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(57) An ultrasonic transducer (100) includes a sub-
strate (1) having a first electrode therein or on a surface
thereof and a diaphragm (5) having a second electrode

therein or on a surface thereof, with a cavity (4) therebe-
tween. Further, at least one beam (7) is provided on a
surface or inside of the diaphragm (5) or the second elec-
trode.
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Description

TECHNICAL FIELD

[0001] The present invention relates to a diaphragm
type ultrasonic transducer, ultrasonic probe, and ultra-
sonic imaging device.

BACKGROUND ART

[0002] Mainstream transducers transmitting and re-
ceiving ultrasound transmit and receive ultrasound, using
piezoelectric effect and inverse piezoelectric effect of a
ceramic piezoelectric element represented by PZT (lead
zirconate titanate). This type of piezoelectric ceramic ul-
trasonic transducer currently still constitutes the majority
of ultrasonic transducers in practical use. However, to
take the place of this type, research and development of
diaphragm type fine ultrasonic transducers having a
structure in micrometer order by a semiconductor micro
processing technology has been carried out since the
1990’s (refer to Non-patent Document 1).
[0003] In a typical structure of such a transducer (an
ultrasonic transducer 100p) is, as shown in a cross-sec-
tional schematic view in Fig. 40, a capacitor is formed by
a bottom electrode 2 (which is an electrode on a substrate
side and will be hereinafter also referred to also merely
as an electrode 2) and a top electrode 3 (which is an
electrode on an outer diaphragm layer 5b side and will
be hereinafter also referred to merely as an electrode 3)
which are provided respectively on a substrate 1 and on
a flat outer diaphragm layer 5b with a cavity 4 therebe-
tween.
Hereinafter, for brevity of description, the direction where
the ultrasonic transducer 100p receives ultrasound
(downward direction in Fig. 40) will be referred to as z
direction, the right direction in Fig. 40 will be referred to
x direction, and the perpendicular downward direction
with respect to the sheet of Fig. 40 will be referred to as
y direction.
[0004] As shown in Fig. 40, when a voltage is applied
between the electrodes 2 and 3, charges in opposite elec-
tric polarities are induced on the electrodes and attract
each other, which displaces the outer diaphragm layer
5b. In this situation, when the outer surface of the outer
diaphragm layer 5b is in contact with water or an organ-
ism, sound waves are radiated into such medium. This
is the principal of electro-acoustic (ultrasound) conver-
sion in transmission. On the other hand, when a DC bias
voltage is applied to induce a certain amount of charges
on the electrodes 2 and 3, and oscillation is forcibly ap-
plied to the diaphragm from a medium in contact with the
diaphragm layer 5b, thereby displacing the diaphragm
layer 5b, then a voltage is additionally generated between
the electrodes 2 and 3 in accordance with the displace-
ment. This principle of acoustic (ultrasound) -electro con-
version in reception is the same as that of a DC bias type
capacitor micro-phone adopted as a micro-phone for an

audible band.
[0005] In order to form ultrasonic beams, a number of
the above described transducers are disposed and ar-
rayed, as shown in Fig. 43, to be used. In Fig. 43, plural
hexagonal ultrasonic transducers 100 are electrically
connected by connection 13 arranged between ultrason-
ic transducers to form a single channel partitioned by
shown dashed lines 20. Ultrasonic pulses are transmitted
and received, utilizing ultrasonic transducers. Herein, in
imaging tomography of a subject from echo signals, the
flatter the frequency spectrum of the electro-mechanical
conversion efficiency of the ultrasonic transducers, the
narrower the pulse width with respect to the time axis,
achieving higher resolution. Further, the degree of free-
dom in controlling a device is advantageously increased,
an example of which is that different frequencies can be
selected, depending on the distance from an ultrasonic
transducer to a subject. Therefore, a method is disclosed,
in Patent Document 1, to achieve a broadband by simul-
taneously driving ultrasonic transducers 100, as shown
in Fig. 44, having respective diaphragms in different di-
ameters, the ultrasonic transducers being connected by
connections therebetween to serve as a single element
14.
[0006] Further, Patent Document 2 discloses a capac-
itive ultrasonic transducer reinforced by a stiffing layer at
the central portion of a film.
Still further, Patent Document 3 discloses an acoustic
transducer with a structure, arranged above a cavity, hav-
ing an insulating layer part and a top electrode which are
disposed within the thickness dimension of a film.

Non-patent Document 1: "A surface micromachined
electrostatic ultrasonic air transducer", Proceedings
of 1994 IEEE Ultrasonics Symposium, pp.
1241-1244
Patent document 1: the specification of United States
Patent No. 5,870,351
Patent document 2: the specification of United States
Patent No. 6, 426, 582
Patent document 3: the specification of United States
Patent No. 6,271,620

DISCLOSURE OF THE INVENTION

PROBLEMS TO BE SOLVED BY THE INVENTION

[0007]  However, in the technology disclosed in Patent
Document 1, as shown in Fig. 44, an ultrasonic probe
configured with diaphragms in polygonal or circular
shapes in different sizes packed in an area inevitably has
gaps between ultrasonic transducers. These gaps make
a problem of deteriorating the performance of the ultra-
sonic probe due to the following two causes. First, a de-
crease in the effective element area drops the effective
sensitivity for transmission and reception of waves. Sec-
ond, if a portion of the element, the portion being provided
with no diaphragm, is exposed in the aperture, of the
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ultrasonic probe, for transmission and reception of
waves, a sound having entered through the portion into
the substrate causes a reverberant sound and a false
image on a diagnosis image. Reverberant sound may
also be caused by the phenomenon that an ultrasound
from a diaphragm passes through a portion not formed
with a diaphragm, and this propagated ultrasound is re-
flected by the edge of an adjacent ultrasonic transducer,
and finally returns to the original diaphragm.
[0008] Further, regarding transducer arrays, in gener-
al, the upper limits of the sizes of respective ultrasonic
transducers are defined by the disposition pitch for which
diffraction of ultrasound and the like is taken into account,
and the lower limits of the sizes are defined from a point
of view of securing radiation impedance which achieves
a required radiation efficiency. Therefore, the sizes of
these ultrasonic transducers are selected usually from a
narrow range in designing.
[0009] Still further, since a semiconductor manufactur-
ing technology is used for the above described conven-
tional electrostatic transducer (described in Non-patent
Document 1), masks corresponding to the planar shapes
of diaphragms are used in a manufacturing process.
There is a method of changing the frequency spectrum
of a diaphragm, which changes the size (planar shape)
of the diaphragm. However, it is necessary to design and
manufacture a new mask for this method, which requires
time and cost, causing a problem of decreasing the man-
ufacturing efficiency.
[0010] Yet further, another method of changing the fre-
quency spectrum of a diaphragm changes the thickness
of the diaphragm. However, as described above, as the
size of a diaphragm is limited in a narrow range, the thick-
ness of the diaphragm which achieves a desired center
frequency is substantially uniquely determined. Then, the
size and thickness of the diaphragm define the sensitivity
and fractional bandwidth of this ultrasonic transducer.
Consequently, there has been a problem that a desired
frequency spectrum, namely, a combination of a center
frequency and a fractional band width cannot be realized.
[0011] Further, for the above described conventional
capacitive ultrasonic transducer (refer to Patent Docu-
ment 2), a diaphragm is reinforced by a stiffing layer.
However, even obtaining a desired center frequency by
arranging a stiffing layer, there has been a problem that
the fractional bandwidth is automatically defined and a
desired frequency spectrum cannot be achieved.
[0012] Still further, for the above described conven-
tional acoustic transducer (described in Patent Docu-
ment 3), a top electrode is arranged inside a diaphragm.
Consequently, although the sensitivity may be improved,
there has been a problem that means for obtaining a
desired frequency spectrum is not provided, either.
[0013] Addressing problems, as described above, an
object of the present invention is to provide an ultrasonic
transducer, ultrasonic probe, and ultrasonic imaging de-
vice having a simple structure and being capable of im-
proving the performance of transmission and reception

of ultrasound.

MEANS FOR SOLVING THE PROBLEMS

[0014] An ultrasonic transducer in accordance with the
invention includes a substrate having a first electrode
inside thereof or on a surface thereof and a diaphragm
having a second electrode therein or on a surface thereof,
the substrate and diaphragm being disposed with a cavity
therebetween.
The ultrasonic transducer is provided with at least one
beam on a surface or inside of the diaphragm or the sec-
ond electrode.
Other means will be described in embodiments described
later.

EFFECTS OF THE INVENTION

[0015] According to the present invention, an ultrason-
ic transducer, ultrasonic probe, and ultrasonic imaging
device are provided which have a simple structure and
are capable of improving the performance of transmis-
sion and reception of ultrasound are provided.

BRIEF DESCRIPTION OF THE DRAWINGS

[0016]

Fig. 1 is a diagram showing an example of a structure
of an ultrasonic imaging device in a first embodiment;
Fig. 2 is a diagram illustrating the relationship be-
tween the distance between diaphragms and a pulse
waveform;
Fig. 3 is a diagram illustrating the relationship be-
tween the distance between diaphragms and a re-
flected waveform;
Fig. 4 is a diagram illustrating the distance between
diaphragms and the intensity of a reflected wave-
form;
Fig. 5 is a plan view showing an ultrasonic probe in
the first embodiment;
Fig. 6 is a diagram showing a structure of a semi-
conductor diaphragm type ultrasonic transducer in
the first embodiment;
Fig. 7 is a top view of the semiconductor diaphragm
type ultrasonic transducers in the first embodiment;
Fig. 8 is a top view of the semiconductor diaphragm
type ultrasonic transducers in the first embodiment;
Fig. 9 is a diagram illustrating utilization of a broaden
frequency band;
Fig. 10 is a diagram showing ultrasonic transducers
to be used, switching the width/widths of a single
electrical element/elements, depending on the
mode;
Fig. 11 is a diagram illustrating the effect of switching
a manner of bundling a sub-element, corresponding
to the distance to a focal point;
Fig. 12 is a diagram illustrating a sub-element cross
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point switch and the periphery;
Fig. 13 is a top view of a transducer array in the first
embodiment;
Fig. 14 is a schematic cross-sectional view of a sem-
iconductor diaphragm type ultrasonic transducer in
the first embodiment;
Fig. 15 is a top view of a transducer array to be used,
switching the width/widths of a single electrical ele-
ment/elements, depending on the mode;
Fig. 16 is a top view of an ultrasonic transducer in a
second embodiment;
Fig. 17 is a schematic cross-sectional view of the
ultrasonic transducer in the second embodiment;
Fig. 18 is a vertical cross-sectional view showing an
ultrasonic transducer in a third embodiment;
Fig. 19 is a plan view showing the ultrasonic trans-
ducer in the third embodiment;
Fig. 20 is a perspective view of a transducer array;
Fig. 21 is a diagram of a graph showing an example
of the frequency versus gain response of an ultra-
sonic transducer;
Fig. 22 is a schematic view showing a bending state
of a beam;
Fig. 23 is a schematic perspective view of an oscil-
lating body in accordance with the invention and an
oscillating body of a comparative example;
Fig. 24 is diagram of graphs showing a result of cal-
culation of resonance frequency and fractional band-
width in a case where the width of a beam of an
oscillating body is set to 20 percent of the width of a
base plate;
Fig. 25 is a diagram of graphs showing a result of
calculation of resonance frequency and fractional
bandwidth in a case where the width of a beam of
an oscillating body is set to 80 percent of the width
of a base plate;
Fig. 26 is a schematic perspective view of a beam
of a modified example;
Fig. 27 is a schematic perspective view of beam
shapes of other modified examples;
Fig. 28 is a vertical cross-sectional view of an ultra-
sonic transducer in a fourth embodiment;
Fig. 29 is a vertical cross-sectional view of an ultra-
sonic transducer in a fifth embodiment;
Fig. 30 is a vertical cross-sectional view of an ultra-
sonic transducer in a sixth embodiment;
Fig. 31 is a vertical cross-sectional view of an ultra-
sonic transducer in a seventh embodiment;
Fig. 32 is a vertical cross-sectional view schemati-
cally showing the movement of the ultrasonic trans-
ducer in the seventh embodiment;
Fig. 33 is a plan view of an outer diaphragm layer in
an eighth embodiment;
Fig. 34 is a plan view of an ultrasonic transducer in
a ninth embodiment;
Fig. 35 is a plan view of an ultrasonic transducer in
a tenth embodiment;
Fig. 36 is a plan view of an ultrasonic transducer in

an eleventh embodiment;
Fig. 37 is a plan view of an ultrasonic transducer in
a twelfth embodiment;
Fig. 38 is a vertical cross-sectional view of an ultra-
sonic transducer in a thirteenth embodiment;
Fig. 39 is a plan view of an ultrasonic transducer in
a fourteenth embodiment;
Fig. 40 is a vertical cross-sectional view of an ultra-
sonic transducer of a comparative example (conven-
tional example);
Fig. 41 is a diagram of a graph showing the frequency
versus gain response of a diaphragm in a rectangular
planar shape with a ratio of longitudinal length to
lateral length of 1:2;
Fig. 42 is a diagram of graphs showing the frequency
spectrums in water of the ultrasonic transducer 100
in the third embodiment and the ultrasonic transduc-
er 100p of the comparative example;
Fig. 43 is a top view of a transducer array;
Fig. 44 is a diagram illustrating an ultrasonic trans-
ducer in which diaphragms with different diameters
are disposed;
Fig. 45 is a diagram illustrating the path of an ultra-
sound reflecting between diaphragms; and
Fig. 46 is a diaphragm illustrating noise generation
due to ultrasound having entered a substrate through
gaps between diaphragms.

DESCRIPTION OF REFERENCE SYMBOLS

[0017]

1 substrate
2, 3 electrode
4 cavity
5 diaphragm
7 beam
13 connection
14 element
17 switch
100 ultrasonic transducer
1000 transducer array

[BEST MODE FOR CARRYING OUT THE INVENTION]

[0018] Now, embodiments in accordance with the
present invention will be described in details, referring to
Figs. 1 to 42 and Figs. 44 to 46.
Hereinafter, "a converter between electricity and ultra-
sound" will be referred to as "an ultrasonic transducer",
"a group of plural ultrasonic transducers in an array" as
"a transducer array", and "a member that has plural trans-
ducer arrays and transmits and receives ultrasounds to
and from a specimen" as "an ultrasonic probe". Further,
"an ultrasonic imaging device" will represent "an imaging
device by the use of ultrasound provided with an ultra-
sonic probe, image former (means for forming an image
from a signal obtained by an ultrasonic probe), display
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(means for displaying an image), controller, and the like".

(First Embodiment)

[0019] Fig. 1 is a diagram showing an example of a
structure of an ultrasonic imaging device using ultrasonic
transducers in a first embodiment. Referring to Fig. 1,
the operation of the ultrasonic imaging device will be de-
scribed.
[0020]  Based on control by a transmission/reception
sequence controller 201 programmed in advance, a
transmission delay and weight selector 203 selects the
values of a transmission delay time and a weight function
for each channel to be supplied to a transmission beam-
former 204. According to these values, the transmission
beam-former 204 supplies an electro-acoustic conver-
sion element 101 with transmission pulses through plural
switches 205 for switching transmission/reception
waves. Herein, an electro-acoustic conversion element
101 is also applied with a bias voltage by a bias voltage
controller 202. As a result, the electro-acoustic conver-
sion element 101 transmits ultrasound to a specimen,
not shown here.
[0021] Then, the ultrasounds having been reflected by
scatterers in the specimen and thereby reflected are.par-
tially received back by the electro-acoustic conversion
element 101. A transmission/reception sequence con-
troller 201 then controls a reception beam-former 206
after a predetermined time has elapsed from the timing
of transmission so as to start a reception mode. The pre-
determined time described above, in a case of obtaining
an image from a depth of a specimen deeper than 1 mm
for example, is the turn around time for a sound to return
a distance of 1 mm. The mode does not change to the
reception mode immediately after transmission because
the amplitude of the reception voltage is extremely small-
er than the amplitude of the transmission voltage, being
one hundredth to one thousandth. The reception beam-
former 206 continuously controls the delay time and a
weight function, corresponding to the arrival time of each
reflected ultrasound, which is so-called a dynamic focus.
Data after dynamic focus is converted into an image sig-
nal by image forming means including, for example, a
filter 207, envelope detector 208, and scan converter
209, and then displayed on a display 210 as an ultrasonic
tomographic image.
[0022] One of the basic characteristics which are sig-
nificant in putting ultrasonic transducers in various prac-
tical uses is frequency spectrum represented by a center
frequency and a fractional bandwidth. A center frequency
fc is a frequency with the highest electromechanical con-
version efficiency (sensitivity). A fractional bandwidth fh
is, for example in a case of 3dB width, defined as a dif-
ference between two frequencies divided by the center
frequency, wherein the sensitivity at these two frequen-
cies is 3 dB lower than the sensitivity at the center fre-
quency. If the fractional bandwidth is wider, a single ul-
trasonic transducer can be used for more various fre-

quency bands, or ultrasonic pulses with a shorter time
width can be formed, which achieves advantageous
characteristics, such as obtaining a high distance reso-
lution in a case of imaging by the use of ultrasonic beams.
The center frequency fc of a diaphragm type ultrasonic
transducer is substantially equal to the value of reso-
nance frequency of the diaphragm, and is accordingly
represented by following Expression (1), while the frac-
tional bandwidth fh is represented by Expression (2),
wherein the stiffness and the mass of the diaphragm are
represented respectively by D and m.
[0023]

[0024] The stiffness and mass of an oscillation dia-
phragm are determined by the shape and dimensions of
the oscillation diaphragm and the thickness thereof in a
case of a solid material. Accordingly, in principle, by de-
fining a proper shape and thickness of an oscillation di-
aphragm, a desired frequency spectrum can be obtained.
However, only the two-degree-of-freedom of D and m for
designing is not enough to optimize the three parameters
of the center frequency, maximum value of sensitivity
and fractional bandwidth.
[0025] An ultrasonic probe for an ultrasonic imaging
device for photographing common two-dimensional to-
mographic images performs fixed focusing by an acous-
tic lens in the direction (short axis direction) perpendicular
to the tomographic plane, and performs electronic focus-
ing of an ultrasonic beam at a desired position on the
tomographic plane, having arrayed oscillators arranged
in the direction (long axis direction) along the tomograph-
ic plane. In order to form excellent ultrasonic beams, ul-
trasonic transducers are arrayed ideally with a width of
approximately a half of the wavelength at the center fre-
quency of beams. For example, with a center frequency
of 5 MHz, ultrasonic transducers are arrayed with a width
of approximately 0.15 mm. In the short axis direction, the
wider the width of an ultrasonic transducer is, the nar-
rower the beam width at the focus is, achieving a tomo-
graphic image with a higher space resolution. However,
if the focus region of the fixed focus on the short axis is
too narrow, it is difficult to control the focus region by
electronic focusing on the long axis. Further, also in view-
point of usability in operation by pressing the ultrasonic
probe on an affected area, such as a gap between costae
of a patient, the width along the short axis is preferably
7 to 8 mm.
[0026] That is, since the size of an electric element is
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approximately 7 to 8 mm x 0.15 mm, in a case where the
diameter of a diaphragm is approximately 50 Pm for ex-
ample, 450 (150 x 3 = 450) diaphragms are used in a
state of being disposed in a single electric element. By
changing the shape and material of each of the several
hundred diaphragms, the fractional bandwidth of the en-
tire single electric element can be designed more freely.
There is a degree of freedom for the shape and material
in principle. However, in a practical semiconductor proc-
ess, a layer structure is formed on a substrate, layer by
layer, it is not realistic to change the material for each
transducer adjacent to one another, and it is also difficult
to change the thickness of diaphragms. As a result, de-
signing a desired fractional bandwidth by changing the
diameters of diaphragms is the most practical method.
[0027] In the specification of United States Patent No.
5, 870, 351 (Patent Document 1), an example, as shown
in Fig. 44, is disclosed where a number of hexagonal
shapes of diaphragms with different diameters are dis-
posed in a single element which are electrically connect-
ed. However, when circles or polygonal shapes with dif-
ferent diameters are packed in an area, there arises a
problem that the packing efficiency drops. To be more
significant than the problem of drop in the sensitivity due
to the drop in the ratio of "diaphragm area/entire element
area", the pulse response of the element is greatly af-
fected. This deterioration of pulse response will be de-
scribed, referring to Fig. 45. As shown in Fig. 45, when
plural diaphragms in hexagonal shapes in different sizes
are disposed, the total length of a path (arrow in the figure)
on which an ultrasonic wave passes from one diaphragm
through spaces where no diaphragm is formed, gets re-
flected by the surfaces of diaphragms adjacent to the one
diaphragm, and returns to the one diaphragm is longer
than in a case where hexagonal diaphragms with the
same diameter are packed to form an array.
[0028] Fig. 2 is a diagram of graphs showing a result
of a simulation of a received ultrasonic pulse response
by finite element method in a case of changing the dis-
tance between one diaphragm and adjacent diaphragms.
Herein, as an example, a two dimensional model with
diaphragms with a width of 60 Pm and an unlimited length
is employed. The material of the diaphragms is silicon
nitride (SiN), and the thickness is 1.2 Pm. Ultrasonic
waves arriving from the front face of the array are sine
waves with a center frequency of 10 MHz, and a cycle
number of one periodic time. The horizontal axis repre-
sents time with an origin being the time when an ultra-
sonic pulse arriving from the front face of the array arrives
at the surface of a diaphragm. The vertical axis repre-
sents the vertical velocity of the central portion of the
diaphragm. The four graphs show the cases where the
distance between adjacent diaphragms are 5 Pm, 20 Pm,
40 Pm and 60 Pm.
[0029] From Fig. 2, it is understood that the wider the
distance between adjacent diaphragms, the wider the
pulse width. When the distance between adjacent dia-
phragms is 5 Pm, the diaphragm is deformed substan-

tially the same as the waveform of an ultrasonic wave
arriving from outside; the central portion of the diaphragm
oscillates in a sine wave for one periodic time; thereafter
(approximately 0.1 Psec later), the oscillation amplitude
rapidly becomes small; the pulse width is narrow; and
the frequency spectrum of the transmission function con-
verting the ultrasonic wave to the deformation of the di-
aphragm is substantially flat. On the other hand, the wider
the distance between the adjacent diaphragms is, the
more the pulse waveform is extended. When the distance
between adjacent diaphragms is 60 Pm, the pulse width
is extended substantially 1.5 times compared with the
case of the distance between adjacent diaphragms of 5
Pm, showing that using an array in such conditions de-
teriorates the space resolution.
[0030] Fig. 3 is a diagram of graphs showing wave-
forms of reception pulses in cases with the distance be-
tween adjacent diaphragms of 20 Pm, 40 Pm, and 60
Pm, subtracted by a waveform of a reception pulse in a
case of the distance between adjacent diaphragms of 5
Pm. By comparing with the waveform of the reception
wave with the distance between adjacent diaphragms of
5 Pm, which is almost free from affect by reflected waves
form adjacent diaphragms, reflected waves from the ad-
jacent diaphragms can be extracted. It is apparently
shown that the reflected waves from the adjacent dia-
phragms become larger, corresponding to the distance
between the adjacent diaphragms.
[0031] The integrated values of the amplitudes of the
reflected waves are represented by the vertical axis, and
the distances between adjacent diaphragms are repre-
sented by the horizontal axis, in the graph in Fig. 4. The
vertical axis is normalized by the integrated value of the
amplitude of the original reception waveform. It is shown
that the value of the vertical axis becomes 0.1 or smaller
where affects by a reflected wave can be almost neglect-
ed, when the distance between adjacent diaphragms is
10 Pm or smaller. Taking into account that the acoustic
velocity propagating in silicon material is 8000 m/s, this
means that the distances between adjacent diaphragms
is 1/80 of the wavelength or shorter because the wave
length of an ultrasonic wave at 10 MHz is 800P m.
[0032] In the ultrasonic transducer region as one ele-
ment configured by electrically connecting diaphragm
type plural ultrasonic transducers, if there is a region in
which diaphragms are not formed, the pulse response is
deteriorated also in the process described below. Fig. 46
(a) and 46(b) illustrate the mechanism in which an ultra-
sonic wave entering a substrate from a gap between di-
aphragms generates a noise. Fig. 46(a) is a schematic
cross-sectional view of a diaphragm and the peripheral,
and Fig. 46(b) is a diagram showing the temporal change
in a gain voltage signal.
[0033] As shown Fig. 46(a), regarding a case of re-
ceiving an ultrasonic pulse coming from above a dia-
phragm, an ultrasonic pulse A having directly entered a
diaphragm is first converted into an electrical signal, as
shown as A in the graph with the horizontal axis of time
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and the vertical axis of echo voltage signal in Fig. 46(b).
On the other hand, an ultrasonic pulse B having arrived
in a region of a gap between diaphragms, as shown by
paths a, b and c in Fig. 46(a), repeats multiple reflections
in the substrate, passes through a limb portion of a dia-
phragm, and arrives at the diaphragm. The ultrasonic
pulse having passed through the paths a, b and c is also
converted into an electric signal by deforming the dia-
phragm, and appears as an electric signal with wave-
forms B, B’ and B" as shown in Fig. 46(b).
[0034] With an ultrasonic imaging device, in a case,
for example, of observing the inner structure of a blood
vessel, in order to observe sites of which reflectance in-
tensities differ from each other by 40 dB to 60 dB, such
as the tissue site of the blood vessel and the lumen of
the blood vessel, an image of the structure is created by
compressing the brightness and with a wide dynamic
range. Therefore, even if the echo of B and B’ are imper-
ceptible, when echo of delayed B and B’ accompanies
the reflectance signal A from the tissue site of the blood
vessel, the echo is observed as an image inside the blood
vessel, which does not allow distinction between a plaque
in the blood vessel and a false image of B or the like.
Judging from the dynamic range of an image by a com-
mon ultrasonic imaging device, the amplitude of a reflect-
ance signal B is necessary to be reduced to one thou-
sandth, namely approximately -60 dB, compared with the
amplitude of a reflectance signal A. As described above,
by shortening the gap between diaphragms approxi-
mately to one eightieth of a wave length, the transmission
efficiency of a sound through the gap drops and effect
by a reverberant sound, such as B, does not become a
problem. By making the amplitude of an ultrasound en-
tering a wafer along the path "a" small enough, the re-
verberant sound of B becomes small even if the reflect-
ance ratio of the multiple reflections along the path b can-
not be made small enough. As a result, it is possible to
increase the degree of freedom in selection of the thick-
nesses and material of the adhesive to be applied to a
wafer and a backside material having significant effects
on the reflectance ratio of the multiple reflections along
the path b, thereby improving the degree of freedom of
manufacturing process.
[0035] In the present embodiment, the shapes and
structures of diaphragms are adopted which are suitable
for making the resonance frequencies differ from each
other to widen the fractional bandwidth, while minimizing
the areas of gaps between diaphragms.
[0036] Fig. 5 shows an example of an ultrasonic probe
in the present embodiment, and is a top view showing a
part of a semiconductor diaphragm type transducer array
configuring the ultrasonic probe. Fig. 6 is a schematic
diagram showing an oblique top view of one of the dia-
phragm type ultrasonic transducers in the array shown
in Fig. 5, the one being cut for viewing.
[0037] Each diaphragm type ultrasonic transducer is,
as shown in Fig. 6, includes a bottom electrode 2 (the
first electrode) formed on a substrate 1, an inner dia-

phragm layer 5a being formed on the bottom electrode
2 and having a cavity 4 therein, a top electrode 3 (the
second electrode) provided on the inner diaphragm layer
5a, and an outer diaphragm layer 5b, which are disposed
in this order, and a beam 7 connecting opposite apexes
of the diaphragm, the beam being formed on the outer
diaphragm layer 5b. The bottom electrode 2 and the top
electrode 3 are facing each other through the inner dia-
phragm layer 5a having the cavity 4 therein, and config-
ure a capacitor. At the central portion of each diaphragm
in a hexagonal shape, a film in a homothetic shape of
the diaphragm is formed to be continuous with the beam
7.
Hereinafter, both or either the inner diaphragm layer 5a
or the outer diaphragm layer 5b may be described merely
as "diaphragm". Further, symbols of other elements may
be omitted.
[0038] As shown in Fig. 7, if beams 7 only are formed,
acute angles are formed in a part where beams 7 near
the central part of a diaphragm intersect each other,
which may cause variation in trimming the acute angle
portion by etching process of semiconductor or the like.
Herein, forming a homothetic shape portion at the center
brings an advantage of not forming an acute angle por-
tion. Further, in a diaphragm type ultrasonic transducer,
applying a high DC bias improves the sensitivity of trans-
mission and reception because more charges are accu-
mulated. However, if an excessive DC bias is applied, a
part of the diaphragm comes in contact with the opposite
surface of the cavity 4. Such a contact causes charge
emission into the diaphragm, and drifts the electro-
acoustic conversion characteristics of the element. In a
case of forming beams 7, the contact starts at the gaps
between the beams 7 and a portion adjacent to the center
of the diaphragm. In order to increase the upper limit of
the DC bias which can be applied causing no contact,
since deformation without unflatness is advantageous, it
is advantageous to form a film in a homothetic shape of
the diaphragm in the vicinity of the intersection between
the beams 7. Herein, if the homothetic shape is too large,
the gaps between the beams 7 are all filled to lose the
effect of forming the beams 7. Accordingly, the diameter
of the homothetic shape is preferably approximately 50%
to 80% of the diameter of the entire diaphragm.
[0039] Herein, the beams 7 have a structure having a
smaller width compared with the length and a shape cov-
ering only a part of the diaphragm. The beams 7 effect
the resonance frequency of the diaphragm type entire
ultrasonic transducer, by having the hardness conditions
described below. That is, the hardness of the beams 7
is made great enough compared with the hardness of
the material of the diaphragm portion forming the upper
wall of the cavity 4, or the thickness of the beams 7 is
made great enough compared with the thickness of the
diaphragm portion. Thus, the resonance frequency of the
diaphragm type entire ultrasonic transducer can be con-
trolled by the shape and material of the beam 7. For ex-
ample, with beams 7 in a simple rectangular solid shape
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of a width W, length 1 and thickness t, the resonance
frequency fb in the thickness direction is represented by
the following Expression (3). Herein, E denotes Young’s
Module, I denotes the cross-sectional moment, and m
denotes the mass.
[0040]

[0041] A beam 7 with a cross-section in a rectangle
shape has a cross-sectional moment I of Wt3/3, and ac-
cordingly Equation (3) is equivalent to Equation (4) . As
Equation (4) is a proportional expression, coefficients are
omitted.
[0042]

[0043] Accordingly, if the materials of beams 7 are the
same and the thickness t and length 1 are constant, the
resonance frequency fb is proportional to the square root
of the width W.
[0044] If the beams 7 are in a rectangular solid shape
with a width of W at the marginal portion, and are in a
homothetic shape of the diaphragm, as shown in Figs. 5
and 6, at the central portion of the diaphragm, assuming
that the central portion of the diaphragm to be approxi-
mately a spindle with a mass of M, Expression (3) is de-
scribed as Expression (5), and almost the same case as
described above is applicable.
[0045]

[0046] If the resonance frequency of a diaphragm can
be controlled by the width W of beams 7 in such a manner,
then, by packing ultrasonic transducers having dia-
phragms with a constant diameter and beams 7 with dif-
ferent widths W provided on the front surfaces or back
surfaces of the respective diaphragms, as shown in Fig.
5, it is possible to configure a single ultrasonic transducer
with diaphragm type plural ultrasonic transducers with
different resonance frequencies, without gaps between
the diaphragms. In Fig. 5, the boundary of an ultrasonic
transducer that functions as a single element is shown
by dashed lines 20. Herein, the bottom electrode 2 is
common to the diaphragm type plural ultrasonic trans-

ducers configuring the single ultrasonic transducer, and
the top electrodes of the diaphragm type plural ultrasonic
transducers configuring the single ultrasonic transducer
are electrically connected mutually by connections 13.
[0047] An example including materials and dimen-
sions configuring the diaphragm type ultrasonic trans-
ducer, shown in Fig. 6, will be described below. A sub-
strate 1 is made of silicon and a bottom electrode 2 with
a thickness of approximately 500 nm and made of metal
or polysilicon is formed on the silicon substrate. On the
bottom electrode 2, an insulation film of silicon oxide or
the like is formed with a thickness of approximately 50
nm on which a cavity 4 with a dimension in the thickness
direction of approximately 200 nm is formed. An insula-
tion film (the first diaphragm) 5 is formed with a thickness
of approximately 100 nm to form the upper wall of the
cavity 4, and a top electrode 3 is formed with a thickness
of approximately 400 nm of metal such as aluminum on
the insulation film 5. On the top electrode 3, formed is an
outer diaphragm layer 5b with a thickness of approxi-
mately 200 nm of silicon nitride to cover the entire cavity
4, and further on the outer diaphragm layer 5b, formed
is a film of silicon nitride with a thickness of approximately
1000 nm to form beams 7.
[0048] However, these materials and dimensions are
only an example, and materials and dimensions may not
be as described above. For example, assuming that the
beams 7 are made of silicon nitride, the diameter of the
diaphragm is 60 Pm, the thickness of the film is 2 Pm,
and the thickness of the beams 7 is 4 Pm, then, the center
frequency is 7.8 MHz and -6 dB fractional bandwidth is
120% (-6 dB fractional band is 3 to 12.5 MHz) with W1
of 0.5 Pm, the center frequency is 10 MHz and -6 dB
fractional bandwidth is 100% (-6 dB fractional band is 5
to 15 MHz) with W2 of 4 Pm, and the center frequency
is 11.5 MHz and -6 dB fractional bandwidth is 96% (-6
dB fractional band is 6 to 17 MHz) with W3 of 20 Pm. By
optimizing the number of ultrasonic transducers having
the beam width of N1, W2 and W3 (When the numbers
of ultrasonic transducers having the beam width of W1
and W3 are greater than the number of ultrasonic trans-
ducers having the beam width of W2, a flatter frequency
spectrum can be obtained.), -6 dB band becomes 3 to
17 MHz, that is, -6 dB fractional bandwidth becomes
140%. Compared with a known diaphragm structure with
which -6 dB fractional bandwidth is approximately 100 to
120%, -6 dB fractional bandwidth is improved by 40 to
20 points.
[0049] In the example shown in Fig. 5, a film in a ho-
mothetic shape of the diaphragm in a polygonal shape
is formed at the central portion of the diaphragm contin-
uously with the beams 7. However, even arranging
beams 7, as shown in Fig. 7, without a film in a homothetic
shape of the diaphragm at the central portion, the same
effect can be obtained of course. On the other hand, as
shown in Fig. 8, it is also possible to set different reso-
nance frequencies of individual diaphragms by providing
hard regions 15 in the respective central portions of the
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diaphragms and changing the sizes of the hard regions
15, without changing the size of the entire diaphragms.
However, although the resonance of a diaphragm can
be understood by breaking down into respective spring
contributions defined by mass, structure and material,
when a diaphragm is thick, contribution by the material
and shape at a lib portion of the diaphragm is dominating
with respect to the strength of the spring. Accordingly, in
the case of the shape shown in Fig. 8, it is difficult to set
different frequencies for individual diaphragms. There-
fore, compared with a structure in which hard regions 15
in different sizes are formed at the respective centers of
diaphragms as shown in Fig. 8, preferable is a structure
in which beams 7 having different widths and connecting
opposite apexes of diaphragms in a polygonal shape are
formed on the front surfaces or back surfaces of dia-
phragms, as shown in Fig. 5 and Fig. 7.
[0050] Next, a method of utilizing the wide band char-
acteristics of an ultrasonic probe in accordance with the
invention will be described. Fig. 9 (a) is an illustration on
how to select frequencies for respective observation
sites, in a case of using a conventional probe with a frac-
tional bandwidth of approximately 60%. In general, the
higher the frequency is, the shorter the wavelength is,
improving the space resolution. However, attenuation ac-
companying propagation of an ultrasound becomes
greater substantially proportionally to the frequency.
Therefore, in a case of observing with high penetration
into a specimen, almost no signal returns due to attenu-
ation. Thus, deterioration of signal/noise ratio due to at-
tenuation and space resolution are in a trade-off relation-
ship, and therefore, a frequency as high as possible is
selected within a range satisfying a desired signal/noise
ratio. Accordingly, depending on the depth of an obser-
vation object, an optimum frequency is substantially au-
tomatically determined, wherein selected are frequen-
cies of approximately 2 MHz for observation at a depth
of 15 to 20 cm from a body surface (such as a liver),
approximately 10 MHz for observation at a depth of sev-
eral centimeters from the body surface (such as a thy-
roid), and higher for a case such as a probe in a blood
vessel.
[0051]  Conventionally, as there has not been an ul-
trasonic probe that covers such a wide range of frequen-
cies approximately from 2 MHz to 15 MHz, probes have
been used for each of which a predetermined center fre-
quency is set, optimizing each probe for a corresponding
object site. Accordingly, a constant width among ele-
ments has been applicable, and arrays of elements of a
fixed element width, such as to be a half to 75% of a
wavelength, have been adopted. However, according to
the invention, as shown in Fig. 9(b), a single probe can
cover almost a frequency band necessary for an object
of a human body. The symbols f1, f2 and f3 in Fig. 9 (b)
represent drive frequencies in respective modes.
[0052] Herein, in order to operate a single probe with
greatly different center frequencies by switching the drive
frequency depending on the depth of the object site from

the body surface, the element width is necessary to be
switchable. Switching of the element width is determined
when an object site is selected. In a case, the element
width is constant in a single imaging plane. In another
case, the object site is relatively large and the element
width is necessary to be changed even in a single screen
depending on the place to set the object site. In still an-
other case, the object site is extending from a vicinity of
the body surface to a deep portion and the element width
is necessary to be switched accompanying the move-
ment of the focus position while receiving ultrasound. For
example, a case of switching the element width while
receiving ultrasound will be described, referring to a de-
vice diagram. An ultrasonic pulse in a wide band is ap-
plied from a transmission beam-former 204 in Fig. 1
through a switch 205 and sub-element cross point switch
17 to an ultrasonic probe configured with sub-elements
16, and the ultrasonic pulse is transmitted to a specimen
not shown.
[0053] In the transmission beam-former 204, improv-
ing signal/noise ratio by widely transmitting ultrasonic
pulses is more important than increasing the space res-
olution by narrowing the beam. Therefore, the number
of sub-elements per channel is set small, and the total
aperture is set narrow. Since ultrasounds scattered in a
specimen return in order of nearness to the surface of
the specimen, ultrasounds return in ascending order of
the propagation distance in the specimen. In a conven-
tional technology, ultrasounds returning from the speci-
men are received by reception beam-former 206 through
the switch 205; the delay time and weight coefficient are
adjusted between channels; and a tomographic image
is displayed through an envelope detector and a scan
converter. On the other hand, in the invention, in a sub-
element cross point switch 17 between the sub-elements
16 and the switch 205, when ultrasounds from near-sur-
face portions are received, sub-elements are bundled in
the quantity corresponding to the upper end of the band
having transmitted the ultrasounds, and when ultra-
sounds from deeper portions are received, sub-elements
are bundled in the quantity corresponding to the lower
end of the band having transmitted the ultrasounds. The
time is continuous from when ultrasounds are received
from the near-surface portions until when ultrasounds
are received from deeper portions, and accordingly,
switching of the quantity of sub-elements is necessary
to be carried out continuously in terms of time.
[0054] In the example in Fig. 5, diaphragms in a hex-
agonal shape are connected criss-crossingly to form an
ultrasonic transducer of a single electrical element. How-
ever, in order to realize the above described mode, as
shown in Fig. 10, by connecting plural ultrasonic trans-
ducers by connections 13 only in the short axis direction,
having the electrically connected ultrasonic transducers
be a sub-element, and changing the quantity of sub-el-
ements to be bundled in the long axis direction (array
direction), the element width can be changed corre-
sponding to the mode. Herein, the mode is imaging con-

15 16 



EP 1 950 997 A1

10

5

10

15

20

25

30

35

40

45

50

55

ditions automatically determined by the depth of the ob-
ject site. The photograhing conditions include the drive
frequency, cut-off value of the frequency filter for recep-
tion, the number of transmission sine waves, temporal
weight function, aperture weight function, and the like.
[0055] When an operator of the ultrasonic transducer
selects or inputs an object site, the range of the depth of
imaging is usually determined, and the degree of atten-
uation of propagation medium can be estimated. Accord-
ingly, various conditions, such as an optimum frequency,
are determined. In a case, for example, of observing a
relatively large body organ, such as liver or heart, the
object site often extends from a near portion to a far por-
tion even if the object site is determined. Therefore, in
some cases, plural modes are applied even for a single
object site, and the modes are automatically switched
depending on the depth generated by a reflected echo.
Sub-elements are configured by a group of diaphragm
type ultrasonic transducers of which top electrodes are
permanently connected by conductors. When a sub-el-
ement configures one element for beam forming, the sub-
element serves as a unit of ultrasonic transducer bundled
by a switchable switch. In Fig. 10, dashed lines 20 show
the boundaries between sub-elements of ultrasonic
transducers which are electrically connected. In Fig. 10,
four sub-elements 16a to 16d are shown which are elec-
trically connected in a direction perpendicular to the array
direction.
[0056] For example, when a diameter of diaphragms
which configure a single diaphragm type ultrasound
transducer is 50 Pm, although it is of course impossible
to adjust the element width to a range narrower than the
width of one diaphragm, an element width of 0.55 mm
being 75% of a wavelength at 2 MHz can be achieved
by 11 rows of diaphragms with a diameter of 50 Pm, and
the element width of 55 Pm being 75% of a wavelength
at 20 MHz can be achieved by one row of diaphragms
with a diameter of 50 Pm, which achieves an optimal
element pitch for each mode in the range from 2 MHz to
20 MHz. That is, in this case, when driving an ultrasonic
probe at 2 MHz, an element width of 0.55 mm can be
attained by simultaneously driving eleven bundled adja-
cent sub-elements as one element, and when driving an
ultrasonic probe at 20 MHz, an element width of 55 Pm
can be attained by driving individual sub-elements inde-
pendently.
[0057] Fig. 11 is a diagram specifically illustrating how
to change the number of sub-elements to be bundled and
an effect of it. Fig. 11(a) shows the state where the focus
of a transmission wave or reception wave is set to the
nearest distance Fn. In this case, since each element is
arranged in such a manner that a single sub-element with
a width of Ws forms one element, the total aperture width
Wn = Ws x N for a system with the number of channels
N. On the other hand, Fig. 11b shows a state where the
focus is set to a deeper distance Ff. In this case, since
an element with a width of Wc is structured by bundling
two sub-elements, the total aperture width Wf = Wc x N

= 2 x Ws x N. For a still deeper focus, the total aperture
width can be widened by increasing the number of sub-
elements to be bundled. In this way, even changing the
focus of the ultrasonic probe, F value, in other words,
focal length/ aperture width can be maintained to be sub-
stantially constant. Accordingly, compared with a case
where the element width and the number of channels are
constant, it is possible to inhibit generation of grating
lobes (unnecessary emission) due to a too small F value
at a near distance. Also, at a far distance, defocusing
due to a too large F value can be inhibited.
[0058] This sub-element cross point switch can be
mounted in the ultrasonic imaging device. However, as
shown in Fig. 12, the number of cables 18 can be reduced
to the necessity minimum by providing a sub-element
cross point switch 17 on the sub-elements 16 side, rather
than arranging cables 18 connecting the connector 19 in
connection with the ultrasonic imaging device and the
ultrasonic transducers. As a result, it is possible to re-
duce, as much as possible, the load on the operator for
operation of the ultrasonic probe with a hand.
[0059] Now, an example of a diaphragm type trans-
ducer array using diaphragms in a shape other than a
hexagonal shape will be described. Covering a transmis-
sion and reception surface of an ultrasonic probe with
diaphragms with different resonance frequencies while
minimizing the area of gaps between the diaphragms can
be achieved also by using rectangular diaphragms. In
this case, if the ratio between the longer sides and the
shorter sides of the rectangular is nearly 1:1, a connected
oscillation between modes corresponding to the respec-
tive sides makes the resonance mode complicated, and
even though a wide band appears, the phase is not con-
stant when the frequency spectrum is viewed in terms of
both in the amplitude and the phase, resulting in different
delays of respective frequency components and deteri-
oration of the pulse spectrum along the time axis. How-
ever, by making a great difference between the length of
the short sides and the length of the long sides (fore ex-
ample, 1:8 or greater), diaphragms in a rectangular
shape oscillates with deformation along the short sides,
and accordingly, the resonance frequency is defined al-
most by the length of the shorter sides.
[0060] Fig. 13(a) is a schematic plan view showing an
example of an ultrasonic probe using diaphragm type
ultrasonic transducers having a rectangular diaphragm.
Fig. 14 is a cross-sectional view along the array direction.
As shown in Fig. 14, with a structure where the widths of
the cavity portions are different from each other, plural
diaphragms having different resonance frequencies can
be provided in an electrically connected single element.
In this ultrasonic probe, plural diaphragms, each of which
is an element configuring the respective diaphragm type
ultrasonic transducer, are disposed in such a manner
that the longer sides of the diaphragms are in the same
direction as the longer sides of a single electrically con-
nected element 14, namely, in the direction perpendicular
to the array direction of the transducer array. Below each
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diaphragm, a top electrode substantially in the same
shape as the diaphragm and a cavity are provided, and
a common (shared) bottom electrode arranged below the
cavity and the top electrode configure a capacitor.
[0061] Further, each ultrasonic transducer provided
with a rectangular diaphragm has a resonance frequency
defined by the length of shorter sides of the diaphragm.
A single ultrasonic transducer can be obtained in which
plural diaphragms, which are disposed without a gap
therebetween and have different center frequencies, are
simultaneously driven electrically, by selecting a combi-
nation of the lengths of the shorter sides of diaphragms
such as to divide the shorter side of the electrically con-
nected single element 14 into plural parts. For example,
if W0 is 500 Pm and the thickness of a film of silicon nitride
is 3 Pm, then, the center frequency is 7.8 MHz and the
-6 dB fractional bandwidth is 120% (-6 dB fractional band
is 3 to 12.5 MHz) for W1 of 60 Pm, the center frequency
is 10 MHz and the -6 dB fractional bandwidth is 100% (-
6 dB fractional band is 5 to 15 MHz) for W2 of 50 Pm,
and the center frequency is 11.5 MHz and the -6 dB frac-
tional bandwidth is 100% (-6 dB fractional band is 6 to
17 MHz) for W3 of 40 Pm. By optimizing the numbers of
ultrasonic transducers having the respective lengths of
the shorter sides of W1, W2 and W3 (Flatter frequency
spectrum is obtained with the numbers of W1 and W3
greater than the number of W2.), -6 dB band becomes 1
to 15 MHz, that is, -6 dB fractional bandwidth becomes
140%. Since -6 dB fractional bandwidth of a conventional
known diaphragm structure is approximately 100 to
120%, -6 dB fractional bandwidth is improved by 20 to
40 points.
[0062] Fig. 13(b) is a schematic plan view showing an-
other example of an ultrasonic probe using a diaphragm
type transducer array, the diaphragms being rectangular.
In this ultrasound probe, plural diaphragms each of which
is an element configuring the respective ultrasonic trans-
ducer are disposed in such a manner that the longer sides
of them are in the same direction as the shorter sides of
an electrically single element 14, in other words, in the
same direction as the array direction of the transducer
array. Below each diaphragm, a top electrode substan-
tially in the same shape as the diaphragm and a cavity
are provided, and a common bottom electrode arranged
below the cavity and the top electrode configure a ca-
pacitor. Also by such disposition of diaphragms, it is pos-
sible to form the surface of an ultrasonic probe with plural
diaphragms having different center frequencies without
gaps therebetween. In disposing these diaphragms with
different center frequencies, it is preferable to dispose
the diaphragms with regularity as little as possible in order
not to create unnecessary grating beams. Also in Fig. 13
(b), since resonance frequencies are defined for W1, W2
and W3, similarly to the case shown in Fig. 13(a), the way
to select of them and the effect are also the same as in
the case shown in Fig. 13(a).
[0063] Also in the present embodiment, as shown in
Fig. 15, setting such as to allow free changing of the

element width along the array long axis direction, de-
pending on the mode, is advantageous in a viewpoint of
fully utilizing the wide band characteristics which an ul-
trasonic probe in accordance with the present invention
has. In Fig. 15, plural ultrasonic transducers are connect-
ed only along the direction perpendicular to the array
direction and a number of sib-elements are formed, and
the element width along the array long axis is changed
by changing bundling of sub-elements. However, as
shown in Fig. 13(a) or 13(b), by having an element 14
configured by plural diaphragm type ultrasonic transduc-
ers be one sub-element, and changing bundling of sub-
elements by a switch, the element width along the array
long axis may be changed, corresponding to the mode.

(Second Embodiment)

[0064] Fig. 16 is a schematic plan view of an ultrasonic
transducer in a second embodiment. Fig. 17(a) is a sche-
matic cross-sectional view of it. As shown in Figs, 16 and
17(a), by arranging plural beams 7a to 7e having different
widths on the surface of an outer diaphragm layer 5b, an
ultrasonic transducer 100q having a wide band can be
realized. For the ultrasonic transducer 100q in the
present embodiment, an element driven by a single elec-
tric signal, in other words, a single electric element, is
configured with a single diaphragm, wherein the band-
width as the entire diaphragm is widened by aligning plu-
ral beams 7 having different center frequencies on the
single diaphragm.
[0065] In the example, shown in Fig. 16, plural rectan-
gular beams 7a to 7e are formed crossing the short side
direction of diaphragms, on a rectangular outer dia-
phragm layer 5b configuring a single ultrasonic transduc-
er. The widths of the shorter sides of the beams 7a, 7b,
7c, 7d, and 7e are respectively W1, W2, W3, W4 and W5,
and the widths W1 to W5 are different from each other.
In a case where the beams 7 do not intersect, as shown
in Fig. 16, or the intersection parts of beams 7 have little
contribution, the relationship between the diaphragm and
the beams 7 is the same as the relationship between W1,
W2 and W3, in Fig. 5, and the resonance frequencies. As
shown in Fig. 17(b), beams with different widths may be
embedded inside the outer diaphragm layer 5b.
[0066] Also in the case of the ultrasonic transducer
100q shown in Fig. 16, beams 7 having respective center
frequencies are disposed with periodicity as little as pos-
sible, the same as described above, with care not to form
grating lobes (unnecessary emission).
[0067] In the above described embodiments, descrip-
tion has been made taking an example of one dimen-
sional array for photographing a two dimensional tomo-
graphic image. However, also in the case of a two dimen-
sional array or 1.5 dimensional array, plural diaphragms
configure one electric element though the number of di-
aphragms configuring one element decreases. There-
fore, it is possible to achieve a transducer array for which
electric elements are disposed, wherein each of the elec-
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tric elements is configured with plural diaphragms having
minimized gaps therebetween and different center fre-
quencies. This is a feature of the invention. An 1.5 di-
mensional array has a structure for which an array is
arranged also along the direction (long axis) for scanning
the position or direction of an ultrasonic beam, in other
words, along the direction (short axis) perpendicular to
the imaging plane, and thereby focusing along the short
axis can be made variable.

(Third Embodiment)

[0068] Now, a third embodiment in accordance with
the invention will be described, referring to Figs. 18 to
27. Herein the same elements as those in the first and
second embodiments will be given the same symbols,
and description common to these elements will be ap-
propriately omitted.
Fig. 18 is a vertical cross-sectional view showing an ul-
trasonic transducer 100 in the third embodiment. Fig. 19
is a plan view showing the ultrasonic transducer 100.
[0069] Hereinafter, for brevity of description, the same
as in the case of Fig. 40, the direction where the ultrasonic
transducer 100 receives ultrasound, namely, the down-
ward direction in Fig. 18 and the perpendicular downward
direction with respect to the sheet of Fig. 19 will be re-
ferred to as z direction. Further, right direction in Figs. 18
and 19 will be referred to as x direction, and the perpen-
dicular downward direction with respect to Fig. 18, which
is also the upward direction in Fig. 19, will be referred to
as y direction.
[0070] As shown in Figs. 18 and 19, this ultrasonic
transducer 100 is an electrostatic diaphragm transducer
including a flat plate shaped substrate 1 of insulating ma-
terial, such as a monocrystalline silicon, or semiconduc-
tor material, an electrode 2 disposed on the top of the
substrate 1 and formed of a conductive material, such
as aluminum, in a thin film shape, a diaphragm 5 disposed
on the top surface of the electrode 2 and formed in a thin
plate shape, and one or plural beams 7 formed on the
top of the diaphragm 5. Herein, for brevity of description,
for this ultrasonic transducer 100, the surface which is
provided with the diaphragm 5 and transmits ultrasound
will be referred to as the top surface and the surface on
the side of the substrate 1 will be referred to as the bottom
surface.
[0071] The diaphragm 5 has a cavity 4 therein, and the
portion covering the top of the cavity 4 forms an oscillating
part 5c for generating ultrasound by oscillation. The dia-
phragm 5 includes the cavity 4 making the distance be-
tween the oscillating part 5c of the diaphragm 5 and the
electrode 2 on the substrate 1 side, and provided with an
inner diaphragm layer 5b which causes insulation so that
the electrode 2 on the substrate 1 side and an electrode
3 (described later) on the diaphragm 5 side are not elec-
trically conducted with each other even when the oscil-
lating part 5c is deformed excessively, an outer dia-
phragm 5b formed such as to cover the top surface of

the inner diaphragm 5a, and the electrode 3 disposed on
the diaphragm 5 side and formed of the same material
as the electrode 2 and in a thin film shape between the
inner diaphragm layer 5a and the outer diaphragm layer
5b.
[0072] The materials of diaphragms 5 and beams 7
are those described in United States Patent No. 6,359,
367, for example. Examples are silicon, sapphire, any
sort of glass material, polymers (such as polyimide), poly-
silicon, silicon nitride, silicon oxynitride, thin film metals
(such as aluminum alloys, copper alloys and tungsten),
spin-on-glasses (SOGs), implantable or diffused dopants
and grown films such as silicon oxides and silicon ni-
trides.
[0073] In a steady state, the distance between the os-
cillating part 5c of the diaphragm 5 and the substrate 1,
that is the thickness of the cavity 4 (dimension in z direc-
tion) is maintained mainly by the stiffness in the upper
and lower direction (z direction) of both or either the inner
diaphragm layer 5a or the outer diaphragm layer 5b. Fur-
ther, this stiffness is reinforced in a predetermined direc-
tion by the beams 7.
[0074] That is, a significant feature of an ultrasonic
transducer 100 in the present embodiment is that beams
7 are arranged on a diaphragm 5, and the stiffness of the
diaphragm 5 is adjusted. For the transducer 100, a de-
sired combination of a resonance frequency fb and a frac-
tional bandwidth fh can be achieved by appropriately set-
ting the combination of the thickness (the length along z
direction) of the diaphragm 5 and the thickness (the
length in z direction) of the beams 7.
[0075]  In order to change the planar shape (dimen-
sions in x direction and y direction) of the diaphragm 5
and beams 7, different masks (not shown) are required
in the manufacturing process. However, these thickness-
es (dimension in z direction) can be changed by just
changing the control of the manufacturing process, such
as adjusting the time for depositing a material of the di-
aphragm to a desired thickness, which brings an advan-
tage of manufacturing by the same manufacturing equip-
ment.
[0076] When briefly described as an electric element,
this ultrasonic transducer 100 acts as a variable capacity
capacitor having an electrode 2 on the substrate 1 side
and an electrode 3 on the diaphragm 5 side, the both
electrodes serving as polar plates, with the cavity 4 dis-
posed therebetween and functioning as a dielectric. Spe-
cifically, when a force is applied to the diaphragm 5, the
diaphragm is displaced and thereby the distance be-
tween the electrode 2 and electrode 3 changes, thus the
capacitance of the capacitor changes. When a difference
in potential is applied to the electrode 2 and electrode 3,
respective opposite charges are accumulated in them to
cause forces acting on each other, and thus the dia-
phragm 5 is displaced. That is, the ultrasonic transducer
100 is an electro-acoustic conversion element that con-
verts a high frequency electric signal, which has been
input, into an ultrasonic signal and emits the ultrasonic
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signal to a medium, such as water or a living organism,
and then converts an ultrasonic signal being input from
the medium into a high frequency electric signal and out-
puts the high frequency electric signal.
[0077] Fig. 20 is a perspective view showing a trans-
ducer array 1000.
This transducer array 1000 serves as the ultrasound
transmission/reception surface of an ultrasonic probe
(not shown), and is formed with a number of ultrasonic
transducers 100, described above, on a substrate 1, the
ultrasonic transducer 100 being connected by connec-
tions 13 by the unit of a predetermined number. The
number of the ultrasonic transducers 100 is not limited
to the number shown, and ultrasonic transducers 100 in
an even greater number may be integrated on a larger
substrate 1, depending on a semiconductor manufactur-
ing technology. Individual ultrasonic transducers 100 or
ultrasonic transducers 100 bundled by a unit of prede-
termined number are connected through a transmission
and reception switch to a transmission beam-former and
a reception beam-former (both not shown) of an ultra-
sonic imaging device provided with this ultrasonic probe,
and acts as a phased array to be utilized for transmission
and reception of ultrasounds. The shown array of the
ultrasonic transducer 100 is an example, and other forms
of arrays may be arranged, including a honeycomb shape
and grid shape. Further, the array surface may be either
a flat surface or curved surface, and the outline of the
surface may be formed in a circle shape, polygonal
shape, or the like. Or, the ultrasonic transducers 100 may
be disposed on a line or a curve.
[0078] This ultrasonic probe is provided with a trans-
ducer array 1000 formed, for example, in an array shape
having a plurality of groups of ultrasonic transducers 100
arrayed on a line, or formed in a convex type having a
plurality of ultrasonic transducers 100 arrayed in a fan
shape. Further, on the medium (specimen) side of the
ultrasonic transducers 100 of this ultrasonic probe, there
are arranged an acoustic lens for convergence of ultra-
sonic beams, and an acoustic matching layer for match-
ing the acoustic impedance between the ultrasonic trans-
ducers 100 and the medium (specimen). Further, on the
back side (reverse side with respect to the medium side),
a packing member for absorbing propagation of ultrason-
ic waves is arranged.
[0079] Fig. 21 is a diagram of a graph showing an ex-
ample of frequency versus gain response of an ultrasonic
transducer 100. In this graph, the horizontal axis repre-
sents frequency f, and the vertical axis represents sen-
sitivity G (Gain) indicating electro-mechanical conversion
efficiency. Herein, frequency f at which the sensitivity G
is the highest is defined as peak frequency fp, and the
range where sensitivity G is not smaller than -3 [dB] from
the highest value is defined as the frequency bandwidth
fw. The frequency at the center of frequency bandwidth
fw is defined as center frequency fc, and the value of
frequency bandwidth fw divided by center frequency fc
(in other words, the value of frequency bandwidth fw nor-

malized by center frequency fc) is defined as fractional
bandwidth fh (not shown).
[0080] One of the significant basic characteristics of
an ultrasonic transducer 100 is gain G. Gain G means
the efficiency of mutual conversion between electric en-
ergy and mechanical energy, such as mechanical energy
of a sound wave. Accordingly, in view of increasing the
transmission efficiency and detecting faint sound wave
signals, gain G of the ultrasonic transducers 100 is de-
sired to be high.
[0081] Further, another one of the significant charac-
teristics of the ultrasonic transducers 100 is the fractional
bandwidth fh. The greater the fractional bandwidth fh, the
wider the usable frequency range, and thus a single ul-
trasonic transducer 100 can be used for various purpos-
es, which is an advantage of the ultrasonic transducer
100. Further, if the fractional band width fh is greater,
ultrasonic pulses with narrower pulse widths (in other
words, the occupied frequency band width is wider) can
be formed, which is an advantage achieving high dis-
tance resolution in ultrasonic imaging.
[0082] However, as derived from the energy conser-
vation law, the height of sensitivity G and the width of
fractional bandwidth fh contradict with each other. There-
fore, in designing an ultrasonic transducer 100, it is im-
portant to be able to select a combination of a desired
center frequency fc and fractional band width fh within
this limitation.
[0083] Since an ultrasonic transducer 100 is a dia-
phragm type, the center frequency fc and the resonance
frequency fb are substantially the same. The resonance
frequency fb, stiffness D and mass m of a diaphragm 5
have relationship in Expression (1). Fractional band width
fh has a relationship in Expression (2).
[0084] The stiffness D and mass m of a diaphragm 5
are defined by the planar shape and thickness thereof
when the material is determined in advance. Accordingly,
if both the planar shape and the thickness of the dia-
phragm 5 can be properly set, a desired frequency spec-
trum (combination of the center frequency fc (≅ reso-
nance frequency fb) and the fractional band width fh) can
me obtained.
[0085] Fig. 22 is a schematic diagram showing a bend-
ing state of a beam 7.
The beam 7 is in a rectangular solid shape with a width
of w, length of v and thickness of t when no force is ap-
plied. The stiffness D in the thickness direction (oscilla-
tion direction of the diaphragm 5: z direction) of the beam
7 has the following relation in Expression (6), wherein
the mass of the beam 7 is represented by m, and the
Young’s Module is represented by E.
[0086]
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[0087] On the other hand, the mass m of the beam 7
is obtained by the following Expression (7), wherein the
density is represented by ρ.
[0088]

[0089] The resonance frequency fb in the thickness di-
rection t (z direction; oscillation direction of the diaphragm
5) of the beam 7 has the relationship of the following
Expression (8).
[0090]

[0091] Therefore, the resonance frequency fb of the
beam 7 is proportional to the thickness t.
[0092] Further, the fractional band width fh is propor-
tional to the attenuation constant ζ and the attenuation
constant ζ has the relationship in the following Expres-
sion (9).
[0093]

[0094] Herein, if Expression (8) is assigned to Expres-
sion (9), the following Equation (10) is obtained.
[0095]

[0096] From this Expression (10), it is understood that
the attenuation constant ζ is inversely proportional to the
mass m of the beam 7 when the resonance frequency fb
is constant. That is, it is understood that the fractional
band width fh is inversely proportional to the thickness t
when the width w and the length v are determined in
advance.
[0097] In order to realize a desired resonance frequen-
cy fb of a beam 7 in a rectangular solid shape, the thick-
ness t is uniquely determined, when the planar shape
(width w and length v) is determined in advance. Further,
if the material and respective dimensions of the beam 7
are determined, then the mass m is also determined, and
thereby the fractional band width fh is also uniquely de-
termined. Still further, this description on the beam 7 is

also true in the case of parts which can be assumed to
be a rectangular homogeneous solid shape, for example,
the oscillating part 5c (the flat shaped portion excluding
the beams 7) of the diaphragm 5.
[0098] Fig. 23 is a perspective view schematically
showing an oscillating body 6a in accordance with the
invention, and an oscillating body 6b in a comparative
example.
As shown in Fig. 23(a), the oscillating body 6a in accord-
ance by the invention follows the oscillating part 5c of the
diaphragm 5 in the third embodiment, and is provided
with a base plate 20a in a flat plate form and a single
beam 7d on the base plate 20a. The thickness of the
base plate 20a is t1, and the thickness of the beam 7d is
t2. As shown in Fig. 23 (b), the oscillating body 6b of the
comparative example has a shape of the above de-
scribed oscillating body 6a without the beam 7, and
formed of a base plate 20b in a flat plate form. The thick-
ness of the base plate 20b is to.
[0099] The length (dimension in y direction) of the base
plate 20a and beam 7d of the oscillating body 6a and the
length of the base plate 20b of the oscillating body 6b
are both v. The both widths (dimension in x direction) of
the base plate 20a and the base plate 20b are w1, and
the width (dimension in x direction) of the beam 7d is w2.
The materials of the base plate 20a, base plate 20b, and
beam 7d are all the same.
[0100] Fig. 24 is a diagram of graphs showing a result
of calculation of resonance frequencies fb and fractional
bandwidths fh in a case where the width w2 of the beam
7d of an oscillating body 6a in accordance with the in-
vention is set to 20 percent of the width w1 of a base plate
20a. The horizontal axis indicates the thickness ratio t2/t0
of a beam, namely, the value of the thickness t2 of the
beam 7d of the oscillating body 6a normalized by the
thickness to of the base plate 20b of an oscillating body
6b. The vertical axis indicates the thickness ratio t1/t0,
namely, the thickness t1 of the base plate 20a of the os-
cillating body 6a normalized likewise by the thickness to
of the base plate 20b of the oscillating body 6b.
[0101] Each solid graph represents the value of the
resonance frequency fb of oscillating bodies 6a in accord-
ance with the invention normalized by the resonance fre-
quency fb of an oscillating body 6b of a comparative ex-
ample. The numeral given to each solid graph indicates
the value of a normalized resonance frequency fb, where-
in the values of normalized resonance frequencies fb are
all the same at arbitrary positions on a same solid graph.
[0102] Each dashed graph represents the fractional
bandwidth fh of oscillating bodies 6a in accordance with
the invention normalized by the fractional bandwidth fb
of the oscillating body 6b of the comparative example.
The numeral given to each dashed graph indicates the
value of a normalized fractional bandwidth fh, wherein
the values of normalized fractional bandwidths fh are all
the same at arbitrary positions on a same dashed line.
[0103] For example, when a beam 7d is not provided
on an oscillating body 6a in accordance with the invention
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(in other words, the thickness t2 of the beam 7d is set to
zero), this oscillating body 6a is equivalent to a base plate
20b with a thickness of to of a comparative example. That
is, the thickness ratio t1/t0 of the base plate 20a of this
oscillating body 6a is set to 1.0, and the thickness ratio
t2/t0 of the beam 7d is set to 0.0. Herein, in order to change
the fractional bandwidth fh, having the resonance fre-
quency fb be constant, a combination of a thickness ratio
t1/t0 and a thickness ratio t2/t0 is selected such that the
value of the normalized resonance frequency fb is 1.0
(moving on a solid graph given with "1.0"), and thus the
thickness t1 of a base plate 20a and the thickness t2 of
a beam 7d can be obtained.
[0104] Further, for example, in order to make the res-
onance frequency fb of an oscillating body 6a in accord-
ance with the invention be twice as large as that of an
oscillating body 6b of the comparative example and ob-
tain a desired fractional bandwidth fh, a combination,
which achieves the desired normalized value of a frac-
tional bandwidth fh, of a thickness ratio t1/t0 and a thick-
ness ratio t2/t0 is selected with the value of a normalized
resonance frequency fb be 2.0 (moving on the solid graph
given with "2.0" and finding the intersection point be-
tween this solid graph and a dashed graph given with the
desired normalized value of a fractional bandwidth fh),
and thus the thickness t1 of a base plate 20a and the
thickness t2 of a beam 7d can be obtained.
[0105] As described above, since an oscillating body
6a has a structure provided with a beam 7d on a base
plate 20a, by properly setting the respective thicknesses
(dimension in z direction) of these elements (the base
plate 20a and the beam 7d), a desired frequency spec-
trum (a combination of a resonance frequency fb and a
fractional bandwidth fh) can be realized, even without
changing the planar shape of these elements.
[0106] Fig. 25 is a diagram of graphs showing a result
of calculation of resonance frequencies fb and fractional
bandwidths fh in a case where the width w2 of the beam
7d of an oscillating body 6a in accordance with the in-
vention is set to 80 percent of the width w1 of a base plate
20a.
Comparison of Fig. 24 and Fig. 25 proves that, if the ratio
of the width w2 of the beam 7d of an oscillating body 6a
to the width w1 of a base plate 20a is different from that
in another case while the thickness t2 of the beam 7d and
the thickness t1 of the base plate 20a are changed in the
same way as in the other case, the frequency spectrum
changes differently from the other case.
[0107] Specifically, when the width w2 of the beam 7d
is increased having the width w1 of the base plate 20a
be constant, the planar shape of the beam 7d and the
planar shape of the base plate 20a become closer to
each other. Accordingly, if the resonance frequency fb is
maintained constant, the adjustable range of the fraction-
al bandwidth fh achieved by selecting a combination of
the thickness t1 of the base plate 20a and the thickness
t2 of the beam 7d becomes narrower.
Therefore, in order to effectively change the frequency

spectrum by changing the thickness t2 of the beam 7d,
the width w2 of the beam 7d is made as small as possible
compared with the width w1 of a base plate 20a in a range
allowed by manufacturability. In the above description,
the material of the base plate 20a and the material of a
beam 7d are the same, however, the same effect can be
achieved also using different materials.
[0108] Fig. 26 is a schematic perspective view showing
a beam 7d of a modified example.
This beam 7b is configured with a beam part 7ba with a
width of w2, the beam part 7ba being a part of the beam
7b, and a beam part 7bb with a different width of w22, the
beam part 7bb being another part of the beam 7b, where-
in the beam parts 7ba and 7bb are joined with each other
with respect to the thickness direction (z direction) with
the same long axis direction. For this beam 7d, the thick-
ness t21 of the beam part 7ba and the thickness t22 of
the beam part 7bb can be selected independently. Con-
sequently, without changing the planar shapes of the
beam part 7ba and the beam part 7bb, it is possible to
obtain an infinite number of combinations of the thickness
t21 of the beam part 7ba and the thickness t22 of the beam
part 7bb which maintain a constant ratio between the
stiffness D with respect to the thickness direction and the
mass m of the entire beam 7b. That is, using such a beam
7b, while having the resonance frequency fb be constant,
the fractional bandwidth fh can be continuously changed
by changing the combination of the thickness t21 of the
beam part 7ba and the thickness t22 of the beam part 7bb.
[0109] Fig. 27 is a perspective view showing the
shapes of a beam 7c1, 7c2 and 7c3 of other modified
examples.
For example, as shown in Fig. 27(a), the beam 7c1 having
a cross-section in a triangle shape may be employed. As
shown in Fig. 27(b), the beam 7c2 having a cross-section
in a trapezoidal shape may be employed. Further, as
shown in Fig. 27(c), the beam 7c3 of which width changes
along the long axis direction may be employed.
[0110] In such a manner, the beam may have a rec-
tangular solid shape, in other words, a shape with rec-
tangular cross-sections in the short and long axis direc-
tions, or any other shape as long as the thickness (di-
mension along the oscillation direction of the diaphragm
5, namely, z direction) can be controlled during a manu-
facturing process. For example, the beam may have a
cross-section in a polygonal shape, such as a triangular,
rectangular, trapezoidal or another quadrilateral shape,
or a cross-section, such as a circular, ellipsoidal shape
or the like, or a cross-section which changes along a
certain direction.
[0111] Next, referring to Figs. 28 to 39, other embod-
iments in accordance with the invention will be described.
The structures and operations in these embodiments
may be basically the same as those in the third embod-
iment except the points described later. Ultrasonic trans-
ducers 100b to 1001 in the later described fourth to four-
teenth embodiments can also be used in the ultrasonic
probe described above.
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(Fourth Embodiment)

[0112] Fig. 28 is a vertical cross-sectional view show-
ing an ultrasonic transducer 100b in a fourth embodi-
ment. This ultrasonic transducer 100b has a structure
having beams 7 inside a cavity 4 of a diaphragm 5 (inner
diaphragm layer 5a). That is, in the present embodiment,
the beams 7 are disposed adjacent to an electrode 3 on
the surface of the diaphragm 5 and on the side facing an
electrode 2 on the substrate 1 side.
This ultrasonic transducer 100b has the same effects as
in the third embodiment, and allows the surfaces of the
diaphragm 5 to be flat.

(Fifth Embodiment)

[0113] Fig. 29 is a vertical cross-sectional view show-
ing an ultrasonic transducer 100c in a fifth embodiment.
This ultrasonic transducer 100c has a structure having
beams 7 implanted in the substrate of a diaphragm 5
(more specifically, an outer diaphragm layer 5b). These
beams 7 are formed of a material having a higher stiffness
(the Young’s Module) than that of the diaphragm 5 or a
material having a lower stiffness than that of the dia-
phragm 5. Or, the beams 7 may be formed by cavities
with vacuum therein or with air or another kind of gas
charged therein.
In this ultrasonic transducer 100c, the direction and the
amplitude of the stiffness of the diaphragm 5 can be ad-
justed as desired to change the stiffness, without chang-
ing the shape or thickness of the diaphragm 5. Further,
the electro-acoustic efficiency can be increased by nar-
rowing the distance between the electrode 2 and elec-
trode 3.
[0114] Herein, the beams 7 may be formed directly in-
side the inner diaphragm layer 5a or the outer diaphragm
layer 5b, or may be formed by arranging recessions on
the surface of the inner diaphragm layer 5a or the outer
diaphragm layer 5b and joining the inner diaphragm layer
5a and the outer diaphragm layer 5b to seal these reces-
sions.

(Sixth embodiment)

[0115] Fig. 30 is a vertical cross-sectional view show-
ing an ultrasonic transducer 100d in a sixth embodiment.
This ultrasonic transducer 100d has a structure having
a beam 7z instead of the above described electrode 3
on the diaphragm side and beams 7. This beam 7z is
formed, for example, of the same material as the above
described electrode 3 on the diaphragm 5 side, or of an-
other conductive material, and includes an electrode lay-
er part 7zb in the same shape as the above described
electrode 3 on the diaphragm 5 side, the electrode layer
part 7zb being a part of the beam 7z, and beam parts
7za having a shape elongated along shown y direction
and increasing the stiffness of the diaphragm 5 in y di-
rection, each beam part 7za also being a part of the beam

7z. Or, the beam parts 7za may be disposed in a grid
pattern for example, without being limited to a single di-
rection.
[0116] In this ultrasonic transducer 100d, since the
beam parts 7za and the electrode-layer part 7zb can be
formed as a single body, the manufacturing process can
be simplified and the structure can be hardened.
[0117] Further, this ultrasonic transducer 100d may
have a structure which secures the most of the stiffness
of the diaphragm 5 by the beam 7z serving also as an
electrode and either the inner diaphragm layer 5a or the
outer diaphragm layer 5b. Accordingly, either the inner
diaphragm layer 5a or the outer diaphragm layer 5b is
not required to take the role of securing the stiffness, and
can be thinned or omitted. If the beam 7z secures most
of the stiffness, the inner diaphragm 5a is unnecessary
in principle. This allows narrowing the distance between
the electrode 2 and the electrode 3 and improving the
electro-acoustic conversion efficiency.
[0118] Or, from the point of view of protecting the beam
7z against, or insulating the beam 7z from, an external
object (not shown), the outer diaphragm layer 5b may
have a thickness enough for protection or insulation. By
thinning the outer diaphragm layer 5b, the manufacturing
process can be simplified, and the distance between the
electro-acoustic conversion section, configured by the
beam 7z and the electrode 2 on the substrate 1 side, and
a measured medium (not shown) can be shortened,
which improves the sensitivity.

(Seventh Embodiment)

[0119] Fig. 31 is a vertical cross-sectional view show-
ing an ultrasonic transducer 100e in a seventh embodi-
ment.
Instead of the beams 7 in the third embodiment, this ul-
trasonic transducer 100e has a structure having a beam
7n formed of a material with a lower stiffness than that
of a diaphragm 5 or formed as a cavity, adjacent to the
portion where the diaphragm 5 supports itself on the elec-
trode 2 on the substrate 1 side. In other words, this portion
is a ring shaped potion inside the diaphragm 5 and is
located above the marginal portion of the cavity 4, and
is also a portion enclosing the oscillating part 5c of the
diaphragm 5.
[0120] In this ultrasonic transducer 100e, the beam 7n
lowers the stiffness of the marginal portion of the oscil-
lating part 5c of the diaphragm 5, and thereby the stiffness
of the entire oscillating part 5c improves relatively.
[0121] Fig. 32 is a vertical cross-sectional view sche-
matically showing the movement of the ultrasonic trans-
ducer 100e in the seventh embodiment.
It is understood that this ultrasonic transducer 100e has
a structure where a support 5d holds the diaphragm 5n
(shown by the solid curves) on the electrode 2 on the
surface of the substrate 1. For comparison, a diaphragm
5m in a case where the beam 7n is not provided is shown
by the dashed curves.
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[0122] In this ultrasonic transducer 100e, when the di-
aphragm 5 oscillates upon transmission and reception
of ultrasound, the diaphragm 5 is deformed greatly in the
vicinity of the beam 7n, however, the entire oscillating
part 5c of the diaphragm 5 (shown as diaphragm 5n) is
uniformly displaced overall while a satisfactory flatness
thereof is maintained. Therefore, the average displace-
ment amount of the diaphragm 5 can be made large even
without changing the maximum displacement amount,
and also, it is possible to reduce the thickness (the length
in z direction) of the cavity 4 and the distance between
the electrode 2 and the electrode 3. In such a manner,
the electro-acoustic conversion efficiency can be im-
proved, and a high sensitivity and high output can be
realized.
[0123] In comparison of the diaphragm 5n provided
with this beam 7n and the diaphragm 5m not provided
with the beam 7n, it is understood that the deflection of
the diaphragm 5n is small and the central portion thereof
hardly contacts the electrode 2 on the substrate 1.

(Eighth Embodiment)

[0124] Fig. 33 is a plan view of an outer diaphragm
layer 5p in an eighth embodiment.
An ultrasonic transducer 100f (not shown) in the eighth
embodiment has a structure having an outer diaphragm
layer 5p instead of the above described outer diaphragm
layer 5b.
This outer diaphragm layer 5p is provided with a number
of beams 7p in a hole (or hollow) shape at the marginal
portion of a planar shape. Similarly to the above de-
scribed beam 7n, these many beams 7p lower the stiff-
ness of the marginal portion of the outer diaphragm layer
5p and relatively improve the stiffness of the planar por-
tion enclosed by the beams 7p.
Thus, with this ultrasonic transducer 100f in the eighth
embodiment, the same effects as the ultrasonic trans-
ducer 100e in the seventh embodiment can be achieved.

(Ninth embodiment)

[0125] Fig. 34 is a plan view of an ultrasonic transducer
100g in a ninth embodiment.
This ultrasonic transducer 100g includes a circular dia-
phragm 5g, radial beams 7gr disposed radially on the top
surface of the diaphragm 5g, and an annular beam 7gc
disposed likewise. Herein, the diaphragm 5g may be in
an ellipse shape.

(Tenth Embodiment)

[0126] Fig. 35 is a plan view of an ultrasonic transducer
100h in a tenth embodiment.
This ultrasonic transducer 100h includes a diaphragm 5h
in a hexagonal shape, radial beams 7hr disposed radially
on the top surface of the diaphragm 5h, and a cell shaped
beam 7hc disposed along the inner margin of the dia-

phragm 5h likewise. The hexagonal shape is an example,
and the shape of the diaphragm 5h may be a triangle,
pentagon, heptagon, or another polygon.
[0127] As examples, the above described radial
beams 7gr are provided in a quantity of four (in eight
directions from the center) in the ninth embodiment, and
the above described radial beams 7hr are provided in a
quantity of three (in six directions from the center) in the
tenth embodiment. However, a suitable number of such
beams may be provided, depending on the shapes of the
diaphragms 5g and 5h, desired frequency spectrum and
the like. Further, in the cases described in the ninth em-
bodiment and the tenth embodiment, the annular beam
7gc in the ninth embodiment and the cell shaped beam
7hc in the tenth embodiment are provided respectively
in a single quantity, as examples. However, a suitable
number of such beams may be provided, concentrically
for example, depending on the shapes of the diaphragms
5g and 5h, desired frequency spectrum and the like.

(Eleventh Embodiment)

[0128] Fig. 36 is a plan view of an ultrasonic transducer
100i in an eleventh embodiment.
This ultrasonic transducer 100i has a structure having
plural beams 7 which are elongated in y direction and
disposed at uneven intervals.
In the ultrasonic transducer 100i in the eleventh embod-
iment, the distribution of stiffness of the oscillating part
5c of a diaphragm 5 can be partially adjusted and an
oscillation mode can be desirably inhibited or excited, by
suitably setting the pitches of disposing the plural beams
7.

(Twelfth Embodiment)

[0129] Fig. 37 is a plan view of an ultrasonic transducer
100j, in a twelfth embodiment, for which the long axis
directions of beams 7 are set to different directions.
This ultrasonic transducer 100j has a structure having a
beam 7x which is elongated in x direction and shorter in
the long axis direction thereof than the length in x direc-
tion of an oscillating part 5c of a diaphragm 5, beams 7y
which are elongated in y direction and shorter in the long
axis direction thereof than the length in y direction of the
oscillating part 5c of the diaphragm 5, the beams 7x and
7y being arranged on an outer diaphragm layer 5b.
In such a manner, the beam 7x and 7y having different
long axis directions may be disposed in mixture at differ-
ent positions on the same diaphragm 5. Further, the
beams 7x and 7y may have lengths shorter than the pla-
nar dimensions of the oscillating part 5c, depending on
the purpose. Still further, the dimensions of the beams
7x and 7y may be different from each other.
With the ultrasonic transducer 110j in the twelfth embod-
iment, an oscillation mode/modes can be desirably in-
hibited or excited for each part of the oscillating part 5c,
by suitably setting the positions, pitches, quantity of the
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beams 7y and 7x.

(Thirteenth Embodiment)

[0130] Fig. 38 is a vertical cross-sectional view of an
ultrasonic transducer 100k in a thirteenth embodiment.
This ultrasonic transducer 100k has a structure having
beams 7i, 7j and 7k which are elongated in y direction,
have different cross-sections perpendicular to the long
axis, and are disposed in mixture on a diaphragm 5.
[0131] In this example, on the diaphragm 5, the beams
7i having the largest cross-section are disposed adjacent
to the center of the diaphragm 5, the beams 7j having a
smaller cross-section than the beams 7i are disposed
outside the beams 7i, and the beams 7k having a smaller
cross-section than the beams 7j are disposed outside
the beams 7j. Thus, the stiffness of the portion in the
vicinity of the center of the diaphragm 5 is greatly rein-
forced while the stiffness is less reinforced toward the
marginal portion of the diaphragm 5. This disposition is
an example and the order of disposing the beams 7i, 7j
and 7k may be changed.
[0132] With the ultrasonic transducer 100k in the thir-
teenth embodiment, the distribution of stiffness of the di-
aphragm 5 can be adjusted, and thereby, desired oscil-
lation modes and resonance frequencies fb for the re-
spective oscillation modes can be obtained.

(Fourteenth Embodiment)

[0133] Fig. 39 is a plan view of an ultrasonic transducer
1001, in a fourteenth embodiment, provided with beams
7 of which long axes intersect with each other.
This ultrasonic transducer 1001 has a structure having
a beam 7q elongated in x direction (horizontal direction
in the figure) and beams 7r elongated in y direction (ver-
tical direction in the figure) on the top surface of an outer
diaphragm layer 5b.
[0134] In this ultrasonic transducer 1001, the stiffness
of the diaphragm 5 with respect to x direction (horizontal
direction in the figure) can be changed by the horizontally
elongated beam 7q, and also, the stiffness of the dia-
phragm 5 with respect to y direction (vertical direction in
the figure) can be changed by the vertically elongated
beams 7r. Accordingly, even when the planar shape and
dimensions of the oscillating part 5c of the diaphragm 5
are predetermined, it is possible to independently and
arbitrarily set the resonance frequency fbx of an oscilla-
tion mode in x direction and the resonance frequency fby
of an oscillation mode in y direction.
[0135] In this ultrasonic transducer 1001, the planar
shape of the oscillating part 5c of the diaphragm 5 is
substantially a square shape. However, the stiffness of
this oscillating part 5c is reinforced by the single beam
7q elongated in x direction and the three beams 7r elon-
gated in y direction. Herein, assuming that the stiffness
of the beam 7q and the stiffness of each of the beams 7r
are equal to each other, the oscillating part 5c of the di-

aphragm 5 has a small stiffness in x direction and a large
stiffness in y direction despite the substantially square
shape thereof.
[0136] Thus, by changing the stiffness (cross-sectional
area in the short axis direction, material or the like), dis-
position direction, quantities and the like of beams 7q
and 7r, it is possible to set desired oscillation modes and
desired resonance frequencies f for the respective oscil-
lation modes. Herein, the beam 7q and each beam 7r
may be joined with each other, or may intersect with each
other in stories with respect to z direction (perpendicular
direction to the sheet of the figure).
[0137] By the ultrasonic transducers 100, 100b to 1001
in the respective embodiments, the following effects can
be obtained, for example. (1) Since beams (beam 7 and
the like) are arranged for diaphragms (diaphragm 5 and
the like), the thickness of a diaphragm (diaphragm 5 or
the like) and the thickness of a beam (beam 7 or the like)
can be independently changed, and the balance between
the stiffness and the mass of the oscillating part 5c can
be set freely, which allows control of the sensitivity G and
fractional bandwidth fh, achieving a desired center fre-
quency fc.
[0138] (2) By adjusting the thickness of a diaphragm
(diaphragm 5 or the like) and the thickness of a beam
(beam 7 or the like), the frequency spectrum (resonance
frequency fb and fractional bandwidth fh) of the dia-
phragm (diaphragm 5 or the like) can be changed without
changing the planar shape (longitudinal and lateral di-
mensions) of the diaphragm (diaphragm 5 or the like)
and the beam (beam 7 or the like).
[0139] (3) Since the frequency spectrum can be
changed without changing the planar shape (dimensions
in x and y directions) of a diaphragm (diaphragm 5 or the
like) and a beam (beam 7 or the like), flexible manufac-
turing can be carried out using the same manufacturing
equipment and the same mask (not shown) by changing
the control of a manufacturing process, allowing reduc-
tion in time and cost.

(Comparative Example)

[0140] Next, a comparative example will be described,
referring to Figs. 40 and 41.
Fig. 40 is a vertical cross-sectional view of an ultrasonic
transducer 100p of a Comparative Example.
This ultrasonic transducer 100p has the same structure
as the ultrasonic transducer 100 (refer to Fig. 18) in the
third embodiment except that no beam 7 is arranged.
[0141] Fig. 41 is a diagram of a graph showing the
frequency versus gain response of a diaphragm 5 in a
rectangular planar shape with a ratio of longitudinal
length to lateral length of 1:2.
A notch (an area where gain G rapidly drops) appears
near 0.8 MHz on the graph. Accordingly, there is a prob-
lem that the value of the frequency versus gain response
of the diaphragm 5 is not flat. This notch is generated by
the bonding between the lateral oscillation mode and the
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longitudinal oscillation mode. Therefore, it is understood
that one of the oscillation modes can be inhibited and
thereby notch is restricted by changing the longitudinal
and/or lateral stiffness.
[0142] For example, instead of setting the ratio of lon-
gitudinal length to lateral length to 1:2, by making the
ratio of longitudinal length to lateral length extremely
large or small (in other words, making the planar shape
of the diaphragm 5 extremely elongated), it is expected
that affect by either the longitudinal oscillation mode or
the lateral oscillation mode is substantially eliminated,
notch is restricted, and a flat frequency spectrum can be
obtained over a broadband. However, a diaphragm 5 with
a ratio of longitudinal length to lateral length which is ex-
tremely large or small enough to restrict notch has prob-
lems of extreme difficulty of manufacturing and imprac-
ticability.

Examples

[0143] The inventors produced design examples of the
ultrasonic transducer 100 (refer to Fig. 18) in the third
embodiment and the ultrasonic transducer 100p of the
comparative example, as described later. Design values
were input in details to a computer, highly accurate nu-
merical simulation was carried out regarding character-
istic in water, and a result was compared with the calcu-
lation result described above (refer to Fig. 24).
[0144] For both the ultrasonic transducers 100 and
100p, the substrate 1 is formed of silicon, the diaphragm
5 is formed of silicon nitride, and the electrodes 2 and 3
are formed of aluminum. The vertical dimension (up-and-
down direction, namely y direction, in Fig. 19) of the di-
aphragm 5 was set to 40 Pm, and the length in the direc-
tion perpendicular to this direction on the same plate sur-
face (left-right direction, namely x direction, in Fig. 19)
was set approximately to 400 Pm. These dimensions
were set such as to make the vertical length/horizontal
length ratio small enough, considering prevention of un-
necessary oscillation modes from being excited. Further,
the total thickness of the electrode 2 on the substrate 1
side and the substrate 1 is large enough for the displace-
ment to be neglected substantially. The beams 7 of the
ultrasonic transducer 100 are formed of the same mate-
rial as the diaphragm 5.
[0145] For the ultrasonic transducer 100 in the third
embodiment, the width w of the beams 7 was set to 20
percent of the pitch between the beams 7. In order to
have the resonance frequency fb of the diaphragm 5 in
the third embodiment be the same as that of the dia-
phragm 5 in the comparative example and make the frac-
tional bandwidth fh of the diaphragm 5 in the third em-
bodiment is 1.5 times as wide as that in the comparative
example, and based on the calculation result (refer to
Fig. 24), the diaphragm 5 of the ultrasonic transducer
100 was made 0.54 times as thick as the diaphragm 5
of the ultrasonic transducer 100p of the comparative ex-
ample, and the beams 7 were made 0.66 times as thick

as this diaphragm 5 of the ultrasonic transducer 100p.
Herein, the thicknesses of electrode 2, cavity 4 and elec-
trode 3 were made the same as those of the ultrasonic
transducer 100p of the comparative example.
[0146]  For the ultrasonic transducer 100p of the com-
parative example, the cavity 4 above the electrode 2 on
the substrate 1 side was formed 300 nm thick, and the
inner diaphragm layer 5a was formed 200 nm thick. The
electrode 3 on the diaphragm 5 side was formed 400 nm
thick, and the outer diaphragm layer 5b was formed 2000
nm thick.
[0147] Fig. 42 is a diagram of graphs showing the fre-
quency spectrums in water of the ultrasonic transducer
100 in the third embodiment and the ultrasonic transduc-
er 100p of the comparative example.
The value of frequency f is indicated in the horizontal axis
direction, and the value of gain G is indicated in the ver-
tical axis direction in a logarithmic scale. A graph 31 rep-
resents measured values with the ultrasonic transducer
100 in the third embodiment, and a curve 30 represents
measured values with the ultrasonic transducer 100p of
the comparative example.
[0148] For the ultrasonic transducer 100 in the third
embodiment, the center frequency fc was 15.4 MHz and
the fractional bandwidth fh was 157%.
For the ultrasonic transducer 100p in the comparative
example, the center frequency fc was 14.8 MHz and the
fractional bandwidth fh was 120%.
Accordingly, it is understood that, when compared with
the ultrasonic transducer 100p of the comparative exam-
ple, the ultrasonic transducer 100 in the third embodiment
maintains the substantially same value of the center fre-
quency fc, and shows a greater value of the fractional
band width fh. This result agree with the tendency of the
above described calculated result.
[0149] According to the calculation result (refer to Fig.
24), the fractional bandwidth fh of the ultrasonic trans-
ducer 100 in accordance with the invention should be
approximately 1.5 times as wide as the fractional band-
width fh of the ultrasonic transducer 100p of the compar-
ative example. However, according to the result of the
numerical simulation (refer to Fig. 42), the ratio is approx-
imately 1.3 times instead of 1.5 times. This is because,
while the calculation result (refer to Fig. 24) is based on
assumption that the respective elements are homogene-
ous, the numerical simulation (refer to Fig. 42) follows
realistic element structures more faithfully wherein the
diaphragm 5 includes the electrode 3 and others and is
inhomogeneous accordingly.
[0150] There is no practical problem with such a minor
difference in most cases. However, for a more accurate
calculation result, further accurate calculation may be
performed, taking into account effects by other elements,
such as the electrode 3, or, a prototype may be produced
to adjust calculated values, based on quantitative under-
standing of the difference between measured values of
the prototype and calculated values.

35 36 



EP 1 950 997 A1

20

5

10

15

20

25

30

35

40

45

50

55

Claims

1. An ultrasonic transducer including a substrate and
a diaphragm with a cavity therebetween, the sub-
strate having a first electrode therein or on a surface
thereof, the diaphragm having a second electrode
therein or on a surface thereof, the ultrasonic trans-
ducer comprising:

at least one beam on a surface or inside of the
diaphragm or the second electrode.

2. The ultrasonic transducer of claim 1, wherein the ul-
trasonic transducer has a plurality of the beams
which are united to form a structure.

3. The ultrasonic transducer of claim 1, wherein the ul-
trasonic transducer has a plurality of the beams of
which long axis directions intersect with each other.

4. The ultrasonic transducer of claim 1, wherein the at
least one beam is formed of a material with a Young’s
modulus larger or smaller than that of the diaphragm.

5. The ultrasonic transducer of claim 1, wherein the at
least one beam is formed of a same material as that
of the second electrode and is formed in a single
body including the second electrode.

6. The ultrasonic transducer of claim 1, wherein the at
least one beam is formed of a same material as that
of the second electrode.

7. The ultrasonic transducer of claim 1, wherein the at
least one beam comprises a hole or hollow formed
at the diaphragm.

8. The ultrasonic transducer of claim 7, wherein the at
least one beam is arranged along a vicinity of an
outer edge of the diaphragm.

9. The ultrasonic transducer of claim 1, wherein a
cross-section of the at least one beam with respect
to a long axis direction or short axis direction thereof
has a circular or polygonal shape.

10. The ultrasonic transducer of claim 1, wherein the di-
aphragm has a circular plate shape or a polygonal
plate shape.

11. The ultrasonic transducer of claim 1, wherein the ul-
trasonic transducer has a plurality of the beams
which are disposed at uneven intervals.

12. The ultrasonic transducer of claim 1, wherein the ul-
trasonic transducer has a plurality of the beams
which are disposed such that long axis directions
thereof include different directions from each other.

13. The ultrasonic transducer of claim 1, wherein the at
least one beam has a shape joining a first beam part
in contact with the diaphragm and a second beam
part with a smaller dimension with respect to a short
axis than that of the first beam part such that long
axes of the first and second beams are in a same
direction.

14. An ultrasonic probe, comprising:

a transducer array including a plurality of the ul-
trasonic transducers being arrayed of any one
of claims 1 to 13.

15. An ultrasonic probe, comprising:

a substrate; and
a plurality of ultrasonic transducers arranged on
the substrate,

wherein each of the plurality of the ultrasonic trans-
ducers includes:

a bottom electrode;
a top electrode;
a diaphragm that oscillates together with the top
electrode; and
a cavity provided between the bottom electrode
and the top electrode,

and wherein the diaphragm has a polygonal shape
and is provided with a beam on a surface thereof.

16. The ultrasonic probe of claim 15, wherein the dia-
phragm has a hexagonal shape.

17. The ultrasonic probe of claim 16, wherein each beam
is formed connecting opposite apexes of the dia-
phragm.

18. The ultrasonic probe of claim 15, wherein the dia-
phragm has a rectangular shape.

19. The ultrasonic probe of claim 18, wherein each beam
is formed connecting long sides of the rectangular
diaphragm.

20. The ultrasonic probe of claim 15,
wherein the ultrasonic probe includes a plurality of
the beams having different widths, and
wherein each beam provided for a same diaphragm
has a same width.

21. The ultrasonic probe of claim 15, wherein an interval
between adjacent diaphragms is shorter than or
equal to 1/80 of a wavelength at a peak frequency,
the ultrasounds propagating in the substrate.
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22. The ultrasonic probe of claim 15, wherein the plural-
ity of the ultrasonic transducers are disposed in a
direction perpendicular to an array direction of the
ultrasonic probe and form a sub-element with the
respective top electrodes electrically connected with
each other.

23. The ultrasonic probe of claim 22, comprising a cross
point switch for changing a manner of bundling the
sub-element.

24. An ultrasonic probe, comprising:

a substrate; and
a plurality of ultrasonic transducers arranged on
the substrate,

wherein each of the plurality of ultrasonic transduc-
ers includes:

a bottom electrode;
a top electrode;
a rectangular diaphragm that oscillates together
with the top electrode; and
a cavity arranged between the bottom electrode
and the top electrode,

and wherein at least two of the plurality of ultrasonic
transducers have respective rectangular dia-
phragms with ratios between long and short sides,
the ratios being different from each other.

25. The ultrasonic probe of claim 24, wherein each of
the rectangular diaphragms is disposed such that
long sides thereof are perpendicular to the array di-
rection of the ultrasonic probe.

26. The ultrasonic probe of claim 24, wherein each of
the rectangular diaphragms is disposed such that
long sides thereof are along the array direction of
the ultrasonic probe.

27. The ultrasonic probe of claim 24, wherein each in-
terval between adjacent diaphragms is smaller than
or equal to 1/80 of a wavelength of ultrasound prop-
agating in the substrate.

28. The ultrasonic probe of claim 24, wherein the plural-
ity of the ultrasonic transducers are disposed in a
direction perpendicular to an array direction of the
ultrasonic probe and form a sub-element with the
respective top electrodes thereof electrically con-
nected with each other.

29. The ultrasonic probe of claim 28, comprising a cross
point switch for changing a manner of bundling the
sub-element.

30. An ultrasonic imaging device, comprising:

an ultrasonic probe that transmits and receives
ultrasound to and from a specimen;
an image former that forms an image from a sig-
nal obtained by the ultrasonic probe;
a display that displays the image; and
a controller that controls a focal point of the ul-
trasonic probe, corresponding to a depth of a
site of a specimen,

wherein the ultrasonic probe includes a plurality of
ultrasonic transducers, each transducer having a
bottom electrode, top electrode, a diaphragm that
oscillates together with the top electrode, and a cav-
ity arranged between the bottom electrode and the
top electrode,
and wherein each diaphragm has a polygonal shape
and is provided with a beam on a surface thereof.

31. The ultrasonic imaging device of claim 30, wherein
each diaphragm has a hexagonal shape;
each beam is formed connecting opposite apexes
of the diaphragm; and
a plurality of the beams with different widths are ar-
ranged, each beam provided on a same diaphragm
having a same width.

32. The ultrasonic imaging device of claim 30, wherein
an interval between adjacent diaphragms is shorter
than or equal to 1/80 of a wavelength at a peak fre-
quency, the ultrasounds propagating in the sub-
strate.

33. An ultrasonic imaging device, comprising:

an ultrasonic probe that transmits and receives
ultrasound to and from a specimen;
an image former that forms an image from a sig-
nal obtained by the ultrasonic probe;
a display that displays the image; and
a controller that controls a focal point of the ul-
trasonic probe, corresponding to a depth of a
site of a specimen,

wherein the ultrasonic probe includes a plurality of
ultrasonic transducers, each transducer having, on
a substrate thereof, a bottom electrode, top elec-
trode, a rectangular diaphragm that oscillates to-
gether with the top electrode, and a cavity arranged
between the bottom electrode and the top electrode,
and wherein at least two of the diaphragms have
different ratios between long and short sides.

34. The ultrasonic imaging device of claim 33, wherein
an interval between adjacent diaphragms is shorter
than or equal to 1/80 of a wavelength at a peak fre-
quency, the ultrasounds propagating in the sub-
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strate.

35. (Added under Article 19)
The ultrasonic transducer of claim 1, wherein longi-
tudinal stiffness and lateral stiffness of the dia-
phragm are different from each other.

36. (Added under Article 19)
The ultrasonic probe of claim 15, wherein longitudi-
nal stiffness and lateral stiffness of each diaphragm
are different from each other.

37. (Added under Article 19)
The ultrasonic probe of claim 24, wherein longitudi-
nal stiffness and lateral stiffness of each diaphragm
are different from each other.

38. (Added under Article 19)
The ultrasonic imaging device of claim 30, wherein
longitudinal stiffness and lateral stiffness of each di-
aphragm are different from each other.

39. (Added under Article 19)
The ultrasonic imaging device of claim 33, wherein
longitudinal stiffness and lateral stiffness of each di-
aphragm are different from each other.

Amended claims under Art. 19.1 PCT

35. (Added under Article 19)
The ultrasonic transducer of claim 1, wherein longi-
tudinal stiffness and lateral stiffness of the dia-
phragm are different from each other.

36. (Added under Article 19)
The ultrasonic probe of claim 15, wherein longitudi-
nal stiffness and lateral stiffness of each diaphragm
are different from each other.

37. (Added under Article 19)
The ultrasonic probe of claim 24, wherein longitudi-
nal stiffness and lateral stiffness of each diaphragm
are different from each other.

38. (Added under Article 19)
The ultrasonic imaging device of claim 30, wherein
longitudinal stiffness and lateral stiffness of each di-
aphragm are different from each other.

39. (Added under Article 19)
The ultrasonic imaging device of claim 33, wherein
longitudinal stiffness and lateral stiffness of each di-
aphragm are different from each other.
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