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ULTRASOUND PROBE AND ULTRASOUND
DIAGNOSTIC APPARATUS

CROSS REFERENCE TO RELATED
APPLICATIONS

[0001] The entire disclosure of Japanese Patent Applica-
tion No. 2018-058104 filed on Mar. 26, 2018 is incorporated
herein by reference in its entirety.

BACKGROUND

Technological Field

[0002] The present invention relates to an ultrasound
probe and an ultrasound diagnostic apparatus for ultrasound
diagnosis.

Description of Related Art

[0003] Conventionally, an ultrasound probe having an
ultrasound wave radiation surface in which a plurality of
ultrasound transducers are arranged is known. In recent
years, as an ultrasound transducer, an ultrasound probe
employing a piezoelectric element produced by micro elec-
tro mechanical systems (MEMS) (so-called piezoelectric
micromachined ultrasound transducer (pMUT)) has been
increasingly developed (see, e.g. Japanese Unexamined Pat-
ent Application Publication (Translation of PCT Applica-
tion) No. 2015-517752 (PTL 1)).

[0004] The ultrasound probe employing the pMUT can
transmit and receive ultrasound waves by vibrating (deflec-
tion vibration) a diaphragm including a piezoelectric body
like a drum, for example. The pMUT can be finely produced
in comparison with a piezoelectric element obtained by
dividing a bulk PZT (lead zirconate titanate) by dicing or the
like. Therefore, the pMUT can achieve higher frequency and
higher resolution and is suitable for two-dimensional array
of the piezoelectric element for generating three-dimen-
sional images, and, can reduce the size and thickness.
However, in the case where the same deflection vibration is
used for transmission and reception as in conventional
pMUTs, the frequency range is narrowed and the usable
frequency is limited to the range around the resonance
frequency.

[0005] PTL 1 discloses a pMUT array in which a plurality
of pMUTs having different resonance frequencies are
arranged to achieve wider band (see FI1G. 7B).

[0006] In an ultrasound probe including the pMUT array
disclosed in PTL 1, however, a deep alley (dead band) might
be formed between resonance peaks, thus deteriorating the
quality of ultrasound images. In addition, since a plurality of
resonance frequencies are mixed, the transmission/reception
sensitivity of the ultrasound probe might be reduced as a
whole.

SUMMARY

[0007] An object of the present invention is to provide an
ultrasound probe and an ultrasound diagnostic apparatus that
achieve high transmission/reception sensitivity and wide
frequency band.

[0008] An ultrasound probe reflecting an aspect of the
present invention includes a pMUT array in which a plural-
ity of pMUTs are arranged. The plurality of pMUTs include
a plurality of first pMUTs for ultrasound transmission, and
a plurality of second pMUTs for ultrasound wave reception,
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each second pMUT having a structure different from that of
each first pMUT; and a cell region of each first pMUT and
a cell region of each second pMUT are separated from each
other in an ultrasound wave radiation plane.

[0009] An ultrasound diagnostic apparatus reflecting an
aspect of the present invention includes: the above-men-
tioned ultrasound probe; and an ultrasound diagnostic appa-
ratus main body to which the ultrasound probe is connected,
the ultrasound diagnostic apparatus main body being con-
figured to generate an ultrasound image based on an ultra-
sound signal from the ultrasound probe.

BRIEF DESCRIPTION OF DRAWINGS

[0010] The advantages and features provided by one or
more embodiments of the invention will become more fully
understood from the detailed description given hereinbelow
and the appended drawings which are given by way of
illustration only, and thus are not intended as a definition of
the limits of the present invention:

[0011] FIG. 1 illustrates an external appearance of an
ultrasound diagnostic apparatus according to an embodi-
ment;

[0012] FIG. 2 is a block diagram illustrating a principal
part of a control system of the ultrasound diagnostic appa-
ratus;

[0013] FIG. 3 illustrates a configuration of an ultrasound
probe;
[0014] FIG. 4A and FIG. 4B are plan views illustrating an

arrangement of pMUTs;

[0015] FIG. 5 is a sectional view illustrating a configura-
tion of a pMUT array according to a first embodiment; and
[0016] FIG. 6 is a sectional view illustrating a configura-
tion of a pMUT array according to a second embodiment.

DETAILED DESCRIPTION OF EMBODIMENTS

[0017] Hereinafter, one or more embodiments of the pres-
ent invention will be described with reference to the draw-
ings. However, the scope of the invention is not limited to
the disclosed embodiments.

[0018] Embodiments of the present invention are elabo-
rated below with reference to the accompanying drawings.

First Embodiment

[0019] FIG. 1 illustrates an external appearance of ultra-
sound diagnostic apparatus 1 according to an embodiment of
the present invention. FIG. 2 is a block diagram illustrating
a principal part of a control system of ultrasound diagnostic
apparatus 1.

[0020] As illustrated in FIG. 1, ultrasound diagnostic
apparatus 1 includes ultrasound diagnostic apparatus main
body 10 and ultrasound probe 20. Ultrasound diagnostic
apparatus main body 10 and ultrasound probe 20 are con-
nected with each other through cable 30.

[0021] Ultrasound diagnostic apparatus 1 is used for
image diagnosis by visualizing the shapes, properties and/or
movements in a subject in the form of an ultrasound image.
Note that ultrasound diagnostic apparatus 1 may generate
any ultrasound image, such as B-mode images, color Dop-
pler images, three-dimensional ultrasound images, and
M-mode images. Likewise, ultrasound probe 20 may be any
probe, such as convex probes, linear probes, sector probes,
and three-dimensional probes.
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[0022] Ultrasound probe 20 transmits ultrasound waves to
a subject, and receives ultrasound waves (echoes) reflected
by the subject. Ultrasound probe 20 converts the received
signal and transmits the signal to diagnosis apparatus main
body 10. Details of ultrasound probe 20 are described later.
[0023] Using a reception signal from ultrasound probe 20,
ultrasound diagnostic apparatus main body 10 visualizes the
internal state of the subject in the form of an ultrasound
image. Specifically, as illustrated in FIG. 2, ultrasound
diagnostic apparatus main body 10 includes operation input
part 11, transmission part 12, reception part 13, image
processing part 14, display part 15 and the like.

[0024] Operation input part 11 receives an input of a
command of the start of a diagnosis and the like or infor-
mation relating to a subject, for example. Operation input
part 11 includes an operation panel having a plurality of
input switches, a keyboard, a mouse and the like, for
example.

[0025] In accordance with an instruction of control part
16, transmission part 12 generates a transmission signal
(driving signal) and transmits the signal to ultrasound probe
20.

[0026] Reception part 13 receives a reception signal from
ultrasound probe 20, and outputs the signal to image pro-
cessing part 14.

[0027] In accordance with an instruction of control part
16, image processing part 14 generates an ultrasound image
(e.g. a B-mode image, a color Doppler image, and a three-
dimensional ultrasound image) representing the internal
state of the subject by performing a predetermined signal
process (e.g. a logarithmic compression process, a detection
process, an FFT analysis process and the like) on a reception
signal from reception part 13. Note that the process for
generating an ultrasound image is publicly known, and
therefore the description thereof is omitted here.

[0028] Display part 15 is composed of a liquid crystal
display or the like, and displays an ultrasound image gen-
erated in image processing part 14, for example.

[0029] Control part 16 controls the entirety of ultrasound
diagnostic apparatus 1 by controlling operation input part
11, transmission part 12, reception part 13, image processing
part 14 and display part 15, in accordance with their func-
tions.

[0030] FIG. 3 illustrates a configuration of ultrasound
probe 20. As illustrated in FIG. 3, ultrasound probe 20
includes protective layer 21, pMUT array 22, signal pro-
cessing circuit 23 and bucking material 24 in this order from
the ultrasound wave radiation side. Protective layer 21 may
include an acoustic lens and an alignment layer.

[0031] Protective layer 21 protects the surface (ultrasound
wave radiation surface) of pMUT array 22. The material
(e.g. silicone rubber or the like) of protective layer 21 is a
material that is close to an acoustic impedance of human
bodies and does not cause discomfort when touching a
human body.

[0032] Signal processing circuit 23 is a circuit that gen-
erates a transmission signal for ultrasound transmission
and/or performs processing on a reception signal (ultrasound
signal). In the present embodiment, signal processing circuit
23 is connected with ultrasound diagnostic apparatus main
body 10 through cable 30. Alternatively, signal processing
circuit 23 may have a radio communication function of
connection with ultrasound diagnostic apparatus main body
10 for information communications without using cable 30.
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[0033] Bucking material 24 attenuates unnecessary vibra-
tions generated at pMUT array 22.

[0034] As illustrated in FIG. 4A and FIG. 4B, pMUT array
22 includes a plurality of pMUTs 100 and 200 that are
two-dimensionally arranged. FIG. 4A is a plan view illus-
trating an arrangement of pMUTs 100 and 200 in pMUT
array 22, and FIG. 4B is an enlarged view of region A
indicated with the heavy line in FIG. 4A. The pMUTs 100
and 200 are divided into a plurality of channels CH in the
scan direction, and are driven for each channel CH.

[0035] In the present embodiment, pMUT 100 is a first
pMUT (hereinafter referred to as “first pMUT 100”) for
ultrasound transmission, and pMUT 200 is a second pMUT
(hereinafter referred to as “second pMUT 200”) for ultra-
sound wave reception. First pMUT 100 and second pMUT
200 have different structures. In addition, first pMUT 100
and second pMUT 200 are formed such that their cell
regions are separated from each other (do not overlap each
other) in the ultrasound wave radiation plane. In the rela-
tionship with pMUT array 22, each of pMUTs 100 and 200
of pMUT array 22 is referred to as “pMUT cell”.

[0036] In the present embodiment, first pMUTs 100 and
second pMUTs 200 are disposed in a lattice form. By using
a MEMS technique, first pMUTs 100 and second pMUTs
200 having different structures can be separately formed.

[0037] The cell region is an effective region where ultra-
sound waves are transmitted or received, and is a region
where all elements of a lamination structure including a
piezoelectric body and two electrodes sandwiching the
piezoelectric body overlap each other (see FIG. 5). That is,
the cell region is defined by the size of one of the piezo-
electric body and the electrode, which has the smaller planar
shape than the other. FIG. 4B indicates that the cell regions
of first pMUTs 100 and second pMUTs 200 do not overlap
each other in the ultrasound wave radiation plane.

[0038] Preferably, in pMUT array 22, the center-to-center
distance L of the cells of first pMUT 100 and second pMUT
adjacent to each other satisfies L=hc/2 where Ac represents
a wavelength in a living body (representative sound veloc-
ity: 1530 m/sec) with respect to center frequency F of the
ultrasound wave frequency band used in ultrasound diag-
nostic apparatus 1. With this configuration, first pMUT 100
and second pMUT can be regarded as the same sound
source, and the paths of the transmission ultrasound beam
and the reception ultrasound beam can match.

[0039] Note that the arrangement of first pMUT 100 and
second pMUT 200 is not limited to the arrangement illus-
trated in FIG. 4A and FIG. 4B. First pMUT 100 and second
pMUT 200 may be disposed in a triangular lattice form or
a hexagram form, or, may be disposed at random, for
example.

[0040] In addition, the numbers of the cells of first pMUTs
100 and second pMUTs in a channel may be different from
each other. For example, in the case where the transmission
sound pressure intensity can be ensured with a small number
of cells in a low frequency region, it is preferable to reduce
the number of first pMUTs 100 and increase the number of
second pMUTs 200.

[0041] FIG. 5 is a sectional view illustrating a configura-
tion of pMUT array 22 according to the first embodiment. In
the following description, ultrasound probe 20 according to
the first embodiment is referred to as “ultrasound probe
20-17, pMUT array 22 is referred to as “pMUT array 22-17,



US 2019/0290242 Al

first pMUT 100 is referred to as “first pMUT 100-1", and
second pMUT 200 is referred to as “second pMUT 200-1”.
[0042] As illustrated in FIG. 5, pMUT array 22-1 accord-
ing to the first embodiment includes electronic circuit sub-
strate 22A, piezoelectric element substrate 22B, and con-
necting part 22C.

[0043] Electronic circuit substrate 22A performs a driving
control and a reception control of piezoelectric element parts
P1 and P2 of first pMUT 100-1 and second pMUT 200-1.
Electronic circuit substrate 22A is a CMOS substrate in
which transmitting circuit 112, receiving circuit 113 and
wiring layer 114 are formed on substrate 111, for example.
[0044] Transmitting circuit 112 controls the driving of first
pMUT 100-1. Receiving circuit 113 detects a signal from
second pMUT 200. Wiring layer 114 electrically connects
between transmitting circuit 112 and receiving circuit 113,
and piezoelectric element parts P1 and P2.

[0045] Piezoelectric element substrate 22B includes first
piezoelectric element part P1, second piezoelectric element
part P2 and substrate 101.

[0046] First piezoelectric element part P1 includes first
lower electrode 102, first piezoelectric body 103, and first
upper electrode 104 that are sequentially stacked on sub-
strate 101. First piezoelectric element part P1 has a uni-
morph structure in which first piezoelectric body 103 is
sandwiched between lower electrode 102 and upper elec-
trode 104.

[0047] Through the through electrode 105 provided in
substrate 101, lower electrode 102 is drawn to connection
electrode (bump) 107 provided in the rear surface of sub-
strate 101. Connection electrode 107 is electrically con-
nected with transmitting circuit 112 through connecting part
22C and wiring layer 114 of electronic circuit substrate 22A.
[0048] Through the through electrode 106 provided in
substrate 101, upper electrode 104 is drawn to connection
electrode 108 provided in the rear surface of substrate 101.
Connection electrode 108 is connected with common elec-
trode (GND) 116 through connecting part 22C and wiring
layer 114 of electronic circuit substrate 22A.

[0049] Lower electrode 102, upper electrode 104 and
connection electrodes 107 and 108 are formed of a conduc-
tive oxide or a metal material such as Pt, Au and Ti. For
example, through electrodes 105 and 106 may be formed of
a metal material such as Cu, W and Al, or may be formed by
doping impurities such as B (boron) in substrate 101 so as
to provide conductivity.

[0050] First piezoelectric body 103 is formed of a piezo-
electric material that provides excellent ultrasound transmis-
sion performance (transmission sensitivity and frequency
band). It is desirable that first piezoelectric body 103 be
formed of a material that has a large inverse piezoelectric
constant and is thus largely deformed by voltage application.
In the present embodiment, first piezoelectric body 103 is
formed of PZT.

[0051] Note that first piezoelectric body 103 may be
formed of an inorganic piezoelectric material other than PZT
(e.g. PMN-PT (lead titanate magnesiumniobate), PMN-PZT
(magnesium niobic acid zircon lead titanate) or the like).
[0052] Second piezoelectric element part P2 includes sec-
ond lower electrode 202, second piezoelectric body 203 and
second upper electrode 204 that are sequentially stacked on
substrate 101. As with first piezoelectric element part P2,
second piezoelectric element part P2 has a unimorph struc-
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ture in which second piezoelectric body 203 is sandwiched
between lower electrode 202 and upper electrode 204.
[0053] Through the through electrode 205 provided in
substrate 101, lower electrode 202 is drawn to connection
electrode 207 provided in the rear surface of substrate 101.
Connection electrode 207 is electrically connected with
receiving circuit 113 through connecting part 22C and
wiring layer 114 of electronic circuit substrate 22A.
[0054] Through the through electrode 206 provided in
substrate 101, upper electrode 204 is drawn to connection
electrode 208 provided in the rear surface of substrate 101.
Connection electrode 208 is connected with common elec-
trode (GND) 118 through connecting part 22C and wiring
layer 114 of electronic circuit substrate 22A.

[0055] Lower electrode 202, upper electrode 204 and
connection electrodes 207 and 208 are formed of a conduc-
tive oxide or a metal material such as Pt, Au, and TI, for
example. Through electrodes 205 and 206 are formed of a
metal material such as Cu, W, and Al, or may be formed by
doping impurities in substrate 101, for example.

[0056] Second piezoelectric body 203 is formed of a
piezoelectric material that provides excellent ultrasound
reception performance (reception sensitivity and frequency
band). Second piezoelectric body 203 generates a voltage
when receiving ultrasound waves. In the present embodi-
ment, second piezoelectric body 203 is formed of a polyvi-
nylidene fluoride (PVDF) resin. Although PVDF is inferior
to PZT in ultrasound transmission performance, PVDF has
a small dielectric constant and therefore provides remark-
ably high voltage reception performance. For example, the
voltage reception sensitivity of a pMUT employing PVDF is
ten times that of a pMUT employing PZT.

[0057] Preferably, thickness t of second piezoelectric body
203 is ¥4 or smaller of wavelength ., in piezoelectric body
203 with respect to the maximum frequency F,,,. of the
ultrasound wave frequency band used in ultrasound diag-
nostic apparatus 1. When t=h,/4 is met, resonance in the
thickness direction can be prevented and a wide band width
can be ensured since one surface of second piezoelectric
body 203 is the fixed end.

[0058] When the center frequency of the ultrasound wave
frequency band used in ultrasound diagnostic apparatus 1 is
represented by F_, maximum frequency F,  =2F_, and
therefore the condition that second piezoelectric body 203
does not resonate in the band is t<h /4=V/4F,  =V/8F.
Typically, center frequency F_ of the ultrasound waves used
in ultrasound diagnostic apparatus 1 for medical use is about
20 MHz at maximum, and therefore, when the sound veloc-
ity V in PVDF is set to 2560 m/sec, t=2560/(8x20)=16 [um].
That is, when the thickness of second piezoelectric body 203
is set to 16 um or smaller in ultrasound probe 20-1, reso-
nance in the thickness direction can be prevented.

[0059] Note that second piezoelectric body 203 may be
formed of an organic piezoelectric material other than PVDF
(e.g. urea resin). In addition, second piezoelectric body 203
may have a single layer structure composed only of a
piezoelectric material. Alternatively, in the case where thick-
ening is performed by applying a piezoelectric material
multiple times, second piezoelectric body 203 may have a
lamination structure in which a metal or non-metal thin film
layer is sandwiched by the piezoelectric material.

[0060] Substrate 101 is an Si substrate, for example.
Substrate 101 includes thin film part 101e in a portion
corresponding to first piezoelectric element part P1. Thin
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film part 101« is formed by etching the region corresponding
to first piezoelectric element part P1 in a recessed shape on
the rear side (the side opposite to the side on which first
piezoelectric element part P1 is formed) of substrate 101. On
the other hand, the portion corresponding to second piezo-
electric element part P2 of substrate 101 is not etched, and
is thicker than thin film part 101a (thick film part 1015).

[0061] That is, first pMUT 100-1 has a diaphragm struc-
ture composed of first piezoelectric element part P1 and thin
film part 101a. With voltage application, first pMUT 100-1
vibrates in a deflection vibration mode, and emits ultrasound
waves. Here, the diaphragm is a structure that induces,
within the frequency band (the band width of -40 dB) of the
transmission/reception sensitivity, the deflection mode reso-
nance of the vibration plate whose end portion is held.
Deflection of the vibration plate is displacement of the
vibration plate in the vertical direction (thickness direction)
that is caused by expansion and contraction of the piezo-
electric body (here, first pMUT 100-1) in the longitudinal
direction of the vibration plate (here, thin film part 101a).

[0062] Preferably, first pMUT 100-1 has one or more
resonance points in the frequency band. With such a con-
figuration, a large transmission sensitivity can be obtained at
or near the resonance point. Further, since the transmission
sensitivity property is the ultrasound wave intensity (sound
pressure level) and is proportional to the product of the
transducer displacement and the frequency, the transmission
sensitivity property does not sharply attenuate on the high
frequency side of the resonance frequency, and thus the band
width can be widened even with the resonance point.

[0063] Note that the diaphragm structure of first pMUT
100-1 is designed such that the effective acoustic impedance
matches the acoustic impedance of a living body. With such
a configuration, ultrasound waves can efficiently propagate
inside of a living body. Specifically, it suffices that the
rigidity of the diaphragm structure is optimized. More
preferably, in accordance with the resonance frequency, the
transmission performance (transmission sensitivity, fre-
quency band) and the like, the material of substrate 101, the
thickness of thin film part 101a, the thickness of first
piezoelectric body 103, the cell region of first pMUT 100-1
and the like are appropriately optimized.

[0064] Second pMUT 200-1 has a non-diaphragm struc-
ture composed of second piezoelectric element part P2 and
thick film part 1015. Second pMUT 200-1 generates a
voltage when receiving ultrasound waves and deforming in
the thickness direction.

[0065] Since second pMUT 200-1 has a non-diaphragm
structure and formation of a recess in substrate 101 is
unnecessary, second pMUT 200-1 can be formed in the same
radiation plane without reducing the density of first pMUT
100-1.

[0066] Preferably, second pMUT 200-1 does not have the
resonance point in the frequency band. With such a con-
figuration, wide reception band width can be obtained. One
reason for this is that, when there is a resonance point, abrupt
attenuation occurs on the higher frequency side of the
resonance frequency, resulting in a narrowband since the
reception sensitivity property is the voltage signal and is
proportional to the displacement of the transducer.

[0067] While second pMUT 200-1 need not have a dia-
phragm structure since the PVDF that is the organic piezo-
electric film is close to the living body acoustic impedance,
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thick film part 1015 may be slightly etched as long as no
deflection mode resonance is present in the frequency band.
[0068] Connecting part 22C is interposed between elec-
tronic circuit substrate 22A and piezoelectric element sub-
strate 22B so as to physically and electrically connect
electronic circuit substrate 22A and piezoelectric element
substrate 22B. With this configuration, electronic circuit
substrate 22A and piezoelectric element substrate 22B can
be appropriately manufactured by respective manufacturing
methods.

[0069] Preferably, connecting part 22C is formed with an
anisotropic conductive film (ACF), for example. Specifi-
cally, by sandwiching an ACF composed of a film-shaped
insulation resin material in which minute conductive par-
ticles are dispersed between electronic circuit substrate 22A
and piezoelectric element substrate 22B and by applying
heat and pressure thereto, the substrates can be bonded
together. With this configuration, the connection electrodes
(bumps) of electronic circuit substrate 22A and piezoelectric
element substrate 22B can be brought into conduction
through the conductive particles, and the conduction por-
tions can be more surely insulated with the insulation resin
material. In addition, it is possible to suppress reduction in
performance that 1s caused when electronic circuit substrate
22A and piezoelectric element substrate 22B are bonded to
each other.

[0070] Note that electronic circuit substrate 22A and
piezoelectric element substrate 22B may be joined together
by other methods. For example, it is possible to employ
bonding using a conductive adhesive agent and metal-coated
spherical glass, diffusion bonding (thermo-compression
bonding), eutectic bonding, or welding.

[0071] As described above, ultrasound probe 20-1 accord-
ing to the first embodiment is an ultrasound probe including
pMUT array 22-1 in which a plurality of pMUTs 100-1 and
200-1 are arranged, and pMUTs 100-1 and 200-1 include
first pMUT 100-1 for vltrasound transmission and second
pMUT 200-1 for ultrasound wave reception having a struc-
ture differing from that of first pMUT 100-1. The cell
regions of first pMUT 100-1 and second pMUT 200-1 are
separated in the ultrasound wave radiation plane.

[0072] In addition, first pMUT 100-1 has a configuration
in which first lower electrode 102, first piezoelectric body
103 and first upper electrode 104 are sequentially stacked on
substrate 101, and second pMUT 200-1 has a configuration
in which second lower electrode 202, second piezoelectric
body 203 and second upper electrode 204 are sequentially
stacked on substrate 101. First piezoelectric body 103 and
second piezoelectric body 203 are formed of different mate-
rials.

[0073] Specifically, first piezoelectric body 103 is formed
of an inorganic piezoelectric material (e.g. PZT) suitable for
ultrasound transmission, and second piezoelectric body 203
is formed of an organic piezoelectric material (e.g. PVDF)
suitable for ultrasound wave reception.

[0074] Since first pMUT 100-1 for ultrasound transmis-
sion and second pMUT 200-1 for ultrasound wave reception
are separately arranged in the ultrasound wave radiation
surface by means of MEMS in ultrasound probe 20-1, an
ultrasound probe having high transmission/reception sensi-
tivity and wide frequency band can be achieved. In addition,
with ultrasound diagnostic apparatus 1 provided with ultra-
sound probe 20-1, a high-quality ultrasound image can be
obtained.
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Second Embodiment

[0075] FIG. 6 is a sectional view illustrating a configura-
tion of pMUT array 22 according to a second embodiment.
In the following description, ultrasound probe 20 according
to the second embodiment is referred to as “ultrasound probe
20-2”, pMUT array 22 is referred to as “pMUT array 22-2”,
first pMUT 100 is referred to as “first pMUT 100-2”, and
second pMUT 200 is referred to as “second pMUT 200-2”.
In addition, the components having functions substantially
identical to those of the first embodiment are denoted with
the same reference numerals, and the description thereof is
omitted.

[0076] As illustrated in FIG. 6, pMUT array 22-2 accord-
ing to the second embodiment includes electronic circuit
substrate 22A, and first piezoelectric element part P1 and
second piezoelectric element part P2 are formed on elec-
tronic circuit substrate 22A with insulation layer 120 ther-
ebetween.

[0077] Electronic circuit substrate 22A performs the con-
trol and the reception control of piezoelectric element parts
P1 and P2 of first pMUT 100-2 and second pMUT 200-2.
Electronic circuit substrate 22A is a CMOS substrate in
which transmitting circuit 112, receiving circuit 113 and
wiring layer 114 are formed on substrate 111, for example.
[0078] First piezoelectric element part P1 includes first
lower electrode 102, first piezoelectric body 103 and first
upper electrode 104 sequentially stacked on insulation layer
120. First piezoelectric element part P1 has a unimorph
structure in which first piezoelectric body 103 is sandwiched
between lower electrode 102 and upper electrode 104.
[0079] Lower electrode 102 is electrically connected with
connection electrode 115 of electronic circuit substrate 22A
through the through electrode 105 provided in insulation
layer 120, and is electrically connected with transmitting
circuit 112 through wiring layer 114.

[0080] Upper electrode 104 is connected with common
electrode (GND) 116 of electronic circuit substrate 22A
through the through electrode 106 provided in insulation
layer 120.

[0081] Second piezoelectric element part P2 includes sec-
ond lower electrode 202, second piezoelectric body 203 and
second upper electrode 204 sequentially stacked on insula-
tion layer substrate 120. As with first piezoelectric element
part P2, second piezoelectric element part P2 has a unimorph
structure in which second piezoelectric body 203 is sand-
wiched between lower electrode 202 and upper electrode
204.

[0082] Lower electrode 202 is electrically connected with
connection electrode 117 of electronic circuit substrate 22A
through the through electrode 205 provided in insulation
layer 120, and is electrically connected with receiving circuit
113 through wiring layer 114.

[0083] Upper electrode 204 is connected with common
electrode (GND) 118 of electronic circuit substrate 22A
through the through electrode 206 provided in insulation
layer 120.

[0084] Substrate 111 of electronic circuit substrate 22A is
an Si substrate, for example. Substrate 111 includes thin film
part 111a in a portion corresponding to first piezoelectric
element part P1. Thin film part 111« is formed by etching the
region corresponding to first piezoelectric element part P1 in
a recessed shape on the rear surface side (the side opposite
to the side on which first piezoelectric element part P1 is
formed) of substrate 111. On the other hand, a portion
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corresponding to second piezoelectric element part P2 of
substrate 111 is not etched, and is thicker than thin film part
111a (thick film part 1115).

[0085] That is, first pMUT 100-2 has a diaphragm struc-
ture conposed of first piezoelectric element part P1 and thin
film part 111a. With voltage application, first pMUT 100-2
vibrates in a deflection vibration mode and emits ultrasound
waves. Note that, in electronic circuit substrate 22A, wiring
layer 14 and the like formed on substrate 111 are signifi-
cantly thinner than substrate 111. That is, the thickness of
electronic circuit substrate 22A depends on substrate 111.
Accordingly, first pMUT 100-2 in which thin film part 111a
is formed can be regarded as a diaphragm structure.

[0086] On the other hand, second pMUT 200-2 has a
non-diaphragm structure composed of second piezoelectric
element part P2 and thick film part 1115. Second pMUT
200-1 generates a voltage when receiving ultrasound waves
and deforming in the thickness direction.

[0087] Since second pMUT 200-2 has a non-diaphragm
structure and it is not unnecessary to form a recess in
substrate 101, second pMUT 200-2 can be formed in the
same radiation plane without reducing the density of first
pMUT 100-2.

[0088] Insulation layer 120 is formed of SiO,. porous
silicon or the like, for example. Insulation layer 120 may
have a single layer structure or a multi-layer structure. The
thickness of insulation layer 120 is 3 pm or greater, for
example.

[0089] By forming first piezoelectric element part P1 and
second piezoelectric element part P2 on electronic circuit
substrate 22A with insulation layer 120 therebetween, the
insulation property between through electrodes 105, 106,
205 and 206 can be ensured, and the parasitic capacitance of
electronic circuit substrate 22A can be canceled.

[0090] The manufacturing method of pMUT array 22-2
includes a first step of forming insulation layer 120 on
electronic circuit substrate 22A and a second step of forming
first piezoelectric element part P1 and second piezoelectric
element part P2 by means of MEMS. While, in the second
step, electronic circuit substrate 22A might be degraded due
to the heat of film formation of first piezoelectric element
part P1 and second piezoelectric element part P2, such
degradation of electronic circuit substrate 22A can be pre-
vented since insulation layer 120 functions as a heat insu-
lating layer.

[0091] As described above, ultrasound probe 20-2 accord-
ing to the second embodiment is an ultrasound probe includ-
ing pMUT array 22-2 in which a plurality of pMUTs 100-2
and 200-2 are arranged, and pMUTs 100-2 and 200-2
include first pMUT 100-2 for ultrasound transmission and
second pMUT 200-2 for ultrasound wave reception having
a structure differing from that of first pMUT 100-2. The cell
regions of first pMUT 100-2 and second pMUT 200-2 are
separated in the ultrasound wave radiation plane.

[0092] In addition, first pMUT 100-2 has a structure in
which first lower electrode 102, first piezoelectric body 103
and first upper electrode 104 are sequentially stacked on
electronic circuit substrate 22A, and second pMUT 200-2
has a structure in which second lower electrode 202, second
piezoelectric body 203 and second upper electrode 204 are
sequentially stacked on electronic circuit substrate 22A.
First piezoelectric body 103 and second piezoelectric body
203 are formed on different materials.
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[0093] Specifically, first piezoelectric body 103 is formed
of an inorganic piezoelectric material (e.g. PZT) suitable for
ultrasound transmission, and second piezoelectric body 203
is formed of an organic piezoelectric material (e.g. PVDF)
suitable for ultrasound wave reception.
[0094] Since first pMUT 100-2 for ultrasound transmis-
sion and second pMUT 200-2 for ultrasound wave reception
are separately arranged in the ultrasound wave radiation
surface in ultrasound probe 20-2, it is possible to provide an
ultrasound probe with high transmission/reception sensitiv-
ity and wide frequency band. In addition, with ultrasound
diagnostic apparatus 1 provided with ultrasound probe 20-2,
a high-quality ultrasound image can be obtained.
[0095] While the invention made by the present inventor
has been specifically described based on the preferred
embodiments, it is not intended to limit the present invention
to the above-mentioned preferred embodiments but the
present invention may be further modified within the scope
and spirit of the invention defined by the appended claims.
[0096] For example, as long as the cell regions of first
pMUT 100 and second pMUT 200 are separated in the
ultrasound wave radiation plane, second piezoelectric body
203 and/or second upper electrode 204 may be extended to
the upper side (ultrasound wave radiation side) of first
piezoelectric element part P1. For example, first upper
electrode 104 and second upper electrode 204 may be
provided as common members to cover the entire surfaces of
first pMUT 100 and second pMUT 200.
[0097] For example, upper electrodes 104 and 204 operate
as a common electrode, mainly a GND, in acoustic trans-
mission and reception, but preferably are separated from
GND as polarizing electrodes of piezoelectric bodies 103
and 203. Before the process, they are used as polarizing
electrodes in a divided state, and after the polarization
process, they are electrically connected with GND so as to
be used as probes. In addition, with a configuration allowing
for connection and separation in a programmable manner,
polarization control of a manufactured product can be
achieved.
[0098] Although embodiments of the present invention
have been described and illustrated in detail, the disclosed
embodiments are made for purpose of illustration and
example only and not limitation. The scope of the present
invention should be interpreted by terms of the appended
claims.
What is claimed is:
1. An ultrasound probe comprising a pMUT array in
which a plurality of pMUTs are arranged, wherein:
the plurality of pMUTs include a plurality of first pMUTs
for ultrasound transmission, and a plurality of second
pMUTs for ultrasound wave reception, each second
pMUT having a structure different from that of each
first pMUT; and
a cell region of each first pMUT and a cell region of each
second pMUT are separated from each other in an
ultrasound wave radiation plane.
2. The ultrasound probe according to claim 1, wherein:
each first pMUT has a structure in which a first lower
electrode, a first piezoelectric body and a first upper
electrode are sequentially stacked on a substrate;
each second pMUT has a structure in which a second
lower electrode, a second piezoelectric body and a
second upper electrode are sequentially stacked on the
substrate; and
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the first piezoelectric body and the second piezoelectric
body are formed of respective materials different from
each other.

3. The ultrasound probe according to claim 2, wherein the
first piezoelectric body is formed of an inorganic piezoelec-
tric material.

4. The ultrasound probe according to claim 3, wherein the
inorganic piezoelectric material is lead zirconate titanate
(PZT).

5. The ultrasound probe according to claim 2, wherein the
second piezoelectric body is formed of an organic piezo-
electric material.

6. The ultrasound probe according to claim 5, wherein the
organic piezoelectric material is polyvinylidene fluoride
(PVDF) resin.

7. The ultrasound probe according to claim 1, wherein
thickness t of the second piezoelectric body is t<V/4F, .,
where F, . represents a maximum frequency in an ultra-
sound wave frequency band that is used, and V represents a
sound velocity in the second piezoelectric body.

8. The ultrasound probe according to claim 1, wherein:

each first pMUT has at least one resonance point in a

frequency band; and

each second pMUT does not have a resonance point in a

frequency band.

9. The ultrasound probe according to claim 1, wherein
each first pMUT has a diaphragm structure and transmits
ultrasound waves by a deflection vibration mode.

10. The ultrasound probe according to claim 1, wherein
each second pMUT has a non-diaphragm structure and
receives ultrasound waves by a thickness vibration mode.

11. The ultrasound probe according to claim 1, wherein a
center-to-center distance L of cells of the first pMUT and the
second pMUT adjacent to each other is L=Ac/2, where Ac
represents a wavelength in a living body (representative
sound velocity: 1530 m/sec) with respect to a center fre-
quency Fc of an ultrasound wave frequency band that is
used.

12. The ultrasound probe according to claim 1, wherein:

the plurality of pMUTs are divided into a plurality of

channels; and

a number of the plurality of first pMUTs and a number of

the plurality of second pMUTs in each channel are
different from each other.

13. The ultrasound probe according to claim 1, wherein
the pMUT array includes:

an electronic circuit substrate configured to drive and

control a piezoelectric element of each first pMUT and
a piezoelectric element of each second pMUT;

a piezoelectric element substrate in which the piezoelec-

tric elements are formed on one substrate; and

a connector interposed between the electronic circuit

substrate and the piezoelectric element substrate,
wherein the electronic circuit substrate and the piezoelec-

tric element substrate are physically and electrically

connected with each other by the connector.

14. The ultrasound probe according to claim 1, wherein:
the pMUT array includes an electronic circuit substrate
configured to drive and control a piezoelectric element of
each first pMUT and a piezoelectric element of each second
pMUT;
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the piezoelectric elements are formed on the electronic
circuit substrate with an insulation layer interposed
between the piezoelectric elements and the electronic
circuit substrate; and

the electronic circuit substrate and the piezoelectric ele-
ment are electrically connected with each other by a
through electrode provided in the insulation layer.

15. An ultrasound diagnostic apparatus comptising:

the ultrasound probe according to claim 1; and

an ultrasound diagnostic apparatus main body to which
the ultrasound probe is connected, the ultrasound diag-
nostic apparatus main body being configured to gener-
ate an ultrasound image based on an ultrasound signal
from the ultrasound probe.
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