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Capacitive micramachjned ultrasonic ransducers

This invention relates to medical wlirasonic itmagmg systems and, in parficular,
to capacilive micromachined ultrasonic transducers for such systems.

The ultrasonic transducers used for medical imaging have numerous
chatactesistics which lead to the production. of bigh quality diagnostic images, Ameng these
are broad bandwidth and high sensitivity o Jow level acoustic signals at ultrasonic
frequencies, Conventionally the piezoelectric maierials which possess these characteristics
and thus have been used for uitrasonic transducers have been made of PZT and PVDF
materials, with PZT being the most prefeired. However PZT (ranzducers require ceramic
manufacturing processes wiich are uniquely different from the processing technologies used
to manufacture the rest of an ulrasound system, which are software and semiconductar
intensive. 1t would be desirable from a mamufacturing standpoint to be able to manufachwe
ultrasonic transducers by the same processes used to fabricate the other parts of an ultrasound
systern.

Recent developments have led to the prospect that medical uliraseund
transducers can be manufactured by serniconductor processes. These developments have
praduced capacitive micromechined ultrasenic trassducers or cMUTs, These tiansducers are
tiny diaphragm-like dcvioes with electrodes that convert the sound vibration of a reccived
wltrasound signal into a modulated capacitance. For transmission fhe capacitive charge is
modulated to vibrate the diaphragm of the device and thereby transmit a sound wave. Since
these devices ate manulactured by semicanductor processes the devices have dimensions in
the 10-200 micron range. However, mavy such devices can be grouped together and operated
in unisen as a single transducer element.

Since cMUTs are very small, it is desirable that constructed cMUTs have as
great a respanse to received acoustic signals as possible. A cMUT should desirably exhibit as
large a capacitive variation as possible to received signals. One approach to increasing the
capacitive variation i3 ta use electrodes only at the center of the eMUT diaphragin which will
cause the capacitive charge to b located only at the center of the moving disphragm.
However, this arrangement requires the use of very small conductive paths to the electrodes,
which increases the impedance of these paths and thereby limits the response of the cMUT. It

CONFIRMATION CCPY
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is desirable to be able to increase the capacitive variaiion of a chMUT without the use of such
high impedance conductive paths.

One of the advantages of cMUT fransducers is that they can be made wsing
semiconductor fabrication processes, Accordingly, eMUTs have been fatricated using siticon
and glass substrates for the base of the transducers. These substrates form the back of the
wamsducers opposite the transmitting suxface, Since transducers are intended to transmit rost
of their epergy out from the transmitting surface without radiating appreciable acoustic
energy out the back of the transducers or inte neighboring transducers through laterad
coupling, a backing layer is usually applied to a transducer to dap or attenuate this
undesired acousiic energy. Accordingly ¥ would be desirable to be able to fabricate eMUTs
using matetials wihich are better suited to reducing or efiminating this unwanted energy
coupling.

cMUTs have been found to exhibit a response to applied transmit signals
which is nenlinear due to the nonlinear eleciromechanical response of the charged cMUT
diaphragm, which causes a corresponding quadratic signal variation. Such a nonlingar
response will result in disiortion in the fransmit signat. This distortion car manifest itself as
signal components in the harmonic band of the desired transmit pulse, which can appear in
the recerved echo signal as unwanted iterference. It is desirable to prevent such distortion
from contaminating received eche signals.

A ¢MUT fransducer is conventionally operated with 2 bias voltage whish.
causes the transducer to have a range of operation which is not quadratic. The bias voltage
must be cavefully contreiled s¢ as to maintain high {ransducer sensitivity without short-
circuiting the transducer’s capaciiance. It is desirable fo be able to maintain the applied bias
in a condition which is stable io the presence of Jong-term effects that can canse transducer
short-eircuits.

Int accordance with the principles of the present inveation & ¢eMUT transducer
is described with improved signal response. The irnproved response atises by reason of a
nonplanar floor of the eMUT cell, which concentrates the cellular charge in the vicinity of
that portion of the cell dizphragm which is most responsive to apptied and received sighals. A
manufacruring process for cAUT transducers is described whick enables the transducer o be
fatwicated by a technique of micro-stercolithography using polymere materials, Io operation,
the cMUT i3 biased by a controlled bias charge rather than a bias voltage. The transmission
of unwanted gignal components in the harmenic band is minimized by the use of predistorted

transthit signals that counteract the transducer’s nonlinear response.

JP 2004-503312 A 2004.2.5
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In the drawings:

Figure 1 i{lustrates a cross-sectional view af a cMUT cell;

Figure 2 illusteates the biasing of the diaphragm of a ¢eMUT cell;

Figure 3 illusizates the construction of a eMUT cell in accordance with the
prineiples of the present invention;

Figures da-4] illustrate the fabrication of a cMUT tranadncer in accordance
with the principies of the present inventivn;

Figuee 5 Ulusteates the fabrication of a eMUT transducer by micro-
stereolithagraphy;

Fizures 6 and 6a {llustrate the generation and maintenance of a bias charge for
a cMUT traisducer;

Figures 7a and 7b illustrate ihe noalinear characteristic of 3 <MUT transducer;

Figures 8a and 8b illustrate the effect of a nonlincar characteristic on a
{ransmit waveforn; and

Figures %a and 9% illustrate a transmit waveform resulling from the use of a
predistoried transoait signal,

Referring first to Figuze 1, a typical eMUT transducer celf 10 is shown in
crogs-section. The oMUT transducer cell 10 is fabricated along with a plurality of similar
adjacent celis on a conductive substrate 12 such as silicon, A membrane or diapbragos 14
which may be made of silicon niiride is supported above the substrate by an insulating
support 16 which may be made of silicon oxide or silicon nitride, The cavity 18 between the
diapluagm and ihe substrate may be alr or gas-filled or wholly ar pariially evacuated. A
conductive film or layer 24 such as gold forms an electrode on the diaphragm, and  similar
film or layer 22 forms an cleetrode on the substrate, These two electrodes, separated by the
dielectric cavity 18, form a capacitance. When 21 asoustic signad causes the diaphragm to
vibrate the variation in the capacitance can be detected, thereby twransducing the acoustic
wave. Conversely, an applied a.c. signal will modulate the capacifance, causing the
diaphragm to move and thereby transmit an acoustic signal.

Tue te the micron-size dimensions of a typical ¢MUT, numerous cMUT cells
are typically fabricated in close proximity to form a single transducer element. The individwal

JP 2004-503312 A 2004.2.5
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cefls can have round, rectangular, or other peripheral shapes. In a prefened embodiment the
individnal cells have hexagonal shapes to promeote dense packing of the oMUT cells of a
fransducer element. The cMUT cells can have different dimensions so that the transducer
element will have composile characteristics of the different cell sizes, piving the transducer a
broad band charecteristic.

The cMIIT is inherently a quadratic device so that the acoustic signal is
normally the harmonic of the applied signa), that is, the acoustic signal will be at twice the
frequency of the applicd clecirical signal frequency. To prevent this quadraiic bebavior a bias
valtage is applied (o the two electodes which causes the diaphragm to be atracted to the
substrate by the resulting conlombic force. This iz shown schemaiically in Figure Z, where a
DC bias voltage Vg is applied to a biss terminal 24 and is coupled 1o the diaphragm electrode
by a path which poses a high impedance Z 1o a.c. signals such as an inductive impedance.
A.C. signals are capacitively coupled to and from the diaphrayr electrade from a signal
teyinal 26. The positive charge oa the diaphragm 14 causes the diaphragm to distend as it is
atiracted 1o the negative charge on the subsirate 12, The device only weakily exhibits the
guadratic behavior when opetated continuowsiy in this biased staie.

It has been found that the oMUT is most sensitive whon the diaphragm is

" distended so that the two appositely charged plates of the capacitive device are as close

together as possible. A close proximity of the two plaies will cause a greater coupling
between acoustie and elecirical signal energy by the ¢MUT. Thus it s desirable to increase
the bias voltage Vp unti the diclectric spacing 32 between the diaphragm 14 and subsivate 32,
15 as small as can be maintained under operating signal conditions. In constmeted
embodimenis this spacing can be on the order of one micron or loss. If the applied bias
voltage is too great, however, the diaphragin can contact the subshute, short-cireuiting the
devico as the two plates of the device are stuck together by VanderWals forces. This sticking
should be avoided when choosing a bias voltage for the device.

Fwven when the diaphragm is biased to canse 2 very small sub-ticron dielectric
spacing, the sensitivity of the cMUT can be leys than that which s desired. That is due to the
fact that, wherens the charge at the center of the diaphragin is relatively close to and witl
move considerably i relation 10 the opposing charge, the charge at the periphery 34 of the
diuphragm where the diaphragm is supported by the support 16 will move very little and
hence have little participation in the transduction of signal by the device, One approach to
eliminating this disparity has been to use a small diaphragm electrode which does not extead
to the supports 16. This restricts the charge or the diaphragm electrode to the center of the

JP 2004-503312 A 2004.2.5
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device where it will participate strongly in the motion of the diaphragr and hence the
transduction by the device. Thore still must be one or more eleetrical conductors to apply the
bias voltage to the diaphragm electrods and {0 couple the a.c, signals to and from the
electrode. These electrical conductors are necessarily very thin, with dimensions that impose
undesirably large impedances on the a.c. signals, thereby limiting the sensitivity of the
device.

In accordance with the principles of one aspect of the prosent invention, the
sensitivity of the cMUT device is improved withaunt the use of smail electrades ot bigh
impedance paths to such electrodes. This is done by increasivg the ratio of the support
spacing 44 to the diclectric spacing 42 by means of a nonplanar snbstrate. In the embodiment
schematically shewn m Figuse 3, the nonplanar substrate comprises a raised area or pedestal
28 on the substraie 12. Alternatively the nonplanar substrate can taper 1o a peak in the center
of the device, The diaphragm electrode wil) continue to cover the full diaphragm or be
electrically conneoted by relatively wide, low impedance conductors, thereby obviating the
coupling problems of high impedance conductors. Since the two electrodes are closely
spaced in the center of the device, the charge density will be greatest in the center of the
device as shown by the clasely spaced positive charge in Figure 3. The capacitive plates of
the cMUT device are charged by a charge source 30 coupled 1o the bias terminal 24. Thus,
acoustic vibrations received by the diaphragm will cause a relatively large modulation of the
device capacitance and hence a relatively high degree of transducer coupling, providing a
highly cfficient cMUT device.

The noaplanar floor of the cel) oan be formed by starting with a substrate with
raised areas about which the cells are fabricated, or by leaving a raised center cn the substrate
when the cavity 18 hetween the diaphragm and substrate is formed, or by depositing raised
areas during fabrication of the cells. A process which uses the latter approach is shown in
Figures 4a-4j. Fabrication of the eMUT device starts with a silicon substrate 50 [FIG. 4a]
which is treated 10 be hiphly conductive and thus serve as one plate of a capacitance. A layer
52 of a strongly conductive or high dielectric constant material is deposited on the silicon
substtate 50 [FIG. 4b]. This material preferably exhibits a high dielectric constant such as
strontium titanate, or can be a reftaciory metal that makes good confact with silizon such as
gold or platicam or doped silicon, for cxample. A photoresist film (not sbown) is applied to
the surface of the conductive layer 52 and the resist film is lNthographically ar E beam
patterned. The conductive layer is then efched fo fonn raised areas 28 on the substrate and the
resist is removed [FIG. 4c]. Two oxide Jayers 54a,54b ure then Taid over the substrate, The

JP 2004-503312 A 2004.2.5



—m —m ~m @ @ @ @ @ ™@ ™@ ™@ & & s & & & & /s s /s /s /s /s /o

20

30

a7

WL 019755 POTIEPIAGRES
[ o

first oxide layer 54a is thermally grown, and since therroal oxidation conswnes silicon the
raised areas will be elevated further by the process [Fig. 4d]. A second oxide layer 54b is
then deposited over the first layer 54a and the pedestals 28. The thickness of this second layer
54l determines the unbiased dielectric spacing between the dizphragm and the pedestal.
Anather resist film Jayer (not shown) is applied to the silicon dioxide layer 54b, which is
lithographically or E heam patterned and etched to form circular, square, bexagonal or other
shaped channels 36, scparating the oxide layers into sbaped silicon dioxide islaods 58 [F1G,
4¢] and the xesist 1s removed, This channeling process defines the shape or shapes of the
individual ¢MUT cells of the transducer. A silicon nitride film 60 is then deposited over the
silicon dioxide layers |FIG. 4f]. A resist film is applied over the silicon nitride film and is
lithographically or E beam patterned and eiched to form apertures 62 which extend down to
the upper silicon dioxide layer 54b (FIG. 4g]. The resist is then removed,

The purpose of the apertures 62 13 to expese the usdelying silicon dioxide
film 54 0 an eichant such as hydrofluoric acid which passes through the apertuwes and etches
away the underlying oxide layers to form cavities 18 [FIG. 4h]. This leaves a silicon nitride
dinphragm 60 supported by silicon nitride supports 66 with a conductive pedestal 28 below
the diaphragm. The silicon nitride and the silicon substrate act as steh stops which define the
size and shape of the cavity 18 of the ¢MUT ¢ell, The final step is to form electrodes by
applying a conductive film 70 to the upper surface of the silicon nitride diaphragm and 2
conduciive film 72 to the lower surface of the substrate 50 [FIG. 44]. Prior to forming the
conductive film 70 the structure may be subjecled to a fnther silicon nitnde deposition which
forms a layer 68 which seals the apertures 62. The silicon nitride deposition can e carried
ot under a vacuum so that the underlying cavity 1% may be at reduced pressure.
Alternatively the apertures can be left open and the cMUT diaphragm operated at
atmaspheric pressure. A plan view of a transducer efement of sach ¢MUT devices is shown
in Figure 4, in which the dark Jined hexagons 18> define the cavities 18 of the devices, the
cells share a common hexagonal patterned support 16, and the pedestals 28 share the same
bexagonal shape as the cells. A contimuous electrode 70 overlies all of the eMUT cells of
Figure 4j.

Whet the pedestal 28 is formed of a conductive material, the sticking problem
is raduced. This is because the charge which maintains (he capacitive plates in contact is
guickly dissipated by the conductive material when the oppositely charged plates come into
contact with each other. On the other hand, the discharge of the bias charge will render the
cell inoperative until the bias is reestablished. This situation is avoided by the use of a logh
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dielectric material for the pedestal. While continuing to present the possibility of sticking,
should the opposing plates touch only momentarily or boumce so that sticking does not oecur
or the VanderWals forces be overcome by the togsion of the diaphragmn muaterial, the cell can
continue o operate as the bias charge will not be dissipated by the contact of the bigh
dielectric pedestal with the diaphragm.

Untike the prior approach, the electrode 70 is not etched to create high.
resistance conductive paths to small electrode areas over each diaphragm. The elocirode layer
can be formed as a continueus layer covering the diaphragms of a plurality of cMUT cells, or
a5 individual electrode areas each covering a majocily of the diaphragm of a cell and
preferably extending out to the cell support. The individual electrade areas are clectrically
connected to sighal and/or bias circuitry by low impedance conductors, which may be formed
of the same conductive lsyer as the electrodes. The low impedance elecirodes and conductors
provide efficient coupling to each capacitive cMUT cell on the wafer. The pedestal 28 can
extend several mierons from the substrate floor of the cell. Whex the bias voltage Vs is
applied to the device and the diapbragm is attracied {o the pedestal 28, the spacing 42
between the diaphragm and pedestal can be on the order of approximalely 0.25 ym, crealing
a hugh charge density af the center of the cell and providing good sensitivity and coupling for
appiied signals.

While the cMUT cells and pedestals are both shown as hexagonal shaped in
the above example, different shapes for both can also be used. The pedestals could be
rounded (e.g., circular or elliptical), rectangalar (square}, or have other polygonal shapes, The
pedestals can share the same shape as the cavittes defined by the support shape, or can have
their awn shape. A hexagonal cell with a circular pedestal is ooe example of this
differentiation.

1t is desirable that the electrical cireuit formed by the cMUT device be simply
alarge variable capacitance. The use of ar insulative material such as silicon nitride for the
diaphragm will effectively oreate a small sertes capacitance in ihe cMIUT circuit. This can be
avoided by using a highly conductive material for the diaphragm. One way fo accomplish this
is 10 etch off the horizontal top layer of the silicon vitride film [FIG. 41] by plasma efching,
leaving the chanpels 56 filled with insulating silicon nitride supports. A highly conductive
material such a5 doped polysilicon or a high swrength refractory metal such as nickel or
titanium is then deposited on the wafer to form the diaphragm material. Thos, the layer 60
will comptise & conductive diaplyagm layer supporied above the oxide islands 58 by

JP 2004-503312 A 2004.2.5



—m —m ~m @ @ @ @ @ ™@ ™@ ™@ & & s & & & & /s s /s /s /s /s /o

20

23

30

(19)

WA 01/97559 PCT/EPN 0GRS
3
insulating silicon nitride, and the finished ¢MUT cell will have a canductive dizphragm
opposing the pedestal 28.

It will also be appreciated that the ratio of the suppoert spacing 44 to the
dielectric spacing ¢an alse be improved by sugpending the pedestal from the centex of the
wnderside of the diaphragm 14, opposing the planar floor of the cell. That is, the diaphragm
Yecomes a nonplanar structure rather than the floor of the cell. This additional mass on the
diaphragra will Jower the frequency of the diaphragm and hence the frequency of opezation
of the eMUT transducer, and will cause the variability of the devices to be sensitive to the
amount of maietial used for the suspension, however.

Various conductive films and deposilions can be used for the electrodes of the
cMUT such us gold and aluminuem. Instead of being applied to the lower surface of the
substrate, the electrade 72 can be applied to the upper surface prier to depesition of the
sacrificial Jayer 54. Polysilicon can also be a suitable raaterial for the sacrificial layer. Other
moaterials such as plass can be vsed for the subsitate, in which cass the substrats electrode Is
applied to the upper surface of the substrate. Details of the semiconductor processes and
materials which may be uscd fo construct an emsbodiment of the present invention are
descrived in U.S. Pais, 5,982,709 and 6,004,832 which are incorporated herein by reference.

Since the cails 10 can be fabricated by standard semiconductor processes,
other assovinied electronics for the eMUTs can be concurrently fabricaied on the silicon
substrate. Transmit or reccive electronics for the transducer element such as amplifiers and
high voltage drivers can be fabricated on the same subsirate as the eMUT cells,

An arzay of cMUT cells may also be fabricated by other processcs sach as
micre-sterealithograplyy. In this process the eMUT structures arc built up by depositing
multiple layers of material through laser ablation. An advantage of this process is that cMUT
zells ean be built up on & wide range of substrates and using a wide range of cell construction
maierials. Substrate materials which are: mote absorbent to ultrasonnd than silicon or glass,
and hence form better acoustic backings 16 the eMUT cells, such a polymers, plastics and
mubberized compounds can be employed in such a provess. These subsirate materials can
reduce unwanted acoustic coupling laterally through the sobstrate and out the back of the
transducer, Shown in Figure 5 is a pelymer substrate 90 which js more absorbent to
uitrasound thav. silicon or glass. A conductive film (not shown) is applied to the upper surface
of the substrate %0 ta form the lower electrode of the eMUT cell. The structure of the ceMUT
cell is then built up layer by layer on the substrate, For example, z carrier 86 carries a layer
%4 of a maierial to be ablated for copstruction of the ¢MUT. For construction of the pedestal
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on the Lloor of the cell, the material 84 is a conductive material suck a5 gold of aluminum, A
laser beamn 80 is directed 1o the area of the carrier from which the material B4 is to be
deposited. The cairier 86 js ransparent to the frequency of the laser beam so that the encrgy
of the lager will ablate the material on the side of the catrier facing the snbstrate. When an
infrared laser such as a YAG laser is used, for instance, the carrier may be Teflon. Successive
layers of conductive material 84 are ablated onie the substate to deposit layers 92,94 of the
pedestal until the pedestal is built up to the desired heighi. The sapports 96 for the diaphragm
are insulative and can be formed by ablating layers of 2 polymer ov plastic in the desired
Iocations, A film for the dizphragm is overlaid aver the cells and can be welded onto the top
surfaces of the supports 96 by the lascr. The thickmesses of the luyers which can be deposited
are determined by ihe laser power and the types of maierjals. For instance, metals, ccramics
and plastics may be deposited in layers of approwimately 1 pum or less. An vltraviclet
wavelength laser such as an excimer laser or a laser operated ai a visible wavelength can also
be used for this process, with a corresponding choice of the carrier material.

As mentioned previously a bias voltage Vg is applied to the ¢eMUT 10 prevent
quadratic operation of the device and to disiend the diaphragm to a position close to the
appositely charged base of the dovice for preater capacitive sensitivity. However, the
capacitance of the cMUT cells can change over time, can differ from cell to cell on an array,
and can differ from one airay 1o another. As the capacitance changes the device draws more
or less charge from the biag voltage souree, This can cause the separation of the capacitive
plales of fhe ¢MUT to ehange. As mentioned abave, if the base and diaphragm plates come
into comiact with each other they can stick and render the cell inoperable, Purthermore, if the
separation is noi maintained at the eptimunm value, the performance of the deviee will be
degraded. In acoordance wiik another espect of the present invention, a bias charge rather
than a bias valtage is used 1o bias the cMUT cell. The bias charge cen be applied by coupling
a cursent source to the cell for a kmown amount nf time, for example. A preferred
embodiment of a bias charge sawrce for a cMUT cell is shown schematically in Figure 5. In
this erabodiment a current is selsctively applied to the cMUT cell and the capacitance {or
susceptance) of the cell js measured to adapéively adjust and maintain the bias charge of the
cell. A field etfect transistor 104 is regulated to apply a bias charge to the diaphragm
electrode 14, A small a.c. sigral from 2 signal source 102 is applied to the cMUT cell. The
small a.c. signal may have a frequency of 10 kHz for instance. The resulting a.c. valtage
produced on the cMTTT device is sensed by a capacitance meter or regulator 100. The sensed
a.c. voltage is used o compute the capacitance of the ¢MUT, The control signal applied ta
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the field cffect transistor is adjusted in accordance with the sensed capacitance to maintain or
adjust the charge on the device and the process i repeated wptil the chWUT exhibits the
desired capacitance and hence the proper bias charge, The operation of the eapacitance meter
100 is shown in further detai] in Figure 6a A small a.¢. curtent & is epplied to the oMUT cell
{not shown) which is connecied across terminals 106 and 108. The quadrature component of

the a.c. voltage developed across the cell by the a.c. current is measured by a voltage meter v.

The result of the measurement is adaptively used ta charge or discharge the capacitive plates
of the cell,

The cMUT capacitapee is preferably periodically monitored by the
capacitanee regulator 100 during use of the cMUT transducer. It will be appreciated that a
bipolar gated circuit will permit the diaphragm elecicode 14 to be either charged and
discharged as needed. In a preferred embodiment the bias charge circuit is construcied of
elemenis which can be fabricated by semiconductor manufachuring processes and is
integrated onio the same wafer as the cMUT so thai the eMUT cells and their bias charge
sougce are integrally fabricated and co-located.

Figure 7a shows a typical curve 1[0 Ulusteating the change in displacement d
of the digphragm. 14 of a ¢MUT as a function of the applied bias charge or the resultunt
voltage Vp. To avoid the quadratic bebavior of the device which occurs around the arigin of
the plot, the bias voltage Vg shifis the naminal operating paint 112 of the device to one side
of the orlgin, In Figure 7b the section of the curve 14 around the biased operating point 112
is shown. in greater detail. The curve 110 is shown tangential to a straight Jine 120, which
would be a desired linear characteristic for the device. The eurve 110 is not Jinear, however.
The lines denoted v, and v, mark fhe peak extursions of an a.c, drive signal which is applied
to the cMUT to trapsmit an acoustic pulse or wave. As the drawing shows, the nonlinear
curve 110 has a greaer slope at the section 113 of curve 110 above the nominal operating
point, and a lower slope at the section 111 belew the nominaf operating point 112. This
means that the diaphragm will move nonlinearly when the cMUT is driven by transmit signal
having peak to peak excursions of vi and v,

‘The effect of this nonlinearity may be appreciated by refercing to Figures 8a
and Bb, Figure Ra depicts a sinnspidal waveform 130 used as the drive signal for a eMUT.
This waveform is scen to have peak excursions of vy and v, When this waveform 130 is used
to drive the nonlinear cMUT fhe resulfing pressure wave 132 will have the characteristics
depicted in Figure 8b. The fitst, positive half aycle will exhibit an avershoot above the

desired level of v, and the second, negative half cycle will exhibit an undershoot below the
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desired level of v" as the pressure waveform js distorted by the nonlinearity of the device. In
aceordance with = Turther aspect of the present invention the nonlinearity of the pressure
waveform is overcome by predistorting the applied drive signal 140 as shown in. Figare 9a.
For transmission of a sinusoidal pressure wave the first half cycle undershoots the desired vh
level and is more rounded than the sinusoid, and the second half ¢ycle overshoots the desired
wi level and exhihits a sharper peak than the sinugoid. The application of this drive signal 140
to the SMUT will produce the sinuscidal pressure wave 142 shown in Tigure %b.

The reduction or elimination of this nonlinear effect is imporiant when the
cMUT transducer js used for barmonic operation. In both contrast harmonic and issue
harmonie operation it is desirable to franstit & findamental frequency waveform with
inimal and preferably no spectral componends m the transmit signal®s harmezic band, The
only harmenic signals sought during contrast harmonie operation. are those refurned by the
ponlinear effect of the contrast agent, and the only bactponic signals sought during tissue
barmanic operation are those prodused by distertion of the pressure wave by the ransmission
roedium, Traosroitted signal compenents in the harmonic band would contaminate these
desired sigmals. Predistorfing the drive waveforms to accouni for the nonlinear performance
of the cMUT devices will thus produce a transmitied prossure waveform with substantially
less nonlinear distortion from the cMUT and hence less artifact which wiould contaminate the

harmonic specitum of the transmitted pulses.

JP 2004-503312 A 2004.2.5



—m —m ~m @ @ @ @ @ ™@ ™@ ™@ & & s & & & & /s s /s /s /s /s /o

L3

20

23

(23)

WO /97559 PCT/EPN I (06R68
12

CLAIMS:

1. A capacitive micromachined vltrasonic transducer cell {10} comprising:

u hage plate (12), which retains a first elecirical charge;

a support (16) having a lop and & bottom, said bottom being located on said
base plate angd;

a diaphragm plate (14}, which toiains a second electrical charge and is
supported by the top of said support in a capacitive relaiionship with said base plate;

whercin said base plate includes an elevated region (28) which extends eloser
1o the clevation of the top of said support than the intersection of said support and said base
plate.

2. The capacitive micromachived ultrasonic fransducer cell (10 of Claim I,
further comprising a source of bias potential (24), coupled o said plates 14,12), to distend
said diaphragm plate (14) toward said base plate (12) by an attractive coulombic force.

3 The capacitive micromachined ultrasonic transducer cell of Claim 2, whorein
said diaphtagm plate (14) is peripherally supported by said support (16), and wherein said
elevated region (28) opposes a ceniral region (32,42) of seid diaphiagm plate,

4. The: capacitive micromachined ulrasonic transducer cell of one of Claims 1 to

3, wherein said elevated region (28) comprises a pedestal located on said base plate.

3 The capacitive micromachined nltrasonic transducer cell of one of Claims | to
4, wherein said base plate (12) includes a first conductive electrode (22), which retains said
first elecirical charge, and wherein said diaphragm (14) incledes a second conductive
electrode (200, which retains said sccond clectrical charge.

6. The capacitive micromachined nlirasonic transducer cell of one of Claims 1 to
5, further comprising a plurality of cells located on o common base plate, wherzin said

plurality of cells comprise an ultrasonic transducer element.
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7. The capacitive micromachined vltrasonic transducer ceil of Claim &, wherein
said diaphragm ineludes a conductive electrode which retains said second electrical charge;
und wherein said conductive electrode extends over a phurality of cells which operate as a

single transducer element.

8. The capacitive micromachined ultrasonic transducer cell of one of Claims 1 to
7, wherein said cel! is fabricated on a substrate (50), and forther comprising a signal
amplifier, coupled to said ¢ell (10), and fabricated on the same substrate.

9 The capacitive micremachined uftrasonic transducer cell of Claim I,
comprising:

a basc plate (12,22), which xefains a first slectrical charge;

a support {16) having a 1op and a bottom, said bottom being Jocated on said
bage plate and;

a diaphragm piate (14,20) which retains a second electrical charge and is
supported by the fop of said support in 2 capacitive relationship with said base plate;

whercin said dizphragm plate includes a downwardly extending region which
extends the diaphragm plate charge closer to the base plate than would ocour witheut the
downwardly extending region.

10. The capacitive micromachived ultrasonic gansducer cell of Claim 9, wherein
the downwardly exvending region is suspended from center of the downward facing side of
the diaphragm plate.

1L The capacitive micromachined ultrasonic fransducer cell of Claiw 9, wherein
the downwardly extending repion comprises a pedesial extending downwardly from the
surtace of the diaplragm plate which opposes the base plate.

JP 2004-503312 A 2004.2.5
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