmittance F characteristic layer.

[0148] As with the matching layer 703, the matching layer
1401 includes: the first matching material 702 having an
acoustic impedance close to the acoustic impedance of the
piezoelectric body 208; and the second matching material
701 having an acoustic impedance close to an acoustic imped-
ance of living body tissue of the subject. The first matching
materials 702 each of which is conical in shape are arranged
with their bases positioned on the side of the piezoelectric
body 208 and their vertexes positioned on the side of the
subject. Furthermore, the portion of the matching layer 1401
other than the portion filled by the first matching material 702
is filled by the second matching material 701. Furthermore, in
the matching layer 1401, the height of the cone made from the
first matching material 702 is highest in the vicinity of point
A in FIG. 14, and the height of the cone decreases toward the
point B. In this manner, in the matching layer in which the
heights of cones are different depending on the portion, it is
possible to allow the value defined by (transmittance of low
frequency)/(transmittance of high frequency) to be larger
when the height of the cone is higher. Thus, the multi-trans-
mittance F characteristic layer can be realized.

[0149] The inventors of the present invention conducted
dedicated studies to realize the multi-transmittance F charac-
teristic layer, and found such layer can be obtained as follows.
[0150] FIG.16is across-sectional view of another example
ofthe matching layer of the ultrasonic probe according to this
embodiment. The following describes a matching layer 1606
shown in FIG. 16, which is another example of the multi-
transmittance F characteristic layer.

[0151] The matching layer 1606 is a matching layer in
which two layers are stacked. The two layers are: a matching
layer 1607 on the side of the piezoelectric body made from a
mixture of approximately 90% silver and approximately 10%
silicon dioxide (approximately 11.9 MRayl; thickness:
approximately 45 pm); and a multi-impedance layer on the
side of the subject and including five types of matching mate-
rials 1601, 1602, 1603, 1604, and 1605. It should be noted
that each of the layers included in the matching layer, which
includes the layers as described above, is also referred to as a
matching sub-layer.

[0152] Furthermore, the matching material 1601 is made
from a mixture of approximately 85% silver, and approxi-
mately 15% silicon dioxide (approximately 9.7 MRayl); the
matching material 1602 is made from a mixture of approxi-
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mately 80% copper and approximately 20% silicon dioxide
(approximately 7.7 MRayl); the matching material 1603 is
made from a mixture of approximately 55% copper and
approximately 45% silicon dioxide (approximately 5.9
MRayl); the matching material 1604 is made from a 100%
silicon dioxide (approximately 3.8 MRayl); and the matching
material 1605 is made from a mixture of approximately 55%
acryl and approximately 45% silicon dioxide (approximately
2.0 MRayl).

[0153] In any of the cases, the speed of sound is approxi-
mately 1800 m/s. Furthermore, the thickness of each of the
matching materials 1601 to 1605 is approximately 90 pum.
[0154] When it is assumed that the piezoelectric body 208
is the PZT type piezoelectric ceramic (approximately 26
MRayl; speed of sound: approximately 3500 m/s), and the
subject has an acoustic impedance of approximately 1.5
MRayl, the average frequency of the ultrasound which is
emitted to the subject from the piezoelectric body, reflected
off in the subject, and enters the piezoelectric body again
(hereinafter referred to as average transmittance frequency) is
found to depend on the acoustic impedance of the multi-
impedance layer as shown in FIG. 17. It should be noted that
the average transmittance frequency is an average in a range
less than or equal to 10 MHz.

[0155] As shown in FIG. 17, the average transmittance
frequency is lower when the acoustic impedance of the multi-
impedance layer is larger. it is possible to design the multi-
transmittance F characteristic layer by using this characteris-
tics.

[0156] Furthermore, when the matching layer 1607 is made
from a mixture of silver approximately 95% and silicon diox-
ide approximately 5% (approximately 20 MRayl; thickness:
approximately 45 pm), and the thickness of the multi-imped-
ance layer is also 45 um, the relationship between the acoustic
impedance and the average transmittance frequency of the
multi-impedance layer is as shown in FIG. 18. Thus, it is
indicated that the thickness of the multi-impedance layer and
the thickness of the matching layer other than the multi-
impedance layer need not necessarily be different.

[0157] Furthermore, the above described the matching
layer 1606 having two layers in which the multi-impedance
layer is on the side of the subject. However, the multi-imped-
ance layer need not necessarily be on the side of the subject.
[0158] For example, a solid line 1901 in FIG. 19 shows the
relationship between the acoustic impedance and the average
transmittance frequency of the multi-impedance layer when
the matching layer having a thickness of 90 um and the
acoustic impedance of 2.0 MRayl is provided on the side of
the subject, and the multi-impedance layer having the thick-
ness of 45 pm is provided on the side of the piezoelectric
body. This relationship can be used to design the multi-trans-
mittance F characteristic layer.

[0159] Furthermore, a dotted line 1902 in FIG. 19 shows
the relationship between the acoustic impedance and the aver-
age transmittance frequency of the multi-impedance layer
when the matching layer having a thickness of 90 um and the
acoustic impedance of 3.8 MRayl is provided on the side of
the subject, and the multi-impedance layer having the thick-
ness of 45 pm is provided on the side of the piezoelectric
body. When both the layer provided on the subject side and
the layer provided on the piezoelectric body side are the
multi-impedance layers, the adjustable range of average
transmittance frequency further increases, and thus it is pos-
sible to design the transmittance F characteristic layer more



US 2013/0090561 Al

freely. In other words, the above makes it possible to build the
ultrasonic diagnostic device with higher S/N and thus is pref-
erable.

[0160] FIG.20isacross-sectional view of another example
of the matching layer of the ultrasonic probe according to
Embodiment 1 of the present invention. The following
describes a matching layer 2006 shown in FIG. 20, which is
another example of the multi-transmittance F characteristic
layer.

[0161] The matching layer 2006 is a three-layer structure
matching layer in which a multi-impedance layer (thickness:
approximately 45 um) including five types of matching mate-
rials 2001, 2002, 2003, 2004, and 2005 is provided between a
matching layer 2007 and a matching layer 2008. The match-
ing layer 2007 is located on the side of the piezoelectric body
and is made from a mixture of silver approximately 90% and
silicon dioxide approximately 10% (approximately 11.9
MRayl; thickness: approximately 90 pm), and the matching
layer 2008 is located on the side of the subject and is made
from a mixture of acryl approximately 55% and silicon diox-
ide approximately 45% (approximately 2.0 MRayl; thick-
ness: approximately 45 pm).

[0162] Furthermore, the matching material 2001 is made
from a mixture of silver approximately 88% and silicon diox-
ide approximately 12% (10.8 MRayl), the matching material
2002 is made from a mixture of approximately 85% silver and
approximately 15% silicon dioxide (approximately 9.7
MRayl), the matching material 2003 is made from a mixture
ofapproximately 80% copper and approximately 20% silicon
dioxide (approximately 7.7 MRayl), the matching material
2004 is made from a mixture of approximately 55% copper
and approximately 45% silicon dioxide (approximately 5.9
MRayl), and the matching material 2005 is made from 100%
silicon dioxide (approximately 3.8 MRayl).

[0163] In any of the cases, the speed of sound is approxi-
mately 1800 m/s.

[0164] FIG. 21 shows the relationship between an acoustic
impedance and the average transmittance frequency of the
multi-impedance layer when the piezoelectric body 208 is the
PZT type piezoelectric ceramic (approximately 26 MRayl;
speed of sound: approximately 3500 m/s) and the subject has
an acoustic impedance of approximately 1.5 MRayl.

[0165] In this manner, in the case of the matching layer
2006 in which one layer out of the three layers is the multi-
impedance layer as well, it is possible to adjust the average
transmittance frequency by changing the acoustic impedance
ofthe multi-impedance layer. Thus, the average transmittance
frequency of the multi-transmittance F characteristic layer
can be designed.

[0166] The above described examples in which at least one
layer out of two or three matching layers is the multi-imped-
ance layer. However, it is possible to design the average
transmittance frequency by including the multi-impedance
layer when the matching layer includes four or more layers as
well.

[0167] FIG.15isacross-sectional view of another example
of the matching layer of the ultrasonic probe according to
Embodiment 1 of the present invention. The following
describes a matching layer 1501 shown in FIG. 15, which is
another example of the multi-transmittance F characteristic
layer.

[0168] The matching layer 1501 is a matching layer
obtained by stacking two matching layers 1401. Details are as
follows. The matching layer 1501 includes: the first matching
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material 702 having an acoustic impedance close to an acous-
tic impedance of the piezoelectric body 208; the second
matching material 701 having an acoustic impedance close to
an acoustic impedance of living body tissue of the subject;
and a third matching material 1502 having an acoustic imped-
ance which is smaller than the acoustic impedance of the first
matching material 702 and greater than the acoustic imped-
ance of the second matching material 701. The two matching
layers 1401 are 1401a and 14015 as shown in FIG. 15. In the
1401a, a plurality of the first matching materials 702 each of
which is conical in shape are provided with their bases posi-
tioned on the side of the piezoelectric body 208. In the 1401a,
the portion other than the portion filled by the first matching
materials 702 is filled by the third matching material 1502.
Furthermore, in the 14015 which is further above the 1401a
(i.e. on the subject side), a plurality of triangular pyramids
each of which is made from the third matching material 1502
conical in shape are arranged. The 14015 is formed by filling,
with the second matching material 701, the portion other than
the portion filled with the third matching material 1502.
[0169] In this manner, stacking a plurality of matching
layers 1401 makes it possible to design the frequency char-
acteristic of the sound pressure on the surface of the ultrasonic
probe more freely, and thus is preferable. With this, it is
possible to further enhance S/N in the ultrasonic diagnostic
image.

[0170] Furthermore, when more than one matching layers
1401 are stacked, it is more preferable that the heights of the
cones adjacent to each other are different. With this, the
resolution can be further increased. For example, in the
example shown in FIG. 15, the height of the cones in the layer
14015 including the first matching material 702 and the third
matching material 1502 is as follows: (vicinity of point A)>
(vicinity of point C)>(vicinity of point B). On the other hand,
the height of the cones in the layer 14014 including the third
matching material 1502 and the second matching material
701 is as follows: (vicinity of point A)>(vicinity of point
C)=(vicinity of point B). Furthermore, the heights of the
cones in the vicinity of point A are different between the two
layers.

[0171] Furthermore, the stacking is not limited to the stack-
ing of the matching layers 1401. Stacking the multi-transmit-
tance layer such as the matching layer 703, the matching layer
804, and the matching layer 904, and the multi-transmittance
F characteristic layer such as the matching layer 1301, the
matching layer 1606, and the matching layer 2006 in combi-
nation makes it possible to design the frequency characteristic
of the sound pressure more freely, which leads to the
increased resolution of the ultrasonic diagnostic image and
thus is preferable.

[0172] TItshould benoted thatitis preferable that the contact
surface between the piezoelectric 101 and the acoustic lens
209 be flat. It should be noted that an error of about 10% with
respect to the thickness of the piezoelectric body is accept-
able. With this, a high-resolution ultrasonic diagnostic image
can be obtained in a wide range of temperature. The reason for
this is that acoustic lens has a high rate of shrinkage with
respect to a change in temperature. Thus, the acoustic lens
may be detached due to shrinkage of the acoustic lens if the
contact surface is not flat.

[0173] Itshould be noted thatit is preferable that each of the
matching sub-layers has a uniform thickness. With this, a
high-resolution ultrasonic diagnostic image can be obtained
in a wide range of temperature. The reason for this is that the
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matching sub-layers may be detached from each other due to
the variation in rate of shrinkage of the matching sub-layers
with respect to the change in temperature of the matching
sub-layer if the thickness of each of the matching sub-layers
is not uniform.

[0174] As described above, the ultrasonic probe according
to an aspect of the present invention makes it possible to
widen the frequency band of the ultrasound which passes
through the matching layer than the conventional matching
layer having uniform frequency characteristic. The reason for
this is that the ultrasound which passes through the respective
matching regions has different frequency characteristic.
Thus, when the ultrasound which passed through the respec-
tive matching regions is added to the entire matching layer,
the frequency band is wider than the frequency band of the
ultrasound which passed through the conventional matching
layer having a uniform frequency characteristic. Further-
more, the time lag does not occur to the ultrasound pulse
which passes through the respective matching regions,
because the thickness in the propagation direction of the
ultrasound (a predetermined direction) is uniform. As a result,
the ultrasound pulse is propagated to the subject in a wave-
form close to an impulse waveform. Thus, it is possible to
obtain a high-resolution ultrasonic diagnostic image.

[0175] Furthermore, it is possible to allow the portion of the
matching layer close to the piezoelectric body to have an
acoustic impedance close to the acoustic impedance of the
piezoelectric body, and allow the portion of the matching
layer close to the subject to have an acoustic impedance close
to the acoustic impedance of the subject. Furthermore, in the
matching layer, it is possible to continuously change the
acoustic impedance in the propagation direction of the ultra-
sound.

[0176] Furthermore, it is possible to realize the matching
regions having different frequency characteristics of ultra-
sound transmittance. The reason for this is that the matching
regions which are different in density of the tapered shapes
have different frequency characteristics of ultrasound trans-
mittance.

[0177] Furthermore, it is possible to realize the matching
regions having different frequency characteristics of ultra-
sound transmittance. The reason for this is that the matching
regions which are different in height, in propagation direction
of the ultrasound, of the tapered shapes have different fre-
quency characteristics of ultrasound transmittance.

[0178] Furthermore, it is possible to realize the matching
regions having different frequency characteristics of ultra-
sound transmittance. The reason for this is that the matching
regions which are different in thickness of the tapered shapes
have different frequency characteristics of ultrasound trans-
mittance.

[0179] Furthermore, the contact surface between the
matching layer and the acoustic lens is flat, and thus the
ultrasonic probe can receive, in a wide range of temperature,
ultrasound in a wide band. As a result, it is possible to obtain
a high-resolution ultrasonic diagnostic image. The reason for
this is that acoustic lens has a high rate of shrinkage with
respect to the change in temperature. Thus, the acoustic lens
may be detached due to shrinkage of the acoustic lens if the
contact surface is not flat.

[0180] Furthermore, the acoustic matching between the
piezoelectric body and the subject can be performed with
higher precision, and at the same time, it is possible to widen
the frequency band of the ultrasound which passes through
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the matching layer. The reason for this is that the matching
sub-layers having different acoustic impedances make it pos-
sible to perform acoustic matching in a stepwise manner from
the piezoelectric body to the subject, and the matching
regions make it possible to widen the frequency characteristic
of ultrasound transmittance.

[0181] Furthermore, the ultrasonic probe can receive, in a
wide range of temperature, ultrasound in a wide band. As a
result, it is possible to obtain a high-resolution ultrasonic
diagnostic image. The reason for this is that the matching
sub-layers may be detached from each other due to the varia-
tion in a rate of shrinkage of the matching sub-layers with
respect to the change in temperature of the matching sub-
layer if the thickness of each of the matching sub-layers is not
uniform.

[0182] Furthermore, it is possible to realize the matching
layers having different frequency characteristics of ultra-
sound transmittance. The reason for this is that the matching
regions including mixtures which are different in mixture
ratio of materials have different frequency characteristic of
ultrasound transmittance.

[0183] Furthermore, it is possible to realize the matching
regions having different frequency characteristics of ultra-
sound transmittance. The reason for this is that, when the
width of the matching region is smaller than the wavelength
of the ultrasound, the matching region of which frequency
characteristic of ultrasound transmittance is a predetermined
value is not formed.

[0184] Furthermore, it is possible to efficiently manufac-
ture the matching materials having different densities. The
reason for this is that the matching materials having different
densities can be manufacture with the same materials by
simply changing their mixing ratios.

[0185] Furthermore, it is possible to increase the sound
pressure of the ultrasound that is propagated toward the direc-
tion of the subject from the piezoelectric body.

[0186] Furthermore, it is possible to widen the frequency
band of the ultrasound which passes through the matching
layer.

Embodiment 2

[0187] FIG. 6is a cross-sectional view of an example of an
ultrasonic probe according to this embodiment.

[0188] As shown in FIG. 6, an ultrasonic probe 602 of the
present invention includes: a piezoelectric body 208; a signal
electrode 206; and a ground electrode 207. Furthermore, it is
more preferable that the ultrasonic probe 602 include a back-
ing 201, and an acoustic lens 209.

[0189] The ultrasonic probe 602 is different from a conven-
tional ultrasonic transducer 304 in that the ultrasonic probe
602 includes a matching layer 601 between the ground elec-
trode 207 and a subject (not shown).

[0190] The ultrasonic probe 602 is designed so that the
average frequency of the ultrasound emitted from matching
regions 601c located at each end in the X-direction (the elon-
gated direction of each of the ultrasonic transducers) of the
matching layer 601 is higher than the average frequency of the
ultrasound emitted from the matching region 6014 located in
the center.

[0191] This allows the ultrasound having a high frequency,
which is suitable by nature for application for focusing, to be
further narrowed down and localized, and the ultrasound
having low frequency to be propagated broadly. In addition, it
is possible to obtain both information regarding the ultrasonic
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diagnostic image obtained from the localized narrow beam
(having a high frequency) and information regarding the
ultrasonic diagnostic image obtained from the broad beam
(having a low frequency), by isolating and analyzing for each
frequency the ultrasound signal reflected off the subject.
[0192] The ultrasonic diagnostic image obtained from the
broad beam is an image in which reflection and scatter in the
region is averaged, Thus, positioning at high speed is possible
by using such image for position adjustment. Furthermore,
the ultrasound image obtained from the localized narrow
beam can provide, in high contrast, the data on reflection and
scatter obtained from the localized portion without averaging
such data.

[0193] Itis apparent that the ultrasonic probe according to
this embodiment can be designed using the multi-transmit-
tance layer and the multi-transmittance F characteristic layer
as described in Embodiment 1, and the descriptions on the
structure of the matching layer is omitted here.

[0194] The respective features of Embodiment 1 and
Embodiment 2 are comparatively described, Embodiment 1
is preferable in that the ultrasonic diagnosis with high S/N can
be realized at a low cost. Furthermore, Embodiment 2 is
preferable for the application, such as detection of an early
carcinoma, which requires more detailed image to make a
diagnosis.

[0195] Furthermore, it is preferable that, in the ultrasonic
probe in which a plurality of ultrasonic transducers are
arranged in a one-dimensional array as shown in FIG. 2, the
ultrasonic transducer according to Embodiment 1 and the
ultrasonic transducer according to Embodiment 2 are arrange
alternately. The reason for this is that characteristics of both of
the ultrasonic transducers can be attained, by controlling the
respective ultrasonic transducers separately.

[0196] Furthermore, following applies to both Embodi-
ments 1 and 20.

[0197] In Embodiment 1 and Embodiment 2, examples of
the matching layers including matching materials conical in
shape and other matching materials that fill the portion
between the cones (e.g., FIG. 7, FIG. 8, FIG. 13, FIG. 14, and
FIG. 15) have been described. The following applies to the
above matching layers.

[0198] The matching materials need not necessarily be
conical in shape, and may be materials which form at least a
depression and a projection. It is more preferable that the
matching material be in a shape in which the cross-sectional
area continuously decreases from the piezoelectric body
toward the subject. For example, the matching material may
be in any tapered pillar shape, such as a triangular pyramid
shape, a quadrangular pyramid shape, or a campanulate
shape. When the height and the width of the depression and
the projection of the tapered pillar is different, it is possible to
produce advantageous effects similar to the advantageous
effects produced by the difference in heights and intervals of
the conical shape described in Embodiment 1.

[0199] Furthermore, in examples shown in FIG. 7 and FIG.
8, it is preferable that the thickness (in the direction from the
piezoelectric body toward the subject) of the matching layer
101 be greater than the half of the wavelength of the ultra-
sound. This increases the average transmittance of the entire
region, and the sensitivity of the ultrasonic probe is further
increased. Thus, it is possible to obtain the ultrasonic diag-
nostic image of the deeper portion of the subject.

[0200] Furthermore, the following applies to the multi-im-
pedance layer used in Embodiments 1 and 2.
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[0201] First, it is preferable that the width of each of the
matching regions having different acoustic impedances be
greater than the wavelength of the ultrasound generated in the
piezoelectric body.

[0202] The reason for this is that the difference in the fre-
quency characteristic of transmittance caused by the differ-
ence in acoustic impedance within the range equal to or less
than the wavelength of the ultrasound is reduced by the dif-
fraction phenomenon of the wave, Designing each of the
matching regions to have a width that is greater than the
wavelength of the ultrasound generated in the piezoelectric
body makes it possible to design the frequency characteristic
of the sound pressure more freely, and thus is preferable.
[0203] Furthermore, the regions having different acoustic
impedances in the multi-impedance layer according to this
embodiment are divided by planes perpendicular to the X-di-
rection in FIG, 9. However, the regions need not necessarily
be divided by the planes perpendicular to the X-direction, but
may be divided by any planes other than the plane perpen-
dicular to the Z-direction.

[0204] Furthermore, the matching layer including a mix-
ture of silicon dioxide with copper, silver, and acryl is used in
this embodiment, which is merely an example, and it is appar-
ent that other material, such as iron or tungsten, may be used.
[0205] The mixture of silicon dioxide with copper, silver,
and acryl described in this embodiment significantly changes
in the acoustic impedance when the mixing ratio thereof is
changed, and has approximately a constant sound speed.
Therefore, it is possible to reduce the degradation in picture
quality of the ultrasonic diagnostic image caused by the time
lag of the ultrasound which passes through the respective
matching region. Thus, the above mixtures are preferable for
the present invention.

[0206] In particular, the mixture of silver and the silicon
dioxide allows adjustment of the acoustic impedance in a
wide range in a region having a high acoustic impedance for
which there are a small number of alternative materials. Thus,
it is possible to design the transmittance distribution more
freely, and thus the mixture of silver and the silicon dioxide is
a preferable material.

[0207] Furthermore, a mixture of copper and silicon diox-
ide allows a wide range of adjustment of the acoustic imped-
ance at a low cost, and thus is preferable.

[0208] Furthermore, in the respective range described
above, increasing the ratio of silver or copper mixed into
silicon dioxide causes density to increase monotonically, and
increasing the ratio of acryl mixed into silicon dioxide causes
density to decrease monotonically. Thus, the matching layer
can be designed easily.

[0209] Furthermore, it is preferable that sintering process
be performed after forming a film from the matching layer
material. In other words, instead of using the matching layer
in a state in which the metal particles of silver, copper, and the
like are individually dispersed in the binder material, it is
preferable that each of the particles be bound and bulked. This
makes it possible to obtain a film having higher impedance as
well, and increases the flexibility in designing.

[0210] Furthermore, it is preferable that the metal mixed
into silicon dioxide be metal nano-particles each of which has
a diameter below several hundred nanometers. The size of the
surface area of the metal nanopowder is such that the metal
nanopowder is highly reactive, and a sintering starting tem-
perature varies between 100 and 350 degrees Celsius depend-
ing on the diameter of the powder. However, the time to raise
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and lower the temperature can be reduced with an inexpensive
heating unit, and thus the matching layer can be manufactured
at a low cost.

[0211] Furthermore, although the above described an
example in which the silicon dioxide is used as the binder,
other inorganic binder, such as titanium oxide or niobium
oxide, or organic binder may be used. However, the above-
described example which uses the silicon dioxide can
increase the change in density while reducing the change in
speed of sound, and is inexpensive as well. In view of this the
silicon dioxide is an optimal material for the binder of the
present invention.

[0212] Furthermore, it is preferable that the matching layer
in the ultrasonic transducer according to the present invention
be a film formed by diluting the material for the matching
layer by water or the like, and printing or spraying the diluted
material. The concentration of the mixed material can be
easily changed for each of the locations by, using a different
nozzle for each of the materials, forming a film by printing or
spraying. Therefore, the use of printing or spraying is prefer-
able for the present invention because the multi-impedance
layer can be formed at a low cost compared to the case in
which a method such as the vapor deposition, sputtering, or
spin coating is used.

[0213] Furthermore, in the multi-impedance layer realized
by changing the concentration of the materials for each of the
locations (regions) as described above, it is preferable that the
adjacent regions include the same material. With this, the
adhesion of one of the regions to its adjacent region increases.
This makes it possible to increase the resistance of the ultra-
sonic transducer to vibration and heat.

[0214] Furthermore, when the matching layer including a
mixture which includes a plurality of materials as described
above is used, it is more preferable that the mixture include
materials of which average particle diameters are different by
approximately about one digit (different by at least five
times). The reason for this is that the mixture which includes
materials having different particle diameters makes it pos-
sible to reduce, in the regions having different concentrations,
the change in the speed of sound that is caused by the change
in the mixing ratio of the mixtures.

[0215] Furthermore, it is preferable that the matching layer
include sintered material.

[0216] As above, as the ultrasonic probe and the ultrasonic
diagnostic device, Embodiment 1 and Embodiment 2
described the one-dimensional array type ultrasonic probe
and the ultrasonic diagnostic device which includes the one-
dimensional array type ultrasonic probe. However, each of
the configurations described in the embodiments in this
DESCRIPTION is merely an example, and it is apparent that
various modifications can be made without departing from
the essence of the present invention.

[0217] Inother words, the similar advantageous effects can
be produced in the case of the ultrasonic probe with a K31
mode as well. In other words, the ultrasonic diagnostic device
of'high precision can be realized by providing, on the contact
surface between the ultrasonic probe and the subject, a plu-
rality of regions which are different in sound pressure-fre-
quency characteristics of ultrasound.

[0218] Furthermore, it is more preferable that the matching
layer (not shown) be included between the piezoelectric body
208 and the backing 201. It is preferable that the matching
layer between the piezoelectric body 208 and the backing 201
also be the multi-transmittance layer or be the matching layer
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having different transmittance for each frequency. This
makes it possible to reduce the difference in the ultrasound
pulse waveform which occurs because Q factor of the ultra-
sonic transducer including the piezoelectric body 208 is dif-
ferent for each of the regions. In other words, in the region on
the side of the subject where the transmittance of the multi-
transmittance layer is relatively high, it is preferable that the
transmittance of the multi-transmittance layer on the side of
the backing 201 be designed relatively low; and, in the region
on the side of the subject where the transmittance of the
multi-transmittance layer is relatively low, it is preferable that
the transmittance of the multi-transmittance layer on the side
of the backing 201 be designed relatively high. With this, the
difference in the pulse waveforms of ultrasound generated for
each of the regions is reduced. Thus, the resolution in the
depth of the ultrasonic diagnostic image is increased.

[0219] Furthermore, a penetration blocking layer which
increases reflectance of the ultrasound may be provided
between the piezoelectric body and the backing. With this, the
ultrasonic probe having higher sensitivity can be realized.
Thus, the ultrasonic diagnosis of deeper portion of the subject
can be made.

[0220] Furthermore, as the ultrasonic probe which allows
designing of sound pressure at the contact surface between
the subject and the ultrasonic probe, the method in which
different voltage is applied for each of the ultrasonic trans-
ducers in the X-direction as well in the two-dimensional array
type ultrasonic probe is also possible. However, each of the
ultrasonic transducers is thin, and thus leads to a decrease in
manufacturing yield and decrease in reliability on drop
impact. Furthermore, such method causes an increase in the
number of man-hours for manufacturing, and thus increases
the costs.

[0221] Thus, a method in which the matching layer which
creates the transmittance distribution according to the present
invention is provided is more preferable.

[0222] Furthermore, the two-dimensional array type ultra-
sonic probe which includes the matching layer having trans-
mittance distribution according to the present invention is
even more preferable. This makes it possible to realize the
higher S/N with a smaller number of divisions, and thus it is
possible to reduce the decrease in manufacturing yield,
reduce the decrease in the reliability on drop impact, and
reduce the increase in costs due to the increase in the number
of' man-hours for manufacturing.

[0223] Furthermore, for example, the following methods
may be used to build the ultrasonic probe in which the sound
pressure of the ultrasound decreases, from the center of each
of'the transducers, toward each of the ends in the X-direction:
a method in which processing is performed to provide
grooves on ultrasound transducer to form density distribution
of the piezoelectric body; a method in which distribution of
intensity of polarization is provided; and a method in which
the electrode (at least one of the signal electrode and the
ground electrode) is made thin, from the center of each of the
transducers, toward each of the ends in the X-direction, How-
ever, the method in which processing is performed to provide
grooves on the ultrasonic transducer causes the manufactur-
ing process to be complicated, and the quality to be unstable.
Furthermore, the method in which distribution of intensity of
polarization is provided involves a complicated polarization
process. Furthermore, the method in which the electrode is
made thin, from the center of each of the transducers, toward
each of the ends in the X-direction complicates position



US 2013/0090561 Al

adjustment between a cut portion and the electrode, and
reduces manufacturing yield. Thus, it is preferable that the
matching layer shown in this embodiment be used.

[0224] Furthermore, as the matching layer which creates
the transmittance distribution as with the present invention,
for example, a matching layer in which the average particle
diameter in the center of each of the ultrasonic transducers is
different from the average particle diameter in each of the
ends in the X-direction may be used. However, the ultra-
sound, which scattered in the region including particles of
large diameters and having high attenuation, becomes the
cause of the noise in the ultrasonic diagnostic image. Thus,
the structure described in this embodiment is more preferable.
[0225] As above, the ultrasonic probe according to the
present invention has been described in Embodiment 1 and
Embodiment 2. As with the conventional type, the ultrasonic
probe is of the one-dimensional array type shown in FIG. 2 or
the two-dimensional array type, and is used for the ultrasonic
diagnostic device as shown in FIG. 4. This produces the above
described advantageous effects such as enhanced S/N.

Embodiment 3

[0226] This embodiment describes an ultrasonic transducer
which includes a matching layer including a plurality of
matching regions having different densities.

[0227] FIG.22isacross-sectional view of an example ofan
ultrasonic transducer according to this embodiment.

[0228] The ultrasonic transducer shown in FIG. 22
includes: a piezoelectric body 102; and drive electrodes 206
and 207 formed on a pair of opposing surfaces of the piezo-
electric body. This makes it possible for the ultrasonic trans-
ducer to transmit and receive ultrasound. Furthermore, the
ultrasonic transducer Includes matching layers 2201 and
2202 to transmit to and receive from a subject, in an efficient
manner, ultrasound generated by the piezoelectric body 208
and the drive electrodes 206 and 207. Furthermore, the ultra-
sonic transducer includes, between the matching layer 2202
and the subject, an acoustic lens 209 which narrows the ultra-
sound beam so that the resolution of the diagnostic image is
increased.

[0229] The matching layer 2201 includes two matching
regions 2201a and 22015 having different densities. Further-
more, here, the matching regions 2201a and 22015 are
divided by a plane parallel to the Z-direction in which the
ultrasound propagates.

[0230] The inventors of the present invention conducted
dedicated studies and found that the matching layer including
a plurality of matching regions having different densities can
be obtained as follows.

[0231] FIG.22isacross-sectional view of an example ofan
ultrasonic probe according to this embodiment of the present
invention.

[0232] Regarding the ultrasonic transducer shown in shown
FIG. 22, the piezoelectric body 208 is a PZT type piezoelec-
tric ceramic (density: approximately 7.4 g/cc; speed of sound:
approximately 3500 n/s). The drive electrodes 206 and 207
are formed by baking silver onto a pair of opposing surfaces
of the piezoelectric body 208.

[0233] Furthermore, the matching layer 2202 is made from
a mixture of silver approximately 90% and silicon dioxide
approximately 10% (density:

[0234] approximately 6.6 Wm; thickness: approximately
45 um), the matching region 2201a of the matching layer
2201 is made from a mixture of silver approximately 85% and
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silicon dioxide approximately 15% (density: approximately
5.4 g/cc; thickness; approximately 90 um; speed of sound:
approximately 1800 ny/s), the matching region 22015 of the
matching layer 2201 is made from a mixture of approxi-
mately 55% acryl and approximately 45% silicon dioxide
(density: approximately 1.1 g/cc; thickness: approximately
90 um; speed of sound: approximately 1800m/s).

[0235] Furthermore, the acoustic lens 209 is made of a
silicone rubber (density; approximately 1.5 g/cc; speed of
sound: approximately 947 m/s) having an acoustic imped-
ance close to a living body.

[0236] FIG. 24 is a diagram showing transmittance charac-
teristics of the matching layer according to Embodiment 3 of
the present invention.

[0237] FIG. 24 shows square of transmittance with respect
to the respective frequency (hereinafter referred to as trans-
mittance characteristics) of the matching layers 2201 and
2202 of the ultrasonic transducer having the above structure,
The square of the transmittance is shown here because the
ultrasound travels between the piezoelectric body and the
subject when a diagnosis is made with the ultrasonic trans-
ducer, and thus the ultrasound passes through the matching
layer twice.

[0238] More specifically, FIG. 24 shows transmittance
characteristics of the matching layer 2202 and the region
2201a of the matching layer 2201, and FIG. 25 shows a
transmittance characteristics of the matching layer 2202 and
the region 22015 of the matching layer 2201.

[0239] FIG. 25 shows that the two regions have signifi-
cantly different transmittance properties. In FIG. 24, the peak
frequency at which the transmittance is highest is approxi-
mately 4 MHz, and the peak frequency in FIG. 25 is approxi-
mately 7 MHz.

[0240] In this manner, it is found that, when two matching
regions are included, it is possible to change the frequency of
the transmitted ultrasound by changing the density of at lest
one of the matching layers. (Hereinafter, the (matching) layer
including a plurality of regions having different density, such
as the matching layer 101, is referred to as a “multi-density
layer”.)

[0241] Furthermore, FIG. 24 shows the transmittance char-
acteristics of the case where the multi-density layer has two
types of densities which are 5.4 glee and 1.1 g/cc. Inthe same
manner, the transmittance characteristics of the case where
the ultrasonic transducer has the structure shown in FIG. 22,
and the multi-density layer is as follows is evaluated, and the
relationship between the density of the multi-density layer
and the average transmittance frequency is examined, the
result of which is shown in FIG. 27.

[0242] (1) (A mixture of silver approximately 85% and
silicon dioxide approximately 15% (density: approximately
5.4 (Yee): 101a)

[0243] (2) A mixture of copper approximately 80% and
silicon dioxide approximately 20% (density: approximately
4.3 g/cc)

[0244] (3) A mixture of copper approximately 55% and
silicon dioxide approximately 45% (density: approximately
3.3 glce)

[0245] (4) Silicon dioxide 100% (density: approximately
2.1 g/ce)
[0246] (5) (A mixture of acryl approximately 55% and

silicon dioxide approximately 45% (density: approximately
1.1 g/ce): 1015)
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[0247] The speed of sound is approximately 1800 m/s in
any of the cases. Furthermore, the thickness is approximately
90 pm.

[0248] FIG. 27 shows that an increase in density of the

multi-density layer causes decrease in the average transmit-
tance frequency in the case of the structure according to this
embodiment.

[0249] Furthermore, the above described the example in
which the thickness of the matching layer 105 is 45 um, and
the thickness of the matching layer 101 is 90 pm (speed of
sound of each of the layers is approximately 1800 m/s).
However, embodiments of the present invention are not lim-
ited to the thickness of the respective matching layers, but the
advantageous effect of widening the band is produced.
[0250] For example, FIG. 26 shows a relationship between
the density of the matching layer 2201 and the average fre-
quency of the ultrasound which passes through the two
matching layers, when both the matching layers 2201 and
2202 have a thickness 0f 45 um. As FIG. 26 shows, in the case
where the two matching layers have the same thickness as
well, the increase in the density of the multi-density layer
causes decrease in the average transmittance frequency. Here,
FIG. 26 is adiagram showing, as an example, a relationship of
the case where the matching layer 2202 is made from a
mixture of silver approximately 95% and silicon dioxide
approximately 5% (density: approximately 8.6 g/cc).

[0251] As described above, the ultrasonic probe according
to an aspect of the present invention makes it possible to
obtain the matching regions having different frequency char-
acteristic of ultrasound transmittance. The reason for this is
that the matching regions having different densities have dif-
ferent frequency characteristics of ultrasound transmittance.

Embodiment 4

[0252] FIG. 30 is a schematic cross-sectional view of an
example of an ultrasonic transducer according to this embodi-
ment.

[0253] As with the ultrasonic transducer of Embodiment 3
shown in FIG. 22, an ultrasonic transducer shown in FIG, 30
includes: a piezoelectric body 208; drive electrodes 206 and
207 that are formed on a pair of opposing surfaces of the
piezoelectric body 208; two matching layers, and an acoustic
lens 209. The two matching layers are matching layers 3001
and 3002, and the matching layer 3002 is a multi-density
layer.

[0254] Specifically, out of the two matching layers, the
layer on the side of the subject is the multi-density layer in
Embodiment 3. In contrast, out of the two matching layers,
the layer on the side of the piezoelectric body 208 is the
multi-density layer in this embodiment.

[0255] The inventors of the present invention conducted
dedicated studies and found that the two matching layers
including the above-described multi-density layer can be
realized as follows.

[0256] In this embodiment, the matching layer 3001 is
made from a mixture of acryl approximately 55% and silicon
dioxide approximately 45% (density:

[0257] approximately 1.1 g/cc; thickness; approximately
90 pm). In the matching layer 3002, a matching region 3002a
is made from a mixture of silver approximately 95% and
silicon dioxide approximately 5% (density; approximately
8.6 g/cc; thickness; approximately 45 pum), a matching region
30025 is made from a mixture of silver approximately 90%
and silicon dioxide approximately 10% (density: approxi-
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mately 6.6 g/cc; thickness: approximately 45 um), a matching
region 3002¢ is made from a mixture of silver approximately
85% and silicon dioxide approximately 15% (density;
approximately 5.4 g/cc; thickness: approximately 45 pm), a
matching region 30024 is made from a mixture of approxi-
mately 80% copper and approximately 20% silicon dioxide
(density: approximately 4.3 g/cc; thickness: approximately
45 pm), and a matching region 3002¢ is made from a mixture
of approximately 55% copper and approximately 45% silicon
dioxide (density: approximately 3.3 g/cc; thickness: approxi-
mately 45 pm).

[0258] Furthermore, the speed of sound is approximately
1800 m/s in any of the regions.

[0259] With the above-described structure, the average
transmittance 10 frequency of each of the regions of the
multi-density layer (the matching layer 3002) is obtained.
The relationship between the density of the multi-density
layer (the matching layer 3002) and the average transmittance
frequency of the two matching layers is indicated by a solid
line 3101 in FIG. 31.

[0260] FIG. 31 shows that the greater the density of the
multi-density layer is, the lower the average transmittance
frequency is.

[0261] Furthermore, a dotted line 3102 in FIG. 31 shows a
relationship between the density of the matching layer 3002
and the average transmittance frequency of the two matching
layers, when the matching layer on the side of the body (the
matching layer 3001 in FIG. 30) is, as shown in FIG. 23, a
matching layer 2301 made from 100% silicon dioxide (den-
sity: approximately 2.1 g/cc; thickness: approximately 90
pm).

[0262] The average transmittance frequency changes when
the density of the matching layer 3001 changes, even when
the density of the matching layer 3002 is the same. In other
words, it has been found that the bandwidth that can be
realized can be widen (wider band can be realized) when the
ultrasonic probe includes two matching layers both of which
are the multi-density layers.

[0263] Therefore, compared to the ultrasonic transducer
including a plurality of matching layers one of which is the
multi-density layer, the ultrasonic transducer including a plu-
rality of multi-density layers can further widen the band, and
thus is preferable.

[0264] It has been found from Embodiment 3 and Embodi-
ment 4 that the ultrasonic probe which includes two matching
layers one of which is the multi-density layer can transmit and
receive ultrasound of various frequency without changing the
thickness of the matching layer, and thus it is possible to
realize a wide band ultrasonic transducer.

Embodiment 5

[0265] The following describes with reference to FIG. 32
an example in which the ultrasonic probe includes three
matching layers, and at least one of the three matching layers
is a multi-density layer.

[0266] The inventors of the present invention conducted
dedicated studies and found that the three matching layers, at
least one of which is the multi-density layer, can be realized as
follows.

[0267] As with the ultrasonic transducer in Embodiment 3,
the ultrasonic transducer shown in FIG. 32 includes: a piezo-
electric body 208; drive electrodes 206 and 207 formed on a
pair of opposing surfaces of the piezoelectric body 208; a
matching layer, and an acoustic lens 209.
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[0268] The matching layer included in the ultrasonic trans-
ducer shown in FIG. 32 includes three matching layers. A
matching layer 3201 is made from a mixture of approxi-
mately 55% acryl and approximately 45% silicon dioxide
(density: approximately 1.1 g/cc; thickness; approximately
45 pm), and a matching layer 3203 is made from a mixture of
approximately 90% silver and approximately 10% silicon
dioxide (density: approximately 6.6 g/cc; thickness: approxi-
mately 90 um).

[0269] Furthermore, a matching layer 3202 is a multi-den-
sity layer, and a matching region 3202q is made from a
mixture of approximately 88% silver and approximately 12%
silicon dioxide (density: approximately 6.0 g/cc; thickness:
approximately 45 um), a matching region 32025 is made from
a mixture of approximately 85% silver and approximately
15% silicon dioxide (density: approximately 5.4 g/cc; thick-
ness: approximately 45 pm), a matching region 3202¢ is made
from a mixture of approximately 80% copper and approxi-
mately 20% silicon dioxide (density: approximately 4.3 g/cc;
thickness: approximately 45 pm), a matching region 32024 is
made from a mixture of approximately 55% copper and
approximately 45% silicon dioxide (density: approximately
3.3 g/cc; thickness: approximately 45 um), and a matching
region 3202¢ is made from approximately 100% silicon diox-
ide (density: approximately 2.1 g/cc; thickness: approxi-
mately 45 um).

[0270] Furthermore, the speed of sound is approximately
1800 m/s in any of the regions.

[0271] With the above-described structure, the average
transmittance frequency of each of the regions of the multi-
density layer (matching layer 3202) is obtained. A solid line
3301 in FIG. 33 shows the relationship between the density of
the multi-density layer (the matching layer 3202) and the
average transmittance frequency ofthe three matching layers.
[0272] FIG. 33 shows that that the greater the density of the
multi-density layer is, the lower the average transmittance
frequency is.

[0273] Furthermore, a dotted line 3302 in FIG. 33 shows a
relationship between the density of the matching layer 3202
and the average transmittance frequency of the three match-
ing layers, when the matching layer on the side of the piezo-
electric body (the matching layer 3203 in FIG. 32) is, as
shown in FIG. 34, the matching layer 3401 made from a
mixture of approximately 95% silver and 5% silicon dioxide.
[0274] This indicates that, even when the density of the
matching layer 3202 is the same, the average transmittance
frequency changes when the density of the matching layer
3203 changes. In other words, it is indicated that the band-
width that can be realized can be widen (wider band can be
realized) when the ultrasonic transducer includes three
matching layers two of which are the multi-density layers,
compared to the ultrasonic transducer including three match-
ing layers only one of which is the multi-density layer.
[0275] In other words, as with Embodiment 4, the ultra-
sonic transducer including three matching layers can widen
the band as well by including a plurality of multi-density
layers, and thus is preferable.

[0276] It should be noted that the following applies to
Embodiments 3 to 5.

[0277] Although Embodiments 3 to 5 described the ultra-
sonic transducer including two or three matching layers, the
ultrasonic transducer including four or more matching layers
or including one matching layer can also produce the advan-
tageous effects of the present invention, when at least one of
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the matching layers is the multi-density layer. However, com-
pared to the ultrasonic transducer including one matching
layer (i.e. including only the multi-density layer), the ultra-
sonic transducer including two or more matching layers, at
least one of which is the multi-density layer, produces sig-
nificantly increased effect in widening the band. Therefore, it
is preferable that the ultrasonic transducer include two or
more matching layers and at least one of the matching layers
be the multi-density layer.

[0278] Furthermore, Embodiments 3 to 5 described the
multi-density layer as a layer which includes regions having
different densities each of which is different from each other.
However, as FIG. 28 shows another embodiment of Embodi-
ment 3, the ultrasonic transducer may include two or more
regions having the same density as a matching layer 2801
shows. Providing the regions having the same density at a
plurality of positions makes it possible to further reduce fre-
quency dependency of the ultrasound beam shape in the sub-
ject body, and the resolution of the ultrasound beam scan
direction (the X-direction and the V-direction) can be
increased, and thus is preferable.

[0279] Furthermore, in the multi-density layer included in
the ultrasonic transducer according to the present invention, it
is preferable that the width of each of the regions (a region
width at least in one direction) having a different density be
greater than the wavelength of the ultrasound generated in the
piezoelectric body.

[0280] This is because a part of the effect in widening the
band produced by the change in density less than or equal to
the wavelength of the ultrasound is canceled by the diffraction
phenomenon of waves. Increasing the width of each of the
regions to be greater than the wavelength of the ultrasound
generated in the piezoelectric body makes it possible to pro-
duce greater effects in widening frequency band, and thus is
more preferable.

[0281] Furthermore, FIG. 29 shows an example of the den-
sity distribution of the multi-density layer. Here, the horizon-
tal axis indicates the X-direction. However, the horizontal
axis may indicate any direction perpendicular (in the XY-
plane) to the Z-direction. Furthermore, due to the aforemen-
tioned reason (the density change in the region having wider
width than the wavelength can produce greater effects for
widening the band), the vertical axis indicates the average
density of the region having the same length (of the horizontal
axis: here, of the X-direction) as the wavelength of the ultra-
sound. For example, the density distribution of a matching
layer 2201 is shown in FIG. 29, and is divided into two
portions which are a portion of 1.1 g/cc and a portion of 5.4
g/cc as indicated by a dotted line 2901.

[0282] However, for example, even in the case of the multi-
density layer in which the density continuously changes as
shown by a solid line 2902 and a broken line 2903, great
effects are produced in widening the band and thus advanta-
geous effect of the present invention is produced as long as the
density averaged in the region having the width about the
same as the wavelength of the ultrasound changes depending
on the location in the multi-density layer.

[0283] Furthermore, regions (a region 2201a and a region
22015) having different densities in the multi-density layer of
this embodiment is divided by a plane perpendicular to the
Y-direction in FIG. 22. However, the regions need not neces-
sarily be divided by the plane perpendicular to the Y-direc-
tion, but may be divided by any planes other than the plane
perpendicular to the Z-direction.
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[0284] Furthermore, this embodiment used the matching
layers each of which includes a mixture of silicon dioxide and
one of copper, silver, or acryl. However, each of such match-
ing layers is merely an example, and it is apparent that other
material, such as iron or tungsten, may be used.

[0285] However, the mixture of silicon dioxide and one of
copper, silver, and acryl has, when the mixing ratio thereof is
changed, a great change in density and a substantially con-
stant speed of sound, which makes it possible to reduce deg-
radation of picture quality of the ultrasonic diagnostic image
caused by the time lag of the ultrasound which passes through
each of the regions, and thus is a preferable material for the
present invention.

[0286] In particular, for example, when the ratio of silver
mixed into silicon dioxide is set to an arbitrary ratio in a range
from 0 to 99%, it is possible to realize an arbitrary density in
a wide range of approximately 2.2 to approximately 8.6 g/cc.
Mixing silver and changing the concentration of silver for
each of the locations increases the effects in widening the
band,

[0287] Furthermore, for example, when the ratio of copper
mixed into silicon dioxide is set to an arbitrary ratio in a range
from 0 to 90%, it is possible to realize an arbitrary density in
a range from approximately 2.2 to approximately 5.6 g/cc. In
addition, the matching layer can be realized at a significantly
low cost, and thus the use of copper is preferable.

[0288] Furthermore, for example, when the ratio of acryl
mixed into silicon dioxide is set to an arbitrary ratio in a range
from 0 to 55%, it is possible to realize an arbitrary density in
a range from approximately 2.2 to approximately 1.1 g/cc.
Thus, the use of acryl is preferable,

[0289] In the respective range described above, increasing
the ratio of silver or copper mixed into silicon dioxide causes
density to increase monotonically, and increasing the ratio of
acryl mixed into silicon dioxide causes density to decrease
monotonically, Thus, the matching layer can be designed
easily.

[0290] Furthermore, it is preferable that sintering process
be performed after forming a film from the matching layer
material. In other words, instead of using the matching layer
in a state in which the metal particles of silver, copper, and the
like are individually dispersed in the binder material, it is
preferable that each of the particles be bound and bulked. This
makes it possible to obtain a film having higher impedance,
and increases the effect in widening the band as well.

[0291] Furthermore, it is preferable that the metal mixed
into silicon dioxide be metal nano-particles each of which has
a diameter below several hundred nanometers. The size of the
surface area of the metal nanopparticle is such that the metal
nanopparticle is highly reactive, and a sintering starting tem-
perature varies between 100 and 350 degrees Celsius depend-
ing on the diameter of the particles. However, the time to raise
and lower the temperature can be reduced with an inexpensive
heating unit, and thus the matching layer can be manufactured
at a low cost.

[0292] Furthermore, although the above described an
example in which the silicon dioxide is used as the binder,
other inorganic binder, such as titanium oxide or niobium
oxide, or organic binder may be used. However, the above-
described example which uses the silicon dioxide can
increase the change in density while reducing the change in
speed of sound, and is also inexpensive. In view of this, the
silicon dioxide is an optimal material for the binder of the
present invention.
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[0293] Furthermore, it is preferable that the matching layer
in the ultrasonic transducer according to the present invention
be a film formed by diluting the material for the matching
layer by water or the like, and printing or spraying the diluted
material. The concentration of the mixed material can be
easily changed for each of the locations by, using a different
nozzle for each of the materials, forming a film by printing or
spraying, and the use of printing or spraying is preferable for
the present invention because the multi-impedance layer can
be formed at a low cost compared to the case in which a
method such as the vapor deposition, sputtering, or spin coat-
ing is used.

[0294] Furthermore, it is preferable that the adjacent
regions in the multi-density layer, which is realized by chang-
ing the concentration of the materials for each location
(matching region) as described above, include the same mate-
rial. With this, the adhesion of one of the matching regions to
its adjacent matching region increases, and thus vibration
resistance property and heat resistance property of the ultra-
sonic transducer increases.

[0295] Furthermore, when the matching layer including a
mixture which includes a plurality of materials as described
above is used, it is more preferable that the mixture include
materials of which average particle diameters are different by
approximately about one digit (different by at least five
times). When the mixture includes materials of which particle
diameters are different, it is possible to maintain the speed of
sound approximately constant in regions having different
concentrations.

[0296] When the thickness or the speed of sound is also
different in the regions which have different densities in the
multi-density layer, a problem of degradation in the ultra-
sound waveform occurs because of the time lag of ultrasound
passing through the each of the regions as described above.
However, greater effects are produced in widening the band.
Thus, the multi-density layer may include regions in which
both density and one of thickness and speed of sound are
different may be adopted. In other words, the multi-density
layer may be combined with the conventional example
(patent literature 1).

[0297] According to the present invention, density is also
different. Thus, it is possible to widen the band with less
change in speed of sound and thickness compared to the
conventional example. Thus, it is possible to widen the band
while reducing the degradation in ultrasound waveform than
when the conventional example is used without any modifi-
cations.

[0298] When speed of sound or thickness is different in
regions of the multi-density layer, it is preferable that the time
lag of the ultrasound passing through each of the matching
regions be Y4 or less of a cycle of ultrasound. This is because
the above makes it possible to reduce degradation in resolu-
tion caused by degradation in the ultrasound waveform.

Embodiment 6

[0299] This embodiment describes an ultrasonic diagnostic
device which includes the ultrasonic transducer described in
Embodiments 3 to 5.

[0300] FIG. 4 shows a structure of the ultrasonic diagnostic
device according to this embodiment. Note that an ultrasonic
probe 403 has the structure shown in FIG. 2. The ultrasonic
probe 403 includes an ultrasonic transducer described in
Embodiments 3 to 5.



US 2013/0090561 Al

[0301] A signal electrode 206 and a ground electrode 207
are formed on a pair of opposing surfaces of the piezoelectric
body 208. A plurality of the piezoelectric bodies 208 are
boned, via the surface on which the signal lines 206 are
formed, to a backing material 201 to form a one-dimensional
array. The backing material 201 absorbs unnecessary sound
waves.

[0302] A matching layer 203 is provided on the +Z side of
the piezoelectric body 208, an acoustic lens 209 is provided
on the +Z side of the matching layer 203, and the ultrasonic
probe 403 emits ultrasound to a subject (not shown) through
the acoustic lens.

[0303] Here, the matching layer 203 includes the multi-
density layer, as described in Embodiments 3 to 5.

[0304] The ultrasonic probe including the ultrasonic trans-
ducer (the ultrasonic transducer including the matching layer
which includes the multi-density layer) described in Embodi-
ments 3 to 5 makes it possible to transmit and receive ultra-
sound in wider band. With this, it is possible to make a
ultrasonic diagnosis in high resolution.

[0305] Furthermore, normally, as shown in FIG. 35, when
the ultrasound emitted from the ultrasonic transducer includ-
ing a matching layer 3503 which does not include the multi-
density layer is focused using one acoustic lens, the focusing
effect is higher on the ultrasound having a higher frequency
and thus the ultrasound can be narrowed to be thin as shown
by adotted line 3501 shown in FIG. 35, but the focusing effect
is weaker on ultrasound having lower frequency and thus
ultrasound results in a broad beam as indicated by a solid line
3502.

[0306] The ultrasound beams which propagates, as the
ultrasound beam having a different thickness depending on
the frequency, in the body of the subject as described above
results in the ultrasound pulse which has a different waveform
according to the location inside the body of the subject. This
causes the degradation of picture quality of the ultrasonic
diagnostic image.

[0307] Thus, as shown in FIG. 36, it is preferable that the
ultrasonic transducer be designed to include a matching layer
3603 (which includes at least one multi-density layer) accord-
ing to the present invention so that average frequency of the
ultrasound emitted from each of the ends in the X-direction
(longitudinal direction of the ultrasonic transducer) is lower
than the average frequency of the ultrasound emitted from the
central portion. For example the average transmittance fre-
quency is lower when the density of the multi-density layer is
higher in any of the examples described in Embodiments 3 to
5. Inthese cases, it is possible to realize the above by increas-
ing the density of the multi-density layer towards each of the
ends in X-direction.

[0308] By adopting the structure in which ultrasound hav-
ing a higher frequency is emitted from the vicinity of the
center as indicated by a dotted line 3601, and, the ultrasound
having a lower frequency is emitted from a broad region as
indicated by a solid line 3602, the thickness of the beam
inside the body of the subject can be adjusted approximately
the same level even when the ultrasound is focused using one
acoustic lens. Reducing the variation in ultrasound pulse
waveform according to the location inside the body of the
subject makes it possible to reduce degradation of picture
quality of the ultrasonic diagnostic image.

[0309] Furthermore, as shown in FIG. 37, designing the
ultrasonic transducer to include a matching layer 3703 (which
includes at least one multi-density layer) according to the

Apr. 11, 2013

present invention so that the average frequency of the ultra-
sound emitted from each of the ends in X-direction (longitu-
dinal direction of the ultrasonic transducer) is higher than the
average frequency of the ultrasound emitted from the central
portion makes it possible to provide the structure which nar-
rows down the ultrasound having a high frequency as indi-
cated by a dotted line 3701, and propagates the ultrasound
having low frequency broadly as indicated by a solid line
3702.

[0310] Using the structure shown in FIG. 37, separating the
ultrasound signal reflected off the subject for each of the
frequency and producing an ultrasonic diagnostic image
makes it possible to obtain both information which are the
ultrasonic diagnostic image obtained from a narrow beam and
the ultrasonic diagnostic image obtained from a broad beam.
[0311] The ultrasonic diagnostic image obtained from the
broad beam is an image created by averaging the data on
reflection and scatter in the area. It is possible to perform a
position adjustment at high speed by using such image. The
ultrasound image obtained from the narrow beam can be
created in high contrast without averaging the data on reflec-
tion and scatter obtained from the localized area.

[0312] The structure shown in FIG. 36 is preferable to
realize more generally the ultrasonic diagnosis with a high
S/N at a low cost. However, the structure shown in FIG. 37 is
preferable for the application, such as detection of an early
carcinoma, which requires more detailed image to make a
diagnosis.

[0313] Furthermore, it is preferable that the ultrasonic
probe in which the ultrasonic transducers are arranged to
form a one-dimensional array as shown in FIG. 2 include both
the ultrasonic transducer having the structure shown in FIG.
36 and the ultrasonic transducer having the structure shown in
FIG. 37. This is because it is possible to attain characteristics
of both of the transducers by causing each of the ultrasonic
transducers to perform ultrasonic vibration at different times.

[0314] Furthermore, it is more preferable that the ultrasonic
transducers arranged in different orders be arranged to form a
one-dimensional array. When each of the ultrasonic transduc-
ers transmits ultrasound having a different frequency charac-
teristics, it is possible to transmit ultrasound having wide
frequency band.

[0315] Furthermore, it is more preferable that the ultrasonic
transducers having the same structure be arranged cyclically
at constant intervals. For example, the ultrasonic probe in
which the ultrasonic transducer having the structure shown in
FIG. 36 and the ultrasonic transducer having the structure
shown in FIG. 37 are arranged alternately is preferable. Fur-
thermore, for example, the structure in which three ultrasonic
transducers, which are two ultrasonic transducers having the
structure shown in FIG. 36 and one ultrasonic transducer
having the structure shown in FIG. 37, are cyclically arranged
as a set of ultrasonic transducers is preferable.

[0316] The cyclic arrangement described above makes it
possible to attain characteristics of both of the ultrasonic
transducers, and thus it is possible to obtain a higher resolu-
tion.

[0317] It should be noted that although this embodiment
described the one-dimensional array type ultrasonic probe, it
is apparent that similar advantageous effects are produced
with a two-dimensional array type ultrasonic probe.

[0318] Furthermore, although the ultrasonic diagnostic
device in which the diagnostic device and the ultrasonic probe
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are connected through a cable has been described, a signal
may be transmitted between the diagnostic device and the
ultrasonic probe wirelessly.

[0319] Although the ultrasonic probe and the ultrasonic
diagnostic device according to the present invention have
been described thus far, each of the configurations described
in DESCRIPTION is merely an example, and it is apparent
that various modification can be made without departing from
the essence of the present invention.

[0320] As described above, the ultrasonic probe according
to an aspect of the present invention makes it possible to
obtain a high-resolution ultrasonic diagnostic image.

[0321] Furthermore, the ultrasonic diagnostic image hav-
ing a high S/N can be obtained.

[0322] Furthermore, the ultrasonic diagnostic image in
high resolution with high SAN can be obtained.

[0323] Methods for implementing the present invention
have been described based on the embodiments. However, the
present invention is not limited to these embodiments. Vari-
ous modifications of the exemplary embodiment as well as
embodiments resulting from arbitrary combinations of con-
stituent elements of different exemplary embodiments that
may be conceived by those skilled in the art are intended to be
included within the scope of the present invention as long as
these do not depart from the essence of the present invention.

INDUSTRIAL APPLICABILITY

[0324] An ultrasonic probe according to the present inven-
tion makes it possible to reduce a side lobe, and arbitrarily
design sound field distribution for each frequencies, and thus
is useful, for example, as a high-resolution ultrasonic probe
for an ultrasonic diagnostic device.

REFERENCE SIGNS LIST

[0325] 101, 203, 301, 601, 703, 804, 904, 1301, 1401,
1501, 1606, 1607, 2006, 2007, 2008 Matching layer
[0326] 101a, 1015, 101c, 601a, 6025, 602¢, 703a, 7035,
703c, 804a, 8045, 804c, 904a, 9045, 904c¢, 1601, 1602, 1603,
1604, 1605, 2001, 2002, 2003, 2004, 2005 Matching region
[0327] 102, 304, 403, 602 Ultrasonic probe
[0328] 103 Main lobe
[0329] 104 Side lobe
[0330] 201 Backing
[0331] 202 Grounding line
[0332] 204 Signal line
[0333] 205 Ultrasonic transducer
[0334] 206 Signal electrode
[0335] 207 Ground electrode
[0336] 208 Piezoelectric body
[0337] 209 Acoustic lens
[0338] 302 Main lobe
[0339] 303 Side lobe
[0340] 401 Ultrasonic diagnostic device
[0341] 402 Subject
[0342] 404 Diagnostic device main body
[0343] 405 Cable
[0344] 701, 801, 802,803,901, 902, 903 Second matching
material
[0345] 702 First matching material
[0346] 1502 Third matching material

1-22. (canceled)

23. An ultrasonic probe used for ultrasonic diagnosis of a
subject, the ultrasonic probe comprising
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an ultrasonic transducer including:

a piezoelectric body which generates ultrasound; and

a first matching layer which is disposed in a predetermined
direction as seen from the piezoelectric body and is for
performing acoustic matching between the piezoelectric
body and the subject,

wherein the first matching layer includes a plurality of
matching regions which have a uniform thickness in the
predetermined direction, are arranged in a direction per-
pendicular to the predetermined direction, and include at
least two matching regions having frequency character-
istics of ultrasound transmittance different from each
other.

24. The ultrasonic probe according to claim 23,

wherein the matching regions include at least two matching
regions having densities different from each other.

25. The ultrasonic probe according to claim 23,

wherein the first matching layer includes a plurality of
matching materials which have different acoustic
impedances, and at least one of the matching materials
has tapered shapes parallel to the predetermined direc-
tion, and

each of the tapered shapes has a thickness which continu-
ously increases or decreases in the predetermined direc-
tion.

26. The ultrasonic probe according to claim 25,

wherein the number of the tapered shapes in a unit area in
one of the matching regions is different from the number
of the tapered shapes in a unit area in an other one of the
matching regions, the unit areas each being in a plane
perpendicular to the predetermined direction.

27. The ultrasonic probe according to claim 25,

wherein a size of the at least one of the matching materials
which has the tapered shapes in one of the matching
regions is different from a size of the tapered shapes in an
other one of the matching regions, the sizes each being in
the predetermined direction.

28. The ultrasonic probe according to claim 25,

wherein a width of the at least one of the matching mate-
rials which has the tapered shapes in one of the matching
regions is different from a width ofthe at least one of the
matching materials which has the tapered shapes in an
other one of the matching regions, the widths each being
in a direction in which the matching regions are
arranged.

29. The ultrasonic probe according to claim 23,

wherein, out of a front surface and a back surface of the first
matching layer, a surface which is more distant from the
piezoelectric body is flat.

30. The ultrasonic probe according to claim 23,

wherein the first matching layer includes a plurality of
matching sub-layers stacked in the predetermined direc-
tion, and

at least one of the matching sub-layers includes a plurality
of matching regions which are arranged in a direction
perpendicular to the predetermined direction, and have
different frequency characteristics of ultrasound trans-
mittance.

31. The ultrasonic probe according to claim 30,

wherein each of the matching sub-layers has a uniform
thickness in the predetermined direction.
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32. The ultrasonic probe according to claim 23,

wherein the first matching layer is formed from a mixture
obtained by mixing a plurality of materials in a prede-
termined mixing ratio, and

a mixing ratio in one of the matching regions is different
from a mixing ratio in an other one of the matching
regions.

33. The ultrasonic probe according to claim 23,

wherein the first matching layer includes a sintered mate-
rial.

34. The ultrasonic probe according to claim 23,

wherein the first matching layer includes at least silicon
dioxide and at least one material out of silver, copper,
and an acrylic material.

35. The ultrasonic probe according to claim 23,

wherein the first matching layer includes, as material, a
plurality of particles which are different in diameter by
at least five times.

36. The ultrasonic probe according to claim 23,

wherein a width of each of the matching regions in a
direction in which the matching regions are arranged is
greater than or equal to a wavelength of ultrasound used
for the ultrasonic diagnosis.

37. The ultrasonic probe according to claim 24,

wherein the first matching layer includes metal nano par-
ticles each of which has a diameter less than or equal to
one micron, and at least part of the first matching layer is
metal bulked, the first matching layer having density
determined by a mixing ratio of the metal nano particles
to the first matching layer.

38. The ultrasonic probe according to claim 23,

wherein the ultrasonic transducer further includes:

a backing material which is disposed on a side opposite to
a side on which the first matching layer is disposed with
respect to the piezoelectric body and absorbs ultrasound;
and

a second matching layer disposed between the backing
material and the piezoelectric body, and including a
plurality of matching regions which are arranged in a
direction perpendicular to the predetermined direction
and each of which allows ultrasound of different fre-
quency to be transmitted.

39. The ultrasonic probe according to claim 23, wherein the

ultrasonic transducer further includes:

a backing material which is disposed on a side opposite to
a side on which the first matching layer is disposed with
respect to the piezoelectric body and absorbs ultrasound;
and
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a high reflective layer disposed between the backing mate-
rial and the piezoelectric body, and having a property of
reflecting ultrasound.

40. The ultrasonic probe according to claim 23,

wherein the ultrasonic transducers are arranged in a one-
dimensional array, and

in each of the ultrasonic transducers, an average frequency
that is an average value of frequency of ultrasound trans-
mitted through the matching regions located at each of
ends of the ultrasonic transducer in a direction in which
the matching regions are arranged is lower than an aver-
age frequency that is an average value of frequency of
ultrasound transmitted through one or more of the
matching regions located in the center of the ultrasonic
transducer in the direction in which the matching
regions are arranged.

41. The ultrasonic probe according to claim 23,

wherein the ultrasonic transducers are arranged in a one-
dimensional array, and

in each of the ultrasonic transducers, an average frequency
that is an average value of frequency of ultrasound trans-
mitted through the matching regions located at each of
ends of the ultrasonic transducer in a direction in which
the matching regions are arranged is higher than an
average frequency that is an average value of frequency
of ultrasound transmitted through one or more of the
matching regions located in the center of the ultrasonic
transducer in the direction in which the matching
regions are arranged.

42. The ultrasonic probe according to claim 23,

wherein the ultrasonic transducers are arranged in a one-
dimensional array, and

the matching regions in one of the ultrasonic transducers
are arranged in an order different from an order of the
matching regions in an other one of the ultrasonic trans-
ducers.

43. The ultrasonic probe according to claim 23,

wherein the ultrasonic transducers are arranged in a one-
dimensional array, and

the matching regions in each of the ultrasonic transducers
are arranged in an order to form a cyclic pattern in the
ultrasonic probe.

44. An ultrasonic diagnostic device comprising:

the ultrasonic probe according to claim 23; and

a diagnostic device which generates a signal for causing the
piezoelectric body to generate ultrasound, and generates
an ultrasonic diagnostic image based on a signal
received by the ultrasonic probe from the subject.
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