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HIGH FREQUENCY ULTRASOUND
TRANSDUCER

RELATED APPLICATIONS

[0001] The present application claims the benefit of U.S.
Provisional Patent Application No. 62/612,169 filed Dec.
29, 2017, which is herein incorporated by reference in its
entirety.

TECHNICAL FIELD

[0002] The disclosed technology relates ultrasound trans-
ducers and in particular to high frequency ultrasound trans-
ducers.

BACKGROUND

[0003] As will be appreciated by those skilled in the art,
most modern ultrasound imaging systems work by creating
acoustic signals from a number of individual transducer
elements that are formed in a sheet of piezoelectric material.
By applying a voltage pulse across an element, the element
is physically deformed thereby causing a corresponding
ultrasound signal to be generated. The signal travels into a
region of interest where a portion of the signal is reflected
back to the transducer as an echo signal. When an echo
signal impinges upon a transducer element, the element is
vibrated causing a corresponding voltage to be created that
is detected as an electronic signal. Electronic signals from
multiple transducer elements are combined and analyzed to
determine characteristics of the combined signal such as its
amplitude, frequency, phase shift, power and the like. The
characteristics are quantified and converted into pixel data
that is used to create an image of the region of interest.
[0004] Phased array transducers work by selectively excit-
ing more than one element in the array at a time so that a
summed wave front is directed in a desired direction. By
carefully changing the phase (e.g. time delay) and in some
cases, the amplitude of the signals produced by each trans-
ducer element, a combined beam can be directed over a
range of angles in order to view areas other than those
directly ahead of the transducer. For a phased array trans-
ducer to work well, the pitch of the individual transducer
elements is generally required to be about %2 of the wave-
length of the center frequency of the transducer or less.
While low frequency, phased array transducers (e.g. 2-10
MHz) have been used for some time, high frequency phased
array transducers have been difficult to manufacture due to
the small size of the transducer elements and the higher
attenuation of high frequency ultrasound signals.

[0005] High frequency ultrasound (e.g. 15 MHz and
higher) is an increasingly used imaging modality that is used
to image fine detail in a body and to capture images of
moving tissues. As the operating frequency of a transducer
increases, the size of the transducer elements decreases.
However, many manufacturing techniques that are used to
make lower frequency phased array transducers cannot
simply be scaled to create high frequency phased array
transducers. Given this problem, there is a need for
improved high frequency ultrasound transducer designs.

SUMMARY

[0006] The disclosed technology is a high frequency ultra-
sound transducer array having a frame that surrounds a sheet
of piezoelectric material. The frame has coeflicient of ther-
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mal expansion that is matched to the piezoelectric material.
A number of transducer elements are formed in the sheet of
piezoelectric material and one or more matching layers are
coupled to a front face of the transducer elements in order to
match an acoustic impedance of the transducer elements to
an acoustic impedance of a lens that focuses the ultrasound
signals produced. In one embodiment, kerf cuts are placed in
the matching layers that align with the kerf cuts that define
the individual transducer elements. The kerf cuts in the
matching layers are filled with a material such as a powder
loaded epoxy. A lens is secured to an outermost matching
layer and in some embodiments also includes a number of
filled kerf cuts that are aligned with the kerf cuts in the one
or more matching layers. In one embodiment, one or more
additional matching layers are added to a front surface of the
lens to match an acoustic impedance of the lens material to
the acoustic impedance of water.

[0007] In some embodiments, the ultrasound transducer is
designed to operate as a phased array and includes a lens that
is made to be anisotropic so that ultrasound travels at a speed
that is greater in a direction normal to a front face of the lens
than the speed at which ultrasound travels in a direction
parallel to the front face of the lens. Kerf cuts in the lens
form a number of mini wave guides that direct ultrasound
signals to a front face of the lens. In some embodiments, the
lens is made of polybenzimidazole (Celazole™) having
speed of sound that is substantially greater than the material
used to fill the kerf cuts in the lens.

BRIEF DESCRIPTION OF THE DRAWINGS

[0008] FIG. 1is a top plan view of a frame that surrounds
a piezoelectric sheet in accordance with an embodiment of
the disclosed technology;

[0009] FIG. 2A is an isometric view of a frame surround-
ing a piezoelectric sheet and that is filled with an epoxy
material in accordance with an embodiment of the disclosed
technology;

[0010] FIG. 2B an isometric, cross-sectional view of the
frame and piezoelectric sheet shown in FIG. 2A;

[0011] FIG. 3 illustrates how transducer element kerf cuts
and sub-dice kerf cuts are fashioned in the piezoelectric
sheet with a laser in accordance with an embodiment of the
disclosed technology;

[0012] FIG. 4 is an enlarged, cross-sectional view of a
piezoelectric sheet showing a filler epoxy placed in the
transducer element kerf cuts and the sub-dice kerf cuts;
[0013] FIG. 5 is an enlarged, cross-sectional view of a
portion of a transducer stack showing a number of matching
layers applied to a front face of a transducer layer that are
diced and filled with an epoxy material and a lens that is
bonded to the matching layers in accordance with an
embodiment of the disclosed technology;

[0014] FIG. 6A is a partial isometric view of a lens and
matching layers placed over the transducer stack;

[0015] FIG. 6B is a close-up view of a number of ridges
formed in a top matching layer that support a lens in
accordance with some embodiments of the disclosed tech-
nology;

[0016] FIG. 7 shows a number of alternative sub-dice kerf
cut patterns for a piezoelectric layer in accordance with
some embodiments of the disclosed technology;

[0017] FIG. 8 shows a number of alternative sub-dice kerf
cut patterns for a number of matching layers in accordance
with some embodiments of the disclosed technology;



US 2019/0200959 A1

[0018] FIG. 9 shows a conductive support frame secured
to a transducer stack in accordance with an embodiment of
the disclosed technology;

[0019] FIG. 10 shows an alternative embodiment of a
frame that surrounds a piezoelectric sheet in accordance
with an embodiment of the disclosed technology;

[0020] FIGS. 11 and 12 are cross-sectional views of a high
frequency transducer in accordance with an embodiment of
the disclosed technology;

DETAILED DESCRIPTION

[0021] As will be described in detail below, a high fre-
quency, ultrasound transducer includes a sheet of piezoelec-
tric material that is surrounded by a frame. The frame is
made from an electrically conductive or non-conductive
material having a coeflicient of thermal expansion (CTE)
that is similar to the CTE of the sheet of piezoelectric
material. The frame surrounds the piezoelectric material and
is separated from the piezoelectric material by an insulating
material such as an epoxy. Kerf cuts that define the indi-
vidual transducer elements in the sheet of piezoelectric
material extend across a full width of the piezoelectric sheet.
In some embodiments, sub-dice kerf cuts divide a single
transducer element into two or more sub-elements. In some
embodiments, the sub-dice kerf cuts are parallel to the kerf
cuts that define the individual transducer elements. In other
embodiments, the sub-dice kerf cuts are cut at an angle or
perpendicular to the transducer element kerf cuts to create a
1 3 composite. For example, 90-degree kerfs can be cut to
create square or rectangular piezoelectric pillars in the
piezoelectric sheet.

[0022] In previous generations of high frequency ultra-
sound transducers, a sheet of piezoelectric material was laser
machined to create a number of kerf cuts that define indi-
vidual transducer elements. The open space in the kerf cuts
that define adjacent transducer elements and the sub-dice
kerf cuts within an element were filled with an epoxy
material before the sheet was lapped to a desired thickness.
The kerf cuts had a length that was less than a width of the
piezoelectric sheet so that a border or perimeter of the
piezoelectric material provided some strength around the
transducer elements.

[0023] While this approach works well, it is believed that
improvements can be made. For example, the curing epoxy
in the kerf cuts places the piezoelectric sheet under stress.
Because the epoxy shrinks when it cures, each transducer
element is pulled sideways into a kerf cut. While not
significant for one or two elements, the stresses summed
over all the elements may reach a level where the piezo-
electric sheet can crack. In addition, it is believed that
stresses caused by the shrinking the epoxy deform the
transducer elements to create a constant stress bias on the
transducer. Finally, because each transducer element is
physically joined to the others at the perimeter of the sheet,
there is some level of cross-talk between the elements as
they are excited with a driving pulse and as the echo signals
impinge upon the elements. As will be described below, one
aspect of the disclosed technology is a transducer array
design where the kerf cuts extend across an entire width of
the piezoelectric sheet. Preliminary simulations indicate that
the disclosed design not only reduces the stresses caused by
the curing of the kerf filling material but also reduces
coupling between the transducer elements. This is supported
by experimentation showing a significant improvement in
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bandwidth and sensitivity over the previous kerf designs that
extend for less than the full width of a piezoelectric sheet.
[0024] As will be appreciated by those skilled in the art,
the embodiments shown in the Figures are drawn for the
purpose of explaining how to make and use the disclosed
technology and are not necessarily drawn to scale.

[0025] As shown in FIG. 1, a transducer stack includes a
frame 10 into which a sheet of piezoelectric material is
placed. The frame 10 has a central opening 12 that receives
the sheet of piezoelectric material and creates a space
between an outer edge of the piezoelectric sheet and an
interior edge of the frame 10. The frame 10 is preferably
made of a material having a coefficient of thermal expansion
(CTE) that is similar to the CTE of the piezoelectric mate-
rial. In some embodiments, the sheet of piezoelectric mate-
rial is made from lead zirconate titanate, more commonly
known as PZT. For the remainder of the description, the
piezoelectric material is described as PZT. However, it will
be appreciated that other materials such as single crystal
ferroelectric relaxors (e.g. PMN-PT) or synthetic piezoelec-
tric materials could be substituted for PZT. In the case of
PZT, one suitable choice for the frame material is alumina,
which is a non-conductive ceramic with a CTE that is close
to the CTE of PZT. Alumina has a CTE of about 7.2
microns/m® C. where the CTE for PZT is approximately 4.7
microns/m°® C. However, it will be appreciated that other
materials with a coeflicient of thermal expansion similar to
that of the piezoelectric material could be used such as
molybdenum or fine grain isotropic graphite. For the pur-
poses of the present application, coefficients of thermal
expansion are similar if the piezoelectric material in the
frame doesn’t crack due to thermal stresses when operated
and handled over its normal temperature operating range. In
some embodiments, the frame 10 may include a number of
inwardly extending tabs or fiducials 14 (shown in dashes)
that center the PZT in the opening and space the PZT
transducer elements from the inside edge of the frame. In
some embodiments, the tabs 14 are used if the frame 10 is
made of a conductive material like molybdenum or graphite
but are not used if the frame 10 is made of non-conductive
alumina.

[0026] FIGS. 2A and 2B show a sheet of piezoelectric
material 20 placed in the opening 12 of the frame 10. The
space between the interior edge of the frame 10 and outer
edges of the sheet of piezoelectric material 20 is filled an
insulating filling material 24. In one embodiment, the filling
material 24 is an epoxy such as from the EPO-TEK 301
family available from Epoxy Technology, Inc, Billerica
Mass. that is doped with hafhium oxide or ceramic particles.
The particles are added to the epoxy to resist shrinkage and
to resist laser machining as described below. In the embodi-
ment shown in FIG. 3, the filling material 24 is molded
around the sides of the sheet of piezoelectric material 20 and
is flush with a top surface of the sheet piezoelectric material
20 to form a stack 30 having a top surface 32 and a bottom
surface 34. In the description below, the bottom surface 34
of the stack faces towards the region of interest and the top
surface 32 faces proximally toward the ultrasound operator
in a finished transducer.

[0027] Once the filling material 24 is cured, the top surface
32 and the bottom surface 34 of the stack 30 are lapped,
ground or otherwise made flat to remove any extra epoxy
and to provide flat references for a number of additional
machining steps as will be described.
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[0028] With the top and bottom surfaces lapped, kerf cuts
are created in the PZT sheet 20 with an excimer or other
patterning laser. As shown in FIG. 3, kerf cuts 40 are cut
across the entire width of the PZT sheet 20 from one edge
to the other. If the frame 10 includes the alignment tabs or
fiducials 14, the kerf cuts begin at positions away from each
end of the PZT sheet to define inactive regions 42 and 44 that
are located near the alignment tabs 14. In this way, the ends
of the transducer elements are separated from the interior
edge of the frame 10 by an epoxy filled gap. If the alignment
tabs 14 are not used, then the entire PZT sheet can be diced
to form transducer elements. Because the epoxy of the filling
material 24 is softer than the PZT, the transducer elements
are effectively floating in the cured filling material 24. As
indicated above, the kerf cuts that define individual trans-
ducer elements can begin in the filling material on one side
of the frame and continue across the entire width of the PZT
sheet 20 to the filling material 24 on the other side of the
PZT sheet.

[0029] In one embodiment, the kerf cuts are placed at a
desired pitch and to a depth sufficient to form the transducer
elements depending on the desired center frequency of the
transducer being manufactured. In some embodiments, a
transducer element comprises two electrically connected
sub-elements that are separated by a sub-dice kerf cut that
extends across the entire width of the PZT. In one embodi-
ment, the sub-dice kerf cuts have the same depth as the kerf
cuts that define individual transducer elements. However,
the sub-dice kerf cuts could be cut to a shallower depth than
the primary kerfs such that they do not extend all the way
through the final thickness of the PZT. In other embodi-
ments, the transducer elements may not include any sub-dice
kerf cuts.

[0030] After the kerf cuts that define the transducer ele-
ments and the sub-dice elements (if used) are fashioned by
the laser, the kerf cuts are filled with an epoxy material 48
as shown in FIG. 4. In one embodiment, the epoxy material
used to fill in the kerf cuts is a doped flexible EPO-TEK 301
epoxy.

[0031] In one embodiment, the epoxy material 48 is
applied to the part under vacuum so that no air is trapped in
the bottom of the kerfs cuts. A liquid epoxy is applied and
the part is then put under relatively high pressure (e.g. 100+
psi) to drive the liquid epoxy into the kerf cuts and allowed
to cure.

[0032] After the epoxy 48 in the kerf cuts has cured, the
bottom surface 34 of the stack is lapped, ground or otherwise
made flat. Next, a grounding layer 60 of a conductive metal
such as gold or gold+an adhering metal such as chromium
is applied to the front face of the stack by sputtering or a
similar technique. The conductive grounding layer 60 covers
afront face of the diced PZT, a front face of the frame 10 and
a front face of the epoxy filling material 24 that lies between
the frame 10 and the edge the PZT sheet (as viewed when
the transducer is in use).

[0033] After the conductive grounding layer 60 is applied,
one or more matching layers M1, M2 and M3 (in the
embodiment shown) and a lens L1 are applied to the front
surface of the stack as shown in FIG. 5. The number of
matching layers used depends on the mismatch between the
acoustic impedance of the PZT and the acoustic impedance
of the lens material. In the illustrated embodiment, three
matching layers M1, M2 and M3 are used on the front
surface of the stack. In one embodiment, each of the
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matching layers comprises an epoxy material that is doped
with powders to alter its acoustic performance in order to
achieve a required transducer performance.

[0034] In one embodiment, matching layer M1 that is
applied over the conductive ground layer 60 comprises a
layer of EPO-TEK 301 epoxy doped with tungsten powder.

[0035] In one embodiment, matching layer M2 is applied
over the surface of matching layer M1 and comprises a layer
of EPO-TEK 301 epoxy doped with tungsten powder and
silicon carbide (SiC) nanoparticles.

[0036] In one embodiment, matching layer M3 is applied
over the surface of matching layer M2 and comprises a layer
of EPO-TEK 301 epoxy doped with silicon carbide (SiC)
nanoparticles.

[0037] In one embodiment, each of the matching layers
has a thickness that is preferably an odd multiple of a %
wavelength at the center operating frequency of the trans-
ducer. Most often, the thicknesses will be one of 1, 3, 5 or
7 quarter wavelengths thick. However, this may vary
depending on the desired acoustic properties of the trans-
ducer. It will be appreciated that these matching layers are
merely exemplary and that other matching layer composi-
tions may be used depending on the desired operating
frequency of the transducer, the lens material to be used etc.
The details of how matching layers can be doped with
particles to achieve a desired acoustic impedance are con-
sidered to be known to those of ordinary skill in the art of
ultrasound transducer design.

[0038] After each matching layer is applied and cured, the
front face of the stack is lapped to achieve a desired
thickness and to keep the front surface flat. In some embodi-
ments, kerf cuts 62 are cut in the cured matching layers with
a laser to align with both the kerf cuts that define the
individual transducer elements and the sub-dicing kerf cuts
(if used). In other embodiments, kerf cuts 62 can be made in
the matching layers to align with only the kerf cuts that
define the individual transducer elements and not over the
sub-dice kerf cuts. In one embodiment, the kerf cuts 62
extend through the matching layers M3-M1 and may extend
partially or fully through the grounding layer 60 with no loss
of connectivity between the grounding layer and the trans-
ducer elements. Once created, the kerf cuts 62 in the
matching layers are filled with the same filled epoxy mate-
rial that fills the kerf cuts in the PZT material.

[0039] After the matching layers are kerf cut, filled and
lapped, the lens material is bonded to the matching layers. In
ahigh frequency phased-array, kerf cuts 96 are formed in the
lens 80 that are aligned with the kerf cuts 62 in the matching
layers (including matching layers M4 and M5 disposed on
the front of the lens) as shown in FIG. 6A. In some
embodiments, the lens 80 and matching layers M4 and M5
include kerf cuts 96 that are aligned with both the transducer
element kerf cuts and the sub-dice kerf cuts. In other
embodiments, the lens and matching layers M4 and M5 only
include kerf cuts that are aligned with the kerf cuts that
define the individual transducer elements. In some embodi-
ments, kerf cuts are made in the lens and outer matching
layer material and filled prior to mounting the lens to the
matching layers. In other embodiments, the lens and outer
matching layers can be bonded to the transducer stack first
and then kerf cut and filled. A curvature 98 is machined into
the front side of the lens so that the lens focuses the
ultrasound in a plane at a desired depth.
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[0040] In some embodiments, depressions or indentations
72 are laser machined into the uppermost matching layer
(e.g. M3) at positions between the filled kerf cuts 62 thereby
forming a number of support beams or ridges 74 at the top
of the filled kerfs that extend across the width of the PZT
sheet as best shown in FIG. 6B. The beams 74 support the
lens 80 across the width of the PZT sheet. It is believed that
the beams 74 help maintain a consistent distance between
the rear surface of the lens 80 and the uppermost matching
layer as the lens is being secured to the stack. Without the
beams/ridges 74, the distance between a center area and the
uppermost matching layer may vary as the two are being
secured together if the lens 80 is only supported around a
perimeter of the lens. In high frequency arrays where the
tolerances are very tight, having the beams/ridges 74 may
help ensure a consistent lens-to-transducer distance over the
entire area of the active elements. If the uppermost matching
layer does not include filled kerf cuts, the ridges 74 can be
formed anywhere in the matching layer and not between the
filled kerf cuts in the lower matching layers.

[0041] In one embodiment, the same material used for the
uppermost matching layer M3 is used to glue the lens 80 to
the stack. Because the indentations 72 are shallow and the
same material used for the uppermost matching layer M3 is
used as a glue to secure the lens 80 to the matching layer,
there is minimal acoustic discontinuity at the bond line.
[0042] After affixing a lens to the stack, a radius of
curvature of 17 mm or other radius depending on the desired
focal length of the transducer is machined into the lens
material before the lens matching layers are applied. Two
matching layers (M4, M5) are applied to the front surface of
the lens. In one embodiment, the matching layers M4, M5 on
the lens are made of doped or powder loaded epoxy mate-
rials applied on mandrel having the same radius of curvature
as the radius that is machined into the lens material. The
mandrel is spaced from the lens layer by the appropriate
thickness of the desired matching layer so that the mandrel
forms the desired curvature in the matching layer.

[0043] For a transducer to operate well as a phased-array,
the beam pattern of the energy produced by each element at
the front face of the lens has to be sufficiently wide so that
the lateral components can combine with the lateral com-
ponents of the beams from adjacent elements to effectively
steer the beam. In one embodiment, the beam patterns have
energy at +/-45 degrees from normal that exceeds -6 dB in
signal power.

[0044] For low frequency transducers, lens materials are
available that allow such transducers to be made. However,
at high frequencies, the physical properties of such materials
make them unacceptable for transducer designs, For
example, silicone materials are often used as a lens material
for low frequency transducers due to their close acoustic
impedance to water. However, the absorption of ultrasound
in silicone increases exponentially with frequency and at 15
MHz+, the absorption in the material is too great to allow it
to be used as an effective lens. To overcome such absorption,
harder materials are often used for high frequency ultra-
sound lenses such as polymethylpentene (sold under the
tradename TPX) and cross-linked polystyrene (sold under
the tradename Rexolite). While acceptable for non-phased
arrays, such materials are difficult to use in phased arrays
because of Snell’s law.

[0045] With Snell’s law, energy passing from a faster
material to a slower material tends to bend towards a line
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normal to the interface. This is precisely the wrong direction
for a phased array when it is desired that a portion of the
beam energy extend at an angle away from normal. To
compensate for the Snell’s law effect, energy has to be
supplied at a greater angle of incidence that quickly
approaches a critical angle of the lens material where all the
energy is reflected internally. In an ultrasound transducer,
internally reflected energy from one transducer element can
cause spurious signals to be generated at neighboring ele-
ments. In addition, phase aberrations associated with such
internal reflections make it nearly impossible to perform
beamforming with signals from multiple adjacent transducer
elements.

[0046] A phased array transducer design in accordance
with some embodiments of the disclosed technology
includes a lens configured so that it has an anisotropic speed
of sound in the forward direction compared to a sideways or
lateral direction in the lens. In one embodiment, a lens is
made from a material having a speed of sound that is much
faster than the speed of sound in the material that fills the
kerf cuts in the lens. As shown in FIG. 6A, a lens 80 includes
a sheet of polybenzimidazole (sold under the tradename
Celazole™). The lens 80 (and outer matching layers if used)
1s patterned with a laser to form a number of kerf cuts 96 that
align with the kerf cuts defining individual transducer ele-
ments or the kerf cuts defining individual transducer ele-
ments and the sub-dice kerf cuts. Celazole is useful as a high
frequency lens material because it has a high speed of sound
and because it can withstand the heat of the laser used when
making the kerf cuts at a fine pitch (e.g. at 40 um or less for
a 20+ MHz phased array) without melting. In addition,
Celazole can be bonded to the epoxy of the uppermost
matching layer of the transducer stack directly so that no
cyanoacrylate (CA) layer of glue is necessary.

[0047] In one embodiment, the kerf cuts 96 in the lens 80
and outermost matching layers M4 and M5 are filled with a
material having a much slower speed of sound than the
speed of sound of the lens material such as a powder filled
epoxy or RTV 60 silicone.

[0048] In some embodiments, the lens 80 also includes
one or more matching layers M4 and M5 on its front surface
that match the impedance of the lens material to water. M4
and M5 are formed to have a curvature that matches and is
aligned with the curvature of the lens. In some embodi-
ments, the outer matching layers M4, M5 are diced with the
laser to continue the kerf cuts 96 formed in the lens material
80 and are filled with the same material that fills the kerf cuts
in the lens material. In other embodiments, the matching
layers on the front of the lens 80 may omit the kerf cuts on
one or both of M4 and M5.

[0049] With this construction, the lens material between
the kerf cuts 96 in the lens 80 forms a number of mini-
waveguides that channel the energy from the ultrasound
transducer elements in a direction straight ahead with less
energy spreading laterally in the lens. In one embodiment,
the speed of sound through the lens in the axial direction of
the transducer stack is greater than the speed of sound in a
direction sideways through the lens or in a direction parallel
to a front face of the lens.

[0050] If the transducer is not to be used as a phased array,
then the lens (and matching layers if used) need not be kerf
cut.

[0051] In some embodiments, additional kerf cuts can be
laser machined into the PZT layer with those defining the
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individual transducer elements. FIG. 7 illustrates a number
of possible sub-dicing patterns. A pattern 150 is a conven-
tional sub-dice pattern where a transducer element is divided
lengthwise down its center by a single sub-dice kerf cut. This
sub-dice kerf cut has the same length as the transducer
element. As will be appreciated by those skilled in the art,
the width/height ratio of a transducer element should be less
than or equal to the “golden ratio” of about 0.6 to minimize
lateral vibrational modes in the PZT. In some embodiments
of the disclosed technology, an excimer UV laser can cut a
kerf line of approximately 6 um in width. At a 40 micron
element pitch and 70-80 micron PZT thickness, this ratio can
be met without using a center sub-dice kerf cut.

[0052] Other sub-dice patterns may be useful for certain
transducer applications. A pattern 154 includes a number of
parallel sub-dice kerf cuts that are cut at an acute angle (e.g.
about 55 degrees) with respect to the kerf cuts that define the
transducer elements. In the embodiment shown, the parallel
sub-dice kerf cuts are spaced 28 microns apart for a 40
micron wide transducer element but other spacings could be
used.

[0053] A third sub-dice pattern 158 is formed by alternat-
ing sets of differently angled parallel cuts that are cut at
angles (e.g. 55 and 125 degrees) with respect to the direction
of the kerf cuts that define the transducer elements. The
result is a set of alternately oriented, triangular PZT pillars
each having a base that is aligned with a kerf cut defining the
transducer element and a height that is the width of the
transducer element. In the embodiment shown, each such
triangle has a base that is 56 microns long and a height of 40
microns (less the kerf widths) for a transducer with elements
at a 40 micron pitch.

[0054] A fourth pattern 162 is made with sub-dice kerfs
cuts that are perpendicular to the kerf cuts that define the
transducer elements. In this pattern, a number of rectangular
PZT pillars are formed with a height of, for example, 28
microns and width equal to the width of the transducer
elements (e.g. 40 microns in the embodiment shown).

[0055] A fifth pattern 166 is made with sub-dice kerf cuts
that are formed by a plurality of parallel cut kerf cuts
oriented at an acute angle (e.g. 45 degrees) with respect to
the kerf cuts defining the individual transducer elements and
that are interspaced with kerf cuts that are perpendicular to
the kerf cuts that define the individual transducer elements.
This pattern forms a number of alternating right triangles
with their hypotenuses facing each other in the transducer
element. In the embodiment shown, the legs of the right
triangles are 40 microns long.

[0056] A sixth pattern 170 of kerf cuts forms a number of
alternately oriented equilateral triangles in the transducer
element by forming kerf cuts at 60 and 120 degrees with
respect to the kerf cuts that define the individual transducer
elements.

[0057] FIG. 8 shows a number of possible sub-dice kerf
cuts that can be formed in the matching layers (M1-M5) and
the lens to correspond to the sub-dice kerf cuts in the PZT
layer.

[0058] A pattern 180 corresponds to the pattern 150 with
a single kerf cut defining a pair of sub-diced elements. A
pattern 182 corresponds to the right triangular pattern 166.
A pattern 184 corresponds to the alternating triangular
pattern 158, while a pattern 186 corresponds to the alter-
nating equilateral triangle pattern 170.
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[0059] As indicated above, in some cases the matching
layers include kerf cuts that match the sub-dice kerf cuts in
the PZT layer. In other embodiments, the matching layers
include fewer than all the sub-dice kerf cuts in the PZT layer
and may only include kerf cuts matching the kerf cuts that
define the individual transducer elements. As indicated
above, with the lens 80 bonded to the transducer stack, the
rear or proximal side of the transducer stack can be manu-
factured. First, the PZT layer and frame are lapped to a
desired thickness depending on the desired operating fre-
quency of the transducer. Then, as best shown in FIG. 9, a
conductive support frame 160 is secured with a conductive
epoxy adhesive to the rear or proximal side of the transducer
stack 150. The frame 160 is preferably conductive and is
made of a metal having a CTE that is similar to the PZT such
as molybdenum. In the example shown, the transducer stack
150 has an elevation dimension of 4.5 mm and an azimuthal
or width dimension of 7.6 mm. The support frame has an
open area 162 through which the rear surface of the indi-
vidual exposed PZT transducer elements are accessible. The
support frame 160 supports one or more flexible circuits 170
having traces (not shown) that deliver electrical signals to
and from the transducer elements. In one embodiment, a first
flexible circuit has traces connected to all the even numbered
transducer elements and a second flexible circuit on opposite
side of the frame 160 (not shown) has traces connected to all
the odd numbered transducer elements. In some embodi-
ments, a single flexible circuit includes traces for both the
even and odd transducer elements.

[0060] A ground plane in the flex circuit 170 (not shown)
is electrically connected to the conductive support frame 160
on the back side of the transducer with a conductive epoxy
or the like. The support frame 160 therefore acts as part of
a conductive path between the common ground electrode 60
on the front side of the transducer stack and the ground plane
in the flex circuits. If the frame surrounding the PZT sheet
is conductive (e.g. graphite or molybdenum) then the frame
itself becomes part of the conductive path. If the frame is
non-conductive (e.g. alumina) then a conductive path is
included between the frame and the common ground elec-
trode on the front of the transducer stack. FIG. 10 shows an
embodiment of a frame 10 having a pair of cut outs 200
along its long dimension that can be filled with a conductive
epoxy to form a conductor between the front of the frame
and the rear of the frame that in turn connects to the
conductive support frame 160. Other mechanisms for pro-
viding the conductive path could include vias through the
frame or conductive foils, wires or the like that connect the
common ground electrode on the front of the PZT elements
and the conductive support frame 160 or the ground elec-
trodes in the flex circuits.

[0061] Once the conductive support frame 160 is secured
to the transducer stack, electrical pathways are then made
between exposed portions of the traces in the flex circuits
and corresponding individual transducer elements.

[0062] In one embodiment, conductive pathways are
formed on the proximal side of the transducer elements to
allow traces in the flex circuits 170 to be electrically
connected to the transducer elements. In some embodiments,
the pathways are created by filling the open side of the frame
160 with a particle filled epoxy, creating channels in the
epoxy from a transducer element to a corresponding trace in
the flex circuit with a laser and by plating the channels with
gold or gold plus chromium followed by removing the gold
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in areas where it is not wanted and cleaning up the plated
metal paths with the laser. Descriptions of suitable pattern-
ing processes used to create the conductive paths between
the transducer elements and the traces in the flex circuits in
accordance with some embodiments of the disclosed tech-
nology are found in commonly owned U.S. Patent Publica-
tion No. 2017-0144192 Al and U.S. Pat. No. 8,316,518,
which are herein incorporated by reference in their entire-
ties.

[0063] Once the connections have been made between the
transducer elements and the traces in the flex circuits, a
backing layer (not shown) is secured to the assembly behind
the transducer elements. FIGS. 11 and 12 are cross-sectional
views of a transducer assembly showing a transducer stack
with a PZT layer, a frame surrounding the PZT layer and a
lens coupled to the stack through a number of matching
layers.

[0064] Although the disclosed embodiments show ele-
ment spacings that are suitable for a high frequency phased
array transducer, it will be appreciated that the structure of
the transducer including a piezoelectric sheet, surrounding
frame, matching layers and lens could be used for non-
phased array transducers or lower frequency transducers. In
addition, if used at lower frequencies, then other lens
materials such as TPX or Rexolite could be used. Such lens
materials may not be kerf cut if the transducer is not
designed as a phase array.

[0065] From the foregoing, it will be appreciated that
specific embodiments of the invention have been described
herein for purposes of illustration, but that various modifi-
cations may be made without deviating from scope of the
invention. For example, the disclosed transducer design can
be scaled to operate at lower frequencies (e.g. 2-15 MHz).
In addition, aspects of the disclosed technology can be used
in more conventional ultrasound transducer designs.
Accordingly, the invention is not limited except as by the
appended claims.

I/'We claim:

1. A phased-array ultrasound transducer, comprising:

a sheet of piezoelectric material having a coeflicient of
thermal expansion;

a frame surrounding an outer perimeter of the sheet of
piezoelectric material, where the frame has a coeflicient
of thermal expansion that is similar to the coeflicient of
thermal expansion of the piezoelectric material;

a filling material between the frame and an outer perim-
eter of the sheet of piezoelectric material,

wherein the sheet of piezoelectric material includes a
number of kerf cuts that define a number of individual
transducer elements; and

a lens secured to the sheet of piezoelectric material
through one or more matching layers, wherein the lens
and the one or more matching layers include filled kerf
cuts that are aligned with the kerf cuts in the piezo-
electric material such that a speed of sound in the lens
in a direction normal to a front surface of the lens is
greater than the speed of sound in the lens in a direction
parallel with the front surface of the lens.

2. The ultrasound transducer of claim 1, wherein the lens

is made of polybenzimidazole.

3. The ultrasound transducer of claim 2, further compris-

ing one or more matching layers on a front surface of the
lens.
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4. The ultrasound transducer of claim 3, wherein the kerf
cuts in the one or more matching layers between the lens and
the piezoelectric material extend through the one or more
matching layers on the front surface of the lens.

5. The ultrasound transducer of claim 4, wherein the lens
and one or more matching layers on the front surface of the
lens are radiused to define a focal length for the ultrasound
transducer.

6. An ultrasound transducer, comprising:

a piezoelectric material having a coefficient of thermal

expansion;

a frame surrounding an outer perimeter of the piezoelec-
tric material, where the frame has a coefficient of
thermal expansion that is similar to a coeflicient of
thermal expansion of the piezoelectric material;

a filling material placed between the frame and an outer
perimeter of the piezoelectric material;

wherein the piezoelectric material includes a number of
kerf cuts that define a number of individual transducer
elements; and

a lens secured to the piezoelectric material through one or
more matching layers.

7. The ultrasound transducer of claim 6, wherein the
transducer elements extend for a width of the piezoelectric
material such that the transducers elements have a first end
and a second end engaging the filling material between the
piezoelectric material and the frame.

8. The ultrasound transducer of claim 6, wherein the
frame is made of alumina.

9. The ultrasound transducer of claim 6, wherein the
frame is made of graphite.

10. The ultrasound transducer of claim 6, wherein the
frame is made of molybdenum.

11. The vltrasound transducer of claim 6, wherein the
frame is conductive and includes one or more spacing
elements that maintain a gap between the transducer ele-
ments in the piezoelectric material and an inner edge of the
frame in the area of the transducer elements.

12. The ultrasound transducer of claim 6, wherein the
frame is non-conductive and includes one or more vias
extending through the frame to form a conductive path from
a common electrode on a distal side of the transducer
elements to a proximal side of the transducer.

13. The ultrasound transducer of claim 6, wherein the lens
includes a number of kerf cuts that align with the kerf cuts
defining individual transducer elements in the piezoelectric
material, and wherein a speed of sound in the lens is greater
in a direction normal to a front face of the lens than in a
direction parallel to the front face of the lens.

14. The ultrasound transducer of claim 13, wherein the
kerf cuts in the lens are filled with silicone.

15. The ultrasound transducer of claim 19, further com-
prising one or more matching layers on the lens that include
kerf cuts that align with the kerf cuts that define the
individual transducer elements in the piezoelectric material.

16. An ultrasound transducer, comprising:

a piezoelectric material including a number of kerf cuts
that define a number of individual transducer elements;
and

a lens secured to the piezoelectric material through one or
more matching layers, wherein the one or more match-
ing layers include an uppermost matching layer that
joins to the lens and wherein the uppermost matching
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layer includes a number of ridges on an outer surface
thereof that support the lens across the outer surface of
the matching layer.

17. The ultrasound transducer of claim 16, wherein the
ridges in the uppermost matching layer are formed between
filled kerf cuts in the uppermost matching layer.

18. The ultrasound transducer of claim 16, wherein the
uppermost matching layer is formed with an epoxy, and
wherein the lens is bonded to the uppermost matching layer
with the same epoxy.

19. The ultrasound transducer of claim 16, wherein the
lens is made of polybenzimidazole

20. The ultrasound transducer of claim 16, wherein the
lens includes a number of kerf cuts that are aligned with kerf
cuts in the one or more matching layers and the kerf cuts in
the piezoelectric material.
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