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Description

TECHNICAL FIELD

[0001] The present disclosure relates generally to in-
travascular ultrasound (IVUS) imaging inside the living
body and, in particular, to an IVUS imaging catheter that
relies on a mechanically-scanned ultrasound transducer,
including embodiments where the transducer includes a
single crystal composite material.

BACKGROUND

[0002] Intravascular ultrasound (IVUS) imaging is
widely used in interventional cardiology as a diagnostic
tool for a diseased vessel, such as an artery, within the
human body to determine the need for treatment, to guide
the intervention, and/or to assess its effectiveness. IVUS
imaging uses ultrasound echoes to create an image of
the vessel of interest. The ultrasound waves pass easily
through most tissues and blood, but they are partially
reflected from discontinuities arising from tissue struc-
tures (such as the various layers of the vessel wall), red
blood cells, and other features of interest. The IVUS im-
aging system, which is connected to the IVUS catheter
by way of a patient interface module (PIM), processes
the received ultrasound echoes to produce a cross-sec-
tional image of the vessel where the catheter is placed.
[0003] In a typical rotational IVUS catheter, a single
ultrasound transducer element is located at the tip of a
flexible driveshaft that spins inside a plastic sheath in-
serted into the vessel of interest. The transducer element
is oriented such that the ultrasound beam propagates
generally perpendicular to the axis of the catheter. A fluid-
filled sheath protects the vessel tissue from the spinning
transducer and driveshaft while permitting ultrasound
signals to freely propagate from the transducer into the
tissue and back. As the driveshaft rotates (typically at 30
revolutions per second), the transducer is periodically
excited with a high voltage pulse to emit a short burst of
ultrasound. The same transducer then listens for the re-
turning echoes reflected from various tissue structures,
and the IVUS imaging system assembles a two dimen-
sional display of the vessel cross-section from a se-
quence of these pulse/acquisition cycles occurring dur-
ing a single revolution of the transducer.
[0004] In the typical rotational IVUS catheter, the ultra-
sound transducer is a lead-zirconate-titanate (PZT) pie-
zoelectric ceramic element with low electrical impedance
capable of directly driving an electrical cable connecting
the transducer to the imaging system hardware. In this
case, a single pair of electrical leads (or coaxial cable)
can be used to carry the transmit pulse from the system
to the transducer and to carry the received echo signals
from the transducer back to the imaging system by way
of a patient interface module ("PIM") where the echo sig-
nals can be assembled into an image. Since the catheter
driveshaft and transducer are spinning (in order to scan

a cross-section of the artery) and the imaging system
hardware is stationary, there must be an electromechan-
ical interface where the electrical signal traverses the ro-
tating junction. In rotational IVUS imaging systems, this
need can be satisfied by rotary transformers, slip rings,
rotary capacitors, etc.
[0005] While existing IVUS catheters deliver useful di-
agnostic information, there is a need for enhanced image
quality to provide improved assessment of the vessel
condition. For improved image quality compared to that
provided by conventional rotational IVUS, it is desirable
to use a transducer with broader bandwidth and to incor-
porate focusing into the transducer. One approach to
form a focused ultrasound beam is to incorporate an
acoustic lens mounted on a conventional PZT transduc-
er. For example, a silicone rubber lens with an acoustic
velocity of 1.0 mm/msec is widely used for elevation focus
in phased-array ultrasound systems. While the acoustic
lens may improve the lateral and elevation focus of a
conventional PZT transducer used in a rotational IVUS
system, the lens fabrication on such a small scale is com-
plex, and the lens may introduce artifacts in the resulting
image. Furthermore, the lens does not solve the problem
of relatively narrow bandwidth of the conventional PZT
transducer which limits the range resolution.
[0006] Another possibility for improvement is the pie-
zoelectric micro-machined ultrasound transducer
(PMUT) fabricated using a polymer piezoelectric mate-
rial, potentially providing greater than 100% bandwidth
for optimum resolution in the range (radial) direction, and
a spherically-focused aperture for optimum azimuthal
and elevation resolution. While this polymer PMUT tech-
nology offers improved resolution in all three dimensions,
it requires active electronics (including an amplifier) im-
mediately adjacent to the transducer and within the flex-
ible driveshaft, significantly increasing the complexity of
the device. Furthermore, the transmit efficiency of poly-
mer piezoelectric material is much lower than that of the
traditional lead-zirconate-titanate (PZT) piezoelectric ce-
ramic; therefore, the signal-to-noise ratio of a PMUT de-
vice will be compromised unless the deficiency in acous-
tic output can be compensated for by improved transmit
electronics and/or other signal processing advances.
[0007] Accordingly, there remains a need for improved
devices, systems, and methods for implementing a fo-
cused ultrasound transducer, providing wide bandwidth
and high efficiency for use in a rotational intravascular
ultrasound imaging system.
[0008] In a paper entitled "Micromachined PMN-PT
Single Crystal Composite Transducers - 15-75 MHz PC-
MUT" by X. Jiang et al (2008 IEEE International Ultra-
sonics Symposium Proceedings, pages 164-167), a pi-
ezoelectric composite based micromachined ultrasound
transducer (PC-MUT) technology is presented for fabri-
cation of PMN-PT single crystal piezoelectric composite
transducers. Micromachined PMN-PT single crystal 1-3
composites with resonance frequencies of 15 MHz-
75MHz were fabricated and characterized with coupling
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coefficient of 0.67-0.79. Transducers with a frequency of
75 MHz were prototyped and characterized.
[0009] WO98/33430 describes a phased-array ultra-
sonic transducer assembly which includes a catheter. An
end portion is mounted to the catheter around a trans-
ducer array, and the end portion defines an acoustic win-
dow which is essentially non-focusing to ultrasonic en-
ergy passing therethrough. Because the acoustic win-
dow is non-focusing, a relatively small radius of curvature
can be used on the radially outer surface of this window.

SUMMARY

[0010] According to the present invention, there is pro-
vided a method of forming an ultrasound transducer for
use in intravascular ultrasound imaging systems, the
method comprising: etching (910) a piezoelectric single
crystal (801A) so as to form a pattern of trenches (825)
defining an array of pillars (820) on one surface of the
single crystal; filling (920) the trenches between the pil-
lars with a polymer filler material (830); removing (930)
excess material on a first surface of the filled crystal; plac-
ing (940) a first electrode (852) on a first side of the filled
crystal; removing (950) excess material on a second sur-
face of the filled crystal to leave the single crystal com-
posite (SCC) layer of the desired thickness; placing (960)
a second electrode (851) on a second side of the SCC;
placing (990) the SCC on a molded tip; and forming an
aperture in the molded tip and optional housing above
the transducer, the aperture having a diameter of an in-
teger multiple of wavelengths of a center frequency of an
ultrasound signal transmitted by the transducer.

FIG.1 is a schematic view of an imaging system ac-
cording to an embodiment of the present disclosure.
FIG. 2 is a diagrammatic, partial cutaway perspective
view of an imaging device according to an embodi-
ment of the present disclosure.
FIG. 3 shows a partial view of an ultrasound trans-
ducer according to an embodiment of the present
disclosure.
FIG. 4 shows a partial cross-sectional side view of
a distal portion of an imaging device according to the
present disclosure.
FIG. 5A shows a partial cross-sectional axial view of
the distal portion of the imaging device of Fig. 4 along
section line A-A’.
FIG. 5B shows a partial cross-sectional axial view of
the distal portion of the imaging device of Fig. 4 along
section line B-B’.
FIG. 6A shows a partial plan view of a single crystal
composite according to an embodiment of the
present disclosure.
FIG. 6B shows a partial plan view of a single crystal
composite according to another embodiment of the
present disclosure.
FIG. 6C shows a partial plan view of a single crystal
composite according to yet another embodiment of

the present disclosure.
FIG. 7A shows a partial side view of an ultrasound
transducer according to an embodiment of the
present disclosure.
FIG. 7B shows a partial plan view of a distal portion
of an imaging device incorporating the ultrasound
transducer of Fig. 7A according to an embodiment
of the present disclosure.
FIG. 7C shows top and bottom plan views of the ul-
trasound transducer of Fig. 7A according to an em-
bodiment of the present disclosure.
FIGS. 8A-F show a series of partial cross-sectional
side views of fabrication stages for an ultrasound
transducer according to some embodiments of the
present disclosure.
FIG. 9 shows a flow chart for a method of forming
an ultrasound transducer according to some embod-
iments of the present disclosure.

[0011] In the figures, elements having the same refer-
ence number have the same or similar functions and/or
features.

DETAILED DESCRIPTION

[0012] For the purposes of promoting an understand-
ing of the principles of the present disclosure, reference
will now be made to the embodiments illustrated in the
drawings, and specific language will be used to describe
the same. It is nevertheless understood that no limitation
to the scope of the disclosure is intended. Any alterations
and further modifications to the described devices, sys-
tems, and methods, and any further application of the
principles of the present disclosure are fully contemplat-
ed and included within the present disclosure as would
normally occur to one skilled in the art to which the dis-
closure relates. In particular, it is fully contemplated that
the features, components, and/or steps described with
respect to one embodiment may be combined with the
features, components, and/or steps described with re-
spect to other embodiments of the present disclosure.
For the sake of brevity, however, the numerous iterations
of these combinations will not be described separately.
[0013] Embodiments disclosed herein are for an ap-
paratus and a method of fabrication of the apparatus, the
apparatus including a focused transducer to be used in
a rotational IVUS catheter. A transducer as disclosed
herein provides a broad bandwidth ultrasound signal hav-
ing focused beam propagation. Such a transducer pro-
vides high resolution in all three dimensions (range, lat-
eral and elevation) in an intravascular ultrasound imaging
application. In some embodiments, an IVUS catheter of
the present disclosure provides a wide bandwidth, fo-
cused ultrasound beam without the need for an amplifier
or other active electronics mounted in close proximity to
the transducer within the rotating flexible driveshaft. An
ultrasound transducer according to embodiments dis-
closed herein may include a single crystal composite ma-
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terial that provides a wide bandwidth, focused beam. The
single crystal composite material is shaped into an ele-
ment having a curvature designed to provide a focused
beam (e.g., defining a concave emitting surface for the
ultrasound transducer) in some instances.
[0014] FIG. 1 shows an IVUS imaging system 100 ac-
cording to an embodiment of the present disclosure. In
some embodiments of the present disclosure, the IVUS
imaging system 100 is a rotational IVUS imaging system.
In that regard, the main components of the rotational
IVUS imaging system are a rotational IVUS catheter 102,
a patient interface module (PIM) 104, an IVUS console
or processing system 106, and a monitor 108 to display
the IVUS images generated by the IVUS console 106.
Catheter 102 includes an ultrasound transducer 150 in
some embodiments. PIM 104 implements the appropri-
ate interface specifications to support catheter 102. Ac-
cording to some embodiments, PIM 104 generates a se-
quence of transmit trigger signals and control waveforms
to regulate the operation of ultrasound transducer 150.
[0015] Ultrasound transducer 150 transmits ultra-
sound signals substantially perpendicular to the longitu-
dinal axis of the catheter into the vessel lumen and out-
ward towards the vessel wall. The ultrasound emission
from the transducer is activated by a corresponding elec-
trical signal received from PIM 104. Ultrasound transduc-
er 150 also converts ultrasound echo signals from the
vessel tissue (and other reflectors) into electrical signals
that are communicated to PIM 104.
[0016] FIG. 2 shows a diagrammatic, partial cutaway
perspective view of catheter 102, according to an em-
bodiment of the present disclosure. FIG. 2 shows addi-
tional detail regarding rotational IVUS catheter 102. Ro-
tational catheter 102 includes an imaging core 110 and
an outer catheter/sheath assembly. Imaging core 110
includes a flexible drive shaft that is terminated at the
proximal end by a rotational interface 114 providing elec-
trical and mechanical coupling to PIM 104 (cf. FIG. 1).
The distal end of the flexible drive shaft of the imaging
core 110 is coupled to a transducer housing 116 contain-
ing ultrasound transducer 150.
[0017] Catheter/sheath assembly 112 includes a hub
118 supporting rotational interface 114 and provides a
bearing surface and a fluid seal between rotating and
non-rotating elements of catheter 102. In some embod-
iments, hub 118 includes a luer lock flush port 120
through which saline is injected to flush out the air and
fill the inner lumen of the sheath with an ultrasound-com-
patible fluid at the time of use of the catheter. Saline or
other similar fluid is required, since ultrasound frequen-
cies are highly attenuated by air, and strongly reflected
at any air-solid or air-liquid interface. Saline also provides
a biocompatible lubricant for the rotating driveshaft. In
some implementations, hub 118 is coupled to a telescope
122 that includes nested tubular elements and a sliding
fluid seal that permits catheter/sheath assembly 112 to
be lengthened or shortened. Telescope 122 facilitates
axial movement of the transducer housing within an

acoustically transparent window 124 at the distal portion
of catheter/sheath assembly 112.
[0018] In some embodiments, window 124 is com-
posed of thin-walled plastic tubing fabricated from mate-
rial(s) that readily conduct ultrasound waves between the
transducer and the vessel tissue with minimal attenua-
tion, reflection, or refraction. A proximal shaft 126 of cath-
eter/sheath assembly 112 bridges the segment between
telescope 122 and window 124. In some embodiments,
proximal shaft 126 is composed of a material or compos-
ite that provides a lubricious internal lumen and optimum
stiffness to catheter 102. In some embodiments, the cath-
eter/sheath assembly 112 and/or the window 124 in-
cludes features as described in U.S. Provisional Patent
Application No. 61/746,958, titled "INTRAVASCULAR
ULTRASOUND CATHETER FOR MINIMIZING IMAGE
DISTORTION, filed December 28, 2012, published as
US 2014/0187964 A1. FIG. 3 shows a partial cross-sec-
tional view of ultrasound transducer 150 according to
some embodiments disclosed herein. Transducer 150
includes a single crystal composite material (SCC) 301
having pillars 320 of a single crystal piezoelectric material
embedded in a polymer matrix 330. The illustrated com-
posite is commonly referred to as 1-3 composite, indic-
ative of the one-dimensional connectivity of the piezoe-
lectric material (continuous in the Z-direction, but not in
the X- or Y-direction) and the three-dimensional connec-
tivity of the polymer matrix (continuous in the X-, Y-, and
Z-directions). In some embodiments, the single crystal
piezoelectric material forming pillars 320 is lead magne-
sium niobate-lead titanate (PMN-PT). In some embodi-
ments polymer matrix 330 is formed by epoxy or other
polymer material. The epoxy or other material used as
filler in polymer matrix 330 provides flexibility to the SCC
forming ultrasound transducer 150. Depending on the
particular requirements of the application in terms of flex-
ibility, strength, and acoustic properties, suitable filler ma-
terials may include a more rigid epoxy such as EPO-TEK
301, a flexible epoxy such as one of the Mereco 1650
series formulations, a silicone such as polydimethylsi-
loxane (PDMS), another polymer such as metallocene-
catalyzed polydicyclopentadiene, or a syntactic foam
fabricated from one of the aforementioned polymers
loaded with microballoons.
[0019] The polymer matrix 330 reduces the acoustic
impedance of the SCC 301 compared to that of PMN-PT
single crystal material or PZT ceramic. The improved
acoustic impedance match between the SCC and the
surrounding medium (saline) promotes high efficiency
coupling and broad bandwidth for transducer 150. The
piezoelectric crystal material is chosen for its high elec-
tromechanical coupling coefficient, further improving the
transducer efficiency. Furthermore, the composite struc-
ture of the SCC 301 supports a "pillar-mode" of vibration
which is more efficient than the "plate mode" of vibration
found in traditional transducers fabricated from bulk pie-
zoelectric material (either single crystal or ceramic).
[0020] In some embodiments, an impedance matching
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layer 310 is included with ultrasound transducer 150. In
some embodiments, matching layer 310 may be a quar-
ter-wave matching layer added to SCC 301 to enhance
the acoustic coupling from the transducer into the sur-
rounding medium to improve the transducer efficiency
and increase its bandwidth. In other embodiments, the
acoustic matching of the SCC 301 to the medium is close
enough that an added matching layer is not needed.
[0021] According to some embodiments disclosed
herein, pillars 320 form structures elongated in an axial
direction (Z-axis in FIG. 3) having a narrow width in cross
section (Y-axis in FIG. 3 or X-axis not shown). Preferably,
the aspect ratio of width to height for a pillar should be
0.6 or less to ensure that the efficient pillar mode of vi-
bration predominates. To achieve a 40MHz center fre-
quency of operation typical for IVUS imaging, the thick-
ness of SCC 301 might be approximately 30 mm, and in
that case, the lateral dimension of a single pillar is pref-
erably 18 mm or less.
[0022] In some embodiments SCC 301 is deformed
into a curved shape to produce a focused transducer.
For example, SCC 301 may be deformed into a spherical
curvature to form a concave bowl-shaped structure with
a center of curvature at the desired focal distance, such
as 1.5 mm from the front surface of the transducer. For
a typical IVUS transducer having a diameter of 0.50 mm,
the preferred focal length would be in the range from 1
mm to 2 mm. In some embodiments, the curvature may
be designed to correct for cylindrical aberration caused
by the cylindrical catheter/sheath 102. In this case, the
curvature in the YZ-plane might be circular, but with a
different radius of curvature from the radius of curvature
in the XZ-plane.
[0023] In some embodiments SCC 301 promises high
efficiency and broad bandwidth for ultrasound generation
and sensing, which is desirable for IVUS imaging appli-
cations. Piezoelectric materials used for single crystal
composite may have a high electromechanical coupling
coefficient. For example, some formulations of PMN-PT
exhibit k33 = 0.90, versus k33 = 0.72 for a PZT-5H com-
position commonly used for traditional IVUS transducers.
Note that k33 is the pillar-mode electromechanical cou-
pling coefficient. A single crystal composite fabricated
from PMN-PT having k33 = 0.90, may yield a kt value of
0.855 for the composite. Note that kt is the plate-mode
electromechanical coupling coefficient, and for compar-
ison, the corresponding kt value for bulk PZT-5H com-
monly used for IVUS transducers is approximately 0.5.
Since one-way energy conversion efficiency is propor-
tional to kt2, the round trip energy efficiency is propor-
tional to the fourth power of the kt ratio, and the expected
improvement due to an increase in kt from 0.5 up to 0.855
would be almost 10dB. For reference, see Ren, Kailiang;
Yiming Liu; Xuecang Geng; Hofmann, H.F.; Zhang, Q.M.,
"Single crystal PMN-PT/Epoxy 1-3 composite for energy-
harvesting application," Ultrasonics, Ferroelectrics and
Frequency Control, IEEE Transactions on , vol.53, no.3,
pp.631,638, March 2006. In some embodiments of SCC

301, undesirable lateral vibration modes (in the XY-plane
of FIG. 3) are suppressed, particularly those close in fre-
quency to the desired ultrasound operating frequency.
The lateral resonance frequency for a narrow pillar 320
having a width-to-height aspect ratio of 0.6 or less is sub-
stantially higher than the fundamental frequency of the
desired pillar-mode resonance, and any lateral vibrations
that are excited may be dampened by absorption in the
relatively soft polymer matrix 330 that surrounds the pil-
lars 320. In addition, the cross-sectional profile of the
pillar may be altered from the simple rectangle or square
cross-section typically used for single crystal composite
materials, thereby reducing or eliminating lateral reso-
nance modes. Furthermore, the periodicity of the pillar
matrix may be varied or randomized across the pillar ar-
ray to reduce coherence with respect to lateral vibrations,
thereby suppressing low frequency lateral modes that
might otherwise arise from array periodicity.
[0024] As described above, a high electromechanical
coupling coefficient may be obtained using single crystal
composite material, and the lateral modes may be sup-
pressed, resulting in efficient transformation of electrical
energy delivered into the pillar mode of vibration in pillars
320, and into the corresponding thickness-mode vibra-
tion (Z-axis in FIG. 3) of SCC 301. Further as described
above, polymer matrix 330 reduces the acoustic imped-
ance of SCC 301 compared to that of solid single crystal
material. For example, in some embodiments SCC 301
may include between 20% and 80% by volume of polymer
matrix 330. Such a composite may exhibit an acoustic
impedance as low as 5 MRayls (for the lowest percentage
of piezoelectric material) or as high as 20 MRayls (for
the highest percentage of piezoelectric material). For
comparison, the acoustic impedance of PZT ceramic is
approximately 34 MRayls and that of PMN-PT is typically
25 MRayls. The low acoustic impedance of a single crys-
tal composite material is better matched to tissue acous-
tic impedance (-1.5 MRayls), therefore promoting high
efficiency and broad bandwidth for single crystal com-
posite ultrasound transducer 150.
[0025] The dimensions of SCC 301 vary according to
the specific application sought. For example, the target
ultrasound frequency and bandwidth determine the spe-
cific dimensions of SCC 301 in some instances. In some
embodiments pillars 320 are about 20 mm in lateral di-
mension (XY plane in FIG. 3) with 10 mm kerf widths.
The thickness of the SCC substrate might be approxi-
mately 30 mm for the typical 40MHz center frequency of
a transducer intended for IVUS imaging. For high fre-
quency IVUS, it may be desirable to have even smaller
pillars and kerfs in SCC 301. In some embodiments, sin-
gle crystal materials may be desirable in SCC 301 for
high frequency applications because single crystals may
be more easily patterned using deep reactive ion etching
(DRIE). DRIE techniques may be used to pattern the
crystalline substrate with mm accuracy to fabricate SCC
301 materials on a wafer scale.
[0026] The volume fraction of piezoelectric 320 in SCC
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301 may also vary according to the application. For ex-
ample, the volume fraction of piezoelectric 320 affects
the piezoelectric performance of the transducer (in terms
of efficiency and bandwidth), the acoustic matching to
the medium (which affects overall system efficiency and
bandwidth), and the flexibility of the substrate (which af-
fects the ability to deflect the substrate into a spherical
shape to produce a focused transducer). Typical values
for volume fraction of piezoelectric in single crystal com-
posite range from 20% to 80%. A volume fraction of ap-
proximately 50% is commonly chosen as a good com-
promise in terms of performance, flexibility, and manu-
facturability.
[0027] FIG. 4 shows a partial perspective view of trans-
ducer housing 116, including ultrasound transducer 150
according to embodiments of the present invention. Ul-
trasound transducer 150 includes SCC 301 and imped-
ance matching layer 310. Other details of ultrasound
transducer 150 are omitted in FIG. 4, for clarity. It is un-
derstood that ultrasound transducer 150 in FIG. 4 may
include the same or similar elements as shown in FIG.
3. For example, ultrasound transducer 150 in FIG. 4 may
include back electrode 151, and front electrode 152.
[0028] Transducer housing 116 is in a distal portion of
catheter 102 according to an embodiment of the present
disclosure. In particular, FIG. 4 shows an expanded view
of aspects of the distal portion of imaging core 110. In
this exemplary embodiment, imaging core 110 is termi-
nated at its distal tip by housing 116. Housing 116 may
be fabricated from stainless steel or other suitable bio-
compatible material, and have a bullet-shaped or round-
ed nose, and an aperture 128 for an ultrasound beam.
Thus, ultrasound beam 130 may emerge from housing
116, through aperture 128. In some embodiments, flex-
ible driveshaft 132 of imaging core 110 is composed of
two or more layers of counter wound stainless steel wires.
Flexible driveshaft 132 is welded or otherwise secured
to housing 116 such that rotation of flexible driveshaft
132 imparts rotation to housing 116. In the illustrated em-
bodiment, an electrical cable 134 with an optional shield
136 provides electrical power to SCC 301. Electrical ca-
ble 134 extends through an inner lumen of flexible drive-
shaft 132 to the proximal end of imaging core 110 where
it is terminated to the electrical connector portion of the
rotational interface 114 (cf. FIG. 2). SCC 301 is mounted
onto molded backing 148. Molded backing 148 may be
formed of a polymer material such as epoxy, and serve
as an acoustic backing material to absorb ultrasound re-
verberations propagating within housing 116. Molded
backing 148 provides strain relief for electrical cable 134
at the point of soldering to electrodes 151 and 152 in
some instances.
[0029] According to some embodiments, molded back-
ing 148 is formed with a concave upper surface such that
when ultrasound transducer 150 is placed on the con-
cave upper surface and adhered in place, the flexibility
of SCC 301 allows ultrasound transducer 150 to conform
to the curvature of the backing 148 and retain a corre-

sponding curved shape. The convex shape of the ultra-
sound transducer 150 may have a center of curvature
along the axis of the ultrasound beam direction BD. FIG.
4 shows a beam direction BD substantially perpendicular
to the longitudinal axis of catheter 102. One of ordinary
skill will recognize that the angle between the beam di-
rection and the longitudinal axis of the catheter may have
values less than or greater than 90°, depending on the
desired features of the catheter. In that regard, in some
implementations, the ultrasound transducer 150 is
mounted such that the ultrasound beam 130 propagates
at an oblique angle with respect to the longitudinal axis
of the catheter. Such an oblique angle for the ultrasound
beam direction BD may be advantageous for reducing
ultrasound reverberations from the catheter window 124,
or for facilitating Doppler ColorFlo imaging as described
in U.S. Patent Application No. 13/892,108, titled "Device
and System for Imaging and Blood Flow Velocity Meas-
urement" and filed May 10, 2013, published as US
2013/0303907 A1. The curvature adopted by ultrasound
transducer 150 according to embodiments as disclosed
herein provides focusing for beam 130. In some embod-
iments transducer may be approximately 500 mm in di-
ameter with a focal length (radius of curvature) of approx-
imately 1.5 mm, corresponding to an f:3 relative aperture.
This f:3 relative aperture provides a reasonable depth of
field for IVUS imaging, and places the geometric focus
of ultrasound beam 130 approximately 1mm outside the
typical catheter window 124, having a 1 mm diameter.
For a spherically-focused transducer, the depth of the
bowl-shaped curvature can be approximated as trans-
ducer diameter, divided by eight times the f:number, or
approximately 20 mm for the illustrative example provided
here.
[0030] In some embodiments an acoustic lens may be
used to provide focusing to beam 130. To produce an
acoustic lens, some embodiments may use silicone or
other polymer exhibiting low acoustic velocity relative to
that of the surrounding medium (saline). Silicone mate-
rials suitable for forming an acoustic lens are available
with acoustic velocities in the range of 1.0 mm/msec, com-
pared to an acoustic velocity in saline or blood of approx-
imately 1.5 mm/msec. A spherically-curved acoustic lens
formed from such a low-velocity silicone material, and
having a center thickness of approximately 60 mm may
provide a similar f:3 focusing power to the curved trans-
ducer described above having a 20 mm deep bowl-
shaped curvature. A spherically-curved lens may be
formed by applying a controlled volume of liquid to the
surface of a circular transducer, and allowing surface ten-
sion to draw the liquid into a spherical shape before the
liquid cures to form a solid/rubbery lens. Alternatively, a
spherical lens can be formed by molding the silicone ma-
terial to the desired shape. One potential disadvantage
of the lens-based focusing versus the curved transducer
approach is that the lens may give rise to reflections,
reverberation, attenuation, and other artifacts that may
degrade the image quality.
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[0031] FIG. 5A shows a partial cross-section view of a
transducer housing including electrical leads 134-1 and
134-2, according to some embodiments. FIG. 5A results
from taking a cut away view of FIG. 4 along line AA’.
Electrical leads 134-1 and 134-2 may be collectively re-
ferred to as leads 134 (cf. FIG. 4). Leads 134 may be
coupled to bonding pad 506 (lead 134-1) and to bonding
pad 507 (lead 134-2). Bonding pads 506 and 507 may
have electrical contact with either of electrodes 151 and
152 in ultrasound transducer 150. In some instances,
electric leads 134-1 and 134-2 provide opposite polarities
of an electrical excitation signal coupled to SCC 301
through electrodes 151 and 152. In some embodiments
lead 134-1 is coupled to back electrode 151 and lead
134-2 is coupled to front electrode 152. Further, accord-
ing to some embodiments leads 134-1 and 134-2 are
coupled to separate portions of back electrode 151, elec-
trically isolated from one another. In such configurations,
front electrode 152 may be a floating electrode having
no direct electrical connection to any external potential,
in which case it may assume a potential midway between
the voltages provided by leads 134-1 and 134-2 to the
isolated segments of back electrode 151. Embodiments
having a floating electrode 152 may simplify the electrical
connections used inside housing 116.
[0032] FIG. 5B shows a partial cross-section view of
transducer housing 116, including ultrasound transducer
150, according to embodiments of the present invention.
FIG. 5B results from taking a cut away view of FIG. 4
along line BB’. FIG. 5B illustrates aperture 128 in the
housing 116 formed above ultrasound transducer 150 to
allow ultrasound beam 130 to propagate to and from the
vessel tissue. FIG. 5B also shows window 124, which is
transparent to the ultrasound beam 130 (cf. FIG. 2).
[0033] FIGS. 6A, 6B, and 6C show partial plan views
of single crystal composites 601A, 601B, and 601C, re-
spectively, according to embodiments disclosed herein.
Without loss of generality, SCC 601A, SCC 601B, and
SCC 601C in FIGS. 6A, 6B, and 6C are shown in a plane
XY consistent with Cartesian coordinate axes shown in
FIGS. 1-5B. One of ordinary skill in the art will recognize
that an ultrasound transducer fabricated from any one of
SCC 601A, 601B, and 601C may have any orientation
in 3D space. In particular, as has been discussed above,
an ultrasound transducer formed from SCC 601A, SCC
601B, and SCC 601C may have a 3D curvature forming
a dish shape having a symmetry axis, BD, as shown in
Fig. 4. SCC 601A, SCC 601B, and SCC 601C (collec-
tively referred to as SCC 601) include pillars 620A, 620B,
and 620C, respectively (collectively referred to as pillars
620). Pillars 620 in SCC 601 are embedded in polymer
matrix 630. In some embodiments polymer matrix 630
may be as polymer matrix 330, described in detail with
reference to FIG. 3, above. Also illustrated in FIGS. 6A,
6B, and 6C is a cutout path 650 in the XY plane. Cutout
path 650 may be formed with a laser beam on portions
of SCC 601 including polymer matrix 630. In this regard,
the matrix of pillars 620 may be specifically designed to

leave cutout path 650 free of obstruction by pillars 620
which might otherwise be more difficult to ablate with the
laser as compared to the polymer matrix 630.
[0034] As shown in FIG. 6A, SCC 601A includes pillars
620A having a circular cross-section in the XY plane. As
shown in FIG. 6B, SCC 601B includes pillars 620B having
a square cross-section in the XY plane. As shown in FIG.
6C, SCC 601C includes pillars 620C having puzzle-piece
cross-section in the XY plane. One of ordinary skill would
recognize that the particular shape of pillars in SCC 601
in the XY plane is not limiting. Some embodiments may
include pillars having cross-sections in the XY plane with
dog-bone shape, pseudo-random shape, or hexagonal
shape.
[0035] Embodiments such as SCC 601A, 601B, 601C,
or similar non-traditional shapes provide improved fill ef-
ficiency in the XY plane, improved adhesion to polymer
matrix 630, greater flexibility, and better suppression of
undesired lateral modes (in the XY plane). Furthermore,
SCC 601 provides improved mechanical integrity during
the wafer thinning process. Patterning the finished trans-
ducer with cutout path 650 is also a valuable benefit. In
some embodiments, cutout path 650 may form a circular
or elliptical transducer shape. Ultrasound transducers
having circular or elliptical shapes offer good perform-
ance in terms of sidelobe levels, compared to cutout
paths having rectangular or square shapes.
[0036] The geometric configuration of pillars 620
shown in FIG. 6 is not limiting to patterns 620A, 620B, or
620C. One of ordinary skill will recognize that many con-
figurations are possible. In some embodiments the ap-
erture formed by SCC 601 may be apodized by varying
the density of pillars 620 near the edges of the aperture
(close to cutout path 650) to further reduce sidelobe lev-
els. Some embodiments include pillars 620 having cross-
sections chosen to provide regular, semi-regular, or ape-
riodic tessellation of the substrate in the XY-plane. In
some embodiments, odd-shaped but uniform pillars 620
are used.
[0037] FIG. 7A shows a partial side view of an ultra-
sound transducer 750 according to some embodiments
disclosed herein. Embodiments of split back electrode
transducer 750 include a back electrode divided into two
equal electrode halves 751-1 and 751-2. In some em-
bodiments, electrode halves 751-1 and 751-2 have D-
shapes where the transducer has a circular or elliptical
profile. Electrode halves 751-1 and 751-2 are electrically
isolated from one another, while the front electrode is
continuous over the entire front surface of transducer 750
in some instances. In ultrasound transducer 750 the elec-
trode connections to electrical cables 734-1 and 734-2
are provided from the back side. Thus, the back electrode
in ultrasound transducer 750 includes back side portion
751-1 electrically connected to cable 734-1, and back
side portion 751-2 electrically connected to cable 734-2.
According to some embodiments, front electrode 752
may be electrically floating with no direct connection to
an external potential such as ground, but by way of ca-
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pacitive coupling through the transducer substrate, front
electrode will tend to assume a potential midway between
the two potentials present on back electrode halves
751-1 and 751-2. Ultrasound transducer 750 includes
SCC 701, which may include pillars embedded in a pol-
ymer similar to SCC 301 and SCC 601 as described in
detail above (cf. FIGS. 1, 6A, 6B, and 6C).
[0038] Some embodiments of ultrasound transducer
750 with a split back electrode configuration as in FIG.
7A include SCC 701 having two halves 701-1 and 701-2,
poled in opposite directions but parallel to the Z-axis. For
example, a first half SCC 701-1 coupled to electrode
751-1 may be poled in a first direction 761 parallel to the
Z-axis, and a second half SCC 701-2 coupled to electrode
751-2 may be poled in a second direction 762 opposite
to first direction 761, but parallel to the Z-axis. SCC may
support a split polarization without significant artifacts
due to the anisotropic electrical properties of the com-
posite arising from the significantly different electrical
properties of the piezoelectric crystal material and poly-
mer matrix comprising the composite. According to some
embodiments, cable 734-1 may directly couple electrode
751-1 to a first signal, while cable 734-2 may directly
couple electrode 751-2 to a second signal of equal mag-
nitude but opposite polarity compared to said first signal.
As the two back electrodes are excited with equal mag-
nitude but opposite polarity signals, the front electrode
tends to maintain a potential midway between the two
signals, which is a neutral or virtual ground potential, and
the two transducer halves 701-1 and 701-2 receive equal
but opposite polarity electrical excitation. With opposite
polarity electrical excitation of the two transducer halves
701-1 and 701-2, combined with their opposite direction
poling, both transducer halves 701-1 and 701-2 will ex-
pand and contract in phase with one another to provide
the same polarity of ultrasound excitation across the en-
tire transducer surface. Accordingly, in some embodi-
ments transducer halves 701-1 and 701-2 vibrate in
phase with one another, providing a full aperture ultra-
sound beam, but without the requirement for an external
electrical connection to the front surface of transducer
750 required.
[0039] A single crystal composite as disclosed herein
is particularly well suited to the split back electrode con-
figuration. Due to the high dielectric constant of the PMN-
PT pillars (typical value for relative dielectric constant is
3000) compared to that of the epoxy filler material (typical
value for relative dielectric constant is 5), the electric field
is largely confined to the high dielectric pillars, and forced
to align itself in the Z-direction. Accordingly, the fringe
fields at the boundary between the split electrodes 751-1
and 751-2, and between transducer halves 701-1 and
701-2 are minimized and there is very little inefficiency
associated with this configuration. This same mechanism
constrains the electric field during the poling operation
to remain predominantly aligned in the Z-direction, with
minimal fringe fields near the boundary between the split
electrodes 751-1 and 751-2, and between transducer

halves 701-1 and 701-2, thus ensuring that the poling
maintains a well-defined orientation parallel to the Z-axis
near the boundary between the two halves of the trans-
ducer.
[0040] Some embodiments using ultrasound transduc-
er 750 including a split electrode may yield a lower ca-
pacitance (higher impedance) device. Indeed, each of
the two capacitors formed between electrodes 751-1 and
752 or between electrodes 751-2 and 752 has half the
area and half the capacitance of the traditional front/back
electrode configuration applied of the same SCC 701
substrate. Furthermore, in the split electrode configura-
tion the two capacitors formed between electrodes 751-1
and 752 and between electrodes 751-2 and 752 are con-
nected in series, thus reducing the net capacitance of
SCC 701 by another factor of two as compared to the
traditional configuration with a single back electrode.
Thus, embodiments of SCC 701 having a split back elec-
trode may have a four-fold lower capacitance and four
times higher impedance, requiring twice the excitation
voltage and half the excitation current to achieve the
same ultrasound output as compared to the conventional
electrode configuration. Embodiments consistent with
the split electrode configuration illustrated in FIG. 7A pro-
vide desirable manufacture features, since front elec-
trode 752 is floating and does not require a direct con-
nection to an external voltage source or ground. This
simplifies the configuration and manufacturing of ultra-
sound transducer 750 and tip housing 116 since all of
the electrical connections to transducer 750 can be made
through features integrated into the housing assembly
as the transducer 750 is placed and adhered to the mold-
ed backing 148.
[0041] Split back electrode transducer 750 is also de-
sirable in embodiments including matching layer 310.
The use of a split back electrode permits matching layer
310 to be formed at the wafer level fabrication of trans-
ducer 750. For example, an impedance matching layer
such as layer 310 (cf. FIG. 3) may be formed as a con-
tinuous layer on top of front electrode 752, without the
need to interrupt the matching layer to provide access
for lead attachment to front electrode 752. Thus, fabrica-
tion methods according to some embodiments may avoid
cutting a hole in matching layer 310 for a front electrode
contact.
[0042] FIG. 7B shows a partial plan view of molded
backing assembly for use with ultrasound transducer 750
according to some embodiments disclosed herein. In
some configurations it is preferred to avoid the require-
ment for direct attachment of leads 134-1 and 134-2 to
electrodes 751-1 and 751-2, rather to provide intermedi-
ate conductive members integrated into the molded
backing 748, to indirectly connect leads 134-1 and 134-2
to electrodes 751-1 and 751-2. FIG. 7B illustrates con-
ductive bonding contacts 754-1 and 754-2 formed on the
molded backing 748 in the concave depression where
the ultrasound transducer 750 will ultimately be placed
and adhered. Bonding contacts 754-1 and 754-2 are con-
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nected to lead attachment pads 764-1 and 764-2, also
formed on the molded backing 748, respectively, by con-
ductive pathways 766-1 and 766-2, also formed on the
molded backing 748. In some embodiments bonding con-
tacts 754-1 and 754-2 may include gold-plated diamond
grit to facilitate electrical contact with split back elec-
trodes 751-1 and 751-2 when the ultrasound transducer
is placed on and adhered to the molded backing 748.
Lead attachment pads 764-1 and 764-2 provide a termi-
nation point for electrical cables such as cables 134-1
and 134-2 (cf. FIG. 5A). Lead attachment pads 764-1
and 764-2, conductive pathways 766-1 and 766-2, and
bonding contacts 754-1 and 754-2 may be formed of any
conductive material, such as gold or silver. One of ordi-
nary skill would recognize that the specific material form-
ing bond pads 761-1 and 761-2 is not limiting and any
conductive material or alloy thereof may be used, without
limitation.
[0043] In embodiments using gold-plated diamond grit,
SCC 701 is pressed and glued onto molded backing 748.
Thus, protuberances in the diamond grit poke into the
electrode plating on the back of the sheet formed by SCC
701, providing a low resistance electrical connection
without the need for soldering, welding, conductive ad-
hesive, or other connection method that might be difficult
to apply in the confined region between the SCC 701 and
molded backing 748. Some embodiments may include
anisotropic conductive adhesives to provide a reliable
electrical connection to SCC 701 without creating a short
circuit between split electrodes 751-1 and 751-2. For ex-
ample, an insulating epoxy-like material filled with gold-
or silver-plated spheres provides an anisotropic conduc-
tive adhesive in some implementations. In such embod-
iments the density of the plated spheres is low enough
that the bulk material is nonconductive, but when the ad-
hesive is compressed into a thin film between two con-
ductive surfaces, the plated spheres are compressed be-
tween the conductors and they bridge the narrow gap to
form a low resistance connection in the compression di-
rection.
[0044] According to some embodiments, transducer
750 including electrodes 752, 751-1, and 751-2 is
pressed into molded backing 748 and adhered in place,
thus forming a bowl-shaped transducer for providing fo-
cused beam 130 (cf. FIG. 4). FIG. 7C shows top and
bottom views of transducer 750 according to some em-
bodiments. In some embodiments transducer 750 in-
cludes alignment tab 770 which mates with alignment
notch 774 within molded backing 748. This alignment
feature ensures that the transducer is properly oriented
as it is pressed in place and adhered to the molded back-
ing 748.
[0045] FIGS. 8A-F show a partial view of fabrication
stages for a single crystal composite substrate suitable
for fabricating ultrasound transducer 150, according to
embodiments of the present invention. FIG. 8A illustrates
a substrate 801A formed from a wafer 802 of single crys-
tal material, patterned using photolithography and DRIE

(or other suitable etching/material removal processes) to
form a pattern of trenches 825 into the surface of wafer
802, said trenches defining an array of pillars on one
surface of the wafer. Wafer 802 may be of any piezoe-
lectric material, although single crystal piezoelectric ma-
terial is preferred for its superior piezoelectric properties
and its suitability for etching using a wider range of wafer
processing technologies. For example, some embodi-
ments may use a single crystal of lead magnesium nio-
bate-lead titanate (PMN-PT).
[0046] FIG. 8B illustrates filling the trenches of etched
wafer 802 with polymer 830 to form substrate 801B. Pol-
ymer 830 serves to support pillars 820 of piezoelectric
material, and to ultimately provide the polymer matrix 330
of a single crystal composite material. In some embodi-
ments a pattern of trenches is etched in the piezoelectric
substrate using DRIE to produce vertical walls (Z-direc-
tion) and a precise cross-sectional profile (XY plane), typ-
ically with 1 mm resolution. After etching, the trenches
are filled with a polymer 830 such as epoxy or silicone,
and excess polymer may completely cover pillars 820 to
form substrate 801B.
[0047] FIG. 8C illustrates the formation of substrate
801C, according to some embodiments. Polymer 830
may completely cover the front surface of substrate
801B. In some embodiments, substrate 801B may be
polished, ground, or etched to a thickness such that the
top surfaces of pillars 820 are exposed on the surface of
substrate 801C, isolated from one another by moats of
polymer 830. Preferably, the surface of substrate 801C
is flat, with the exposed surfaces of pillars 820 and pol-
ymer 830 coplanar with one another.
[0048] FIG. 8D illustrates forming of substrate 801D,
including a front electrode 852. Formation of substrate
801D may include deposition and optional patterning of
front electrode 852. In addition to formation of the front
electrode 852, substrate 801D is completed by thinning
substrate 801C to the desired thickness of single crystal
composite material. This thinning operation is accom-
plished by grinding, polishing, and/or etching the back
side of substrate 801C until the desired thickness of sub-
strate 801D is reached. Preferably, the back surface of
substrate 801D is flat, with the exposed surfaces of pillars
820 and polymer 830 coplanar with one another. Once
substrate 801D is thinned to its final thickness, it becomes
a flexible material due to the matrix of flexible polymer
830 supporting the isolated pillars 820. Typically, the
electrode is very thin (<1 mm) such that it does not ap-
preciably affect the flexibility of the substrate 801D. Front
electrode 852 is formed by deposition on the top surface
of substrate 801D of a conductive material by evapora-
tion, sputtering, electroplating, printing, or other method.
[0049] FIG. 8E illustrates the formation of a back elec-
trode 851 on substrate 801E. Back electrode 851 and
front electrode 852 may be as electrodes 151 and 152
described in detail above (cf. FIG. 3). Back electrode 851
may be formed by deposition and optional patterning in
the same way as front electrode 852 (cf. FIG. 8D).
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[0050] FIG. 8F illustrates a completed substrate of sin-
gle crystal composite 801 formed by depositing an acous-
tic impedance matching layer 810 on top of substrate
801E. Acoustic matching layer 810 is included in some
embodiments of SCC 801 to better match the acoustic
impedance of the vessel tissue. Thus, acoustic matching
layer 810 may improve the efficiency or broaden the fre-
quency response of an ultrasound transducer using SCC
801.
[0051] One skilled in the art will recognize that the order
of fabrication steps outline with respect to FIGS. 8A-F
may be altered to optimize the fabrication process, with-
out substantially affecting the finished
[0052] Once a substrate of SCC 801 is complete as
shown in FIG. 8E or FIG. 8F , individual transducer ele-
ments can be removed from the sheet of material cutting
or removing the polymer matrix in a desired outline
around the element. In some embodiments, cutting/re-
moving the polymer matrix surrounding an individual el-
ement may be performed using a laser to ablate the ma-
terial. Once the individual transducer element is removed
from the sheet of single crystal composite, it may be
mounted to the molded backing 148 inside the transducer
housing 116 as ultrasound transducer 150.
[0053] According to embodiments of the fabrication
method illustrated in FIGS. 8A-F, the dimensions of an
ultrasound transducer may be defined at the wafer level.
Thus, the dimensions of a finished ultrasound transducer
may be determined during the formation of substrate
801A (e.g., photolithography step) and substrate 801B
(e.g., DRIE step). The flexibility of DRIE allows the for-
mation of pillars 820 of arbitrary cross-sectional profile,
as well as arranging the pillars into any desired configu-
ration so as to define individual transducer elements with
particular features such as laser ablation outline free from
obstruction, variable pillar density near the edges of the
element, etc. In addition, electrodes 851 and 852 may
be patterned in alignment to the underlying pillar pattern,
such that the individual transducer elements will include
the desired electrode pattern (possibly including a split
electrode pattern) when removed from the substrate by
laser ablation of the transducer outline (or other method).
[0054] By providing flexibility in the layout and pattern
design of an ultrasound transducer, fabrication methods
for SCC layers as disclosed herein provide a focused
ultrasound beam using a simple electrical coupling to the
transducer.
[0055] FIG. 9 shows a flow chart for a method 900 of
forming an ultrasound transducer according to embodi-
ments of the present invention. Method 900 will be de-
scribed below in relation to the steps and structures il-
lustrated in FIGS. 8A-F. Reference to the steps and struc-
tures in FIG. 8A-F is used for illustrative purposes only
and is not limiting of the embodiments of method 900
consistent with the general concept expressed in FIG. 9.
One of ordinary skill would recognize that obvious vari-
ations to method 900 may be provided, including chang-
ing the order of the steps, while maintaining the overall

concept as described below.
[0056] Step 910 includes etching a single crystal ac-
cording to a pattern formed by photolithography, such as
in substrate 801A (cf. FIG. 8A). In some embodiments,
step 910 includes a DRIE procedure. Step 920 includes
placing a polymer layer on the etched single crystal, to
form a substrate such as substrate 801B (cf. FIG. 8B).
In some embodiments step 920 includes filling a pillar
pattern resulting from the etching step 910 with polymer,
which may be an epoxy. Step 930 includes forming the
polymer layer to a thickness, such as in substrate 801C
(cf. FIG. 8C). Step 930 may include lapping the surface
of the wafer to removing excess epoxy, creating a planar
surface and exposing the pillars. In step 940 an electrode
852 is deposited on the front side of the SCC.
[0057] Step 950 includes forming an SCC layer to a
thickness, as in substrate 801D (cf. FIG. 8D). In some
embodiments step 950 includes grinding and polishing
the back portion of the wafer including substrate 801D
to release the composite structure from the wafer. Step
960 includes depositing a back electrode 851 to form a
substrate such as substrate 801E (cf. FIG. 8E). Accord-
ing to some embodiments, step 960 may include similar
procedures as step 940 to deposit an electrode. In some
embodiments, substrate 801E is formed to incorporate
a pillar structures and electrodes configured to form a
plurality of individual transducers on a single substrate.
[0058] Step 970 includes placing an impedance
matching layer 810 on one electrode. Step 970 may in-
clude grinding the matching layer to a desired thickness.
Acoustic matching layer may be composed of epoxy (or
other polymer), a particle-loaded loaded epoxy compos-
ite, graphite, or other material of moderate acoustic im-
pedance chosen according to known methods based on
the acoustic impedances of the medium (saline) and the
single crystal composite material. Impedance matching
layer 810 may be composed of multiple layers in some
embodiments. Nominal thickness for a single matching
layer or for a single layer of a multi-layer matching struc-
ture is one-quarter wavelength in the matching layer ma-
terial referenced to the center frequency of the transduc-
er. For example, a particle-loaded epoxy composite ma-
terial may be fabricated to exhibit an acoustic impedance
of 5.0 MRayls, and an acoustic velocity of 1.8 mm/msec,
and the corresponding quarter-wave matching layer
thickness for a 40MHz center frequency typical for IVUS
imaging would be 11 mm. Matching layer thicknesses
and acoustic impedances may be varied from their nom-
inal values to optimize particular aspects of the transduc-
er performance, such as frequency response, bandwidth,
etc.
[0059] Step 980 may include cutting individual trans-
ducers from substrate 801E or 801F. The cutting process
could be performed using a laser to remove epoxy filler
830 surrounding isolated groups of pillars 820 that define
a single transducer. Thus, the transducer structure can
be separated from the substrate by a laser cutting proc-
ess without damaging the piezoelectric material in pillars

17 18 



EP 2 934 329 B1

11

5

10

15

20

25

30

35

40

45

50

55

820, or electrodes 851 and 852.
[0060] Step 990 includes placing the individual trans-
ducer thus formed on a molded backing, such as molded
backing 148 or 748. Once the individual transducer is
separated from the substrate 801E or 801F, it can be
pressed into a micro-molded housing that will become
the tip of the flexible driveshaft in a rotational IVUS cath-
eter. The molded housing may include a dish-shaped
depression to form the desired aperture deflection. In
some embodiments, step 990 is performed once the front
and back electrodes are in place (steps 940 and 960). In
this respect, molded backing 748 may also include con-
ductive elements to bridge the gap between the electrical
leads inside the driveshaft (e.g., a shielded twisted pair)
and the split back electrodes of the transducer. Such con-
ductive elements are described in detail above in refer-
ence to bonding contacts 754-1 and 754-2 (cf. FIG. 7B).
In some embodiments the fabrication process may in-
clude a "Cast-In-Can" method to form a transducer on a
molded backing. In some embodiments, the transducer
is pressed into the micro-molded tip subassembly. In
some embodiments the transducer is placed on a molded
tip such that acoustic beam 130 is formed in a plane
substantially perpendicular to the longitudinal axis of the
catheter (XY plane in FIG. 2). According to some embod-
iments, the transducer is placed on a molded tip such
that acoustic beam 130 extends at an oblique angle with
respect to the longitudinal axis (Z-axis) of the catheter.

Claims

1. A method of forming an ultrasound transducer (150)
for use in intravascular ultrasound imaging systems,
the method comprising:

etching (910) a piezoelectric single crystal
(801A) so as to form a pattern of trenches (825)
defining an array of pillars (820) on one surface
of the single crystal;
filling (920) the trenches between the pillars with
a polymer filler material (830);
removing (930) excess material on a first surface
of the filled crystal;
placing (940) a first electrode (852) on a first
side of the filled crystal;
removing (950) excess material on a second
surface of the filled crystal to leave the single
crystal composite (SCC) layer of the desired
thickness;
placing (960) a second electrode (851) on a sec-
ond side of the SCC; and
placing (990) the SCC on a molded tip (148);
and forming an aperture (128) in the molded tip
and optional housing (116) above the transduc-
er, the aperture having a diameter of an integer
multiple of wavelengths of a center frequency of
an ultrasound signal transmitted by the trans-

ducer.

2. The method of claim 1 further comprising forming
(970) an impedance matching layer (810) above the
SCC layer, the impedance matching layer having a
thickness of about ̈  wavelength of a center frequen-
cy of an ultrasound signal transmitted by the trans-
ducer.

3. The method of claim 1 wherein placing the SCC on
a molded tip comprises forming the SCC into a con-
cave shape.

4. The method of claim 3 wherein forming the concave
shape comprises forming a section of a sphere, the
section having a depth of approximately 20 mm.

Patentansprüche

1. Verfahren zum Bilden eines Ultraschallwandlers
(150) zur Verwendung in intravaskulären Ultra-
schall-Bildgebungssystemen, wobei das Verfahren
umfasst:

Ätzen (910) eines piezoelektrischen Einkristalls
(801A), um auf einer Fläche des Einkristalls ein
Muster aus Gräben (825) zu bilden, die eine An-
ordnung von Pfeilern (820) definieren;
Füllen (920) der Gräben zwischen den Pfeilern
mit einem Polymer-Füllmaterial (830);
Entfernen (930) von überschüssigem Material
auf einer ersten Fläche des gefüllten Kristalls;
Platzieren (940) einer ersten Elektrode (852) auf
einer ersten Seite des gefüllten Kristalls;
Entfernen (950) von überschüssigem Material
auf einer zweiten Fläche des gefüllten Kristalls,
um die Einkristallverbund- (SSC) Schicht der
gewünschten Dicke zu hinterlassen;
Platzieren (960) einer zweiten Elektrode (851)
auf einer zweiten Seite des SCC;
Platzieren (990) des SCC auf einer gegossenen
Spitze (148); und
Bilden einer Öffnung (128) in der gegossenen
Spitze und dem optionalen Gehäuse (116) über
dem Schallwandler, wobei die Öffnung einen
Durchmesser eines ganzzahligen Vielfachen
von Wellenlängen einer Mittenfrequenz eines
vom Schallwandler übertragenen Ultraschallsi-
gnals aufweist.

2. Verfahren nach Anspruch 1, weiter umfassend das
Bilden (970) einer Impedanzanpassschicht (810)
über der SCC-Schicht, wobei die Impedanzanpass-
schicht eine Dicke von etwa ¨ Wellenlänge einer
Mittenfrequenz eines vom Schallwandler übertrage-
nen Ultraschallsignals aufweist.
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3. Verfahren nach Anspruch 1, wobei das Platzieren
des SCC auf einer gegossenen Spitze das Bilden
des SCC in einer konkaven Form umfasst.

4. Verfahren nach Anspruch 3, wobei das Bilden der
konkaven Form das Bilden eines Abschnitts einer
Kugel umfasst, wobei der Abschnitt eine Tiefe von
etwa 20 mm aufweist.

Revendications

1. Procédé de formation d’un transducteur à ultrasons
(150) à utiliser dans des systèmes d’imagerie intra-
vasculaire à ultrasons, le procédé comprenant :

la gravure (910) d’un monocristal piézoélectri-
que (801A) de façon à former un motif de tran-
chées (825) définissant un groupement de pi-
liers (820) sur une surface particulière du
monocristal ;
le remplissage (920) des tranchées entre les pi-
liers avec une matière d’agent de remplissage
polymère (830) ;
l’enlèvement (930) de matière en excès sur une
première surface du cristal rempli ;
le placement (940) d’une première électrode
(852) sur un premier côté du cristal rempli ;
l’enlèvement (950) de matière en excès sur une
seconde surface du cristal rempli pour laisser la
couche composite de monocristal (SCC) de
l’épaisseur souhaitée ;
le placement (960) d’une seconde électrode
(851) sur un second côté de la SCC ;
le placement (990) de la SCC sur une pointe
moulée (148) ; et la formation d’une ouverture
(128) dans la pointe moulée et un logement fa-
cultatif (116) au-dessus du transducteur,
l’ouverture ayant un diamètre d’un entier multi-
ple de longueurs d’onde d’une fréquence cen-
trale d’un signal à ultrasons transmis par le
transducteur.

2. Procédé selon la revendication 1, comprenant en
outre la formation (970) d’une couche d’adaptation
d’impédance (810) au-dessus de la couche SCC, la
couche d’adaptation d’impédance ayant une épais-
seur d’environ ̈  de longueur d’onde d’une fréquen-
ce centrale d’un signal à ultrasons transmis par le
transducteur.

3. Procédé selon la revendication 1, dans lequel le pla-
cement de la SCC sur une pointe moulée comprend
la formation de la SCC en une forme concave.

4. Procédé selon la revendication 3, dans lequel la for-
mation de la forme concave comprend la formation
d’une section d’une sphère, la section ayant une pro-

fondeur d’environ 20 mm.
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