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Description

Technical Field

[0001] The present invention relates to an electrostatic
capacitive type ultrasound transducer element and an
ultrasound endoscope including the ultrasound transduc-
er element.

Background Art

[0002] An ultrasound diagnostic method that irradiates
an inside of a body with ultrasound, and images a state
of the inside of the body from an echo signal to perform
diagnosis is widespread. One of the ultrasound diagnos-
tic apparatuses for use in the ultrasound diagnostic meth-
od is an ultrasound endoscope (hereinafter, called "a US
endoscope"). In a US endoscope, an ultrasound trans-
ducer is placed at a distal end rigid portion of an insertion
portion that is introduced into an inside of a body. An
ultrasound transducer has a function of converting an
electric signal into ultrasound and transmitting the ultra-
sound to the inside of a body, and receiving ultrasound
reflected in the inside of the body and converting the ul-
trasound into an electric signal.
[0003] For an ultrasound transducer, a ceramic piezo-
electric material containing lead that has large environ-
mental load, for example, PZT (lead zirconate titanate)
is mainly used. In contrast with this, development of an
electrostatic capacitance type ultrasonic transducer (ca-
pacitive micro-machined ultrasonic transducer; hereinaf-
ter, called "a c-MUT") that does not contain lead in the
material and is produced with use of MEMS (micro electro
mechanical systems) technique is being advanced.
[0004] As is disclosed in Japanese Patent Application
Laid-Open Publication No. 2005-510264, a c-MUT has
an ultrasound cell (hereinafter, called "a US cell") in which
an upper electrode portion and a lower electrode portion
are disposed to face each other via a cavity portion (cav-
ity) as a unit element. In the US cell, a membrane includ-
ing the upper electrode portion on an upper side of the
cavity configures a vibration portion. A plurality of US
cells with the respective electrode portions connected by
a wiring portion are arranged to configure an ultrasound
transducer element (hereinafter, called "a US element").
[0005] The US cell vibrates the membrane including
the upper electrode portion by an electrostatic force by
application of a voltage to between the lower electrode
portion and the upper electrode portion to generate ul-
trasound. Further, when ultrasound is incident on the
membrane from an outside, the membrane deforms to
change a spacing of both the electrode portions, and
therefore, the ultrasound is converted into an electric sig-
nal from a change in electrostatic capacitance.
[0006] Here, since the membrane of a c-MUT is a cir-
cular film with an entire outer periphery fixed (restrained)
similarly to a drumhead film, a center portion easily dis-
places, but an outer circumferential portion hardly dis-

places. Therefore, the outer circumferential portion of the
membrane has lower transmission and reception effi-
ciency as compared with the center portion. Namely, the
conventional electrostatic capacitance type ultrasound
transducer element and the ultrasound endoscope hav-
ing the conventional electrostatic capacitance type ultra-
sound transducer element sometimes have not been
able to be said to have favorable transmission and re-
ception efficiency.
[0007] WO 2009/077961 A2 describes a cMUT device
with a substrate in which a pocket is formed. The cMUT
device further comprises a flexible membrane coupled
to the substrate across the pocket. The flexible mem-
brane is mounted to the substrate along peripheral re-
gions around or about a corresponding periphery of the
pocket. A further structure is disposed within the periph-
ery of the pocket which defines and/or at least structurally
supports an upward-facing contoured surface. The up-
ward-facing contoured surface extends or protrudes up-
ward and/or outward of the pocket for contacting and/or
otherwise cooperatively engaging a downward-facing
surface of the flexible membrane in a vicinity of a middle
region of the flexible membrane. The structure includes
a post disposed substantially in a center of the pocket
and extending upward therein in a direction of the flexible
membrane, and a lower membrane disposed within and
extending across the pocket, including over and across
the post.
[0008] JP 2009 055474 A discloses an electrostatic
capacitance type ultrasonic transducer comprising a first
electrode, a vibrating film disposed on the first electrode
while being separated by a cavity hole portion and a sec-
ond electrode supported on the vibrating film. The hole
portion is configured by providing a plurality of void parts
having different cross-sectional areas when viewed from
a side of the second electrode successively in a direction
from the first electrode to the second electrode.
[0009] The present invention has an object to provide
an ultrasound transducer element with favorable trans-
mission and reception efficiency and an ultrasound en-
doscope with favorable transmission and reception effi-
ciency.

Disclosure of Invention

Means for Solving the Problem

[0010] The above objects are addressed by an ultra-
sound transducer element according to claim 1 and an
ultrasound endoscope according to claim 9.
[0011] An ultrasound transducer element may include
a plurality of electrostatic capacitance type ultrasound
cells each having a lower electrode portion and a mem-
brane including an upper electrode portion that are ori-
ented and disposed via a cavity circular in plan view,
wherein a thickness of the cavity strictly monotonically
decreases in a curved manner toward an outer circum-
ferential portion from a center portion of the cavity.
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[0012] Further, an ultrasound endoscope may include
an ultrasound transducer element having a plurality of
electrostatic capacitance type ultrasound cells each hav-
ing a lower electrode portion and a membrane including
an upper electrode portion that are oriented and disposed
via a cavity circular in plan view, wherein a thickness of
the cavity strictly monotonically decreases in a curved
manner toward an outer circumferential portion from a
center portion of the cavity.

Brief Description of the Drawings

[0013]

Fig. 1 is an outside view for explaining an endoscope
system including an ultrasound endoscope of a first
embodiment;
Fig. 2 is a perspective view for explaining a distal
end portion of the ultrasound endoscope of the first
embodiment;
Fig. 3 is a perspective view for explaining a config-
uration of an ultrasound unit of the ultrasound endo-
scope of the first embodiment;
Fig. 4 is a top view for explaining a configuration of
an ultrasound transducer element of the first embod-
iment;
Fig. 5 is a partial sectional view taken along a V-V
line in Fig. 4;
Fig. 6 is an exploded view of an ultrasound cell of
the ultrasound transducer element of the first em-
bodiment;
Fig. 7A is a partial sectional view for explaining a
method for producing the ultrasound transducer el-
ement of the first embodiment;
Fig. 7B is a partial sectional view for explaining the
method for producing the ultrasound transducer el-
ement of the first embodiment;
Fig. 7C is a partial sectional view for explaining the
method for producing the ultrasound transducer el-
ement of the first embodiment;
Fig. 7D is a partial sectional view for explaining the
method for producing the ultrasound transducer el-
ement of the first embodiment;
Fig. 7E is a partial sectional view for explaining the
method for producing the ultrasound transducer el-
ement of the first embodiment;
Fig. 8A is a schematic sectional view for explaining
drive of the ultrasound transducer element of the first
embodiment;
Fig. 8B is a schematic sectional view for explaining
drive of the ultrasound transducer element of the first
embodiment;
Fig. 9A is a partial sectional view of an ultrasound
transducer element of modification 1 of the first em-
bodiment;
Fig. 9B is a partial sectional view of an ultrasound
transducer element of modification 2 of the first em-
bodiment;

Fig. 10A is a partial sectional view of an ultrasound
transducer element of a second embodiment;
Fig. 10B is a partial sectional view of an ultrasound
transducer element of modification 1 of the second
embodiment;
Fig. 10C is a partial sectional view of an ultrasound
transducer element of modification 2 of the second
embodiment; and
Fig. 10D is a partial sectional view of an ultrasound
transducer element of modification 3 of the second
embodiment.

Best Mode for Carrying Out the Invention

<First Embodiment>

[0014] Hereinafter, an ultrasound transducer element
(a US element) 20 of a first embodiment, and an ultra-
sound endoscope (hereinafter, called "a US endoscope")
2 having the US element 20 will be described with refer-
ence to the drawings.

<Configuration of Ultrasound Endoscope>

[0015] As shown in Fig. 1, the US endoscope 2 con-
figures an ultrasound endoscope system 1 with an ultra-
sound observation apparatus 3 and a monitor 4. The US
endoscope 2 includes an elongated insertion portion 21
that is inserted into a body, an operation portion 22 that
is arranged at a proximal end of the insertion portion 21,
and a universal cord 23 that is extended from a side por-
tion of the operation portion 22.
[0016] At a proximal end portion of the universal cord
23, a connector 24A that is connected to a light source
apparatus (not illustrated) is placed. From the connector
24A, a cable 25 that is detachably connected to a camera
control unit (not illustrated) via a connector 25A, and a
cable 26 that is detachably connected to the ultrasound
observation apparatus 3 via a connector 26A are extend-
ed. The monitor 4 is connected to the ultrasound obser-
vation apparatus 3.
[0017] The insertion portion 21 is configured by a distal
end rigid portion (hereinafter, called "a distal end portion")
37, a bending portion 38 that is located at a rear end of
the distal end portion 37, and a flexible tube portion 39
that is located at a rear end of the bending portion 38 to
reach the operation portion 22, and has a small diameter,
a long length and flexibility being connectively provided
in sequence from a distal end side. At a distal end side
of the distal end portion 37, an ultrasound unit (a US unit)
30 that is an ultrasound transmitting and receiving portion
is placed.
[0018] At the operation portion 22, an angle knob 22A
that performs bending control of the bending portion 38
in a desired direction, an air/water feeding button 22B
that performs air feeding and water feeding operations,
a suction button 22C that performs a suction operation,
a treatment instrument insertion port 22D to be an inlet
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port for a treatment instrument that is introduced to an
inside of a body and the like are placed.
[0019] As shown in Fig. 2, at the distal end portion 37
at which the US unit 30 that transmits and receives ul-
trasound is provided, an illumination lens cover 31 that
configures an illumination optical system, an observation
lens cover 32 of an observation optical system, a forceps
port 33 also used as a suction port, and an air/water feed-
ing nozzle not illustrated are placed.
[0020] As shown in Fig. 3, an ultrasound array (a US
array) 40 of the US unit 30 is a radial type transducer
group in which long sides of a plurality of US elements
20 rectangular in plan view are connected and disposed
to bend in a cylindrical shape. Namely, in the US array
40, 64 of the US elements 20 each with a short side of
0.1 mm or less are placed on a side surface of a cylinder
with a diameter of 2 mm, for example.
[0021] Note that the US array 40 is a radial type trans-
ducer group, but the US array may be a convex type
transducer group that is bent into a convex shape.

<Configuration of Ultrasound Transducer Element>

[0022] As shown in Fig. 4, the ultrasound transducer
element 20 that is rectangular in plan view has a trans-
mission and reception portion 60 in which a plurality of
ultrasound cells 10 are two-dimensionally disposed in a
matrix shape. In each of the US elements 20, an upper
electrode terminal 51 and a lower electrode terminal 52
for driving the plurality of ultrasound cells 10 are placed.
The plurality of US elements 20 have respective long
sides connected to one another.
[0023] Note that the drawings are all schematic views
for explanation, and the numbers, the shapes, the thick-
nesses, and the dimensions of the patterns and the ratios
of the sizes and the like differ from reality.

<Basic Structure of Ultrasound Cell>

[0024] As shown in Fig. 5 and Fig. 6, in each of the
respective US cells 10, a lower electrode portion 12A and
an upper electrode portion 16A are disposed to face each
other via a lower insulating layer 13, a gap adjusting por-
tion 19, a cavity 14 and an upper insulating layer 15. Note
that hereinafter, a substrate side in a Z direction will be
called a lower side, and a protection layer 17 side will be
called an upper side.
[0025] Namely, the US cell 10 has the lower electrode
layer 12, the lower insulating layer 13, a gap adjusting
layer 19A having the cavity 14, the upper insulating layer
15, the upper electrode layer 16 and the protection layer
17 that are stacked in sequence on a substrate 11 formed
from silicon that is a base. A part 15B of the upper insu-
lating layer 15 to the protection layer 17 that are directly
over the cavity 14 configure a membrane 18. Note that
the membrane 18 is illustrated to be thick for explanation
in Fig. 6 and the like, but is a vibration film of a small
thickness of 1 mm to 10 mm, for example, which is

stretched over an opening of the cavity 14 which is cir-
cular in plan view.
[0026] The lower electrode layer 12 is formed by the
lower electrode portion 12A and a lower wiring portion
12B. Further, the upper electrode layer 16 is formed by
the upper electrode portion 16A and an upper wiring por-
tion 16B. The lower electrode portions 12A of all of the
plurality of US cells 10 of the US element 20 are con-
nected to the lower electrode terminal 52 via the lower
wiring portions 12B. Similarly, the upper electrode por-
tions 16A of all of the plurality of US cells 10 of the US
element 20 are connected to the upper electrode terminal
51 via the upper wiring portions 16B.
[0027] Note that the lower electrode portion 12A, the
upper electrode portion 16A, the gap adjusting portion
19 and the cavity 14 are in rotationally symmetrical shape
with respect to a center axis O, and are circular in plan
view.
[0028] The gap adjusting portion 19 that adjusts a gap
that is a thickness (height) of the cavity 14, and is formed
from a material with a high dielectric constant is placed
on the lower insulating layer 13 in an inside of a cavity
forming portion 14A that is a cylindrical cavity portion. In
other words, a space of the cavity forming portion 14A
that does not have the gap adjusting portion 19 is the
cavity 14. A thickness "T" of the gap adjusting portion 19
is, for example, 0 (mm) that is the smallest in a center
portion, and strictly monotonically increases in a curved
manner toward an outer circumferential portion from the
center portion.
[0029] Namely, distribution T(r) of the thickness "T" of
the gap adjusting portion 19 with a radius of "R" can be
expressed by a function that is shown in (equation 1), for
example, and strictly monotonically increases in a curved
manner toward the outer circumferential portion from the
center portion. Here, a distance from the center axis O
is "r", and a thickness of an outer periphery (r = R) of the
gap adjusting portion 19 is "TR". As a matter of course,
the distribution T(r) does not have to correspond to the
function shown in (equation 1) completely, and may have
a little difference, for example, a difference of approxi-
mately 65%. 

[0030] J0 represents a Bessel function of the order 0,
J0(0) = 1 and J0(2.4) = 0.
[0031] Here, (equation 1) is an expression using a Bes-
sel function of the zeroth order that shows an envelope
of vibration of a circular plane vibration plate the outer
periphery of which is restrained.
[0032] The gap adjusting portion 19 is preferably
formed from a material with a high dielectric constant, for
example, SiO2 (Ks = 3.8) with a relative dielectric con-
stant Ks being 3 or more, and especially preferably
formed from SiN, for example, with a relative dielectric
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constant Ks being 5 or more. As a matter of course, Al2O3
(Ks = 8.5), Ta2O5 (Ks = 20 to 25), TiO2 (Ks = 40 to 110),
HfOF, or HfO2, and further barium titanate ceramics or
the like, which has a higher dielectric constant Ks, may
be used, and from the viewpoint of easiness of a forming
method and the like, the upper limit of the relative dielec-
tric constant Ks is approximately 150.
[0033] A thickness (height) "t" of the cavity 14 strictly
monotonically decreases in a curved manner toward the
outer circumferential portion from a center O of the cavity
14 in response to thickness distribution of the gap ad-
justing portion 19, and is expressed by a Bessel function
t(r) of the zeroth order shown in (equation 2). Namely,
the cavity 14 is in a so-called downward convex shape.
Note that "t0" represents a thickness (height) "t" at the
center (r = 0) of the cavity 14, and equals to the thickness
"TR" of the outer periphery (r = R) of the gap adjusting
portion 19. 

[0034] Namely, the thickness distribution (variation
state) t(r) of the thickness "t" of the cavity 14 is the same
as a theoretical deformation state of the membrane 18
when driven.
[0035] Next, with use of Fig. 7A to Fig. 7E, a method
for producing the US element 20 will be described.

< Formation of Lower Electrode Layer>

[0036] A conductive layer formed from conductive sil-
icon or a metal, for example, copper, gold, Mo, Ta or
aluminum is deposited on an entire surface of the sub-
strate 11 on which an insulating layer (not illustrated) is
formed by a sputtering method, a CVD (chemical vapor
deposition) method or the like. Subsequently, after a
mask pattern formed from resist is formed on the con-
ductive layer by photolithography, the conductive layer
which is not covered with the mask pattern is selectively
removed by etching, and thereby, the lower electrode
layer 12 is formed.

<Formation of Lower Insulating Layer>

[0037] The lower insulating layer 13 formed from an
insulating material such as SiN is deposited in such a
manner as to cover the lower electrode layer 12 by a
CVD method, for example. In accordance with necessity,
a surface of the lower insulating layer 13 is flattened by
a CMP (chemical mechanical polish) method after dep-
osition. Subsequently, an intermediate insulating layer
15A formed from SiN, for example, is further formed on
the lower insulating layer 13. A thickness "t0 (TR)" of the
intermediate insulating layer 15A corresponds to a thick-
ness (height) of the cavity forming portion 14A.
[0038] As shown in Fig. 7A, with use of a mask pro-

duced by a photolithography method, the intermediate
insulating layer 15A is selectively removed by etching
and the cavity forming portion 14A is formed. When the
lower insulating layer 13 and the intermediate insulating
layer 15A are formed from different materials, etching is
performed with a chemical solution, gas or the like that
selectively etches the intermediate insulating layer 15A.
When the lower insulating layer 13 and the intermediate
insulating layer 15A are formed from the same material,
for example, SiN, the surface of the intermediate insulat-
ing layer 15A is flattened by a CMP method in accordance
with necessity, after which, only the cavity forming portion
14A may be etched until the cavity forming portion 14A
has a maximum height (depth) "t0" of the cavity 14, based
on an etching rate of the intermediate insulating layer
15A.

<Formation of Gap Adjusting Portion>

[0039] The gap adjusting layer 19A formed from a ma-
terial with a high dielectric constant is deposited on the
surface of the intermediate insulating layer 15A to have
a maximum thickness (height) "TR (t0)" of the cavity form-
ing portion 14A, or more. Subsequently, a portion corre-
sponding to a film thickness (convex portion) of the gap
adjusting layer 19A is polished by a CMP method and a
surface is flattened. Thereupon, a structure in which the
gap adjusting layer 19A is buried only in the inside of the
cavity forming portion 14A is produced.
[0040] As shown in Fig. 7B, a photoresist is exposed
via a gray scale photo-mask or the like, and thereby a
resist mask 63 in which a thickness strictly monotonically
increases toward the outer circumferential portion from
the center portion is produced. Namely, the thickness of
the resist mask 63 strictly monotonically increases in a
curved manner toward the outer circumferential portion
from the center portion as shown by (equation 1).
[0041] Etch back processing is performed under dry
etching conditions in which etching rates of the resist
mask 63 and the gap adjusting layer 19A are equal to
each other, whereby the gap adjusting portion 19 formed
from a material with a high dielectric constant with a sur-
face profile shown in (equation 1) is produced in the inside
of the cavity forming portion 14A, as shown in Fig. 7C.

< Formation of Sacrifice Layer>

[0042] A sacrifice layer material composed of tung-
sten, for example, is deposited to a thickness of the max-
imum thickness (TR) of the cavity forming portion 14A or
more. Subsequently, when polishing by a CMP method
is performed, a structure including a sacrifice layer 61 in
a cavity shape is obtained as shown in Fig. 7D. A maxi-
mum thickness "t0 (TR)" of the sacrifice layer 61 after
polishing is, for example, 0.05 mm to 0.3 mm, and pref-
erably is 0.05 mm to 0.15 mm.
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<Formation of Upper Insulating Layer>

[0043] The upper insulating layer 15 is formed by a
similar method and from a similar material to the lower
insulating layer 13, for example. Subsequently, at a pre-
determined position of the upper insulating layer 15, an
opening portion (not illustrated) into which an etchant is
poured is formed in order to remove the sacrifice layer 61.

<Formation of Cavity>

[0044] The sacrifice layer 61 is selectively removed by
etching, and thereby the cavity 14 is formed. When tung-
sten (W) is used as the sacrifice layer 61, and SiN is used
as the lower insulating layer 13 and the upper insulating
layer 15, for example, a hydrogen peroxide solution
(H2O2) is used as the etchant. Further, when conductive
polycrystalline silicon is used as the sacrifice layer 61,
and SiN is used as the lower insulating layer 13 and the
upper insulating layer 15, xenon fluoride gas (XeF2) is
used as the etchant.

<Formation of Upper Electrode Layer>

[0045] By a method similar to the method for forming
the lower electrode layer 12, the upper electrode layer
16 is formed.

<Formation of Protection Layer>

[0046] As shown in Fig. 7E, the upper insulating layer
15 is covered with the protection layer 17. The protection
layer 17 has not only a protection function, but also a
function of connecting the plurality of US elements 20.
The protection layer 17 is formed from a flexible resin
such as polyimide, epoxy, acryl, or poly-para-xylene, and
among them, polyimide is preferable since polyimide has
high chemical resistance and flexibility, and is easy to
process. Note that the protection layer 17 may be of a
double layer structure in which a second insulating layer
having biocompatibility is further formed on a first insu-
lating layer.
[0047] Note that the plan view of the cavity 14 does
not have to be perfect circular, but may be substantially
circular. Further, the plan view of the cavity 14 may be
in a polygonal shape that is substantially circular. Name-
ly, a shape of the cavity forming portion 14A is not limited
to a circular cylinder shape, and may be a polygonal col-
umn shape or the like. When the cavity forming portion
14A is in a polygonal column shape, shapes in plan view
of the upper electrode portion 16A and the lower elec-
trode portion 12A are preferably also made polygonal. In
the gap adjusting portion 19, a range of an inscribed circle
can satisfy the thickness distribution.
[0048] The plurality of US elements 20 are disposed
by being bent into a radial shape in a connecting direction
shown in Fig. 4, and thereby the US array 40 shown in
Fig. 2 and Fig. 3 is produced. The US array 40 is joined

to an outer circumferential face of a cylinder with a pre-
determined outside diameter, for example. Further, a co-
axial cable bundle 35 is connected to the US array 40,
and the US unit 30 is produced.

<Action of US Element/US Cell>

[0049] Next, an action of the US element 20 will be
described with use of Fig. 8A and Fig. 8B. Note that in
Fig. 8A and Fig. 8B, the lower insulating layer 13, the
upper insulating layer 15, the protection layer 17 and the
like are not shown, and explanation of an influence there-
of will be omitted.
[0050] As shown in Fig. 8A, the lower electrode portion
12A is connected to a voltage signal generating section
3A of the ultrasound observation apparatus 3 via the low-
er electrode terminal 52. The upper electrode portion 16A
is connected to a capacitive signal detecting section 3B
via the upper electrode terminal 51 to be at a ground
potential. The capacitive signal detecting section 3B de-
tects a capacitive signal (a current change) at a time of
receiving ultrasound.
[0051] At a time of ultrasound generation (drive time),
the voltage signal generating section 3A applies a drive
voltage signal including a bias voltage to the lower elec-
trode portion 12A. When a voltage is applied to the lower
electrode portion 12A, the upper electrode portion 16A
at a ground potential is attracted to the lower electrode
portion 12A by an electrostatic force as shown in Fig. 8B,
and therefore the membrane 18 including the upper elec-
trode portion 16A deforms into a concave shape. Note
that the outer circumferential portion of the cavity 14 has
a small height (thickness) "t", but does not interfere with
deformation of the membrane 18, since a deformation
amount of the outer circumferential portion of the mem-
brane 18 is small.
[0052] When voltage application to the lower electrode
portion 12A becomes nonexistent, the membrane 18 is
restored to be in an original shape shown in Fig. 8A by
an elastic force. Ultrasound is generated by vibration by
(deformation/restoration) of the membrane 18.
[0053] Here, in the cavity 14 of the conventional US
element, a whole of an inside thereof is made of air (vac-
uum) with a relative dielectric constant of "1", and the
thickness thereof is the same and "t0" from the center
portion to the outer circumferential portion. In other
words, the cavity 14 of the conventional US element is
the same as the cavity forming portion 14A of the US
element 20.
[0054] In contrast with this, the gap adjusting portion
19 is placed in the inside of the cavity forming portion
14A of the US element 20. A relative dielectric constant
Ks of the gap adjusting portion 19 formed from a material
with a high dielectric coefficient is larger than "1". There-
fore, a dielectric equivalent spacing "Teff" of the gap ad-
justing portion 19 is expressed by (equation 3) in a posi-
tion at which the distance from a center of the cavity 14
is "r". Here, the dielectric equivalent spacing "Teff" is an
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electrostatic spacing with the relative dielectric constant
Ks taken into consideration with respect to a physical
spacing "T". 

[0055] Here, when the relative dielectric constant Ks
is sufficiently larger than "1", for example, in the case of
Ks ≥ 3, the dielectric equivalent spacing "Teff" can be
regarded as substantially "zero". Namely, in the US ele-
ment 20, the gap adjusting portion 19 can be regarded
as electrostatically absent.
[0056] Therefore, the dielectric equivalent spacing
"teff" of the cavity 14 can be expressed by being approx-
imated by (equation 4). 

[0057] In other words, a physical spacing between the
lower electrode portion 12A and the upper electrode por-
tion 16A that are disposed to face each other via the
cavity 14 is uniform. However, the dielectric equivalent
spacing "Teff" that is an effective thickness of the cavity
14, namely, the electrostatic spacing (effective distance
between the electrodes) is the maximum at a center (r =
0), and decreases in a curved manner toward the outer
circumferential portion. Since an electrostatic force is
proportional to the effective distance between the elec-
trodes, the electrostatic force that acts between the elec-
trodes increases in the US element 20 more than in the
conventional US element in which the distance between
the electrodes is uniform. Therefore, the US element 20
has favorable generation efficiency of ultrasound.
[0058] Further, in the US element 20, an entire under-
surface of the membrane 18 that is attracted to the lower
electrode portion 12A deforms in such a manner as to
contact and stretch onto the top surface of the gap ad-
justing portion 19, when driven. Therefore, the deforma-
tion state of the membrane 18 when driven becomes the
same as the shape of the top surface of the gap adjusting
portion 19 shown by (equation 1) and the like.
[0059] As already described, the shape shown by
(equation 1) or the like is a theoretical deformation shape
of the vibration film.
[0060] The ultrasound generated by the US cell 10 that
deforms into a theoretical state becomes an ideal wave-
form with little distortion. Therefore, the US element 20
having the US cells 10 has favorable transmission effi-
ciency of ultrasound.
[0061] Note that when the entire undersurface of the
membrane 18 deforms significantly in such a manner as
to stretch, namely, abut onto the top surface of the gap
adjusting portion 19, a gas may be held in the inside in
a compressed state when the gas is present in the cavity

14, or may be released to an outside via an opening por-
tion (not illustrated) that is formed to cause an etchant to
flow therein, for example.
[0062] Further, in the US element 20, the gap adjusting
portion 19 formed from a material with a high dielectric
coefficient with a higher insulating property than air is
placed between the electrodes, and therefore, a with-
stand voltage between electrodes is high.
[0063] The US element 20 having the US cells 10 has
favorable reception efficiency of ultrasound. As is already
described, in the US cell 10 in which the distance between
the electrodes decreases from the center portion to the
outer circumferential portion, the electrostatic capaci-
tance increases more than in the conventional US cell in
which the distance between the electrodes is uniform.
Therefore, in the US cell 10, a change rate of a charge
amount increases even if the membrane 18 deforms to
the extent that is the same as in the conventional US cell.
Furthermore, the outer circumferential portion of the
membrane 18 has a small deformation amount since the
outer circumferential portion is restrained by the interme-
diate insulating layer 15A, but since the distance between
the electrodes is short, the change in the charge amount
is large.
[0064] As in the above explanation, the US element 20
has favorable transmission and reception efficiency of
ultrasound. The US endoscope 2 including the US ele-
ment 20 has favorable transmission and reception effi-
ciency of ultrasound.

<Modification of First Embodiment>

[0065] As shown in Fig. 8A and the like, in the US el-
ement 20, the thickness of the cavity is varied because
the gap adjusting portion 19 that is formed from a material
with a high dielectric constant in the inside of the cavity
forming portion 14A that is a cylindrical cavity portion
formed in the intermediate insulating layer 15A is placed.
In contrast with this, as in a US cell 10A shown in Fig.
9A, a part of the intermediate insulating layer 15A formed
from a material with a high dielectric constant may be
made a cavity 14A1 in which a thickness varies. Namely,
a gap adjusting portion of a US element 20A of modifi-
cation 1 of the first embodiment shown in Fig. 9A is a
part of the intermediate insulating layer 15A.
[0066] Further, as shown in Fig. 9B, a cavity 14B of a
US cell 10B of a US element 20B of modification 2 of the
first embodiment is a so-called upward concave shape
with a thickness thereof strictly monotonically increasing
in a curved manner toward an outer circumferential por-
tion from a center portion similarly to that of the US ele-
ment 20.
[0067] The US element 20A and the US element 20B
have the same effect as the US element 20.

<Second Embodiment>

[0068] Hereinafter, with reference to the drawings, a
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US element 20C having a US cell 10C of a second em-
bodiment will be described. Since the US cell 10C and
the US element 20C are analogous to the US cell 10 and
the US element 20 of the first embodiment, the same
components will be assigned with the same reference
signs, and explanation thereof will be omitted.
[0069] As shown in Fig. 10A, in the US cell 10C, a
thickness T12 of a lower electrode portion 12C that is
covered with the lower insulating layer 13 increases
strictly monotonically in a curved manner toward an outer
periphery from a center. Therefore, a physical spacing
between the lower electrode portion 12C and the upper
electrode portion 16A strictly monotonically decreases in
a curved manner toward an outer circumferential portion
from a center. Therefore, a thickness "t" of a cavity 14C
strictly monotonically increases in a curved manner to-
ward an outer circumferential portion from a center por-
tion.
[0070] Distribution of the thickness T12 of the lower
electrode portion 12C of the US element 20C and distri-
bution of the thickness "t" of the cavity 14C can be shown
by a Bessel function of the zeroth order of (equation 1)
or (equation 2) similarly to the thickness variation of the
gap adjusting portion 19 of the US element 20 of the first
embodiment. Namely, in the US element 20C, a variation
state of the thickness of the cavity 14C is the same as a
deformation state of a membrane when driven.
[0071] In other words, a top surface shape of the lower
electrode portion 12C that is covered with the lower in-
sulating layer 13 is the same as an undersurface shape
of the cavity 14C.
[0072] The lower electrode portion 12C is formed by
performing etch back processing with use of a resist mask
or the like in which a thickness strictly monotonically in-
creases toward an outer circumferential portion from a
center portion similarly to the gap adjusting layer 19A.

< Modification of Second Embodiment>

[0073] As shown in Fig. 10B, in a US cell 10D of a US
element 20D of modification 1 of the second embodi-
ment, a convex portion a depth of which is expressed by
a Bessel function of the zeroth order, and strictly monot-
onically decreases toward an outer circumferential por-
tion from a center portion is formed in a substrate 11D,
and a lower electrode portion 12D is formed thereon.
Therefore, a physical spacing between the lower elec-
trode portion 12D and the upper electrode portion 16D
strictly monotonically decreases in a curved manner to-
ward the outer circumferential portion from a center. A
thickness "t" of a cavity 14D strictly monotonically in-
creases in a curved manner toward the outer circumfer-
ential portion from the center portion.
[0074] Further, in a US cell 10E of a US element 20E
of modification 2 of the second embodiment shown in
Fig. 10C, an upper electrode portion 16E is deformed
into a convex shape that is expressed by a Bessel func-
tion of the zeroth order by an internal stress of the mem-

brane 18. Therefore, a physical spacing between the low-
er electrode portion 12A and an upper electrode portion
16E strictly monotonically decreases in a curved manner
toward an outer circumferential portion from a center.
Therefore, a thickness "t" of a cavity 14E strictly monot-
onically decreases in a curved manner toward the outer
circumferential portion from the center portion.
[0075] Furthermore, a US cell 10F of a US element
20F of modification 3 of the second embodiment shown
in Fig. 10D has a cavity 14F in a double convex shape
by a cavity in a downward convex shape that is expressed
by a Bessel function of the zeroth order, and a cavity in
an upward convex shape that is expressed by a Bessel
function of the zeroth order being combined. A physical
spacing between an upper electrode portion 16F and a
lower electrode portion 12F on a substrate 11F strictly
monotonically decreases in a curved manner toward an
outer circumferential portion from a center.
[0076] The US elements 20C to 20F all have the same
effect as the US element 20. Further, unlike the US ele-
ment 20, the US elements 20C to 20F are easily produced
since formation of the gap adjusting portion 19 is not nec-
essary.
[0077] As described above, the US elements 20A to
20F have favorable ultrasound transmission and recep-
tion efficiency similarly to the US element 20. The US
endoscopes 2A to 2F including the US elements 20A to
20F have favorable ultrasound transmission and recep-
tion efficiency.
[0078] Note that depending on the restraint conditions
of the outer periphery of the membrane 18, the thickness
(height) distribution t(r) of the cavities 14 to 14F shown
in the first embodiment, the second embodiment and the
modifications may be expressed by an arc function
shown in (equation 5) or a sine function shown in (equa-
tion 6) if the thickness (height) distribution t(r) can be
expressed by a function of the thickness "t" strictly mo-
notonically decreasing in a curved manner with increase
of [r].

[0079] Further, the shape of the cavity is not limited to
the shapes of the cavities 14 to 14F, and the thickness
of the cavity may strictly monotonically decrease in a
curved manner toward the outer circumenferential por-
tion from the center portion. For example, the top surface
of the cavity may be bent significantly while the under-
surface may be bent significantly while the undersurface
may be bent a little. Contrary to this, the top surface of
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the cavity may be bent a little, while the undersurface
may be bent significantly.

Claims

1. An ultrasound transducer element (20; 20A; 20B;
20C; 20D; 20E; 20F), comprising:

a plurality of electrostatic capacitance type ul-
trasound cells (10; 10A; 10B; 10C; 10D; 10E;
10F) each having a lower electrode portion (12A;
12C; 12D; 12F) and a membrane (18) including
an upper electrode portion (16A; 16D; 16E; 16F)
that are oriented and disposed via a cavity (14;
14A1; 14B; 14C; 14D; 14E; 14F) circular in plan
view,
characterized in that the thickness of the cavity
(14; 14A1; 14B; 14C; 14D; 14E; 14F) strictly mo-
notonically decreases such that the cavity (14;
14A1; 14B; 14C; 14D; 14E; 14F) has a curved
shape toward an outer circumferential portion
from the center axis (O) of the cavity (14; 14A1;
14B; 14C; 14D; 14E; 14F), wherein the thick-
ness of the cavity (14; 14A1; 14B; 14C; 14D;
14E; 14F) at the center axis (O) is t0 and the
thickness distribution t(r) decreases toward the
outer circumferential portion from the center axis
(O) according to 

wherein r is the distance from the center axis
(O), R is the distance of the circumference of
the cavity from the center axis (O) and J0 is the
Bessel function of the zeroth order, within a dif-
ference of approximately 65%.

2. The ultrasound transducer element according to
claim 1,
wherein a physical spacing or a dielectric equivalent
spacing of the lower electrode portion (12A; 12C;
12D; 12F) and the upper electrode portion (16A;
16D; 16E; 16F) strictly monotonically decreases in
a curved manner toward the outer circumferential
portion from the center axis (O).

3. The ultrasound transducer element according to
claim 2,
wherein a thickness distribution of the cavity (14;
14A1; 14B; 14C; 14D; 14E; 14F) toward the outer
circumferential portion from the center axis (O) is
selected such that the cavity (14; 14A1; 14B; 14C;
14D; 14E; 14F) has a shape that corresponds to a
theoretical deformation shape of the membrane (18)
when driven.

4. The ultrasound transducer element according to
claim 1,
wherein a gap adjusting portion (19) formed from a
dielectric with a thickness thereof strictly monotoni-
cally increasing in a curved manner toward an outer
circumferential portion from a center portion is in-
cluded between the lower electrode portion (12A;
12C; 12D; 12E) and the upper electrode portion
(16A; 16D; 16E; 16F), wherein the thickness distri-
bution T(r) of the gap adjusting portion increases to-
ward the outer circumferential portion from the center
axis (O) according to 

wherein TR is the thickness of the gap adjusting por-
tion at the outer circumferential portion, within a dif-
ference of approximately 65%.

5. The ultrasound transducer element according to
claim 4,
wherein a relative dielectric constant of the dielectric
is three or more.

6. The ultrasound transducer element according to
claim 5,
wherein an undersurface of the membrane (18) that
is attracted to the lower electrode portion (12A; 12C;
12D; 12E) when driven contacts a top surface of the
gap adjusting portion (19).

7. The ultrasound transducer element according to
claim 1,
wherein a top surface shape of the lower electrode
portion (12A; 12C; 12D; 12D) covered with a lower
insulating layer (13) is the same as an undersurface
shape of the cavity (14; 14A1; 14B; 14C; 14D; 14E;
14F).

8. The ultrasound transducer element according to
claim 7,
wherein an undersurface of the membrane (18) at-
tracted to the lower electrode portion (12A; 12C;
12D; 12E) when driven contacts a top surface of the
insulating layer (13).

9. An ultrasound endoscope (2), comprising:
the ultrasound transducer element (20; 20A; 20B;
20C; 20D; 20E; 20F) according to any one of claim
1 to claim 8.

Patentansprüche

1. Ultraschallwandlerelement (20; 20A; 20B; 20C; 20D;
20E; 20F), das umfasst:
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eine Mehrzahl von Ultraschallzellen (10; 10A;
10B; 10C; 10D; 10E; 10F) vom elektrostatisch
kapazitativem Typ, die jeweils einen unteren
Elektrodenabschnitt (12A; 12C; 12D; 12F) und
eine Membran (18) mit einem oberen Elektro-
denabschnitt (16A; 16D; 16E; 16F) umfassen,
und die über einen Hohlraum (14; 14A1; 14B;
14C; 14D; 14E; 14F) in Draufsicht kreisförmig
ausgerichtet und angeordnet sind;
dadurch gekennzeichnet, dass die Dicke des
Hohlraums (14; 14A1; 14B; 14C; 14D; 14E; 14F)
streng monoton abnimmt, so dass der Hohlraum
(14; 14A1; 14B; 14C; 14D; 14E; 14F) in Richtung
eines Außenumfangsabschnitts von der Mittel-
achse (O) des Hohlraums (14; 14A1; 14B; 14C;
14D; 14E; 14F) eine gekrümmte Gestalt auf-
weist, wobei die Dicke des Hohlraums (14;
14A1; 14B; 14C; 14D; 14E; 14F) auf der Mittel-
achse (O) t0 ist und die Dickenverteilung t(r) in
Richtung des Außenumfangsabschnitts von der
Mittelachse (O), innerhalb einer Differenz von
ungefähr 6 5 %, gemäß t(r) = t0 x J0(2,4 / R x
r) abnimmt,

wobei r die Distanz von der Mittelachse (O) ist, R die
Distanz des Umfangs des Hohlraums von der Mit-
telachse (O) ist und J0 die Bessel-Funktion der null-
ten Ordnung ist.

2. Ultraschallwandlerelement nach Anspruch 1,
wobei eine physikalischer Abstand oder ein dielekt-
rischer Äquivalenzabstand des unteren Elektroden-
abschnitts (12A; 12C; 12D; 12F) und des oberen
Elektrodenabschnitts (16A; 16D; 16E; 16F) auf ge-
krümmte Weise in Richtung des Außenumfangsab-
schnitts von der Mittelachse (O) streng monoton ab-
nimmt.

3. Ultraschallwandlerelement nach Anspruch 2,
wobei eine Dickenverteilung des Hohlraums (14;
14A1; 14B; 14C; 14D; 14E; 14F) in Richtung des
Außenumfangsabschnitts von der Mittelachse (O)
so ausgewählt ist, dass der Hohlraum (14; 14A1;
14B; 14C; 14D; 14E; 14F) eine Gestalt aufweist, die
einer theoretischen Verformungsgestalt der Memb-
ran (18) in Betrieb entspricht.

4. Ultraschallwandlerelement nach Anspruch 1,
wobei ein Abstandseinstellabschnitt (19), der aus ei-
nem Dielektrikum gebildet ist, dessen Dicke in ge-
krümmter Weise in Richtung eines Außenumfangs-
abschnitts von einem Mittelabschnitt streng mono-
ton zunimmt, zwischen dem unteren Elektrodenab-
schnitt (12A; 12C; 12D; 12E) und dem oberen Elek-
trodenabschnitt (16A; 16D; 16E; 16F) vorgesehen
ist, wobei die Dickenverteilung T(r) des Abstands-
einstellabschnitts in Richtung des Außenumfangs-
abschnitts von der Mittelachse (O), innerhalb einer

Differenz von ungefähr 6 5 %, gemäß 

zunimmt, wobei TR die Dicke des Abstandseinstell-
abschnitts am Außenumfangsabschnitt ist.

5. Ultraschallwandlerelement nach Anspruch 4,
wobei eine relative dielektrische Konstante des Di-
elektrikums drei oder höher ist.

6. Ultraschallwandlerelement nach Anspruch 5,
wobei eine Unterseite der Membran (18), die im an-
getriebenen Zustand zum unteren Elektrodenab-
schnitt (12A; 12C; 12D; 12E) gezogen, mit einer
Oberseite des Abstandseinstellabschnitts (19) in
Kontakt gelangt.

7. Ultraschallwandlerelement nach Anspruch 1,
wobei eine Oberseitengestalt des unteren Elektro-
denabschnitts (12A; 12C; 12D; 12D), die mit einer
unteren Isolierschicht (13) bedeckt ist, gleich wie ei-
ne Unterseitengestalt des Hohlraums (14; 14A1;
14B; 14C; 14D; 14E; 14F) ist.

8. Ultraschallwandlerelement nach Anspruch 7,
wobei eine Unterseite der Membran (18), die im an-
getriebenen Zustand zum unteren Elektrodenab-
schnitt (12A; 12C; 12D; 12E) gezogen wird, mit einer
Oberseite der Isolierschicht (13) in Kontakt gelangt.

9. Ultraschallendoskop (2), das umfasst:
das Ultraschallwandlerelement (20; 20A; 20B; 20C;
20D; 20E; 20F) nach einem der Ansprüche 1 bis 8.

Revendications

1. Élément de transducteur à ultrasons (20 ; 20A ;
20B ; 20C ; 20D ; 20E ; 20F) comprenant :
une pluralité de cellules ultrasonores de type à ca-
pacité électrostatique (10 ; 10A ; 10B ; 10C ; 10D ;
10E ; 10F) ayant chacune une partie d’électrode in-
férieure (12A ; 12C ; 12D ; 12F) et une membrane
(18) comprenant une partie d’électrode supérieure
(16A ; 16D ; 16E ; 16F) qui sont orientées et dispo-
sées par l’intermédiaire d’une cavité (14 ; 14A1 ;
14B ; 14C ; 14D ; 14E ; 14F) circulaire en vue en
plan, caractérisé par le fait que l’épaisseur de la
cavité (14 ; 14A1 ; 14B ; 14C ; 14D ; 14E ; 14F) di-
minue de manière strictement monotone de telle sor-
te que la cavité (14 ; 14A1 ; 14B ; 14C ; 14D ; 14E ;
14F) a une forme incurvée vers une partie circonfé-
rentielle externe à partir de l’axe central (O) de la
cavité (14 ; 14A1 ; 14B ; 14C ; 14D ; 14E ; 14F),
l’épaisseur de la cavité (14 ; 14A1 ; 14B ; 14C ; 14D ;
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14E ; 14F) au niveau de l’axe central (O) étant t0 et
la distribution d’épaisseur t(r) diminuant vers la partie
circonférentielle externe à partir de l’axe central (O)
conformément à t(r) = t0 x J0(2,4/R x r), r étant la
distance à partir de l’axe central (O), R étant la dis-
tance de la circonférence de la cavité à partir de l’axe
central (O), et J0 étant la fonction de Bessel d’ordre
zéro, dans les limites d’une différence d’approxima-
tivement 65%.

2. Élément de transducteur à ultrasons selon la reven-
dication 1,
dans lequel un espacement physique ou un espa-
cement équivalent diélectrique de la partie d’électro-
de inférieure (12A ; 12C ; 12D ; 12F) et de la partie
d’électrode supérieure (16A ; 16D ; 16E ; 16F) dimi-
nue de manière strictement monotone et d’une ma-
nière incurvée vers la partie circonférentielle externe
à partir de l’axe central (O).

3. Élément de transducteur à ultrasons selon la reven-
dication 2,
dans lequel une distribution d’épaisseur de la cavité
(14 ; 14A1 ; 14B ; 14C ; 14D ; 14E ; 14F) vers la par-
tie circonférentielle externe à partir de l’axe central
(O) est choisie de telle sorte que la cavité (14 ; 14A1 ;
14B ; 14C ; 14D ; 14E ; 14F) a une forme qui corres-
pond à une forme de déformation théorique de la
membrane (18) lorsqu’elle est excitée.

4. Élément de transducteur à ultrasons selon la reven-
dication 1,
dans lequel une partie d’ajustement d’intervalle (19)
formée à partir d’un diélectrique avec une épaisseur
de celui-ci qui augmente de manière strictement mo-
notone et d’une manière incurvée vers une partie
circonférentielle externe à partir d’une partie centrale
est comprise entre la partie d’électrode inférieure
(12A ; 12C ; 12D ; 12E) et la partie d’électrode su-
périeure (16A ; 16D ; 16E ; 16F), la distribution
d’épaisseur T(r) de la partie d’ajustement d’intervalle
augmentant vers la partie circonférentielle externe
à partir de l’axe central (O) conformément à T(r) =
TR x (1 - J0(2,4/R x r)), TR étant l’épaisseur de la
partie d’ajustement d’intervalle au niveau de la partie
circonférentielle externe, dans les limites d’une dif-
férence d’approximativement 65%.

5. Élément de transducteur à ultrasons selon la reven-
dication 4,
dans lequel une constante diélectrique relative du
diélectrique est de trois ou plus.

6. Élément de transducteur à ultrasons selon la reven-
dication 5,
dans lequel une surface inférieure de la membrane
(18) qui est attirée vers la partie d’électrode inférieu-
re (12A ; 12C ; 12D ; 12E) lorsqu’elle est excitée en-

tre en contact avec une surface supérieure de la par-
tie d’ajustement d’intervalle (19).

7. Élément de transducteur à ultrasons selon la reven-
dication 1,
dans lequel une forme de surface supérieure de la
partie d’électrode inférieure (12A ; 12C ; 12D ; 12D)
recouverte d’une couche isolante inférieure (13) est
la même qu’une forme de surface inférieure de la
cavité (14 ; 14A1 ; 14B ; 14C ; 14D ; 14E ; 14F).

8. Élément de transducteur à ultrasons selon la reven-
dication 7,
dans lequel une surface inférieure de la membrane
(18) attirée vers la partie d’électrode inférieure (12A ;
12C ; 12D ; 12E) lorsqu’elle est excitée entre en con-
tact avec une surface supérieure de la couche iso-
lante (13).

9. Endoscope ultrasonore (2), comprenant :
l’élément de transducteur à ultrasons (20 ; 20A ;
20B ; 20C ; 20D ; 20E ; 20F) selon l’une quelconque
des revendications 1 à 8.
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