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ULTRASONIC IMAGING DEVICE

TECHNICAL FIELD

[0001] The present invention relates to a capacitive micro-
machined ultrasonic transducer and an ultrasonic imaging
device, and in particular, to a method for driving an ultrasonic
probe using a capacitive micro-machined ultrasonic trans-
ducer.

BACKGROUND ART

[0002] Many ultrasonic transducers currently used in ultra-
sonic probes utilize the piezoelectric effect and inverse piezo-
electric, effect of piezoelectric ceramics, for example, PZT
(lead zirconate titanate), for ultrasonic transmission and
reception. To implement a more efficient transducer array
with a wider frequency band which replaces these piezoelec-
tric transducers, capacitive micro-machined ultrasonic trans-
ducers (cMUTs; hereinafter simply referred to as cMUTs)
have been developed; the capacitive micro-machined ultra-
sonic transducers are manufactured using a microfabrication
technology intended for silicon surfaces and bulks and based
on a standard silicon processing technology.

[0003] In the cMUT, a diaphragm peripherally fixed by a
supporting post in a very small area that is normally of the
order of microns is produced using a material containing, for
example, silicon and used for semiconductor processes. Elec-
trodes are provided on the diaphragm and inside a substrate or
on the surface of the substrate. Appropriate voltages are
applied to both electrodes. Then, the cMUT operates as an
electroacoustic transducer.

[0004] Patent Document 1: WO 01/097562
DISCLOSURE OF THE INVENTION
Problems to be Solved by the Invention

[0005] The c¢MUT in principle exhibits a nonlinear

response to a driving voltage. Thus, controlling the waveform
of the driving voltage so as to obtain the desired response is
more difficult for the cMUT than for conventional probes.
[0006] The sensitivity of the transducer is determined by
multiplying transmission sensitivity by reception sensitivity.
Thus, it is ideal to obtain higher transmission power and a
high reception sensitivity at which lower sound pressure can
be transduced into electricity. In the cMUT, a cavity is formed
between the upper and lower electrodes so that the diaphragm
can be vibrated in the cavity. Thus, to obtain higher transmis-
sion power through transduction, a larger cavity may be
formed such that the diaphragm can be vibrated at a larger
amplitude. However, the larger cavity results in a tradeoff
relationship, that is, this configuration correspondingly
increases the required voltage, while reducing the reception
sensitivity. Thus, to improve sensitivity, it is important to
more effectively vibrate the diaphragm in a limited cavity.
[0007] To be most strongly vibrated in a limited cavity, the
diaphragm may be moved between the opposite ends of the
cavity (between a lower surface and the position of the dia-
phragm maintained while no voltage is applied). However,
the cMUT responds nonlinearly because ofits operating prin-
ciple, preventing the input driving voltage waveform from
being directly reflected in the response from the diaphragm.
Hence, the driving voltage needs to be controlled with the
nonlinearity of the cMUT taken into account.
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[0008] A method for controlling the nonlinear response
from the cMUT is to pre-distort an input waveform (see, for
example, Patent Document 1). However, a challenge is what
input is to be provided in order to improve the transmission
power or how to efficiently vibrate the cavity while realizing
the desired waveform if the amplitude of the waveform varies
temporally, for example, if a wave number increases. Thus, an
object of the present invention is to provide a method of
efficiently vibrating the diaphragm in a limited cavity by
controlling an applied voltage waveform used to drive the
¢MUT, to accomplish both adjustment of the waveform and
improvement of the transmission power.

Means for Solving the Problems

[0009] In the amplitude of the applied voltage waveform
used to drive the cMUT, the ratio of amplitude of positive and
negative is varied according to voltage or time.

[0010] When a voltage applied to between the electrodes is
defined as V(t)=V .V, (1)(V . bias direct voltage, V_(1):
alternating voltage, t: time) and the cavity between the elec-
trodes is defined as d(t), an electro static force applied to the
diaphragm in the capacitive transducer is proportional to
(VD). In this case, if V, is fixed, since (V(t)/d(t))*=
(V. 242V .V, (0+V, (0)*)/d(t)? aforce relating to a tempo-
ral variation corresponds to the second and subsequent terms,
thatis, (2V,.V,.(0)+V,.()*Vd(t)*. When V,, (t) is lower than
V ;. to some degree, the force is proportional to V() and is
inversely proportional to d(t)*. Thus, an increase in V,,(t) and
thus in V(t) causes the diaphragm to be moved to reduce the
inter-electrode distance d(t). Hence, the electro static force
applied to between the electrodes is not simply proportional
to V(1) but increases in inverse proportion to d(t)*. On the
other hand, a decrease in V_(t) and thus in V(t) reduces the
amount by which the electro static force increases in propor-
tion to V(). Thus, input of a symmetrical positive and
negative waveform varies the force applied to the diaphragm
between a direction in which the inter-electrode distance
decreases and a direction in which the inter-electrode distance
increases. Even if a voltage can be applied which is sufficient
to displace the diaphragm to the vicinity of the lower elec-
trode surface, the diaphragm cannot be sufficiently moved if
the diaphragm vibrates in the opposite direction. In this case,
a cavity in which the diaphragm can be vibrated may remain
unused.

[0011] Thus, according to the present invention, the alter-
nating voltage applied to between the electrodes is asymmet-
ric in the direction in which the diaphragm vibrates. Further-
more, the asymmetry is temporally varied according to the
voltage. The present invention thus improves the transmis-
sion power while obtaining the desired waveform.

[0012] By way of example, the present invention provides
an ultrasonic imaging device including a cell array with a
plurality of cells each including a first electrode, a first mem-
ber covering the first electrode, a second electrode installed
opposite the first electrode, a second member covering the
second electrode, and a wall member connecting the first
member and the second member together; and a voltage con-
troller unit configured to control a voltage applied to between
the first electrode and the second electrode, wherein the volt-
age controller unit includes a direct voltage application sec-
tion configured to apply a direct voltage to between the first
electrode and the second electrode, an alternating voltage
application section configured to apply an alternating voltage
to between the first electrode and the second electrode, and a
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waveform controller unit configured to temporally vary an
amplitude ratio of the alternating voltage based on voltage
values of the alternating voltage and the direct voltage.

Advantages of the Invention

[0013] The present invention allows the transmitted sound
pressure to be efficiently radiated while enabling the wave-
form to be adjusted, thus improving the transmission power of
the capacitive ultrasonic transducer and the sensitivity of the
probe.

BRIEF DESCRIPTION OF THE DRAWINGS

[0014] FIG. 1 is a vertical section view showing an ultra-
sonic transducer.

[0015] FIG. 2 is an oblique perspective view of an ultra-
sonic transducer array and a diagram showing a probe.
[0016] FIG. 3 is a diagram showing an example of the
system configuration of an ultrasonic imaging device.
[0017] FIG. 4 is a diagram showing a response from a
c¢MUT obtained using a driving waveform (wave number: 1).
[0018] FIG. 5 is a diagram showing a response from the
c¢MUT obtained using a multiwave driving waveform with a
temporally varying amplitude.

[0019] FIG. 6 is a diagram showing a transmission sensi-
tivity band.
[0020] FIG. 7isa diagram showing an input voltage with a

symmetrical positive and negative waveform, displacement
of a diaphragm, and a transmitted sound pressure waveform.
[0021] FIG. 8isadiagram showing an input voltage with an
asymmetrical positive and negative waveform (ratio of ampli-
tude of positive and negative b/a=2, 3; variable), displace-
ment of the diaphragm, and the transmitted sound pressure
waveform.

[0022] FIG.9isadiagram showing the frequency spectra of
transmitted sound pressures resulting from a symmetric
waveform input and an input with a variable ratio of ampli-
tude of positive and negative.

[0023] FIG. 10 is a diagram showing transmission power
with respect to a driving voltage.

[0024] FIG. 11 is a diagram showing a waveform with a
Gaussian envelope superimposed thereon.

[0025] FIG. 12 is a power spectrum of the waveform with
the Gaussian envelope superimposed thereon.

DESCRIPTION OF SYMBOLS

[0026] 1 Substrate

[0027] 2 Fixed electrode

[0028] 3 Movable electrode

[0029] 4 Insulating film

[0030] 5 Insulating film

[0031] 6 Diaphragm layer

[0032] 7 Cavity

[0033] 8 Supporting wall

[0034] 13 Wire

[0035] 20 Direct voltage power supply

[0036] 21 Digital-to-analog converter (D/A converter)
[0037] 22 Analog-to-digital converter (A/D converter)
[0038] 23 Voltage limiter

[0039] 31 Transmission-reception switch

[0040] 32 Power supply

[0041] 33 Transmission amplifier

[0042] 34 Reception amplifier

[0043] 35 Transmission beam former
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[0044] 36 Reception beam former

[0045] 37 Controller unit

[0046] 38 Signal processor

[0047] 39 Scan converter

[0048] 41 Symmetrical positive and negative input wave-
form

[0049] 42 Transmission waveform resulting from sym-

metrical positive and negative waveform input

[0050] 43 Asymmetrical positive and negative input wave-
form
[0051] 44 Transmission waveform resulting from asym-

metrical positive and negative input

[0052] 50 Positive envelope waveform

[0053] 51 Negative envelope waveform

[0054] 52 Carrier waveform

[0055] 53 Positive envelope waveform

[0056] 54 Negative envelope waveform

[0057] 55 Carrier waveform

[0058] 60 Display

[0059] 61 Transmission gain

[0060] 70 Symmetrical positive and negative waveform,

driving voltage

[0061] 71 Diaphragm displacement resulting from input of
symmetrical positive and negative waveform

[0062] 72 Transmission waveform resulting from input of
symmetrical positive and negative waveform

[0063] 80 Asymmetrical positive and negative waveform,
driving voltage, ratio of amplitude of positive and negative
fixed 10 2

[0064] 81 Asymmetrical positive and negative waveform,
driving voltage, ratio of amplitude of positive and negative
fixed to 3

[0065] 82 Diaphragm displacement resulting from input of
asymmetrical positive and negative waveform, ratio of
amplitude of positive and negative fixed to 2

[0066] 83 Diaphragm displacement resulting from input of
asymmetrical positive and negative waveform, ratio of
amplitude of positive and negative fixed to 3

[0067] 84 Transmission waveform resulting from input of
asymmetrical positive and negative, waveform, ratio of
amplitude of positive and negative fixed to 2

[0068] 85 Transmission waveform resulting from input of
asymmetrical positive and negative waveform, ratio of
amplitude of positive and negative fixed to 3

[0069] 90 Asymmetrical positive and negative waveform,
driving voltage, variable ratio of amplitude of positive and
negative (maximum amplitude ratio: 2)

[0070] 91 Asymmetrical positive and negative waveform,
driving voltage, variable ratio of amplitude of positive and
negative (maximum amplitude ratio: 3)

[0071] 92 Diaphragm displacement resulting from input of
asymmetrical positive and negative waveform, variable
ratio of amplitude of positive and negative (maximum
amplitude ratio: 2)

[0072] 93 Diaphragm displacement resulting from input of
asymmetrical positive and negative waveform, variable
ratio of amplitude of positive and negative (maximum
amplitude ratio: 3)

[0073] 94 Transmission waveform resulting from input of
asymmetrical positive and negative waveform, variable
ratio of amplitude of positive and negative (maximum
amplitude ratio: 2)
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[0074] 95 Transmission waveform resulting from input of
asymmetrical positive and negative waveform, variable
ratio of amplitude of positive and negative (maximum
amplitude ratio: 3)

[0075] 100 Ultrasonic transducer
[0076] 110 Carrier waveform
[0077] 111 Gaussian envelope
[0078] 210 Acoustic lens
[0079] 220 Matching layer
[0080] 230 Backing material
[0081] 240 Conductive membrane
[0082] 1000 Ultrasonic transducer array
[0083] 2000 Ultrasonic probe
BEST MODE FOR CARRYING OUT THE
INVENTION
[0084] An embodiment of the present invention will be

described below with reference to the drawings.

[0085] A transducer, a device configuration, and the like
according to the embodiment of the present invention will be
described. FIG. 1 is a vertical section view showing one
element in a cMUT that is a capacitive ultrasonic transducer.
The ultrasonic transducer (cMUT) cell 100 includes a flat
plate-like substrate 1 composed of an insulator such as silicon
single crystal or a semiconductor, a thin film-like fixed elec-
trode 2 formed on the substrate 1 and composed of a conduc-
tor such as aluminum, tungsten, or titanium, and a diaphragm
6 formed on the fixed electrode 2. The diaphragm 6 is fixed to
the substrate by a supporting wall 8 with its periphery extend-
ing upward from the substrate. A cavity 7 peripherally closed
by the supporting wall 8 is fanned between the diaphragm 6
and the substrate 1. A movable electrode 3 coated with an
insulating film 5 is located in the cavity 7 and is present inside
the diaphragm 6. When a voltage is applied to between the
fixed electrode 2 and the movable electrode 3, the movable
electrode 3 is displaced toward the substrate by an electro
static force. To prevent an electrical conduction of the fixed
electrode 2 and the movable electrode 3 caused by contact
between the two electrodes induced by an excessive displace-
ment of the movable electrode 3, it is preferable that an
insulating film 4 provided on the fixed electrode 2 or that the
movable electrode 3 be coated with the insulating film 5.
Owing to specification requirements, the cell shape varies
depending on design; the movable electrode 3 may stick out
from the diaphragm 6 or reach the supporting wall 8 or the
thickness of the diaphragm 6 is not uniform.

[0086] The diaphragm 6, the supporting wall 8, and the
movable electrode 3 coated with the insulating film 5 are
made of a material that can be processed by the semiconduc-
tor process technology. For example, the materials described
in U.S. Pat. No. 6,359,367 can be used. Examples of such
materials include silicon, sapphire, any forms of glass, poly-
mer (polyimide and the like), polycrystalline silicon, silicon
nitride, silicon oxynitride, a thin metal film (aluminum alloy,
copper alloy, or tungsten), spin-on-glass (SOG), an implant-
able dope material or a diffusion dope material, and a growth
film composed of silicon oxide or silicon nitride. The cavity 7
may be vacuum inside or may be filled with air or any gas. In
a steady state (non-operating state), the distance ((z) direc-
tion) between the movable electrode 3 and the substrate 1 is
mainly maintained by the rigidity of the diaphragm 6, the
supporting wall 8, and the movable electrode 3.

[0087] Theultrasonic transducer 100 operates as a variable
capacitor in which the fixed electrode 2 and the movable
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electrode 3 are arranged so as to sandwich the cavity 7 and the
insulating film 4 between fixed electrode 2 and the movable
electrode 3. When a force is applied to the movable electrode
3, which is then displaced in a (z) direction, the distance ((z)
direction) between the fixed electrode 2 and the movable
electrode 3 changes to change the capacitance of the capaci-
tor. The movable electrode 3 is coupled to the diaphragm 6.
Thus, the movable electrode 3 is displaced even when a force
is applied to the diaphragm 6. At this time, if charges are
accumulated in the fixed electrode 2 and the movable elec-
trode 3, not only the distance ((z) direction) between the fixed
electrode 2 and the movable electrode 3 changes to change the
capacitance of the capacitor, but also a voltage is generated
between the electrodes. When the force of ultrasonic waves or
the like which causes a certain dynamic displacement propa-
gates to the diaphragm 6 as described above, the displacement
is transduced into an electric signal. Furthermore, when an
electrical potential difference is applied to between the fixed
electrode 2 and the movable electrode 3, charges of different
signs are accumulated in each electrode. The resulting electro
static force causes the movable electrode 3 to move in the (z)
direction. At this time, the diaphragm 6 is simultaneously
displaced because the movable electrode 3 and the diaphragm
6 are coupled together. Thus, if an acoustic propagation
medium such as air, water, plastic, rubber, or a living body is
present above the diaphragm 6 ((z) direction), sound is radi-
ated. That is, the ultrasonic transducer 100 is an electroacous-
tic transduction element with a function to transduce an input
electric signal into an ultrasonic signal to radiate the ultra-
sonic signal to the medium located adjacent to the diaphragm
6 and to transduce the ultrasonic signal received from the
medium into an electric signal to output the electric signal.

[0088] FIG. 2 is an oblique perspective view showing an
ultrasonic transducer array 1000. The ultrasonic transducer
array 1000 forms a transmission and reception surface for an
ultrasonic probe 2000. The ultrasonic transducer array 1000
includes a substrate 1 on which a large number of cells are
formed; each of the cells corresponds to the above-described
fine (for example, a horizontal width: 50 um) ultrasonic trans-
ducer 100, and a predetermined number of ultrasonic trans-
ducers 100 are electrically connected together by wires 13.
The illustrated cells are hexagonal. However, the shape of the
cell may be appropriately varied depending on applications.
Furthermore, the number of ultrasonic transducers 100 is not
limited to that shown in the figure. More cells of ultrasonic
transducers 100 shown in FIG. 2 may be integrated on alarger
substrate by an appropriate semiconductor fabrication tech-
nology. The arrangement of the ultrasonic transducers 100 is
only illustrative. Instead of the honeycomb form, any other
arrangement form such as a grid type may be used. Further-
more, the arrangement surface may be either planar or curved,
and the surface shape may be, for example, circular or
polygonal. Alternatively, the ultrasonic transducers 100 may
be arranged in a linear or curved form.

[0089] As shown in FIG. 3, each individual cell or a group
of a predetermined number of cells is connected via a trans-
mission and reception switch 31 to a transmission beam
former 35 and a reception beam former 36 in an ultrasonic
imaging device including the ultrasonic probe 2000. The
ultrasonic probe 2000 operates as an array configured to form
an ultrasonic beam using a DC power supply 20, a transmis-
sion amplifier 33, and a reception amplifier 34, all of which
are driven by a power supply 32. The ultrasonic probe 2000 is
utilized to transmit and receive ultrasonic waves. Transmis-
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sion and reception signals are controlled by a controller unit
37 in accordance with the purpose. For a transmission signal,
the waveform of the signal is controlled by the controller unit,
and a voltage is applied to an electrode on each individual cell
or a channel corresponding to a group of cells; any waveform
and amplitude and any delay time are set for the cell or
channel via the transmission beam former 35, the D/A con-
verter 21, and the transmission amplifier 33. Furthermore, the
ultrasonic imaging device includes a voltage limiter 23 so as
to avoid applying an excessive voltage to the probe or control
the transmission waveform. A reception signal is processed
by the reception amplifier 34, the AID converter 22, and the
reception beam former 36 and then converted into a video
signal through B-mode tomographic image processing or
Doppler processing performed by the signal processor 38.
The video signal is then displayed on a display 60 via a scan
converter 39. Furthermore, some of the components shown in
FIG. 3 may be provided inside the probe 2000. The flows of
transmission and reception of ultrasonic signals and image
display will be described below in brief.

[0090] In general, the ultrasonic imaging device two- or
three-dimensionally displays the structure of a living body.
Thus, to transmit or receive an ultrasonic wave, an arrayed
ultrasonic probe is used to form beams with an electric delay
operation or the number of channels to be used set for each
channel. Then, the focus of ultrasonic waves is two-or three-
dimensionally scanned to image the structure. These opera-
tions are performed inside the transmission beam former 35
or the reception beam former 36. Furthermore, the controller
unit 37 controls the beam formers in accordance with any of
various imaging modes. A voltage is applied, via the trans-
mission amplifier, to each channel in the probe controlled by
the transmission beam former 35. Ultrasonic waves radiated
by the respective channels are transmitted so as to be in phase
at a certain focus. Transmission and reception are alternately
performed using the same probe. Thus, a transmission and
reception switch 31 needs to be used to switch between trans-
mission and reception. During reception, reception signals
are amplified by the reception amplifier 34. A signal proces-
sor 38 detects the signals via the reception beam former 36.
The signal processor 38 matches the phases of signals with
each other and adds the signals together. The resulting signal
is converted by filter processing, logarithmic compression,
and detection into two- or three-dimensional image data cor-
responding to field scan prior to scan conversion. For imaging
ofablood flow using Doppler, the signal is converted into data
by another filter processing and then quadrature detection,
range gate processing, and the like. The resulting data is
scan-converted by the scan converter 39 and then output to the
display 60 as a video signal. The above-described control and
the adjustment of the display can be carried out by a user via
a user interface 24.

[0091] An ultrasonic probe 2000 includes a transducer
array 1000 with arrayed groups each of a plurality of ultra-
sonic transducers 100 in which the groups are arranged like
reed shape or a plurality of ultrasonic transducers 100
arranged like a fan in convex form. Furthermore, the ultra-
sonic probe 2000 includes an acoustic lens 210, a matching
layer 220, and a conductive film 240 arranged on a medium
(subject) side of the ultrasonic transducer 100; the acoustic
lens 210 is configured to converge ultrasonic beams, and the
matching layer 220 is configured to match the acoustic
impedances of the ultrasonic transducer 100 and the medium
(subject) with each other. A backing material 230 adapted to
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absorb propagation of ultrasonic waves can be provided on
the back side (opposite to the medium side) of the ultrasonic
probe 2000.

[0092] The waveform transmitted by the ultrasonic trans-
ducer varies depending on the application, for example, a
B-mode tomographic image or color Doppler for blood flow
measurement. FIG. 11 shows a waveform used for color
Doppler or the like and containing a plurality of waves and an
envelope function superimposed in a time direction. Here, the
superimposition of the envelope function in the time direction
refers to the superimposition of a time-dependent weighting
function (111 in FIG. 11) on a waveform serving as a carrier
(1101in FIG. 11). There are various envelope functions for the
respective applications, for example, a Gaussian function,
Hanning function, a rectangular function, and a combination
of any of these functions.

[0093] Inthe example shown in FIG. 11, a Gaussian func-
tion envelope is superimposed. FIG. 12 shows the power
spectrum of a frequency space for the Gaussian function
envelope. As seen in FIG. 12, in the frequency space, the
Gaussian function envelope has a Gaussian distribution
around a carrier frequency f0. Such a Gaussian function-like
envelope waveform as shown in FIG. 11 is used to improve an
SNR (signal to noise ratio) for signal processing while trans-
mitting a large number of waves in a narrow frequency band;
the Gaussian function-like envelope waveform is used for, for
example, Doppler measurement. With a large number of
waves of the same amplitude, when the waveform rises rap-
idly as in the case of a rectangular envelope, the number of
components other than the carrier frequency increases. On the
other hand, superimposition of a temporally smoothly rising
envelope enables a reduction in the components other than the
carrier frequency, which may be turned into noise during the
signal processing.

[0094] Incolor Doppler measurement or the like, a Doppler
effect is utilized to determine the movement speed of a mov-
ing reflection source such as a blood flow. In this case, a
frequency shift (Af) in a particular frequency is determined
from a phase shift in the waveform. The frequency shift is
finally converted into a speed. Thus, components with fre-
quencies other than a fundamental (carrier) frequency (f0)
may act as a noise source in the measurement of the phase
shift. Hence, in the Doppler measurement, it is an important
index for accuracy that only the power spectrum of the fun-
damental (carrier) frequency is large. Therefore, a Gaussian
function-like envelope is superimposed to suppress the fre-
quencies other than the carrier frequency component to make
the frequency band narrower. Furthermore, the measurement
is characterized in that the waveform contains a large number
of waves in order to improve the SN (sensitivity).

[0095] Now, the principle of an increase in the transmission
power of the cMUT in a limited cavity according to the
present invention will be described. An electrical potential
difference is applied to the fixed electrode 2 and the dia-
phragm-side electrode 3 in the cMUT 100. Then, as shown in
FIG. 1, an electro static force is exerted between the elec-
trodes to displace the diaphragm 6. At this time, the center of
the diaphragm 6 is displaced more prominently than the
periphery thereof because the center is structurally less rigid
than the periphery. When an effective dielectric permittivity is
defined as €, an electrode area is defined as S, an inter-
electrode distance is defined as (d), a direct voltage applied to
between the electrodes is defined as V., and an alternating
voltage applied to between the electrodes is defined as V..,
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the electro static force F, exerted on the diaphragm is
expressed as follows using the time (t) as a variable.

F(0=5%V,. "V, (L )d(t) oy

[0096] As indicated in Expression (1), for the same applied
voltage and the same electrode area, the electro static force
increases with decreasing distance d(t) between the elec-
trodes, that is, the electro static force exhibits nonlinearity
with respect to the alternating voltage V _(t). Thus, if d(t)
decreases, thatis, V,(t) increases with same polarity of V ,_to
move the diaphragm 6 closer to the substrate, a strong electro
static force is exerted. In the opposite situation, only a weak
electro static force is exerted. At this time, when the alternat-
ing voltage V_(t) has a symmetrical positive and negative
waveform as shown in FIG. 4(A), an asymmetrical positive
and negative waveform is output as a sound pressure as shown
in FIG. 4(B).

[0097] Thus, to reduce the nonlinearity of the cMUT, it is
possible to apply an asymmetrical positive and negative driv-
ing voltage. For example, as shown in FIG. 4(C), V(1) is set
to be asymmetrical positive and negative in a certain given
ratio of amplitude of positive and negative which is not 1
(b/a=1). Then, transmission power is obtained which is higher
than that of a symmetrical waveform input as shown in FIG.
4(D).

[0098] However, for a single wave, a certain fixed optimum
ratio (b/a) may be used, but for a plurality of waves (multi-
wave) with a temporally varying amplitude (temporal varia-
tion) as in the above-described Doppler waveform (FIG.
5(A)), the level of nonlinearity varies with the amplitude.
Thus, for more optimum asymmetrical waveform input, b/a
may be varied according to the temporally varying amplitude
as shown in FIG. 5(B) instead of being fixed as shown in FIG.
4(C). That is, the voltage waveform to be input to the probe is
obtained by superimposing an envelope function on a carrier
waveform to be finally transmitted as a desired sound pres-
sure waveform and further superimposing, on the resulting
voltage waveform, a function with the ratio of amplitude of
positive and negative varied according to the envelope.
[0099] Inthe description below, the following will be dem-
onstrated. Transmission power is increased by using, as an
input, an input asymmetrical positive and negative waveform
withits ratio of amplitude of positive and negative adjusted, to
allow a limited cavity to be more efficiently used. Further-
more, the optimum transmission spectrum for Doppler mea-
surement or the like is obtained by varying the ratio of ampli-
tude of positive and negative in conjunction with a temporally
varying amplitude to concentrate power into a narrower fre-
quency band instead of simply increasing the transmission
power.

[0100] The present invention will be described below with
reference to more specific examples.

[0101] In a first embodiment, in the cell structure of the
ultrasonic transducer 100 (FIG. 1), the driving voltage wave-
form to be applied to the electrodes is adjusted. Thus, the
transmission power can be increased. Alternatively, the ratio
of amplitude of positive and negative may be temporally
varied as described above. The effects of this configuration on
the waveform will be described. In this experiment, detailed
design values were provided to a computer, and underwater
transmission characteristics were numerically simulated.
[0102] Inthe present example, the material of the substrate
1 in the ultrasonic transducer 100 was silicon (S1). The mate-
rial of the diaphragm 6 was silicon nitride (SiN). The material
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of the insulating films 4 and 5 was silicon oxide (SiO). The
material of the fixed electrode 2 and the movable electrode 3
was aluminum. Furthermore, the cavity 7 was vacuum inside.
[0103] The horizontal shape will be described. The ele-
ments of the ultrasonic transducer 100 in the present example
and an ultrasonic transducer 200 in a comparative example
were all circular. The cavity 7 in the ultrasonic transducer 100
had a maximum diameter of 50 pm. The movable electrode 3
also had a diameter of 50 um. The fixed electrode 2 had the
same diameter as that of the cavity 7.

[0104] The vertical structure will be described. The thick-
ness of the ultrasonic transducer 100 in the present example
was as follows. The diaphragm 6 had a thickness of 1,700 nm.
The insulating layers 4 and 5 had a thickness of 200 nm. The
cavity 7 had a thickness of 100 nm. The thickness of the
electrode layer 3 was neglected. However, this does not affect
verification of the effects of the present invention within the
scope of designed tuning.

[0105] Furthermore, the bias direct voltage was set equal to
90% of the voltage at which the diaphragm came into the
substrate, that is, the collapse voltage. The collapse voltage in
the present structure is 75 V. The collapse voltage is as fol-
lows. When two electrodes are supported by a certain rigid
component such as a diaphragm via a cavity as in the case of
the cMUT, while an increasing direct voltage is being applied
to between the electrodes, the electro static force exerted
between the electrodes significantly exceeds the rigidity of
the diaphragm at a certain point in time. At the corresponding
voltage, the diaphragm can no longer hold the cavity based on
its rigidity. This voltage corresponds to the collapse voltage.
Thus, the bias direct voltage is normally set equal to or lower
than the collapse voltage. The bias direct voltage may be set
equal to or higher than the collapse voltage. However, the
standard usage is adopted in this case.

[0106] A transmission sensitivity band based on the present
structure and the present bias conditions is shown in FIG. 6.
According to the definition of general transducers, for the
sensitivity only for transmission or for reception, the sensi-
tivity band is an interval of =3 dB from the maximum sensi-
tivity frequency. In the present structure, the sensitivity band
is between 2 MHz and 16 MHz. Thus, the center frequency
(sensitivity band) is (16 MHz+2 MHz)/2=9 MHz. However,
the most sensitive frequency in the sensitivity band is in the
vicinity of 7 MHz.

[0107] FIG. 7 and FIG. 8 shows the total voltage (A)
applied to the present structure, the displacement (B) of the
diaphragm, and the transmitted sound pressure waveform
(C). In FIG. 7, the input voltage has a symmetrical positive
and negative waveform. A Gaussian envelope function is
superimposed on a carrier frequency of 7.5 MHz, which is
close to a frequency with the highest sensitivity in the sensi-
tivity band. The wave number is about 10. FIG. 8 shows a
waveform obtained by superimposing, on the Gaussian enve-
lope function superimposed in FIG. 7, an amplitude ratio
proportional to the Gaussian envelope function. The above-
described relationship is indicated by:

V. (D)=sin(wr)xGauss{#)xRatio{Gauss(7), polarity) 2

[0108] Here, sin(wt) denotes the waveform of the carrier.
Gauss(t) denotes a Gaussian envelope function superimposed
on the carrier. Ratio(gauss(t), polarity) denotes a positive and
negative amplitude weight corresponding to a function that is
positive and negative to a Gaussian function. That is, for the
conventional applied voltage shown in FIG. 7, Ratio in
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Expression (2) is temporally constantly 1(Ratio=1). For the
applied voltage in F1G. 8, Ratio indicates the multiplication of
the weight proportional to the Gaussian function gauss(t),
depending on the positive or negative polarity. For example,
at the top of the envelope, which corresponds to the largest
amplitude (in FIG. 7, the temporally central point of the
envelope function, Time=1 us), the ratio of amplitude of
positive and negative b/a=2(waveform 90) or 3(waveform
91). Otherwise the ratio of amplitude of positive and negative
decreases in proportion to the envelope function. Further-
more, in an asymmetrical positive and negative waveform, the
negative amplitude may be larger than that of a direct bias
voltage depending on the voltage value. In this case, the
electrical potential difference, which is otherwise to be
reduced, increases, and the electro static force serves to gen-
erate a force between the electrodes such that the electrodes
attract each other. The direction of this attracting force is
opposite to the intended direction in which the voltage is
reduced toward the negative side. Thus, in this case, that is,
when the sum (V,+V ) of the direct bias current and the
alternating voltage has a sign opposite to that of the direct bias
voltage, the limiter is activated to reduce the amplitude of the
alternating voltage. This prevents the sum from having a sign
opposite to that of the direct voltage.

[0109] Thedisplacement in FIG. 7(B) and FIG. 8(B) will be
noted. A displacement of 0 indicates that no applied voltage.
A negative displacement indicates displacement toward the
substrate. In FIG. 7 and FIG. 8, at time=0, only the direct bias
voltage is applied, and the diaphragm is displaced toward the
substrate by about 50 nm. As seen in FIG. 7(B), when the
alternating voltage has an asymmetrical positive and negative
waveform, the diaphragm is displaced so as to almost contact
the substrate, that is, so as to reach a point of —100 mn in an
initial cavity. In contrast, the opposite displacement fails to
reach the vicinity of a point of 0 [nm]. Thus, the cavity in
which the diaphragm can be vibrated is not effectively uti-
lized. On the other hand, when the input has an asymmetric
waveform as shown in FIG. 8, the diaphragm vibrates over a
wider range in the cavity from the point of -100 nm to the
vicinity of the point of 0 nm. A diaphragm displacement 92
shown in FIG. 8(B) corresponds to a voltage waveform 90 in
FIG. 8(A). A diaphragm displacement 93 shown in FIG. 8(B)
corresponds to a voltage waveform 91 in FIG. 8(A).

[0110] To quantitatively show an increase in transmission
power, FIG. 10 shows transmitted sound pressure power plot-
ted against a variation in alternating voltage V. The trans-
mission power in each of FIG. 7(C) and FIG. 8(C) is con-
verted into a frequency spectrum and set to have a frequency
of 7.5 MHz, which corresponds to the carrier frequency. For
practical reasons, the maximum applicable alternating volt-
age is set such that at this voltage, the diaphragm comes into
contact with the substrate, and is normalized using V,, (V.
wririear) @t Which the diaphragm comes into contact with the
substrate. The condition in FIG. 7 and FIG. 8 covers a range
from V,/V,,. s shown in FIG. 10 to a voltage lower
than the collapse voltage by about 2.5%, that is, the voltage
provided immediately before the diaphragm comes into con-
tact with the substrate.

[0111] A comparison based on the transmission power in
FIG. 10 indicates that when the ratio of amplitude of positive
and negative is variable, the transmission power is higher in
the asymmetrical waveform input than in the symmetrical
waveform input by about 3 dB. In the vicinity of V. _.scan
great difference is observed between the maximum amplitude
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ratio b/a of2 and the maximum amplitude ratio b/a of 3. In the
present calculation, completely the same structure and bias
voltage are used. Thus, the reception sensitivity is the same
for symmetrical inputs and for asymmetrical inputs. Hence,
an increase in transmission power corresponds directly to an
increase in transmission and reception sensitivities. An
increase in transmission and reception sensitivities by 3 to 5
dB is very effective for ultrasonic diagnosis devices.

[0112] FIG. 9 shows the frequency spectra of transmitted
sound pressures resulting from a symmetrical waveform
input and an asymmetrical waveform input. FIG. 9 shows that
the input with the variable ratio of amplitude of positive and
negative serves not only to increase the power of the basic
frequency but also to reduce the bandwidth of frequencies
around the basic frequency compared to the symmetrical
waveform input. This indicates that the energy concentrates at
the carrier frequency. The reason for the concentration is as
follows. According to the present invention, the ratio of
amplitude of positive and negative is varied depending on the
amplitude value of V(1) to reduce the V,, (t)-dependent non-
linearity of the cMUT, thus making the transmission wave-
form more similar to a symmetrical positive and negative one.
In the frequency spectrum of the asymmetrical positive and
negative waveform, the power spreads to frequencies other
than the carrier frequency. However, when the transmission
waveform is made similarto a symmetrical positive and nega-
tive one according to the present invention, the distribution of
the power to frequencies other than the carrier frequency is
suppressed. In Doppler measurement, the concentration of
the power in a narrower frequency band is advantageous in
terms of speed measurement accuracy and sensitivity. The
present invention meets this requirement to improve both
accuracy and sensitivity for the input of a multiwave wave-
form with a temporally varying amplitude as in the case of
Doppler measurement.

[0113] As described above, in the input of a multiwave
waveform, the utilization efficiency of the cavity is improved
by controlling the ratio of amplitude of positive and negative
taking the nonlinearity of the ¢cMUT into account. This
enables the transmission energy to be increased within a
narrower frequency band.

1. An ultrasonic imaging device comprising:

a cell array with a plurality of cells each including a first
electrode, a first member covering the first electrode, a
second electrode installed opposite the first electrode, a
second member covering the second electrode, and a
wall member connecting the first member and the sec-
ond member together; and

avoltage controller configured to control a voltage applied
to between the first electrode and the second electrode,

wherein the voltage controller includes a direct voltage
application section configured to apply a direct voltage
to between the first electrode and the second electrode,
an alternating voltage application section configured to
apply an alternating voltage to between the first elec-
trode and the second electrode, and a waveform control-
ler configured to temporally vary an amplitude ratio of
the alternating voltage based on voltage values of the
alternating voltage and the direct voltage.

2. An ultrasonic imaging device according to claim 1
wherein the waveform controller performs control so as to
cause a temporal variation in the ratio of the amplitude of a
region of waveform of the alternating voltage in which the
alternating voltage is higher than the value of the direct volt-
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age to the amplitude of a region of waveform of the alternat-
ing voltage in which the alternating voltage is lower than the
value of the direct voltage.

3. The ultrasonic imaging device according to claim 1
wherein the waveform controller makes asymmetric the
amplitude of a region of waveform of the alternating voltage
in which the alternating voltage is higher than the value of the
direct voltage and the amplitude of a region of waveform of
the alternating voltage in which the alternating voltage is
lower than the value of the direct voltage.

4. The ultrasonic imaging device according to claim 1
wherein the waveform controller sets the waveform of the
alternating voltage in such a manner that the waveform con-
tains a plurality of waves.

5. The ultrasonic imaging device according to claim 1
wherein the waveform controller sets the waveform of the
alternating voltage in such amanner that an envelope function
is superimposed on a carrier waveform.

6. The ultrasonic imaging device according to claim 1
wherein the waveform controller controls the waveform of
the alternating voltage so as to vary an amplitude ratio
between a region of waveform of the alternating voltage in
which the alternating voltage is higher than the value of the
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direct voltage and the amplitude of a region of waveform of
the alternating voltage in which the alternating voltage is
lower than the value of the direct voltage.

7. The ultrasonic imaging device according to claim 1
wherein the waveform controller sets the waveform of the
alternating voltage in such amanner that an envelope function
is superimposed on the waveform in a direction of time.

8. The ultrasonic imaging device according to claim 1
wherein the waveform controller sets the waveform of the
alternating voltage in such amanner that an envelope function
and a positive and negative amplitude weighting function are
superimposed on the carrier waveform.

9. The ultrasonic imaging device according to claim 2
wherein the waveform controller varies the ratio of waveform
of the alternating voltage in proportion to a Gaussian enve-
lope function.

10. The ultrasonic imaging device according to claim 1
wherein the waveform controller reduces the amplitude of the
alternating voltage when a sum of the direct voltage and the
alternating voltage has a sign opposite to a sign of the direct
voltage.



patsnap

TRAFROE) BEERGEERE
[F(2E)F US20100256498A1 RF(REH) A 2010-10-07
HiFs US12/742486 RiFH 2008-11-04
[FRIFRE(E R AGE) HFHIROKI
BE (T RR)AGE) A HIROKI
HHBE(TRR)A(E) HFHIROKI
[#R1 &% BB A TANAKA HIROKI
KBEAN TANAKA, HIROKI
IPCH3ES A61B8/14
CPC@o S B06B1/0215 G01S15/8906 B0O6B1/0292 G01S7/5202
R 2007297425 2007-11-16 JP
SAEBEE Espacenet USPTO
EAG) 100
EHBEBEAXNHN MBS IREESREHNEF KRR  URELRNE
E. REEHEEFERFHES KN AR MIERFEM IR AE, 3 b
1
N i
|
Wi
[:lhhhfuﬂ R N N R R

/

4

/



https://share-analytics.zhihuiya.com/view/423ee9a6-899a-4a45-9836-afa7fc1e03e4
https://worldwide.espacenet.com/patent/search/family/040638810/publication/US2010256498A1?q=US2010256498A1
http://appft.uspto.gov/netacgi/nph-Parser?Sect1=PTO1&Sect2=HITOFF&d=PG01&p=1&u=%2Fnetahtml%2FPTO%2Fsrchnum.html&r=1&f=G&l=50&s1=%2220100256498%22.PGNR.&OS=DN/20100256498&RS=DN/20100256498

