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UNIMORPH-TYPE ULTRASOUND PROBE
AND METHOD FOR MANUFACTURING THE
SAME

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application is a Continuation of PCT Interna-
tional Application No. PCT/JP2013/081763 filed on Nov. 26,
2013, which claims priority under 35 U.S.C. §119(a) to Japa-
nese Application No. 2012-282778 filed on Dec. 26, 2012.
Each of the above application(s) is hereby expressly incorpo-
rated by reference, in its entirety, into the present application.

BACKGROUND OF THE INVENTION

[0002] The present invention relates to a unimorph-type
ultrasound probe and a method for manufacturing the same.
Particularly, the present invention relates to a unimorph-type
probe, which is prepared by a micromachining technique, and
a method for manufacturing the same.

[0003] Conventionally, in the medical field, an ultrasound
diagnostic apparatus using ultrasound images has been put to
practical use. Generally, in this type of ultrasound diagnostic
apparatus, an ultrasonic beam is transmitted toward the inside
of a subject from an ultrasound probe, ultrasonic echo from
the subject is received by the ultrasound probe, and the
received signal is electrically processed, thereby generating
an ultrasound image.

[0004] As the ultrasound probe, a transducer using a bulk
piezoelectric substance has been used. However, in recent
years, for example, as disclosed in JP 4043790 B and JP
2008-535643 A, a unimorph-type probe prepared by a micro-
machining technique has drawn attention because a micro-
sized array transducer can be easily manufactured.

[0005] The unimorph-type probe is also referred to as a
so-called pMUT (Piezoelectric Micromachined Ultrasound
Transducer) and has a piezoelectric element which is formed
by laminating a lower electrode layer, a piezoelectric sub-
stance layer, and an upper electrode layer in this order on a
vibration plate formed by partially machining a substrate
formed of silicon or the like.

[0006] In order to generate a high-accuracy ultrasound
image by applying the ultrasound probe to ultrasound diag-
nosis, the piezoelectric element needs to be driven at a high
speed ina MHz band. However, ifthe piezoelectric element is
driven at such a high speed, stress that is exerted between the
respective layers, which are laminated on each other and
come into close contact with each other, becomes significant.
Furthermore, if the ultrasound probe is used over a long
period of time, the layers adjacent to each other may be peeled
from each other. If the layers are peeled from each other, it is
difficult for the ultrasound probe to perform its function.
When the sound pressure generated is relatively low, the
peeling of layers from each other is not a problem because the
workload of the piezoelectric element is small. However,
particularly when a high pressure sound is generated, the
peeling markedly occurs because the workload of the piezo-
electric element is increased.

[0007] An acoustic impedance of the unimorph-type probe
is generally about 4x10% kg/m?s to about 10x10° kg/m’s
which is much lower than the acoustic impedance of the
conventional probe using a bulk piezoelectric substance
formed of an inorganic material. However, the acoustic
impedance is higher than the acoustic impedance of a living

Oct. 15, 2015

body as a subject of an ultrasound diagnosis, which is about
1.5x10° kg/m?s. Accordingly, if the unimorph-type probe is
used as is to make an ultrasound diagnosis, transmittance of
an ultrasonic beam transmitted to the living body is reduced.
Particularly, although the unimorph-type probe is suited for
being prepared by microfabrication, it cannot easily realize a
high sound pressure and high reception sensitivity. Moreover,
the reduction in the transmittance of the ultrasonic beam
resulting from the mismatching of the acoustic impedance
causes a significant problem in making a highly accurate
ultrasound diagnosis.

[0008] As described above, hitherto, nothing has been
known regarding how the structure of the unimorph-type
probe should be designed considering the application thereof
to the ultrasound diagnosis, and thus a solution to the problem
is required.

SUMMARY OF THE INVENTION

[0009] The present invention has been made to solve the
aforementioned conventional problems, and an object thereof
is to provide a unimorph-type ultrasound probe, which makes
it possible to make an excellently reliable ultrasound diagno-
sis with high accuracy over a long period of time, and a
method for manufacturing the unimorph-type ultrasound
probe.

[0010] A unimorph-type ultrasound probe according to the
present invention comprises a substrate in which a plurality of
openings each having a predetermined shape is formed, a
plurality of vibration plates formed on the substrate so as to
close one end of each of the plurality of openings, a plurality
of piezoelectric element portions which is formed on a sur-
face of the plurality of vibration plates and each has a piezo-
electric substance layer and a pair of electrode layers formed
on both surfaces of the piezoelectric substance layer, and a
covering layer which is disposed on a surface of the substrate
such that the plurality of piezoelectric element portions is
embedded in the covering layer, and is formed of an organic
resin having an acoustic impedance of 1.5x10° kg/m’s to
4x10°kg/m?s and a Shore A hardness of equal to or less than
75.

[0011] According to the present invention, a covering layer
formed of an organic resin having an acoustic impedance of
1.5x10° kg/m’s to 4x10° kg/m’s and a Shore A hardness
equal to or less than 75 is disposed on a surface of a substrate
such that a plurality of piezoelectric element portions is
embedded in the covering layer. Consequently, each of the
piezoelectric element portions is protected by the covering
layer, and transmittance of an ultrasonic beam transmitted to
a living body is improved.

[0012] As a result, even when the present invention is
applied to an ultrasound diagnosis for a living body in which
a high sound pressure is required, a highly accurate ultra-
sound diagnosis can be made over a long period time with
excellent reliability.

BRIEF DESCRIPTION OF THE DRAWINGS

[0013] FIG. 1is a plan view showing the constitution of a
unimorph-type ultrasound probe according to an embodi-
ment of the present invention.

[0014] FIG. 2 is a plan view showing the unimorph-type
ultrasound probe according to the embodiment from which a
covering layer has been removed.
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[0015] FIG. 3 is a cross-sectional view showing main por-
tions of the unimorph-type ultrasound probe according to the
embodiment.

[0016] FIG. 4 is a partially enlarged plan view of the uni-
morph-type ultrasound probe according to the embodiment
that shows two piezoeletric element regions adjacent to each
other and a lead electrode connected to the piezoelectric
element regions.

[0017] FIGS.5A to 5] are cross-sectional views showing a
method for manufacturing a unimorph-type ultrasound probe
according to an embodiment of the present invention in order
of steps.

[0018] FIG. 6 is a plan view showing a state in which the
unimorph-type ultrasound probe according to the embodi-
ment is mounted on FPC.

[0019] FIG. 7 is a graph showing a relationship between a
thickness of a piezoelectric substance layer and a transmis-
sion sound pressure that is established when the diameter of
openings of a substrate is varied.

[0020] FIGS.8A and 8B show waveforms of residual vibra-
tion of organic resin materials. FIG. 8A shows a waveform of
an organic resin material having a Shore A hardness of equal
to or greater than 100, and FIG. 8B shows a waveform of an
organic resin material having a Shore A hardness of 62.
[0021] FIG.9isa graph showing a relationship between the
Shore A hardness of an organic resin material and the wave
number of residual vibration thereof.

[0022] FIG. 10 is a graph showing a relationship between a
frequency of the unimorph-type ultrasound probe according
to the embodiment and the sensitivity thereof.

[0023] FIG. 11 is a photograph showing an ultrasound
image captured by using the unimorph-type ultrasound probe
according to the embodiment.

DETAILED DESCRIPTION OF THE INVENTION

[0024] Hereinafter, embodiments of the present invention
will be described based on the attached drawings.

[0025] FIG. 1 shows the constitution of a unimorph-type
ultrasound probe according to an embodiment of the present
invention.

[0026] In the unimorph-type ultrasound probe, a plurality
of piezoelectric element regions 2 is formed on a surface of a
substrate 1. Each of the piezoelectric element regions 2
extends in the form of a strip in an elevation (EL) direction,
and is arranged at a small interval in an azimuth (AZ) direc-
tion. In each of the piezoelectric element regions 2, a plurality
of minute piezoelectric element portions is formed and
arranged. Furthermore, each of the piezoelectric element
regions 2 is connected to a corresponding lead-out electrode
3 in the elevation direction. The lead-out electrodes 3 alter-
nately extend in any one of a pair of lateral edges 1a and 15 of
the substrate 1 so as to ensure an arrangement pitch therebe-
tween.

[0027] Moreover, a covering layer 4 is disposed on the
substrate 1 so as to cover all of the piezoelectric element
regions 2.

[0028] FIG. 2 showing the state in which the covering layer
4 has been removed clearly shows the plurality of piezoelec-
tric element regions 2 each of which extends in the elevation
direction. The piezoelectric element regions 2 are arranged in
an azimuth direction with a pitch P1 of 250 pm, for example.
[0029] As shown in FIG. 3, each of the plurality of minute
piezoelectric element portions 5 arranged in the piezoelectric
element regions 2 has a lower electrode layer 6 that is formed
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on a surface 1c of the substrate 1, a piezoelectric substance
layer 7 having a thickness T1 that is formed on the lower
electrode layer 6, and a upper electrode layer 8 that is formed
on the piezoelectric substance layer 7. The piezoelectric sub-
stance layer 7 has a regular hexagonal plane shape, and the
upper electrode layer 8 is formed to be the same regular
hexagonal shape as the piezoelectric substance layer 7.
[0030] As shown in FIG. 4, the piezoelectric element por-
tions 5 are disposed so as to have a close-packed structure. In
the close-packed structure, the piezoelectric element portions
5 are arranged in the form of straight lines at a predetermined
pitch P2 in the elevation direction of the probe to form a
plurality of lines, and they deviate from each other in the
elevation direction by deviation amount AP=P2/2 that is /4 of
the pitch P2 in each of the lines. In addition, the upper elec-
trode layers 8 of the piezoelectric element portions 5 formed
in the same piezoelectric element region 2 are connected to
each other and connected to the corresponding lead-out elec-
trode 3. Herein, the lower electrode layers 6 of the piezoelec-
tric element portions 5 formed and arranged in all of the
piezoelectric element regions 2 are united as one by being
connected to each other and thus form one sheet of an elec-
trode layer on the surface 1c¢ of the substrate 1.

[0031] That is, the piezoelectric substance layers 7 are
separated for every piezoelectric element portions 5, the
upper electrode layers 8 are united as one by being connected
to each other in the same piezoelectric element region 2 and
connected to the lead-out electrode 3, and the lower electrode
layer 6 is common to all of the piezoelectric element portions
5 of all of the piezoelectric element regions 2.

[0032] As shown in FIG. 3, on the side of a rear surface 14
of the substrate 1 corresponding to the arrangement positions
of the respective piezoelectric element portions 5, openings 9
are formed. Due to the formation of the openings 9, the
substrate 1 becomes thin, and vibration plates 10 having a
thickness T2 are formed on the side of the surface 1c of the
substrate 1 so as to close one end of the openings 9. Each of
the piezoelectric element portions 5 is arranged on the corre-
sponding vibration plate 10.

[0033] Each of the openings 9 has a shape similar to the
shape of the piezoelectric substance layer 7 of the corre-
sponding piezoelectric element portion 5, and has a regular
hexagonal plane shape that is the same as or larger than the
plane shape of the piezoelectric substance layer 7. That is,
provided that the average of a diameter of an inscribed circle
of the regular hexagon and a diameter of a circumscribed
circle of the regular hexagon s called a diameter of the regular
hexagon, a diameter D2 of the opening 9 is equal to or greater
than a diameter D1 of the piezoelectric substance layer 7 of
the piezoelectric element portion 5, and the piezoelectric
substance layer 7 is formed on a surface of the vibration plate
10 so as not to extend beyond the peripheral edge of the
vibration plates 10. If such a constitution is adopted, the
vibration plate 10 can easily vibrate along with the vibration
generated in the piezoelectric element portions 5, and it is
possibletoincrease sound pressure by efficiently transmitting
ultrasonic waves. Herein, in the probe shown in FIG. 3, the
diameter D2 of the opening 9 is set to be greater than the
diameter D1 of the piezoelectric substance layer 7.

[0034] All of the piezoelectric element portions 5 formed
on the substrate 1 are covered with the covering layer 4. The
covering layer 4 is filled up to the lateral surface portion of
each of the piezoelectric substance layers 7 such that each of
the piezoelectric element portions 5 is embedded in the cov-
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ering layer 4. The covering layer 4 is formed of an organic
resin having an acoustic impedance of 1.5x10° kg/m?s to
4x10%kg/ms (1.5 Mrayl to 4 Mrayl) and a Shore A hardness
of equal to or less than 75. The covering layer 4 has a thick-
ness that satisfies a sound matching condition, that is, a 14
wavelength condition at the frequency used by the unimorph-
type ultrasound probe.

[0035] Each of the piezoelectric element portions 5 is pro-
tected by being embedded in the covering layer 4. Accord-
ingly, even though the unimorph-type ultrasound probe is
driven at a high speed for a long period time in a MHz band
suited for an ultrasound diagnosis, the layers in the piezoelec-
tric element portion 5 are previously prevented from being
peeled from each other, and a highly reliable ultrasound diag-
nosis can be made.

[0036] Furthermore, the covering layer 4 has an acoustic
impedance of 1.5x10° kg/m?s to 4x10° kg/m?s which is close
to an acoustic impedance of a living body which may be the
subject of the ultrasound diagnosis. Accordingly, itis possible
to inhibit the reduction in the transmittance of the ultrasonic
beam transmitted to the living body and to obtain a high-
accuracy ultrasound diagnostic image.

[0037] For example, the unimorph-type ultrasound probe
according to the present embodiment can be manufactured as
below.

[0038] First, as shown in FIG. 5A, an SOI substrate 14 is
prepared in which a monocrystalline Si layer 13 having a
thickness of several pm is formed on a Si base material 11
having a thickness of about 500 um and formed of monoc-
rystalline Si via a thermally oxidized SiO, film 12 having a
thickness of 1 um to 2 um that is to be an insulating layer.

[0039] Then, as shown in FIG. 5B, for the purpose of pre-
venting diffusion of Pb to the Si base material 11 and the
monocrystalline Si layer 13 or the like, on both surfaces of the
SOI substrate 14, thermally oxidized SiO, films 15 and 16
each having a thickness of about 0.3 pm are formed.

[0040] Thereafter, as shown in FIG. 5C, on the thermally
oxidized SiO, film 16, an electrode layer 17, which is formed
of Ti having a thickness of 30 nm and Pt having a thickness of
150 nm, is formed by a sputtering method. On the electrode
layer 17, a PZT film 18 having a thickness of 1 pm to 10 pm
is formed by a sputtering method. Furthermore, on the PZT
film 18, an electrode layer 19, which is formed of Ti having a
thickness of 30 nm and Pt having a thickness of 150 nm, is
formed by a sputtering method.

[0041] As shown in FIG. 8D, a resist is applied onto the
electrode layer 19 as an uppermost layer, cured, exposed to
light through a UV mask, and then developed. In this way, an
upper mask 20 is formed which corresponds to the upper
electrode layer 8 of the piezoelectric element portion 5 that is
to be prepared from now on.

[0042] Moreover, as shown in FIG. 5E, by means of reac-
tiveion etching, the electrode layer 19 in the portions exposed
through the upper mask 20 is removed. In addition, as shown
in FIG. 5F, the PZT film 18 in the portions exposed through
the upper mask 20 is removed by etching.

[0043] Subsequently, as shown in FIG. 5G, the upper mask
20 is removed by using a remover, and a resist is applied onto
the bottom surface of the thermally oxidized SiO, film 15 as
the lowermost layer, cured, exposed to light through a UV
mask, and then developed. In this way, a rear surface mask 21
is formed which corresponds to the openings 9 of the sub-
strate 1 that is to be prepared from now on.
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[0044] Next, as shown in FIG. 5H, by means of reactive ion
etching, the thermally oxidized SiO, film 15 in the portions
exposed through the rear surface mask 21 is removed. In
addition, as shown in FIG. 51, the Si base material 11 of the
SOI substrate 14 in portions exposed through the rear surface
mask 21 is removed by deep dry etching. At this time, the
thermally oxidized SiO, film 12 of the SOI substrate 14 func-
tions as an etch-stop layer, and the Si base material 11 is
hollowed out in a shape formed by the rear surface mask 21
such that the thermally oxidized SiO, film 12 is exposed.
Thereafter, as shown in FIG. 5], the rear surface mask 21 is
removed by using a remover.

[0045] The substrate 1 is formed of the Si base material 11,
the thermally oxidized SiO, film 12, and the monocrystalline
Si layer 13, and the vibration plate 10 is formed of the ther-
mally oxidized SiO, film 12 and the monocrystalline Silayer
13. Furthermore, the lower electrode layer 6 is formed of the
electrode layer 17, the piezoelectric substance layer 7 is
formed of the PZT film 18, and the upper electrode layer 8 is
formed of the electrode layer 19.

[0046] In this way, a probe without the covering layer 4 is
prepared as shown in FIG. 2. Furthermore, as shown in FIG.
6, such a probe is mounted on a FPC (flexible printed circuit)
22 or the like, each of the plurality of lead-out electrodes 3 is
connected to a corresponding wiring pattern 23 of the FPC 22,
and the lower electrode layer 6 common to all of the piezo-
electric element portions 5 is connected to a ground pattern 24
ofthe FPC 22. The connection can be performed by using Ag
paste, wire bonding, low-temperature soldering, and the like.
[0047] Thereafter, the covering layer 4 is formed on the
substrate 1 by means of coating so as to cover all of the
piezoelectric element regions 2, and in this way, the manu-
facturing process of the unimorph-type ultrasound probe
ends.

[0048] Through experiments, it was known that in order to
generate a high-accuracy ultrasound image, a transmission
sound pressure equal to or greater than approximately 50 kPa
is generally required.

[0049] Therefore, first, the diameter D2 of the opening 9 of
the substrate 1 and the thickness T1 of the piezoelectric sub-
stance layer 7 were variously combined, and for each of the
combinations, the values of the transmission sound pressure,
which were obtained by varying the thickness T2 of the vibra-
tion plate 10, were measured. As a result, it was found that
regardless of the value of the diameter D2 of the opening 9
and the value of the thickness T1 of the piezoelectric sub-
stance layer 7, the transmission sound pressure is maximized
when a ratio of the thickness T2 of the vibration plate 10 to the
thickness T1 of the piezoelectric substance layer 7 is 0.8 to
1.2, and the transmission sound pressure decreases from the
maximum value even if the ratio is less than 0.8 or greater than
1.2.

[0050] Then, the ratio of the thickness T1 of the piezoelec-
tric substance layer 7 to the thickness T2 of the vibration plate
10 was kept at 1:0.8 to 1:1.2, and by FEM (finite element
method) simulation, relationships between the thickness T1
of the piezoelectric substance layer 7 and the transmission
sound pressure, that were established when the diameter D2
of the opening 9 of the substrate 1 was variously varied within
a range of 40 um to 100 um, were measured. As a result, the
results shown in FIG. 7 were obtained. Herein, the ordinate in
FIG. 7 represents values of standardized transmission sound
pressure. For example, a standardized value of 500 to 600
corresponds to sound pressure of about 100 kPa.
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[0051] From FIG. 7, it is understood that the greater the
diameter D2 of the opening 9, the greater the thickness T1 of
the piezoelectric substance layer 7 showing a peak value of
the transmission sound pressure. For example, the transmis-
sion sound pressure in a case in which the diameter D2 of the
opening 9 is equal to 50 pm reaches the peak value when the
thickness T1 of the piezoelectric substance layer 7 is equal to
about 4 um, and the transmission sound pressure in a case in
which the diameter D2 of the opening 9 is equal to 80 pm
reaches the peak value when the thickness T1 of the piezo-
electric substance layer 7 is equal to about 9 pum.

[0052] Itisalso understood that the peak value of the trans-
mission sound pressure relating to the diameter D2 of each of
the openings 9 is maximized when the diameter D2 of the
opening 9 is equal to 50 um, and even if the diameter D2
becomes smaller or greater than 50 pm, the peak value is
gradually reduced. For example, the transmission sound pres-
sure in a case in which the diameter D2 of the opening 9 is
equal to 50 pm has a peak greater than the standard value of
500, and when the diameter D2 of the opening 9 becomes
equal to 100 um, a peak of a standard value of approximately
200 is merely obtained.

[0053] As a result of investigating a relationship between
the standard value of the transmission sound pressure shown
in the ordinate in FIG. 7 and a level of performance of the
probe through experiments, it was found that, as shown in the
following Table 1, the probe can be classified by evaluation
into 5 levels from level AA to level D according to the stan-
dard value of the transmission sound pressure.

TABLE 1
Transmission
sound pressure
Evaluation (standard value)  Description

AA Equal to or High level of performance for being used as
greater than 400 probe of ultrascund diagnostic apparatus

A Equal to or Level for being put to practical use as
greater than 300 probe of ultrascund diagnostic apparatus
and less than 400

B Fqual to or Level for being able to be put to practical
greater than 200 use as probe for capturing simple

and less than 300  ultrasound image

C Fqual to or Level for being able to be put to practical
greater than 100 use as probe for sensing
and less than 200

D Less than 100 Equal to or lower than level for being put
to practical use
[0054] That is, when the standard value of the transmission

sound pressure is equal to or greater than 400, the probe is
evaluated to be “AA” because it has a high level of perfor-
mance as a probe of an ultrasound diagnostic apparatus, and
when the standard value of the transmission sound pressure is
equal to or greater than 300 and less than 400, the probe is
evaluated to be “A” because it performs at a practical level as
a probe of an ultrasound diagnostic apparatus. When the
standard value of the transmission sound pressure is equal to
or greater than 200 and less than 300, the probe is evaluated to
be “B” because it performs at a level of being able to put to
practical use for obtaining a simple ultrasound image.

[0055] Incontrast, when the standard value of the transmis-
sion sound pressure is less than 200, it is difficult to obtain an
sound image that can be put to practical use. When the stan-
dard value of the transmission sound pressure is equal to or
greater than 100 and less than 200, the probe is evaluated to be
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“C” because it performs at a level of being able to put to
practical use for sensing. When the standard value of the
transmission sound pressure is less than 100, the probe is
evaluated to be “D” because it performs at a level equal to or
lower than a level of being used for sensing.

[0056] By reading out the standard value of the transmis-
sion sound pressure for each combination of the diameter D2
of the opening 9 and the thickness T1 of the piezoelectric
substance layer 7 from the graph of FIG. 7, the evaluation
results shown in the following Table 2 and Table 3 can be
obtained.

TABLE 2

Thickness T1
Diameter D2 of piezoelectric
of opening substance layer
(um) (um)

Thickness T2 of
vibration plate
(um) Evaluation

40 Tlx(1£0.2) B
TIx (1+0.2)
TIx (1+0.2)
TIx (1+0.2)
TIx (1+0.2)
TIx (1+0.2)
Tlx (1+0.2)
TIx (1+0.2)
TIx (1+0.2)
Tlx (1+0.2)
Tlx (1+0.2)
TIx (1+0.2)
Tlx (1+0.2)
Tlx (1+0.2)
Tlx (1+0.2)
Tlx (1+0.2)
TIx (1+0.2)
T1x (1+0.2)
Tix (1£0.2)
T1x (1 £0.2)
T1x (1 £0.2)
T1x (1 £0.2)
T1x (1 £0.2)
TIx (1+0.2)
TIx (1+0.2)
Tl x (1+0.2)
TIx (1£0.2)

50

60

o0 Oy B W R = D00 YU R W R = D0 SOy B Wb
BrEE s wOoOUNwWESEE s 0000w m s>

TABLE 3

Thickness T1
Diameter D2 of piezoelectric
of opening substance layer

(pm) (pm)

Thickness T2 of
vibration plate
(um) Evaluation

70 Tix (1£0.2)
TIx (1+0.2)
T1x (1 £0.2)
T1x (1 £0.2)
TIx (1+0.2)
T1x (1 £0.2)
T1x (1 £0.2)
TIx (1+0.2)
T1x (1 £0.2)
T1x (1 £0.2)
T1x (1 £0.2)
T1x (1 £0.2)
T1x (1 £0.2)
T1x (1 £0.2)
T1x (1 £0.2)
T1x (1 £0.2)
T1x (1 £0.2)
T1x (1 £0.2)

80

001U AW 000~ U bW
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TABLE 3-continued

Thickness T1
Diameter D2 of piezoelectric ~ Thickness T2 of
of opening substance layer vibration plate

(um) () (pm) Evaluation

100 1 Tlx (1£0.2) D
2 Tlx (1£0.2) D
3 Tlx (1+0.2) D
4 Tlx (1+0.2) D
5 T1x (1£0.2) D
6 Tlx (1+0.2) D
7 Tlx (1+0.2) C
8 Tlx (1£0.2) C
9 Tlx (1+0.2) C

[0057] As is evident from the tables, based on the evalua-

tion results, as combinations of the diameter D2 of the open-
ing 9 and the thickness T1 of the piezoelectric substance layer
7, Tl is settobe 1 pm to 5 um when D2=40 um, set to be 1 um
to 7 pum when D2=50 pm, set to be 2 um to 9 pm when D2=60
um, set to be 4 um to 10 um when D2=70 pm, and set to be 6
pm to 10 pm when D2=80 pm. In this way, the probe is
evaluated to be one of “AA”, “A”, and “B”, and it is possible
to obtain ultrasound images at a level which is equal to or
higher than a level of being able to put to practical use.
[0058] In FIG. 7, the transmission sound pressure with
respect to the thickness T1 of the piezoelectric substance
layer 7 that is equal to 1 pm to 9 pm is shown, but measure-
ment points with respect to the thickness T1 of the piezoelec-
tric substance layer 7 that is equal to 10 pum are not plotted.
However, from a characteristic curve with respect to the
diameter D2 of each of the openings 9, the entirety of the
transmission sound pressure at the time when D2=70 pm and
T1=10 pm and the transmission sound pressure at the time
when D2=80 um and T1=10 um are expected to exceed a
standard value of 200. Therefore, the combination of D2=70
um and T1=10 um and the combination of D2=80 um and
T1=10 pm are also included in the above combinations which
make it possible to obtain ultrasound images at a level which
is equal to or higher than a level of being able to be put to
practical use.

[0059] Furthermore, whenT1 is setto be 2 umto3 um when
D2=40 um, set to be 1 pm to 6 pm when D2=50 um, set to be
4 um to 8 um when D2=60 pm, set to be 5 pm to 9 pm when
D2=70 pm, and set to be 9 um when D2=80 um, all of the
probes are evaluated to be “AA” or “A” and perform at a
high-performance level or a practical level as probes of an
ultrasound diagnostic apparatus.

[0060] Regarding piezoelectric elements used in an ink jet
and the like, a structure in which a piezoelectric substance is
formed on a vibration plate is known. Generally, the diameter
of the vibration plate is much greater than 100 pm, and the
relationship, which is shown in FIG. 7, between the element
structure for transmitting ultrasonic waves using the vibration
plate having a diameter of equal to or less than 100 um and the
sound pressure has been revealed for the first time by the
examination conducted for making the invention for the
present application. Through the examination, it was clearly
revealed that there is a structure that can obtain a high sound
pressure capable of being put to practical use in an ultrasound
diagnostic apparatus even when the diameter of the vibration
plate is equal to or less than 100 pm.

[0061] For examining organic resin materials used in the
covering layer 4, FIGS. 8A and 8D show waveforms of
residual vibration of two kinds of organic resins differing
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from each other in terms of a Shore A hardness. FIG. §A
shows a waveform of an organic resin R1 (Epoxy 301-2FL
manufactured by Epoxy Technology, Inc) having a Shore A
hardness of equal to or greater than 100, and FIG. 8B shows
a waveform of an organic resin R2 (Epoxy 301M manufac-
tured by Epoxy Technology, Inc) having a Shore A hardness
of 62. Comparing the organic resins R1 and R2 to each other,
while the residual vibration remains for a long period of time
in the organic resin R1 having a greater Shore A hardness, the
residual vibration is attenuated within a short period of time in
the organic resin R2 having a small Shore A hardness.

[0062] Ifthe next ultrasonic wave is transmitted at the tim-
ing when significant residual vibration remains, a wavefront
of the transmitted beam is disturbed, and thus a highly accu-
rate ultrasound diagnosis cannot be easily made. If a trans-
mission frequency of an ultrasonic wave is set to be 10 MHz,
a period becomes 0.1 us. It is desirable that the residual
vibration is attenuated to some extent within a time period
that is equal to about 0.1 us.

[0063] A wave number N, in which a voltage intensity
became equal to or greater than 10% of a value of maximum
peak voltage of the residual vibration, was determined. As a
result, it was found that N was equal to 16 in the organic resin
R1 shown in FIG. 8A and was equal to 8 in the organic resin
R2 shown in FIG. 8B. Likewise, as a result of determining the
wave number N for a silicone resin having a Shore A hardness
of 57, it was found that N was equal to 7. If a relationship
between the Shore A hardness of the organic resin and the
wave number N of the organic resin is described including the
silicone resin, the graph of FIG. 9 is obtained. Ideally, due to
its structure, the unimorph-type ultrasound probe without the
covering layer 4 has a residual vibration of 3 waves. There-
fore, in FIG. 9, a wave number of N=3 is plotted for a Shore
A hardness of 0. As the Shore A hardness of a resin material
increases, the wave number N, in which a voltage intensity
becomes equal to or greater than 10% of a value of maximum
peak voltage of the residual vibration, tends to increase.

[0064] Herein, with an organic resin material such as the
organic resin R1 shown in FIG. 8A having the wave number
N, in which a voltage intensity becomes equal to or greater
than 10% of a value of maximum peak voltage of the residual
vibration, of greater than 10, a frequency band suited for an
ultrasound diagnosis may not be able to be set. Consequently,
such a resin is inappropriate as a material for the covering
layer 4.

[0065] In contrast, if an organic resin material such as the
organic resin R2 shown in FIG. 8B having the wave number
N, in which a voltage intensity becomes equal to or greater
than 10% of a value of maximum peak voltage of the residual
vibration, of equal to or less than 10 is used as the covering
layer 4, it is possible to set a frequency band in which an
ultrasound diagnosis can be sufficiently made. The Shore A
hardness of such a resin material read out from FIG. 9 is equal
to or less than 75.

[0066] Therefore, in the present invention, as the material
of the covering layer 4, an organic resin having a Shore A
hardness of equal to or less than 75 is used.

[0067] If all of the piezoelectric element portions 5 are
covered with such a covering layer 4, the piezoelectric ele-
ment portions 5 can be mechanically protected, and at the
same time, a highly accurate ultrasound diagnosis can be
made by driving the unimorph-type ultrasound probe in a
MHz band suited for the ultrasound diagnosis.
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[0068] The lower limit of the Shore A hardness of the
organic resin material used as the covering layer 4 is not
particularly limited. However, for example, if the Shore A
hardness is about equal to or greater than 20, it is possible to
prevent the layers in the piezoelectric element portion 5 from
being peeled from each other by sufficiently protecting the
piezoelectric element portion 5.

[0069] A 64-channel unimorph-type ultrasound probe was
manufactured by setting the diameter D2 of the opening 9 to
be equal to 70 um, setting the thickness of T1 of the piezo-
electric substance layer 7 to be 7 pm, and setting the ratio of
the thickness T1 of the piezoelectric substance layer 7 to the
thickness T2 of the vibration plate 10 to be 1:1.1, and a
relationship between a frequency and sensitivity of the probe
was measured in water in a 2-way manner of transmission and
reception. As a result, the result shown in FIG. 10 was
obtained.

[0070] A —6 dB band from a peak value of maximum sen-
sitivity covered a frequency of about 4 MHz to 18 MHz, and
this showed that the unimorph-type ultrasound probe covers
an ultra-wideband that is extremely wide compared to the
conventional probes.

[0071] FIG. 11 shows an actual ultrasound image of an
anechoic cyst captured by using the aforementioned 64-chan-
nel unimorph-type ultrasound probe. The image was captured
up to a depth of 4 cm without using an acoustic lens by setting
a driving voltage of the probe to be £50 V. The image defi-
nitely shows that a high-accuracy clear ultrasound image can
be obtained by the probe.

[0072] As shown in FIG. 4, in the unimorph-type ultra-
sound probe according to the aforementioned embodiment,
the piezoelectric substance layer 7 and the upper electrode
layer 8 of each of the piezoelectric element portions 5 have a
regular hexagonal plane shape. However, the plane shape
thereof is not limited thereto and may be a circular shape or a
shape of a regular polygon other than a hexagon. In this case,
it is preferable that the opening 9 of the substrate 1 also has a
plane shape similar to the plane shape of the piezoelectric
substance layer 7 and the upper electrode layer 8 of the
piezoelectric element portions 5. When the regular polygonal
shape is used, the same as in the case of the regular hexagon,
the average of the diameter of an inscribed circle of the
regular hexagon and the diameter of a circumscribed circle of
the regular hexagon is called the diameter of the regular
polygon.

[0073] Furthermore, regarding the unimorph-type ultra-
sound probe according to the aforementioned embodiment, a
so-called 1D (dimensional) array in which the plurality of
piezoelectric element regions 2 is arranged in the azimuth
direction was exemplified. However, the present invention is
not limited to the 1D array. For example, the unimorph-type
ultrasound probe according to the present invention can be
applied to a so-called 1.5D array, in which each of the piezo-
electric element regions is also divided into approximately 3
to 5 plural regions in the elevation direction such that the
ultrasonic beam can be adjusted stepwise in the depth direc-
tion, or to a so-called 2D array, in which each of the piezo-
electric element regions is also divided into a large number of
regions in the elevation direction such that the ultrasonic
beam can be freely radiated in both of the azimuth direction
and the elevation direction. Such 1.5D array or 2D array can
be more easily prepared in the unimorph-type ultrasound
probe of the present invention than in the ultrasound probe of
the conventional model.
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What is claimed is:

1. A unimorph-type ultrasound probe comprising:

a substrate in which a plurality of openings each having a
predetermined shape is formed;

a plurality of vibration plates formed on the substrate so as
to close one end of each of the plurality of openings;

a plurality of piezoelectric element portions which is
formed on a surface of the plurality of vibration plates
and each has a piezoelectric substance layer and a pair of
electrode layers formed on both surfaces of the piezo-
electric substance layer; and

a covering layer which is disposed on a surface of the
substrate such that the plurality of piezoelectric element
portions is embedded in the covering layer, and is
formed of an organic resin having an acoustic imped-
ance of 1.5x10° kg/m®s to 4x10® kg/ms and a Shore A
hardness of equal to or less than 75.

2. The unimorph-type ultrasound probe according to claim

15

wherein the openings have a diameter of 40 pum to 80 pm,

the piezoelectric substance layer has a thickness of 1 pm to
10 pm, and

a ratio of the thickness of the piezoelectric substance layer
to a thickness of the vibration plate is 1:0.8 to 1:1.2.

3. The unimorph-type ultrasound probe according to claim

25

wherein a combination of a value of the diameter of the
openings and a value of the thickness of the piezoelectric
substance layer is selected such that a transmission
sound pressure becomes equal to or greater than a preset
value.

4. The unimorph-type ultrasound probe according to claim

37

wherein the openings have a diameter of 40 um, and the
piezoelectric substance layer has a thickness of 1 pm to
5 um.

5. The unimorph-type ultrasound probe according to claim

4,

wherein the piezoelectric substance layer has a thickness 2
pm to 3 pm.

6. The unimorph-type ultrasound probe according to claim

37

wherein the openings have a diameter of 50 um, and the
piezoelectric substance layer has a thickness of 1 pm to
7 um.

7. The unimorph-type ultrasound probe according to claim

6,

wherein the piezoelectric substance layer has a thickness of
1 pum to 6 pm.

8. The unimorph-type ultrasound probe according to claim

35

wherein the openings have a diameter of 60 um, and the
piezoelectric substance layer has a thickness of 2 um to
9 pm.

9. The unimorph-type ultrasound probe according to claim

85

wherein the piezoelectric substance layer has a thickness of
4 um to 8 pm.

10. The unimorph-type ultrasound probe according to

claim 3,

wherein the openings have a diameter of 70 um, and the

piezoelectric substance layer has a thickness of 4 pm to

10 pm.
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11. The unimorph-type ultrasound probe according to
claim 10,
wherein the piezoelectric substance layer has a thickness of
Spumto 9 um.
12. The unimorph-type ultrasound probe according to
claim 3,
wherein the openings have a diameter of 80 um, and the
piezoelectric substance layer has a thickness of 6 um to
10 pum.
13. The unimorph-type ultrasound probe according to
claim 12,
wherein the piezoelectric substance layer has a thickness of
9 um.
14. The unimorph-type ultrasound probe according to
claim 1,
wherein the substrate is an SOI substrate in which a Si layer
is formed on a Si base material via an insulating layer,
and
each of the plurality of vibration plates is composed of the
Si layer in a portion corresponding to the plurality of
openings, which is formed by hollowing out the Si base
material in the predetermined shape so as to make the
insulating layer exposed, and the insulating layer.
15. The unimorph-type ultrasound probe according to
claim 1,
wherein the predetermined shape of the plurality of open-
ings is a circle or a regular polygon.
16. The unimorph-type ultrasound probe according to
claim 1,
wherein each of the plurality of piezoelectric element por-
tions is formed on the surface of the vibration plates so as
not to extend beyond the peripheral edge of the corre-
sponding vibration plates.
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17. The unimorph-type ultrasound probe according to
claim 1,

wherein the plurality of piezoelectric element portions is
disposed so as to have a close-packed structure in which
the piezoelectric element portions are arranged in the
form of straight lines at a predetermined pitch in an
elevation direction to form a plurality of lines, and the
piezoelectric element portions deviate from each other
in a deviation amount that is %2 of the predetermined
pitch in each of the lines.

18. The unimorph-type ultrasound probe according to
claim 1,

wherein the covering layer has a thickness satisfying a
sound matching condition.

19. A method for manufacturing a unimoroh-type ultra-
sound probe, comprising the steps of:

forming a plurality of openings, each of which has a pre-
determined shape, on a substrate and forming a plurality
of vibration plates, each of which closes one end of the
plurality of openings, on the substrate;

forming a plurality of piezoelectric element portions on a
surface of the plurality of vibration plates; and

forming a covering layer, which is formed of an organic
resin having an acoustic impedance of 1.5x10° kg/m?s to
4%10° kg/m®s and has a Shore A hardness of equal to or
less than 75, on a surface of the substrate such that the
plurality of piezoelectric element portions are buried
under the covering layer.

* ok %k
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