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57) ABSTRACT

A capacitive micromachined ultrasonic transducer having an
ultrasonic wave transmission/reception surface formed by
arranging a plurality of transducer cells each of which
includes a membrane having a first electrode and a supporting
film for supporting the first electrode, and also includes a
second electrode arranged being opposite to the first electrode
and being spaced apart from the first electrode at a prescribed
interval, wherein: the transducer cells are arranged on the
basis of resonant frequencies of the transducer cells.
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CAPACITIVE MICROMACHINED
ULTRASONIC TRANSDUCER

CROSS REFERENCE TO RELATED
APPLICATIONS

This is a Continuation Application of PCT Application No.
PCT/IP2005/010410 filed, filed Jun. 7, 2005, which was not
published under PCT Article 21(2) in English.

This application is based upon and claims the benefit of
priority from the prior Japanese Patent Application No. 2004-
168672 filed in Japan on Jun. 7, 2004, the entire contents of
which are incorporated herein by reference.

This application is based upon and claims the benefit of
priority from the prior Japanese Patent Application No. 2004-
169658 filed in Japan on Jun. 8, 2004, the entire contents of
which are incorporated herein by reference.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to a capacitive microma-
chined ultrasonic transducer.

2. Description of the Related Art

Ultrasonic diagnosis methods in which ultrasonic waves
are transmitted inside a body cavity are widely employed and
the condition of the body cavity is visualized on the basis of
the echo signals. An ultrasonic endoscope is one device used
for ultrasonic diagnosis. In an ultrasonic endoscope, an ultra-
sonic transducer is provided to the distal end of an insertion
unit, which is inserted into body cavities. This transducer
converts electric signals into ultrasonic waves for transmit-
ting them inside body cavities, and also receives reflected
ultrasonic waves in the body cavities in order to convert them
into electric signals.

Some ultrasonic transducers have a configuration includ-
ing, for example, a circular and concave ultrasonic reflection
plane and a planar back plane, i.e., a plano-concave configu-
ration (see, for example, Japanese Patent Application Publi-
cation No. 2003-299195 and Japanese Patent No. 3478874).
In the concave ultrasonic reflection plate, the central spot has
the minimum thickness, and the closer to the periphery a spot
1s, the greater the thickness of the spot is.

A piezoelectric element is included in an ultrasonic trans-
ducer, which converts ultrasonic waves and electric signals
into each other. The piezoelectric element generates ultra-
sonic waves at different frequencies in accordance with the
thickness of respective portions in the element itself. Specifi-
cally, ultrasonic waves at low frequencies are generated at
portions having a great thickness, and ultrasonic waves at
high frequencies are generated at portions having a small
thickness because ultrasonic wave frequency is in inverse
proportion to the thickness of the piezoelectric element.

Therefore, in an ultrasonic transducer having a circular and
concave ultrasonic reflection plate i.e., in an ultrasonic trans-
ducer having the plano-concave configuration, the ultrasonic
wave at the highest frequency is generated at the central spot,
and the closer to the periphery a spot is, the lower the fre-
quency of the wave transmitted from the spot is.

The purpose of generating ultrasonic waves at different
frequencies as above is to obtain images at different resolu-
tions based on the different frequencies. By using ultrasonic
waves at high frequencies, image information of the surface
and around it can be obtained at a high resolution. However,
ultrasonic waves at high frequencies are subjected to attenu-
ation at deeper portions. When ultrasonic waves at low fre-
quencies are used, the resolution of image information is
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lower than that of the image information obtained by using
the ultrasonic waves at high frequencies. However, the ultra-
sonic waves at low frequencies are less subjected to the
attenuation, and can therefore be used for observation of
deeper portions. Accordingly, by synthesizing the ultrasonic
waves at high frequencies and the ultrasonic waves at low
frequencies, it is possible to obtain ultrasonic images of shal-
lower to deeper portions at relatively high resolution.

Additionally, for ultrasonic image processing methods and
ultrasonic image processing apparatuses using parametric
sound source methods, an ultrasonic image processing appa-
ratus using the parametric array has been disclosed in recent
years, in which the attenuation of echo signals can be reduced
(see, for example, Japanese Patent Application Publication
No. 8-80300).

Japanese Patent Application Publication No. 8-80300 dis-
closes the following method. By transmitting from an ultra-
sonic probe to a sample of an amplitude-modulated wave
whose center frequency is amplitude-modulated or an ultra-
sonic wave having two frequency components, an echo hav-
ing a frequency component of a difference that is based on the
nonlinearity of tissues is generated in the sample. Because the
echo having the frequency component of the difference is
lower than the fundamental frequency, the attenuation of the
signal strength while the wave is being transmitted through
the sample becomes much smaller.

The parametric array used herein is a sound source whose
beam pattern is sharper than that of a wave at a frequency that
is the same as that of a difference tone between waves at
different frequencies. An effect that results from the acoustic
characteristic (parametric characteristic) achieved by this
parametric array is called a parametric effect.

Recently, capacitive micromachined ultrasonic transduc-
ers (referred to as c-MUT hereinafter) have been attracting
interest. The capacitive micromachined ultrasonic transducer
is one of several devices that are categorized into MEMS
(Micro Electro-Mechanical Systems).

A MEMS device is a device that is formed as a microstruc-
ture on a substrate such as a silicon substrate, a glass sub-
strate, or the like. In a MEMS device, driven bodies for
outputting mechanical forces, driving mechanisms for driv-
ing the driven bodies, semiconductor integrated circuits for
controlling the driving mechanisms, and the like are electri-
cally and mechanically connected. A MEMS device is mainly
characterized by the configuration in which the driven bodies
that are configured as mechanisms are incorporated into the
device. The driven bodies are electrically driven by using the
Coulomb attraction between electrodes.

A capacitive micromachined ultrasonic transducer
(c-MUT) is a device in which two planar electrodes are
arranged such that they face each other, having a cavity
between the electrodes. The capacitive micromachined ultra-
sonic transducer transmits ultrasonic waves when it receives
AC signals superposed on a DC bias by having a layer (mem-
brane) including one of the above electrodes oscillate har-
monically to the AC signals received.

SUMMARY OF THE INVENTION

In the capacitive micromachined ultrasonic transducer
according to the present invention having an ultrasonic wave
transmission/reception surface formed by arranging a plural-
ity of transducer cells each of which includes a membrane
having a first electrode and a supporting film for supporting
the first electrode, and also includes a second electrode
arranged being opposite to the first electrode and being
spaced apart from the first electrode at a prescribed interval:
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the transducer cells are arranged on the basis of resonant
frequencies of the transducer cells.

Additionally, in the capacitive micromachined ultrasonic
transducer according to the present invention in which a plu-
rality of transducer elements are arranged, each having a
plurality of transducer cells each of which includes a mem-
brane having a first electrode and a supporting film for sup-
porting the first electrode, and also includes a second elec-
trode arranged being opposite to the first electrode and being
spaced apart from the first electrode at a prescribed interval:

the transducer elements are arranged on the basis of the
frequencies of ultrasonic waves transmitted from the trans-
ducer elements.

Additionally, in the capacitive micromachined ultrasonic
transducer according to the present invention having a plural-
ity of transducer elements each including a plurality of trans-
ducer subelements each having a plurality of transducer cells
each of which includes a membrane having a first electrode
and a supporting film for supporting the first electrode, and
also includes a second electrode arranged being opposite to
the first electrode and being spaced apart from the first elec-
trode at a prescribed interval:

each of the transducer subelements is any one of a first
transducer subelement and a second transducer subelement
respectively transmitting ultrasonic waves having frequency
components different from each other;

the transducer cells in the transducer subelements have the
same resonant frequency; and

an ultrasonic wave transmission/reception surface is
formed by arranging the transducer elements.

Additionally, in the capacitive micromachined ultrasonic
transducer according to the present invention including a
plurality of transducer elements each having a plurality of
transducer cells each of which includes a membrane having a
first electrode and a supporting film for supporting the first
electrode, and also includes a second electrode arranged
opposite to the first electrode and spaced apart from the first
electrode at a prescribed interval:

each of the transducer elements includes the first trans-
ducer cell and the second transducer cell that transmit ultra-
sonic waves respectively having frequency components dif-
ferent from each other;

the ultrasonic wave transmitted from each of the transducer
elements is a difference frequency ultrasonic wave based on
the ultrasonic wave transmitted from the first transducer cell
and the second transducer cell; and

the waves are converged such that the difference frequency
ultrasonic waves are put in focus by controlling the driving
timing of the respective transducer elements.

Additionally, in the capacitive micromachined ultrasonic
transducer according to the present invention having a plural-
ity of transducer cells each of which includes a membrane
having a first electrode and a supporting film for supporting
the first electrode, and also includes a second electrode
arranged being opposite to the first electrode and being
spaced apart from the first electrode at a prescribed interval:

each of the transducer cells is any one of a first transducer
cell and a second transducer cell respectively transmitting
ultrasonic waves having frequency components different
from each other;

the first transducer cell and the second transducer cell have
resonant frequencies that are different from each other; and

an ultrasonic wave transmission/reception surface is
formed by arranging the first transducer cell and the second
transducer cell in an alternating series.

Additionally, in the capacitive micromachined ultrasonic
transducer according to the present invention having a plural-
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4

ity of transducer cells each of which includes a membrane
having a first electrode and a supporting film for supporting
the first electrode, and also includes a second electrode
arranged being opposite to the first electrode and being
spaced apart from the first electrode at a prescribed interval:

the capacitive micromachined ultrasonic transducer
includes an ultrasonic wave transmission/reception surface in
which at least three types of transducer cells respectively
transmitting ultrasonic waves having different frequency
components are arranged such that a difference frequency
ultrasonic wave based on the ultrasonic waves transmitted
from the respective transducer cells is generated.

Additionally, in the capacitive micromachined ultrasonic
transducer according to the present invention having a plural-
ity of transducer elements each including a plurality of trans-
ducer subelements each having a plurality of transducer cells
each of which includes a membrane having a first electrode
and a supporting film for supporting the first electrode, and
also includes a second electrode arranged being opposite to
the first electrode and being spaced apart from the first elec-
trode at a prescribed interval:

the capacitive micromachined ultrasonic transducer
includes an ultrasonic wave transmission/reception surface in
which at least three types of the transducer subelements
respectively transmitting ultrasonic waves having different
frequency components are arranged such that a difference
frequency ultrasonic wave based on the ultrasonic waves
transmitted from the respective transducer subelements is
generated.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows a basic configuration of a capacitive micro-
machined ultrasonic transducer according to the first embodi-
ment;

FIG. 2 is an enlarged view of a portion 10 enclosed by the
dashed line in FIG. 1;

FIGS. 3A-3I show a manufacturing method of an ultra-
sonic transducer element 1 according to the first embodiment;

FIG. 4 shows a configuration in which the element in FIG.
1 is curved so that the ultrasonic waves transmitted from the
entire surface of the element are in focus;

FIGS. 5A-5D show an example of variations of shapes of
cells in the second embodiment;

FIG. 6 shows the timing of inputting driving pulses into a
unit and respective elements of a capacitive micromachined
ultrasonic transducer in the third embodiment;

FIG. 7 shows an upper face of an element 51 according to
the third embodiment;

FIG. 8 shows a cross section of the element shown in FIG.
7 across the line A1-A2;

FIG. 9 shows a wavefront of synthesized ultrasonic waves
in the third embodiment;

FIG. 10 shows a driving unit ofthe c-MUT according to the
fourth embodiment;

FIG. 11 shows a unit of a capacitive micromachined ultra-
sonic transducer according to the fourth embodiment;

FIG. 12 shows an element and a subelement of a capacitive
micromachined ultrasonic transducer according to the fourth
embodiment;

FIG. 13 is an enlarged view of a part (part 124 enclosed by
the dashed line) of a subelement 123;

FIG. 14 shows a cross section of the subelement 123 shown
in FIG. 13 across the line A1-A2;
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FIGS. 15A-15B show side views of a unit 120 according to
the fourth embodiment (the unit 120 is viewed from the right
or from the left) and transmission/reception of ultrasonic
waves;

FIG. 16 shows the first example of a unit 140 of a capacitive
micromachined ultrasonic transducer according to the fifth
embodiment;

FIG. 17 shows the second example of the unit 140 of the
capacitive micromachined ultrasonic transducer according to
the fifth embodiment;

FIGS. 18A-18C show a capacitive micromachined ultra-
sonic transducer according to the sixth embodiment;

FIG. 19 shows the timing of inputting driving pulses into a
unit and respective elements of a capacitive micromachined
ultrasonic transducer in the seventh embodiment;

FIG. 20 shows the upper face of an element 151 according
1o the seventh embodiment;

FIG. 21 shows the frequency components of a wave trans-
mitted by an element 181,

FIG. 22 shows a cross section of the element shown in FIG.
20 across the line A1-A2;

F1G. 23 shows a wavefront of synthesized ultrasonic waves
according to the seventh embodiment;

FIG. 24 shows an element according to the eighth embodi-
ment;

FIGS. 25A-25B show the first method of detecting a
received signal according to the eighth embodiment;

FIGS. 26A-26B show the second method of detecting the
received signal according to the eighth embodiment; and

FIG. 27 shows an example of the case in which the eighth
embodiment is realized in units of cells.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

First Embodiment

In the present embodiment, a capacitive micromachined
ultrasonic transducer is explained. In this capacitive micro-
machined ultrasonic transducer, high-frequency waves are
transmitted from the central spot, and the closer to the cir-
cumference the spot from which waves are transmitted is, the
lower the frequency of the transmitted waves.

FIG. 1 shows a basic configuration of a capacitive micro-
machined ultrasonic transducer (c-MUT) according to the
present embodiment in a cross-sectional view. The unit of the
¢-MUT shown in FIG. 1 is referred to as an transducer ele-
ment 1 (simply referred to as an element, hereinafter) The
¢-MUT includes a plurality of recesses on the surface of a
silicon substrate 2. This unit is referred to as an transducer cell
10 (simply referred to as a cell, hereinafter). A membrane 9 is
set on the upper face of the silicon substrate 2 such that the
respective cells 10 are covered.

The membrane 9 is an oscillation film whose end portions
are fixed with membrane supporting parts 11. The membrane
9 is made of a thin film containing an upper electrode 7, a
membrane bottom film 14, and ahighly dielectric oxide layer
8. The membrane bottom film 14 is used for supporting the
upper electrode. It should be noted that the highly dielectric
oxide layer 8 may be used as the membrane bottom film 14.

On the lower face of the silicon substrate 2, an insulation
film 3 is provided. On a part of the insulation film 3, a lower-
face electrode pad (a contact pad) 4 is arranged. Interconnects
via holes 6 are provided at both ends of the silicon substrate 2.
A contact pad 5 is arranged on one end (on the lower-face side
of the silicon substrate) of each interconnect via a hole.
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6

FIG. 2 is an enlarged view of the portion enclosed by a
dashed line in FIG. 1. One element is constituted by a plural-
ity of cells. The membrane 9 is supported by the membrane
supporting parts 11 located at both sides of the cells 10.

The lower electrodes 12 are arranged on the surfaces (the
bottom part of the recesses) between the membrane support-
ing parts 11 on the silicon substrate 2. The cavity 13 is space
enclosed by the membrane 9, the membrane supporting parts
11, and the lower electrode 12. The width of the cavity (or
electrode) is represented by W, the thickness of the membrane
9 is represented by tm, and the interval between the upper
electrode 7 and the lower electrode 12 is represented by t. The
width of the membrane corresponding to the above width of
the cavity is also referred to as membrane width.

The configuration of the capacitive micromachined ultra-
sonic transducer is further explained by referring to FIG. 1
and FIG. 2. First, an etching process is executed on the surface
of the silicon substrate 2 for forming a plurality of recesses.
Specifically, a pattern of material that serves as the membrane
supporting parts 11 such as SiN (silicon nitride) is formed on
the silicon substrate 2 by using a conventional film forming
method, and a plurality of recesses are formed. It should be
noted that the material of the membrane supporting parts 11
does not necessarily have to be SiN, and it can be any material
that is a highly insulative, such as SiO, or the like.

The respective recesses are partitioned by the membrane
supporting parts 11. On the bottom of each of these recesses,
the lower electrode 12 is arranged. The interconnects via
holes 6 are conductive channels piercing the silicon substrate
2 from its upper face to its lower face.

The cavities 13a-13e, collectively referenced with refer-
ence numeral 13, are formed by using a sacrificial layer
etching method, and the membrane supporting parts 11 are
made of insulating material such as SiN, SiO, or the like. This
forming method will be explained later by referring to FIGS.
3A-3L

The contact pad 5 is arranged on an end (on the lower-face
side of the silicon substrate 2) of each interconnect via hole 6.
The contact pads 5 serve as terminals on the lower face side of
the silicon substrate 2 for the connection to the upper elec-
trode 7.

The insulation film 3 (for example, Si0,) is formed on the
lower face of the silicon substrate 2, and the contact pad 4 is
arranged on a part of the insulation film 3. This contact pad 4
serves as a conduction terminal for the lower electrodes 12.
Because the silicon substrate 2 is made of silicon material
having a low resistance value, the conduction with the lower
electrodes 12 is realized through this contact pad 4.

The insulation film 3 serves as an insulator between the
contact pad 4 and the contact pads 5. After the junction,
voltage can be applied from the lower face of the silicon
substrate 2 to the upper electrode 7 and the lower electrodes
12 respectively through the contact pad 4 and the contact pads
5.

In the above configuration, the upper electrode 7 is con-
ductive to the contact pads 5 (pad electrodes) via the inter-
connect via holes 6 for each element, but is insulated from the
silicon substrate 2 having a low resistance. The lower elec-
trodes 12 and the contact pad 4 are conductive to each other
viathe silicon substrate 2 having a low resistance, and thus the
above contact pads are insulated from each other so that a
signal short circuit does not happen between them.

It should be noted that the contact pads 4 and 5 are arranged
such that they can be jointed to input/output units (contact
pads) of a pulsar circuit or a charge amplifier circuit as inte-
grated circuits by using a solder bump or the like.
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FIG. 3A-31 shows a manufacturing method for the ultra-
sonic transducer element 1 according to the present embodi-
ment. As shown in FIG. 3A, an insulating layer 82 of SiO,,
SiN or the like is formed on the upper face of the silicon
substrate 81. This film may be a highly dielectric film. Next,
as shown in FIG. 3B, a lower electrode 83 is formed on this
insulating layer 82.

Next, as shown in FIG. 3C, a sacrificial layer 84 is formed,
and this layer is sacrificed for forming cavities or the like (in
other words, it is a temporary layer that will be removed in a
later stage). This sacrificial layer 84 can be formed using, for
example, polysilicon that can be easily removed.

Next, as shown in FIG. 3D, masks (resist films) 85 are
formed two-dimensionally on the portions that will define
cavities on the sacrificial layer 84. In FIG. 3A-I, a cross
section in a horizontal direction is shown; however, the masks
85 are formed similarly also in the vertical direction.

In peripheral portions (portions that will serve as mem-
brane supporting parts) 86 of the respective cavities, the mask
85 is not formed.

Next, as shown in FIG. 3E, the portions on the sacrificial
layer 84 which are not masked by the masks 85 are removed
through an etching process in order to form recess portions 87
used for forming the membrane supporting parts.

Next, as shown in FIG. 3F, the masks 85 are removed. It
should be noted that the peripheral portions 86 and the recess
portion 87 will serve as posts. Then, as shown in FIG. 3G, the
recess portions 87 are filled in order to form the membrane
supporting parts. Also, a film 88 is formed by using a mem-
brane substrate (SiN, SiO, or the like) such that the film 88
covers the upper faces of the sacrificial layer 84.

Next, as shown in FIG. 3H, sacrificial layer escape holes 89
which extend to the sacrificial layer 84 under the film 88 are
made. Then, the sacrificial layer 84 is removed by etching or
the like. Then, cavities 90 are formed after the removal of the
sacrificial layer 84. A membrane layer (sacrificial layer
escape hole sealing film) 91 is formed in order to cover the
hole 69. This membrane layer 91 may be made of SiN or SiO,,.
This film may be a highly dielectric film. FIG. 31 shows the
state that exists when an upper electrode 92 is formed on the
membrane layer 91.

By executing the steps shown in FIG. 3A through FIG. 31,
the steps shown in FIG. 3C through FIG. 31 are repeated on an
ultrasonic transducer element 1a as the first layer. Thereby, an
ultrasonic transducer element 15 (not shown) can be formed
as the second layer.

Next, operations of a ¢-MUT 1 will be explained. When
voltage is applied to the upper electrode 7 and the lower
electrode 12, these electrodes attract each other, and when the
voltage becomes zero, they attraction stops. Ultrasonic waves
are generated by this oscillation, and the ultrasonic waves are
transmitted upward from the upper electrode.

As shown in FIG. 1, in the present embodiment the respec-
tive cells have different widths. The element shown in FIG. 1
has a configuration that is symmetrical with a dashed line at
the middle of the view that represents the line of symmetry.
Also, the closer to the ends a cell is, the larger the width of the
cell. Accordingly, the membrane width W satisfies the rela-
tionship of 10a<105<10c<10d<10e. This will be explained
below.

The center frequency fres of the ultrasonic wave generated

from each cell is expressed by equation (1) below.
Sres=(m/2)x(tm/W2)x(E/12p)"2 (1)

(tm: thickness of membrane, W: membrane width, E: Young’s
modulus, p: density)
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Accordingly, the greater the membrane width W is, the
smaller fres. In other words, the greater the membrane width
per one cell, the lower the frequency. Accordingly, when the
membrane width W per one cell is gradually increased such
that the relationship of 10a<105<10c<104<10e is satisfied,
the central cell generates the ultrasonic wave whose center
frequency fres is the highest (high frequency), and the closer
to the ends a cell is, the smaller the central frequency of the
ultrasonic wave (low frequency) generated by the cell. Tt
should be noted that fres may be adjusted by changing the
thickness of the membrane.

Also, by forming the highly dielectric oxide layer 8 on the
upper electrode 7, it is possible to enhance the strength of the
ultrasonic waves generated by the cells. The highly dielectric
oxide layer 8 is a layer that is formed to enhance the electro-
static attraction between the upper electrode 7 and the lower
electrodes 12. The voltage applied to the upper electrode 7
and the lower electrodes 12 is controlled such that the upper
electrode 7 and the lower electrodes 12 are oscillated, and
there by ultrasonic waves are generated. Accordingly, the
stronger the electrostatic attraction between the upper elec-
trode 7 and the lower electrodes 12, the more they are oscil-
lated. Accordingly, methods of enhancing the electrostatic
attraction are described. Equation (2) below expresses the
electrostatic attraction Fatt between the upper electrode 7 and
each of the lower electrodes 12.

Fatr=—(%)xC x(W2/2)x V2 2)
(€,: dielectric constant, W: membrane width, t: interval
between electrodes, V: voltage)

The above equation expresses the fact that the greater the
dielectric constant is, the stronger the electrostatic attraction
Fatt between electrodes ift, W2, and V are constant. Accord-
ingly, by interposing material having a great dielectric con-
stant between the upper electrode 7 and the lower electrode
12, it is possible to make the electrostatic attraction Fatt
stronger. The highly dielectric oxide layer 8 serves as this
material interposed between the upper electrode 7 and the
lower electrode 12.

Accordingly, material having a large dielectric constant is
used for the highly dielectric oxide layer 8. In the present
embodiment, as the highly dielectric oxide layer 8, material
having a large dielectric constant is used, such as Barium
Titanate BaTiO, (€,: 1200), Strontium Titanate SrTiO; (€,
332), Barium Strontium Titanate, Tantalum oxide (€,: 27.9),
Tantalum (V) oxide (€,: 27),NST (€,: 27), Aluminum oxide,
Titanium oxide (€,: 100), or the like.

Further, the element is explained. The respective cells in
the element have a resonant frequency. The resonant fre-
quency depends on equation (1), 1.e., it depends on structural
parameters. At the resonant frequency, an oscillation ampli-
tude that is larger than that at other frequencies is realized.

Thus, from the central spot of the element, a high-fre-
quency ultrasonic wave is transmitted, and the closer to the
ends a spot transmitting an ultrasonic wave is, the lower the
frequency of the ultrasonic wave transmitted from the spot. In
the present invention, these ultrasonic waves at different fre-
quencies are caused to be in focus, which will be explained by
referring to FIG. 4.

FIG. 4 shows a configuration in which the element in FIG.
1 is curved so that the ultrasonic waves transmitted from the
entire surface of the element are in focus. First, a flexible
printed circuit (FPC) 20 is jointed to the surface of the mem-
brane 9 of the element 1 in FIG. 1. Next, in order to curve the
element 1 via a mechanical operation as shown in FIG. 4, slits
are formed from the insulation film 3 to the membrane sup-
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porting parts 11 for each space between the cells before the
curvature process. Then, each cell is partitioned from its
adjacent cell such that it is supported by the membrane 9.
Thereby, the element can be curved easily.

Next, as shown in FIG. 4, the element is curved such that
the central portion is in a concave state. When the element is
curved, the focal length is set in advance, and the curvature is
conducted such that the ultrasonic waves transmitted from the
surface of the element are in focus at the set focal length. After
the curvature process, in order to maintain the curved state of
the element, the grooves formed due to the above slits are
filled with back-filling agent 21. Thereafter, on the surface on
which the slits were made (insulation film 3), lower-face
electrodes 22 are formed. Thereby, the curved state as shown
in FIG. 4 is realized.

Next, operations of the c-MUT shown in FIG. 4 will be
explained. The driving unit 30 is a device for driving the
¢-MUT, and includes ground wiring 31, signal wiring 32,
grounds 33, 37, and 38, a DC bias power source 34, an RF
power source 35, and DC blocking capacitors 36 and 39.

The upper electrode 7 is grounded at the ground 33 via the
ground wiring 31. The signal wiring 32 is for transmitting
driving signals generated by the driving unit to the c-MUT1.

The RF power source 35 is a high-frequency alternating
current source for generating the driving signals. To generate
the driving signal, not only alternating voltage components
(V. supplied from the RF power source 35, but also direct
voltage components (V) supplied from the DC bias power
source 34 are necessary. The driving signals thus generated
are transmitted to the lower-face electrode 22 via the DC
blocking capacitor 36 and the signal wiring 32. One terminal
of the DC bias power source 34 is grounded at ground 37, and
one terminal of the RF power source 35 is grounded at ground
38.

The DC blocking capacitors 36 and 39 are for preventing
direct current of the DC bias power source 34 from flowing
into a charge amplifier or into the RF power source 35.

When the driving unit 30 is driven, the driving signal is
transmitted to the ¢c-MUT and the membrane of each cell
oscillates such that an ultrasonic wave is transmitted from
each cell. As shown in FIG. 4, ultrasonic wave F1 at a high
frequency is transmitted from the central cell of the c-MUT,
and ultrasonic waves F2 at low frequencies are transmitted
from the cells around the central cells. These ultrasonic
beams are in focus at the center of the circle that is constituted
by the surface of this c-MUT.

By thus constituting the focus as above, it is possible to
diaphragm the width of the ultrasonic beam. Because the
width of the ultrasonic beam influences the spatial resolution
of an ultrasonic image, it is desirable that the beam width be
diaphragmed as much as possible without causing a problem
in the depth of the ultrasonic wave.

Also, by curving the surface of the ¢-MUT as above, a
functionality equivalent to that realized by the above
described plano-concave configuration can be realized. The
plano-concave configuration is characterized in that it trans-
mits high-frequency ultrasonic signals from its central spot,
transmits low-frequency ultrasonic signals from the periph-
eral spots, and forms a sound field in which a synthesized
sound field of the high-frequency ultrasonic waves and the
low-frequency ultrasonic waves is constant across the dis-
tance from near portions (high frequency) to far portions (low
frequency). Because low-frequency ultrasonic signals have a
high sensitivity, it is possible to cause an ultrasonic wave to
travel for a long distance, i.e., to a deeper portion.

The reason that the high-frequency components influence
near sound fields is that the high-frequency ultrasonic wave is

10

15

20

25

40

45

60

65

10

transmitted from the central spot such that the aperture is
small and waves are in focus at a near position. The reason
that the low-frequency components influence far sound fields
is that the low-frequency ultrasonic waves are transmitted
from peripheral spots such that the aperture is substantially
larger, and the waves are in focus at a far position. Therefore,
thec-MUT in the present embodiment has the functionality as
above.

In the present embodiment, the resonant frequency that a
plurality of transducer cells have are distributed over a plu-
rality of frequency bands. The phrase “distributed over a
plurality of frequency bands” means that in the transducer
element in the present embodiment, the peripheral spots are
for the low frequency (band), and the central spots are for the
high frequency (band), i.e., a plurality of frequencies are
distributed over the element. In this configuration, the driving
signals having the same frequency band are applied to the
transducer elements at that resonant frequency. Thereby, it is
possible to efficiently transmit ultrasonic beams from the
respective cells distributed over the element.

As the structural parameters that determine the resonant
frequency of the cell, the membrane width and the length/
diameter (in the case that the cell is circular) are employed on
the basis of the principle expressed by equation (1). It should
be noted that in the present embodiment, the transmission/
reception surface of the capacitive micromachined ultrasonic
transducer is concave, and the concave surface may be spheri-
cal or cylindrical. Also, in the present embodiment a high-
frequency wave is an ultrasonic wave at a frequency which is
relatively higher than the frequencies of other ultrasonic
waves (low frequency), and a low-frequency wave is an ultra-
sonic wave at a frequency which is relatively lower than the
frequencies of other ultrasonic waves (high frequency).

Conventionally, in an ultrasonic transducer, a ceramic
piezoelectric material, PZT (Lead Titanate Zirconate) for
example, is used as a piezoelectric element for converting
electrical signals into ultrasonic waves. However, it is diffi-
cult to process this material into the plano-concave configu-
ration, and it is further difficult to arrange electrodes on it in
a curved state. However, with the configuration in which the
capacitive micromachined ultrasonic transducer is curved
and an ultrasonic wave at a high frequency is transmitted from
the central spot of the element, and the closer to the ends of the
element a spot is, the lower the frequency of the ultrasonic
waves transmitted from the spot is, an ultrasonic image at
relatively high resolution from near portions to far portions
can be obtained.

Also, the functions that are conventionally realized by
using the plano-concave configuration can be realized easily.
Further, the capacitive micromachined ultrasonic transducer
according to the present embodiment can be manufactured
more easily than a conventional transducer manufactured by
processing a piezoelectric element into a plano-concave con-
figuration.

Second Embodiment

In the present embodiment, cells having apertures in vari-
ous shapes are formed in elements, and high-frequency waves
are transmitted from the central spot of the element and low-
frequency waves are transmitted from the spots around the
central spot.

FIG. 5A-5D shows the upper face of an element according
to the present embodiment. FIG. 5A shows an element 40 in
an oval shape in which a plurality of cells 41 in an oval shape
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are formed. The central cell has the smallest area, and the
closer to the periphery of the element a cell is, the larger the
area of the cell.

As described above, by changing the membrane width W,
the frequency can be changed to being in inverse proportion to
W? (see equation (1)). Thus, when a cell having a small area
at the central point of the element is formed and when other
cells are arranged such that the closer to the periphery of the
element a cell is, the larger the area of the cell, high-frequency
waves are transmitted from the central spots, and the closer to
the periphery a cell is, the lower the frequency of the wave
transmitted from the spot.

FIGS. 5B, 5C, and 5D show examples of variations in cell
shapes. In FIG. 5A, an oval cell is used; however, the present
invention is not limited to this example. Specifically, the
shapes of cells may be quadrangular (FIG. 5B), hexagonal
(FIG. 5C) (a honeycomb structure for example), or circular
(FIG. 5D). Further, the shapes of the element are not limited
10 being oval, and may be quadrangular, hexagonal, or circu-
lar.

By arranging the cells in concentric circles (or concentric
ovals) such that the closer to the periphery a cell is, the larger
the area of the cell, the central spot of the element transmits a
high frequency wave, and the closer to the periphery a spot s,
the lower the frequency of an ultrasonic wave transmitted
from the spot. Thus, an ultrasonic image at a resolution that is
relatively high over the distance from near portions to far
portions can be obtained.

Third Embodiment

In the present embodiment, a capacitive micromachined
ultrasonic transducer is realized in which a plurality of ele-
ments are arranged such that the central element transmits a
high-frequency wave, and the further an element is from the
central element, the lower the frequency of waves transmitted
from the element, and in which the same effect as that of the
first embodiment is achieved by an electric control without
physically curving the ultrasonic wave transmission/recep-
tion surface.

FIG. 6 shows a unit of the capacitive micromachined ultra-
sonic transducer according to the present embodiment. On a
substrate 54, a plurality of elements 51 (nine elements, 51a,
51b, 51¢, 51d, 51e, 51d, 51¢, 51b, and 51a) are arranged. In
this embodiment, this group of elements 51 is referred to as a
unit 50.

FIG. 7 shows the upper face of the element 51 according to
the present embodiment. In the element 51, sixteen (fourx
four) cells 60 are arranged in a square shape. Because these
cells have the same configuration, ultrasonic waves at the
same frequency are transmitted. At the center of the upper
face of each cell 60, an upper electrode 61 is arranged. Each
upper electrode 61 is connected to the upper electrodes 61 on
its adjacent cells via interconnect electrodes 62. At the central
spot of the element 51, an interconnect via hole 63 is formed.

FIG. 8 shows a cross section of the element shown in FIG.
7 across the line A1-A2. In FIG. 8, the cross section of the
element 51 includes an insulation film 70, contact pad elec-
trodes 71 and 72, lower electrodes 73, a silicon substrate 74,
cavities 75, and a membrane 76.

The membrane 76 includes an upper electrode 77, and a
membrane bottom film (a highly dielectric material may also
be included). The upper electrode 77 includes an upper elec-
trode 61 on each cell and an interconnect electrode 62. The
width of the cavity 75 (width of the electrode in units of cells)
is represented by W. The functions of these members are the
same as those in the first embodiment.
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By referring to FIG. 6 again, operations of the unit 50
realized in the present embodiment will be explained. First, a
driving pulse 52 is input into each element. Although a pulse
on which a DC pulse is superimposed is used as the driving
pulse 52, only RF pulses before the superimposition are
shown in FIG. 6. In FIG. 6, the driving pulses 52 represent the
amplitudes with respect to the time. A delay time is given to
the driving pulse input into each element, and these driving
pulses are input in the order of 51a, 515, 51¢, 51d, and 51e at
prescribed intervals. Also, each element includes the driving
unit explained in FIG. 4, and the driving pulse is input into this
driving unit. The driving pulse is transmitted from a control
unit in an ultrasonic endoscope apparatus (not shown).

Inputting the driving pulses into the element with delay
times causes the ultrasonic waves to be transmitted from the
element with time gaps. Specifically, the element 51a that is
driven earlier transmits the ultrasonic wave earlier, and
because the elements 515, 51¢, 514, and 51e are driven later,
they transmit the ultrasonic waves later. In the present
embodiment, the driving pulses are input with delay times as
shown in FIG. 6.

The later an element is in the order of 515, 51c¢, 51d, and
51e, the higher the frequency of the ultrasonic wave transmit-
ted from the element. Specifically, the cells that respectively
constitute the elements 51a-51¢ have different membrane
widths W, and thereby the different frequencies are realized
(see equation (1)). It should be noted that the frequency may
be changed by changing the thickness of the membrane on the
basis of the principle expressed by equation (1) above.

FIG. 9 shows a wavefront 810 of the synthesized ultrasonic
waves according to the present embodiment. By controlling
the timing at which the driving pulses are input into the
transducer elements 51a,515,51¢, 51d, and 51e, itis possible
to scan focal positions of the ultrasonic waves by using an
electronic scanning method. When timing at which a driving
pulse is applied to each transducer element is relatively
delayed, as shown in FIG. 6, the wavefront 810 of the syn-
thesized ultrasonic waves is realized, and the ultrasonic
beams are converged at the position corresponding to the set
delay times. Thereby, the same effect as that realized in the
first embodiment can be realized.

Also, by changing the delay times, the wavefront of the
synthesized waves can be changed and thereby the shape of
the arc of the wavefront will also be changed. Accordingly,
the center point of the convergence (focal point) will be
changed and thereby a sector scanning that enables scanning
of arbitrary focal points will also be realized.

As described above, it is possible to achieve the same effect
as that achieved in the first embodiment by shifting the timing
at which the driving pulses are applied to the elements (by
providing a phase difference to the timing of inputting the
driving pulses). An ultrasonic image at a relatively high reso-
lution can be achieved from near portions to far portions by
the configuration in which the central spot of the element
transmits the ultrasonic wave at a high frequency, and the
closer to the ends of the elements a spot is, the lower the
frequency of the ultrasonic wave transmitted from the spot.
Further, the function that has been conventionally realized by
the plano-concave configuration can be realized easily.

Also, it is not necessary to curve the element, and the same
function is realized by only control of the driving pulses;
accordingly, the present embodiment is advantageous in
manufacturing cost.
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Fourth Embodiment

In the present embodiment, a capacitive micromachined
ultrasonic transducer is explained in which two types of
sound sources that respectively transmit ultrasonic waves at
different frequencies are arranged alternately.

FIG. 10 shows a driving unit of the C-MUT according to
the presentembodiment. First, a flexible printed circuit (FPC)
118 is arranged on the surface of a membrane of an element
101, and a lower face electrode 119 is arranged on the surface
of an insulating layer. A driving unit 117 is a device for
driving the ¢-MUT 1, and includes ground wiring 1174, sig-
nal wiring 117b, grounds 117¢, 117g, and 1174, a DC bias
power source 1174, an RF power source 117¢, and DC block-
ing capacitors 117f'and 117i.

An upper electrode 107 is grounded at the ground 117¢ via
the ground wiring 117a. The signal wiring 1175 is for trans-
mitting driving signals generated by the driving unit 117 to
the ¢-MUT 101.

The RF power source 117e is an alternating current source
for generating the driving signals. To generate the driving
signals, not only alternating voltage components (V) sup-
plied from the RF power source 117¢, but also direct voltage
components (V,,,.) supplied from the DC bias power source
117d are necessary. The driving signals thus generated are
transmitted to the lower face electrode 119 via the DC block-
ing capacitor 117fand the signal wiring 1175. One terminal of
the DC bias power source 117d is grounded at the ground
117g, and one terminal of the RF power source 117e is
grounded at the ground 1174

The DC blocking capacitors 117fand 117; are for prevent-
ing direct current of the DC bias power source 117d from
flowing into a charge amplifier or into the RF power source
117e.

When the driving unit 117 is driven, the driving signal is
transmitted to the ¢-MUT, and the membrane of each cell
oscillates such that an ultrasonic wave is transmitted from
each cell.

The basic configuration of the ¢-MUT 101 has been
explained above. Next, a capacitive micromachined ultra-
sonic transducer using a parametric array according to the
present embodiment will be explained.

FIG. 11 shows a unit of the capacitive micromachined
ultrasonic transducer according to the present embodiment. A
unit 120 of a silicon capacitive micromachined ultrasonic
transducer is a unit of configuration in which a plurality of
elements 122 are arranged on a silicon substrate 121. Each
element 122 includes two transducer subelements (simply
referred to as sub element hereinafter) 123a and 1234. The
element explained in FIG. 1 corresponds to the subelement
123 in FIG. 11.

FIG. 12 shows the element and the subelement of the
capacitive micromachined ultrasonic transducer according to
the present embodiment. As described above, the element 122
includes two subelements 123 (123a and 1235). The subele-
ments 123a and 1235 respectively transmit ultrasonic waves
at frequencies different from each other.

FIG. 13 is an enlarged view of a part (part 124 enclosed by
a dashed line) of the subelement 123. The subelement 123
includes a plurality of cells 127. The cells 127 have the same
configuration and thus transmit ultrasonic waves at the same
frequency. An upper electrode 125 is arranged at the central
point of the top surface of each cell 127. The upper electrode
125 on each cell is connected to the upper electrodes 125 on
its adjacent cells via an interconnect electrode 126.

FIG. 14 shows a cross section across the line A1-A2 of the
subelement 123 shown in FIG. 13. In FIG. 14, the cross
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section of the subelement 123 mainly consists of an insulation
film 134, membranes 135 (the membranes 135 include an
upper electrode 132), membrane supporting parts 133, lower
electrodes 136, a silicon substrate 130, and cavities 131. A
detailed explanation of the constituent components in FIG. 14
is omitted because they are explained in FIG. 1 and FIG. 2.

Each membrane 135 includes the upper electrode 132 and
a membrane bottom film (the membrane 135 may further
include a highly dielectric material layer). The upper elec-
trode 132 includes the upper electrodes 125 and interconnect
electrodes 126 onthe above respective cells 127. The width of
the cavity 131 (membrane width in each cell) is represented
by W. The functions of these units are the same as those of the
units explained in FIG. 1 and FIG. 2.

FIGS. 15A-15B show side views of the unit 120 according
to the present embodiment (the side views of the unit 120 in
FIG. 11 viewed from right or from left) and the transmission/
reception of ultrasonic waves. FIG. 15A shows the transmis-
sion, and FIG. 15B shows the reception. In FIGS. 15A and
15B, the unit 120 includes the subelements 123 and 1235,
the silicon substrate 121, bending oscillation supporting
spacers 142, a second silicon substrate 141, second silicon
substrate supporting parts 140, and electrodes 143¢ and 1435.

The subelements 1234 and 1235 are supported by the sili-
con substrate 121. Between the silicon substrate 121 and the
second silicon substrate 141, the bending oscillation support-
ing spacers 142 are provided for securing a space in a pre-
scribed volume. The silicon substrate 121 has an electrode
143a on its surface that faces the second silicon substrate 141,
and the second silicon substrate 141 has an electrode 1435 on
its surface that faces the silicon substrate 121.

In FIG. 15A, the subelements 123a and 1235 respectively
transmit ultrasonic waves at different frequencies d, and d,.
In the present embodiment, it is assumed that d, <d, is satis-
fied. It is also assumed that the ultrasonic wave whose fre-
quency component is d, is transmitted from the subelement
1234, and the ultrasonic wave whose frequency component is
d, is transmitted from the subelement 12354. In this configu-
ration, ultrasonic waves are transmitted from each cell 127 in
the respective subelements 123. By changing the membrane
width W of each cell, it is possible to transmit ultrasonic
waves at different frequencies on the basis of the principle
expressed by equation (1). The emission of the ultrasonic
waves at different frequencies is also realized by changing the
membrane thickness tm.

When the ultrasonic waves having the frequency compo-
nents d, and d, are transmitted in the same direction, a differ-
ence tone (difference frequency signal d,-d,) is generated.
The difference tone is at a low frequency, such that it suffi-
ciently propagates over a long distance. Also, as an acoustic
characteristic, a difference tone has a beam pattern sharper
than that of an ultrasonic wave at the same frequency, such
that spatial directivity is improved and spatial resolution is
also improved (usually, a beam pattern spreads greatly at a
low frequency, and the spatial resolution deteriorates). Also,
because a side robe does not appear in the analysis range, it is
possible to suppress ultrasonic image noise, thereby improv-
ing the quality of an ultrasonic image.

FIG. 15B shows the reception of the reflected wave of the
difference frequency signal d,—d, that was generated in FIG.
15A and was reflected in the body cavity. When receiving the
wave, the element 123 and the silicon substrate 121 serve as
a bending oscillator. Numeral 145 denotes a received ultra-
sonic wave oscillation, and numeral 146 denotes bending
resonance caused by the received ultrasonic wave oscillation
145. Acoustic pressure is applied to the entire surface of the
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element 123, and the received ultrasonic wave oscillation 145
occurs over the entirety of the element 123.

Next, the received ultrasonic wave oscillation 145 causes
the bending resonance 146 in the element 123 and the silicon
substrate 121. Specifically, the distance between the elec-
trodes 143a and 1435 arranged such that they face each other
is changed by the bending deformation, the inter electrode
capacitance is changed, and the reception voltage is changed.
On the basis of this voltage change, an echo image is formed.

The silicon substrate is a film that is sufficiently thin so as
10 be able to undergo the bending oscillation Even if the
thickness of the membrane is several um, the depth of the
cavity is generally the same, and the thickness of the Si
substrate is 50 um, the total thickness will be equal to or
smaller than 60 pm. This level of thickness allows bending
deformation on a large scale.

Because the ultrasonic wave is transmitted element by
element, the subelements constituting each element are
simultaneously driven. Specifically, the subelements in the
elevation direction, i.e., the direction orthogonal to the scan-
ning direction (for example, the direction of scanning from
right to left), are simultaneously driven. Also, by conducting
the driving in units of elements, linear scanning and sector
scanning can be performed. Also, the areas that respectively
transmit high-frequency waves and low-frequency waves are
configured to be of the same size in one unit. When a virtual
center line is drawn in the elevation direction, the subele-
ments are arranged on both sides of the virtual center line.

Because the element 123 and the silicon substrate 121
serve as the bending oscillator, and the bending oscillation
supporting spacers 142 serve as the nodes of the oscillation as
shown in FIG. 15B, it is possible to adjust a resonant fre-
quency characteristic of this bending oscillator by adjusting
the positions of the bending oscillation supporting spacers
142. Specifically, by adjusting the positions of the bending
oscillation supporting spacers 142 in accordance with the
frequency of the difference tone generated, an appropriate
oscillation amplitude is realized, such that the sensitivity of
an echo image is enhanced. In the present embodiment, a
high-frequency wave is an ultrasonic wave at a frequency that
is relatively higher than the frequencies of other ultrasonic
waves (low frequency), and a low-frequency wave is an ultra-
sonic wave at a frequency that is relatively lower than the
frequencies of other ultrasonic waves (high frequency).

The reason that the parametric sound is used in the ultra-
sonic diagnosis is that a low-frequency difference tone propa-
gates over a long distance as its general characteristic and also
that the ultrasonic beam width is small, which is a character-
istic that results from a non-linear effect. Accordingly, it is
necessary to generate a difference signal of a low frequency
(parametric signal) from two signals having frequency com-
ponents that are close to each other (on the order of several
MHz).

Itis desirable that the frequency of the difference signal of
the above two signals having the frequency components that
are a distance from each other on the order of several MHz be
one-tenth of the original frequency. If the frequency is lower
than the above value, the resolution deteriorates very much,
and if the frequency is higher than the above value, the ultra-
sonic wave propagates over a shorter distance. However, this
condition of the value is not an absolute condition, and in
some prior art, the condition of f=f,-f =f,(f;=2f)) is
employed (see, for example, Japanese Patent Application
Publication No. 8-80300).

As described above, in an ultrasonic transducer using a
parametric array, it is possible to reduce the size of a trans-
ducer by using a capacitive micromachined ultrasonic trans-
ducer.
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Fifth Embodiment

In the present embodiment, a capacitive micromachined
ultrasonic transducer that achieves a parametric effect that is
greater than that achieved in the fourth embodiment will be
explained.

FIG. 16 shows the first example of'a unit 150 of the capaci-
tive micromachined ultrasonic transducer according to the
present embodiment. In FIG. 11, the adjacent elements are
arrayed in the same direction; however, in FIG. 16, the adja-
cent elements 123 are arrayed in opposite directions. By
alternately arraying the elements 123 that respectively trans-
mit the ultrasonic waves at the two frequencies as described
above, the two frequency components can be mixed easily,
such that a greater parametric effect can be achieved.

FIG. 17 shows the second example of a unit 160 of the
capacitive ultrasonic transducer according to the present
embodiment. In FIG, 17, each element includes four subele-
ments 123 that can be categorized into two types (the subele-
ments 123a and 1235 are alternately arrayed). Also, between
the adjacent elements, the subelements 123a and 1235 are
alternately arrayed. With this array method, the two fre-
quency components can be mixed more easily than in the
configuration shown in FIG. 16. Also, by further dividing the
subelements and by arraying them such that their directions
alternate, further greater parametric effect can be achieved.

In FIG. 16 and in FIG. 17, the areas that respectively
transmit ultrasonic waves with high frequency and low fre-
quency are configured to be of the same size. Also, It should
be noted that the shapes of the subelements are not limited to
being rectangular, and may be, for example, square, circular,
or hexagonal, even though the subelements are rectangular in
the present embodiment.

Sixth Embodiment

In the present embodiment, a capacitive micromachined
ultrasonic transducer will be explained in which the aperture
is circular and cells respectively having two resonant frequen-
cies that are close to each other are alternately arranged in
concentric circles such that the two elements are of the same
size.

FIG. 18A-18C shows the capacitive micromachined ultra-
sonic transducer according to the present embodiment. FIG.
18A is a top view of a capacitive micromachined ultrasonic
transducer 170. FIG. 18B is a lateral view thereof (when
transmitting ultrasonic waves). FIG. 18C is another lateral
view (when receiving ultrasonic waves). In FIG. 18A, the
capacitive micromachined ultrasonic transducer 170 includes
two elements, i.e., an element 172 that transmits an ultrasonic
wave having high-frequency components and an element 171
that transmits an ultrasonic wave having low-frequency com-
ponents.

In FIG. 18B, the elements 171 and 172 respectively trans-
mit ultrasonic waves at different frequencies e, and e,. In the
present embodiment, it is assumed that the relationship e, <e,
is satisfied. The element 172 transmits the ultrasonic wave at
the frequency e, and the element 171 transmits the ultrasonic
wave at the frequency e,. The ultrasonic wave is transmitted
from each cell in the elements. By changing the membrane
width W in each cell, it is possible to transmit the ultrasonic
waves at different frequencies on the basis of the above equa-
tion (1). The ultrasonic waves at different frequencies can
also be transmitted by changing the thickness tm of the mem-
brane.

When the ultrasonic waves having different frequency
components e, and e, are transmitted in the same direction,
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the difference tone (difference frequency signal e,-e) is
thereby generated as described in the fourth embodiment. The
difference tone is at a low frequency, such that it sufficiently
propagates over a long distance. Also, regarding its acoustic
characteristics, a difference tone has a beam pattern sharper
than that of an ultrasonic wave at the same frequency such that
spatial directivity and spatial resolution are improved (usu-
ally, a beam pattern spreads at a low frequency, and the spatial
resolution deteriorates). Also, because a side robe does not
appear in the analysis range, it is possible to suppress the
noise of an ultrasonic image, and thereby the quality of an
ultrasonic image can be improved.

FIG. 18C shows the reception of a reflected wave of the
difference frequency signal e,-e, that was generated in FIG.
18B and that was reflected in a body cavity. When receiving
waves, the unit 170 serves as a bending oscillator. Numeral
175 denotes a received ultrasonic wave oscillation, and
numeral 174 denotes a bending resonance caused by the
received ultrasonic wave oscillation 175. An acoustic pres-
sure is applied to the entire surface of the unit, and the
received ultrasonic wave oscillation 175 occurs in the unit
170. Then, the unit 170 causes the bending resonance 174 and
absorbs the received ultrasonic wave oscillation 175. Then,
the received ultrasonic wave oscillation 175 is converted into
electric signals. It should be noted that the configuration
shown in FIG. 18A-18C includes, similarly to that shown in
FIG. 15A-15B, the subelements, the silicon substrate, the
supporting spacers, the second silicon substrate, the second
silicon substrate supporting parts, and electrodes; however,
these members are not shown in FIG. 18A-18C.

Additionally, the c-MUT is driven on the basis of each unit.
Accordingly, the elements 171 and 172 constituting the unit
are simultaneously driven, and a drive control is performed by
using a plurality of the units. Thereby, it is possible to perform
the linear scanning or the sector scanning. Also, the areas that
respectively transmit the high-frequency wave and the low-
frequency wave are configured to be of the same size. Also,
both of the two elements, i.e., the element 172 that transmits
the ultrasonic wave having the high-frequency components
and the element 171 that transmits the ultrasonic wave having
the low-frequency components, are used in FIG. 18A-18C;
however, the configuration is also possible in which these
elements are alternatively arrayed in concentric circles as
several layers.

Seventh Embodiment

In the present embodiment, a capacitive micromachined
ultrasonic transducer that generates an ultrasonic wave by
synthesizing and converging a plurality of difference tones
generated by using the parametric array will be explained.

FIG. 19 shows a unit of the capacitive micromachined
ultrasonic transducer according to the present embodiment.
On a substrate 184, a plurality of elements 181 (nine ele-
ments, 181a, 1815, 181c, 1814, 181e, 1814, 181¢, 1815, and
181a) are arranged. In this embodiment, this group of ele-
ments 181 is referred to as a unit 180.

FIG. 20 shows an upper face of the element 181 according
to the present embodiment. In the element 181, square cells
190 are formed along the periphery and square cells 194 are
formed in the inner space. As shown in FIG. 20, cells 190 are
larger than cells 194; accordingly, cells 190 transmit ultra-
sonic waves having low-frequency components and cells 194
transmit ultrasonic waves having high-frequency compo-
nents on the basis of the principle expressed by equation (1).

The only difference between cells 191 and cells 194 is the
size, and they have the same configuration. At the central
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point of the top surface of both cells 191 and cells 194, an
upper electrode 191 is provided. The upper electrode 191 on
each cell is connected to the cells 191 on its adjacent cells via
an interconnect electrode 192. Also, an interconnect via hole
193 is formed at the central point of the element 181.

FIG. 21 shows the frequency components transmitted by
the element 181. The graph shown in FIG. 21 includes two
amplitude peaks P1 and P2. The frequency at the peak P1 is g1
(z1<g2) and is of the ultrasonic wave transmitted from the
cell 190. The frequency at the peak P2 is g2 (g2>gl) and is of
the ultrasonic wave transmitted from the cell 194.

FIG. 22 shows a cross section of the element 181 shown in
FIG. 20 across the line B1-B2. In FIG. 22, the cross section of
the element 181 includes an insulation film 200, contact pad
electrodes 201 and 202, lower electrodes 203, a silicon sub-
strate 204, cavities 205, a membrane 206, an upper electrode
207, and membrane supporting parts 208.

The membrane 206 includes an upper electrode 207 and a
membrane bottom film (highly dielectric material may be
included further). The upper electrode 207 includes an upper
electrode 191 on each cell and an interconnect electrode 192.
The membrane supporting parts 208 are for supporting the
membrane 206 and are made of highly insulative material
such as SiN, SiO, or the like. The width of the cavity 205 (the
width of the electrode in units of cells) is represented by W.
The functions of these members are the same as those in the
fourth embodiment.

The membrane width of cell 190 is represented by W1, and
the membrane width of cell 194 is represented by W2. They
satisfy the relationship of W1>W2. In the element 180, cells
190 and cells 194 are configured such that they have generally
the same total size (in FIG. 20, the cells 190 and the cells 194
are not of the same size for convenience of explanation).

By configuring the elements as above, ultrasonic waves at
a high frequency and ultrasonic waves at a low frequency are
transmitted in the same direction. Accordingly, the difference
tone is generated between them and the parametric effect is
achieved.

The operations of the unit 180 that are realized in the
present embodiment will be explained by once again refer-
ring to FIG. 19. First, the driving pulses denoted by unit 180
are input into the respective elements. In FIG. 19, the pulses
182 represent the amplitudes with respect to the time. A delay
time is given to the driving pulse input into each element, and
these driving pulses are input in the order of 181a, 1815, 181c,
181d, and 181e at prescribed intervals. Also, each element
includes the driving unit explained in FIG. 10, and the driving
pulse is input into this driving unit. The driving pulse is
transmitted from a control unit in an ultrasonic endoscope
apparatus (not shown).

By inputting the driving pulses to the element using delay
times, the ultrasonic waves are transmitted from the element
with time gaps. Specifically, the element 181a that is driven
earlier transmits the ultrasonic wave earlier, and because the
elements 1815, 181c, 1814, and 181e are driven later, they
transmit the ultrasonic waves later.

FIG. 23 shows a wavefront 181 of the synthesized ultra-
sonic waves according to the present embodiment. By con-
trolling the timing at which the driving pulses are input into
the transducer elements 181a, 1815, 181c¢, 181d, and 181e, it
is possible to synthesize wavefronts of ultrasonic waves using
an electronic scanning method. As explained in FIG. 19, by
delaying the driving pulses such that the delayed pulses
present an arc, the wavefronts of ultrasonic waves 210 inter-
fere with each other, and the wavefront becomes concave
(shown as a synthesized wavefront 211) such that it is pos-
sible to control the ultrasonic beams that are converged at an
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arbitrary position. Then, a wavefront 211 is created whose
entire shape is an arc shape. When such a wavefront is cre-
ated, the synthesized ultrasonic waves 212 are converged at a
center point 213 with the arc as the focal point. Thereby, the
same effect as that of the fourth embodiment can be achieved.

Also, by changing the delay times, the wavefront of the
synthesized waves can be changed; thereby, the shape of the
arc of the wavefront will also be changed. Accordingly, the
center point of the convergence (focal point) will also be
changed, and thereby sector scanning that enables scanning
of arbitrary focal points will also be realized.

As described above, by delaying the driving pulses such
that they present a parabolic shape, it is possible to synthesize
and converge the ultrasonic waves transmitted from the
respective elements, and sector scanning is realized. Also,
because the ultrasonic waves transmitted from the respective
elements are difference tones obtained by using the paramet-
ric array, spatial resolution and ultrasonic image quality
higher than those realized by the conventional sector scan-
ning are realized.

Eighth Embodiment

In the present embodiment, the case will be explained in
which at least three subelements having different and adja-
cent resonant frequencies are used.

FIG. 24 shows an element 220 in the present embodiment.
In FIG. 24, three subelements 221, 222, and 223 are shown.
Subelement 221 transmits an ultrasonic wave at the frequency
f,. Subelement 222 transmits an ultrasonic wave at the fre-
quency f,. Subelement 223 transmits an ultrasonic wave at the
frequency f,. These frequencies satisfy the relationship of
1) <f,<fs.

In this case, three types of difference frequency signals,
t,-f,, f;-1,, and f;-f,, are generated, and thus a difference
frequency signal having a wide bandwidth is generated.
Because these three types of signals respectively have differ-
ent bandwidths, the bandwidth becomes wider even though
all of them are parametric signals. After a inverse Fourier
transformation is performed on the parametric signal having
the above characteristic, the pulse width with respect to the
time axis becomes shorter. The fact that the time pulse width
becomes shorter supports the fact that the resolution in the
depth direction is improved.

In the fourth embodiment, the ultrasonic wave having the
frequency component d, and the ultrasonic wave having the
frequency component d, are used for generating in the target
object the parametric signal having the frequency component
d,—-d, in the configuration shown in FIG. 15A-15B, and the
bending oscillator having the resonant frequency in the fre-
quency component d,—d, receives the echo signal ofthe para-
metric signal. If there is only one difference frequency signal
d,-d,, this configuration functions sufficiently. However, in
the case when the transmission signals have the frequencies
f}, f,, and f; as in the present embodiment, three types of
difference frequency signals, {1, f,-f,, and f,—f,, are gen-
erated.

Accordingly, the detection of the received signal (reflected
wave) has to correspond to these three types of frequencies.
The two methods of reception will be explained below.

FIG. 25A-25B shows the first method of detection of the
received signal according to the present embodiment. FIG.
25A shows the bending oscillation in the lateral direction of
the element 220 which functions as the bending oscillator. In
this configuration, the resonance has an overtone that is an
integral multiple of the resonance but its response sensitivity
is low. Accordingly, the frequencies f;, f,, and f; (f;<f,<f;)
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are selected such that equations f3-f,=2f and f,-f,=3f, are
satisfied on the condition that f,—f, =f,. The configuration for
this case is basically the same as that shown in FIG. 15A-15B,
in which the element is supported at nodes 230. Because of
this configuration, bending resonance (narrow-bandwidth
bending resonance) is caused at f,,, 2f,, and 3f, as shown in
FIG. 25B.

FIG.26A-26B shows the second method of the detection of
the received signal according to the present embodiment.
FIG. 26A shows the bending oscillation in the lateral direc-
tion of the element 220 which functions as the bending oscil-
lator. In the basic configuration as shown in FIG. 26 A, wide-
band oscillations are caused by supporting the periphery of
the element 220, and mechanical damping is forcibly applied
to the bending resonance at the frequency f,,. Thereby, wide-
bandwidth bending resonance at f,-f}, f;-f,, and f5-1; is
caused as shown in FIG. 26B.

In the present embodiment, the three subelements having
different and adjacent resonant frequencies are used; how-
ever, the scope of the present invention is not limited to this
configuration, and cells 241, 242, and 243 (numeral 240
denotes an element) having different and adjacent resonant
frequencies as shown in FIG. 27 can be used additionally.
Also, it is desirable to arrange the three elements having
different and adjacent resonant frequencies in descending or
ascending order of frequencies; however, the scope of the
present invention is not limited to this, and the elements may
be arranged in a random order, depending on the application.

According to the present embodiment, it is possible to
transmit and receive a plurality of types of parametric signals,
1.e., it is possible to transmit and receive signals in a wide
bandwidth.

As described above, it is possible to obtain an ultrasonic
image of both shallow and deep sites at a high resolution by
using the capacitive micromachined ultrasonic transducer.

Inaddition, by applying the present invention, it is possible
to reduce the size of a capacitive micromachined ultrasonic
transducer that has a parametric characteristic.

What is claimed is:

1. A capacitive micromachined ultrasonic transducer, com-
prising:

a membrane having a first electrode and a supporting film

supporting the first electrode;

a second electrode arranged opposite to the supporting
film;

a membrane supporting part disposed between the mem-
brane and the second electrode thereby forming a plu-
rality of spaces between the membrane and the second
electrode;

a plurality of transducers cells, having the membrane, the
spaces and the second electrode, arranged such that as a
distance of each of the transducer cells to a periphery of
the ultrasonic transducer decreases, the resonant fre-
quency of each of the transducer cells decreases from a
center of the transducer cells to a periphery of the trans-
ducer cells;

a surface of the membrane on a side of the first electrode
being curved in a recessed shape such that a plurality of
ultrasonic beams transmitted from the surface of the
membrane on the side of the first electrode are in focus;

a flexible printed circuit joined to the surface of the mem-
brane;

a plurality of slits formed from a side of the second elec-
trode to a side of the membrane supporting part; and

a filling material filled into each of the plurality of slits for
holding the recessed shape, the filling material maintain-
ing the plurality of slits in a configuration where a width
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of each slit is larger on the side of the second electrode
than on a side of the membrane.

2. The capacitive micromachined ultrasonic transducer
according to claim 1, wherein:
the transducer cell is formed on a silicon substrate; and

an electrical insulation film is formed on a surface of a side
ofthe membrane that is opposite to the second electrode.

22

3. An ultrasonic endoscope apparatus, comprising: the
capacitive micromachined ultrasonic transducer according to
claim 1.

4. The capacitive micromachined ultrasonic transducer
according to claim 1, wherein each of the slits extends to each
of the membrane supporting parts.

[ . T
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