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Description

[0001] This invention relates generally to ultrasound
diagnostic systems that use ultrasonic transducers to
provide diagnostic information concerning the interior of
the body through ultrasound imaging, and more particu-
larly, to ultrasonic membrane transducers used in such
systems.

[0002] Ultrasound diagnostic imaging systems are in
widespread use for performing ultrasonic imaging and
measurements. For example, cardiologists, radiologists,
and obstetricians use ultrasonic diagnostic imaging sys-
tems to examine the heart, various abdominal organs, or
a developing fetus, respectively. In general, imaging in-
formation is obtained by these systems by placing an
ultrasonic transducer array against the skin of a patient,
and actuating one or more elements located within the
array to transmit ultrasonic energy through the skin and
into the body of the patient. In response to the transmis-
sion of ultrasonic energy into the body, ultrasonic echoes
emanate from the interior structure of the body. The re-
turning acoustic echoes are converted into electrical sig-
nals by the one or more elements in the array, which are
transferred to the diagnostic system by a cable coupling
the diagnostic system to the transducer array.

[0003] Recent advances in software and digital tech-
nologies have permitted the development of ultrasound
imaging systems of increased flexibility and rapid data
processing rates. Consequently, the number of ultrason-
ic transducer elements within the diagnostic probe has
also steadily increased, allowing the development of rel-
atively wide aperture diagnostic probes that yield high
lateral resolution.

[0004] Acoustic transducers commonly used in ultra-
sonic diagnostic probes are generally comprised of an
array of individual piezoelectric elements formed from a
crystalline piezoelectric material by performing a number
of meticulous manufacturing steps. For example, prior
art acoustic transducer arrays have been formed by
bonding a single block of a piezoelectric material to an
acoustic backingmember having a relatively low acoustic
impedance and high acoustic attenuation. The material
is then laterally subdivided by cutting or dicing the mate-
rial to form the fine rectangular elements of the array.
Electrical contact pads are deposited on the individual
elements using various metallization processes to permit
electrical conductors to be coupled to the individual ele-
ments of the array. The electrical conductors are gener-
ally coupled to the contact pads by a variety of electrical
joining methods, including soldering, spot-welding, or by
adhesively bonding the conductor to the contact pad.
[0005] Althoughthe foregoing manufacturing steps are
generally adequate to form acoustic transducer arrays
having up to a few hundred elements, larger arrays of
elements having smaller element sizes are not easily
formed using the foregoing technique.

Consequently, various methods used in the fabrication
of silicon microelectronic devices have been adapted to
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produce ultrasonic transducer elements on semiconduc-
tor substrates, since these techniques permit the repet-
itive fabrication of small structures with intricate details.
As a result, transducer elements that are much smaller
than those attainable using the foregoing method may
easily be fabricated in large numbers.

[0006] US-A-5488954 discloses an ultrasonic trans-
ducer fabricated on a silicon base, having a piezoelectric
layer of polyvinylidene fluoride - trifluorethylene copoly-
mer. The piezoelectric layer is sandwiched between two
conductive electrodes, all of which are supported on a
dielectric layer on top of the silicon base.

[0007] DE-A-19726355 discloses a micro-mechanic
resonance structure, comprising an piezo-layer on a sil-
icon substrate, wherein two electrodes are arranged on
the lower surface of the piezo-layer and one back elec-
trode on the top surface of the piezo-layer.

[0008] JP(A)59178378 discloses ametal thinfilm elec-
trode on an acoustic operation surface employing a high
molecular piezo-electric body as a piezo-electric body,
while a strip-shaped electrode is provided on a non-
acoustic operation surface thereof.

[0009] Fig. 1is a partial cross sectional view of a micro-
formed membrane ultrasonic transducer array 1 accord-
ing to the prior art. The array 1 includes a plurality of
micro-formed membrane elements 2 positioned on an
upper surface 12 of a silicon substrate 3. The elements
2 generally include an upper surface 4 that is spaced
apart from a lower surface 7 that abuts the substrate 3.
Each elementis coupled to a time-varying voltage source
through a plurality of electrical interconnections formed
in the substrate 3. For clarity of illustration, the voltage
source and the electrical interconnections to each of the
elements are not shown.

When the time-varying excitation voltage is applied to
the elements, a vibrational deflection in the upper surface
4 is developed that stems from the electro-mechanical
properties of the element. Accordingly, acoustic waves
5 are generated that radiate outwardly from the upper
surface 4 in response to the applied time-varying voltage.
The electro- mechanical properties of the elements sim-
ilarly allow the elements to be responsive to deflections
resulting from acoustic waves 6 thatimpinge on the upper
surface 4.

[0010] One disadvantage in the foregoing prior art ar-
ray 1 is that a portion of the ultrasonic energy developed
by the elements 2 may be projected backwardly into the
underlying substrate 3 rather that being radiated out-
wardly in the acoustic wave 5. Consequently, a partial
loss of radiated energy from the elements 2 results. Fur-
ther, when ultrasonic energy is coupled into the underly-
ing substrate 3, the ultrasonic energy propagates into the
substrate 3 as an acoustic wave 8 that may be internally
reflected at a lower surface 11 of the substrate 3 to form
a reflected wave 9 that is directed towards the upper sur-
face 12 of the substrate 3. A plurality of reflected waves
9 may then propagate within the substrate 3 between the
upper surface 12 and the lower surface 11. A portion of
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the energy present in each reflected wave 9 may also
leave the substrate 3 through the surface 11, to form a
plurality of leakage waves 10. The propagation of acous-
tic waves 9 in the substrate 3 further permits ultrasonic
energy to be cross-coupled between the elements 2
since the waves 9 may be received by other elements 2
in the array 1, thus generating undesirable "cross-talk"
signals between the elements 2, as well as other unde-
sirable interference effects. Still further, the internal re-
flection of waves in the substrate 3 may adversely affect
the acceptance angle, or directivity of the array 1.
[0011] Various prior art devices have included ele-
ments that impede the propagation of waves in the sub-
strate. For example, one prior art device employs a plu-
rality of trenches between the elements 2 that extend
downwardly into the substrate 3 to interrupt wave prop-
agation within the substrate 3. A similar prior art device
employs a downwardly projecting trench, which is filled
with an acoustic attenuation material to at least partially
absorb the energy in the reflected waves 9. Although
these prior art devices may reduce the undesired lateral
wave propagation in the substrate, they also generally
limit the advantages inherent in micro-forming the ele-
ments 2 by reducing the number of design parameters
that may be independently varied. Furthermore, the ad-
ditional manufacturing steps significantly increase the
manufacturing cost of micro-formed transducer arrays.
[0012] Afurtherdisadvantage associated with the prior
artarray 1 shown in Fig. 1 is that the array 1 is commonly
exposed to a variety of substances, including water, ster-
ilants and coupling gels. Since the elements 2 are micro-
formed on the substrate 3, various small recesses may
exist on the array 1 where these substances may become
lodged. For example, a plurality of recesses 13 may be
formed between the elements 2 that may allow the pro-
gressive accumulation of contaminants, due to the gen-
eral inability to adequately clean the small recesses 13
of the array 1. Additionally, surfaces exposed to the sub-
stances may be susceptible to corrosion or erosion stem-
ming from this exposure.

[0013] Still another disadvantage present in the prior
art array 1 is that the array 1 lacks a hard cover surface
to protect the array 1. Consequently, the array 1 is gen-
erally susceptible to damage resulting from physical im-
pacts, since an impact sustained by the array 1 may dam-
age individual elements 2, as well as the underlying sub-
strate 3 that contains electrical interconnections or other
devices.

[0014] Accordingly, there is a need in the art for micro-
formed ultrasonic arrays that are capable of producing
significant reductions in acoustic wave propagation in the
underlying substrate. In addition, there is a need in the
art for micro-formed ultrasonic arrays that resist contam-
ination and damage from a variety of substances, and
are easily cleaned. Still further, there is a need in the art
for micro-formed ultrasonic arrays that canresistdamage
from commonly-encountered physical impacts.

[0015] The invention is directed towards improved
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structures for use with micro-formed membrane ultrason-
ic transducer arrays and methods for fabricating the im-
proved structures. The micro-formed membrane trans-
ducer according to the invention is defined in claim 1.
Further embodiments are set out in the dependent
claims.

[0016] A method of fabricating the transducer is de-
fined in claim 11.

Fig. 1 is a partial cross sectional view of a micro-
formed membrane transducer according to the prior
art.

Fig. 2 is a partial plan view of a micro-formed mem-
brane transducer according to an embodiment of the
invention.

Fig. 3 is a partial cross sectional view of a micro-
formed membrane transducer according to an em-
bodiment of the invention.

Fig. 4 is a partial cross sectional view of a micro-
formed membrane transducer according to another
embodiment of the invention.

Fig. 4a is a partial cross sectional view of a micro-
formed membrane transducer according to still an-
other embodiment of the invention.

Fig. 4b is a partial cross sectional view of a micro-
formed membrane transducer according to yet an-
other embodiment of the invention.

Fig. 5 is a partial cross sectional view of a micro-
formed membrane transducer according to still yet
another embodiment of the invention.

Fig. 6 is a partial cross sectional view of a micro-
formed membrane transducer according to a further
embodiment of the invention.

Fig. 7 is a partial cross sectional view of a step in a
method for forming a micro-formed membrane trans-
ducer according to an embodiment of the invention.
Fig. 8 is a partial cross sectional view of a step in a
method for forming a micro-formed membrane trans-
ducer according to an embodiment of the invention.
Fig. 9 is a partial cross sectional view of a step in a
method for forming a micro-formed membrane trans-
ducer according to an embodiment of the invention.
Fig. 10 is a partial cross sectional view of a step in
a method for forming a micro-formed membrane
transducer according to an embodiment of the in-
vention.

Fig. 11 is a partial cross sectional view of a step in
a method for forming a micro-formed membrane
transducer according to an embodiment of the in-
vention.

Fig. 12 is a partial cross sectional view of a step in
a method for forming a micro-formed membrane
transducer according to an embodiment of the in-
vention.

Fig. 13 is a partial cross sectional view of a step in
a method for forming a micro-formed membrane
transducer according to an embodiment of the in-
vention.
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Fig. 14 is a partial cross sectional view of a step in
a method for forming a micro-formed membrane
transducer according to an embodiment of the in-
vention.

Fig. 15 is a partial cross sectional view of a step in
a method for forming a micro-formed membrane
transducer according to an embodiment of the in-
vention.

Fig. 16 is a partial cross sectional view of a step in
a method for forming a micro-formed membrane
transducer according to an embodiment of the in-
vention.

[0017] The present invention is generally directed to
ultrasound diagnostic systems that use ultrasonic micro-
formed membrane transducers to provide diagnostic in-
formation concerning the interior of the body through ul-
trasound imaging. Many of the specific details of certain
embodiments of the invention are setforth in the following
description and in Figs. 2 through 16 to provide a thor-
ough understanding of such embodiments. One skilled
in the art will understand, however, that the present in-
vention may be practiced without several of the details
described in the following description. Moreover, in the
description that follows, it is understood that the figures
related to the various embodiments are not to be inter-
preted as conveying any specific or relative physical di-
mension. Further, itis understood that specific or relative
dimensions related to the various embodiments, if stated,
are not to be considered limiting unless the claims ex-
pressly state otherwise.

[0018] Fig. 2 is a partial plan view of a micro-formed
membrane transducer 20 according to an embodiment
of the invention. The transducer 20 includes a planar
member 21 that has an upper side 22 and an opposing
lower side 23. The planar member 21 is a layered struc-
ture that includes at least one layer of a piezoelectric
material (not shown). The structure of the planar member
21 will be discussed in greater detail below. A plurality
of spaced-apart first electrodes 24 and second elec-
trodes 25 are fixedly attached to the lower side 23 of the
planar member 21, and are further electrically coupled
to the piezoelectric material. Although the first electrodes
24 and the second electrodes 25 are shown spaced apart
at approximately equal intervals, it is understood that the
spacing of the first electrodes 24 and the second elec-
trodes 25 may be positioned at varying intervals across
the lower side 23 of the planar member 21. The first elec-
trodes 24 and second electrodes 25 are further coupled
to an ultrasound system 26 capable of applying a time
varying excitation voltage between the first electrodes 24
and second electrodes 25, so that a time-varying electric
field 29 is generated. The piezoelectric material included
in the planar member 21 is poled to exhibit vibratory mo-
tion in a lateral direction that is generally transverse to
the orientation of the first electrodes 24 and the second
electrodes 25 (k33 mode), so that the piezoelectric ma-
terial exhibits a time varying lateral strain in the direction
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of the field 29 in response to the applied excitation volt-
age. Since the first electrodes 24 and the second elec-
trodes 25 are positionally fixed relative to an underlying
structure, as will be described in more detail below, the
planar member 21 exhibits flexural displacements in
membrane portions 27 between the electrodes 24 and
25 that extend in a direction that is generally perpendic-
ular to the surface 22 of the planar member 21, thus caus-
ing acoustic waves to radiate outwardly from the surface
22. Correspondingly, a displacement of membrane por-
tions 27 occurring when reflected acoustic signals are
impressed upon the membrane portions 27, cause the
piezoelectric material to be strained in a direction parallel
to the surface 22, thus generating a time varying signal
that may be processed by the ultrasound system 26.
[0019] Sitill referring to Fig. 2, the planar member 21
further includes separations 28 that extend at least par-
tially into the member 21 (and typically fully through the
member) from the lower side 23 to electrically and acous-
tically decouple the transducer 20 from other adjacent
transducers in an array.

[0020] Fig. 3 is a partial cross sectional view of the
membrane transducer 20 along the section line 3-3
shown in Fig. 2. The planar member 21 includes a con-
tinuous upper layer 260 that is comprised of a hard,
chemically resistant material such as silicon nitride, alu-
minum oxide, magnesium oxide or chemical vapor de-
posited (CVD) diamond. A piezoelectric layer 280 is po-
sitioned adjacent to the upper layer 260 and may be com-
prised of ceramic lead titanate (PT) or lead zirconate ti-
tanate (PZT) that may be optionally doped with La, Mn,
Fe, Sb, Sr or Ni, or any combination of these elements.
The layer 280 may also be comprised of Pb(Mg4,3Nby,3)
03-PbTiO4 that may be optionally doped with La, Mn, Fe,
Sb, Sr or Ni, or any combination of these elements. Still
further, the layer 280 may be comprised of any of the
following compounds: Pb(Ni;;3Nb,,3)03-PbTiO3; Pb
(S¢1/2Nb42) O5-PbTiOg; Pb(Zn1;5Nby/3)1 4y (Mny
Nb45)TiyO3, where (0 < x < 1) and (0 <y < 1), Pb
(In49Nb4/2)05 PbTiO4; PbY4,oNb,;,05-PbTiO5 PbZny s
Nb,,303-PbTiO5 that may be optionally doped with La,
Mn, Fe, Sb, Sr or Ni, or any combination of these ele-
ments, SrzTaGasSi,044; K(Sry_Ba,)oNbsO,45, where (0
<x<1); Na(Sry_,Ba,),Nbs0,5, where (0 <x<1); BaTiOj;
(K1.xNa,)NbO3, where (0 <x < 1); (Bi,Na,K,Pb,Ba)TiO3;
(Bi,Na)TiO5; Bi;TiyNbO,4; (K4 Na,)NbO3-(Bi,Na,K,Pb,
Ba)TiOg, where (0 <x<1);a(Bi,Nay_,)TiO3.,(KNbO3_ )2
(Bin05.S¢,03), where (0 < x < 1) and (a + b + ¢ =1);
(Ba,SryCa.)Ti,Zr O3, where (O<x<1)and (a+b+c
=1); (Ba,Sr,La;)BisTiyO45, where (@ + b + ¢ = 1);
BisTiO4o; LiNbOs; LasGag sNby 5044; LazGagSiOqy;
LazGas sTag 5044; AIN; ZnO or a textured film of lead
zirconate titanate (PZT) that may be optionally doped
with La, Mn, Fe, Sb, Sr, Ni or any combination of these
elements, a textured film of lead magnesium niobate-
lead titanate (PMN-PT) that may be optionally doped with
La, Mn, Fe, Sb, Sr, Ni or any combination of these ele-
ments, a textured film of lead zinc niobate-lead titanate
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(PZN-PT) that may be optionally doped with La, Mn, Fe,
Sb, Sr, Ni or any combination of these elements, single
crystal PMN-PT, single crystal PZN-PT, polyvinylidene
fluoride polymers (PVDF) or other suitable alternative pi-
ezoelectric materials.

[0021] Still referring to Fig. 3, a thin anti-reaction layer
262 may be interposed between the piezoelectric layer
280 and the upper layer 260 to chemically isolate the
piezoelectric layer 280 from the upper layer 260 during
formation of the planar member 21. The anti-reaction lay-
er 262 may be comprised of TiO,, ZrO,, MgO, AI203’
HfO, ZrTiO,, LaAlO; or any combination of these com-
pounds, although other compounds may also be used.
Still referring to Fig. 3, a seeding layer may be interposed
between the piezoelectric layer 280 and the anti-reaction
layer 262. The seeding layer may comprise highly tex-
tured MgO, AIN, LaAIO3’ PbZr,Ti;, O3, Pt(111) or Pt
(100), Pt (111) / Ti, La;.,Sr,Co05. The first electrodes
24 and the second electrodes 25 are comprised of a con-
ductive material, which may include a Ti or Ti; W,
(0<x<1) alloy interface layer and a conductive layer of
aluminum, aluminum doped with silicon or aluminum
doped with copper, gold, platinum, although other con-
ductive materials may also be used. The first electrodes
24 and the second electrodes 25 extend downwardly
from the piezoelectric layer 280 to join a plurality of con-
ductive contact pads 220 that are deposited on an acous-
tic backing member 200. The contact pads 220 may be
comprised of gold, platinum, aluminum or still other con-
ductive materials and may include similar interface lay-
ers. The first electrodes 24 and the second electrodes
25 are fixedly bonded to the contact pads 220 by com-
pression bonding or soldering the first electrodes 24 and
the second electrodes 25 to the pads 220 to form a rel-
atively rigid mechanical connection between the first
electrodes 24 and the pads 220, and the second elec-
trodes 25 and the pads 220. Alternatively, either conduc-
tive or non-conductive epoxy compounds or other adhe-
sives may be used to bond the first electrodes 24 and
the second electrodes 25 to the pads 220. The contact
pads 220 are further electrically coupled to a plurality of
conduction members 240 that extend through the acous-
tic backing member 200 to provide a continuous conduc-
tive path coupling each of the first electrodes 24 and sec-
ond electrodes 25 to the ultrasound system 26 (as shown
in Fig. 2). The acoustic backing member 200 may be
comprised of any suitable material having relatively high
acoustic attenuation and appropriately selected low
acoustic impedance that also provides a relatively rigid
structural support for the planar member 21, the first elec-
trodes 24 and second electrodes 25. Examples of suita-
ble materials include various epoxy resins or epoxy ma-
trices with dispersed solid metallic, ceramic, or polymer
particles.

[0022] Fig. 4is a partial cross sectional view of a mem-
brane transducer 30 according to another embodiment
oftheinvention. The planar member 21 includes an upper
layer 260, comprised of a hard, chemically resistant ma-
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terial that may include any of the materials previously
identified, in addition to other alternative materials. The
piezoelectric layer 280 may similarly be comprised of the
previously described materials. An intermediate layer 32
is interposed between the upper layer 260 and the pie-
zoelectric layer 280 to space the layer 280 away from
the upper layer 260. Separating the upper layer 260 from
the piezoelectric layer 280 advantageously increases the
uniformity of the flexural stresses in the piezoelectric lay-
er 280, thus improving the coupling coefficient of the de-
vice. The intermediate layer 32 is generally a more flex-
urally compliant layer than the upper layer 260 or the
piezoelectric layer 280, and may be comprised, for ex-
ample, of silicon dioxide, or silicon oxynitride, although
other materials may also be used. An anti-reaction layer
262 may optionally be deposited on a surface of the pi-
ezoelectric layer 280 that adjoins the layer 32. The anti-
reaction layer 262 may be comprised of any of the ma-
terials previously identified, in addition to other alternative
materials.

[0023] Fig. 4a is a partial cross sectional view of a
membrane transducer 34 according to another embodi-
ment of the invention. The planar member 21 includes
an upper layer 260 that is comprised of a hard, chemically
resistant material that may include any of the materials
previously identified, in addition to other alternative ma-
terials. The piezoelectric layer 280 may similarly be com-
prised of the previously described materials, in addition
to other alternative materials. The membrane transducer
34 furtherincludes a barrier layer 264 positioned between
the upper layer 260 and the piezoelectric layer 280. The
barrier layer 264 generally inhibits the chemical interac-
tion of the piezoelectric layer 280 with certain materials
used in the upper layer 260 during the formation of the
planar member 21. For example, undesirable com-
pounds may be developed during formation of the planar
member 21 where the material comprising the upper lay-
er 260 includes CVD diamond, or like materials. Accord-
ingly, the barrier layer 264 may be comprised of silicon
nitride, silicon oxide, silicon oxynitride or aluminum ni-
tride, or combinations of these compounds. An anti-re-
action layer 262 may be optionally interposed between
the piezoelectric layer 280 and the barrier layer 264 to
further inhibit chemical interaction between the piezoe-
lectric layer 280 and the barrier layer 264. The anti-reac-
tion layer 262 may be comprised of any of the previously
identified materials, in addition to other alternative mate-
rials.

[0024] Fig. 4b is a partial cross sectional view of a
membrane transducer 36 according to another embodi-
ment of the invention. The planar member 21 includes
an upper layer 260, which may include any of the mate-
rials previously identified, in addition to other alternative
materials, and a piezoelectric layer 280, which may sim-
ilarly be comprised of the previously described materials,
in addition to other alternative materials. An intermediate
layer 32 may be positioned between the upper layer 260
and the piezoelectric layer 280 at a location adjacent to
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the piezoelectric layer 280 to enhance the acoustic cou-
pling coefficient for the transducer 36, as described more
fully above. An anti-reaction layer 262 may optionally be
interposed between the intermediate layer 32 and the
piezoelectric layer 280 to further inhibit chemical interac-
tion between the piezoelectric layer 280 and adjacent
layers, as earlier described. Further, the transducer 36
may also include a barrier layer 264 that is positioned
between the upper layer 260 and the intermediate layer
32 to chemically isolate the upper layer 262 from the in-
termediate layer 32. Fig. 5 is a partial cross sectional
view of a membrane transducer 40 according to another
embodiment of the invention. The planar member 21 in-
cludes a hard, chemically resistant upper layer 260, as
in the foregoing embodiments. The piezoelectric layer
280 may similarly be comprised of the previously de-
scribed materials. An intermediate layer 42 is interposed
between the upper layer 260 and the piezoelectric layer
280 to space the layer 280 away from the upper layer
260. The intermediate layer 42 is comprised of a plurality
of spacing elements 44 that extend between the piezo-
electric layer 280 and the upper layer 260 to separate
the upper layer 260 from the piezoelectric layer 280 in
order to enhance the coupling coefficient of the transduc-
er 40. For example, the spacing elements 44 may be
comprised of columnar structures formed by depositing
a layer of SiO, on the upper layer 260, and subsequently
removing a portion of the deposited layer to form the co-
lumnar structures.

[0025] The foregoing embodiments of the invention
permit an acoustic backing member to be positioned be-
hind the array, thus advantageously reducing ultrasonic
energy losses through the rear surfaces of the transduc-
ers thus enabling transducers to be produced having
greater sensitivity. Further, cross-coupling between
transducers in an array are reduced by the presence of
the backing structure, thus permitting the formation of
arrays that are less susceptible to "cross-talk" and other
forms of interference.

[0026] Still other advantages are present in the fore-
going embodiments. For example, since the transducer
is positioned on a acoustic backing member that is com-
prised of a generally resilient material, the transducer is
able to absorb physical impacts without sustaining dam-
age, since the foregoing embodiments do not have the
hard, fragile underlying substrate present in prior art de-
vices. The foregoing embodiments further provide a non-
porous, chemically inert and uniformly planar member
that substantially covers the transducer to prevent the
migration of contaminants such as sterilants, or coupling
gels into the structure of the transducer.

[0027] Fig. 6is a partial cross sectional view of a mem-
brane transducer 50 according to yet another embodi-
ment of the invention. A substrate 52 is positioned on the
acoustic backing member 200 that includes a plurality of
active circuits 54 that are formed monolithically in the
substrate 52 and passive functions such as capacitors,
resistors, or inductors. The passive functions are either
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realized in or on the semiconductor substrate 52. The
passive functions can also be processed on a separate
substrate, which is wire-bonded or flip-chip mounted to
the semiconductor substrate 52. The separate substrate
with the passive functions can be a Si-substrate or a ce-
ramic substrate with integrated capacitors, inductors, or
resistors as well as interconnects. The substrate can also
be alaminate type substrate with integrated passive func-
tions such as capacitors, inductors, orresistors. The sub-
strate 52 further includes a plurality of contact pads 220
that electrically couple the first electrodes 24 and the sec-
ond electrodes 25 to the active and passive circuits. The
active and passive circuits are further electrically coupled
to the plurality of conduction members 240 by a plurality
of conductive vias 56 that project into the substrate 52
to form interconnections between the members 240 and
the active and passive circuits. The active circuits 54 may
be comprised of a simple semiconductor device, such as
a field effect transistor (FET), or a metal oxide field effect
transistor (MOSFET) that control the operation of the
transducer 50, or alternatively, the circuits 54 may be
more highly integrated circuits that perform at least a por-
tion of the signal processing functions of the ultrasound
system 26 (as shown in Fig. 2). For example, the active
and passive circuits may include circuits that at least par-
tially perform array beamforming operations. Moreover,
the active and passive circuits may perform still other
functions, such as performing multiplexing operations, or
other "front end" operations related to the transmission
or reception of signals by the transducer 50.

[0028] Fig. 7 is a partial cross sectional view of a mem-
brane transducer 60 according to yet still another em-
bodiment of the invention. The planar member 21 in-
cludes an upper layer 260, a piezoelectric layer 280, and
a semiconductor substrate layer 62 interposed between
the upper layer 260 and the piezoelectric layer 280. The
substrate layer 62 further includes a plurality of active
circuits 64 monolithically formed in the substrate layer
62. As in the previous embodiment, the circuits 64 may
be comprised of FETs or MOSFETS to control the oper-
ation of the transducer 60, or the circuits 64 may be com-
prised of more highly integrated active and passive de-
vices that may perform at least a portion of the signal
processing functions of the ultrasound system 26 (as
shown in Fig. 2). The active circuits 64 are coupled to
the piezoelectric layer 280 by vias 66 that extend through
an insulating layer 65 formed on the substrate layer 62.
The active circuits 64 are further coupled to the first elec-
trodes 24 and the second electrodes 25 by vias 68 that
extend through insulating layer 65. The insulating layer
65 may be comprised of a suitable insulating material,
such as a silicon dioxide layer formed on the surface of
the semiconductor substrate layer 62.

[0029] The foregoing embodiments advantageously
allow a plurality of active semiconductor circuits to be
integrated into the structure of the transducer. The cir-
cuits may perform a variety of preliminary signal process-
ing functions, thereby relieving the ultrasound system of
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atleasta portion of the overall signal processing demand.
[0030] Figs. 8 through 16 are partial cross sectional
views of steps in a method for forming a micro-formed
membrane transducer according to an embodiment of
the invention. Referring first to Fig. 8, an upper layer 260
is deposited or formed on an underlying silicon substrate
72, and may be comprised of a suitably stiff, yet low-
density material. For example, the upper layer 260 may
be comprised of a silicon nitride film that is deposited on
the silicon substrate 72 by low-pressure chemical vapor
deposition (LPCVD). Alternatively, the upper layer 260
may be comprised of a diamond material that is deposited
by chemical vapor deposition (CVD) methods.

[0031] Referring now to Fig. 9, an intermediate layer
32 may optionally be deposited on the upper layer 260.
In a disclosed embodiment, the intermediate layer 32 is
comprised of silicon dioxide or silicon oxynitride, which
may be formed on the upper layer 260 by LPCVD proc-
esses, or by still other processes well known in the art.
Additionally, an anti-reaction layer 262 may optionally be
formed on the intermediate layer 32 by various known
processes. For example, when the layer 262 is com-
prised of titanium dioxide, the layer 262 may be deposited
by sputtering the titanium dioxide onto the layer 32. Al-
ternatively, titanium may be sputtered onto the layer 32
and subjected to a thermal oxidation process to form the
anti-reaction layer 262. Still further, other materials and
deposition processes may be used to form the layer 262.
[0032] Turning nowto Fig. 10, a piezoelectric layer 280
is applied to the intermediate layer 32 and the anti-reac-
tion layer 262. In one aspect, the layer 280 may be com-
prised of PZT or donor or acceptor-doped PZT that is
deposited onto the layer 32 by a sol-gel process. Sol-gel
processes are well-known methods for the production of
doped or undoped PZT, particularly in a thin layer form
and are advantageous in that a thin layer of PZT having
high purity can be formed having a high surface smooth-
ness. Other well-known methods, such as sputtering or
chemical vapor deposition (CVD), may also be used to
apply the piezoelectric layer 280. The piezoelectric layer
280 may also be comprised of a textured thin film of doped
or undoped PZT that advantageously exhibits a nearly
single crystal structure. Further, textured, doped or un-
doped lead magnesium niobate-lead titanate (PMN-PT)
or textured, doped or undoped lead zinc niobate-lead ti-
tanate (PZN-PT) may also be used, which advanta-
geously exhibit higher coupling coefficients and permit
the generation of induced strains that are an order of
magnitude greater than those obtainable using PZT at a
modest electric field strength. Following the formation of
the piezoelectric layer 28, the layer may be poled to es-
tablish the desired ks3 polarization properties, as is well-
known in the art. To grow textured films a seeding layer
may be deposited by sol-gel processes or sputtering or
chemical vapor deposition (CVD). The seeding layer may
comprise  highly textured MgO, AIN, LaAlO;,
PbZr,Ti; O3, Pt(111) or Pt(100), Pt(111) / Ti,
Lay_,Sr,CoOs.
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[0033] Referring now to Fig. 11, separations 28 may
be formed in the piezoelectric layer 280 by applying a
photo resist material (not shown) and exposing the photo
resist material by photolithographic methods. Develop-
ment of the exposed photo resist results in a patterned
structure (also not shown) that permits an etchant to etch
the separations 28. Etchants that may be used to etch
the layer 280 may include acetic acid-nitric acid solutions,
or acetic acid-nitric acid-hydroflouric acid solutions, al-
though other alternatives exist. Following the etching
process, the photo resist may be stripped from the pie-
zoelectric layer 280 by well-known processes to produce
the separations 28 shown in Fig. 11. Alternatively, other
etching solutions or methods may be employed to form
the separations 28 that extend beyond the piezoelectric
layer 280.

[0034] Fig. 12 shows a plurality of first metal structures
74 positioned on the piezoelectric layer 280, each having
an interface layer 76 interposed between the first metal
structure 74 and the piezoelectric layer 280. The first met-
al structure 74 is comprised of a conductive material,
which may include gold, aluminum, or platinum, although
other suitable materials may also be used. The interface
layer 76 is similarly comprised of a conductive material,
which may include chromium, nichrome, titanium, or
Tiq_ W, (0=x<1) which assists in bonding the first metal
structures 74 to the layer 280. The plurality of first metal
structures 74 and interface layers 76 may be formed on
the surface of the piezoelectric layer 280 by deposition
of the metal layers 74 and interface layers 76. For exam-
ple, evaporation, sputtering, or CVD metal deposition
methods may be used. Patterning of the metal layers is
carried out by deposition of photoresist, developing the
photoresist to form a pattern, and subsequent etching of
the metal by wet-chemical or dry-etching procedures.
[0035] Alternatively patterning of the layers 74 and 76
can be achieved by patterning a layer of photoresist (not
shown) and developing the photoresist to form openings
(also not shown) to deposit the respective material onto
the layer 280. The layers 74 and 76 may be deposited
by well known methods. For example vacuum deposition,
sputtering or CVD by be used.

[0036] Turning now to Fig. 13, a plurality of second
metal structures 75 are deposited onto the first metal
structures 74 and the interface layers 76. The second
metal structures 75 may be comprised of a conductive
material, which may include gold platinum, a Ti/Au or a
Ti/Pt alloy, although other conductive materials may be
used. The second metal structures 75 may be applied
by evaporation, sputtering, or CVD. Patterning of the met-
al layer is carried out by deposition of photoresist, devel-
oping the photoresist to form a pattern and subsequently
etching of the metals by wet-chemical or dry-etching pro-
cedures.

[0037] Referring now to Figs. 14 and 15, a cover layer
77 may be deposited on the second metal structures 75
to form the plurality of first electrodes 24 and second
electrodes 25, as shown in Fig. 14. The cover layer 77
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may be comprised of a conductive material, which may
include gold, platinum, a Ti/Au alloy or a Ti/Pt alloy, al-
though other conductive materials may also be used. The
resulting structure may then be presented to the acoustic
backing member 200, as shown in Fig. 15. The first elec-
trodes 24 and the second electrodes 25 may then be
electrically and mechanically coupled to the contact pads
220 on the member 200 by a number of well-known meth-
ods. For example, the first electrodes 24 and the second
electrodes 25 may be bonded to the contact pads 220
by soldering the electrodes 24 and 25 to the pads 220.
Alternatively, either conductive or non-conductive epoxy
compounds or other adhesives may also be employed
to bond the first electrodes 24 and the second electrodes
25 to the pads 220. Still further, a compression bonding
method may be used whereby a thin layer of a metal,
such as indium, is positioned between each of the elec-
trodes 24 and 25 and the contact pads 220 followed by
the application of a mechanical force to form a mechan-
ical and electrical bond between the electrodes 24 and
25 and the pads 220.

[0038] Following the bonding of the first electrodes 24
and the second electrodes 25 to the pads 220, the sub-
strate 72 may be removed, as shown in Fig. 16. The
substrate 72 may be removed by back grinding the sub-
strate 72 until a surface 80 of the upper layer 260 is ex-
posed. The back grinding operation removes substan-
tially all of the substrate material so that the planar mem-
ber 21 and the plurality of first electrodes 24 and second
electrodes 25 remain. The substrate 72 may also be re-
moved by other well-known methods. For example, the
substrate 72 may be removed by etching the material to
expose the surface 80. Alternatively, a combination of
back grinding and etching may also be employed.
[0039] The foregoing embodiment discloses steps of
a method to fabricate a micro-formed membrane trans-
ducer. The disclosed steps may advantageously be im-
plemented using semiconductor fabrication methods and
equipment that are well-known and relatively inexpen-
sive to implement. Further, the structures shown in the
disclosed steps may conveniently be produced by an out-
side wafer fabrication provider, which may lead to still
further cost savings.

[0040] The above description of illustrated embodi-
ments of the invention is not intended to be exhaustive
or to limit the invention to the precise form disclosed.
While specific embodiments of, and examples of, the in-
vention are described in the foregoing for illustrative pur-
poses, various equivalent modifications are possible
within the scope of the invention, as those skilled within
the relevant art will recognize. Moreover, the various em-
bodiments described above can be combined to provide
further embodiments. Accordingly, the invention is not
limited by the disclosure, but instead the scope of the
invention is to be determined entirely by the following
claims.
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Claims

1.

A micro-formed ultrasonic membrane transducer,
comprising a planar member (21) having a layer of
a piezoelectric material (280) formed therein; a plu-
rality of spaced apartfirst electrodes (24) and second
electrodes (25) said plurality being disposed in a co-
planar arrangement on a surface of the planar mem-
ber (21) and coupled to the layer of piezoelectric ma-
terial (280) for applying an electric field (29) to the
layer to flex selected portions (27) of the planar mem-
ber (21); and an acoustic backing member (200) fix-
edly joined to the plurality of first electrodes (24); and
second electrodes (25).

The transducer according to claim 1. wherein the
piezoelectric material has a polarisation transverse
to the orientation of the first and second electrodes.

The transducer according to claim 1 wherein the pla-
nar member (21) is further comprised of an upper
layer (260) supported by the piezoelectric layer
(280).

The transducer according to claim 2 wherein the pla-
nar member (21) is further comprised of an interme-
diate layer (32) interposed between the upper layer
(260) and the piezoelectric layer (280).

The transducer according to claim 2 wherein the pla-
nar member (21) is further comprised of an anti-re-
action layer (262) interposed between the upper lay-
er (260) and the piezoelectric layer (280).

The transducer according to claim 1 wherein the plu-
rality of spaced apartfirst electrodes (24) and second
electrodes (25) is further comprised of a plurality of
elongated electrodes that are approximately parallel
and extend across the surface (22).

The transducer according to claim 1 wherein the
acoustic backing member (200) is further comprised
of a plurality ofcontact pads (220) fixedly joined to
the electrodes (24, 25).

The transducer according to claim 6 wherein the
acoustic backing member (200) is further comprised
of a plurality of conductive members coupled to the
contact pads (220) that extend through the acoustic
backing member (200).

The transducer according to claim 1 wherein the pla-
nar member (21) is further comprised of a thin silicon
layer having a plurality of active circuits (54) formed
monolithically therein, each active circuit being cou-
pled to an electrode and to the piezoelectric layer
(280).
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10. Amicro-formed ultrasonic membrane transducer ac-

11.

cording to claim 1, further comprising a layer of a
semiconductor material (62), the layer of semicon-
ductor material (62) having a plurality of active cir-
cuits (64) monolithically formed therein and coupled
tothe layer of piezoelectric material (280) and where-
in the plurality of spaced apart first and second elec-
trodes (24,25) is coupled to the active circuits (64)
for applying an electric field to the piezoelectric layer
(280) to flex selected portions of the planar member
(21).

A method for fabricating a micro-formed ultrasonic
membrane transducer, comprising: forming a layer
of a dielectric material (260) or a semiconductor sub-
strate (72); disposing a layer of a piezoelectric ma-
terial (280) on the dielectric layer (260); forming a
plurality of spaced apart first electrodes (24) and sec-
ond electrodes (25) in a coplanar arrangement on
the layer of piezoelectric material (280); joining an
acoustic backing member (200) to the plurality of
electrodes (24,25); and removing the semiconductor
substrate (72).

Patentanspriiche

1.

Mit Hilfe von Mikrotechnik gefertigter Ultraschall-
wandler mit Membran, der Folgendes umfasst: ein
planares Bauelement (21) mit einer darin gebildeten
Schicht aus piezoelektrischem Material (280), eine
Vielzahl von mit Abstand angeordneten ersten Elek-
troden (24) und zweiten Elektroden (25), wobei die
genannte Vielzahl in der gleichen Ebene liegend auf
einer Flache des planaren Elements (21) angeord-
net und mit der Schicht aus piezoelektrischem Ma-
terial (280) verbunden sind, um ein elektrisches Feld
(29) an die Schicht anzulegen, um ausgewahlte Teil-
stlicke (27) des planaren Bauelements (21) zu bie-
gen, und ein akustisches Tragerelement (200), das
mit der Vielzahl erster Elektroden (24) und zweiter
Elektroden (25) fest verbunden ist.

Wandler nach Anspruch 1, wobei das piezoelekiri-
sche Material eine Polarisation quer zur Ausrichtung
der ersten und zweiten Elektroden aufweist.

Wandler nach Anspruch 1, wobei das planare Bau-
element (21) ferner aus einer oberen Schicht (260)
besteht, die von der piezoelektrischen Schicht (280)
getragen wird.

Wandler nach Anspruch 2, wobei das planare Bau-
element (21) ferner aus einer Zwischenschicht (32)
besteht, die zwischen der oberen Schicht (260) und
der piezoelektrischen Schicht (280) angeordnet ist.

Wandler nach Anspruch 2, wobei das planare Bau-
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10.

1.

element (21) ferner aus einer nicht reagierenden
Schicht (262) besteht, die zwischen der oberen
Schicht (260) und der piezoelektrischen Schicht
(280) angeordnet ist.

Wandler nach Anspruch 1, wobei die Vielzahl von
mit Abstand angeordneten ersten Elektroden (24)
und zweiten Elektroden (25) ferner aus einer Vielzahl
langlicher Elektroden besteht, die ungefahr parallel
Uber die Flache (22) verlaufen.

Wandler nach Anspruch 1, wobei das akustische
Tragerelement (200) ferner aus einer Vielzahl von
Kontaktflachen (220) besteht, die fest mit den Elek-
troden (24, 25) verbunden sind.

Wandler nach Anspruch 6, wobei das akustische
Tragerelement (200) ferner aus einer Vielzahl von
leitenden Bauelementen besteht, die mit den Kon-
taktflachen (220) verbunden sind, die durch das aku-
stische Tragerelement (200) verlaufen.

Wandler nach Anspruch 1, wobei das planare Bau-
element (21) ferner aus einer diinnen Siliziumschicht
mit einer Vielzahl von monolithisch in ihr gebildeten
aktiven Schaltkreisen (54) besteht, wobei jeder ak-
tive Schaltkreis mit einer Elektrode und der piezo-
elektrischen Schicht (280) verbunden ist.

Mit Hilfe von Mikrotechnik gefertigter Ultraschall-
wandler mit Membran nach den Anspriichen, der fer-
ner Folgendes umfasst: eine Schicht aus einem
Halbleitermaterial (62), wobei die Schicht aus Halb-
leitermaterial (62) eine Vielzahl von monolithisch in
ihr gebildeten und mit der Schicht aus piezoelektri-
schem Material (280) verbundenen aktiven Schalt-
kreisen (64) umfasst, und wobei die Vielzahl von mit
Abstand angeordneten ersten und zweiten Elektro-
den (24, 25) mit den aktiven Schaltkreisen (64) ver-
bunden ist, um ein elektrisches Feld an die piezo-
elektrische Schicht (280) anzulegen, um ausgewahl-
te Teilstlicke des planaren Bauelements (21) zu bie-
gen.

Verfahren zur Herstellung mit Hilfe von Mikrotechnik
eines Ultraschallwandlers mit Membran, das Fol-
gendes umfasst: Bilden einer Schicht aus einem di-
elektrischen Material (260) auf einem Halbleitersub-
strat (72), Aufbringen einer Schicht aus einem pie-
zoelektrischen Material (280) auf der dielektrischen
Schicht (260), Bilden einer Vielzahl von mit Abstand
in der gleichen Ebene angeordneten ersten Elektro-
den (24) und zweiten Elektroden (25) auf der Schicht
aus piezoelektrischem Material (280), Verbinden ei-
nes akustischen Tragerelements (200) mit der Viel-
zahlvon Elektroden (24, 25) und Entfernen des Halb-
leitersubstrats (72).
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Revendications

Transducteur @ membrane ultrasonore microfor-
mée, comprenant un élément plan (21) possédant
une couche de matériau piézoélectrique (280) for-
mée dans celui-ci, plusieurs premiéres électrodes
(24) et deuxiemes électrodes (25) espacées, lesdi-
tes plusieurs électrodes étant disposées dans un
agencement coplanaire sur une surface de I'élément
plan (21) et couplées a la couche de matériau pié-
zoélectrique (280) pour appliquer un champ électri-
que (29) a la couche afin de fléchir les portions choi-
sies (27) de I'élément plan (21) ; et un élément de
support acoustique (200) fixé a demeure aux plu-
sieurs premieres électrodes (24) et deuxiémes élec-
trodes (25).

Transducteur selon la revendication dans lequel le
matériau piézoélectrique a une polarisation trans-
versale a l'orientation des premiére et deuxiéme
électrodes.

Transducteur selon la revendication 1, dans lequel
I’élément plan (21) est par ailleurs composé d’'une
couche supérieure (260) soutenue par la couche pié-
zoélectrique (280).

Transducteur selon la revendication 2, dans lequel
I’élément plan (21) est par ailleurs composé d’'une
couche intermédiaire (32) interposée entre la cou-
che supérieure (260) et la couche piézoélectrique
(280).

Transducteur selon la revendication 2, dans lequel
I’élément plan (21) est par ailleurs composé d’'une
couche anti-réaction (262) interposée entre la cou-
che supérieure (260) la cause piézoélectrique (280).

Transducteur selon la revendication 1, dans lequel
les plusieurs premiéeres électrodes (24) et deuxie-
mes électrode (25) espacées sont par ailleurs com-
posées de plusieurs électrodes allongées qui sont
approximativement paralléles et s’étendent au-tra-
vers de la surface (22).

Transducteur selon la revendication 1, dans lequel
I’élément de super acoustique (200) est par ailleurs
composé de plusieurs surfaces de contact (220)
fixées rigidement aux électrodes (24,25).

Transducteur selon la revendication 6, dans lequel
I’élémentde supportacoustique (200) est par ailleurs
composé de plusieurs éléments conducteurs cou-
plés aux surfaces de contact (220) qui s’étendent
au-travers de I'élément de support acoustique (200).

Transducteur selon la revendication 1, dans lequel
I’élément plan (21) est par ailleurs composé d’une
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10.

1.

fine couche de silicium possédant plusieurs circuits
actifs (54) formés de maniere monolithique a I'inté-
rieur de celle-ci, chaque circuit actif étant couplé a
une électrode et a la couche piézoélectrique (280).

Transducteur a membrane ultrasonore microformée
selon la revendication 3 comprenant par ailleurs une
couche d’'un matériau semi-conducteur (62), la cou-
che du matériau semi-conducteur (62) ayant plu-
sieurs circuits actifs (64) formés monolithiquement
dan celle-ci et couplés a la couche du matériau pié-
zoélectrique (280) et dans laquelle plusieurs premié-
res et deuxiemes électrodes (24,25) espacées sont
couplées aux circuits actifs (64) pour appliquer un
champ électrique sur la couche piézoélectrique
(280) afin de fléchir des portions choisies de I'élé-
ment plan (21).

Procédé de fabrication d’un transducteur a membra-
ne ultrasonore microformée comprenant la forma-
tion d’'une couche d’un matériau diélectrique (260)
sur un substrat semi-conducteur (72) ; la disposition
d’'une couche de matériau piézoélectrique (280) sur
la couche diélectrique (260) ; la formation de plu-
sieurs premiéres électrodes (24) et deuxiémes élec-
trodes (25) espacées dans un agencement copla-
naire sur la couche de matériau piézoélectrique
(280) et la fixation d’'un élément de support acousti-
que (200) a plusieurs électrodes (24,25) et I'enléve-
ment du substrat semi-conducteur (72).
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