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CAPACITIVE MICROMACHINED
ULTRASONIC TRANSDUCER (CMUT)
DEVICE AND METHOD OF CONTROLLING
THE SAME

CROSS REFERENCE TO RELATED
APPLICATION

This is a Continuation Application of PCT Application No.
PCT/IP 2006/319744, filed Oct. 3, 2006, which was not pub-
lished under PCT Article 21(2) in English.

This application is based on and claims the benefit of
priority from the prior Japanese Patent Application No. 2005-
289823 filed in Japan on Oct. 3, 2005, the entire contents of
which are incorporated by this reference.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to ultrasonic transducer
devices that are included in ultrasound scopes, in ultrasound
miniature probes, and in ultrasound capsule endoscopes, and
that are manufactured by using the micromachining pro-
cesses, and also relates to a method of controlling the same.

2. Description of the Related Art

The diagnostic ultrasound method, in which ultrasound is
emitted onto walls of body cavities and the state of the body
is visualized on the basis of the signals echoed from the walls
for making a diagnosis, is widely used. One of the instruments
used for the diagnostic ultrasound method is an ultrasound
endoscope scope.

An ultrasound endoscope scope has an ultrasound probe at
the distal end of the insertion tube that is to be inserted into
body cavities. The ultrasound probe converts electric signals
into ultrasound to emit the ultrasound onto body cavities, and
receives the ultrasound reflected in the body cavities in order
to convert the received ultrasound into electric signals.

Conventionally, for manufacturing ultrasound probes,
piezoelectric ceramics (PZT: lead-zirconate-titanate) are
used as the piezoelectric device that is used for converting
electric signals into ultrasound.

Inrecent years, capacitive micromachined ultrasonic trans-
ducers (hereinafter referred to as cMUTs) that are obtained by
processing a silicon semiconductor substrate have received
attention. A ¢cMUT is one of several MEMS (Micro Electro-
Mechanical System) devices.

A diagnosis modality called harmonic imaging has
attracted lots of attention because it permits an ultrasonic
diagnosis with a high level of accuracy that the conventional
methods have never been able to attain. Accordingly, it has
become essential for the body-cavity-insertion-diagnostic
ultrasound systems to be compatible with this diagnosis
modality. Because of this, it is desirable that ultrasonic trans-
ducers have broader bandwidths.

As is mentioned above, cMUTs that are manufactured
using micromachining processes have recently received
attention. The merit of cMUTs is not only that they do not
contain heavy metals such as lead, but also that wide band-
width characteristics can easily be achieved. Accordingly,
c¢MUTs are suitable for harmonic imaging.

FIG. 1 shows an example of a conventional cMUT. The
c¢MUT shown in FIG. 1 is the cMUT disclosed in WO 2001/
097562. This ultrasonic transducer is constituted of a plural-
ity of cMUTs. Respective cells that constitute each cMUT
have a charged membrane 206. This charged membrane 206
has capacitance and is opposed to a substrate 205 that is
inversely charged.
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This charged membrane 206 is curved by the bias charging
in the direction of the substrate 205. Also, the substrate 205
has a center that is elevated in such a manner that the elevated
portion gets closer to the center of the charged membrane 206
and the density of the charged particles becomes the highest
around the center of the vibration of the charged membrane
206. For the purpose of realizing the operations by using
harmonics, the driving pulse waveform provided for the cells
are distorted in advance. This is because the non-linear opera-
tions of devices are considered in order to reduce the har-
monic components that may be generated in transmission
ultrasound by a driving signal that does not have distortion.

¢MUT cells can be integrated with a transducer controlling
circuit such as a bias charging regulator 201 because the
c¢MUT cells are processed by using conventional semicon-
ductor processing methods. The cMUT cells can be processed
also by using micro-stereolithography. Accordingly, the cells
are formed by using various materials such as polymers and
the like.

The above mentioned diagnostic ultrasound system has a
high voltage-proof switch in the ultrasound probes so that it
can operate at a high voltage. The diagnostic ultrasound sys-
tem has a pulse generation unit and a control unit. The pulse
generation unit can output pulses that have any waveforms or
any voltage values. The control unit controls the output from
the above high voltage-proof'switch and pulse generation unit
on the basis of the scanning timing of the ultrasonic trans-
ducer.

In view of the circumstances above, the present applicants
suggested a method in which the DC voltage is applied only
at atiming that corresponds to the application of the rf signal
(Japanese Patent Application Publication No. 2004-176039).

FIG. 2 shows a first example of a method of driving an
ultrasonic transducer; and this method is employed in the
conventional piezoelectric transducer driving techniques.
The example shown in FIG. 2 is a probe that is disclosed in
Japanese Examined Patent Application No. 63-026341. This
probe includes, in addition to the known circuits, an addi-
tional operation circuit in order to minimize the influence of
electrical interference that can be caused by a cable that is
used for connecting the probe and the ultrasound signal evalu-
ation device and that is relatively long. In the technique dis-
closed in Japanese Examined Patent Application No.
63-026341, the probe includes the above described circuit;
however, the circuit is not so large. Also, the operations for the
ultrasound inspection are not so difficult.

The probe housing of the probe includes a transmission
circuit 210. The transmission circuit 210 includes a booster
coil 211, a VMOS field effect transistor (VMOS FET) 213, a
control circuit 214, and a capacitor 215. The VMOS FET 213
is turned on and off in accordance with a control signal 212.

The operations of the transmission circuit 210 are
explained hereinbelow. First, the capacitor 215 is charged ata
high density via the booster coil 211. When the amount of the
charge in the capacitor 215 reaches the upper limit, a control
signal is output from the control circuit 214 to the switch
driving terminal in the VMOS FET 213. Then, the VMOS
FET 213 enters an ON state. Then, the discharging starts in
the closed circuit of the ON state resistance, a resistor 216,
and the capacitor 215. The voltage generated by this dis-
charged current in the resistor 216 is applied to a piezoelectric
transducer.

However, when a high voltage is to be induced by using this
method, the booster coil 211 requires a high inductance. Ifthe
booster coil 211 has a high inductance, a resonance is caused
by the capacitor 215 and the booster coil 211, and the driving
pulse comes to include ringing. This ringing signal is applied
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to the piezoelectric transducer without being reduced or
blocked, which causes deterioration in the spatial resolution
and the S/N ratio.

FIGS. 3A and 3B show a second example of a method of
driving a piezoelectric ultrasonic transducer that is employed
in the conventional techniques. FIG. 3A shows a diagnostic
ultrasound system disclosed in Japanese Patent No. 3062313.
FIG. 3B shows the same system in a simplified manner.
Japanese Patent No. 3062313 discloses a configuration for
minimizing the influence of the electric interference caused
by a long connection cable although the technique disclosed
in this document is not intended to have a countermeasure
against the above ringing.

In FIGS. 3A and 3B, an ultrasound probe 220 and a diag-
nostic ultrasound system 221 are shown. Ultrasound signals
are emitted and received by an ultrasonic transducer 222
provided in the ultrasound probe in order to perform the
ultrasound scan on the subject. The diagnostic ultrasound
system 221 can obtain an ultrasound sectional image on the
basis of the received ultrasound signals.

In the ultrasound probe 220, a high voltage-proof switch
223 is provided. In the above diagnostic ultrasound system
221, a pulse generation unit 227 and a control unit 228 are
provided. The pulse generation unit 227 can output a pulse
that has any voltage value in any waveform. The control unit
228 controls the output of the voltage-proof switches 223 and
the pulse generation unit 227 in accordance with the timing of
the scan performed by the ultrasonic transducer.

By the above configuration, the size of the electric circuitin
the ultrasound probe is reduced. Also, high voltage pulse
signals for driving the ultrasonic transducer can be generated
efficiently in the probe. Also, excellent ultrasound images that
are not influenced by the interference caused by the cable can
be obtained, and noise that leaks to the external environment
can be reduced. Also, the ringing is not caused because there
is no element that can cause resonation in the circuit.

As described above, it is proposed to produce a micro
piezoelectric transformer and a micro electromagnetic trans-
former and to arrange them close to a cMUT and a pMUT (a
piezoelectric transducer that is produced by using the micro-
machining processes).

SUMMARY OF THE INVENTION

A ¢cMUT device according to the present invention com-
prises:

acMUT formed on a semiconductor substrate;

a DC high-voltage generation unit that is provided on the
semiconductor substrate and that is for generating a DC high-
voltage signal to be superposed on a driving signal for the
cMUT;

a driving signal generation unit that is provided on the
semiconductor substrate and that is for generating the driving
signal; and

a superposition unit that is provided on the semiconductor
substrate and that is for branching the DC high-voltage signal
output from the DC high-voltage generation unit and for
superposing one of the branched DC high-voltage signals on
the other of the branched DC high-voltage signals via the
driving signal generation unit.

A method of controlling a cMUT device according to the
present invention comprises:

acMUT formed on a semiconductor substrate;

a DC high-voltage generation unit that is provided on the
semiconductor substrate and that is for generating a DC high-
voltage signal to be superposed on a driving signal for the
cMUT;
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a first switching unit switching output levels of the DC
high-voltage signal output from the DC high-voltage genera-
tion unit;

driving signal generation unit that is provided on the semi-
conductor substrate and that is for generating the driving
signal,

a superposition unit that is provided on the semiconductor
substrate and that is for superposing the driving signal on the
DC high-voltage signal;

a second switching unit that is provided on the semicon-
ductor substrate and that controls the driving signal or the DC
high-voltage signal, which is input into the superposition
unit; and

athird switching unit that is provided on the semiconductor
substrate and that controls an ultrasonic reception signal
being converted into an electric signal by the cMUT and
controls the converted electric signal, which is output to an
external environment, in which:

if ultrasound is to be transmitted from the cMUT device,
the first switching unit is driven, and the output level of the
DC high-voltage signal is set;

the driving signal generation unit is driven and the driving
signal is generated,

the second switching unit is driven so that the driving signal
and the DC high voltage signal are input into the superposi-
tion unit; and

the third switching unit is caused to be in an OFF state.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows an example of a conventional cMUT;

FIG. 2 shows a first example of a method of driving an
ultrasonic transducer that is employed in the conventional
techniques;

FIG. 3A shows a second example of a method of driving an
ultrasonic transducer that is employed in the conventional
techniques;

FIG. 3B shows in a simplified manner the system shown in
FIG. 3A;

FIG. 4 shows a configuration of a transmitting and receiv-
ing circuit system for body-cavity-insertion diagnostic ultra-
sound system according to the present embodiment;

FIG. 5 shows the principle of a booster circuit 6 according
to the present embodiment;

FIG. 6 shows the configuration of the booster circuit 6
according to the present embodiment;

FIG. 7 is a timing chart showing the operations of switches
(SW), driving and received voltage signals for transmitting
and received ultrasound;

FIG. 8 shows an example of a plan view of the cMUT 9
according to the present embodiment;

FIG. 9 shows an example of a sectional view of a booster
circuit region according to the present embodiment;

FIG. 10 shows an example of a plan view of the booster
circuit region according to the present embodiment;

FIG. 11 shows an example of a sectional view (on the plane
Aa-Ab) of a ferroelectric thin film capacitor (FEC) 102;

FIG. 12 shows a sectional view (on the plane Ba-Bb) of a
CMOS inverter 110,

FIG. 13A shows a sectional view (on the plane Ca-Cb) of a
pn-junction diode 124;

FIG. 13B shows the configuration of FIG. 13 A in a simpli-
fied manner;

FIG. 14 is a top view of a group of cMUT units arranged in
a cylindrical shape;

FIG. 15 is a side view of the group of the cMUT units
arranged in a cylindrical shape;
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FIG. 16 is an enlarged view showing acMUT unit 161; and
FIG. 17 is an enlarged view showing a cMUT element 171.

BEST MODES FOR CARRYING OUT THE
INVENTION

Conventionally, miniature piezoelectric transformers and
miniature electromagnetic transformers are produced in a
discrete manner and are arranged close to ¢MUTs and
pMUTs. However, in this method, the size of electric circuits
canonly be reduced to some extent, and a high level of quality
management is requiredbecause of complicated wiring and
connection.

Meanwhile, to form a high-voltage generation unit on or in
asilicon substrate that is the same as an ultrasonic transducer
produced by using the micromachining process has not been
suggested conventionally.

Accordingly, by using the micromachining process or the
semiconductor integration process, in the present invention, a
DC high-voltage generation unit is formed on or in a silicon
substrate that is the same as an ultrasonic transducer produced
by using the micromachining process. Thereby, the reduction
of the size of the cMUT devices is realized.

In other words, in a ¢cMUT according to the present inven-
tion, DC high-voltage generation unit and devices such as a
semiconductor switch, a charge amplifier, or the like are
arranged in an integrated manner close to the capacitive ultra-
sonic transducer on a semiconductor substrate. Accordingly,
the reduction of the size of the cMUT devices is realized.

FIG. 4 shows a configuration of a body-cavity-insertion
diagnostic ultrasound system according to the present
embodiment. The body-cavity-insertion diagnostic ultra-
sound system 1 has at least a signal controlling system 2 and
an insertion tube (the insertion tube mainly consisting of a
bending section, a flexible tube 3, and an ultrasound probe 4).

The diagnostic ultrasound system 2 has a control unit 2a.
The control unit 2a controls the operations of a switch control
signal generator 7 and performs signal processing on the
ultrasonic reception signal transmitted from the ultrasound
probe 4 via the bending section and the flexible tube 3 in order
to convert the process signals into image signals.

The insertion tube is shaped as a long tube because it is
inserted into body cavities. The ultrasound probe 4 has a
c¢MUT 9 as an ultrasonic transducer. This cMUT 9 transmits
and receives ultrasonic signals. The bending section is located
at the back side of the ultrasound probe 4 and can be bent as
necessary. The flexible tube is located at the back side of the
bending section, and is long, narrow, and flexible. The inser-
tion tube includes a bundle of coaxial cables used for the
respective transducer elements that constitute the cMUT 9.

The ultrasound probe 4 includes switches SW1 through
SW4, an adder 5, a booster circuit 6, a switch control signal
generator 7, a charge amplifier 8, and the cMUT 9. The
booster circuit 6 is a capacitive booster element that is formed
on the semiconductor substrate by using the micromachining
process. It is also possible to further form the adder 5, the
switch control signal generator 7, the charge amplifier 8, and
the cMUT 9 on the semiconductor substrate that is the same as
this capacitive booster element by using the micromachining
process or other semiconductor integration processes.
Thereby, it becomes possible to make the ultrasound probe 4
smaller.

A cMUT array (¢cMUT 9) has a configuration in which a
plurality of ultrasonic transducer elements (or simply “ele-
ments”) that serve as the minimum unit for inputting and
outputting drive control signals are arranged. Each of these
elements consists of vibrators that are called transducer cells
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(or simply “cells”). The cell is a component that constitutes
one cavity (blank space), as will be described later.

The switch control signal generator 7 generates control
signals used for turning ON/OFF the switches SW1 through
SW4. In other words, the switch control signal generator 7
generates signals that determine timings at which the respec-
tive switches are turned ON/OFF and determine periods dur-
ing which the switches are in an ON/OFF state. Each of the
switches SW1 through SW4 is made of a DMOS (Double
Diffused MOSFET) or a VMOS (V-groove MOSFET).

The adder 5 superposes the driving pulses for driving the
¢MUT 9 on the DC voltage boosted by the booster circuit 6.
The driving pulses are generated by the switch SW2.

The charge amplifier 8 has a function of performing imped-
ance conversion (conversion from a high impedance to a low
impedance), a function of detecting electric charges on the
surface of the electrodes in the cMUT 9, and a function of
amplification. The function of detecting the electric charges is
afunction of detecting the electric charges that changes on the
upper electrode in response to the vibrations of the membrane
corresponding to the intensity of the echo signals received in
the cMUT 9.

Next, the operations of the body-cavity-insertion diagnos-
tic ultrasound system 1 will be explained. First, the transmis-
sion of ultrasound beams is explained.

When transmitting ultrasound beams, the switch control
signal generator 7 turns on the switch SW3, and turns off the
switch SW4.

Next, voltage V,,, and voltage V . are input into the booster
circuit 6. Here, voltages V,,, and V-~ are explained. There is a
method of generating V. by transmitting the alternating-
current voltage V,, in the coaxial cable in the insertion tube
and providing a rectifier circuit in the booster circuit 6, and a
method of generating V,, by transmitting the DC voltage V..
in the coaxial cables and providing an oscillator circuit in the
booster circuit. In both methods, the voltages transmitted in
the coaxial cables are much smaller than the cMUT driving
voltage.

The booster circuit 6 generates a DC voltage V ;. that is
obtained by boosting the voltages V,, and V -, and outputs
this DC voltage V . to the switch SW1. In the present embodi-
ment, the booster circuit 6 outputs three steps of the DC
voltages V ;. (V 1., <V ;o<V ;) obtained on the basis of the
different levels of boosting.

The switch SW1 can perform switching of, for example,
three channels in the present embodiment. The switch SW1
switches these channels on the basis of the control signals of
the switch control signal generator 7, and outputs one of the
DC voltages V. (V4.1, Vieas Vaos) output from the booster
circuit 6.

Also, the switch control signal generator 7 generates pulses
used for driving the cMUT 9 on the basis of the cable trans-
mission signals transmitted from the control unit 2a of the
diagnostic ultrasound system 2. Then, the switch control sig-
nal generator 7 outputs these pulses to the switch SW2. The
switch SW2 performs the ON/OFF operations on the basis of
the pulses, and superposes the driving pulses on the DC
voltage V ;. via the switch SW3 and the adder 5.

The superposed driving signals are output to the cMUT 9.
Inthe cMUT 9, a high voltage is applied to a pair of electrodes
consisting of the upper electrode and the bottom electrode,
and thereby these electrodes attract each other, and when the
applied voltage becomes zero, the electrodes return to their
original positions. This vibration of the membrane generates
ultrasound, and the ultrasound is emitted in the upward direc-
tion of the upper electrode.
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Next, reception of ultrasound beams will be explained.
When receiving the ultrasound beams, the switch control
signal generator 7 turns off the switch SW3, and turns on the
switch SW4.

The ultrasound emitted from the cMUT 9 is reflected in
body cavities. Then, the reflected wave is received by the
c¢MUT 9. The cMUT 9 converts the received reflected wave
into electric signals. The reception signals converted into the
electric signals are transmitted to the diagnostic ultrasound
system 2 via the charge amplifier 8. The diagnostic ultrasound
system 2 forms diagnostic ultrasound images on the basis of
the reception signals.

Next, the booster circuit 6 will be explained by referring to
FIGS. 5 and 6.

FIG. 5 shows the principle of the booster circuit 6 accord-
ing to the present embodiment. The circuit shown in FIG. 5
includes a Schmidt Trigger inverter 11, capacitors C, and
C,,» diodes D, and D, and terminals 12 through 20. The
Schmidt Trigger inverter 11 includes a CMOSFET (Comple-
mentary Metal Oxide Semiconductor Field Effect Transistor)
21 (Q,) and a CMOSFET 22 (Q,).

Next, the operation principle of the circuit shown in FIG. §
will be explained. A rectangular wave V,, of 10V, is applied,
ata frequency of e.g., 7.5 MHz, to acommon gate connection
terminal 16 of Q, and Q, that perform the push-pull opera-
tions (Vo 1s also 10V).

When 10V is applied to the common gate connection tet-
minal16, Q, is ON and Q, is OFF. Then, the diode D, receives
the forward bias, and the voltages V=V ~--V, (V5 is the
forward voltage drop of the diode D, and V, is at most 0.7V)
is applied to the capacitor C,.

Meanwhile, the capacitor C_,, is charged, and the voltage
of V=V -2V is accumulated in the capacitor C_,. Also,
the diode D, receives the forward bias (the forward voltage
drop of the diode D, is also V5, and V, is at most 0.7V).

Next, when V,, =0, Q, becomes OFF, and Q, becomes ON,
and the diode D, receives the reverse bias; accordingly, a
voltage is supplied to the negative terminal of the capacitor
C,. Then, C,,, is charged via the diode D, receiving the
forward bias. In other words, as a result of the positive termi-
nal of the capacitor C, being boosted, a voltage higher than
the supplied voltage V . can be obtained.

When the capacitance of the capacitor C_,, is smaller than
the capacitance of the capacitor C,, the equation V=V ., +
V=2 (V,--V)issatisfied (where V_,,,, is the forward volt-
age drop of). When V.>>V,, V_,, nearly equals 2V, , and
the circuit shown in FIG. 5 operates as a voltage-doubler
booster circuit.

As described above, it is desirable to make the capacitance
of the capacitor C, larger than the capacitance of the capacitor
C,.. Accordingly, a high dielectric capacitor is used as the
capacitor C,. This high dielectric capacitor consists of a fer-
roelectric thin film. The ferroelectric substance is a substance
that has electric polarization even when an electric field is not
applied from the external environment, and in this substance
this polarization (spontaneous polarization) can be inverted
by an electric field applied from the external environment.

A typical example of a ferroelectric substance is a crystal
having a perovskite structure. When the alternating voltage is
applied to ferroelectric substances, the polarization repre-
sents the hysteresis curve. SrBiy(Nb,_ Ta ),0, is a ferroelec-
tric substance. This SrBi, (Nb,_ Ta ),0O; is a highly durable
ferroelectric material, and has a bismuth layer structure.

Also, the ferroelectric substance may be formed of a solid
solution thin film consisting of one or both of BaTiO; and
SrTiO,. Also, the high dielectric substance may be formed of
a dielectric thin film that does not contain heavy metals, and
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the dielectric thin film can be formed of high dielectric mate-
rials such as ZnQ, AIN, Ta,Qs, or the like. These dielectric
materials are environmentally friendly because they do not
contain heavy metals.

FIG. 6 shows the concept of the configuration of the
booster circuit 6 according to the present embodiment. The
booster circuit 6 includes N (N is a positive integer) number of
circuits 10 shown in FIG. 5 in a cascade connection. When N
number of circuits 10 are in a cascade connection, the voltage
V.0 output from the Nth circuit can be expressed by the
equation below. Accordingly, by changing the number of
circuits 10 to be in a cascade connection, the level of voltage
boosting can be controlled.

Vour N+1)(Vec=Vp)

WhenV.>>V,

V. nearly equals (N+1) V.

In FIG. 6, the switch SW1 has three channels (SWla,
SW1b, and SWlc). When SW1a=ON, SW15=OFF, and
SW1c=0FF, the six circuits 10 are in a cascade connection,
and accordingly the equation V_,=7 (Vo~Vp) (when
Veer>Vp, V,,, nearly equals 7V.) is satisfied. When
SW14=0FF, SW15=0N, and SW1c=0FF, twelve circuits 10
are in a cascade connection, and accordingly the equation
V=13 (Vec=Vp) (when Vo >>V,, V. nearly equals
13V ) is satisfied. When SW1a=OFF, SW15=0OFF, and
SW1¢c=0N, eighteen circuits 10 are in a cascade connection,
and accordingly the equation V,,=19 (Voe=Vp) (When
Vo>V, V,,, nearly equals 19V ) is satisfied.

As described above, by using a booster circuit, the input
voltage V. can be boosted to about (N+1) times the value
that would be obtained without a booster circuit. Further, it
becomes possible to generate a DC high voltage from a low
voltage.

When ultrasound beams are transmitted, the switch
SW3=0ON, and the switch SW4=OFF. Then, by using the
switch SW2, the RF high-voltage driving signal is superposed
on the boosted DC high voltage, and the superposition signal
is applied to the bottom electrode in the cMUT. The RF
high-voltage driving signal is obtained by branching the DC
high-voltage signal and by turning on and off the switch SW2
with respect to the branched signals at a high speed. Then, by
performing the additional superposition on the RF high-volt-
age driving signal and the DC high voltage by using the adder
5, the superposition signal to be applied to the cMUT 9 is
obtained. Additionally, the frequency of the ultrasound to be
transmitted from the cMUT is determined by the ON/OFF
frequency of SW2.

The cMUT 9 to which the high-voltage superposition sig-
nal is applied emits ultrasound from its membrane surface
that is provided on the upper electrode. The emitted ultra-
sound is reflected from the living-body tissue, and the reflec-
tion wave is received by the cMUT 9.

When ultrasound beams are received, switch SW3=0OFF
and switch SW4=ON. The cMUT 9 converts the reflection
ultrasonic wave into electric signals. The reception signals
that have been converted into electric signals are sent to the
diagnostic ultrasound system 2 via the charge amplifier 8. The
diagnostic ultrasound system 2 forms diagnostic ultrasound
images on the basis of the reception signals.

By using the booster circuit 6, only a low-voltage signal is
transmitted through the cables, and thereby it becomes pos-
sible to efficiently generate high-voltage pulses on which the
DC bias voltage for driving the ultrasonic transducer is supet-
posed in the probe. Also, it becomes possible to avoid the
effect of noise caused by the cables.
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FIG. 7 is a timing chart showing the operations of the
switches (SW) and driving voltage signals for transmitting
ultrasound. FIG. 7 will be explained with reference to F1G. 4.
FIG. 7 shows an ultrasound transmission period 30 and an
echo signal reception period 31. A period that consists of the
ultrasound transmission period 30 and the echo signal recep-
tion period 31 is repeated. T (=1 through 4) represents the
transmission period.

When the timing T=1, SW3 becomes ON. Then, SW4 is in
an OFF state. Then, SW1 becomes ON (strictly, one of SWla,
SWIb, and SWlc becomes ON). Then, the V,,, and V. are
input into the booster circuit 6, and the DC voltage V ;. that is
at a high-voltage level is output from the booster circuit 6.

When the timing T=2, SW2 becomes ON. Then, the ON
voltage V ;. of SW2 is further additionally superposed on the
DC voltage V., and is applied to the cMUT 9.

When the timing T=3, SW2 becomes OFF. Then, the ON
voltage V. of SW2 is blocked, and accordingly the voltage
applied to the cMUT 9is V..

T=4 and T=5 are respectively repeats of the operations of
T=1 and T=2.

As described above, variations are caused between 2V,
and V,_at a high speed. In other words, a high voltage super-
position driving signal voltage V ,, whose amplitude is V
and whose DC bias voltage is 1.5V ;. 1s generated, and this is
applied to the cMUT 9, and the cMUT 9 emits ultrasound.

T=5 through T=16 are the echo signal reception periods.
Numeral 34 denotes the waveform of the echo reception
signal, and the cycle thereof is approximately equal to the
cycle of turning ON and OFF SW2. During the echo signal
reception periods, SW3 is in an OFF state, SW4 is in an ON
state, and the cMUT 9 receives the ultrasound reflected by the
living-body tissue. The ultrasound received by the cMUT 9 is
converted into electric signals, and is output to the diagnostic
ultrasound system 2 via the SW4 and the charge amplifier 8.

The above explanation is about one element of the cMUT;
however, the scope of the present invention is not limited to
this explanation. For example, even in the case of one-dimen-
sionally or two-dimensionally arranged array of elements, a
number of control channels corresponding to the number of
the elements can be configured. Also, by providing a phase
difference for each control channel for controlling the timing
of the driving of the SW arranged on each control channel, it
becomes possible for the transmission beam to be formed.
Further, by performing the reception beam forming process
on the output from the plurality of the charge amplifiers 8, a
linear scan or a sector scan can be performed accurately.

Next, the configuration in which the cMUT according to
the present embodiment and the driving control circuit
formed in a monolithic manner are integrated will be
explained.

FIG. 8 shows an example of a plan view of the cMUT 9
according to the present embodiment. In FIG. 8, a plurality of
c¢MUT elements 41 are arranged in a parallel connection on a
cMUT chip 40. A plurality of bottom electrodes 42 are
formed on each of the cMUT elements 41. The portion
expressed as the bottom electrodes 42 corresponds to the
c¢MUT cells. When the membranes of the respective cMUT
cells vibrate, ultrasound is emitted.

The respective bottom electrodes 42 are connected to one
another via a interconnections 43. On the upper portion of the
c¢MUT chip 40, a wire 44 for supplying DC is arranged, and is
connected to the bottom electrodes 42 arranged on the end of
the respective cMUT elements 41.

In FIG. 8, on a region between the wire 44 and the cMUT
elements 41, MOSFET (Metal Oxide Semiconductor Field
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Effect Transistor) switches 45 (45a, 456, and 45¢) and a
charge amplifier 51 are provided.

The drain region of the MOSFET switch 454 and the wire
44 are connected to each other via a wire 52. The source
region of the MOSFET switch 45a and the drain region of the
MOSFET switch 456 are connected to each other. The source
region of the MOSFET switch 455 and the bottom electrode
42 are connected to each other via a wire 54. The drain region
of the MOSFET switch 45¢, the wire 44, and the bottom
electrode 42 are connected to one another via a wire 55. The
source region of the MOSFET switch 45¢ and a charge ampli-
fier 51 are connected to each other via a wire 56. Electrode
pads 50 (504, 505, and 50¢) for inputting Gate signal are
provided on the respective MOSFET switches 45 (45a, 456,
and 45¢).

The MOSFET switches 45a, 45b, and 45¢ respectively
correspond to the switches SW2, SW3, and SW4 shown in
FIG. 4. In FIG. 8, the adder 5 that is shown in FIG, 4 is
omitted.

The region on the left side of FIG. 8 (a booster circuit
region 60) corresponds to the booster circuit 6 shown in FIG.
4. The booster circuit 60 consists of a capacitor region 61
(corresponding to the capacitor C,,, shown in FIG. 5), an
switching region 62 for switching output voltage (corre-
sponding to the switch SW1 shown in FIG. 4), an upper
electrode 63 on a high-capacitance capacitor (corresponding
to the capacitor C, showninFI1G. 5), ahigh dielectric thin film
64 (corresponding to the capacitor C, shown in FIG. 5), an
electrode pad 65 for inputting a signal (corresponding to the
electrode pad to which V,, shown in FIG. 5 is input), and a
Schmidt Trigger inverter circuit+diode region 66 (corre-
sponding to the Schmidt Trigger inverter 11 and the diodes D,
and D,).

FIG. 9 shows an example of a sectional view of the booster
circuit region according to the present embodiment. FIG. 9
shows a view that corresponds to a sectional view of the
booster circuit region 60 shown in FIG. 8. The booster circuit
region shown in FIG. 9 has the same functions as that in FIG.
8 although the arrangement is partially changed from the
arrangement in FIG. 8 for the purpose of explanation.

In FIG. 9, the booster circuit region consists of a silicon
substrate 71, a surface oxide film 72, bottom electrodes 73
and 74, high dielectric materials 75 and 76, upper electrodes
77 and 78, a CMOS converter circuit (CMOS FET+diode) 79,
a ground wire 80, diffusion-regions-for-ohmic-contact 81
and 88, a MOSFET source region 82, a MOSFET drain region
83, a MOSFET channel region 84, a MOSFET gate wire 85,
a diode-p-diffusion region 86, an n-diffusion region 87, and a
diode region 89. Hereinafter, this configuration is explained.

FIG. 9 includes the silicon substrate 71 having thereon
large capacitance thin film capacitors (or high dielectric con-
stant materials 75 and 76, 75 and 76 respectively correspond
to the capacitors C, and C,,, in FIG. 5) and the surface oxide
film 72, the bottom electrodes 73 and 74, and the upper
electrodes 77 and 78.

The Schmidt Trigger inverter 79 (corresponding to the
Schmidt Trigger inverter 11 in FIG. 5) that constitutes the
voltage-doubler booster circuit and the diode region 89 (cor-
responding to the diodes D, and D, shown in FIG. 5) are
formed on the silicon substrate 71.

In the Schmidt Trigger inverter 79, two MOSFETs (corre-
sponding to the CMOSFET 21 (Q,) and the CMOSFET
22(Q,) in FIG. 5) each consisting of the source region 82, the
drain region 83, and the channel region 84 are complementa-
rily connected to each other as shown in FIG. 5 (in FIG. 9,
CMOSFET 21 (Q,) of the above two MOSFETs is omitted).
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The channel region 84 corresponding to the CMOSFET 22
(Q,) is connected in such a manner that the source side has the
same potential via the diffusion-region 81 of the silicon sub-
strate 71. The upper electrode 78 of one capacitor is con-
nected to the silicon substrate 71 via the diffusion-region 88
in such a manner that the upper electrode 78 has the same
potential.

When the silicon substrate 71 is grounded, the ground wire
80 and the upper electrode 78 are also grounded. V, shown in
FIG. § is input into the MOSFET gate wire 85. Further, when
the upper electrode 78 is not a voltage-doubler booster circuit
of the final stage, the upper electrode 78 is connected to the
output unit of the Schmidt Trigger inverter of the next stage as
shown in FIG. 6, so that it will not cause the upper electrode
78 to have the same potential as that of the silicon substrate
71.

FIG. 10 shows an example of a plan view of the booster
circuit region according to the present embodiment. FIG. 10
is an enlarged view showing a region 67 enclosed by a dashed
line in FIG. 8. On a silicon substrate 101, a plurality of
ferroelectric thin film capacitors (FECs) 102 are formed.
Also, onthe FEC 102, a p+ diffusion region 134 is formed. On
this p+ diffusion region 134, a plurality of n diffusion regions
130 are formed. On each of the n diffusion regions 130, a
CMOS inverter 110 and a pn junction diode 124 are formed.
Hereinafter, the FEC 102, the CMOS inverter 110, and the pn
junction diode 124 will be explained by referring to FIGS. 11
through 13.

FIG. 11 shows a sectional view (on the plane Aa-Ab) of the
FEC 102. This FEC 102 is formed by forming an insulation
film (surface oxide film) 103 on the upper surface of the
silicon substrate 101, and by forming a bottom electrode 105,
a ferroelectric thin film 106, and an upper electrode 104 on the
upper surface of the insulation film. For the bottom electrode
105, a Pt or Au thin film with Ti and Cr formed as a buffer
layer is used.

FIG. 12 shows a sectional view (on the plane Ba-Bb) of the
CMOS inverter 110. The configuration of the CMOS inverter
1101s explained as below. On the silicon substrate 101, the p+
diffusion region 134 is formed, and the n diffusion region 130
is also formed. On the n diffusion region 130, a p-well diffu-
sion region 111 is formed, and on the p-well diffusion region
111, n+ diffusion regions 113 (113a and 1135) are formed.
Also, on the n diffusion region 130, p+ diffusion regions 115
(115a and 1154) are formed.

The CMOS inverter 110 consists of a p-channel MOSFET
(p-MOS) (corresponding to Q, in FIG. 5) and an n-channel
MOSFET (n-MOS) (corresponding to Q, in FIG. 5). Because
an n-MOS is formed in an n-type substrate, an n-type sub-
strate is formed on a p-type region (p well), and an n-MOS
(Q,) 1s formed. In this case, in order to avoid the parasitic
MOSFET, n+ regions are provided below a lower side 148a of
asource electrode 140 of the n-MOS and a lower side 1485 of
abridge electrode serving as an output electrode. Similarly, in
the p-MOS (Q, ), in order to avoid the parasitic MOSFET, n+
regions are provided below the lower side 1484 of the source
electrode 120 and the lower side 148¢ of a bridge electrode
serving as an output electrode.

On the upper surface of the n diffusion region 130, insula-
tion films 142 are formed; however, the upper surfaces of the
n+ diffusion region 113 (113a and 1135) and the p+ diffusion
regions 115 (115a¢ and 1155) are not covered by the insulation
films 142.

On the upper surface of the n+ diffusion regions 113a that
are not covered by the insulation films 142, an electrode 140
is formed. The upper surface of the n+ diffusion region 1135
that is not covered and the upper surface of the p+ diffusion
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region 1154 are electrically continuous with each other via a
bridge electrode 114. On the top surface of the p+ diffusion
region 1156 that is not covered, an electrode 143 is formed.
Also, gate electrodes 112 and 116 are formed on the insula-
tion films 142.

An electrode terminal 144 which supplies DC voltage to
the CMOS inverter is provided for the electrode 140. An input
terminal 145 of the CMOS inverter is provided for the gate
electrodes 112 and 116. An output terminal 146 of the CMOS
inverter is provided for the bridge electrodes 114. A ground
terminal 147 of the CMOS inverter is provided for the elec-
trode 143.

The output terminal 146 corresponds to terminal 16 shown
in FIG. 5. The electrode terminal 144 corresponds to terminal
12 shown in FIG. 5. The ground terminal 147 corresponds to
terminal 13 shown in F1G. 5.

FIG. 13 A shows a sectional view (on the plane Ca-Cb) of
the pn junction diode 124. FIG. 13B shows the configuration
of FIG. 13A in a simplified manner. The configuration of the
pn junction diode 124 is explained as below. On the silicon
substrate 101, the p+ diffusion region 134 is formed, and the
n diffusion region 130 is further formed. On the n diffusion
region 130, p diffusion regions 120 and 122 and n+ diffusion
regions 121 and 123 are formed. Also, p+ isolation regions
154 and 156 are formed on a part of the n diffusion region 130
and of the p+ diffusion region 134. The upper surfaces of the
p diffusion regions 120 and 122 and of the n+ diffusion
regions 121 and 123 are not covered by insulation films 150.

On the upper surface of the p diffusion region 120 that is
not covered, an electrode 151 is formed. The upper surface of
the n+ diffusion region 121 that is not covered and the upper
surface of the p+ diffusion region 122 are electrically con-
tinuous via a bridge electrode 152. On the top surface of the
n+ diffusion region 123 that is not covered, an electrode 153
is formed.

An input terminal 157 1s provided for the electrode 151. A
common terminal 158 is provided for the bridge electrode
152. An output terminal 159 is provided for the electrode 153.

As shown in FIG. 13B, the input terminal 157 corresponds
to the terminal 17 shown in FIG. 5. The common terminal 158
corresponds to the terminal 19 shown in FIG. 5. The output
terminal 159 corresponds to the terminal 18 shown in FIG. 5.

FIG. 10 is again referred to. The upper electrode 104 of the
FEC 102 and the bridge electrode 152 of the pn junction diode
124 are electrically continuous via an upper electrode wire
125 of the FEC 102. The n+ diffusion region 123 of the pn
Junction diode 124 is electrically continuous with the p dif-
fusion region 120 of the pn junction diode 124 of the next
stage via a connection wire 132.

The bridge electrode 114 and the gate electrodes 112 and
116 of the CMOS inverter 110 are electrically continuous
with the bottom electrode 105 via wires 118 and 133. The
electrode terminal 144 and a wire 135 which supplies DC
voltage to the electrode terminal 144 are connected to each
other. A ground terminal 147 of the CMOS inverter 110 and a
ground wire 131 are connected to each other.

Hereinafter, a case will be explained by referring to FIGS.
14 through 17 in which a group of cMUT units consisting of
a plurality of integrated cMUT elements are arranged in a
cylindrical shape. The configuration shown in FIGS. 14
through 17 is only one example of the arrangement, and is not
intended to limit the scope of the present invention.

FIG. 14 is a top view of the group of cMUT units arranged
in a cylindrical shape. FIG. 15 is a side view of the group of
¢MUT units arranged in a cylindrical shape. Each cMUT umt
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161 consists of a plurality (for example, forty-eight) of the
c¢MUT elements. Each element consists of a plurality of the
c¢MUT cells.

The ¢cMUT units 161 are provided on through-hole flexible
printed circuit boards (through-hole FPCs) 162. On the bot-
tom surfaces of the through-hole FPCs 162, control circuit
units 163 respectively corresponding to the cMUT units 161
are provided. On the through-hole FPCs 162, through holes
are made so that the electrodes of the respective elements are
connected to the terminal pads for inputting/outputting sig-
nals of the control circuit units 163.

When the cMUT units are produced, first, cMUT array
units that are in a planar configuration are produced by using
the MEMS technique. Next, the cMUT array units and the
control circuit unit integration circuits are jointed. Next, the
dicing is performed on the cMUT array units and the control
circuit unit integration circuits in order to divide them into
units. Thereafter, the structure that has undergone the dicing
process is rounded into a cylindrical shape.

FIG. 16 is an enlarged view showing the cMUT unit 161.
The cMUT unit 161 consists of a plurality of cMUT elements
171 provided on a flexible printed circuit board (FPC) 172.

FIG. 17 is an enlarged view showing the cMUT element
171. The cMUT element 171 consists of a plurality of trans-
ducer cells 180. An electrode 181 is provided for each of the
transducer cells 180. The electrodes 181 are connected to the
booster circuit.

As described above, in the cMUT according to the present
embodiment, a DC high-voltage unit including an input ter-
minal for inputting an alternating-current low voltage, a
CMOS inverter circuit, a thin film capacitor, a diode, an
output terminal for outputting a DC high-voltage signal, and
the like can be formed on one and the same semiconductor
substrate. As a result of this, it becomes possible to reduce the
size of ultrasonic transducers. Further, it also becomes pos-
sible to form an adder, a charge amplifier, a semiconductor
switch, a semiconductor switch control unit, and the like on
this semiconductor body, and accordingly it becomes pos-
sible to further reduce the size.

In the present embodiment, a case has been explained in
which a high-voltage generation unit is formed in a cMUT
mounted in a body-cavity-insertion diagnostic ultrasound
system. However, the scope of the present invention is not
limited to this explanation, and it is possible to incorporate the
unit into a device such as an ultrasound catheter, an ultra-
sound capsule endoscope or the like.

Due to the present invention, it becomes possible to reduce
the size of capacitive ultrasonic transducer devices that have
a DC high-voltage generation unit.

What is claimed is:

1. A capacitive micromachined ultrasonic transducer
(¢cMUT) device, comprising:

acMUT formed on a semiconductor substrate;

a DC high-voltage generation unit that is provided on the
semiconductor substrate and that is for generating a DC
high-voltage signal to be superposed on a driving signal
for the a cMUT, the DC high-voltage signal having a
voltage for energizing the cMUT;

a driving signal generation unit that is provided on the
semiconductor substrate and that is for generating the
driving signal; and

a superposition unit that is provided on the semiconductor
substrate and that is for branching the DC high-voltage
signal output from the DC high-voltage generation unit
and for superposing one of the branched DC high-volt-
age signals on the other of the branched DC high-voltage
signals via the driving signal generation unit.
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2. The cMUT device according to claim 1, wherein: the DC
high-voltage generation unit comprises:

an input terminal to which a pre-boosted alternating cur-
rent signal for generating the DC high-voltage signal is
input;

a CMOS inverter circuit for performing ON/OFF opera-
tions on the basis of the low-voltage alternating-current
signal input by the input terminal;

a film capacitor that is charged on the basis of the ON/OFF
operations performed by the CMOS inverter circuit;

a diode; and

an output terminal from which a DC high-voltage signal
obtained by the thin film capacitor is output.

3. The cMUT device according to claim 2, wherein: the
film capacitor is a film capacitor that uses a high dielectric
constant material.

4. The cMUT device according to claim 3, wherein: the
high dielectric material includes a ferroelectric film.

5. The cMUT device according to claim 4, wherein: the
ferroelectric film includes a solid solution film containing, as
a material, at least one of BaTiO, and SrTiO,.

6. The cMUT device according to claim 3, wherein: the
high dielectric constant material includes a dielectric film that
does not contain heavy metal.

7. The ¢cMUT device according to claim 2, wherein: if a
group consists of the input terminal, the CMOS inverter cir-
cuit, the film capacitor, the diode, and the output terminal, the
DC high-voltage generation unit is configured of a multi-
stage connection including a plurality of the groups.

8. The cMUT device according to claim 2, wherein: the
CMOS inverter circuit is configured of a double diffused
MOSFET (DMOSFET).

9. The cMUT device according to claim 2, wherein: the
CMOS inverter circuit is configured of a V-groove MOSFET
(VMOSFET).

10. The cMUT device according to claim 1, wherein: the
c¢MUT device further comprises:

a charge amplifier provided on the semiconductor sub-

strate;

a semiconductor switch that is provided on the semicon-
ductor substrate and that is for turning ON/OFF electri-
cal continuity between the charge amplifier and the
cMUT.

11. The cMUT device according to claim 1, wherein: the
driving signal generation unit is configured of a first semicon-
ductor switch, and the first semiconductor switch has an input
terminal into which the DC high voltage signal is input, an
output terminal from which the DC high voltage signal is
output, and a gate into which a signal used for switching a
continuation state in the input terminal and the output termi-
nal is input.

12. The cMUT device according to claim 11, wherein: the
c¢MUT device further comprises: a second semiconductor
switch that enters an ON state when ultrasound is generated
by the cMUT is provided on the semiconductor substrate, and
is connected in series with the first semiconductor switch.

13. The ¢cMUT device according to claim 1, wherein: the
cMUT further comprises:

a first switching umt switching output levels of the DC
high-voltage signal output from the DC high-voltage
generation unit;

a driving signal generation unit that is provided on the
semiconductor substrate and that is for generating the
driving signal,

a superposition unit that is provided on the semiconductor
substrate and that is for superposing the driving signal on
the DC high-voltage signal,
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a second switching unit that is provided on the semicon-
ductor substrate and that controls the driving signal or
the DC high-voltage signal being input into the super-
position unit; and

athird switching unit that is provided on the semiconductor
substrate and that controls an ultrasonic reception signal
being converted into an electric signal by the cMUT and
the converted electric signal being output to an external
environment.

14. The cMUT device according to claim 13, wherein: the
c¢MUT further comprises: a switching control unit controlling
operations of the first switching unit, the driving signal gen-
eration unit, the second switching unit, and the third switch-
ing unit.

15. The cMUT device according to claim 1, wherein: the
c¢MUT is configured on a surface of the semiconductor sub-
strate or in the semiconductor substrate.

16. A ¢cMUT array device, wherein: the cMUT according to
claim 1 is a capacitive transducer element; and

if a group consists of the capacitive transducer element, the
DC high-voltage generation unit, a charge amplifier, the
driving signal generation unit, a first semiconductor
switch that enters an ON state when ultrasound is gen-
erated by the cMUT, and a second semiconductor switch
that enters an ON state when ultrasound is received by
the cMUT, a plurality of the groups are provided on the
semiconductor substrate.

17. An ultrasound endoscope scope, comprising: the

c¢MUT array device according to claim 16.

18. A body-cavity-insertion-diagnostic ultrasound system,
comprising: the cMUT array device according to claim 16.

19. An ultrasound catheter, comprising: the cMUT array
device according to claim 16.

20. An ultrasound capsule endoscope, comprising: the
c¢MUT array device according to claim 16.
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21. A method of controlling cMUT device comprising:

a cMUT formed on a semiconductor substrate;

a DC high-voltage generation unit that is provided on the
semiconductor substrate and that is for generating a DC
high-voltage signal to be superposed on a driving signal
for the cMUT, the DC high-voltage signal having a
voltage for energizing the cMUT;

a first switching unit switching output levels of the DC
high-voltage signal output from the DC high-voltage
generation unit;

a driving signal generation unit that is provided on the
semiconductor substrate and that is for generating the
driving signal;

a superposition unit that is provided on the semiconductor
substrate and that is for superposing the driving signal on
the DC high-voltage signal;

a second switching unit that is provided on the semicon-
ductor substrate and that controls the driving signal or
the DC high-voltage signal being input into the super-
position unit; and

athird switching unit that is provided on the semiconductor
substrate and that controls an ultrasonic reception signal
being converted into an electric signal by the cMUT and
the converted electric signal being output to an external
environment, wherein:

if ultrasound is to be transmitted from the cMUT device,
the first switching unit is driven, and the output level of
the DC high-voltage signal is set;

the driving signal generation unit is driven and the driving
signal is generated,

the second switching unit is driven so that the driving signal
and the DC high-voltage signal are input into the supet-
position unit; and

the third switching unit is caused to be in an OFF state.

I S I
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