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SOUND-ELECTRICITY CONVERSION DEVICE,
ARRAY-TYPE ULTRASONIC TRANSDUCER, AND
ULTRASONIC DIAGNOSTIC APPARATUS

CLAIM OF PRIORITY

[0001] The present application claims priority from Japa-
nese application JP2005-179959 filed on Jun. 20, 2005, the
content of which is hereby incorporated by reference into
this application.

BACKGROUND OF THE INVENTION
[0002]

[0003] The present invention relates to a diaphragm-type
sound-electricity conversion device produced by using a
semiconductor microfabrication technique, and an array-
type ultrasonic transducer and an ultrasonic diagnostic appa-
ratus using the sound-electricity conversion device.

[0004] 2. Description of the Related Art

[0005] In the Early Twentieth Century, experiments
started for transmitting/receiving ultrasonic sound by using
piezoelectric effect of quartz crystal, when a problem arose
in that a crystal has low electromechanical conversion
efficiency. This prevented obtaining a sufficient sensitivity
for, in particular, a receiving transducer and thus achieving
its application to a practical product. Then, Rochelle salt was
discovered having high electromechanical conversion effi-
ciency, which was used to develop a sonar during the Second
World War. However, the Rochelle salt had a problem in
crystal stability such as being very deliquescent, requiring a
special attention to obtain stable piezoelectric characteris-
tics.

1. Field of the Invention

[0006] After the War, barium titanate was discovered
having high electromechanical conversion efficiency as well
as stable piezoelectric effect. Being ceramic, barium titanate
advantageously had a high degree of freedom in shape
design, which led to creating the concept of “piezoelectric
ceramic”. Then in the Late Twentieth Century was discov-
ered lead zirconate titanate (PZT) ceramic having higher
Curie point as well as even more stable piezoelectric effect
than barium titanate. The emergence of PZT ceramic
allowed obtaining a piezoelectric device with high sensitiv-
ity and stability. Thereafter, the piezoelectric device using
PZT ceramic came to be widely used for, for example,
ultrasonic transducers, as is found today.

[0007] The material replacement of the ultrasonic trans-
ducer from quartz crystal to the piezoelectric ceramic was
advantageous in impedance matching in the accompanying
replacement of electric circuits such as a receiving amplifier
and a transmission drive circuit from vacuum tubes to
semiconductors. However, the replacement of electric cir-
cuits including a drive circuit to semiconductors required
meeting requirements in high voltage and high frequency
operation, for example. Thus, it was necessary to wait for
practical use of high-speed thyristors and highly resistant
Field Effect Transistors (FETs). After the replacement to
semiconductors was realized in electric circuits around the
ultrasonic transducers, it was in the 1990s that studies started
for forming a diaphragm-type ultrasonic transducer employ-
ing a semiconductor micro fabrication technique. The real-
ization of such a semiconductor ultrasonic transducer using
semiconductors allows forming an ultrasonic transducer and
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its peripheral circuits by a series of semiconductor fabrica-
tion processes, and therefore, notable effects can be expected
in both production cost and performance of ultrasonic
receivers.

[0008] A non-patent document by M. Haller and B. T.
Khuri-Yakub, “A Surface Micromachined Electrostatic
Ultrasonic Air Transducer”, Proceedings of Ultrasonic Sym-
posium, pp. 1241-1244, 1 Nov. 1994, discloses an example
of a sound-electricity conversion device in a diaphragm-type
ultrasonic transducer produced with a semiconductor micro-
fabrication technique. The sound-electricity conversion
device has a basic structure in which an impurity-doped
silicon substrate has on its top a cavity, a diaphragm of a
silicon nitride film is formed opposite to the silicon sub-
strate, the diaphragm and the substrate sandwiching the
cavity, and further an electrode layer is formed on the
surface or inside of the diaphragm on the cavity side.

[0009] That is, the basic structure of the sound-electricity
conversion device was a capacitor having the silicon sub-
strate as a lower electrode and the electrode layer formed on
the diaphragm side as an upper electrode. Therefore, apply-
ing a voltage between these electrodes induces opposite
electric charges on the electrodes, the charges attracting to
each other and thereby displacing the diaphragm. At this
time, if the diaphragm contacts on the outside with water or
an organism, it radiates sound wave via the water or organ-
ism as a medium. Also, by applying a DC bias voltage on the
electrode to induce thereon certain electric charge, and then
forcibly applying vibration to the electrode from the medium
contacting with the diaphragm, i.e., displacing the dia-
phragm, an additional voltage occurs between the electrodes
depending on the displacement amount. This is the principle
of sound-electricity conversion of the diaphragm-type ultra-
sonic transducer as shown in the above-cited non-patent
document by M. Haller and B. T. Khuri-Yakub. The prin-
ciple of sound-electricity conversion in ultrasonic reception
is the same as the principle of a DC bias type capacitor
microphone used as an audible sound range microphone.

[0010] The sound-electricity conversion device as dis-
cussed above has a diaphragm structure with a space on the
back surface and therefore can obtain a good sound imped-
ance matching to a mechanically soft material such as water
and an organism, even if the device is configured with a
mechanically hard material such as silicon. Also, because
the sound-electricity conversion device is formed on the
silicon substrate, it is possible to integrally form an ultra-
sonic transmission/reception circuit for driving the device on
the same or closely arranged silicon substrate.

[0011] Thereafter, further studies and developments were
made for the diaphragm-type ultrasonic transducer, which
now has reached a level comparable with a piezoelectric
type transducer using PZT in terms of, for example, trans-
mission/reception sensitivity, although the basic structure
and operation principle of the transducer have not greatly
changed.

[0012] In adiaphragm-type ultrasonic transducer, in order
to maximize its conversion efficiency, its electrodes are
applied with a DC bias voltage of a magnitude that displaces
the diaphragm close to contacting a silicon substrate so as to
induce as much electric charge as possible. With this, the
electrode on the diaphragm side easily contacts the silicon
substrate. However, in practice, when the electrode on the
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diaphragm side contacts or come close to contacting the
silicon substrate, a short-circuit occurs causing an excessive
current flow or discharging phenomenon between the elec-
trodes. In this occurrence, the excessive current, for
example, may destroy the sound-electricity conversion
device itself or the peripheral circuit system connected to the
device.

[0013] Therefore, the current sound-electricity conversion
device typically has a design in which at least one of the
electrodes on the diaphragm and substrate sides is provided,
on the cavity side, with an electrode short-circuit prevention
film made from an insulation film. This electrode short-
circuit prevention film can prevent a short-circuit or a
discharge phenomenon from occurring between the elec-
trodes, even when the electrode on the diaphragm side
contacts the silicon substrate.

[0014] Such an electrode short-circuit prevention film is
often formed of a silicon nitride film which is often formed
by vapor phase epitaxy typified by CVD (Chemical Vapor
Deposition). However, the silicon nitride film formed by
CVD includes more coupling deficiencies than, for example,
a silicon oxide film formed by thermal oxidation, and
therefore is characteristically subject to electrification when
applied with a high voltage. In addition, the amount of
electric charge electrified drifts depending on the applied
voltage value and with the passage of time, and does not
stabilize.

[0015] That is, in a sound-electricity conversion device
provided with an electrode short-circuit prevention film such
as a CVD nitride film, such an unstable electric charge
would occur between the capacitor electrodes indispensable
to construct the principle of sound-electricity conversion.
Therefore, even if the same voltage is applied between the
electrodes or if the diaphragm electrodes are displaced by
the same amount, the amount of electric charge induced in
the electrodes would change and drift. This causes the
sound-electricity conversion characteristics of the sound-
electricity conversion device to drift and become unstable.

[0016] The drift of the sound-electricity conversion char-
acteristics has a critical effect on the characteristics of an
array-type ultrasonic transducer constructed by arranging
many of such sound-electricity conversion devices. This is
because when the sound-electricity conversion characteris-
tics of each of the devices constructing the array-type
ultrasonic transducer drift independently, the entirety of an
ultrasonic diagnostic apparatus using the array-type ultra-
sonic transducer experiences a considerable increase in the
sound noise level when forming transmission and reception
beams. As discussed above, the ultrasonic transducer using
the semiconductor diaphragm type sound-electricity conver-
sion device has not sufficiently solved the problems of
sensitivity and stability.

[0017] In view of the above-mentioned problems in the
prior art, the present invention aims to stabilize the sound-
electricity conversion characteristics of the sound-electricity
conversion device provided with the electrode short-circuit
prevention film, and to decrease the sound noise level of the
ultrasonic transducer as well as the ultrasonic diagnostic
apparatus configured by the sound-electricity conversion
device.
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SUMMARY OF THE INVENTION

[0018] To achieve the above mentioned purpose, the
present invention adds weak electric conductivity to an
electrode short-circuit prevention film. That is, a sound-
electricity conversion device according to the invention is a
diaphragm-type sound-electricity conversion device com-
prising:

[0019]

[0020] asecond electrode formed over and opposite to the
first electrode, the first and second electrodes sandwiching a
cavity, wherein:

[0021] an electrode short-circuit prevention film is formed
on the side of the cavity of at least one of the first and second
electrodes;

[0022] the electrode short-circuit prevention film has weak
electric conductivity, the electric conductivity being defined
by an electrical time constant (=(dielectric constant/electric
conductivity)"*?) which is sufficiently shorter than a rising
time of a power voltage supplied to the electrode short-
circuit prevention film and is sufficiently longer than a
vibration cycle of a sound wave to be converted by the
sound-electricity conversion device. More particularly, the
electrical time constant of the electrode short-circuit pre-
vention film is shorter than 1 second, and longer than 10
microseconds.

[0023] According to the invention, by forming the elec-
trode short-circuit prevention film with a material with an
electrical time constant which is, for example. shorter than
1 second and longer than 10 microseconds, weak electric
conductivity can be added to the electrode short-circuit
prevention film. With such weak electric conductivity, the
electrode short-circuit prevention film operates as a dielec-
tric in a time scale in an ultrasonic operation range, and as
an electric conductor in a time scale approximately of the
rising time when the power is turned on. That is, in the latter
time scale, the electrode short-circuit prevention film is
quickly electrified with, and quickly discharges, electric
charges. This prevents an occurrence of a phenomenon in
which the electric charges charged in the electrode short-
circuit prevention film will drift. As a result, the sound-
electricity conversion characteristics of the sound-electricity
conversion device on which is provided the electrode short-
circuit prevention film stabilizes, and the sound noise level
of the ultrasonic diagnostic apparatus configured by using
the sound-electricity conversion device decreases.

[0024] The electrode short-circuit prevention film is char-
acteristically formed of a silicon nitride film containing a
stoichiometrically excessive amount of silicon.

a first electrode formed on a silicon substrate; and

[0025] By introducing an excessive amount of silicon to
silicon nitride, which is a stoichiometrically stable insulation
material, the silicon has an excess of bonds which serve as
movement media for electric charges, resulting in small
electric conductivity. In other words, the electrode short-
circuit prevention film having small electric conductivity
can be realized with silicon nitride containing an stoichio-
metrically excessive amount of silicon.

[0026] Thus, the present invention stabilizes the sound-
electricity conversion characteristics of the sound-electricity
conversion device provided with the electrode short-circuit
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prevention film, and decreases the noise level of the ultra-
sonic diagnostic apparatus configured using the sound-
electricity conversion device.

BRIEF DESCRIPTION OF THE DRAWINGS

[0027] FIG. 1 is a drawing to show a structural concept of
a semiconductor diaphragm type sound-electricity conver-
sion device according to an embodiment of the present
invention.

[0028] FIG. 2 is adrawing to show a sectional structure of
a capacitor cell as a unitary constructional element of the
sound-electricity conversion device as shown in FIG. 1.

[0029] FIG. 3 is a drawing to show an exemplary elec-
trical model of a capacitor constructed with upper and lower
electrodes sandwiching a cavity and an electrode short-
circuit prevention film.

[0030] FIG. 4 is a drawing to show an exemplary elec-
trical model of a capacitor with the same construction as
FIG. 3 wherein the electrode short-circuit prevention film is
charged with electric charge.

[0031] FIG. 5A is a drawing to show an exemplary
electrical model of a capacitor with the same construction as
FIG. 3 wherein the electrode short-circuit prevention film is
provided with weak electric conductivity.

[0032] FIG. 5B is a drawing to show an equivalent circuit
of the electrical model as shown in FIG. 5A.

[0033] FIG. 6 is a drawing to show an exemplary con-
struction of an ultrasonic diagnostic apparatus using an
array-type ultrasonic transducer constructed by arranging
many sound-electricity conversion devices according to the
present embodiment.

[0034] FIG. 7 is a drawing to show an exemplary beam
profile of an ultrasonic reception beam formed by the
ultrasonic diagnostic apparatus shown in FIG. 6.

DESCRIPTION OF THE PREFERRED
EMBODIMENT

[0035] Referring to the drawings, an embodiment of the
present invention will be described in detail below.

[0036] FIG. 1 is a drawing to show a structural concept of
a semiconductor diaphragm type sound-electricity conver-
sion device according to an embodiment of the present
invention. FIG. 2 is a drawing to show a sectional structure
of a capacitor cell as a unitary constructional element of the
sound-electricity conversion device.

[0037] As shown in FIG. 1. the sound-electricity conver-
sion device 9 is configured with a plurality of capacitor cells
8 that are two-dimensionally arranged in a honeycomb shape
on a silicon substrate 1. Each of the capacitor cells 8 is a
capacitor comprising a lower electrode 2 formed on the
silicon substrate 1 and an upper electrode 6 formed opposite
to the lower electrode 2, the upper and lower electrodes
sandwiching a cavity 4.

[0038] The upper electrode 6 flexes toward the lower
electrode 2 when applied with a pressure, i.e., sound pres-
sure, from the side of the upper electrode 6 or when a voltage
is applied between the upper and lower electrodes 6, 2. The
principle of sound-electricity conversion in the sound-elec-
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tricity conversion device 9 is based on the relationship
between the displacement amount of the upper electrode 6
caused by the flexure and the amount of electric charge or
voltage change caused by the flexure. A detailed discussion
on the relationship will be given later.

[0039] As shown in FIGS. 1 and 2, on the upper electrode
6 on the side of the cavity 4 is formed an electrode
short-circuit prevention film 5 for preventing the upper
electrode 6 from contacting and shortcircuiting with the
lower electrode 2 when the upper electrode 6 flexes toward
the lower electrode 2. Also, as shown in FIG. 2 (not shown
in FIG. 1), on the top of the lower electrode 2 is formed an
insulation layer 7 which mechanically and structurally sup-
ports the upper electrode 6. That is, the insulation layer 7
constructs the main body of the diaphragm of the sound-
electricity conversion device 9. The insulation layer 7 also
serves to protect the entire sound-electricity conversion
device 9 from the external environment.

[0040] Next, referring to FIG. 2, a detailed discussion on
the sectional structure of the capacitor cell 8 constructing the
sound-electricity conversion device 9 will be presented.

[0041] As shown in FIG. 2, the capacitor cell 8 is formed
on, for example, an n-type silicon substrate 1 which is doped
with an n-type impurity and is thereby provided with electric
conductivity. Typically, the silicon substrate 1 also serves as
the lower electrode 2, and the portion of which as shown in
the drawing is often formed to have a high impurity con-
centration in order to increase the electric conductivity.

[0042] On the silicon substrate 1 is formed an insulation
layer 3 made of, for example, silicon nitride (Si,N,) with a
width of about 100 nm. The insulation layer 3 is removed in
one part providing a cavity 4. The cavity 4 therefore has a
width of about 100 nm, as well as a two-dimensional
hexagonal shape and an inside diameter of about 50 pm.

[0043] On the insulation layer 3 and the cavity 4 is formed
the electrode short-circuit prevention film 5 made of silicon
nitride ((Si,N,)xSil-x) containing a stoichiometrically
excessive amount of silicon (preferably 0.7<x<0.95). The
prevention film 5 has a width of about 100 nm. Although
silicon nitride is typically an insulation material, the silicon
nitride containing a stoichiometrically excessive amount of
silicon can provide small electric conductivity. The effect of
this small electric conductivity will be discussed later.

[0044] On the electrode short-circuit prevention film 5 is
formed the upper electrode 6 made of, for example, alumi-
num with a width of about 100 nm. Further, on the upper
electrode 6 is formed the insulation layer 7 made of, for
example, silicon nitride (Si;N,). The insulation layer 7 has
a width of about 1500 nm, and serves as a layer to supple-
ment the mechanical strength of the sound-electricity con-
version device 9. That is, when a voltage is applied between
the upper and lower electrodes 6, 2, or when an external
pressure is applied on the insulation layer 7, the electrode
short-circuit prevention film 5, the upper electrode 6, and the
insulation layer 7 integrally flex, thereby constructing a
so-called diaphragm.

[0045] Now, with reference to FIGS. 3 to 5, an estimation
will be given of the electrical characteristics of the capacitor
having the electrode short-circuit prevention film 5 formed
between the upper and lower electrodes 6, 2.
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[0046] FIG. 3 is a drawing to show an exemplary elec-
trical model of the capacitor constructed with the upper and
lower electrodes sandwiching the cavity and the electrode
short-circuit prevention film. FIG. 4 is a drawing to show an
exemplary electrical model of a capacitor with the same
construction as FIG. 3 wherein the electrode short-circuit
prevention film is charged with electric charge. FIG. 5A is
a drawing to show an exemplary electrical model of the
capacitor with the same construction as FIG. 3 wherein the
electrode short-circuit prevention film is provided with weak
electric conductivity. FIG. 5B is a drawing to show an
equivalent circuit of the electrical model as shown in FIG.
5A.

[0047] FIG. 3 considers the capacitor constructed with the
upper and lower electrodes 6, 2 as an ideal parallel plate
capacitor with an electric capacity given by S/(z/e, +ale),
wherein € is the dielectric constant of the electrode short-
circuit prevention film 5 contacting the upper electrode 6, a
is the width of the electrode short-circuit prevention film 5,
€, 1s the vacuum dielectric constant, z is the width of the
cavity 4, and s is the area of the electrode. If a voltage V is
applied between the upper and lower electrode 6, 2 (V is the
voltage of the upper electrode 6 with respect to the lower
electrode 2), in the lower electrode 2 is charged an electric
charge in an amount given by -SV/(z/e +a/e).

[0048] At this time, the electric field at the position of the
lower electrode 2 is directed downward with a strength
given by V/(z+aey/e). Therefore, to the lower and upper
electrode 2, 6 are applied upward and downward strengths,
respectively, both calculated as €,SV?/(z+acy/e)’. In other
words, the strength applied between the upper and lower
electrodes 6, 2 is proportionate to the square of the applied
voltage V, and is in inverse proportion to the square of the
distance between the electrodes (z+ae,/e) corrected with the
dielectric constant. Accordingly, in order to obtain a great
force using the same applied voltage, the width a of the
electrode short-circuit prevention film 5 and the width z of
the cavity 4 should be made small to the extent not obstruct-
ing the capacitor operation.

[0049] Next will be discussed the effect by the electrode
short-circuit prevention film 5 charged with electric charge.
If the amount of electric charge charged at the position away
from the upper electrode 6 by the distance x is provided as
q(x) as shown in FIG. 4, then the amount of electric charge
induced at the lower electrode 2 by the electric charge
amount q(x) is given by -xq(x)/(ze/e,+a). Therefore, the
total amount of electric charge Qz charged in the lower
electrode 2 can be expressed by equation 1 below.

Q.= [xqlx)dx/(ze/eqra) )

[0050] Here, if a voltage V is applied between the upper
and lower electrodes 6, 2, then the force F to be applied on
Qz is directed upward and can be expressed by equation 2.

F =gV xq(x)dx/c/(z+acy/e) (2)

[0051] Accordingly, the total force Fa to be applied on the
lower electrode 2 is directed upward and can be expressed
by equation 3, which is obtained by adding the force
obtained by equation 2 to the force obtained by FIG. 3.

F=eoV(SV+ [ xq(x)dx/e)/(z+aefe) (3)
[0052] Thus, if the electric charge q(X) and V match in

symbol, then a force will occur which is larger by Fq
compared to when the electric charge q(x) is not charged,
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even if the same voltage V is applied between the upper and
lower electrodes 6, 2. At this time, if the electric charge q(x)
is stable, then the force occurring by the electric charge q(x)
can be advantageously utilized.

[0053] However, electric charge q(x) occurring in, for
example, a typical CVD silicon nitride film drifts in time.
Therefore, the force occurring between the upper and lower
electrodes 6, 2 is also caused to drift because of the drift of
the electric charge q(x), even if the same voltage V is applied
between the upper and lower electrodes 6, 2. In other words,
the drift of the sound-electricity conversion characteristics
of the sound-electricity conversion device 9 considerably
damages the usefulness of an ultrasonic transducer using the
characteristics.

[0054] To counter this problem, in the present embodi-
ment, the electrode short-circuit prevention film 5 is formed
with the silicone nitride containing a stoichiometrically
excessive amount of silicon so as to provide the prevention
film 5 with small electric conductivity as discussed above.
Then, the range of the small electric conductivity is deter-
mined in light of the operation status of the ultrasonic
diagnostic apparatus to which the sound-electricity conver-
sion device 9 is mainly applied.

[0055] In general, all physical materials except supercon-
ducting materials can be electrically conductive in some
time scales, while in other time scales dielectric. Whether a
physical material behaves as a dielectric or electrically
conducting material in a time scale depends on the ratio
between the dielectric constant and the electric conductivity
of the material. For example, quartz glass having character-
istics of:

Dielectric Constant: e=~3.8x8.85 pF/m~34 pF/m; and
Electric Conductivity: 0=10"'"/Qm

behaves as a dielectric or an electric conductor in a suffi-
ciently shorter or longer time scale, respectively, compared
with:

Time Constant: 7=(e/0)"2~1800 seconds=30 minutes.

[0056] The sound-electricity conversion device 9 accord-
ing to the present embodiment is mainly applied to the
ultrasonic diagnostic apparatus (ultrasonic tomographic
image generating apparatus) that transmits and receives
pulse-shaped ultrasonic wave to generate an image in an
organism, typically a human body. The list below shows in
the order of length of time the timescales for operations
included in the ultrasonic diagnostic apparatus.

(1) Ultrasonic cycle: 0.1-1 psec
(2) Ultrasonic pulse length: 0.3-3 psec
(3) Repeating cycle of pulse transmission: 0.1-1 msec
(4) Image generating (frame) cycle: 10-100 msec
(5) Image generating mode switching time: 0.1-10 sec
(6) Power rising time: 10-100 sec

[0057] In the sound-electricity conversion device 9
according to the present invention, the time scale for a AC
voltage V . applied between the upper and lower electrodes
6, 2 is determined by (1) ultrasonic cycle, and the time scale
for the time-change of a DC bias voltage Vpc 1s determined
by (6) power rising time. Accordingly, by setting the time
constant T of the electrode short-circuit prevention film 5 to
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be sufficiently longer and shorter than (1) ultrasonic cycle
and (6) power rising time, respectively, the electrode short-
circuit prevention film 5 stably behaves as a dielectric and an
electric conductor for the applied AC voltage V. and the
DC voltage Vi, respectively.

[0058] Therefore, the present embodiment considers the
sound-electricity conversion device 9 to be used for an
ultrasonic transducer such as an ultrasonic tomographic
image generating apparatus, and sets the electric time con-
stant T of the electrode short-circuit prevention film 5 to be
sufficiently longer and shorter than (1) ultrasonic cycle and
(6) power rising time, respectively. That is, the electrode
short-circuit prevention film 5 is provided with small electric
conductivity with a time constant T longer than 10 psec and
shorter than 1 sec.

[0059] Next, referring to FIG. 5A will be discussed an
exemplary electrical model of a capacitor wherein the elec-
trode short-circuit prevention film 5 is provided with small
electric charge as mentioned above. As FIG. 5A shows,
between the upper and lower electrodes 6, 2 is applied the
AC voltage V .. such as an ultrasonic pulse wave. In this
case, in the capacitor, the electrode short-circuit prevention
film 5 operates as a dielectric with respect to the AC voltage
V ., and therefore the distance between the electrodes of
the capacitor is the total (z+a) of the width z of the cavity 4
and the width a of the electrode short-circuit prevention film
5. For the DC bias voltage V., which has a very long
(infinite) scale of time-change, the electrode short-circuit
prevention film 5 operates as an electric conductor. Thus, the
effective distance between the electrodes with respect to the
DC bias voltage V. in the capacitor is the width z of the
cavity 4.

[0060] In other words, the capacitor as shown in FIG. 5A
has a construction in which two capacitors are connected in
parallel, one operating in response to the AC voltage V.
and the other operating in response to the DC voltage V.
Accordingly, the amount of electric charge induced in the
lower electrode 2 is the total of the electric charge amount
induced by the AC voltage V , and that induced by the DC
bias voltage Vi,

[0061] In FIG. 5A, the electric charge amount induced in
the lower electrode 2 by the AC voltage V,. can be
calculated in the similar manner as in the electrical model of
the capacitor in FIG. 3, and is given by

—SV s/ (Zegtale).
The electric charge amount induced by the DC bias voltage
Ve 18 given by

-€,SVp/Z.

Thus, the total electric charge induced by the lower electrode
2 of the capacitor is given by

=SV o/(Z/egtale)-€ SV /2.

Accordingly, the electric field strength at the position of the
lower electrode 2 is directed downward and is given by

Vio/z+V s o/ (z+aey/e).

Thus, the force applied to the lower electrode 2 is directed
downward and given by

€oS[Vpo/z4V ac/(z+ae/e) P

[0062] In addition, the electrode short-circuit prevention
film 5 provided with electric conductivity functions as a
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resistor with a resistance value of a/cS, as shown in the
equivalent circuit of FIG. 5B. Therefore, the impedance of
the capacitor shown in FIG. 5A can be expressed by
equation 4 or 5 presented below. The equation 5 is a
simplified expression of the equation 4.

i 1/ (weto?/me)+1/oe /S+ac/ (0?2 +02)/S “
=z/0S{-f[1/(e+0%/w%€)+1/e, + (a/2) 00l (0 +07)} ©)

Wherein, j is the imaginary number unit, and w is the angular
frequency of the driving voltage or current. For the purpose
of simplicity, the term for expressing the effect of the
sound-electricity conversion is omitted.

[0063] The second term of the equation 4 is the real-
number portion of the device impedance. The second term in
the curly parenthesis of equation 5 that corresponds to the
second term of the equation 4 is an approximate expression
of the relative magnitude of the power loss due to the
provision of the electric conductivity to the electrode short-
circuit prevention film 5. The second term of equation 5 has
the maximum value of (a/2z)/e when w=0/e. Therefore, if
the angular frequency o of the electric signal is close to this
o/e, then the power loss due to the provision of the electric
conductivity to the electrode short-circuit prevention film 5
increases. This means that the o/e of the electrode short-
circuit prevention film 5 should be set to be sufficiently small
or large with respect to the angular frequency used by the
capacitor. That is, in the present embodiment, because the
capacitor is used as the sound-electricity conversion device
9 that handles ultrasound of relatively high frequency (1-10
MHz), it is realistic to set the o/e of the electrode short-
circuit prevention film 5 to be sufficiently smaller than the
ultrasonic frequency.

[0064] As discussed above, by setting the electrical time
constant T of the electrode short-circuit prevention film 5 to
10 or more pseconds and 1 or less seccond, the electrode
short-circuit prevention film 5 operates as a dielectric and an
electric conductor in the time scales of the ultrasonic pulse
and the power rising time, respectively. Also, the electric
power loss is also decreased. Thus, the sound-electricity
conversion device 9 as well as the array-type ultrasonic
transducer with stable characteristics can be obtained.

[0065] Ttis to be noted that in the present embodiment, the
electrical time constant © of the electrode short-circuit
prevention film 5 has the minimum value of 10 pseconds, as
aresult of setting the minimum value to be sufficiently larger
by ten times than the “ultrasonic cycle: 0.1-1 psecond”
typically used for an ultrasonic diagnostic apparatus.
Accordingly, if the ultrasonic cycle typically used in the
ultrasonic diagnostic apparatus may change in the future, the
minimum value for the electrical time constant t of the
electrode short-circuit prevention film 5 may be set to a
value ten times the ultrasonic cycle typically used in the
ultrasonic diagnostic apparatus.

[0066] Next, an exemplary method for producing the
electrode short-circuit prevention film 5 will be described.
The electrode short-circuit prevention film 5 is made of
silicon nitride Si;N, containing a stoichiometrically exces-
sive amount of silicon as mentioned above. Such a silicon
nitride film can be obtained by forming a film by means of
the CVD method that uses a mixture gas of silane SiH, and
ammonia NH;, and typically has a composition ratio of
(S15N,)o.8510 o The composition ratio can be controlled by
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changing the mixture ratio of silane SiH, and ammonia NH;.
With this composition ratio, the dielectric constant, electric
conductivity, and time constant determined by these have
following values.

Dielectric Constant: e~8x8.85 pF/m~100 pF/m
1/Electric Conductivity: 1/0=1 MQm

Time Constant: T=(¢/0)"~10 msec

This time constant is preferable for the purpose of using the
sound-electricity conversion device as the basic unit to
construct the array-type ultrasonic transducer used for the
ultrasonic diagnostic apparatus, as discussed above.

[0067] By the composition ratio of silicon nitride and
silicon, the electric conductivity changes significantly but
the dielectric constant does not. In order to set the time
constant T to 10 or more pseconds and 1 or less second, it is
preferable to set x in (Si;N,)xSil-x to 0.7<x<0.95. Although
the present embodiment uses silicon nitride containing a
stoichiometrically excessive amount of silicon as the mate-
rial for the electrode short-circuit prevention film 5, other
materials having a similar time constant may also be used.

[0068] The electrode short-circuit prevention film 5 was
originally provided for the purpose of preventing an exces-
sive current from occurring when the cavity 4 is crushed and
the upper and lower electrodes 6, 2 contact to each other so
as to prevent the peripheral drive circuits, for example, from
being destroyed. In the present embodiment, the electrode
short-circuit prevention film 5 is provided with small electric
conductivity in the order of the time constant in the range
mentioned above. Following discussion will indicate that the
contact between the upper and lower electrodes 6, 2 will not
cause any excessive current flow and therefore any destruc-
tion of the peripheral drive circuits, for example.

[0069] Typically, the array-type ultrasonic transducer used
for the ultrasonic diagnostic apparatus is configured by
arranging the sound-electricity conversion device 9 into an
array. The sound-electricity conversion device 9 is a plural-
ity of capacitor cells 8 connected in parallel, constructing
one electrically independent device. The electrode short-
circuit prevention film 5 according to the embodiment has a
width of 100 nm, and therefore its electric resistance per area
is approximately 1 MQmx100 nm=0.1 Qm?. Also, because
the ultrasonic frequency most used in the ultrasonic diag-
nostic apparatus is several MHz, the capacitor portion of the
sound-electricity conversion device has an area in the order
of 1 mm?>. Therefore, when the cavity 4 is crushed and the
upper and lower electrodes 6, 2 come into contact by the
whole surface thus minimizing the resistance, the magnitude
of the shunt resistance is in the order of 0.1 Qmm*x1
mm*=100 kQ. This is sufficient to prevent the peripheral
circuits such as the drive circuit and wirings from being
damaged by the shunt current. Thus, the contact between the
upper and lower electrodes 6, 2 will not cause any excessive
current flow and therefore any destruction of peripheral
circuits, for example.

[0070] FIG. 6 is a drawing to show an exemplary con-
struction of the ultrasonic diagnostic apparatus using the
array-type ultrasonic transducer constructed by arranging
many sound-electricity conversion devices according to the
present embodiment. As shown in FIG. 6, the sound-
electricity conversion device 9 comprises a plurality of the
capacitor cells 8 connected in parallel, the capacitor cells 8
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each including the upper and lower electrodes 2, 6. The
array-type ultrasonic transducer 10 is constructed by arrang-
ing many sound-electricity conversion devices 9. Here, the
sound-electricity conversion device 9 functions as a unitary
device that independently performs the sound-electricity
conversion. The lower electrodes 2 of the sound-electricity
conversion device 9 are commonly grounded, while the
upper electrodes 6 serve as input and output terminals for the
sound-electricity conversion device 9.

[0071] Typically, the array-type ultrasonic transducer 10
configured by this many sound-electricity conversion
devices is formed on one silicon substrate, i.e., integrated
into one chip. The integration into one chip can prevent the
fluctuation of characteristics among the sound-electricity
conversion devices 9 as well as improve the positional
accuracy for each of the individual array-type ultrasonic
transducer.

[0072] FIG. 6 also shows that in addition to the array-type
ultrasonic transducer 10, the ultrasonic diagnostic apparatus
100 comprises; peripheral circuits such as a bias voltage
controller 11, a transmission delay/weight selector 12, a
transmission beam former 13, a group of switches 14, a
transmission/reception sequence controller 15, a reception
beam former 20, a filter 21, an envelope signal detector 22,
and a scan converter 23; and a peripheral apparatus such as
a display 24.

[0073] The upper electrodes 6 of the sound-electricity
conversion device 9 are connected to the bias voltage
controller 11, the transmission beam former 13, and the
reception beam former 20 via the group of switches 14. The
group of switches 14 configures a drive circuit for the
sound-electricity conversion device 9 and controls, for
example, the switching of input/output signals. Of these
circuits, circuits handling a high voltage such as the group
of switches 14 and the transmission beam former 13, in
particular, are integrated in the same silicon chip as the
above-mentioned array-type ultrasonic transducer 10 inte-
grated into one chip.

[0074] The bias voltage controller 11 controls the DC
voltage to be applied to the upper electrodes 6 via the group
of switches 14. The reception beam former 13 forms a
predetermined ultrasonic output signal according to the
instruction by the transmission delay/weight selector 12
under the control of the transmission/reception sequence
controller 15. The reception beam former 20 reproduces a
received ultrasonic signal from a voltage signal of the upper
electrode 6, under the control of the transmission/reception
sequence controller 15. The received ultrasonic signal repro-
duced by the reception beam former 20 is input, via the filter
21 and the envelope signal detector 22, to the scan converter
23 which reproduces the signal as a two-dimensional image
which is then displayed on the display 24.

[0075] FIG. 7 is a drawing to show an exemplary beam
profile of an ultrasonic reception beam formed by the
ultrasonic diagnostic apparatus as shown in FIG. 6. The
array-type ultrasonic transducer 10 of the ultrasonic diag-
nostic apparatus 100 used at this time is a one-dimension
array transducer obtained by arranging in a row sixty-four
sound-electricity conversion devices of a 0.25 mm width.
The transducer 10 formed a reception beam at a position of
80 mm distance therefrom.

[0076] In FIG. 7, the profile indicated in solid line is the
reception beam profile formed by the array-type ultrasonic
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transducer 10 made from the sound-electricity conversion
devices 9 of the present embodiment (the electrode short-
circuit prevention film 5 being provided with small electric
conductivity). The profile indicated in broken line for ref-
erence is the reception beam profile formed by the array-
type ultrasonic transducer 10 made from the sound-electric-
ity conversion devices 9 using the electrode short-circuit
prevention film 5 as an insulator as in the prior art. In either
case, a main beam is formed in the order of -6 db and 5 mm
width, realizing a similar degree of space resolution.

[0077] However, in the latter case, i.e., when the electrode
short-circuit prevention film 5 is a typical insulating silicon
nitride (Si;N,) with little electric conductivity, a different
amount of electric charge is charged in the electrode short-
circuit prevention film 5 for each sound-electricity conver-
sion device 9, resulting in a large fluctuation of transmission/
receiving sensitivity for the each sound-electricity
conversion device 9. The fluctuation of sensitivity becomes
significantly large especially when, for example, the AC
voltage component of the electric signal corresponding to a
sound pressure is incommensurably smaller than the DC
voltage bias component. Further, applying a higher voltage
to the extent the upper and lower layers sandwiching the
cavity 4 come into contact, in order to increase the receiving
sensitivity, will result in more frequent changes in the
electric charge amount charged in the electrode short-circuit
prevention film 5, and therefore in more frequent drift of
sensitivity. Accordingly, it is difficult to correct the fluctua-
tion of sensitivity for each sound-electricity conversion
device 9.

[0078] Also, under the condition of the DC bias voltage
causing the upper and lower layers to come close to con-
tacting to each other, the width of the cavity 4 is consider-
ably decreased because the layers come close to each other.
Accordingly, even if the relative fluctuation of the width of
the cavity 4 is small for each sound-electricity conversion
device when the DC bias voltage is not applied, the relative
fluctuation becomes large in operation, i.e., when a DC bias
voltage is applied to the extent the upper and lower layers
come close to touching to each other. This further causes an
even larger fluctuation of the DC bias electric field in the
electrode short-circuit prevention film 5, and thereby aggra-
vates the problem of fluctuation and drift of the electric
charge amount charged in the electrode short-circuit pre-
vention film 5.

[0079] The profile indicated in broken line in FIG. 7 is the
reception beam profile obtained when the fluctuation of
receiving sensitivity for each sound-electricity conversion
device 9 due to the fluctuation of electrification of the
electrode short-circuit prevention film 5 has reached +30%.
According to the profile, the sound noise level around the
main beam reached about =30 dB on the basis of the main
beam at the center. This is an unacceptable level for a
reception beam used for an ultrasonic diagnostic apparatus
in recent years requiring the display of highly detailed
images.

[0080] In contrast, the present embodiment eliminates the
problem of fluctuation of electrification in the electrode
short-circuit prevention film 5 and thereby represses the
fluctuation of receiving sensitivity for each sound-electricity
conversion device 9, because the electrode short-circuit
prevention film 5 of the sound-electricity conversion device
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9 is formed of silicon nitride containing a stoichiometrically
excessive amount of silicon. The profile indicated in solid
line in FIG. 7 is a reception beam profile obtained when the
fluctuation of receiving sensitivity for each sound-electricity
conversion device 9 is repressed to +2%. The profile shows
that the sound noise level around the main beam is repressed
to =50 dB or below, on the basis of the main beam at the
center. This noise level of the reception beam is sufficient to
bear the use of the ultrasonic diagnostic apparatus 100 of
recent years requiring the display of highly detailed images,
having a transmission/reception dynamic range of 80-100
dB.

[0081] As discussed heretofore, the present embodiment
can prevent the fluctuation of electrification in the electrode
short-circuit prevention film 5 of the sound-electricity con-
version device 9, by forming the electrode short-circuit
prevention film 5 with silicon nitride containing a stoichio-
metrically excessive amount of silicon, providing the film
with an electric conductivity with an electrical time constant
shorter than 1 second and longer than 10 microseconds. This
allows repressing drift of device characteristics of the sound-
electricity conversion device 9 and fluctuation of receiving
sensitivity, realizing the sound-electricity conversion device
9 with sufficient reception sensitivity for generating an
ultrasonic tomographic image and sound-electricity conver-
sion characteristics with sufliciently small fluctuation. Fur-
ther, by using a large number of the sound-electricity con-
version devices 9, the array-type ultrasonic transducer 10
can be realized having sound noise level and transmission/
reception sensitivity sufficient for the performance required
in the ultrasonic diagnostic apparatus of recent vears.

[0082] From the aforementioned explanation, those
skilled in the art ascertain the essential characteristics of the
present invention and can make various modifications and
variations to the present invention to adapt it to various
usages and conditions without departing from the spirit and
scope of the claims.

What is claimed is:
1. A diaphragm-type sound-electricity conversion device
comprising:

a first electrode formed on a silicon substrate; and

a second electrode formed over and opposite to the first
electrode, the first and second electrodes sandwiching
a cavity,

wherein an electrode short-circuit prevention film is
formed on the side of the cavity of at least one of the
first and second electrodes; and

wherein the electrode short-circuit prevention film has
weak electric conductivity, the electric conductivity
being defined by an electrical time constant which is
sufficiently shorter than a rising time of a power voltage
supplied to the electrode short-circuit prevention film
and is sufficiently longer than a vibration cycle of a
sound wave to be converted by the sound-electricity
conversion device.

2. A sound-electricity conversion device as claimed in
claim 1, wherein the time constant which is sufficiently
longer than the vibration cycle of the sound wave is ten or
more times longer than the vibration cycle of the sound
wave.
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3. A sound-electricity conversion device as claimed in
claim 1, wherein the time constant which is sufficiently
shorter than the rising time of the power voltage is 1 or less
second, and the time constant which is sufficiently longer
than the vibration cycle of the sound wave is 10 or more
micro-seconds.

4. A sound-electricity conversion device as claimed in
claim 1, wherein the sound-electricity conversion device is
a silicon nitride film.

5. A sound-electricity conversion device as claimed in
claim 4, wherein the silicon nitride film is formed of silicon
nitride containing a stoichiometrically excessive amount of
silicon.

6. A sound-electricity conversion device as claimed in
claim 5, wherein the silicon nitride containing the stoichio-
metrically excessive amount of silicon has a composition
expressed as (Si;N,)xSil-x, wherein 0.7<x<0.95.

7. An array-type ultrasonic transducer using a plurality of
diaphragm-type sound-electricity conversion devices each
comptrising:

a first electrode formed on a silicon substrate; and

a second electrode formed over and opposite to the first
electrode, the first and second electrodes sandwiching
a cavity,

wherein the plurality of

the sound-electricity conversion devices are formed and
arranged on a silicon substrate;

wherein an electrode short-circuit prevention film is
formed on the side of the cavity of at least one of the
first and second electrodes constructing the sound-
electricity conversion device; and

wherein the electrode short-circuit prevention film has
weak electric conductivity, the electric conductivity
being defined by an electrical time constant which is
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sufficiently shorter than a rising time of a power voltage
supplied to the electrode short-circuit prevention film
and is sufficiently longer than a vibration cycle of a
sound wave to be converted by the sound-electricity
conversion device.
8. An array-type ultrasonic transducer as claimed in claim
7, wherein at least one part of a drive circuit for the
sound-electricity conversion device is formed on the silicon
substrate on which is formed the sound-electricity conver-
sion device.
9. An ultrasonic diagnostic apparatus using a diaphragm-
type sound-electricity conversion device comprising:

a first electrode formed on a silicon substrate; and

a second electrode formed over and opposite to the first
electrode, the first and second electrodes sandwiching
a cavity,

wherein an electrode short-circuit prevention film is
formed on the side of the cavity of at least one of the
first and second electrodes constructing the sound-
electricity conversion device; and

wherein the electrode short-circuit prevention film has
weak electric conductivity, the electric conductivity
being defined by an electrical time constant which is
sufficiently shorter than a rising time of a power voltage
supplied to the electrode short-circuit prevention film
and is sufficiently longer than a vibration cycle of a
sound wave to be converted by the sound-electricity
conversion device.
10. An ultrasonic diagnostic apparatus as claimed in claim
9, wherein the apparatus uses a plurality of the sound-
electricity conversion devices which are formed and
arranged on one silicon substrate.
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