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ULTRASOUND PROBE AND ULTRASOUND
IMAGING DEVICE

TECHNICAL FIELD

[0001] The present invention relates to an ultrasonic probe
and ultrasonic imaging device, and, by way of example, to an
ultrasonic probe and ultrasonic imaging device that use
capacitive micro-machines.

BACKGROUND ART

[0002] Ultrasonic transducers are devices that radiate and
receive sound waves in or above the audible range (approxi-
mately 20 Hz to 20 kHz), and are widely used for medical
purposes, in non-destructive testing, etc. Piezoelectric
devices, a typical example being PZT (Lead Zirconate Titan-
ate), are presently most widely used as ultrasonic transducers.
However, in recent years, the development of ultrasonic
devices called Capacitive Micro-machined Ultrasonic Trans-
ducers (hereinafter, CMUTs), which utilize an operation prin-
ciple that differs from piezoelectric types, has advanced, and
is beginning to be put to practical use. CMUTs are fabricated
by applying semiconductor techniques. They are ordinarily
formed by burying an electrode material in a substrate (or the
substrate itself may sometimes serve as an electrode) made of
a material that is used in semiconductor processes, e.g., sili-
con, etc., and by securing a fine (e.g., 50 um) and thin (e.g.,
several pm) diaphragm with supporting walls around the dia-
phragm, etc. A cavity is provided between the diaphragm and
the substrate to allow the diaphragm to vibrate. An electrode
material is buried within this diaphragm as well. By thus
having independent electrodes disposed in the substrate and
the diaphragm, the substrate and the diaphragm function as a
capacitance (capacitor). By applying a voltage across both
electrodes (a bias voltage is ordinarily applied in advance),
they function as an ultrasonic transducer. When an AC voltage
is applied across both electrodes, the electrostatic force
between the electrodes varies, causing the diaphragm to
vibrate. If, at this point, there is some medium that is in
contact with the diaphragm, the vibration of the diaphragm
will propagate within the medium as a sound wave. In other
words, it is possible to radiate sound. Conversely, if a sound
wave is transmitted to the diaphragm, the diaphragm will
vibrate in accordance therewith, and as the distance between
both electrodes varies, an electric current will flow between
both electrodes, or the voltage across both electrodes will
vary. By extracting an electric signal of this electric current,
voltage, etc., it is possible to receive sound waves.

[0003] Important indicators that determine the perfor-
mance of an ultrasonic transducer include the acoustic pres-
sure transmitted and receive sensitivity. To increase acoustic
pressure and receive sensitivity, the greater the area that
vibrates, the better. The area that vibrates is dependent on the
shape of the diaphragm. In the case of a circular, square or
regular hexagonal diaphragm, since the diaphragm is secured
from around in a generally uniform manner, the diaphragm is
only able to vibrate near its center. As a result, in effect, only
approximately 30to 40% of'the cavity area is used effectively.
On the other hand, in the case of an elongate rectangular
(oblong) diaphragm, the extent to which it is bound from
around is mitigated, and displacement in a more even manner
becomes possible as compared to a circular diaphragm, etc. In
this case, approximately 60% of the area vibrates effectively.
Thus, from the standpoint of improving acoustic pressure and
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receive sensitivity, an elongate rectangular shape is prefer-
able. However, when a shape that is elongate to some extent is
adopted, as in a rectangular diaphragm, characteristic high-
order vibration modes occur. The various vibration modes
that occur in the diaphragm have an influence on acoustic
characteristics, e.g., radiated acoustic pressure, frequency
characteristics, pulse characteristics. Accordingly, control-
ling vibration modes becomes extremely important.

Prior Art Documents

[0004] Patent Documents

[0005] Patent Document 1: U.S. Pat. No. 6,359,367
[0006] Non-Patent Documents

[0007] Non-Patent Document 1: Formulas for Natural Fre-

quency and Mode Shape, Robert D. Blevins, ISBN 1-57524-
184-6

SUMMARY OF THE INVENTION
Problems to be Solved by the Invention

[0008] Various vibration modes may be excited in the dia-
phragm of a CMUT. Ordinarily, when using an ultrasonic
transducer, of the innumerable vibration modes that exist, a
mode called fundamental mode where the diaphragm as a
whole vibrates in phase is preferable. The reason being that
because the diaphragm as a whole moves in phase, it is pos-
sible to convert sound and electricity most efficiently. In the
case of a mode called high-order mode where a plurality of
parts that serve as anti-nodes are created in the diaphragm,
there will be places within the diaphragm where the vibration
phases differ by 180 degrees. When sound is radiated in such
a mode, a given region of the diaphragm may vibrate in a
direction that compresses the medium that is in contact with
the diaphragm, thereby radiating a positive pressure (com-
pression wave), while simultaneously at another region of the
diaphragm, the medium may be expanded, thereby radiating
a negative pressure (expansion wave). Thus, the positive and
negative sounds would cancel each other out, causing the net
radiated acoustic pressure to drop. Similarly, in the case of
reception, if there is a region where the diaphragm’s displace-
ment is in the opposite direction relative to the inputted acous-
tic pressure, sensitivity would drop since the positive and
negative receive currents or voltages would cancel each other
out.

[0009] Such phenomena are not problems of individual
vibration modes, but instead have influences in the form of
interference among separate vibration modes as well. In gen-
eral, when some medium that radiates energy is in contact
with the diaphragm, the individual vibration modes each pos-
sess a bandwidth to some degree. Thus, there exists a region
where the band of the fundamental mode overlaps with the
band of a high-order mode. In this case, there arises a fre-
quency where the phase of the fundamental mode does not
match with the phase of the high-order mode, and by a similar
mechanism as that discussed above, there occurs a drop in
radiated acoustic pressure or sensitivity. Accordingly, in order
to widen the available frequency band, interference among
the vibration modes must be considered.

[0010] On the other hand, the vibration modes of a dia-
phragm are dependent on the diaphragm’s shape and bound-
ary conditions. In the case of a shape where the distance from
the center of the diaphragm to the supporting walls that bind
the diaphragm may be considered uniform, e.g., a circular
shape, or a regular polygonal shape such as a regular hexago-
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nal shape, which are widely in use, the resonance frequencies
of the fundamental mode and a high-order mode would
always be of a constant ratio. Accordingly, once the shape is
determined, the frequency characteristics are uniquely deter-
mined. On the other hand, if the distance from the center of
the diaphragm to the surrounding supporting walls is not
uniform and there is anisotropy, by way of example, in a case
where the diaphragm shape is an elongate rectangular shape,
the frequency of the excited vibration mode would vary
largely depending on the ratio of the length of the longer side
of that diaphragm to the width of the shorter side (i.e., the
aspect ratio between representative long and short lengths
(representative aspect ratio), or in the case of a rectangle, the
length-to-width aspect ratio). Accordingly, in order to secure
some available bandwidth, it is necessary that the aspect ratio
of the representative lengths of the diaphragm be set appro-
priately.

[0011] An object of the present invention is to reduce the
influences of the individual vibration modes and of interfer-
ence among the vibrations on acoustic characteristics even in
cases where the shape of the diaphragm of a capacitive micro-
machine is such that the distance from the diaphragm center
to the supporting posts that bind the diaphragm is not isotro-

pic.

Means for Solving the Problems

[0012] In cases where the diaphragm has a shape that is
elongate to some extent, a typical example being a rectangular
diaphragm, the vibration modes that are excited in the longer
direction and shorter direction of the diaphragm may be con-
sidered separately. Of the vibration modes that are deter-
mined by the width of the diaphragm in the direction of the
short side, the one with the lowest frequency becomes the
resonance frequency of the fundamental mode. On the other
hand, although the vibration mode frequencies in the length-
wise direction of the diaphragm are ordinarily higher than the
resonance frequency of the fundamental mode, as its length
becomes longer relative to the width in the short direction
(i.e., as the long to short aspect ratio becomes greater), the
resonance frequencies of the high-order modes approach the
resonance frequency of the fundamental mode. In the case of
a finite aspect ratio, there exist points within the band of the
fundamental mode where a drastic drop in sensitivity occurs
due to interference with high-order modes. On the other hand,
in the case of an aspect ratio that is infinitely long, the reso-
nance frequencies of all the high-order modes that are excited
in the lengthwise direction of the diaphragm converge
towards the fundamental mode frequency. In this case, since
the inter-mode interferences all cancel one another out, it
becomes equivalent to a state where only the fundamental
mode is vibrating. With an actual diaphragm, it is not possible
to create an infinite aspect ratio. However, it is possible to
create a state that may be deemed the same as an infinite
aspect ratio for practical purposes by making the aspect ratio
be greater than a certain value. In so doing, since local sensi-
tivity reduced regions that occur due to inter-mode interfer-
ence may be suppressed, it is possible to attain characteristics
that are more wide band in practical terms.

[0013] As such, ina case where the distance from the center
of the diaphragm to the supporting walls is not uniform, the
present invention sets the ratio of the length of the diaphragm
in the direction of a first axis to the length in the direction of
a second axis that is perpendicular to the first axis (i.e., rep-
resentative aspect ratio) to a value that allows a signal level of
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alocally occurring frequency at which the amplitude drops or
the sensitivity drops to be suppressed below a predetermined
value within a bandwidth of at least one of transmission and
reception by an ultrasonic probe.

[0014] An ultrasonic probe of the present invention com-
prises a capacitive micro-machine and at least one or more
acoustic media that are in contact with the capacitive micro-
machine. The capacitive micro-machine comprises a sub-
strate having a first electrode and a diaphragm having a sec-
ond electrode, wherein the diaphragm is secured to the
substrate at its peripheral parts by means of supporting walls
that rise from the substrate, and a cavity is formed between the
substrate and the diaphragm. The ultrasonic probe is charac-
terized in that the ratio of, of the representative dimensions of
the diaphragm of the ultrasonic probe, the short direction to
the long direction is equal to or greater than a value that does
not cause acoustic performance degradation within a used
sensitivity band.

Effects of the Invention

[0015] The present invention realizes an ultrasonic probe
that suppresses spurious response caused by high-order
vibration modes and that may be used in a wider band.

BRIEF DESCRIPTION OF THE DRAWINGS

[0016] FIG. 1 is a schematic sectional view of a capacitive
micro-machined ultrasonic transducer.

[0017] FIG. 2 is a schematic plan view of a capacitive
micro-machined ultrasonic transducer array (rectangle).
[0018] FIG. 3 is a schematic plan view of a capacitive
micro-machined ultrasonic transducer array (regular hexa-
gon).

[0019] FIG. 4isan external view of an ultrasonic probe that
uses a capacitive micro-machined ultrasonic transducer.
[0020] FIG. 5is a diagram showing a system configuration
example of an ultrasonic imaging device.

[0021] FIG. 6 shows charts indicating vibration modes of a
regular hexagonal cell CMUT.

[0022] FIG. 7 is a chart indicating the impedance of a
regular hexagonal cell CMUT.

[0023] FIG. 8 shows charts indicating vibration modes and
the impedance of a rectangular cell CMUT.

[0024] FIG. 9 is a chart indicating vibration mode frequen-
cies of a rectangular cell CMUT.

[0025] FIG. 10 shows charts indicating a dip forming
mechanism for a case where a plurality of vibration modes
exist.

[0026] FIG. 11 shows charts indicating transmission gains
and pulse responses of a rectangular cell CMUT and a hex-
agonal cell CMUT.

[0027] FIG. 12 shows charts indicating a dip forming
mechanism for a case where intervals among a plurality of
vibration mode frequencies have narrowed.

[0028] FIG. 13 is a chart indicating the frequency charac-
teristics and dip of a CMUT.

[0029] FIG. 14 is a chart indicating the relationship
between the main pulse of an envelope and ringing (tailing).
[0030] FIG. 15 is a chart indicating the length-to-width
ratio dependence of the level difference (dynamic range)
between the main pulse of an envelope and ringing (tailing).
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[0031] FIG. 16 is a diagram showing various rectangle-
based cell shapes.

MODES FOR CARRYING OUT THE INVENTION

[0032] Embodiments ofthe present invention are described
below. It is noted that the contents of the cell structures and
device configurations discussed herein are merely examples,
and that other embodiments may be realized through combi-
nations and replacements of the embodiments with known
techniques.

First Embodiment

[0033] FIG.1isa vertical sectional view ofa CMUT (10) of
the first embodiment. FIG. 2 is a plan view thereof. The
cross-section taken along AA in FIG. 2 corresponds to FIG. 1.
For purposes of convenience, the direction in which the
CMUT (10) transmits ultrasound, that is, the upward direc-
tion in FIG. 1 and the perpendicularly upward direction rela-
tive to the plane of the sheet of FIG. 2, is taken to be the
z-direction. Further, the rightward direction in FIG. 1 and
FIG. 2 is taken to be the x-direction, and the perpendicularly
downward direction relative to the plane of the sheet of FIG.
1 and the upward direction in FIG. 2 are taken to be the
y-direction.

[0034] As shown in FIG. 1 and FIG. 2, this CMUT (10) is
such that a thin film lower electrode 2 comprising a conductor
such as aluminum, tungsten, etc., is formed on a flat substrate
1 comprising an insulator or semiconductor, such as silicon
single crystal, etc., and a diaphragm 5 is formed above the
lower electrode 2. The silicon substrate may sometimes
double as the lower electrode. The diaphragm 5 has its periph-
eral parts secured to the substrate by means of supporting
walls 8 that rise from the substrate. A cavity 7 whose perim-
eter is sealed by the supporting walls 8 is formed between the
diaphragm 5 and the substrate 1. An upper electrode 3 that is
covered by an insulator 4 is disposed in the diaphragm 5.
When a voltage is applied across the lower electrode 2 and the
upper electrode 3, the upper electrode 3 is displaced towards
the substrate due to electrostatic force. In order to prevent this
displacement from becoming so excessive as to place the
upper electrode 3 in contact with the lower electrode 2
thereby allowing conduction, it is preferable that the upper
part of the lower electrode 2 or the upper electrode 3 be
covered with the insulator 4. When the CMUT is actually
used, the surface of the diaphragm 5 is ordinarily placed in
contact with some acoustic medium 6 that propagates ultra-
sonic waves, e.g., air, water, etc. Further, a backing material 9
for attenuating sound may sometimes be adhered below the
substrate 1.

[0035] Assuming that the CMUT (10) shown in FIG. 1 is
one element, FIG. 2 shows a CMUT array 300 in which
innumerable similar elements are arranged in an array. Thus,
instead of being used as a single element, CMUTs may be
used by arranging a plurality of elements. In addition, the
upper electrodes (C1, C2 in FIG. 2) of a plurality of elements
may be electrically interconnected with connector parts 30
and be used as one channel as well. Ordinarily, the connecting
ofthe upper electrodes 3 to an electric circuit is carried out by
means of an upper electrode connection pad 32 via lead wires
31. Similarly, the lower electrodes are also made connectable
to an electric circuit by means of a lower electrode connection
pad 33.
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[0036] It is noted that the diaphragm 5 and the upper elec-
trode 3 of the present embodiment are depicted as rectangles
of the same size. However, with respect to the present inven-
tion, the shapes and sizes need not necessarily be rectangular
as in FIG. 2, and may instead be some other polygon as in
FIG. 3, for example. Further, the sizes of the diaphragms 5
and upper electrodes 3 forming the CMUT array 300 also
need not be all uniform. In other words, diaphragms 5 and
upper electrodes 3 of varying sizes may be mixed within the
CMUT array 300.

[0037] The substrate 1, the lower electrode 2, the dia-
phragm 5, the supporting walls 8, the insulator 4, and the
upper electrode 3 are made of materials that may be processed
by semiconductor process techniques. By way of example,
the materials disclosed in U.S. Pat. No. 6,359,367 may be
used. To provide examples, they may include silicon, sap-
phire, glass materials of all types, polymers (such as polyim-
ide), polysilicon, silicon nitride, silicon oxynitride, thin film
metals (such as aluminum alloys, copper alloys and tung-
sten), spin-on-glasses (SOGs), implantable or diffused
dopants and grown films such as silicon oxides and nitrides.
The interior of the cavity 7 may be a vacuum, or be filled with
air or some gas. When stationary (i.e., when not operating),
the gap of the cavity 7 (in the z-direction) is maintained
mainly by virtue of the rigidity of the substrate 1, diaphragm
5, supporting walls 8 and upper electrode 3.

[0038] FIG. 4 is an external view where the CMUT array
300 is assembled as an ultrasonic probe 2000. On the medium
(subject) side of the CMUT array 300 are disposed an acous-
tic lens 210 that focuses the ultrasonic beam, an acoustic
matching layer 220 that matches the acoustic impedances of
the CMUT and the medium (subject), and a conductive film
240 as an electrical shield layer. Further, it may be used with
the backing material 9, which absorbs the propagation of
ultrasound waves, provided on the back side (the opposite
side relative to the medium side).

[0039] FIG. 5 is a diagram showing a device configuration
example of an ultrasonic imaging device. As shown in FIGS.
1 to 3, each CMUT element, or a group of CMUT elements
comprising a predetermined number thereof, is connected to
atransmission beam former 48 and reception beam former 49
ofan ultrasonic imaging device comprising such an ultrasonic
probe 2000 via a transmission and reception switch 40. The
ultrasonic probe 2000 operates as an array that forms an
ultrasonic beam by means of a direct power supply 45, trans-
mission amplifier 43, and reception amplifier 44 that are
driven by a power supply 42, and is used to transmit and
receive ultrasonic waves. The transmit and receive signals are
controlled by a controller unit 50 in accordance with the
purpose. By way of example, with respect to signals, the
controller unit 50 executes waveform control, amplitude con-
trol, delay control, channel weighting control, etc. The trans-
mit signal is controlled at the controller unit 50, and a voltage
is applied to the electrode of each cell or of a channel of a
group of cells with the desired waveform, amplitude and
delay time set via the transmission beam former 48, a D/A
converter 46, and the transmission amplifier 43. Further, a
voltage limiter 41 is provided to prevent an excessive voltage
from being applied to the probe or for the purpose of transmit
waveform control. After going through the reception ampli-
fier 44, an A/D converter 47, and the reception beam former
49, the receive signal is converted to a video signal at a signal
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processor 51 through B-mode sectional image processing or
Doppler processing, and displayed on a display 53 via a scan
converter 52.

[0040] It is noted that the arrangement of the CMUT array
300 shown in FIG. 2 is only an example, and that other
arrangement configurations such as concentric circles, grid-
like, irregular intervals, etc., are also possible. Further, the
arrangement plane may be flat as well as curved, and the
shape of that plane may be circular, polygonal, etc. Alterna-
tively, the CMUTs (10) may be arranged linearly or along a
curve. In addition, a portion of the functions shown in FIG. 5
may be incorporated into the ultrasonic probe 2000. By way
of example, even if electric circuits such as the transmission
and reception switch, reception amplifier, etc., were incorpo-
rated into the ultrasonic probe 2000, it would make no differ-
ence functionally.

[0041] Next, the operation principles of a CMUT are
described. The CMUT (10) functions as a variable capacitor
in which the lower electrode 2 and the upper electrode 3 are
disposed with the cavity 7 and insulator 4 in-between. When
a force is exerted on the upper electrode 3 to displace it in the
z-direction, the gap between the lower electrode 2 and the
movable upper electrode 3 varies, causing the capacitance of
the CMUT to vary. Since the upper electrode 3 and the dia-
phragm 5 are coupled, the upper electrode 3 is also displaced
when a force is exerted on the diaphragm 5. In this case, when
avoltage is applied across the lower electrode 2 and the upper
electrode 3 and a charge is accumulated, the temporal change
in the gap between the lower electrode 2 and the upper elec-
trode 3 becomes a temporal change in capacitance, and a new
voltage is generated across both electrodes. Thus, when a
force that causes some mechanical displacement, such as an
ultrasonic wave, etc., is transmitted to the diaphragm 5, that
displacement is converted into an electrical signal (voltage or
current). In addition, when a difference in potential is
imparted between the lower electrode 2 and the upper elec-
trode 3, charges of respectively different signs are accumu-
lated in the electrodes, an attracting force is generated
between the electrodes due to an electrostatic force, and the
upper electrode 3 is displaced towards the substrate 1. In this
case, since the upper electrode 3 and the diaphragm 5 are
coupled, the diaphragm 5 is also simultaneously displaced.
Thus, if an acoustically propagating medium, such as air,
water, plastic, rubber, a living organism, etc., exists above
(i.e., in the z-direction of) the diaphragm, the displacement of
the diaphragm 5 is transmitted to the medium. The displace-
ment may also be temporally varied by temporally varying
the voltage applied across the electrodes, as a result of which
sound is radiated. In other words, this CMUT (10) functions
as an electroacoustic transducer having the function of radi-
ating an inputted electrical signal to a medium that is in
contact with the diaphragm 5 as an ultrasonic signal, and of
conversely converting an ultrasonic signal from the medium
into an electrical signal and outputting it.

[0042] Next, vibration modes of a diaphragm of a CMUT
are described. A diaphragm of a CMUT may be excited in
various vibration modes. Examples of the vibration modes of
a regular hexagonal cell are shown in FIG. 6. The chart on the
left shows the mode shape of a vibration mode referred to as
a fundamental mode. The fundamental mode is a mode in
which the diaphragm as a whole vibrates in phase (this will be
referred to as the (1:1) mode). Accordingly, there is one
vibration anti-node. On the other hand, the chart on the right
is such that, near the center of the diaphragm and near sup-
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porting walls located apart from the diaphragm center, there
exist anti-nodes whose phases are in opposition by approxi-
mately 180 degrees (this will be referred to as the (1:3) mode).
The impedance characteristics of the diaphragm of the regu-
lar hexagonal cell discussed above in air are shown in FIG. 7.
The peak on the low frequency side in the chart is the reso-
nance point of the fundamental mode, and the peak on the
high frequency side is the resonance point of the (1:3) mode.
While the absolute values of the resonance frequencies of the
fundamental mode and high-order mode vary depending on
cell size, the value obtained by normalizing the resonance
frequency of the high-order mode with the resonance fre-
quency of the fundamental mode does not vary. Assuming
that the resonance frequency of the fundamental mode is f11,
and that the resonance frequency of the (1:3) mode is 13,
f13/f11 would always be a uniform value (approximately
3.8). Although a case where the cell is in the shape of a regular
hexagon has been presented above, the normalized frequency
of a high-order mode would generally be the same for a
circular shape as well. In other words, if the distance from the
center of the diaphragm to the supporting walls is uniform and
not dependent on direction, the high-order mode to funda-
mental mode resonance frequency ratios would be close in
value (Non-Patent Document 1).

[0043] On the other hand, in the case of an elongate rect-
angular cell such as that shown in FIG. 2, the excited vibration
mode characteristics vary significantly from those of cases
where the cell shape is regular hexagonal or circular. In cases
where the cell shape is rectangular, there exist, besides the
overall size, parameters in the direction of the long side and in
the direction of the short side (the long side will herein be
referred to as the length, and the short side as the width).
Examples of the vibration modes for cases where the length-
to-width aspect ratios (I/w in FIG. 2) are “4” and “8” are
shown in FIG. 8. As can be seen in FIG. 8, while resonance
frequency f11 of the fundamental mode remains the same
even when the length-to-width aspect ratio is varied, the high-
order mode frequencies vary. In the case of a rectangular cell,
the frequency of the fundamental mode is determined by
width w, however because the high-order modes occur in such
a manner that a plurality of anti-nodes are created in the
lengthwise direction, the frequencies are determined by the
length. Thus, even if the widths are the same, if the length-
to-width ratios are different, the frequencies of the high-order
modes would vary, and the ratios of the high-order mode
frequencies to the fundamental mode frequency would thus
also vary. If the perimeter of the rectangle is clamped, the
vibration modes that may be excited would theoretically be
expressed by the equation below.

x[6¢t Gl ann[? [Eq. 1]
fes 3t E R

where w and | are the width and length of the rectangle, and G
and J are constants determined by boundary conditions. The
vibration modes of rectangles have a characteristic where, as
the length-to-width aspect ratio increases, the high-order
modes converge towards the frequency of the fundamental
mode. Results obtained by normalizing the high-order mode
frequencies by the fundamental mode frequency while vary-
ing the length-to-width ratio of a rectangle are shown in FIG.
9. As canbeseenin FIG. 9, as the length-to-width aspect ratio
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increases, the high-order frequencies converge towards the
fundamental mode frequency (approaching 1), and the gradi-
ents of the curves in the chart consequently decrease. In the
case of a hypothetical and infinitely large length-to-width
ratio, all modes would converge at one frequency (all modes
would be such that normalized frequency=1). It is noted that
although, for display purposes,only 1:2,1:4,1:8,and 1:16 are
shown in FIG. 9, curves for other length-to-width aspect
ratios exist along a continuum among the curves shown in
FIG. 9. By way of example, there exist curves corresponding
to length-to-width aspect ratios of 1:3, 1:5, 1:6, 1:7, 1:9, 1:10,
1:11, 1:12, 1:13, 1:14, 1:15, 1:17, 1:18 . . . Further, the
length-to-width aspect ratio is not restricted to integer ratios
such as those discussed above, and may also include cases
where it is expressed in decimal numerical values, as in 1:16.
1, 1:16.5, for example.

[0044] Next, problems resulting from such vibration modes
are described. The acoustic frequency characteristics of a
CMUT are shown in FIG. 10 where the resonance frequency
of the fundamental mode is f11 and the resonance frequency
of a high-order mode with two anti-nodes is f13. In this case,
a state is assumed where there is contact with a medium such
as water, an acoustic lens, etc., as a load. The upper chart
indicates transmit acoustic pressure or sensitivity, and the
lower chart indicates the phase of each vibration mode. The
term phase as used above refers to the phase difference of the
acoustic pressure (or the speed or displacement of the dia-
phragm) with respect to the AC voltage applied across the
electrodes of the CMUT. The points at which the phase is 0
are resonance points, and the phase differs by 180 degrees at
the limits on the low frequency side and high frequency side
of the resonance points. The phase of the high-order mode
varies depending on the position along the diaphragm. How-
ever, in this case, since the focus is on the acoustic pressure
that is ultimately radiated, the net phase is defined. By way of
example, in the case of the (1:3) mode with respect to a
rectangular diaphragm, anti-nodes with phases that differ by
180 degrees are created at the center of the diaphragm and on
both sides thereof in the lengthwise direction. While the anti-
node at the center is singular, two anti-nodes are created
around it. Thus, with respect to the net amplitude, the direc-
tion in which two anti-nodes are created bears significance.
Accordingly, the phase of the (1:3) mode is defined as the
direction in which there are two anti-nodes. Since the dia-
phragm as a whole vibrates in phase in the fundamental mode,
in general, as compared to high-order modes, the net ampli-
tude is greater and sensitivity higher. As can be seen in FIG.
10, there exists frequency fd between f11 and f13 where the
amplitude drops (sensitivity drops) locally (hereinafter
referred to as a dip). The reason such a dip occurs is because
the fundamental mode and the high-order mode cancel each
other out. Specifically, it is because there exists a frequency at
which the difference between the phase of the fundamental
mode and the phase of the high-order mode becomes greater
(close to 180 degrees). When the phase difference is 0
degrees, the amplitude increases because they reinforce each
other. However, as the phase difference becomes closer to
being mutually inverted (180 degrees), a state is created
where their amplitudes cancel each other out. However, even
if the phase difference is sufficiently large, if the amplitudes
are small, their influence is minimal (e.g., the amplitude of
f13 near f11 is small, and although the phase difference is
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large, the canceling amplitude is small). Thus, dips are
formed locally based on a combination of phase difference
and amplitude.

[0045] Ingeneral, high sensitivity and wideband character-
istics are desired for ultrasonic transducers. Accordingly, it is
preferable that the band around the fundamental mode be
wide. However, it is undesirable for bandwidth to be nar-
rowed by the occurrence of dips due to the existence of
high-order modes. In addition, for an ultrasonic probe that
utilizes sound waves of various frequencies, it would be inap-
propriate for the transmit acoustic pressure to drop locally
only around the frequency of a dip. As already discussed
above, in the case of circular or regular hexagonal cell shapes,
since the frequency of a high-order mode is fixed at a constant
ratio with respect to the frequency of the fundamental mode,
the dip position is uniquely determined.

[0046] Accordingly, band improvement is, in principle, dif-
ficult. On the other hand, in the case of elongate cell shapes
such as rectangles, the frequency of each high-order vibration
mode is determined by the length-to-width aspect ratio. Thus,
the dip position may be controlled by varying the length-to-
width aspect ratio. However, a high-order mode of a rectangle
occurs at a position that is closer to the fundamental mode
frequency than is a high-order mode of a circle or a regular
hexagon. Specifically, a dip of a rectangle would actually be
in a direction that narrows the band of the fundamental mode,
and would be in the opposite direction to improving wide
band characteristics.

[0047] By way of example, experiment results for transmit
sensitivity with respect to CMUT cells whose length-to-
width aspect ratios were “2,” ““4,” “8,” and “16” are shown in
FIG. 11. By way of comparison, results for a regular hexago-
nal cell (HEX) are also shown. In the case of the regular
hexagonal cell, the band center of the fundamental mode is
approximately 9 MHz, and a significant dip occurs near 20
MHz. On the other hand, in the case of the rectangular cells,
the band of the fundamental mode is wider than that of the
regular hexagonal cell and is equal to or wider than 25 MHz.
However, at small length-to-width aspect ratios, sharp dips
are observed within the fundamental mode band. By way of
example, when the length-to-width aspect ratio is “2,” there is
a sharp dip at around 11 MHz, and when the length-to-width
aspect ratio is “4,” there are sharp dips at around 5 MHz and
8 MHz. In general, in the case of transmission and reception,
the frequency band of an ultrasonic probe is defined by the
frequency width within which there is a -6 dB difference
relative to the peak value. In the case of transmission only or
reception only, it is defined by half the value thereof, namely
-3 dB. However, in the cases in FIG. 11 where the length-to-
width aspect ratios are “2” and “4,” since their dips are equal
to or deeper than 10 [dB], their bandwidths would be consid-
erably narrower than that of a hexagonal cell.

[0048] On the other hand, from the present experimental
data, it can be seen that the interval between the dips becomes
narrower as the length-to-width aspect ratio of the rectangle
increases, and also that the depths of the dips become less. By
way of example, the depths of the dips when the length-to-
width aspect ratio is “8” are fractions of those when the
length-to-width aspect ratio is “4.” Further, it can be seen that
the depths of the dips become even smaller when the length-
to-width aspectratio is “16.” The principles thereof are shown
in FIG. 12. The frequency characteristics related to three
vibration modes are shown in FIG. 12. Since the frequency
intervals among the respective vibration modes approach the
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fundamental mode as the length-to-width aspect ratio
increases, the intervals at which dips are created also become
narrower. Further, as the resonance frequencies of the respec-
tive vibration modes become closer, the phase differences of
the vibration modes also become smaller (fd1 in the figure).
Further, at regions where two or more vibration modes over-
lap, since there exist both a mode that is close to being in
phase with the fundamental mode and a mode that is close to
being out of phase, extreme dip formations are suppressed
(fd2 in the figure). Thus, due to interference between two or
more vibration modes, the positions and depths of dips vary.
[0049] Utilizing the above-mentioned characteristics of
interference among the vibration modes of a rectangular dia-
phragm, the influences of dips may be reduced even for rect-
angles. Although the number of dips occurring within the
fundamental mode band increases as the length-to-width
aspect ratio increases, the depths of the dips decrease.
Accordingly, dips would ultimately not occur if the length-
to-width aspect ratio is infinitely large. Although an infinite
length-to-width aspect ratio is not actually possible, there
exists a threshold that poses no problem for actual use if the
dips become sufficiently small. In the case shown in FIG. 11
where the length-to-width aspect ratio is *“8,” several dips
occur within the fundamental mode band, but the depths of
the dips are only approximately -2 dB relative to the maxi-
mum value. Further, at a length-to-width aspect ratio of “16,”
the dips are generally equal to or below 1 dB. Based on the
results in FIG. 11 for the length-to-width aspect ratios of “8”
and “16,” it can be seen that, if the dips are sufficiently
negligible, rectangular cells are more wide band in character-
istics than hexagonal cells. By having the length-to-width
aspect ratio be of or above a given value (for rectangular cells,
a length-to-width aspect ratio of or above “8”), spurious
response may be reduced, and an ultrasonic probe that is more
wide band than conventional CMUTs may be attained. In
terms of actual design, the length-to-width aspect ratio may
be defined as follows. FIG. 13 shows in terms of frequency
characteristics the transmit/receive sensitivity of a CMUT for
a given length-to-width aspect ratio. When the length-to-
width aspect ratio is finite, there always occurs one or more
dips in the frequency characteristics. So long as the depths of
all dips are equal to or below 6 dB at most (or 3 dB in the case
oftransmission or reception only), it may be said that the band
of the ultrasonic transducer is not dependent on dips for
practical purposes. Accordingly, the length-to-width aspect
ratio may be designed such that the depths of the dips caused
by interference between the fundamental mode and high-
order modes that occur in the lengthwise direction (DF in
FIG. 13) would be equal to or less than 6 dB for transmission
and reception.

Second Embodiment

[0050] In FIG. 11, there are shown not only frequency
characteristics, but also time response envelopes of transmit
sound waves. With ultrasonic imaging devices, etc., envelope
width greatly affects image resolution. Accordingly, envelope
width becomes an important evaluation element. When the
length-to-width aspect ratio is small and the dips are large, the
signal level following the main pulse is greater than it is for
hexagonal cells, and so-called ringing (tailing) occurs. When
such ringing occurs, it may potentially become a noise com-
ponent when performing imaging with an ultrasonic diagnos-
tic device, etc. Accordingly, in actual use, a waveform in
which ringing is reduced as much as possible is required. It
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can be seen in FIG. 11 that at length-to-width aspect ratios of
“8” and above, ringing is brought to levels generally compa-
rable to that of a hexagonal cell (approximately -25 dB or
less).

[0051] Ordinarily, the dynamic range of signals used in
ultrasonic diagnostic devices is 50 to 60 dB or greater. If the
purpose is to image living organisms, the standard imaging
region is approximately 10 cm in depth from the body surface,
and the sensitivity band of probes that are most often used
with such depths is generally 10 MHz or less. The attenuation
coefficient of living organisms is said to be generally the same
as water, namely, approximately 0.5 [dB/cm/MHz]. By way
of'example, if one were to perform imaging up to a depth of
10 cm at 5 MHz, the signal transmitted from the probe would
be attenuated by 0.5 [dB/cmi/MHz]x10 [cm]x2x5 [MHz]=50
dB as it travels to and from a reflection point within the living
organism. Accordingly, under such circumstances, a signal
dynamic range (DR) of approximately 50 dB would be
demanded of the probe. For this reason, ordinarily, for medi-
cal ultrasonic diagnostic devices, etc., approximately 50 dB is
secured for the transmit/receive sensitivity dynamic range
(DR). Accordingly, if, for transmission and reception, there is
any spurious response, such as ringing, etc., at a level of at
least 50 dB or greater in transmit pulse, there is a possibility
that a drop in performance may be caused, such as image
resolution degradation, etc. From such a perspective, it is
demanded that ringing caused by interference between the
fundamental mode and high-order modes be 50 dB or less for
transmission and reception, and that it be half that, namely 25
dB or less, for transmission only or reception only.

[0052] In actual design, with the present invention, the
length-to-width aspect ratio may be defined as follows. FIG.
14 shows a time waveform envelope of a transmit sound wave
or areceive signal. The length-to-width aspect ratio should be
made to be such that the difference between the maximum of
this waveform and the ringing level (DE in the chart) would be
25 dB or greater, or for transmission and reception, 50 dB or
greater. It would thus be possible to attain a time waveform
with a narrow practical pulse width.

Third Embodiment

[0053] In the second embodiment, a frequency and depth
that suit a specific purpose are set, but conditions may vary for
other purposes. By way of example, even if the purpose is the
same, that is, imaging living organisms, a shallower region
may sometimes be imaged at a higher resolution using a
higher frequency wave. For example, for imaging up to
approximately 3 cm at 20 MHz, the minimum requisite
dynamic range would be 0.5 [dB/cm/MHz]x3 [cm]|x2x20
[MHz]=60 dB. According to the results in FIG. 11, the trans-
mit gain ringing level when the length-to-width aspect ratio is
“16” is approximately =30 dB. In other words, it corresponds
to a DE of approximately 60 dB for transmission and recep-
tion. Accordingly, this signifies that the length-to-wise aspect
ratio of the rectangle under the present conditions is “16” and
above.

[0054] To sum up the above, a method for setting the
length-to-width ratio may be defined in more general terms as
follows. Based on experiment data, the relationship between
length-to-width aspect ratio and DE for transmission and
reception is shown in FIG. 15. Each point in the chart is
experiment data, and curve 150 is fitted with a logarithmic
curve. Using FIG. 15, once the minimum requisite dynamic
range (DR) is determined, then the requisite difference (DE)
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between the maximum of the transmit and receive envelope
and the ringing level would automatically be determined, and
the requisite length-to-width aspect ratio would consequently
be determined. As mentioned above, the requisite dynamic
range may be calculated through a transmit and receive
attenuation formula, i.e., attenuation coefficient [dB/cm/
MHz]ximaging depth [cm[x2xused frequency [MHz]. How-
ever, as would be expected, DE may not necessarily always be
determined as a unique value. Specifically, in cases where
resolution may be sacrificed, and so forth, the ringing level
may vary. However, in that case, the standard may be reset by
recalculating a curve similar to that in FIG. 15 with respect to
the ringing level demanded in accordance with the purpose,
and it does not change the method itself of setting the length-
to-width aspect ratio, which is one point of the present inven-
tion. By way of example, with respect to FIG. 15, a peak that
exists after the pulse width at the —10 dB position along the
hexagonal cell envelope shown in FIG. 11 was recognized as
the ringing level. However, with respect to specifications that
do not demand as high a resolution as that of a hexagonal cell,
the value deemed to be the ringing level drops, and DE con-
sequently increases overall. As a result, it may sometimes
resemble curve 160 in FIG. 15. In this case, even if the DR is
the same, the requisite length-to-width aspect ratio would be
approximately “4” or greater.

Fourth Embodiment

[0055] The present invention is also able to set optimal
length-to-width aspect ratios based on the resonance fre-
quency of each vibration mode. In the first and second
embodiments, it was indicated that a wide band or a short
pulse could be attained with respect to frequency character-
istics or a time waveform by having the length-to-width
aspect ratio of the rectangle be “8” or greater. On the other
hand, according to the results in FIG. 8, an increase in length-
to-width aspect ratio corresponds to a decrease in resonance
frequency for each vibration mode with respect to the funda-
mental mode. In the case of a length-to-width aspect ratio of
“8,” the (1:11) mode, which is fifth in order counting from the
(1:1) mode, is equal to or less than twice the resonance fre-
quency of the (1:1) mode. In other words, when there are six
or more vibration modes for which an odd number of anti-
nodes exist in the region where the normalized frequency is 2
or less, the length-to-width aspect ratio becomes “8” or
greater.

[0056] Accordingly, in an actual design for attaining wide
band characteristics equivalent to or greater than a regular
hexagonal cell, the length-to-width aspect ratio should be
made to be such that there are six or more vibration modes for
which an odd number of anti-nodes exist in the region where
the normalized frequency is 2 or less.

Fifth Embodiment

[0057] In the first to fourth embodiments, methods for set-
ting a length-to-width aspect ratio were presented with
respect to cases where the cell shape was rectangular. How-
ever, actual cell shapes are not necessarily limited to those
that are strictly rectangular. As shown in FIG. 16, there are
innumerable cell shapes where the distance from the center of
the diaphragm to the supporting walls is not uniform. It is
noted that A shows an example of a rectangle, B an octagon,
C a hexagon, D a rectangle with fine bumps/dents, and E an
ellipse. The shape may of course be some other shape than
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those in FIG. 16. However, as can be seen in the diagram, by
defining the representative aspect ratio (=l/w) as being
between the lengths in the direction in which the gap between
the supporting walls is narrow (W) and in the direction in
whichitis long (1), the optimal aspect ratio may be set through
the methods discussed in the first to fourth embodiments. Itis
noted that, in cases where there are fine bumps/dents, it is
assumed that the lengths in the direction in which the gap
between the supporting walls is narrow (W) and in the direc-
tion in which it is long (1) are given by the sides disregarding
the fine bumps/dents, or by the lengths between apices, or by
average lengths. In addition, the example in D shows an
example where the fine bumps/dents are so formed as to
expand the perimeter of the rectangle, which is the original
figure. However, they may also be formed so as to narrow the
perimeter of each side inward relative to the original figure. In
addition, it is assumed that the widths and depths of the fine
bumps/dents are sufficiently small relative to the lengths in
the direction in which the gap between the supporting walls is
narrow (W) and in the direction in which it is long (1). The
expression “sufficiently small” as used above refers to an
extent that does not compromise the original figure, or an
extent that does not significantly alter the time response enve-
lopes shown in FIG. 11, for example, from the characteristics
of'the original figure.

LIST OF REFERENCE NUMERALS

[0058] 1: Substrate

[0059] 2: Lower electrode
[0060] 3: Upper electrode
[0061] 4: Insulator

[0062] 5: Diaphragm
[0063] 6: Acoustic medium
[0064] 7: Cavity

[0065] 8: Supporting wall
[0066] 9: Backing material
[0067] 10: Capacitive micro-machined ultrasonic trans-
ducer

[0068] 30: Connector part

[0069] 31: Lead wire

[0070] 32: Upper electrode connection pad

[0071] 33: Lower electrode connection pad

[0072] 40: Transmission and reception switch

[0073] 41: Voltage limiter

[0074] 42: Power supply

[0075] 43: Transmission amplifier

[0076] 44: Reception amplifier

[0077] 45: Direct power supply

[0078] 46: D/A converter

[0079] 47: A/D converter

[0080] 48: Transmission beam former

[0081] 49: Reception beam former

[0082] 50: Controller unit

[0083] 51: Signal processor

[0084] 52: Scan converter

[0085] 53: Display

[0086] 54: User interface

[0087] 150: Curveindicating aspect ratio dependence (rela-
tive to the time at which a transmit envelope of a regular
hexagonal cell is =10 dB) with respect to the difference
between a transmit and receive waveform envelope peak and
ringing level

[0088] 160: Curveindicating aspect ratio dependence (rela-
tive to a time equal to or greater than the time at which a
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transmit envelope of a regular hexagonal cell is —10 dB) with
respect to the difference between a transmit and receive wave-
form envelope peak and ringing level

[0089] 210: Acoustic lens

[0090] 220: Acoustic matching layer
[0091] 240: Conductive film

[0092] 300: CMUT array

[0093] 2000: Ultrasonic probe

[0094] A: Rectangle

[0095] B: Octagon

[0096] C: Hexagon

[0097] D: Rectangle with fine bumps/dents
[0098] E: Ellipse

1. An ultrasonic probe formed of a capacitive micro-ma-
chine which comprises a substrate having a first electrode and
a diaphragm having a second electrode, in which the dia-
phragm has its peripheral parts secured to the substrate by
means of supporting walls rising from the substrate, in which
a cavity is formed between the substrate and the diaphragm,
and which is of a cell shape where the distance from the center
of the diaphragm to the peripheral parts at which the dia-
phragm is secured is not uniform, wherein

aratio between a length of the diaphragm in the direction of

a first axis and a length in the direction of a second axis
perpendicular to the first axis is taken to be a represen-
tative aspect ratio, and

the representative aspect ratio is set to a value at which a

signal level of a locally occurring frequency at which
amplitude drops or sensitivity drops within a bandwidth
of at least one of transmission and reception by the
ultrasonic probe can be suppressed below a predeter-
mined value.

2. The ultrasonic probe according to claim 1, wherein the
representative aspect ratio is set to a value at which a dip of 6
dB or greater is not formed within a transmit or receive band
of the ultrasonic probe.

3. The ultrasonic probe according to claim 1, wherein the
representative aspect ratio is set to a value at which a dip of 3
dB or greater is not formed within a transmit or receive band
of the ultrasonic probe.

4. The ultrasonic probe according to claim 1, wherein the
representative aspect ratio is set to a value at which, among
vibration modes of the diaphragm, there are six or more
vibration modes for which a value obtained by dividing a
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frequency of a vibration mode having an odd number of
anti-nodes by a fundamental mode frequency is 2 or less.

5. The ultrasonic probe according to claim 1, wherein the
representative aspect ratio is “8” or greater.

6. The ultrasonic probe according to claim 1, wherein the
representative aspect ratio is so set that a ringing level of a
transmit sound wave or receive signal is 50 dB or less.

7. The ultrasonic probe according to claim 1, wherein the
representative aspect ratio is so set that a ringing level of a
transmit sound wave or receive signal is 25 dB or less.

8. The ultrasonic probe according to claim 1, further com-
prising an ultrasonic probe array in which a plurality of the
capacitive micro-machines are arranged.

9. The ultrasonic probe according to claim 1, wherein the
representative aspect ratio is so set as to be equal to or greater
than a ratio calculated based on a minimum requisite dynamic
range (DR) and on a difference (DE) between a transmit and
receive envelope maximum and ringing level.

10. An ultrasonic imaging device comprising:

the ultrasonic probe according to claim 1;

a direct power supply part and an alternating power supply

part;

a transmission beam former that is a means that transmits

an ultrasonic beam from the ultrasonic probe;

a reception beam former that forms a reception beam from

an ultrasonic signal received at the ultrasonic probe;

a signal processor that processes a signal from the recep-

tion beam former; and

display means that displays image data corresponding to a

processing result of the signal processor.

11. The ultrasonic imaging device according to claim 10,
wherein the representative aspect ratio is set to a value at
which a dip of 6 dB or greater is not formed within a transmit
or receive band of the ultrasonic probe.

12. The ultrasonic imaging device according to claim 10,
wherein the representative aspect ratio is set to a value at
which a dip of 3 dB or greater is not formed within a transmit
or receive band of the ultrasonic probe.

13. The ultrasonic imaging device according to claim 10,
wherein the representative aspect ratio is set to a value at
which, among vibration modes of the diaphragm, there are six
or more vibration modes for which a value obtained by divid-
ing a frequency of a vibration mode having an odd number of
anti-nodes by a fundamental mode frequency is 2 or less.
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