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(57) ABSTRACT

An ultrasonic transducer according to the invention includes
a flexible sheet, a rigid body portion including a lower elec-
trode made of at least a thin-film conductive material on a
surface of the flexible sheet, a dividing portion which divides
the rigid body portion into segments, and a plurality of trans-
ducer elements including the divided rigid body portion, has
at least one transducer cell composed of one of the segments,
an insulating partition portion bonded to the segment, an air
gap portion surrounded by the partition portion, an upper
electrode opposed to the lower electrode extending to the
partition portion to sandwich the air gap portion therebe-
tween, and an upper insulating layer formed on the upper
electrode, and includes an upper protection film which con-
tinuously covers a surface portion of the transducer elements
and the dividing portion.
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ULTRASONIC TRANSDUCER, METHOD FOR
MANUFACTURING ULTRASONIC
TRANSDUCER, AND ULTRASONIC
ENDOSCOPE

[0001] This application claims benefit of Japanese Appli-
cation No. 2006-294817 filed on Oct. 30, 2006, the contents
of which are incorporated by this reference.

BACKGROUND OF THE INVENTION

[0002] 1. Field of the Invention

[0003] The present invention relates to a micromachined
capacitive ultrasonic transducer which is manufactured by
processing a semiconductor substrate using a micromachin-
ing process, a method for manufacturing the ultrasonic trans-
ducer, and an ultrasonic endoscope including the ultrasonic
transducer in anultrasonic transmitting and receiving portion.
[0004] 2. Description of the Related Art

[0005] An ultrasonic diagnostic method for applying an
ultrasound into a body and visualizing and diagnosing a state
in the body from an echo signal of the ultrasound has recently
become widespread. Examples of a medical device used for
the ultrasonic diagnostic method include an ultrasonic echo
device which can visualize a state in a body from a surface of
the body and an ultrasonic endoscope which includes an
ultrasonic transducer portion for transmitting and receiving
an ultrasound at a distal end portion and can be inserted into
a body cavity and visualize a state in the body.

[0006] Among medical devices for ultrasonic diagnosis,
ultrasonic endoscopes are provided with various contrivances
for a slimness to improve an ability to be inserted into a body
cavity and reduce pain of a patient. For this reason, ultrasonic
transducer portions become smaller in size and are provided
with various contrivances for a size reduction.

[0007] Such aconventional ultrasonic transducer used in an
ultrasonic endoscope may contain lead. With recent environ-
mental issues, there is a call for an ultrasonic transducer,
provided in an ultrasonic endoscope which is inserted into a
body when used, to be lead-free.

[0008] Tt is preferable to use a c-MUT (Capacitive Micro-
machined Ultrasonic Transducer: including capacitive micro-
machined ultrasonic probe) as disclosed in, e.g., U.S. Pat. No.
6,836,020 B2 as an ultrasonic transducer whose downsizing
can be achieved without using lead.

[0009] As another example, an electrostatic type transducer
formed on a multi-layered printed circuit board is disclosed in
International Publication WO 2003/035281 A2. The electro-
static type transducer has gas pockets serving as air gap
portions obtained by forming scratches and pits in an elec-
trode portion. Note that in a technique in International Pub-
lication WO 2003/035281 A2, a conductive through hole is
formed in a multi-layered rigid substrate or flexible printed
circuit board, and a backplate electrode in which gas pockets
are formed instead of air gap portions is provided in a rough-
ened backplate.

SUMMARY OF THE INVENTION

[0010] According to the present invention, there is provided
an ultrasonic transducer comprising a flexible sheet, a rigid
body portion including a lower electrode which is made of at
least a thin-film conductive material on a surface of the flex-
ible sheet, a dividing portion which divides the rigid body
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portion into a plurality of rigid body portion segments sepa-
rated from each other, and a plurality of transducer elements
including the rigid body portion divided by the dividing por-
tion, wherein the ultrasonic transducer has at least one trans-
ducer cell composed of one of the rigid body portion seg-
ments, an insulating partition portion bonded to the rigid body
portion segment, an air gap portion surrounded by the parti-
tion portion, an upper electrode opposed to the lower elec-
trode which is formed to extend to the partition portion to
sandwich the air gap portion therebetween, and an upper
insulating layer formed on the upper electrode and comprises
an upper protection film which continuously covers a surface
portion on the side of the upper electrode of the plurality of
transducer elements and the dividing portion.

[0011] According to the present invention, there is also
provided a method for manufacturing an ultrasonic trans-
ducer, wherein the ultrasonic transducer is formed using a
micromachining technique, and the method comprises form-
ing a plurality of transducer elements, each comprising a pair
of electrodes, formed on a surface of a rigid substrate on
which an insulating layer is formed, coating surfaces of the
plurality of transducer elements with a flexible member to
form a sheet, and forming a groove portion from one side of
the substrate such that the plurality of transducer elements are
spaced apart from each other by a predetermined distance and
are coupled by the sheet, after removing a rigid member ofthe
substrate.

[0012] According to the present invention, there is further
provided an ultrasonic endoscope comprising an ultrasonic
transducer which is arranged on a distal end side of a distal
end rigid portion constituting a distal end of an endoscope
insertion portion and in which at least one ultrasonic trans-
ducer unit is arrayed, wherein each of the at least one ultra-
sonic transducer unit comprises a plurality of transducer ele-
ments, each having at least one transducer cell including a
pair of electrodes, a flexible sheet on which the plurality of
transducer elements are arrayed, and a dividing portion for
separating the plurality of transducer elements such that the
plurality of transducer elements are spaced apart from each
other by a predetermined distance.

[0013] The above and other objects, features and advan-
tages of the invention will become more clearly understood
from the following description referring to the accompanying
drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0014] FIG. 1isa view for explaining a schematic configu-
ration of an ultrasonic endoscope according to a first embodi-
ment;

[0015] FIG. 2is a view for explaining a schematic configu-
ration ofadistal end portion of the ultrasonic endoscope in the
first embodiment;

[0016] FIG. 3 is a view for explaining a configuration of an
ultrasonic transducer portion in the first embodiment;
[0017] FIG. 4isatop view of an ultrasonic transducer in the
first embodiment;

[0018] FIG. 51is an enlarged view of a circle V in FIG. 4 in
the first embodiment;

[0019] FIG. 6 is a cross-sectional view of ¢-MUT cells
taken along line VI-VI in F1G. 5 in the first embodiment;
[0020] FIG. 7 is a cross-sectional view of c-MUT cells
taken along line VII-VII in FIG. 5 in the first embodiment;
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[0021] FIG. 8 is a perspective view for explaining a con-
figuration of a cable connection board portion to which
coaxial cables are connected in the first embodiment;

[0022] FIG. 9 is a cross-sectional view showing a thick
oxide film-coated wafer in the first embodiment;

[0023] FIG. 10 is a cross-sectional view showing a state in
which upper electrodes are formed on the thick oxide film-
coated wafer in the first embodiment;

[0024] FIG. 11 is a cross-sectional view showing the thick
oxide film-coated wafer with a first insulating film formed in
the first embodiment;

[0025] FIG. 12 is a cross-sectional view showing an SOI
wafer in the first embodiment;

[0026] FIG. 13 is a cross-sectional view showing a state in
which silicon oxide films are formed on the SOI wafer in the
first embodiment;

[0027] FIG. 14 is a cross-sectional view showing the SOI
wafer with the silicon oxide film on a lower electrode etched
in the first embodiment;

[0028] FIG.15is a cross-sectional view showing a part of a
process of manufacturing a c-MUT cell in a state in which the
thick oxide film-coated wafer and SOI wafer are bonded in
the first embodiment;

[0029] FIG. 16 is a cross-sectional view showing a part of
the process of manufacturing a c-MUT cell in a state in which
abase silicon portion of the SOl wafer is etched and removed
in the first embodiment;

[0030] FIG. 17 is a cross-sectional view showing a part of
the process of manufacturing a c-MUT cell in a state in which
a protection film is formed on an upper surface in the first
embodiment;

[0031] FIG. 18 is a cross-sectional view showing a part of
the process of manufacturing a c-MUT cell in a state in which
a flexible sheet is formed on the protection film in the first
embodiment;

[0032] FIG. 19 is a cross-sectional view showing a part of
the process of manufacturing a c-MUT cell in a state in which
a base silicon portion of the thick oxide film-coated wafer is
etched and removed in the first embodiment;

[0033] FIG. 20 is a cross-sectional view showing a part of
the process of manufacturing a c-MUT cell in a state in which
an inter-cell-group etching groove is formed in the first
embodiment;

[0034] FIG. 21 is a flow chart showing steps in manufac-
turing a c-MUT cell in the first embodiment;

[0035] FIG. 22 is a cross-sectional view showing a thick
oxide film-coated wafer according to a second embodiment;
[0036] FIG. 23 is across-sectional view showing a part of a
process of manufacturing a c-MUT cell in a state in which an
upper electrode is formed on the thick oxide film-coated
wafer in the second embodiment;

[0037] FIG. 24 is a cross-sectional view showing a part of
the process of manufacturing a c-MUT cell in a state in which
an insulating layer is formed in the second embodiment;
[0038] FIG. 25 is a cross-sectional view showing a part of
the process of manufacturing a c-MUT cell in a state in which
a sacrificial layer is formed in the second embodiment;
[0039] FIG. 26 is a cross-sectional view showing a part of
the process of manufacturing ac-MUT cell in a state in which
an insulating layer is formed in the second embodiment;
[0040] FIG. 27 is a cross-sectional view showing a part of
the process of manufacturing a c-MUT cell in a state in which
sacrificial layer removing holes are formed, and the sacrificial
layer is removed in the second embodiment;
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[0041] FIG. 28 is a cross-sectional view showing a part of
the process of manufacturing a c-MUT cell in a state in which
an insulating layer which seals the sacrificial layer removing
holes is formed in the second embodiment;

[0042] FIG. 29 is a cross-sectional view showing a part of
the process of manufacturing a c-MUT cell in a state in which
a conductive film is formed in the second embodiment;
[0043] FIG. 30 is a cross-sectional view showing a part of
the process of manufacturing a c-MUT cell in a state in which
alower electrode is formed by etching in the second embodi-
ment;

[0044] FIG. 31 is a cross-sectional view showing a part of
the process of manufacturing a c-MUT cell in a state in which
an inner protection film is formed in the second embodiment;
[0045] FIG. 32 is a cross-sectional view showing a part of
the process of manufacturing a c-MUT cell in a state in which
a flexible sheet is formed on the protection film in the second
embodiment;

[0046] FIG. 33 is a cross-sectional view showing a part of
the process of manufacturing a c-MUT cell in a state in which
a base silicon portion of the thick oxide film-coated wafer is
etched and removed in the second embodiment;

[0047] FIG. 34 is a cross-sectional view showing a part of
the process of manufacturing a c-MUT cell in a state in which
an inter-cell-group etching groove is formed in the second
embodiment;

[0048] FIG. 35 is a flow chart showing steps in manufac-
turing a c-MUT cell in the second embodiment;

[0049] FIG. 36 is a cross-sectional view showing a flexible
printed circuit board having a printed lower electrode accord-
ing to a third embodiment;

[0050] FIG. 37 is a cross-sectional view showing a partofa
process of manufacturing a ¢-MUT cell in a state in which a
first insulating layer is formed on the lower electrode in the
third embodiment;

[0051] FIG. 38 is a cross-sectional view showing a part of
the process of manufacturing ac-MUT cell in a state in which
a sacrificial layer is formed in the third embodiment;

[0052] FIG. 39 is a cross-sectional view showing a part of
the process of manufacturing a c-MUT cell in a state in which
a second insulating layer is formed in the third embodiment;
[0053] FIG. 40 is a cross-sectional view showing a part of
the process of manufacturing a c-MUT cell in a state in which
sacrificial removing holes are formed in the third embodi-
ment;

[0054] FIG. 41 is a cross-sectional view showing a part of
the process of manufacturing a c-MUT cell in a state in which
the sacrificial layer is etched, and a cavity is formed in the
third embodiment;

[0055] FIG. 42 is a cross-sectional view showing a part of
the process of manufacturing a c-MUT cell in a state in which
plugs which seal the sacrificial layer removing holes are
formed in the third embodiment;

[0056] FIG. 43 is a cross-sectional view showing a part of
the process of manufacturing a c-MUT cell in a state in which
an upper electrode is formed in the third embodiment;
[0057] FIG. 44 is a cross-sectional view showing a part of
the process of manufacturing a c-MUT cell in a state in which
a third insulating layer is formed in the third embodiment;
[0058] FIG. 45 is a cross-sectional view showing a part of
the process of manufacturing a c-MUT cell in a state in which
an inter-cell-group etching groove is formed in the third
embodiment; and
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[0059] FIG. 46 is a flow chart showing steps in manufac-
turing a c-MUT cell in the third embodiment.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENTS

[0060] In conventional ¢-MUT structures, silicon sub-
strates with a thickness of about 200 um or more are used to
improve handling. For this reason, in a conventional c-MUT
structure, a through hole is formed in a silicon substrate, an
electric wiring structure for application (of a signal) to and
return from (grounding of) a pair of electrodes becomes com-
plicated, and a dimension in a thickness direction increases.
This inhibits a slimness.

[0061] Insuch aconventional c-MUT structure, if an ultra-
sonic transducer portion is formed by arraying a plurality of
transducer elements, vibrations propagate between the trans-
ducer elements formed on a rigid substrate to inhibit genera-
tion of desired ultrasonic vibrations in a scanning area. More
specifically, in the conventional ¢c-MUT structure, so-called
crosstalk caused by interference between vibrations from the
transducer elements makes it difficult to apply ultrasonic
vibrations to the scanning area with high precision, and a
captured image may be adversely affected.

[0062] If a conventional transducer element is used in a
medical device such as an ultrasonic endoscope to be inserted
into a body, a size reduction is desired to be achieved for a
reduction in pain of a patient, a reduction in invasiveness, and
the like.

[0063] Under the circumstances, techniques according to
embodiments to be described below reduce crosstalk caused
by interference between vibrations of c-MUT, increase reso-
lution, and allow a size reduction.

[0064] Embodiments of the present invention will be
described below with reference to the drawings. Note that
each embodiment of the present invention will be described
taking an ultrasonic endoscope which is a medical device as
an example.

First Embodiment

[0065] FIGS.1to 21 show a first embodiment of the present
invention. FIG. 1 is a view for explaining a schematic con-
figuration of an ultrasonic endoscope. FIG. 2 is a view for
explaining a schematic configuration of a distal end portion of
the ultrasonic endoscope. FIG. 3 is a view for explaining a
configuration of an ultrasonic transducer portion. FIG. 4 is a
top view of an ultrasonic transducer. FIG. § is an enlarged
view of a circle V in FIG. 4. FIG. 6 is a cross-sectional view
of c-MUT cells taken along line VI-VIin F1G. 5. F1IG. 7 is a
cross-sectional view of c-MUT cells taken along line VII-VII
in FIG. 5. FIG. 8 is a perspective view for explaining a
configuration of a cable connection board portion to which
coaxial cables are connected. FIG. 9 is a cross-sectional view
showing a thick oxide film-coated wafer. FIG. 10 is a cross-
sectional view showing a state in which upper electrodes are
formed on the thick oxide film-coated wafer. FIG. 11 is a
cross-sectional view showing the thick oxide film-coated
wafer with a first insulating film formed. FIG. 12 is a cross-
sectional view showing an SOI wafer. FIG. 13 is a cross-
sectional view showing a state in which silicon oxide films are
formed on the SOI wafer. FIG. 14 is a cross-sectional view
showing the SOI wafer with the silicon oxide film on a lower
electrode etched. FIG. 15 is a cross-sectional view showing a
part of a process of manufacturing a c-MUT cell in a state in
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which the thick oxide film-coated wafer and SOI wafer are
bonded. FIG. 16 is a cross-sectional view showing a part of
the process of manufacturing a c-MUT cell in a state in which
abasesilicon portion of the SOl waferis etched and removed.
FIG. 17 is across-sectional view showing a part of the process
of manufacturing a c-MUT cell in a state in which a protection
film is formed on an upper surface. FIG. 18 is a cross-sec-
tional view showing a part of the process of manufacturing a
¢-MUT cell in a state in which a flexible sheet is formed onthe
protection film. FIG. 19 is a cross-sectional view showing a
partof the process of manufacturing a c-MUT cell in a state in
which a base silicon portion of the thick oxide film-coated
wafer is etched and removed. FIG. 20 is a cross-sectional
view showing a part of the process of manufacturing a c-MUT
cell in a state in which an inter-cell-group etching groove is
formed. FIG. 21 is a flow chart showing steps in manufactur-
ing a c-MUT cell.

[0066] As shown in FIG. 1, an ultrasonic endoscope 1
according to the present embodiment is mainly composed of
a slender insertion portion 2 to be inserted into a body, an
operation portion 3 located at a proximal end of the insertion
portion 2, and a universal cord 4 extending from a side of the
operation portion 3.

[0067] An endoscope connector 4a to be connected to a
light source device (not shown) is provided at a proximal end
portion of the universal cord 4. An electric cable 5 to be
detachably connected to a camera control unit (not shown) via
an electric connector 5a and an ultrasonic cable 6 to be
detachably connected to an ultrasonic observation device (not
shown) via an ultrasonic connector 6a are extending from the
endoscope connector 4a.

[0068] The insertion portion 2 is composed of a distal end
rigid portion 7 made of a hard resin member, a bendable
bending portion 8 located at a rear end of the distal end rigid
portion 7, and a thin and long flexible tube portion 9 located
at a rear end of the bending portion 8 and leading to a distal
end portion of the operation portion 3 which are provided to
be continuous in order from a distal end side of the insertion
portion 2. An ultrasonic transducer portion 20 which is an
ultrasonic transmitting and receiving portion having a plural-
ity of arrayed ultrasonic transducers of an electronic scanning
type for transmitting and receiving an ultrasound is provided
on a distal end side of the distal end rigid portion 7.

[0069] Note that a polysulfone with high chemical resis-
tance or high biocompatibility is used as a material for the
distal end rigid portion 7. An angle knob 11 for controlling to
bend the bending portion 8 in a desired direction, an air-
supply/water-supply button 12 for performing air supply and
water supply operation, a suction button 13 for performing
suction operation, a treatment-instrument insertion port 14
serving as an inlet for a treatment instrument introduced into
a body cavity, and the like are provided in the operation
portion 3.

[0070] As shown in FIG. 2, an illumination lens cover 21
constituting an illumination optical system, an observation
lens cover 22 constituting an observation optical system, a
forceps port 23 also serving as a suction port, and an air-
supply and water-supply nozle (not shown) are arranged at a
distal end surface 7a of the distal end rigid portion 7 having
the ultrasonic transducer portion 20.

[0071] Theultrasonic transducer portion 20 is an electronic
radial type transducer distal end portion which is formed such
that a vibration film of a c-MUT (Capacitive Micromachined
Ultrasonic Transducer: including capacitive micromachined
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ultrasonic probe) obtained by processing a silicon substrate
using a silicon micromachining technique faces outward and
in which a plurality of transducer elements 25, each being a
minimum driving unit composed of a plurality of ¢-MUT
cells and having a rectangular surface, are cylindrically
arrayed, as shown in FIG. 3.

[0072] A cable connection board portion 24 including elec-
trode pads and GND (ground) electrode pads which are elec-
trically connected to the transducer elements 25 is provided to
be continuous with a proximal end side of the ultrasonic
transducer portion 20. A coaxial cable bundle 26 whose signal
lines are electrically connected to the cable connection board
portion 24 is provided to extend from the ultrasonic trans-
ducer portion 20. The coaxial cable bundle 26 is inserted
through the distal end rigid portion 7, bending portion 8,
flexible tube portion 9, operation portion 3, universal cord 4,
and ultrasonic cable 6 and is connected to the ultrasonic
observation device (not shown) via the ultrasonic connector
6a.

[0073] Note that electrodes on an active (signal) side of the
transducer elements 25 are structured to be individually sup-
plied with electric signals from cables of the coaxial cable
bundle 26 and are not electrically connected to each other.
[0074] As shown in FIG. 4, each transducer element 25
includes at least one c-MUT cell (in the present embodiment,
a plurality of ¢-MUT cells, hereinafter simply referred to as
cells) 30, and the c-MUT cells 30 are arrayed at substantially
equal intervals. An inter-cell-group etching groove 28 which
is a linear kerf and constitutes a dividing portion is formed
between each adjacent two of the transducer elements 25 to
isolate groups of a predetermined number of cells 30 from
each other. Segments which are separated by the inter-cell-
group etching grooves 28 to be spaced apart at a predetet-
mined distance from each other are the transducer elements
25 serving as the minimum driving unit transducers.

[0075] Note that each cell 30 serves as a driving unit ele-
ment including a pair of electrodes, a membrane which is a
vibration film, and a cavity 51 which is a substantially discoid
air gap formed between the pair of electrodes to have a cir-
cular surface shape by a partition portion 41 formed around
the pair of electrodes, as will be described later.

[0076] Each of lower electrodes 35 which serves as an
active electrode of a pair of electrodes according to the
present embodiment is a single-piece electrode plate which
has a substantially same shape as the surface shape of each
transducer element 25. Each of upper electrodes 31 which
serves as a GND electrode of the pair of electrodes has a
substantially circular surface shape and is electrically con-
nected to the adjacent upper electrode 31 within the corre-
sponding transducer element 25 viaa conducting portion 31a.
The conducting portions 31a are provided to extend from two
points of an edge portion of each upper electrode 31 formed in
adiscoid shape at an angle of substantially 90° with respect to
each other and intersect with the other conducting portions
31a in the present embodiment. Note that each lower elec-
trode 35 may be divided into pieces for the respective cells 30
corresponding to, e.g., the circular surface shapes of the upper
electrodes 31.

[0077] Structures of sections of the cells 30 taken along
lines VI-VI and VII-VII shown in FIG. 5 will be described in
detail with reference to FIGS. 6 and 7. Note that FIG. 7 shows
only a structure of a section of the two adjacent cells 30.
[0078] As shown in FIG. 6, each cell 30 formed in the
transducer element 25 according to the present embodiment
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is mainly composed of the lower electrode 35 formed on a
flexible sheet 39 which is a belt-like body having an inner
protection film 37 serving as a first protection film and a third
insulating layer 36 formed thereon, the upper electrode 31,
which is disposed above the lower electrode 35 at a predeter-
mined distance from the lower electrode 35 via the cavity 51
and has an insulating layer (hereinafter sometimes referred to
as a second insulating layer) 34 constituting a bonding film
formed at a surface thereof, an insulating layer (hereinafter
sometimes referred to as a first insulating layer) 32 which is
an upper insulating layer formed on the upper electrode 31,
and an exterior protection film 33 which is a second protec-
tion film formed on the insulating layer 32 and upper protec-
tion film. In the present embodiment, as for the terms “upper”
and “lower,” the side of an ultrasonic scanning area in genet-
ated ultrasonic vibrations is regarded as an upper side.
[0079] In the cell 30 according to the present embodiment,
the upper electrode 31, first insulating layer 32, exterior pro-
tection film 33, and second insulating layer 34 constitute a
membrane 38 which is a vibration film. The cavity 51
described above is a vacuum air gap portion (vacuum cavity)
which is sealed vertically with the second insulating layer 34
and lower electrode 35 and circumferentially with the parti-
tion portion 41 and serves as a damping layer for the mem-
brane 38 in the present embodiment. Note that the lower
electrode 35, third insulating layer 36, and inner protection
film 37 constitute a rigid body portion of the present embodi-
ment.

[0080] As shown in FIG. 7, the upper electrode 31 of each
cell 30 within one transducer element 25, and the upper
electrode 31 of the adjacent cell 30 are successively and
integrally formed via the conducting portion 31a and are
electrically connected. The first insulating layer 32 and sec-
ond insulating layer 34 are also formed on upper and lower
surfaces of the conducting portion 31a.

[0081] In the present embodiment, the flexible sheet 39 is
made of, for example, a polyimide (PI) film with a thickness
of 20.0 um. The first inner protection film 37 formed on the
flexible sheet 39 is made of, for example, a silicon nitride
(SiN) film with a thickness of 1.0 pm.

[0082] The third insulating layer 36 formed on the first
inner protection film 37 is made of, for example, a thermal
silicon oxide film (e.g., a silicon dioxide (Si0,) film) with a
thickness of 0.3 um. The lower electrode 35 formed on the
third insulating layer 36 is made of, for example, a film of
low-resistivity silicon (8i) having conductivity with a thick-
ness of 2.0 pm.

[0083] The cavity 51 described above is, for example, a
substantially cylindrical (substantially discoid) air gap por-
tion which is set to have a diameter ¢ of 40 pm and a height of
0.4 um. The partition portion 41 forming an outer periphery of
the cavity 51 formed on the lower electrode 35 is made of a
silicon dioxide (Si0,) film formed by thermal oxidation. The
second insulating layer 34, which forms an upper surface
portion of the cavity 51 and covers a lower surface of the
upper electrode 31 to keep the upper electrode 31 insulated
from the lower electrode 35, is made of, for example, a silicon
dioxide (Si0,) film with a thickness of 0.15 um which is a
same material as the material for the partition portion 41.
[0084] The upper electrode 31 formed on the second insu-
lating layer 34 is made of an electrically conductive metal or
semiconductor or the like, and, for example, a platinum (Pt)
film with a thickness of 0.4 pm is used as a material for the
upper electrode 31 in the present embodiment. Note that the
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electrically conductive material for forming the upper elec-
trode 31 is not limited to platinum (Pt) and may be molybde-
num (Mo) or titanium (T1). Also note that the material may be
aluminum (Al), which is a low-melting metal, or the like if a
manufacturing process has no high-temperature processing
step. The conducting portion 31a formed integrally with the
upper electrode 31 is made of a same material as the material
for the upper electrode 31.

[0085] The first insulating layer 32 formed on the upper
electrode 31 is made of, for example, a silicon dioxide (Si0,)
film which is a thermal oxide film with a thickness of 1.5 pm.
The exterior protection film 33 is formed to a thickness of,
e.g., 1.0 pm using, for example, a parylene which serves as a
biocompatible coating on the first insulating layer 32. Note
that use of a parylene containing fluorine as the parylene
forming the exterior protection film 33 makes it possible to
increase resistance to stains including protein and allows the
ultrasonic endoscope 1 according to the present embodiment
to more reliably perform the work of cleaning, disinfecting,
and sterilizing the ultrasonic transducer portion 20. The exte-
rior protection film 33 is, of course, not limited to a parylene
film and may be, for example, a silicon nitride (SiN) film or
polyimide (PI) film.

[0086] As shown in FIG. 8, a part of the flexible sheet 39
extending from a proximal end of the transducer elements 25
serves as the cable connection board portion 24 described
above. Signal electrode pads 24a, insulating portions 245,
and return (ground) electrode pads 24¢ are printed at a surface
of the cable connection board portion 24. Each signal elec-
trode pad 24a is electrically connected to an inner lead 27a of
acoaxial cable 27 with solder or the like. Each return (ground)
electrode pad 24c is electrically connected to an outer lead
(mesh-textured wire) 275 of the coaxial cable 27 with solder
or the like. The pads 24a and 24c¢ are printed at the surface of
the cable connection board portion 24 of the flexible sheet 39
by gold and nickel (Au/Ni) plating.

[0087] Note that although not shown, the signal electrode
pad 24a is electrically connected to the lower electrode 35
within the corresponding transducer element 25, and the
ground electrode pad 24c is electrically connected to the
upper electrode 31 within the corresponding transducer ele-
ment 25.

[0088] A method for manufacturing the transducer portion
20 having the transducer elements 25 formed therein, in each
of which the cells 30 with the above-described configuration
according to the present embodiment are arrayed, will be
described on the basis of FIGS. 9 to 20 and steps (S1 to S15)
in a flow chart in FIG. 21. Note that although FIGS. 9 to 20
each show a section of the two ¢-MUT cells 30 to be formed,
steps in forming the plurality of transducer elements 25
including the plurality of fine diaphragmatic c-MUT cells 30
by a silicon micromachining technique will be described in a
following explanation. Note that the number of c-MUT cells
30 within one transducer element 25 is not limited to two or
more and may be one.

[0089] A thick oxide film-coated wafer 45 which is a low-
resistivity silicon (Si) substrate having the oxide film (a ther-
mal oxide film of silicon dioxide (Si0,) with a thickness of
1.5 um which is to constitute a second insulating layer later)
32 and an oxide film 324 formed on two surfaces of a base
silicon (Si) portion 43 with a thickness of 525 um is prepared
as a first substrate (S1), as shown in FIG. 9. A film of platinum
(Pt) is first formed (to a thickness of 0.4 um in the present
embodiment) by sputtering, is patterned by photolithography,
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and is etched. Thereby, the upper electrodes 31 serving as first
electrodes are formed, as shown in FIG. 10 (S2). At this time,
the patterning is performed such that the adjacent upper elec-
trodes 31 are electrically connected via the conducting por-
tion 31a formed integrally with the upper electrodes 31, as
shown in FIG. 7.

[0090] A silicon oxide (Si0,) film with a thickness of 0.15
um is formed at the thick oxide film-coated wafer 45 having
the upper electrodes 31, thereby forming the second insulat-
ing layer 34 on the upper electrode 31 (on an upper surface
side in FIG. 11) (S3). Note that the silicon oxide film may be
formed on all surfaces of the thick oxide film-coated wafer 45
or only one of the surfaces where the upper electrodes 31 are
formed.

[0091] With the steps in steps S1 to S3 described above, the
first substrate, in which the upper electrodes 31 and second
insulating layer 34 are formed on the thick oxide film-coated
wafer 45, 1s fabricated.

[0092] As shown in FIG. 12, an SOI (Silicon on Insulator)
wafer 47 is prepared next as a second substrate (S4). In the
SOI wafer 47 according to the present invention, the third
insulating layer 36, which is a BOX (Buried Oxide) made of
athermal silicon oxide (Si0,) film with a thickness of 0.3 pum,
is formed on a surface of a base silicon (Si) portion 46, and the
lower electrode 35 with a thickness of 2.0 pm, which is made
of low-resistivity silicon (S1), is formed on the third insulating
layer 36.

[0093] The SOI wafer 47 is further thermally oxidized,
thereby forming thermal silicon oxide (SiO,) films 48 with a
thickness of 0.4 um, as shown in FIG. 13 (S5). The thermal
silicon oxide film 48 on the lower electrode 35 side is coated
with aresist and is etched by photolithography using BHF (a
hydrofluoric acid buffer solution) to form outer shapes of the
cavities 51 (S6).

[0094] With the step in step S6, a part of the thermal silicon
oxide film 48 which is left after etching and patterning serves
as the partition portion 41 forming outer peripheral surfaces
of the cavities 51, as shown in FIG. 14.

[0095] With the steps in steps S4 to S6 described above, the
second substrate, in which the partition portion 41 is formed
on a surface of the SOI wafer 47 (a surface on the upper
electrodes 31 side), is fabricated.

[0096] Surfaces of the second insulating layer 34 and par-
tition portion 41, which are respectively formed on the wafers
45 and 47 and are silicon oxide films, are activated (S7). At
this time, the surface activation step is performed using, e.g,,
O, plasma in the present embodiment. Note that UV irradia-
tion, ionized gas, argon (Ar) plasma, or the like may be used
for the activation of the silicon oxide films, instead of O,
plasma.

[0097] As shown in FIG. 15, bonding surfaces which are
the activated surfaces of the second insulating layer 34 and
partition portion 41 are bonded while the wafers 45 and 47 are
arranged at predetermined positions such that the cavities 51
are interposed between the upper electrodes 31 and the lower
electrode 35 (S8).

[0098] As shown in FIG. 16, the base silicon portion 46 of
the SOI wafer 47 no longer required is etched and removed
using KOH (a potassium hydroxide solution) and BHF (a
hydrofluoric acid buffer solution), together with the thermal
silicon oxide film (SiO, film) 48 (S9).

[0099] As shown in FIG. 17, the inner protection film 37 is
formed to a thickness of 1.0 um on the third insulating layer
36. As a method for forming the inner protection film 37, a
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method for forming an insulating film such as a silicon nitride
(SiN) film (a silicon dioxide (Si0,) film, a parylene film, or
the like may be substituted) by vapor deposition such as PVD
(physical vapor deposition) or CVD (chemical vapor deposi-
tion) can be adopted (S10).

[0100] As shown in FIG. 18, polyimide (PI) is spin-coated
on the inner protection film 37 and is baked (subjected to
thermal processing), thereby forming the flexible sheet 39
with a thickness of 20.0 pm (S11). As shown in FIG. 19, the
base silicon portion 43 of the thick oxide film-coated wafer 45
is etched and removed using KOH (a potassium hydroxide
solution) and BHF (a hydrofluoric acid buffer solution),
together with the thermal silicon oxide (Si0,) film 324 (S12).
Note that the cross-sectional views in FIG. 19 and subsequent
drawings are opposite in vertical orientation to the cross-
sectional views in FIGS. 10 to 18.

[0101] After that, to form the transducer elements 25, the
inter-cell-group etching groove 28 is formed at a position
where the partition portion 41 is formed by dry etching to
reach the flexible sheet 39, as shown in FIG. 20 (S13). With
this operation, the transducer elements 25 as segments are
formed on the flexible sheet 39, and the transducer elements
25 can be deformed along the inter-cell-group etching groove
28. More specifically, since the flexible sheet 39 has low
rigidity and is deformable, the flexible sheet 39 is bendable
along the transducer elements 25.

[0102] As shown in FIGS. 6 and 8, the transducer elements
25 of the transducer portion 20 are bent into a predetermined
bending state, to suit a shape of the ultrasonic transducer
portion 20 of the ultrasonic endoscope 1 which is a cylindrical
shape in the present embodiment (S14). In this state, the
exterior protection film 33 with a thickness of 1.0 um is finally
formed by vapor deposition (e.g., CVD or PVD) using a
parylene.

[0103] With the series of steps described above, the trans-
ducer elements 25 constituting an ultrasonic transducer,
which have the c-MUT cells 30 formed therein, are manufac-
tured. Note that lastly the pads 24a and 24c¢ of the cable
connection board portion 24 and the conductors 27a and 275
of the coaxial cable 27 are soldered.

[0104] As described above, since the ultrasonic transducer
according to the present embodiment has a configuration in
which the c-MUT cells 30 are formed on the flexible sheet 39,
so-called crosstalk caused by interference between vibrations
can be reduced compared to a conventional transducer ele-
ment formed on a rigid substrate. For this reason, undesired
vibrations in each transducer element 25 decrease, and a
high-resolution image is obtained.

[0105] Since the c-MUT cells 30 are formed on the flexible
sheet 39, the ultrasonic transducer is also advantageous in that
undesired vibrations can be absorbed by the flexible sheet 39.
The flexible sheet 39 can be easily deformed along the inter-
cell-group etching grooves 28 at edges of each transducer
element 25, and thus, flexibility in the shape of the ultrasonic
transducer portion 20 increases. As a result, especially in the
ultrasonic endoscope 1 to be inserted into a body, a size and
thickness of the ultrasonic transducer portion 20 can be
reduced, and the ultrasonic endoscope 1 becomes excellent in
an ability to reduce pain of a patient, an ability to reduce
invasiveness, and the like. Note that the flexible sheet (sub-
strate) 39 of polyimide or the like can be formed to be thinner
than a conventional rigid substrate, thus leading to a reduction
in size of the transducer elements 25.
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[0106] Note that as for a size reduction, a three-layer rigid
body portion composed of the lower electrode 35 with the
thickness of 2.0 um, the third insulating layer 36 with the
thickness of 0.3 wm, and the inner protection film 37 with the
thickness of 1.0 pm, which is much thinner than the flexible
sheet 39 with the thickness of 20.0 pm, is formed in the
present embodiment.

[0107] As for the three-layer rigid body portion, setting of
the thicknesses of the layers and selection of materials for
forming the layers are performed such that rigidity of the
three-layer rigid body portion is higher than that of the mem-
brane 38. For this reason, a shake of the membrane 38 side
with low rigidity makes it possible to efficiently generate
ultrasonic vibrations from a surface of the exterior protection
film 33. Note that the rigid body portion is formed by using a
combination of a thin-film conductive material and a thin-film
rigid insulator or dielectric as materials for the lower elec-
trode 35, third insulating layer 36, and inner protection film
37.

[0108] In the transducer elements 25 according to the
present embodiment, to bond the second insulating layer 34
and partition portion 41 forming the cavity 51 between the
pair of electrodes of each ¢-MUT cell 30, a same material (a
silicon oxide (SiO, ) film) is used for both the second insulat-
ing layer 34 and the partition portion 41. Since surface acti-
vation places atoms at the bonding surfaces into an active
state apt to form a chemical bond, bonding strength of a
bonding interface portion between the bonding surfaces can
be increased.

[0109] Consequently, with the above-described manufac-
turing method, the transducer elements 25 are configured to
be completely capable of preventing peeling at the bonding
interface portions between the second insulating layers 34
and the partition portions 41, especially in a manufacturing
process in which high heat is applied by CVD or the like.
Since the second insulating layers 34 and partition portions
41 are tightly bonded, high heat at the time of high-pressure
steam sterilization in reprocessing becomes less likely to
cause peeling at the bonding interface portions between the
second insulating layers 34 and the partition portions 41 inthe
ultrasonic endoscope 1 according to the present embodiment.

[0110] Activation of the bonding surfaces allows bonding
at a low temperature. If flatness of each of the bonding sur-
faces of the second insulating layers 34 and partition portions
41 is improved, room-temperature bonding becomes pos-
sible. If low-temperature bonding becomes possible, the
number of choices for a conductive material which can be
used for the lower electrodes 35 increases, and thus, a cost
reduction can be achieved.

[0111] In the present embodiment, the thick oxide film-
coated wafer 45, which is a low-resistivity silicon substrate
with a resistivity as low as 0.5 Q-cm or less, is used as a base
substrate for forming the c-MUT cells 30. This is because the
low-resistivity silicon substrate itself can be used as a wiring
route. However, since use of a high-resistivity substrate is
preferable in order to reduce a parasitic capacitance to a
minimum, the base substrate need not be limited to a low-
resistivity silicon substrate, but a high-resistivity substrate
may be used instead. Whichever substrate is used, oxide film
formation can be similarly performed. Since the manufactur-
ing method makes it possible to tightly bond the second
insulating layers 34 and partition portions 41, the transducer
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elements 25 with high bonding strength can be fabricated
irrespective of which configuration is adopted.

Second Embodiment

[0112] A second embodiment of the present invention will
be described next with reference to FIGS. 22 to 35. Note that
the present embodiment is an example in which c-MUT cells
30 are formed on a flexible sheet 39 by a surface technique,
thereby forming a plurality of transducer elements 25. For
this reason, in a following explanation, same components as
those in the first embodiment are denoted by same reference
numerals, a description thereof will be omitted, and only
differences will be described.

[0113] FIGS. 22 to 35 show the second embodiment. FIG.
22 isacross-sectional view showing a thick oxide film-coated
wafer. FIG. 23 is a cross-sectional view showing a part of a
process of manufacturing a c-MUT cell in a state in which an
upper electrode is formed on the thick oxide film-coated
wafer. FIG. 24 is a cross-sectional view showing a part of the
process of manufacturing a c-MUT cell in a state in which an
insulating layer is formed. FIG. 25 is a cross-sectional view
showing a part of the process of manufacturing a c-MUT cell
in a state in which a sacrificial layer is formed. FIG. 26 is a
cross-sectional view showing a part of the process of manu-
facturing a c-MUT cell in a state in which an insulating layer
1s formed. FIG. 27 is a cross-sectional view showing a part of
the process of manufacturing a c-MUT cell in a state in which
sacrificial layer removing holes are formed, and the sacrificial
layer is removed. FIG. 28 is a cross-sectional view showing a
part of the process of manufacturing a c-MUT cell in a state in
which an insulating layer which seals the sacrificial layer
removing holes is formed. FIG. 29 is a cross-sectional view
showing a part of the process of manufacturing a c-MUT cell
in a state in which a conductive film is formed. FIG. 30is a
cross-sectional view showing a part of the process of manu-
facturing ac-MUT cell in a state in which a lower electrode is
formed by etching. FIG. 31 is a cross-sectional view showing
a part of the process of manufacturing a ¢c-MUT cell in a state
in which an inner protection film is formed. FIG. 32 is a
cross-sectional view showing a part of the process of manu-
facturing a ¢-MUT cell in a state in which a flexible sheet is
formed on the protection film. FIG. 33 is a cross-sectional
view showing a part of the process of manufacturing a c-MUT
cell in a state in which a base silicon portion of the thick oxide
film-coated wafer is etched and removed. FIG. 34 is a cross-
sectional view showing a part of the process of manufacturing
a c-MUT cell in a state in which an inter-cell-group etching
groove is formed. FIG. 35 is a flow chart showing steps in
manufacturing a ¢-MUT cell.

[0114] A method for manufacturing the transducer ele-
ments 25 according to the present embodiment will be
described on the basis of FIGS. 22 to 34 and steps (531 to
S45) in a flow chart in FIG. 35. Note that although FIGS. 22
to 34 each show a section of one or two ¢-MUT cells 30 to be
formed, steps in forming the plurality of transducer elements
25 including the plurality of fine diaphragmatic c-MUT cells
30 on one thick oxide film-coated wafer 45 by a silicon
micromachining technique will be described in a following
explanation in a same manner as in the first embodiment.
[0115] As shown in FIG. 22, first, the thick oxide film-
coated wafer 45, in which first insulating layers 32 and 32a
which are silicon oxide (Si0, ) films with a thickness of 10 um
or thereabout are formed on both surfaces of a base silicon
portion 43, is prepared, and a film of molybdenum (Mo) with
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athickness of 0.4 um is formed on a surface of the thick oxide
film-coated wafer 45 by sputtering. As shown in FIG. 23, the
formed molybdenum (Mo) film is patterned by photolithog-
raphy to form an upper electrode 31 (S31).

[0116] A film of silicon nitride (SiN) with a thickness of
0.15 um is formed by CVD (chemical vapor deposition) on
the surface of the thick oxide film-coated wafer 45 having the
upper electrode 31, as shown in FIG. 23, thereby forming a
second insulating layer 56, as shown in FIG. 24 (832).
[0117] A film of phosphorus doped low-temperature sili-
condioxide (PSG) with a thickness of 0.2 pm is formed on the
second insulating layer 56 by CVD and is patterned by pho-
tolithography to form a sacrificial layer 52, as shown in FIG.
25 (S33). The patterning determines a dimension of a cavity
51 described above. Note that there are available various
choices, such as silicon dioxide (Si0,), silicon nitride (SiN),
polysilicon, and a metal, for a material for the sacrificial layer
in a surface micromachining process. The material for the
sacrificial layer is not limited to phosphorus doped low-tem-
perature silicon dioxide (PSG) in the present embodiment.
[0118] A film of silicon nitride (SiN) with a thickness of
0.45 pm is formed on an upper surface of the second insulat-
ing layer 56 having the sacrificial layer 52 by CVD, thereby
forminga third insulating layer 54, as shown in FIG. 26 (S34).
Sacrificial layer removing holes 53 for introducing a chemi-
cal solution for removing the sacrificial layer 52 are formed at
predetermined positions of the third insulating layer 54 on the
sacrificial layer 52 by dry etching (S35).

[0119] The sacrificial layer 52 is etched and removed
through the formed sacrificial layer removing holes 53 using
a chemical solution containing HF (hydrofluoric acid) (S36).
With this operation, the sacrificial layer 52 is gradually
removed by the chemical solution, and an air gap is formed
between the second insulating layer 56 and the third insulat-
ing layer 54. The cavity 51 and a channel which serves as a
passage when the sacrificial layer 52 dissolves and is etched
through the sacrificial layer removing holes 53 are formed, as
shown in FIG. 27. The channel is opened by the sacrificial
layer removing holes 53.

[0120] Note that since the sacrificial layer 52 is made of
phosphorus doped low-temperature silicon dioxide (PSG),
the second insulating layer 56 and third insulating layer 54 are
hardly etched, and only the sacrificial layer 52 can be etched
and removed using the chemical solution containing hydrof-
luoric acid (HF). For this reason, it is possible to form the
cavities 51 of the cells 30 in a uniform shape.

[0121] As shown in FIG. 28, a fourth insulating layer 55
which is a silicon dioxide (S10,) film with a thickness of 0.4
um is formed on an upper surface of the third insulating layer
54 by sputtering (S37). At this time, the fourth insulating layer
55 is deposited to fill the sacrificial layer removing holes 53.
Note that a material used in step 837 is not limited to silicon
dioxide (Si0,), and an insulating material such as silicon
nitride (SiN) may be used instead.

[0122] Since the fourth insulating layer 55, which is to fill
the sacrificial layer removing holes 53 for etching the sacri-
ficial layer 52, is formed by sputtering (vacuum evaporation
may be substituted), the fourth insulating layer 55 can also be
deposited immediately below the sacrificial layer removing
holes 53. For this reason, sample particles constituting the
fourth insulating layer 55 are not deposited in the cavity 51,
and thus, it is possible to form the cavity 51 in a stable shape.
[0123] More specifically, since the fourth insulating layer
55 is not formed by CVD, and the fourth insulating layer 55
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does not extend into the cavity 51 when being formed, it is
possible to form the sacrificial layer removing holes 53 to be
larger than conventional ones. This facilitates etching of the
sacrificial layer 52 and makes it possible to increase a rate at
which the sacrificial layer 52 is etched. Since the second
insulating layer 56 and third insulating layer 54 are prevented
from being unnecessarily etched, it is possible to form the
cavity 51 in a stable shape.

[0124] A film of molybdenum (Mo) with a thickness of 1.0
um is formed on an upper surface of the fourth insulating
layer 55 by sputtering, thereby forming a conductive film
35A, as shown in FIG. 29 (S38). Note that a material for the
conductive film 35A is not limited to molybdenum (Mo), and
a conductive material such as platinum (Pt) may be used
instead. Also note that conductive materials may be stacked or
aconductive material and an insulating material may be com-
bined as far as an electrode function is fulfilled, thereby
increasing strength of the conductive film 35A.

[0125] As shown in FIG. 30, the conductive film 35A is
patterned by photolithography to form a lower electrode 35
(839). Note that although the conductive film 35A is formed
by sputtering in the present embodiment, the present inven-
tion is not limited to the method, and the film may be formed
by, for example, vacuum evaporation.

[0126] As shown in FIG. 31, an insulating film such as a
silicon nitride (SiN) film (a silicon dioxide (SiO,) film, a
parylene film, or the like may be substituted) is formed to a
thickness of 5.0 um on the lower electrode 35 by deposition
such as PVD (physical vapor deposition) or CVD (chemical
vapor deposition), thereby forming an inner protection film
57 serving as a first protection film (S40).

[0127] As shown in FIG. 32, polyimide (PI) is spin-coated
on the inner protection film 57 and is baked (subjected to
thermal processing). thereby forming the flexible sheet 39
with a thickness of 20.0 um (S41). As shown in FIG. 33, the
base silicon portion 43 of the thick oxide film-coated wafer 45
is etched and removed using KOH (a potassium hydroxide
solution) and BHF (a hydrofluoric acid buffer solution),
together with the thermal silicon oxide (S10,) film 324 (S42).
Note that the cross-sectional views in FIG. 33 and subsequent
drawings are opposite in vertical orientation to the cross-
sectional views in FIGS. 22 to 32.

[0128] After that, to form the transducer elements 25 as
segments, an inter-cell-group etching groove 28 is formed at
a predetermined position between the cells 30 by dry etching
to reach the flexible sheet 39, as shown in FIG. 34 (S43). With
this operation, the transducer elements 25 as the segments are
formed on the flexible sheet 39 as in the first embodiment, and
the transducer elements 25 can be deformed along the inter-
cell-group etching groove 28. More specifically, since the
flexible sheet 39 has low rigidity and is deformable, the flex-
ible sheet 39 is bendable along the transducer elements 25.
[0129] Although not shown, the transducer elements 25 are
bent to be placed into a predetermined bending state, to suit a
shape of an ultrasonic transducer portion 20 of an ultrasonic
endoscope 1 which is a cylindrical shape in a same manner as
in the first embodiment (S44). In this state, an exterior pro-
tection film with a thickness of 1.0 pm is formed is finally
formed by vapor deposition (e.g., CVD or PVD) using a
parylene (S45).

[0130] With the series of steps of the surface technique
described above, the transducer elements 25 constituting an
ultrasonic transducer, which have the c-MUT cells 30 formed
therein, are manufactured. As described above, the ultrasonic
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transducer according to the present embodiment can reduce
so-called crosstalk caused by interference between vibrations
compared to a conventional transducer element. Accordingly,
undesired vibrations in each transducer element 25 decrease,
and a high-resolution image is obtained.

[0131] Undesired vibrations in the transducer elements 25
according to the present embodiment can also be absorbed by
the flexible sheet 39. The flexible sheet 39 can be easily
deformed along the inter-cell-group etching grooves 28 at
edges of each transducer element 25. Accordingly. especially
in the ultrasonic endoscope 1 to be inserted into a body, a size
and thickness of the ultrasonic transducer portion 20 can be
reduced, and the ultrasonic endoscope 1 becomes excellent in
an ability to reduce pain of a patient, an ability to reduce
invasiveness, and the like. Note that the flexible sheet (sub-
strate) 39 of polyimide or the like can be formed to be thinner
than a conventional rigid substrate, thus leading to a reduction
in size of the transducer elements 25. Note that rigidity of
each transducer element 25 is increased by making the lower
electrode 35 and the inner protection film 57 on a lower side
of the lower electrode 35 thicker than portions constituting a
membrane. For this reason, only the membrane side deforms
at the time of electrostatic actuation, ultrasounds can be effi-
ciently transmitted, and strength enough for bending is
ensured.

[0132] A structure of and manufacturing steps for a capaci-
tive ultrasonic transducer has been described in the present
embodiment. It is easy to divert the present embodiment to
manufacture of a piezoelectric micromachined ultrasonic
transducer (p-MUT) by forming an electrode and a piezoelec-
tric body after the formation of the third insulating layer 54 in
step S34.

Third Embodiment

[0133] A third embodiment of the present invention will be
described with reference to FIGS. 36 to 46. Note that the
present embodiment is an example in which MUT elements
are formed on a dielectric or insulating sheet by stacking thin
films, thereby forming a plurality of transducer elements 25.
Also in a following explanation, same components as those in
the first and second embodiments are denoted by same refer-
ence numerals, a description thereof will be omitted, and only
differences will be described.

[0134] FIGS. 36 to 46 show the third embodiment. FIG. 36
is a cross-sectional view showing a flexible printed circuit
board having a printed lower electrode. FIG. 37 is a cross-
sectional view showing a part of a process of manufacturing
a ¢-MUT cell in a state in which a first insulating layer is
formed on the lower electrode. FIG. 38 is a cross-sectional
view showing a part of the process of manufacturing a c-MUT
cell in a state in which a sacrificial layer is formed. FIG. 39 is
a cross-sectional view showing a part of the process of manu-
facturing ac-MUT cell in a state in which a second insulating
layer is formed. FIG. 40 is a cross-sectional view showing a
part of the process of manufacturing a c-MUT cell in a state in
which sacrificial layer removing holes are formed. FIG. 41 is
a cross-sectional view showing a part of the process of manu-
facturing a c-MUT cell in a state in which the sacrificial layer
is etched, and a cavity is formed. FIG. 42 is a cross-sectional
view showing a part of the process of manufacturinga c-MUT
cell in a state in which plugs which seal the sacrificial layer
removing holes are formed. FIG. 43 is a cross-sectional view
showing a part of the process of manufacturing a c-MUT cell
in a state in which an upper electrode is formed. FIG. 44 is a
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cross-sectional view showing a part of the process of manu-
facturing a ¢-MUT cell in a state in which a third insulating
layer is formed. FIG. 45 is a cross-sectional view showing a
part of the process of manufacturing a c-MUT cell in a state in
which an inter-cell-group etching groove is formed. FIG. 46
is a flow chart showing steps in manufacturing a c-MUT cell.
[0135] A method for manufacturing the transducer ele-
ments 25 according to the present embodiment will be
described on the basis of FIGS. 36 to 45 and steps (S51 to
S62) in a flow chart in FIG. 46. Note that although FIGS. 36
to 45 each show a section of one or two ¢-MUT cells 30 to be
formed, steps in forming the plurality of transducer elements
25 including one or more ¢c-MUT cells 30 on a flexible sub-
strate by a silicon micromachining technique will be
described in a following explanation.

[0136] As shown in FIG. 36, first, a FPC (flexible printed
circuit board) 70, on which a lower electrode 35 is printed, is
prepared (S51). The FPC 70 according to the present embodi-
ment is composed of a flexible sheet 39 with a thickness of,
for example, 35 pm which is made of a flexible material such
as polyimide (PI) and the lower electrode 35, which is a
copper (Cu) foil with a gold (Au) film and is printed to a
thickness of, for example, 18 um on the flexible sheet 39. Note
that a material for the flexible sheet 39 is not limited to
polyimide, and any flexible material may be used as long as
the flexible material is highly resistant to an etchant for a
manufacturing process and can withstand a temperature dur-
ing the manufacturing process. Also note that a material for
the lower electrode 35 is not limited to a copper foil with a
gold film, and any conductive foil material will do.

[0137] A first insulating layer 71 with a thickness of, for
example, 0.15 pm which is made of an insulating material
such as silicon dioxide (Si0,) is formed by sputtering on a
surface of the FPC 70 where the lower electrode 35 is formed
(S52).

[0138] In a same manner as in the second embodiment, a
film of phosphorus doped low-temperature silicon dioxide
(PSG) with a thickness of 0.15 um is formed on the first
insulating layer 71 by CVD and is patterned by photolithog-
raphy to form a sacrificial layer 52, as shown in FIG. 38 (S53).
Note that polysilicon (poly-Si), which is used in a flat panel or
the like and from which a film can be formed at a temperature
as low as about 200° C., may be used for the sacrificial layer
52 instead of phosphorus doped low-temperature silicon
dioxide. In this case, xenon difluoride (XeF,) for dry etching
can be used to remove the sacrificial layer 52.

[0139] A film of silicon dioxide (Si0,) with a thickness of
0.2 pm is formed on an upper surface of the first insulating
layer 71 having the sacrificial layer 52 by CVD, thereby
forming a second insulating layer 72, as shown in FIG. 39
(S54). Like the second embodiment, sacrificial layer remov-
ing holes 53 for introducing a chemical solution or the like for
removing the sacrificial layer 52 are formed at predetermined
positions of the second insulating layer 72 on the sacrificial
layer 52 by reactive ion etching (RIE) (S55).

[0140] The sacrificial layer 52 is etched through the formed
sacrificial layer removing holes 53 using a chemical solution
containing hydrofluoric acid (HF) (556 ). With this operation,
an air gap is formed between the first insulating layer 71 and
the second insulating layer 72, thereby forming a cavity 51, as
shown in FIG. 41.

[0141] A film of silicon dioxide (Si0,) is formed on the
second insulating layer 72 by sputtering and is etched by
photolithography, thereby forming plugs 81 which seal the
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sacrificial layer removing holes 53 (S57). As described in the
second embodiment. each plug 81 is deposited by sputteting
such that the plug 81 follows an inner surface of the corre-
sponding sacrificial layer removing hole 53. Accordingly, it is
possible to seal the sacrificial layer removing holes 53 while
keeping a shape of the cavity 51 stable.

[0142] A film of a conductive material such as molybde-
num (Mo), tantalum (Ta), or platinum (Pt) is formed, by
sputtering, at a position opposed to the lower electrode 35 on
the second insulating layer 72 forming the cavity 51 and is
etched by photolithography to have a predetermined shape (a
circular surface shape in the present embodiment), thereby
forming an upper electrode 31, as shown in FIG. 43 (S58).
[0143] Afterthat, a film of silicon dioxide (Si0,) is formed,
thereby forming a third insulating layer 74, as shown in FIG.
44 (S59). Like the above-described embodiments, to form the
transducer elements 25, an inter-cell-group etching groove 28
is formed at a predetermined position between the ¢-MUT
cells 30, as shown in FIG. 45 (S60). With this operation, the
transducer elements 25 as segments are formed on the flexible
sheet 39 as in the above embodiments, and the transducer
elements 25 can be deformed along the inter-cell-group etch-
ing groove 28. More specifically, since the flexible sheet 39
has low rigidity and is deformable, the flexible sheet 39 is
bendable along the transducer elements 25.

[0144] Although not shown, the transducer elements 25 are
bent to be placed into a predetermined bending state, to suita
shape of an ultrasonic transducer portion 20 of an ultrasonic
endoscope 1 which is a cylindrical shape in a same manner as
in the respective embodiments (S61). In this state, an exterior
protection film with a thickness of 1.0 um is finally formed by
vapor deposition (e.g., CVD or PVD) using a parylene (S62).
[0145] As described above, the c-MUT cells 30 are formed
on a dielectric or insulator sheet (the FPC 70 in the present
embodiment) by stacking thin films. This makes it possible to
form an ultrasonic transducer in which the plurality of trans-
ducer elements 25 separated by the inter-cell-group etching
grooves 28 are coupled only by the flexible sheet 39.

[0146] The present embodiment can achieve same advan-
tages as those in the preceding embodiments.

[0147] Note that the transducer elements 25 manufactured
by each of the above-described embodiments are each con-
figured such that a rigid body portion of the flexible sheet 39
including the lower electrode 35 has higher rigidity than that
of a membrane. For this reason, only the membrane side
deforms at the time of electrostatic actuation, ultrasounds can
be efficiently transmitted, and strength enough to prevent
damage to an element portion when bent is ensured.

[0148] A configuration in which a rigid body portion is
composed of the lower electrode 35 formed by patterning and
an insulating layer has been described in the present embodi-
ment. However, a rigid body portion may be formed using the
unpatterned lower electrode 35 alone. In this case, although a
parasitic capacitance caused by an increase in electrode area
on the signal side increases, same operational advantages can
be achieved in terms of functionality.

[0149] An example in which one ultrasonic transducer
composed of the plurality of transducer elements 25 is
mounted at the distal end rigid portion 7 has been described in
the present embodiment. However, the present invention is
not limited to this. The present invention can also be applied
to an example of a biplane type in which two ultrasonic
transducers are mounted at the distal end rigid portion 7 or the
ultrasonic endoscope I having a plurality of ultrasonic trans-
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ducers mounted at the distal end rigid portion 7, and same
advantages can, of course, be achieved.

[0150] The present invention described with reference to
the above embodiments is not limited to the embodiments and
modifications thereof. In an implementation phase, various
modifications can be made without departing from the spirit
and scope of the present invention. The above-described
embodiments include inventions at various phases, and vari-
ous inventions can be extracted by an appropriate combina-
tion of a plurality of constituent features disclosed.

[0151] For example, even if some are deleted from all con-
stituent features disclosed in the embodiments, a configura-
tion having the constituent features deleted can be extracted
as an invention when the configuration can solve the problems
to be solved by the present invention, and the advantages
described above can be achieved.

[0152] Having described the preferred embodiments of the
invention referring to the accompanying drawings, it should
be understood that the present invention is not limited to those
precise embodiments and various changes and modifications
thereof could be made by one skilled in the art without depart-
ing from the spirit or scope of the invention as defined in the
appended claims.

What is claimed is:

1. An ultrasonic transducer comprising:

a flexible sheet;

a rigid body portion including a lower electrode which is
made of at least a thin-film conductive material on a
surface of the flexible sheet;

adividing portion which divides the rigid body portion into
a plurality of rigid body portion segments separated
from each other; and

aplurality of transducer elements including the rigid body
portion divided by the dividing portion,

wherein the ultrasonic transducer has at least one trans-
ducer cell composed of:

one of the rigid body portion segments;

an insulating partition portion bonded to the rigid body
portion segment;

an air gap portion surrounded by the partition portion;

an upper electrode opposed to the lower electrode which is
formed to extend to the partition portion to sandwich the
air gap portion therebetween; and

an upper insulating layer formed on the upper electrode
and comprises

an upper protection film which continuously covers a sur-
face portion on the side of the upper electrode of the
plurality of transducer elements and the dividing por-
tion.

2. The ultrasonic transducer according to claim 1, wherein

the rigid body portion is a thin-film conductive material
and one of a thin-film rigid insulator and a thin-film rigid
dielectric.

3. The ultrasonic transducer according to claim 1, wherein

the transducer cell is a micromachined capacitive ultra-
sonic transducer cell.

4. The ultrasonic transducer according to claim 2, wherein

the transducer cell is a micromachined capacitive ultra-
sonic transducer cell.

5. The ultrasonic transducer according to claim 1, wherein

the rigid body portion is thinner than the flexible sheet.

6. The ultrasonic transducer according to claim 2, wherein

the rigid body portion is thinner than the flexible sheet.
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7. The ultrasonic transducer according to claim 3, wherein
the rigid body portion is thinner than the flexible sheet.
8. The ultrasonic transducer according to claim 4, wherein
the rigid body portion is thinner than the flexible sheet.
9. The ultrasonic transducer according to claim 1, wherein
the rigid body portion has higher rigidity than a membrane
portion which is composed of the upper electrode, upper
insulating layer, and upper protection film above the air
gap portion.
10. The ultrasonic transducer according to claim 2,
wherein
the rigid body portion has higher rigidity than a membrane
portion which is composed of the upper electrode, upper
insulating layer, and upper protection film above the air
gap portion.
11. The ultrasonic transducer according to claim 3,
wherein
the rigid body portion has higher rigidity than a membrane
portion which is composed of the upper electrode, upper
insulating layer, and upper protection film above the air
gap portion.
12. The ultrasonic transducer according to claim 5,
wherein
the rigid body portion has higher rigidity than a membrane
portion which is composed of the upper electrode, upper
insulating layer, and upper protection film above the air
gap portion.
13. The ultrasonic transducer according to claim 1,
wherein
the dividing portion is a groove which is formed between
the plurality of transducer elements.
14. The ultrasonic transducer according to claim 2,
wherein
the dividing portion is a groove which is formed between
the plurality of transducer elements.
15. The ultrasonic transducer according to claim 3,
wherein
the dividing portion is a groove which is formed between
the plurality of transducer elements.
16. The ultrasonic transducer according to claim 5,
wherein
the dividing portion is a groove which is formed between
the plurality of transducer elements.
17. The ultrasonic transducer according to claim 9,
wherein
the dividing portion is a groove which is formed between
the plurality of transducer elements.
18. The ultrasonic transducer according to claim 13,
wherein
the groove is formed to extend from a part of the surface
portion between the transducer elements to the sheet.
19. A method for manufacturing an ultrasonic transducer
formed using a micromachining technique, comprising:
forming a plurality of transducer cells, each comprising a
pair of electrodes, on a surface of a rigid substrate on
which an insulating layer is formed,
coating surfaces of the plurality of transducer elements
with a flexible member to form a sheet; and
forming a groove portion from one side of the substrate
such that the plurality of transducer elements are spaced
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11
apart from each other by a predetermined distance and a plurality of transducer elements, each having at least one
are coupled by the sheet, after removing a rigid member transducer cell including a pair of electrodes;
of the substrate. a flexible sheet on which the plurality of transducer ele-
20. An ultrasonic endoscope comprising: ments are arrayed; and
an ultrasonic transducer which is arranged on a distal end adividing portion for separating the plurality of transducer
side of a distal end rigid portion constituting a distal end elements such that the plurality of transducer elements
of an endoscope insertion portion and in which at least are spaced apart from each other by a predetermined
one ultrasonic transducer unit is arrayed, distance.

wherein each of the at least one ultrasonic transducer unit
comprises:
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