(19)

Europdisches
Patentamt

European
Patent Office

9

Office européen

des breves (11) EP 2 345 066 B1
(12) EUROPEAN PATENT SPECIFICATION
(45) Date of publication and mention (51) IntCl.:
of the grant of the patent: HO1L 21/64 (2006.01) HO4R 17/00 (2006.07)
31.10.2018 Bulletin 2018/44 HO4R 31100 2°°%%) HO1L 21/768 (200597

BO06B 1/06 (2006.01)
A61B 8/14 (2006.01)
HO1L 41/29 (2013.01)

HO1L 41/047 (2006.01)
A61B 8/13 (2006.01)

(21) Application number: 09813954.6
A61B 8/00 (2006.01)

22) Date of filing: 18.09.2009
(22) g (86) International application number:

PCT/CA2009/001363

(87) International publication number:
WO 2010/031192 (25.03.2010 Gazette 2010/12)

(54) METHODS FORMANUFACTURING ULTRASOUND TRANSDUCERS AND OTHER COMPONENTS

VERFAHREN ZUR HERSTELLUNG VON ULTRASCHALLWANDLERN UND ANDEREN
KOMPONENTEN

PROCEDES DE FABRICATION DE TRANSDUCTEURS ULTRASONIQUES ET D’ AUTRES
COMPOSANTS

(84) Designated Contracting States:
ATBEBG CHCY CZDE DK EE ES FIFR GB GR
HRHUIEISITLILT LULV MC MK MT NL NO PL
PT RO SE SI SK SM TR

* PANG, Guofang
Ajax, Ontario L1T 2H9 (CA)

(74) Representative: Dehns
St. Brides House
10 Salisbury Square
London EC4Y 8JD (GB)

(30) Priority: 18.09.2008 US 192690 P
18.09.2008 US 192661 P

(43) Date of publication of application: (56) References cited:

(60)

20.07.2011 Bulletin 2011/29

Divisional application:
16185029.2 / 3 121 844
17190476.6 / 3 309 823

WO-A1-99/45582
WO-A1-2007/029028
US-A- 5091 893
US-A1- 2002 129 477
US-A1- 2007 182 287

WO-A1-03/040427
US-A- 4 684 436
US-A- 5 841 075
US-A1- 2003 147 227
US-A1- 2007 205 698

EP 2 345 066 B1

US-B2- 7 091 125
(73) Proprietor: FUJIFILM SonoSite, Inc.
Bothell, WA 98021-3904 (US) * Ron Huemoeller ET AL: "UNVEILING THE NEXT
GENERATION IN SUBSTRATE TECHNOLOGY", ,
21 February 2007 (2007-02-21), XP055209788,
Retrieved from the Internet:
URL:http://lwww.amkor.com/go/packaging/subs
trate-technology [retrieved on 2015-08-26]

(72) Inventors:
¢ LUKACS, Marc
Toronto, Ontario M5V 3N3 (CA)
* CHAGGARES, Chris
Oshawa, Ontario L1K 2P8 (CA)
¢ HIRSON, Desmond
Thornhill, Ontario L4J 7T4 (CA)

Note: Within nine months of the publication of the mention of the grant of the European patent in the European Patent
Bulletin, any person may give notice to the European Patent Office of opposition to that patent, in accordance with the
Implementing Regulations. Notice of opposition shall not be deemed to have been filed until the opposition fee has been
paid. (Art. 99(1) European Patent Convention).

Printed by Jouve, 75001 PARIS (FR)



10

15

20

25

30

35

40

45

50

55

EP 2 345 066 B1
Description
FIELD OF THE INVENTION

[0001] The invention relates to the fields of manufacture of electrical components such as ultrasound transducers.
[0002] US 2002/129477 A1 discloses a process for the fabrication of an acoustic probe.

[0003] Document "Unveiling the next generation in substrate Technology" (Huemoeller et al.) describes a method for
producing trenches in a composite dielectric through laser ablation.

[0004] US4684436 discloses the use of a laser with selected value of fluence.

[0005] US2003/0147227 discloses a composite dielectric material used in chip production comprising a matrix and
particulate.

SUMMARY OF THE INVENTION

[0006] In general, the invention provides methods for manufacturing electrical components, such as arrayed ultrasonic
transducers.

[0007] Viewed from one aspect the present invention provides a method for producing electrodes in a pattern as set
out in claim 1.

[0008] There is disclosed a method for producing electrodes in a pattern by providing an electrical component having
a first plurality of electrodes; placing a connector having a second plurality of electrodes in proximity to the electrical
component; depositing a composite dielectric material including a matrix material and a particulate material on the first
plurality of electrodes and the second plurality of electrodes, wherein the matrix material is laser ablated at a lower
fluence than the particulate material; laser ablating at least a portion of the composite dielectric material to remove matrix
material and increase the surface area of the composite dielectric material; laser ablating the composite dielectric material
to expose the first plurality of electrodes and the second plurality of electrodes; and laser ablating a trench in the composite
dielectric material from each of the first plurality of electrodes to a corresponding electrode of the second plurality;
depositing a conductive metal on the ablated areas; depositing a resist on the conductive metal, wherein the resist is
thicker over the first and second pluralities of electrodes and the trenches compared to other ablated areas; and removing
a portion of the resist to expose a portion of the conductive metal in a negative pattern and etching the exposed portion
of the conductive metal to produce the electrodes in the pattern. The method may further include laser ablating the areas
of etched conductive metal to remove at least a portion of the composite dielectric material therein. In this optional step,
substantially all of the composite dielectric material and a portion of the component lying under the areas of etched
conductive metal may be ablated.

[0009] In atleast prefered embodiments the present invention features a method for producing electrodes in a pattern
by providing an ultrasound array transducer stack having a piezoelectric layer and a plurality of first kerf slots that extend
a predetermined depth therein the stack, and wherein the plurality of first kerf slots define a plurality of ultrasonic array
elements; placing a connector having an electrical connection for each of the plurality of array elements in proximity to
the stack; depositing a composite dielectric material including a matrix material and a particulate material on the bottom
surface of the stack and a portion of the connector, wherein the matrix material is laser ablated at a lower fluence than
the particulate material; laser ablating at least a portion of the composite dielectric material to remove matrix material
and increase the surface area of the composite dielectric material; laser ablating the composite dielectric material to
expose the plurality of array elements; and laser ablating a trench in the composite dielectric material from each array
element to one electrical connection in the connector, wherein the ablating does not expose the plurality of first kerf
slots; depositing a conductive metal on the ablated areas; depositing a resist on the conductive metal, wherein the resist
is thicker over each array element and trench compared to the plurality of first kerf slots; and removing a portion of the
resist to expose a portion of the conductive metal in a pattern that is the negative of that of the electrodes and etching
the exposed portion of the conductive metal to produce the electrodes in the pattern. This method may further include
laser ablating the areas of etched conductive metal to remove the composite dielectric material over the plurality of first
kerf slots to create a depression between individual array elements. In this embodiment, the first kerf slots may be filled
with a solid material, such as epoxy. The method may also include laser ablating the depressions between individual
array elements, wherein the subsequent ablation of the depression occurs at a higher fluence than that used to create
the depressions. The method may further include removing the resist from the patterned electrodes. The method may
include a further etching step to remove conductive metal burs produced by laser ablation. Preferably, no step occurs
at higher than 70 °C. The method may also include depositing an adhesion layer, e.g., including chromium, prior to the
conductive metal, e.g., gold. The etching step may remove the conductive metal deposited on the adhesion layer, while
the laser ablation of the composite material may also remove the adhesion layer exposed by etching. Preferably, the
resist is removed by ablation at a fluence insufficient to ablate the conductive metal. The pitch of the plurality of array
elements is preferably at most 100 wm, e.g., at most 65 um. An exemplary matrix material in the composite dielectric
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material is epoxy, and exemplary particular materials are silica and silicon carbide.

[0010] There is also disclosed an ultrasound transducer produced by the above method. Such a transducer includes
an array transducer stack having a plurality of first kerf slots that extend a predetermined depth therein the stack, and
wherein the plurality of first kerf slots define a plurality of ultrasonic array elements; a connector having an electrode for
each array element; and a composite dielectric material including a matrix material and a particulate material on the
bottom surface of the stack and a portion of the connector, wherein the matrix material is laser ablated at a lower fluence
than the particulate material, wherein the composite dielectric material is disposed over a portion of the bottom surface
of the stack and the connector; wherein a trench in the composite dielectric material connects each array element to
one of the electrodes of the connector; and wherein a metal deposited in each trench provides an electrical connection
between each active element and one of the electrodes of the connector. The plurality of first kerf slots are optionally
filled with a solid material, and the bottom surface of the stack comprises depressions in the solid material. The transducer
may further include a backing layer disposed over at least portion of the composite dielectric material, the trenches, and
each array element. The transducer may also include a matching layer attached to the top surface of the stack and/or
a lens attached to the top surface of the stack. The array elements typically operate at a center frequency of at least 20
MHz. The composite dielectric layer may also be sloped adjacent to each of the array elements to provide apodization
and to suppress side lobes in elevation. The transducer may also include a plurality of second kerf slots defined therein
the piezoelectric stack, each second kerf slot extending a predetermined depth therein the stack, wherein each second
kerf slot is positioned adjacent to at least one first kerf slot and the plurality of second kerf slots define a plurality of array
sub-elements.

[0011] There is also disclosed a method of forming an ultrasonic matching layer by providing an acoustic array trans-
ducer stack comprising a piezoelectric layer and having a top surface and a plurality of array elements, wherein the top
surface includes a plurality of spacers not disposed over the plurality of array elements; providing a lens assembly having
a top surface and a bottom surface; contacting the bottom surface of the lens assembly with the plurality of spacers;
and curing an adhesive between the top surface of the transducer stack and the bottom surface of the lens assembly
to form the ultrasound matching layer, wherein the adhesive bonds to the bottom surface of the lens assembly and the
top surface of the transducer stack, and the distance between the top surface of the transducer stack and the bottom
surface of the lens assembly resulting from the plurality of spacers is appropriate for an ultrasound matching layer. The
lens assembly may include a lens, e.g., of Rexolite or TPX, and a second matching layer, e.g., including cyanoacrylate,
forming the bottom surface of the assembly. The second matching layer may adhere directly to the lens. The transducer
stack may further include a plurality of first kerf slots that extend a predetermined depth therein the stack, and wherein
the plurality of first kerf slots define the plurality array elements. The transducer stack may also include third and fourth
matching layers disposed between the piezoelectric layer and the matching layer produced.

[0012] There is also disclosed an ultrasound transducer including a lens assembly having a top and bottom surface,
an array transducer stack having a top and bottom surface, and a matching layer adhering to the bottom surface of the
lens assembly and the top surface of the transducer stack, wherein the transducer stack includes a piezoelectric layer
and a plurality of array elements, the top surface of the transducer stack comprises a plurality of spacers not disposed
over the plurality of array elements, and the bottom of the lens assembly contacts the plurality of spacers. The transducer
stack may further include a plurality of first kerf slots that extend a predetermined depth therein the stack, and wherein
the plurality of first kerf slots define the plurality array elements and optionally a plurality of second kerf slots defined
therein the piezoelectric stack, each second kerf slot extending a predetermined depth therein the stack, wherein each
second kerf slot is positioned adjacent to at least one first kerf slot and the plurality of second kerf slots define a plurality
of array sub-elements. The lens assembly may include a lens, e.g., of Rexolite or TPX, and a second matching layer,
e.g., including cyanoacrylate, forming the bottom surface of the assembly. The second matching layer may adhere
directly to the lens. The transducer stack may also include third and fourth matching layers disposed between the
piezoelectric layer and the matching layer adhering to the bottom surface of the lens assembly. The array elements
preferably operate at a center frequency of at least 20 MHz. The transducer may also include a connector having an
electrode for each array element and a composite dielectric material comprising a matrix material and a particulate
material on the bottom surface of the stack and a portion of the connector, wherein the matrix material is laser ablated
at a lower fluence than the particulate material, wherein the composite dielectric material is disposed over a portion of
the bottom surface of the stack and the connector; wherein a trench in the composite dielectric material connects each
array element to one of the electrodes of the connector; and wherein a metal deposited in each trench provides an
electrical connection between each active element and one of the electrodes of the connector.

[0013] There is disclosed a method of depositing a material, e.g., metal or adhesive, on a surface by providing a
composite dielectric substrate comprising a matrix material, e.g., a polymer such as cpoxy, and a particulate material,
e.g., silica or silicon carbide; laser ablating a surface of the composite substrate at a fluence sufficient to ablate the
matrix materials but not the particulate material to form an ablated surface having greater surface area than the surface
of the composite substrate; and depositing the material on the ablated surface, wherein the strength of adhesion of the
material to the ablated substrate is great than that of the material to the unablated substrate. An exemplary metal for
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deposition is gold, and the method may further include applying an adhesion layer prior to depositing the gold.

[0014] Advantages of the invention will be set forth in part in the description which follows, and in part will be obvious
from the description, or may be learned by practice of the invention. The advantages of the invention will be realized
and attained by means of the elements and combinations particularly pointed out in the appended claims. It is to be
understood that both the foregoing general description and the following detailed description arc exemplary and explan-
atory only and are not restrictive of the invention, as claimed.

BRIEF DESCRIPTION OF THE DRAWINGS
[0015]

Figure 1 is a cross-sectional view of an exemplary schematic piezoelectric stack (not to scale), showing a PZT layer,
a ground electrode layer mounted to a portion of the top surface of the PZT layer and extending outwardly beyond
the longitudinal edges of the PZT layer, a first and a second matching layer mounted on a portion of the top surface
of the ground electrode layer, a lens, a fourth matching layer mounted to the bottom surface of the lens, a third
matching layer mounted to a portion of the top surface of the second matching layer and the bottom of the fourth
matching layer, and a dielectric layer underlying the inactive area of the transducer. Further showing a plurality of
spacers formed thereon the top surface of the ground electrode layer that extend upwardly a predetermined distance
relative to the top surface of the PZT layer such that the bottom surface of the fourth matching layer can be positioned
at a desired distance relative to the PZT layer and the intervening first and second matching layers.

Figure 2 is a schematic cross-sectional view of an exemplary lens (not to scale).

Figure 3 is an exemplary cross-sectional view of the PZT stack of Fig. 1 showing the active and inactive areas of
the transducer.

Figure 4 is a cross-sectional view of the completed PZT stack shown mounted to a support member and showing
the backing layer and dielectric layer. The signal electrodes (which are not shown herein but overlay portions of the
dielectric layer between the array elements and the respective flex circuits) operatively couple the flex circuits to
particular array elements defined therein the PZT stack and the ground electrodes are electrically coupled to the
ground of the respective flex circuits.

Figure 5 is a top plan view of the top of the PZT stack with matching layers 1 and 2 shown attached.

Figure 6 is a top plan view of the top of the PZT stack with a copper foil mounted thereto with a conductive adhesive.
Although the exemplified foil extends beyond the azimuth length of the PZT stack, these two end flaps are eventually
removed in a subsequent fabrication step.

Figure 7 is a plan view of top of the PZT stack of Fig. 6, with the end flaps of the copper foil removed.

Figure 8 is a top plan view of the top of the PZT stack with lens mounted thereto.

Figure 9 is a top plan view of the top of the PZT stack showing the lens as a transparent layer in order to appreciate
the alignment of the underlying layers as well as the relative alignment and positioning of the copper foil, the spacers,
and the radius of curvature of the lens.

Figure 10 is a schematic cross-sectional view of the PZT stack after the PZT has been lapped to final target thickness
and is ready to be integrated with the flex circuit to create the array assembly. In this embodiment, the remaining
layers of the stack are completed afterwards.

Figure 11 is a schematic view of an exemplary kerf pattern to be machined into the PZT stack. In this aspect, the
longer lines are representative of the first kerf slots between array elements, and the shorter lines are representative
of the second kerf slots, i.e., the sub-dice kerfs.

Figures 12A and 12B are a schematic top plan view and a perspective view of a support member for use with the
PZT stack of Fig. 10, showing a first longitudinally extending side edge portion and an opposed second longitudinally
extending side edge portion, each side edge portion having a respective inner surface and an opposed outer surface,
wherein a portion of the respective inner surfaces of the first and second longitudinally extending side edge portions
are configured so that a distal portion of a circuit board, such as, for example and without limitation, a flex circuit
board, can be connected thereto, wherein the support member has a medial portion between the respective the first
and second longitudinally extending side edge portions that defines a central, longitudinally extending opening,
wherein the PZT stack of Fig. 10 is configured to mount on a portion of the medial portion of the support member.
Figure 13 is a schematic cross-sectional view of the support member of Figures 12A and 12B shown glued to the
PZT stack of Figure 10.

Figure 14 is a schematic bottom plan view of the support member with the PZT stack fixedly mounted therein showing
flex alignment features laser cut into the support structure and positioned with respect to the respective array kerfs.
In one aspect, the flex alignment features on the right are offset relative to the features on the left by a distance
substantially equal to the pitch of the array. An enlarged top plan view is also shown.

Figure 15 is a schematic bottom plan view of the support member with the PZT stack fixedly mounted therein showing
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how the flex circuit pair is aligned with respect to the array kerfs. The red bars represent the copper traces on the
top side of the flex circuit.

Figure 16 is a schematic cross-sectional view of the PZT stack after it is die attached to the two flex circuits.
Figure 17 is a schematic cross-sectional view showing an applied dielectric layer.

Figure 18 is a schematic cross-sectional view of the finished dielectric layer. In this aspect, the dielectric layer defines
the elevation dimension of the array and provides a smooth transitional surface from the flex to the stack in preparation
for the deposition of the signal electrode.

Figure 19 is a schematic of the signal electrode pattern of the signal electrode layer. In this example, the orange
bars represent the removed electrode and the red bars represent the leadframe of each respective flex circuit. In
this exemplary schematic, an additional electrode pattern above and below each flex circuit is shown.

Figure 20 is a schematic view of the full signal electrode pattern for an exemplary 256 element transducer. The cyan
box defines the active area of the PZT stack and the pink box defines the perimeter of the blanket signal electrode.
The laser trimming (orange) extends beyond the Au perimeter such that each signal electrode is isolated.

Figure 21 is a schematic cross-sectional view illustrating the application of the backing material.

Figures 22A and 22B are schematic cross-sectional views of the array assembly mounted thereon the support
member and prior to the deposition of the signal electrode pattern. Figure 22A represents the array assembly before
the ground connection to the flex circuits has been made, and Figure 22B represents the array assembly after the
ground connection has been made such that the signal return path is completed.

Figure 23 is a schematic view showing a pair of flex circuits connected to an exemplary PZT stack. In one example
pin 1 (i.e., element 1) of the assembly is indicated and is connected to the flex circuit on the left of the array assembly.
In this non-limiting example, the flex circuit to the left of the array assembly is connected to the odd elements, and
the flex circuit to the right of the array assembly is connected to the even elements.

DETAILED DESCRIPTION OF THE INVENTION

[0016] The invention features methods for the manufacture of electrical components such as ultrasound transducers.
In particular, the invention provides methods of depositing materials, such as metals, on surfaces; methods of patterning
electrodes, e.g., in the connection of an ultrasound transducer to an electrical circuit; and methods of making integrated
matching layer for an ultrasound transducer. The invention also features ultrasound transducers produced by the methods
described herein.

Deposition of Materials

[0017] The invention provides improved methods for the adhesion of materials to a surface, e.g., a thin film of metal
or an adhesive such as epoxy. The method involves use of a substrate of a composite material. The composite material
includes a matrix material and a particulate material, and the matrix material ablates at a lower laser fluence than the
particulate material. When this substrate is ablated at an appropriate fluence, the matrix material is removed, but the
particulate material is retained unless all matrix material surrounding the particles is removed. The result of the process
is a highly three-dimensional surface formed by a combination of the matrix and partially exposed particulate material.
The surface area of the new morphology is greatly increased compared to the unablated surface. A material, such as
a metal or adhesive, is then deposited onto the ablated surface, and adhesion is increased because of the morphology
created by ablation. The improved adhesion preferably allows for later ablation of the material in selected areas without
delamination of the material in unablated areas. An exemplary matrix material is a polymer such as epoxy, and exemplary
particulate materials are silica and silicon carbide. An exemplary metal for deposition is gold. An adhesion layer, e.g.,
containing chromium, may also be deposited for certain metals, such as gold, as is known in the art. Examples of
conditions and uses of the method are provided herein.

Patterning of Electrodes

[0018] The invention also provides a method for patterning electrodes. This process can be used to connect any
electrical component that can withstand the metallization step (highest temp -60-70 °C) directly to a flex or other circuit
board type component. This method can be used to create features smaller than 5 pum over mm scale distances in X,
Y, and Z.

[0019] In general, the method involves providing an electrical component needing the patterning of electrodes. The
component is coated with a material, such as the composite material described above. This coating is generally ablated
and selectively removed in the desired pattern of the electrodes. A conductive metal layer is then deposited over the
ablated surface. A resist is then applied over the metal layer. Because the coating was removed in the pattern of the
electrodes, the metal applied where the coating is removed is deposited in a trough or trench. These troughs or trenches
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are filled with resist, resulting in a thicker layer of resist overtop of the pattern of the electrodes. The resistis then removed
from areas not forming part of the electrode pattern, and the metal is etched. Any remaining metal and the coating in
these areas is then ablated. Finally, the resist may be removed, resulting in the electrode pattern. As is described in
more detail herein, a portion of the electrical component, e.g., filler material in a kerf slot of a transducer, may be ablated
to create a depression relative to the patterned electrodes. Ablation at relatively high fluence in these depressions may
then be employed to remove extraneous metal left behind by previous steps. The depression protects the patterned
electrodes from the byproducts of ablation, which would otherwise likely result in delamination.

[0020] An exemplary use of the method is in making electrical connections to an arrayed ultrasound transducer. Each
element of an array is typically connected to a coaxial cable. At high frequencies (e.g., 20 MHz and up), the elements
making up the array are typically too small and fragile for conventional wire bonding (which usually needs at least about
75 wm). In addition, thermal budgets required for wire bonding may also be problematic. For high frequency transducers,
wet etching may also be ineffective because of the inability to hard bake resist because of thermal budgets, as the resist
may dissolver prior to removal of the metal. Laser ablation of the electrode may also be problematic, as thin films cab
be removed, but frequently crack, and thicker films (> about 6000 Angstroms) providing crack resistance are prone to
shorting because of splattering of metal during laser ablation. Also, the ablation process may cause collateral damage
of the electrode. The method of invention, however, may be employed to make electrical connections with elements of
an array, e.g., with a pitch of 40 um or less (e.g., less than 25 pum) and sub elements as small as 16 pm wide.

[0021] A laser that can be used for ablation in conjunction with the invention is a short wavelength laser such as a KrF
Excimer laser system (having, for example, about a 248nm wavelength or an argon fluoride laser (having, for example,
about a 193 nm wavelength). In another aspect, the laser used to cut the piezoelectric layer is a short pulse length laser.
For example, lasers modified to emit a short pulse length on the order of ps to fs can be used. A KrF excimer laser
system (UV light with a wavelength of about 248nm) with a fluence range of about and between 0-20 J/cm2 can be
employed. Resist may be removed at a fluence below that required to remove the conductive material (e.g., less than
0.8 J/cm2). When it is desired to remove residual conductive metal, adhesion layers, and the composite material as
described herein by ablation, the fluence may be between 0.8 to 1.0 J/cm2. Ablation at higher fluences, e.g., up to5
J/cm?2, may be employed to remove composite material (and underlying portions of an electrical component) located in
depressions.

[0022] Further examples of conditions and uses of the method are provided herein.

Integrated Matching Layer

[0023] Theinvention also features a process for making an integrated matching layer. For high frequency applications,
alens forfocusing an ultrasound array is often manufactured as a separate part, which must be attached to the transducer.
At high frequencies, the use of adhesives to attached the lens is complicated by the need to reduce any bondline to less
than approximately 1 wm for 20 MHz and thin for higher frequencies. Producing such bondlines presents challenges as
follows: i) large voids are created, when a small generally spherical void in the adhesive is squeezed flat. Such voids
can result from wetting issues on either surface or from small trapped voids in the adhesive. ii) Squeezing the bondline
to such dimensions can interfere with the mobility of the molecules in the adhesive and compromise performance. iii) In
order to press a bondline to the appropriate dimension, surplus adhesive must be squeezed out from in between the
two parts being bonded. As the thickness of the bond decreases, the force required to overcome shear forces within the
adhesive increases nonlinearly with the bond thickness and can quickly exceed acceptable force budgets for the stack
and/or lens materials. In order to ensure that the bondline has no negative impact on the stack, the invention provides
a method of making the bondline into a matching layer. This approach eliminates the need for an ultra thin layer and
thus removes the concerns listed above.

[0024] The method employs spacers applied around the perimeter of the transducer, and then lapped to the desired
final height of the integral matching layer. The matching layer is then made by curing the adhesive between the lens
(and any matching layers attached to the lens) and the surface to which the spacers are attached. If particles are
employed in the adhesive, e.g., to adjust the acoustical impedance, nano-particle dopants may be employed to ensure
that the resulting uncured glue can be pressed down onto the spacers without more than a fraction of a micron error
(due to particles being trapped between the top of the spacers, and the bottom of the lens). Spacers are desirably small
to minimize trapping of powder, but large enough to be accurately lapped to height, e.g., about 0.25 to 0.75 mm in
diameter. The clamping force required for this process is minimal, as the bondline is relatively thick, e.g., between 5 and
25 um) in the desired frequency range. Examples of conditions and uses of the method are provided herein.

General Description of a Transducer

[0025] The invention will be further described with respect to ultrasound transducers that can be produce with the
methods described herein. Components of the transducer stack, including piezoeletric layers, matching layers, lenses,
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and backing layers are known in the art and described in U.S. Patent No. 7,230,368, U.S. Publication No. 2007/0222339,
U.S. Publication No. 2007/0205698, and U.S. Publication No. 2007/0205697.

[0026] In one aspect, an ultrasonic transducer includes a stack having a first face, an opposed second face, and a
longitudinal axis Ls extending between. The stack includes a plurality of layers, each layer having a top surface and an
opposed bottom surface. In one aspect, the plurality of layers of the stack includes a piezoelectric layer and a dielectric
layer (which may be deposited and patterned as described herein). In one aspect, the dielectric layer is connected to
and underlies at least a portion of the piezoelectric layer.

[0027] The plurality of layers of the stack can further include a ground electrode layer, a signal electrode layer, a
backing layer, and at least one matching layer. Additional layers cut can include, but are not limited to, temporary
protective layers (not shown), an acoustic lens, photoresist layers (not shown), conductive epoxies (not shown), adhesive
layers (not shown), polymer layers (not shown), metal layers (not shown), and the like.

[0028] The piezoelectric layer can be made of a variety of materials. For example, materials that form the piezoelectric
layer include ceramic, single crystal, polymer and co-polymer materials, ceramic-polymer and ceramic-ceramic com-
posites with 0-3, 2-2 and/or 3-1 connectivity, and the like. In one example, the piezoelectric layer includes lead zirconate
titanate (PZT) ceramic.

[0029] The dielectric layer can define the active area of the piezoelectric layer. The dielectric layer can be applied to
the bottom surface of the piezoelectric layer. In one aspect, the dielectric layer does not cover the entire bottom surface
ofthe piezoelectriclayer. In one aspect, the dielectric layer defines an opening or gap that extends a second predetermined
length in a direction substantially parallel to the longitudinal axis of the stack. The opening in the dielectric layer is
preferably aligned with a central region of the bottom surface of the piezoelectric layer. The opening defines the elevation
dimension of the array. In one aspect, each element of the array has the same elevation dimension, and the width of
the opening is constant within the area of the piezoelectric layer reserved for the active area of the device that has
formed kerf slots. In one aspect, the length of the opening in the dielectric layer can vary in a predetermined manner in
an axis substantially perpendicular to the longitudinal axis of the stack resulting in a variation in the elevation dimension
of the array elements.

[0030] The relative thickness of the dielectric layer and the piezoelectric layer and the relative dielectric constants of
the dielectric layer and the piezoelectric layer define the extent to which the applied voltage is divided across the two
layers. In one example, the voltage can be split at 90% across the dielectric layer and 10% across the piezoelectric
layer. It is contemplated that the ratio of the voltage divider across the dielectric layer and the piezoelectric layer can be
varied. In the portion of the piezoelectric layer where there is no underlying dielectric layer, then the full magnitude of
the applied voltage appears across the piezoelectric layer. This portion defines the active area of the array. In this aspect,
the dielectric layer allows for the use of a piezoelectric layer that is wider than the active area and allows for kerf slots
to be made in the active area and extend beyond this area in such a way that array elements and array sub-elements
are defined in the active area, but a common ground is maintained on the top surface.

[0031] A plurality of first kerf slots are defined therein the stack. Each first kerf slot extends a predetermined depth
therein the stack and a first predetermined length in a direction substantially parallel to the longitudinal axis of the stack.
The "predetermined depth" of the first kerf slot may follow a predetermined depth profile that is a function of position
along the respective length of the first kerf slot. The first predetermined length of each first kerf slot is at least as long
as the second predetermined length of the opening defined by the dielectric layer and is shorter than the longitudinal
distance between the first face and the opposed second face of the stack in a lengthwise direction substantially parallel
to the longitudinal axis of the stack. In one aspect, the plurality of first kerf slots define a plurality of ultrasonic array
elements.

[0032] The ultrasonic transducer can also comprise a plurality of second kerf slots. In this aspect, each second kerf
slot extends a predetermined depth therein the stack and a third predetermined length in a direction substantially parallel
to the longitudinal axis of the stack. The "predetermined depth" of the second kerf slot can follow a predetermined depth
profile that is a function of position along the respective length of the second kerf slot. The length of each second kerf
slot is at least as long as the second predetermined length of the opening defined by the dielectric layer and is shorter
than the longitudinal distance between the first face and the opposed second face of the stack in a lengthwise direction
substantially parallel to the longitudinal axis of the stack. In one aspect, each second kerf slot is positioned adjacent to
at least one first kerf slot. In one aspect, the plurality of first kerf slots define a plurality of ultrasonic array elements and
the plurality of second kerf slots define a plurality of ultrasonic array sub-elements. For example, an array with one
second kerf slot between two respective first kerf slots has two array sub-elements per array element. For a 64-element
array with two sub-diced elements per array element, 129 respective first and second kerf slots are made to produce
128 piezoelectric sub-elements that make up the 64 elements of the array. It is contemplated that this number can be
increased for a larger array. For an array without sub-dicing, 65 and 257 first kerf slots can be used for array structures
with 64 and 256 array elements respectively. In one aspect, the first and/or second kerf slots can be filled with air. In an
alternative aspect, the firstand/or second kerf slots can also be filled with a liquid or a solid, such as, forexample, a polymer.
[0033] Because neither the first or second kerf slots extend to either of the respective first and second faces of the



10

15

20

25

30

35

40

45

50

55

EP 2 345 066 B1

stack, i.e., the kerf slots have an intermediate length, the formed array elements are supported by the contiguous portion
of the stack near the respective first and second faces of the stack.

[0034] The piezoelectric layer of the stack can resonate at frequencies that are considered high relative to current
clinical imaging frequency standards. In one aspect, the piezoelectric layer resonates at a center frequency of about 30
MHz. In other aspects, the piezoelectric layer resonates at a center frequency of about and between 10-200 MHz,
preferably about and between, 20-150 MHz, and more preferably about and between 25-100 MHz.

[0035] Each of the plurality of ultrasonic array sub-elements has an aspect ratio of width to height of about and between
0.2 - 1.0, preferably about and between 0.3 - 0.8, and more preferably about and between 0.3 - 0.7. In one aspect, an
aspect ratio of width to height of less than about 0.6 for the piezoelectric elements can be used. This aspect ratio, and
the geometry resulting from it, helps to separate lateral resonance modes of an array element from the thickness resonant
mode used to create the acoustic energy. Thus, the noted width to height ratios are configured to prevent any lateral
resonant modes within the piezoelectric bar from interfering with the dominant thickness mode resonance. Similar cross-
sectional designs can be considered for arrays of other types as understood by one skilled in the art. Each array element
can comprise at least one sub-dice kerf, such that each array element will effectively include two or more bars, in which
the signal electrodes for all bars of each respective element are electrically shorted together.

[0036] The width to height aspect ratio of the piezoelectric bar can also impact the directivity of the array element, i.e.,
the more narrow the width, the lower the directivity and the larger the steering angle of the array. For arrays with a pitch
greater than about 0.5 lambda, the amplitude of the grating lobes produced for an aperture of driven elements will
increase. Without limitation, various exemplary width / height aspect ratios of PZT bars can include:

Approx Frequency Range | Pitch (um) | PZT (um) | Kerf (um) | W/H
13-24 MHz 90 75 10 0.53
18-42 MHz 75 51 8 0.58
18-42 MHz 60 45 5 0.55
22-55 MHz 55 39 5 0.58
22-55 MHz 55 39 5 0.58
30-70 MHz 38 25 3-4 0.56

[0037] The first and/or second kerf slots can be filled with air or with a liquid or a solid, such as a polymer. The filler
can be a low acoustic impedance material that minimizes mechanical coupling between adjacent piezoelectric bars
within the array structure. If selected, the low acoustic impedance material can have an acoustic response that is outside
of the bandwidth of the piezoelectric bars to avoid any unwanted coupling with the piezoelectric bars. It will be appreciated
that the choice of filler can influence the effective width of an array element, i.e., the effective width of the array element
will be equal to, or larger than, the actual width of the array element due to any mechanical coupling between elements.
Further, as the effective width increases, the directivity of the array element will increase slightly. For example, and not
meant to be limiting, Epotek 301 and/or 301-2 epoxies, and the like, can be used as kerf filler materials.

[0038] The formation of sub-elements by "sub-dicing," using a plurality of first and second kerf slots is a technique in
which two adjacent sub-elements are electrically shorted together, such that the pair of shorted sub-elements act as
one element of the array. For a given element pitch, which is the center to center spacing of the array elements resulting
from the first kerf slots, sub-dicing allows for an improved element width to height aspect ratio such that unwanted lateral
resonances within the element are shifted to frequencies outside of the desired bandwidth of the operation of the device.
[0039] Inone aspect, the piezoelectric layer of the stack has a pitch of about and between 7.5-300 microns, preferably
about and between 10-150 microns, and more preferably about and between 15-100 microns. In one example and not
meant to be limiting, for a 30 MHz array design, the resulting pitch for a 1.5X is about 74 microns.

[0040] At high frequencies, when the width of the array elements and of the kerf slots scale down to the order of 1-10’s
of microns, it is desirable in array fabrication to make narrow kerf slots. Narrowing the kerf slots can minimize the pitch
of the array such that the effects of grating lobes of energy can be minimized during normal operation of the array device.
Further, by narrowing the kerf slots, the element strength and sensitivity are maximized for a given array pitch by removing
as little of the piezoelectric layer as possible. Using laser machining, the piezoelectric layer may be patterned with a fine
pitch and maintain mechanical integrity.

[0041] As noted above, the plurality of layers can further include a signal electrode layer and a ground electrode layer.
The electrodes can be defined by the application of a metallization layer that covers the dielectric layer and the exposed
area of the piezoelectric layer. The electrode layers can comprise any metalized surface as would be understood by
one skilled in the art. A non-limiting example of electrode material that can be used is Nickel (Ni). A metalized layer of
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lower resistance (at 1-100 MHz) that does not oxidize can be deposited by thin film deposition techniques such as
sputtering (evaporation, electroplating, etc.). A Cr/Au combination (300 / 3000 Angstroms respectively) is an example
of such a lower resistance metalized layer, although thinner and thicker layers can also be used. The Cr is used as an
interfacial adhesion layer for the Au. As would be clear to one skilled in the art, it is contemplated that other conventional
interfacial adhesion layers well known in the semiconductor and microfabrication fields can be used. Signal electrodes
can be patterned as described herein.

[0042] The plurality of layers of the stack can further include at least one matching layer having a top surface and an
opposed bottom surface. In one aspect, the plurality of layers includes two such matching layers. At least a portion of
the bottom surface of the first matching layer can be connected to at least a portion of the top surface of the piezoelectric
layer. If a second matching layer is used, at least a portion of the bottom surface of the second matching layer is connected
to at least a portion of the top surface of the first matching layer. The matching layer(s) can be at least as long as the
second predetermined length of the opening defined by the dielectric layer in a lengthwise direction substantially parallel
to the longitudinal axis of the stack. Methods for producing integrated matching layers are described herein.

[0043] The matching layer(s) can have a thickness that is usually equal to about or around ¥ of a wavelength of sound,
atthe center frequency of the device, within the matching layer material itself. The specific thickness range of the matching
layers depends on the actual choice of layers, their specific material properties, and the intended center frequency of
the device. In one example and not meant to be limiting, for polymer based matching layer materials, and at 30 MHz,
this results in a preferred thickness value of about 15-25 pm.

[0044] In one aspect, the acoustic impedance of a matching layer can be between 8-9 Mrayl; in another aspect, the
impedance can be between 3-10 Mrayl; and, in yet another aspect, the impedance can be between 1-33 Mrayl.
[0045] The plurality of layers of the stack can further include a backing layer having a top surface and an opposed
bottom surface. In one aspect, the backing layer substantially fills the opening defined by the dielectric layer. In another
aspect, at least a portion of the top surface of the backing layer is connected to at least a portion of the bottom surface
of the dielectric layer. In a further aspect, substantially all of the bottom surface of the dielectric layer is connected to at
least a portion of top surface of the backing layer. In yet another aspect, at least a portion of the top surface of the
backing layer is connected to at least a portion of the bottom surface of the piezoelectric layer.

[0046] The matching and backing layers can be selected from materials with acoustic impedance between that of air
and/or water and that of the piezoelectric layer. In addition, as one skilled in the art will appreciate, an epoxy or polymer
can be mixed with metal and/or ceramic powder of various compositions and ratios to create a material of variable
acousticimpedance and attenuation. Any such combinations of materials are contemplated in this disclosure. The choice
of matching layer(s), ranging from 1-6 discrete layers to one gradually changing layer, and backing layer(s), ranging
from 0-5 discrete layers to one gradually changing layer alters the thickness of the piezoelectric layer for a specific center
frequency.

[0047] In one aspect, the backing layer of the transducer can be configured such that the acoustic energy that travels
downwards towards the backing layer when the piezoelectric element is electrically excited, or operated in receive mode,
is absorbed by the backing material to avoid any unnecessary acoustic reflections within the thickness of the ultrasonic
transducer stack. In one aspect, to effect the desired absorption of the acoustic energy that enters the backing material,
a single backing material that has a high acoustic attenuation is configured to be sufficiently thick such that the layer
acts as an infinitely thick layer. If more than a single backing layer is contemplated, to adjust the bandwidth and/or the
characteristic frequency response of the transducer in any way, then the acoustic impedances are to be chosen accord-
ingly. In one exemplary aspect, the backing layer can comprise a powder-doped epoxy.

[0048] In one aspect, a lens can be positioned in substantial overlying registration with the top surface of the layer
that is the uppermost layer of the stack. The lens can be used for focusing the acoustic energy. The lens can be made
of a polymeric material as would be known to one skilled in the art. In one preferred aspect, the lens can be made of a
material that is well matched to water and has a low acoustic loss. For example, a preformed or prefabricated piece of
Rexolite which has three flat sides and one curved face can be used as a lens. The radius of curvature (R) is determined
by the intended focal length of the acoustic lens. For example not meant to be limiting, the lens can be conventionally
shaped using computerized numerical control equipment, laser machining, molding, and the like. In one aspect, the
radius of curvature is large enough such that the width of the curvature (WC) is at least as wide as the opening defined
by the dielectric layer. Exemplary lens materials are polymethylpentene (e.g., TPX®) and cross-linked polystyrene (e.g.,
Rexolite®).

[0049] The speed of sound of Rexolite is greater than the speed of sound in water; therefore, the lens is formed with
a concave surface. The radius of curvature of the lens defines the elevation focal depth of the array. For a focal length
of 10mm, the radius of curvature (R) = 3.65mm. In a further aspect, the maximum depth of the curvature of the lens can
be minimized to avoid trapping air pockets in the acoustic gel used during imaging. In an additional aspect, the thinnest
cross-sectional portion of the lens can be made as thin as possible such that the internal acoustic reflection that forms
at the front face of the lens will remain temporally close to the primary pulse. In a further aspect, the thinnest cross-
sectional portion of the lens can be thick enough to pass IEC patient leakage current tests for BF and/or CF rating. In
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yet another aspect, the curvature of the lens can extend beyond the active area of the array in order to avoid any
unwanted diffraction due to alens boundary discontinuity. Exemplary focal depths and radius of curvature of an exemplary
Rexolite lens are:

Approx Frequency Range | Lens Focal Depth | Rexolite Radius of Curvature
13-24 MHz 15 mm 5.45 mm
18-42 MHz 10 mm 3.65 mm
18-42 MHz 9 mm 3.30 mm
22-55 MHz 7 mm 2.55mm
22-55 MHz 6 mm 2.20 mm
30-70 MHz 5mm 1.85 mm

[0050] In one preferred aspect, the minimum thickness of the lens substantially overlies the center of the opening or
gap defined by the dielectric layer. Further, the width of the curvature is greater than the opening or gap defined by the
dielectric layer. In one aspect, the length of the lens can be wider than the length of a kerf slot allowing for all of the kerf
slots to be protected and sealed once the lens is mounted on the top of the transducer device.

[0051] At least one first kerf slot can extend through or into at least one layer to reach its predetermined depth/depth
profile in the stack. Some or all of the layers of the stack can be cut through or into substantially simultaneously. Thus,
a plurality of the layers can be selectively cut through substantially at the same time. Moreover, several layers can be
selectively cut through at one time, and other layers can be selectively cut through at subsequent times, as would be
clear to one skilled in the art. In one aspect, at least a portion of at least one first and/or second kerf slot extends to a
predetermined depth that is at least 60% of the distance from the top surface of the piezoelectric layer to the bottom
surface of the piezoelectric layer, and at least a portion of at least one first and/or second kerf slot can extend to a
predetermined depth that is 100% of the distance from the top surface of the piezoelectric layer to the bottom surface
of the piezoelectric layer.

[0052] Atleasta portion of at least one first kerf slot can extend to a predetermined depth into the dielectric layer and
at least a portion of one first kerf slot can also extend to a predetermined depth into the backing layer. As would be clear
to one skilled in the art, the predetermined depth into the backing layer can vary from 0 microns to a depth that is equal
to or greater than the thickness of the piezoelectric layer itself. Laser micromachining through the backing layer can
provide a significant improvement in isolation between adjacent elements. In one aspect, at least a portion of one first
kerf slot extends through at least one layer and extends to a predetermined depth into the backing layer. As described
herein, the predetermined depth into the backing layer may vary. The predetermined depth of at least a portion of at
least one first kerf slot can vary in comparison to the predetermined depth of another portion of that same respective
kerf slot or to a predetermined depth of at least a portion of another kerf slot in a lengthwise direction substantially parallel
to the longitudinal axis of the stack. In another aspect, the predetermined depth of at least one first kerf slot can be
deeper than the predetermined depth of at least one other kerf slot.

[0053] Asdescribedabove, atleastone second kerf slot can extend through atleast one layer to reach its predetermined
depth in the stack as described above for the first kerf slots. The second kerf slots can extend into or through at least
one layer of the stack as described above for the first kerf slots. If layers of the stack are cut independently, each kerf
slot in a given layer of the stack, whether a first or second kerf slot can be in substantial overlying registration with its
corresponding slot in an adjacent layer.

[0054] A transducer may also include a support member to provide mechanical support for the various components
of the transducers and to aid in the fabrication process.

[0055] The invention will now be described with respect to the transducer configurations shown generally in Figures
1-23. An ultrasonic transducerincludes a stack 800 having a first face 802, an opposed second face 804, and a longitudinal
axis Ls extending between. The stack has a plurality of layers, each layer having a top surface 828 and an opposed
bottom surface 830. The plurality of layers of the stack includes, for example, a piezoelectric layer 806, a dielectric layer
808, and a plurality of matching layers. The dielectric layer may be connected to and underlie at least a portion of the
piezoelectric layer. In one example, the plurality of matching layers includes four matching layers in the stack.

[0056] The plurality of layers of the stack can further include a ground electrode layer 810 that is disposed on the top
surface of the piezoelectric layer, a signal electrode layer 812, and a backing layer 814.

[0057] As shown in Figures 1 and 3, the transducer stack defines an active area and an inactive area, in which a
dielectric layer is provided under the ground electrode that acts as a potential divider and limits the voltage applied
across the piezoelectric layer. In the figure, the stack includes the following layers in the active area (from top to bottom):
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Layer Material Zac 20 MHz 30 MHz 30 MHz 40 MHz 50 MHz
(MRayl) (wm) (m) (m) (nm) (nm)
Lens Rexolite 2.47 250mm (Minimum thickness)
4th Matching CA 2.69 26.9 um 17.9 um 17.9 um 13.4 um 10.8 um
Layer
3rd Matching SiC Epoxy 3.45 33.1um 22.1um 22.1 um 16.6 um 13.3 um
Layer
2nd Matching W/SiC 5.50 26.3 um 17.5um 17.5 um 13.1 um 10.5 um
Layer Epoxy
1st Matching W Epoxy 11.05 21.3 um 14.2 um 14.2 um 10.6 um 8.5 um
Layer
Ground Au 62.60 Thin Layer ~ 8000 A
Electrode
Piezoelectric PZT 33 75 um 51 um 45 um 39 um 25um
Signal Electrode Au 62.60 ~ 10000 A
Backing PZT Epoxy 8.50 > 5mm

In the inactive area, the stack transducer includes the following layers (from top to bottom):
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[0058] The piezoelectric layer 806 can be made of a variety of materials. For example and not meant to be limiting,
materials that form the piezoelectric layer can include ceramic, single crystal, polymer and co-polymer materials, ceramic-
polymer and ceramic-ceramic composites with 0-3, 2-2 and/or 3-1 connectivity, and the like. In one example, the pie-
zoelectric layer includes lead zirconate titanate (PZT) ceramic.

[0059] As shown in Figures 6-7, the inner edges of the respective first and second ground electrodes can have a saw-
tooth or stepped design that aids in avoiding any fault lines when the ground electrode is bonded to the piezoelectric
layer. In a further aspect, the outer edges of the respective first and second ground electrodes are configured to extend
beyond the respective longitudinal face edges of the piezoelectric layer so that they can be positioned as desired in
electrical communication with a circuit board to form the desired ground connection. Thus, in one aspect, part of the
ground electrode layer typically remains exposed in order to allow for the signal ground to be connected from the ground
electrode to the circuit board.

[0060] In a further aspect, the inner edges of the respective first and second ground electrodes are spaced from each
other a distance sufficient for respective first and second matching layers to be mounted sequentially on the top surface
of the piezoelectric layer between the inner edges of the respective first and second ground electrodes. In this aspect,
the longitudinally extending edges of the first and second matching layers 816, 826 can be spaced from the inner edges
of the respective first and second ground electrodes. Optionally, a plurality of spacers 900 can be provided that are
positioned outside of the acoustic field as defined by the active area of the stack onto portions of the top surface of the
respective first and second ground electrodes. Each spacer 900 extends upwardly a predetermined distance relative to
the top surface of the piezoelectric layer such that the bottom surface of a fourth matching layer 846 can be positioned
at a desired distance relative to the piezoelectric layer and the intervening first and second matching layers. In this
aspect, one spacer can be positioned or formed on the inwardly extending portion of the saw-tooth inner edges of the
respective first and second ground electrodes. In one aspect, upon completion of the assembly of the stack, the spacing
generated by the spacers 900 is equal to the thickness of a third matching layer 836 of the stack. It is contemplated that
the spacers can be made from any material that can be lapped down to, or built up to, the target thickness.

[0061] In one exemplary aspect, the dielectric material includes silica doped Epotek 301 epoxy, which has a low
relative dielectric constant of about 4 and provides strong adhesion for sputtered gold when the dielectric surface is
treated with low fluence UV light and/or plasma. In a further aspect, the thickness of the dielectric can be at least 10
pm, preferably at least 10 wm, and more preferably at least 20 um. Optionally, the edge of the dielectric layer can be
sloped, with respect to the cross-sectional plane, to provide some apodization and to help suppress side lobes in elevation.
The exact shape of the slope will be selected by one skilled in art based on the desired effect on the ultrasound wave.
In another aspect, the width of the gap in the doped epoxy dielectric layer, which defines the elevation dimension of the
array, can preferably be between about 0.5 mm - 3.5 mm, more preferably between about 0.75 mm - 3.0 mm, and most
particularly between about 1.0 mm - 3.0 mm.

[0062] The plurality of layers of the stack can further include at least one matching layer having a top surface and an
opposed bottom surface. In a further aspect, the acoustic impedance of each matching layer can be configured such
that the acoustic impedance monotonically decreases from the first matching layer above the piezoelectric to the top
matching layer just underneath the lens. In one exemplary aspect, at least one of the matching layers is polymer based.
It is also contemplated that all of the matching layers can be polymer based. In a further aspect, the exemplary plurality
of matching layers can result in a substantially smooth pulse response with no perceivable phase discontinuities. The
smooth nature of the pulse response means that there is a predictable relationship between the time and frequency
response of the transducer.

[0063] In one exemplary illustrated aspect, the plurality of matching layers comprises four such matching layers. In
one exemplary aspect, at least a portion of the bottom surface of the first matching layer 816 can be connected to at
least a portion of the top surface of the ground electrode layer, which is, as described above, mounted thereon the top
surface of the piezoelectric layer. At least a portion of the bottom surface of the second matching layer 826 is connected
to at least a portion of the top surface of the first matching layer. The first and second matching layers can be at least
as long as the second predetermined length of the opening defined by the dielectric layer in a lengthwise direction
substantially parallel to the longitudinal axis of the stack.

[0064] As shown in Figures 8-9, a lens 809 can be positioned in substantial overlying registration with the top surface
of the matching layer that is the uppermost layer of the stack. In this aspect, the lens is a fixed lens that can be used for
focusing the acoustic energy. For example, a preformed or prefabricated piece of Rexolite, which can have three flat
sides and one curved face can be used as a lens. In a further aspect, the fixed lens 809 provides a means for focusing
in elevation. The thickness of the lens can be thicker than the piezoelectric or matching layers.

[0065] In one aspect, a top surface of a fourth matching layer 846 is bonded to the bottom, flat face of the lens. In the
example in which the lens is formed from Rexolite, the fourth matching layer 846 can be made from cyanoacrylate (CA)
adhesive, which is a low acoustic material that can be reliably bonded to the Rexolite lens, as described in U.S. Publication
No. 2007/0205698. Of course, it is contemplated that any low impedance material that can be reliably bonded to the
material of the desired lens can be used. In one further aspect, it is preferred that the bottom surface of the CA layer,
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i.e., the fourth matching layer, is adhesively coupled to the top surface of the second matching layer. In this aspect, of
the bottom surface of the fourth matching layer are seated on the top surface of the plurality of spacers such that the
lens can be positioned/spaced as the desired distance from the second matching layer. In this aspect, the adhesive
layer provides for bonding the lens to the stack.

[0066] The applied adhesive layer can also act as the third matching layer 836 provided that the thickness of the
adhesive layer applied to the bottom face of the lens is of an appropriate wavelength in thickness (such as, for example
and not meant to be limiting, ¥4 wavelength in thickness). In this example, it is contemplated that the choice of powder
and concentration of powder is selected to adjust the acoustic impedance to match the desired acoustic profile. One
skilled in the art will appreciate that Epotek 301 epoxy, Epotek 301-2 epoxy, and the like can be used as the adhesive
layer to form the noted third matching layer. Epotek 301 epoxy has an acoustic impedance of 2.9 Mrayl in its pure state
and can be doped with powders of different composition and size to create a 0-3 composite material that can be configured
to have a desirable acoustic impedance by controlling the density and speed of sound. In this exemplary aspect, the
layer of CA acts as one of the matching layers of the transducer. Thus, in one non-limiting example, the plurality of
matching layers can comprise a layer of CA and three underlying matching layers can comprise powder loaded Epotek
301 epoxy, Epotek 301-2 epoxy, and the like.

[0067] In a further aspect, prior to mounting the lens onto the stack, the CA layer and the lens can be laser cut, which
effectively extends the array kerfs (i.e., the first and/or second array kerf slots), and in one aspect, the sub-diced or
second kerfs, through both matching layers (or if two matching layers are used) and into the lens. If the CA and lens are
laser cut, a pick and place machine (or an alignment jig that is sized and shaped to the particular size and shape of the
actual components being bonded together) can be used to align the lens in both X and Y on the uppermost surface of
the top layer of the stack. To laser cut the CA and lens, laser fluence of approximately 0.5-5 J/cm?2 can be used.

[0068] In various exemplary aspects, arrays have the following acoustic design characteristics:
Center 20 MHz 30 MHz 30 MHz 40 MHz 40 MHz 50 MHz
Frequency
Elements 256 256 256 256 256 256
Pitch 90 um (1.2 75um (1.5 60 um (1.2 55um (1.4 55um (1.4 38 um (1.2
lambda) lambda) lambda) lambda) lambda) lambda)
Elevation 2.8 mm 2.0 mm 2.0 mm 1.4 mm 1.2 mm 1.0 mm
Focal 15 mm 10 mm 9 mm 7 mm 6 mm 5mm
Depth
Pulse 60 ns (-6dB) 45 ns (-6dB) 45 ns (-6dB) 35 ns (-6dB) 35 ns (-6dB) 35 ns (-6dB)
Response
120 ns (- 90 ns (-20dB) | 85ns (-20dB) | 70 ns (-20dB) | 70 ns (-20dB) | 70 ns (-20dB)
20dB)
2-Way >65% (-6dB) | >65% (-6dB) | >65% (-6dB) | >65% (-6dB) | >65% (-6dB) | >65% (-6dB)
Bandwidth
Directivity > +/- 156° >+/-15° >+/-15° >+/-15° >+/-15° >+4/-15°

Example 1 - Patterning of electrodes

[0069] A flex circuitis placed on a 45 degree inclined plane with respect to the plane of an ultrasound array, and each
finger of the flex is lined up with a corresponding array element. Two pieces of flex, one on each side of the array, are
staggered, so that each flex is twice the pitch of the array. The flex is permanently attached in this position. The whole
assembly is filled with a silica particle filled epoxy that covers all of the flex fingers. The epoxy is shaped to form a smooth
internal profile over the all of the array, so that there are no sudden transitions from one surface to another.

[0070] An excimer laser is then used (e.g., 248 nm) to selectively expose the active region of the array by removing
the particle/epoxy from the surface of the piezoelectric, e.g., PZT along each element, using a fluence that does not
ablate the piezoelectric, but does remove the epoxy mixture. A ridge of kerf width is left between each element in the
active area. The epoxy mixture is then removed from over the flex fingers, exposing the copper of the flex. Trenches
are then made from each element to its respective finger. The transducer is sputtered, covering the entire inner surface
with 1 um of gold. Any standard metal could be used. A chromium adhesion layer may be used in conjunction with gold
deposition. The laser ablation of the epoxy mixture and laser activation of the piezoelectric improve the adhesion of the
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metal.

[0071] A standard positive photoresist is coated onto the gold. Because of the trenches and ridges, the resist pools
thickly in the trenches and remains thin on the high areas. The resist is allowed to dry but is not hard baked. The laser
set to a very low fluence (about 0.3 J/cm2) is used to remove the resist without damaging the gold underneath. This is
important, since ablation of the gold directly will typically cause collateral damage to the electrode left behind. Having
thus exposed the negative of the electrode pattern in the resist, the gold is etched using a standard wet gold etching
process at slightly elevated temperatures of up to 50 °C for a few minutes. The result of this is to have removed almost
all of the gold down to the Cr/Au alloy region that is only about 300 Angstroms thick.

[0072] The laseris used at a slightly higher fluence to remove the remaining metal, e.g., about 0.8 J/cmZ. This fluence
will remove the remaining metal and created a trench in the epoxy under the gold layer. In the active area where the
kerfs are less than 5 um, a third, high fluence pass (e.g., at about 3 J/cm?2) may be used to remove shorts. The trench
made with the 0.8 J/cm2 pass acts as a guide for the plasma caused by the laser pulses, thereby preventing collateral
damage of the electrode that would be caused by using a high fluence initially. After the final laser pass, a short wet
etch can be used to de-burr the laser cut edges. Finally the resist is removed by dissolving in a suitable solvent at room
temperature.

Example 2 - Coupling « Transducer to Circuit

[0073] Figures 4-23 illustrate a methodology of preparing the transducer stack described above and operably coupling
the transducer stack to a circuit board. Any of the examples described in the following may be employed generally with
any method of the invention.

[0074] The piezoelectric layer, with a metalized ground electrode layer (not shown) coupled to the top surface of the
piezoelectric layer, is initially blocked and its bottom surface is lapped conventionally to a first desired thickness in a first
step. In one aspect, the first desired thickness is typically not the final thickness, but is rather a thickness that allows the
continued working of the piezoelectric layer. In a second step, the first matching layer 816 is applied to a portion of the
top surface of the metalized ground electrode layer and, after curing, is lapped to a target thickness. In step, the second
matching layer 826 is applied to a portion of the top surface of the first matching layer and is subsequently lapped to a
target thickness after curing. In one aspect, both the first and second matching layers are positioned substantially in the
center of the piezoelectric layer and extend on the top surface of the piezoelectric layer between the elongate edges of
the piezoelectric layer. The longitudinally extending edges of the first and second matching layers 816, 826 can be
spaced from the longitudinally extending edges of the piezoelectric layer.

[0075] Subsequently, a copper foil 910 is coupled, for example with a conductive adhesive, to a portion of the top
surface of the metalized ground electrode layer. As shown in Figure 6, the copper foil is positioned to surround the first
and second matching layers circumferentially. In a further aspect, the copper foil 910, which defines the respective first
and second ground electrodes, is also positioned such that the inner edges of the respective first and second ground
electrodes are spaced from the longitudinally extending edges of the respective first and second matching layers. Still
further, the outward edges of the respective first and second ground electrodes extend outwardly beyond the longitudinal
faces of the piezoelectric layer so that they can be operatively coupled to the ground of the circuit board in a latter step
of the fabrication process. In a further aspect, as noted in the figure, the inner edges of the first and second ground
electrodes can have a saw-tooth pattern that extends beyond the longitudinal faces of the piezoelectric layer so that the
respective first and second ground electrodes can be readily bent along the respective longitudinal faces of the piezo-
electric layer. As shown in Figure 7, the respective ends of the copper foil are subsequently removed to physically
separate the respective first and second ground electrodes. In one aspect, a contiguous copper foil is useful for the
bonding of the copper foil to the piezoelectric layer. Optionally, the individual first and second ground electrodes could
be mounted to the piezoelectric layer individually, which would result in the same structure as shown in Figure 7. The
first and second ground electrodes effectively act as extensions of the metalized ground electrode layer.

[0076] In another aspect, to achieve a desired standoff from the top surface of the respective first and second ground
electrodes, a plurality of spacers 900 are positioned on portions of the top surface of the respective first and second
ground electrodes. The plurality of spacers 900 can be in the form of pillars or dots that are positioned about the full
perimeter of the piezoelectric layer. In another aspect, the plurality of spacers 900 can be positioned on portions of the
top surface of the respective first and second ground electrodes adjacent to the inner edges of the respective first and
second ground electrodes. In yet another aspect, the plurality of spacers can be positioned outwardly from the active
area of the stack, i.e., in the inactive area of the stack. The spacers can be made from any conventional material that
can be lapped to the desired target thickness.

[0077] The fourth matching layer 846 is adhesively coupled to the lens 809 and is subsequently allowed to cure prior
to being lapped to the desired target thickness. In one exemplary aspect, the lens can include Rexolite, and the fourth
matching layer can include a CA adhesive. In a further aspect, the fourth matching layer can be applied to a Rexolite
blank and can be lapped to the desired target thickness prior to machining the Rexolite blank into a lens.
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[0078] Referring to Figures 1 and 8-10], the fourth matching layer 846 is positioned on the top surfaces of the plurality
of spacers to ensure that the adhesive that is used to bond the lens/fourth matching layer will form the third matching
layer 836, which can have a desired target thickness as the adhesive cures. In another aspect, the bonded lens/fourth
matching layer can be positioned in the substantial center of the stack in desired registration with the piezoelectric layer.
[0079] Referring now to Figure 11, in one aspect, the bottom surface of the piezoelectric layer can be lapped to a
desired thickness prior to the formation of the first and second kerf slots. The first and second kerf slots are formed to
the desired depth in the stack. The first and second kerf slots are machined in the stack from the bottom side of the
stack. In one aspect, the first and second kerf slots are laser machined into the stack using a laser fluence of about and
between 3-10 J/cm?2 and preferably about 5 J/cmZ2. This laser fluence is adequate to create the kerf aspect ratios that
are desired in the piezoelectric layer of the stack.

[0080] Further, in one aspect, a pin marker fiducial can be scribed on the bottom surface of the piezoelectric layer by,
for example and not meant to be limiting, laser machining. The pin marker fiducial can be, for example, at least one
marking, such as a plurality of crosses. The pin marker, if used, can be used to correctly orient the stack with respect
to the flex circuit in a subsequent downstream fabrication process. In a further aspect, the pin marker fiducial should
extend into the bottom surface of the piezoelectric layer a depth that is sufficient for the pin marker fiducial to remain
visible as the bottom surface of the piezoelectric layer is lapped to its final target thickness. It is preferred that the etch
pattern of the pin marker fiducial extend substantially straight down such that the width of the pin marker fiducial does
not change when the bottom surface of the piezoelectric lapped.

[0081] As shown in Figure 11, in a further aspect, laser alignment markers 930 can be scribed on the bottom surface
of the piezoelectric layer by, for example, laser machining. The laser alignment markers 930 can be at least two markings,
such as two crosses, one at either end of the stack. The laser alignment markers 930, if used, can be used to assist in
the alignment and/or registration of the stack in subsequent downstream fabrication processes. In a further aspect, the
alignment markers should extend into the bottom surface of the piezoelectric layer a depth that is sufficient for the
markers to remain visible as the bottom surface of the piezoelectric layer is lapped to its final target thickness. It is
preferred that the etch pattern of the laser alignment markers extend substantially straight down such that the width of
the laser registration marker does not change when the bottom surface of the piezoelectric is lapped.

[0082] Optionally, the formed first and second kerf slots are filled as described above and the fill material is allowed
to cure. Subsequently, the bottom surface of the piezoelectric layer is lapped to its final target thickness, which results
in a cross sectional view of the stack that is illustrated in Figure 10. One will appreciate that at this stage of the fabrication
process, the dielectric layer, the signal electrode layer, and the backing layer have not been formed.

[0083] Referring now to Figures 12A and 12B, an example of a support member 940 is shown. The support member
has a first longitudinally extending side edge portion 942 and an opposed second longitudinally extending side edge
portion 944, each side edge portion having a respective inner surface 946 and an opposed outer surface 948, wherein
aportion of the respective inner surfaces of the first and second longitudinally extending side edge portions are configured
so that a distal portion of a circuit board, such as a flex circuit board, or circuit board pair, such as shown in Figure 23,
can be connected thereto. Other flex designs with fewer traces can be used. For example, more flex circuits would be
required to sum up to a total of 256 traces. The support member also has a medial portion extending between the
respective the first and second longitudinally extending side edge portions that define a central, longitudinally extending
opening. The medial portion also provides mechanical strength and integrity to the support, necessary since the support,
when bonded to the stack, will provide the mechanical support to prevent the stack from warping during the remainder
of the assembly process. In one aspect, the first and second longitudinally extending side edge portions 942, 944 can
be positioned at an acute angle relative to each other or, optionally, they can be positioned substantially parallel to each
other or co-planar to each other.

[0084] In one exemplary aspect, a plurality of circuit alignment features 960, such as the exemplified score lines
illustrated in Figures 10-15, are cut or otherwise conventionally formed into portions of the bottom surface of the medial
portion of the support member. In this aspect, the plurality of circuit alignment features can be positioned such that they
are adjacent to and/or extend to the respective first and second longitudinally extending side edge portions and/or the
opening of the support member. One will appreciate that the plurality of circuit alignment features allows for the correct
positioning of the distal portion of the lead frame (signal traces) of a circuit board, or circuit board pair, with respect to
the first kerf slots cut within the stack. It is contemplated that the plurality of circuit alignment features on opposing sides
of the opening of the support member are offset relative to each other by a distance equal to the pitch of the transducer
array to allow for an alternating signal electrode pattern to be formed between the circuit board or circuit board pair and
the array elements. In one aspect, the plurality of alignment features 960 can be formed in a separate step subsequent
to mounting the stack to the support member. Optionally the plurality of alignment features can be formed prior to fixedly
mounting the stack to the support member provided that the support can be mounted to the stack with adequate regis-
tration.

[0085] As shown in Figure 13, the transducer stack is fixedly mounted thereto at least a portion of the top surface of
the medial portion of the support member 940, and circuit alignment features are formed such that the circuit alignment
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features are positioned in registration with the array kerfs of the piezoelectric layer. In one aspect, the stack assembly
can be adhesively bonded to the support member. It is contemplated that, in one aspect, the plurality of alignment
features 960 can be formed in the support member in a separate step subsequent to fixedly mounting the stack to the
support member. Optionally, the plurality of alignment features can be formed therein the support member prior to fixedly
mounting the stack to the support member.

[0086] The respective bottom surface of the distal ends of the circuit boards, such as the flex circuit shown in Figure
16, are connected to the respective inner surfaces 946 of the first and second longitudinally extending side edge portions
942, 944. In one aspect, the flex circuit can be coupled to the support member by use of an adhesive, such as CA
adhesive. The respective flex circuits are fixedly mounted to the respective inner surfaces of the first and second longi-
tudinally extending side edge portions in registration with the plurality of circuit alignment features 960 to insure that the
circuits on the respective circuit boards are aligned with the kerfs of the array transducer to within less than about a 0.5
pitch tolerance.

[0087] As shown in Figure 17, a dielectric layer (e.g., a composite material as described herein) can be applied to the
bottom portion of the array. In an optional step, the fiducial marking can be masked off prior to the application of the
dielectric layer. In one aspect, the dielectric material can extend to cover the lead frame of the flex circuit, or flex circuit
pair attached to the support frame. In one aspect, itis contemplated that the dielectric material could be applied separately
from the dielectric material if so desired. In a further aspect, the profile of the dielectric layer is centered relative to the
short axis of the piezoelectric stack, and it is configured such that the thickness of the dielectric layer that overlies the
bottom surface of the piezoelectric layer meets the minimum electrical requirements to deactivate the piezoelectric. In
another aspect, the dielectric layer can be configured such that the surface transition from the flex circuit to the bottom
surface of the piezoelectric layer has a controlled cross-sectional profile that is void of sharp edges or undercuts in
preparation for the deposition of the signal electrode layer. The transition of the dielectric from zero to target thickness
allows for a relatively uniform thickness temporary conformal coating, such as, for example and not meant to be limiting,
a resist material, to be applied on top of a blanket signal electrode layer, which allows for the use of a photoablation
lithography process to be used during the subsequent patterning of the signal electrode layer.

[0088] In practice, it is preferred to apply the dielectric layer across the bottom portion of the piezoelectric stack as
shown in Figure 17 and subsequently to use a laser at a low fluence to trim away the dielectric in the active area and to
create the smooth transition as shown in Figure 18. Such a low fluence can safely and cleanly remove dielectric material
without significantly ablating metal oxide powders, PZT, or the Cu metal on the flex circuit. In the non-limiting case of
an Excimer laser, operating at 248nm, a reasonable fluence is in the range of 0.5-1.5 J/cm2. As described above, the
formed opening in the dielectric layer defines the elevation of the array and the opening can have the following features:
it can be narrower than the length of the first and second kerf slots relative to the short axis of the piezoelectric stack
and/or it can be longer than the length of the plurality of first kerfs slots relative to the long axis of the piezoelectric.
[0089] Referring to Figures 19 and 20, the patterning of the signal electrode layer and the electrical interconnect to
the flex circuit, or flex circuit pair, can be accomplished using conventional packaging techniques such as, but not limited
to photolithography and wirebonding, anisotropic conducting films and tapes, or direct contact between the stack and
the flex leadframe. However, it is preferred that the patterning of the signal electrode layer be accomplished using a
plurality of steps that can be scaled to frequencies higher than 50 MHz within a minimal packaging footprint volume. In
one aspect, the signal electrodes are created by the following general steps (which are described in more detail below):
surface preparation for electrode by means of laser photoablation; vacuum depositing a blanket signal electrode and
shorting the bottom surface of the stack to all of the traces of the flex circuit, i.e., shorting a 256 array element of the
stack to all 256 traces of the flex circuit; and combining laser photoablation lithography and chemical etching to pattern
the isolated electrodes into the sputtered metal. In one aspect, it is contemplated that each signal electrode will be
formed from gold (Au) and will be about and between 0.5-1.5 um thick; preferably about and between 0.6-1.2 um thick,
and more preferably about and between 0.8-1.0 wm thick. The noted thickness for the gold electrodes allows the gold
to behave like a macroscopic or bulk metal layer and have desired ductile and malleable properties, which increases
the reliability of the device.

[0090] One will appreciate that a thin Cr, or Ti/W layer, of a few 100 Angstroms thick can be conventionally used as
an adhesion layer, or that Nichrome is used as a diffusion barrier, when depositing a Au electrode. Conventionally, the
thickness of these additional layers is very thin relative to the Au layer, and, in the case of alloying the metals by co-
deposition, the amount of the alloy is not significant to impact the signal electrode patterning techniques described below.
Itis contemplated that all combinations of metal alloying is included when describing the patterning of the signal electrode.
[0091] Prior to depositing the signal electrode, a laser can be used to ensure that the desired portion of the bottom
portion of the piezoelectric layer is fully exposed with no residual dielectric layer covering the piezoelectric in the active
area. Further, the laser can pattern the dielectric layer that overlies the first kerf slots to form elevated ridges. One will
appreciate that the formed ridges above the first kerfs slots, in the active area, will help reduce the thickness of the
applied resist above the first kerf slots and allow the resist to pool above the piezoelectric. This aids in providing for
clean kerf patterning of the signal electrode.
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[0092] In another aspect, the laser can be used to form a shallow trench or sunken path that extends from each active
element of the array to its designated copper trace on the flex circuit leadframe. The trenches in the dielectric from the
active element to the flex circuit allow for resist to pool therein, which helps protect the Au during the patterning of the
signal electrode. In yet another aspect, the laser can be used in this step to remove the dielectric material above the
copper traces of the respective flex circuits and cleanly expose the copper traces.

[0093] Optionally, the laser can be used to create a "rough" textured surface on the portions of the array transducer
that will be covered by the signal electrode. The textured surface can help to promote metal adhesion of the signal
electrode to the surface, as described herein.

[0094] For an exemplary 256 element transducer array, the signal electrode layer forms a signal electrode pattern
that is made of 256 isolated signal electrodes. In one aspect, each isolated signal electrode can have, in the active area
of the stack, including the sloped transition to the dielectric layer, a minimum electrode gap, that is approximately as
wide as the width of the first kerf slots between neighboring array elements. This electrode gap can extend from one
side of the dielectric gap to the other and is preferably positioned substantially directly over the first kerf slots. Optionally,
no electrode gap is required above the sub diced kerfs, i.e., the second kerf slots, because the sub diced piezoelectric
bars are electrically shorted together as described above. In another aspect, on top of the dielectric layer, each isolated
signal electrode can be terminated on the dielectric layer by removing the gold in between the two electrode gaps
adjacent to each array element. As shown in Figures 19 and 20, the termination pattern alternates from left to right for
each adjacent element and matches the flex circuit leadframe. In an additional aspect, an extension of the termination
pattern from the stack onto the flex circuit can be provided on the top of the dielectric to complete the isolation of each
signal electrode from adjacent elements. As one will appreciate, the extension of the termination pattern also alternates
from left to right such that the extension falls in between two adjacent leads on the flex circuit.

[0095] In one embodiment, after the conventional deposition of an Au layer to the prepared portions of the transducer,
a multi-step laser ablation and etching process is used to create the intricate signal electrode pattern. In one exemplary
aspect, the gold layer can be applied using conventional sputtering techniques. In a first step, a resist layer is applied
to achieve a substantially even coat over the deposited gold layer. The stack may be tipped or rocked to help ensure
thatthe resist coatis substantially even. In this aspect, itis contemplated that the resist will be allowed to dry at substantially
room temperature. Elevated temperatures, below the soft baking temperature of the resist are also permitted provided
that the temperature does not exceed the thermal budget or limits imposed by the materials and construct of the stack
(for example and without limitation 50 °C). In a subsequent step, a laser, such as a laser using a low fluence of, for
example, about 0.3 J/cm2, can photoablate the resist over only the full signal electrode pattern, such as for example the
full 256 array element signal electrode pattern. In a subsequent step, the signal electrode pattern is conventionally etched
to thin the applied gold layer. Without limitation, this etching step can be exemplarily accomplished by warming the
etching materials to 32 °C and etching for 3 minutes.

[0096] Subsequently, the laser can be applied substantially over the first kerf slots to help remove the majority of any
residual metals that remain above the first kerf slots. Further, in this step, it is contemplated that a portion of the fill
material therein the first kerf slot adjacent to the bottom surface of the piezoelectric layer will be removed. As one will
appreciate, this removal of the fill material will create shallow trenches in the fill material within the first kerf slots that
extend below the plane of the bottom surface of the piezoelectric layer. In one aspect, it is contemplated that the laser
will use a medium fluence, i.e., about and between 0.3-0.8 J/cm?2, for this ablation step.

[0097] In afurther aspect, itis contemplated that a general laser pass over the flex circuit and other potentially exposed
areas at a low fluence level, i.e., about and between 0.3 and 0.4 J/cm2, can be accomplished after each laser ablation
step. This low fluence pass of the laser can help ensure that any residual, undesired post etched sputtered gold has
been removed.

[0098] In an optional additional step, the laser can be additionally be applied at a high fluence for a minimal number
of pulses over the first kerf slots and over the termination pattern to remove any burs that may have persisted at this
stage of the signal electrode formation process. As one will appreciate, any sunken feature that had previously been
formed can aid in protecting the deposited signal electrodes from the plasma plume created during the elevated fluence
laser ablation process.

[0099] As one will appreciate, after the processing described above, each signal electrode is operatively mounted to
the transducer and is electrically coupled to both an individual circuit of the flex circuit and an individual array element.
Optionally, the signal electrodes are tested for shorts so that any short can be identified and targeted rework can be
accomplished to rectify the identified shorts.

[0100] Optionally, an additional etching step can be performed to debur the signal electrode pattern. Without limitation,
this etching step can be accomplished by warming the etching materials to 32 °C and etching for 1 minute. This step
can aid in removing any final residuals that could risk causing shorts when the backing layer is applied. Finally, the resist
is cleaned from the transducer/support member/flex circuit assembly, i.e., the array assembly, and the signal electrodes
are again tested for shorts so that any short can be identified and targeted rework can be accomplished to rectify the
identified shorts.
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[0101] Asshown in Figure 21, the backing layer is applied to complete the array assembly. In one aspect, the backing
layer can be positioned to cover and to extend beyond the active area of the stack. In a further aspect, the backing layer
can substantially fill the cavity that is defined therein the support member between the respective inner surfaces of the
first and second longitudinally extending side edge portions of the support member.

[0102] In an additional step and referring to Figures 22A and 22B, the signal return path from the stack to the coupled
flex circuits should be operably coupled prior to the formation of the signal electrodes. This allows for the electrical
integrity of the signal electrode to be tested after the signal electrode pattern has been created. In one aspect a conductive
material, such as, copper tape and the like, is positioned on the array assembly to electrically couple the respective first
and second ground electrodes to the respective grounds on the flex circuits. The copper tape can be bonded with
additional conductive epoxy material or low temperature solder to form a reliable electrical contact. Thus, in one example,
the signal return path from the assembly extends generally parallel to the kerfs to the end of the stack, up through the
conductive epoxy bond line into the copper foil and then onto the flex circuit via the additional conductive path of the
exemplary copper tape.

Other embodiments

[0103] Unless otherwise expressly stated, it is in no way intended that any method set forth herein be construed as
requiring that its steps be performed in a specific order.

[0104] Accordingly, where a method claim docs not actually recite an order to be followed by its steps or it is not
otherwise specifically stated in the claims or descriptions that the steps are to be limited to a specific order, it is no way
intended that an order be inferred, in any respect. This holds for any possible non-express basis for interpretation,
including: matters of logic with respect to arrangement of steps or operational flow; plain meaning derived from gram-
matical organization or punctuation; and the number or type of embodiments described in the specification.

[0105] It will be apparent to those skilled in the art that various modifications and variations can be made in the present
invention without departing from the scope of the invention. Other embodiments of the invention will be apparent to those
skilled in the art from consideration of the specification and practice of the invention disclosed herein. It is intended that
the specification and examples be considered as exemplary only, with a true scope of the invention being indicated by
the following claims.

[0106] Other embodiments are in the claims.

Claims
1. A method for producing electrodes in a pattern, said method comprising:

(a) providing an ultrasound array transducer stack (800) comprising a piezoelectric layer (806) and a plurality
of first kerf slots that extend a predetermined depth therein the stack, and wherein the plurality of first kerf slots
define a plurality of ultrasonic array elements;

(b) placing a connector (950) having an electrical connection for each of the plurality of ultrasonic array elements
in proximity to the stack;

(c) depositing a composite dielectric material (812) on a bottom surface of the stack and a portion of the connector;
(d) laser ablating at least a portion of the composite dielectric material to expose the plurality of ultrasonic array
elements and to form a plurality of trenches in the dielectric material, each of the plurality of trenches extending
from one of the ultrasonic array elements to one electrical connection in the connector;

(e) depositing a conductive metal on the plurality of ultrasonic array elements and the plurality of trenches after
laser ablating the composite dielectric material;

(f) depositing a resist on the conductive metal, wherein the resist is thicker over each array element and trench
compared to over the plurality of first kerf slots; and

(g) removing a portion of the resist to expose a portion of the conductive metal in a pattern that is a negative of
a desired pattern of the electrodes and etching the exposed portion of the conductive metal to produce the
electrodes in the pattern;

the method characterized in that:
the composite dielectric material comprises a matrix material and a particulate material;
the matrix material ablates at a fluence insufficient to ablate the particulate material such that laser ablating the

composite dielectric material at the fluence removes at least a portion of the matrix material from the composite
dielectric material and retains the particulate material;
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and laser ablating the composite dielectric material includes removing matrix material and increasing a surface
area of the composite dielectric material.

2. Amethod as claimed in claim 1, further comprising (h) laser ablating the areas of etched conductive metal to remove
the dielectric material over the plurality of first kerf slots to create a depression between individual array elements.

3. A method as claimed in claim 2, further comprising (i) laser ablating the depressions between individual array
elements at a higher fluence than step (h).

4. The method of claim 3, further comprising etching to remove conductive metal burrs produced by laser ablation in
step (i).

5. A method as claimed in any preceding claim, wherein step (g) further comprises laser ablating the resist at a fluence
insufficient to ablate the conductive metal.

6. A method as claimed in any preceding claim, wherein the laser ablating of step (d) does not expose the plurality of
first kerf slots.

7. The method as claimed in claims 2-6, wherein the plurality of first kerf slots are filled with a solid material, which is
ablated in step (h),

8. The method as claimed in any preceding claim, wherein step (e) further comprises depositing an adhesion layer
prior to the conductive metal.

9. The method as claimed in claim 8, wherein step (g) includes removing the conductive metal deposited on the
adhesion layer.

10. The method as claimed in claims 8 or 9, wherein step (h) includes removing the adhesion layer exposed by step (g).

11. The method as claimed in any preceding claim, wherein a pitch of the plurality of ultrasonic array elements is at
most 100 um.

12. The method as claimed in any preceding claim, wherein a pitch of the plurality of ultrasonic array elements is at
most 65 pm.

13. The method as claimed in any preceding claim, wherein the matrix material comprises epoxy.

14. The method as claimed in any preceding claim, wherein the particulate material comprises silica, silicon carbide,
or a combination thereof.

15. The method as claimed in any preceding claim, wherein laser ablating the composite dielectric material causes
particles of the particulate material to be partially exposed and partially embedded in the matrix material.

Patentanspriiche

1. Verfahren zur Herstellung von Elektroden in einer Struktur, wobei das Verfahren umfasst:

(a) Bereitstellen eines Ultraschall-Array-Wandler-Stapels (800), der eine piezoelektrische Schicht (806) und
eine Vielzahl erster Schnittfugenschlitze umfasst, die in einer vorbestimmten Tiefe darin im Stapel erstrecken,
und wobei die Vielzahl erster Schnittfugenschlitze eine Vielzahl von Ultraschall-Array-Elementen definiert;

(b) Platzieren eines Steckers (950), der eine elektrische Verbindung aufweist, fir jede der Vielzahl von Ultra-
schall-Array-Elementen in der Nahe des Stapels;

(c) Auftragen eines dielektrischen Verbundmaterials (812) auf eine Oberflache der Unterseite des Stapels und
eines Abschnitts des Steckers;

(d) Laserabtragen mindestens eines Abschnitts des dielektrischen Verbundmaterials, um die Vielzahl von Ul-
traschall-Array-Elementen freizulegen und um eine Vielzahl von Rillen in das dielektrische Material zu formen,
wobei sich jede der Vielzahl von Rillen von einem der Ultraschall-Array-Elemente zu einer elektrischen Verbin-
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dung in dem Stecker erstreckt;

(e) Auftragen eines leitfahigen Metalls auf die Vielzahl von Ultraschall-Array-Elementen und die Vielzahl von
Rillen nach dem Laserabtragen des dielektrischen Verbundmaterials;

(f) Auftragen eines Resists auf das leitfahige Metall, wobei der Resist iiber jedem Array-Element und jeder Rille
verglichen mit Uber der Vielzahl erster Schnittfugenschlitze dicker ist; und

(9) Entfernen eines Abschnitts des Resists, um einen Abschnitt des leitfahigen Metalls in einer Struktur freizu-
legen, der ein Negativ der gewiinschten Struktur der Elektroden ist und Atzen des freigelegten Abschnitts des
leitfahigen Metalls, um Elektroden in der Struktur herzustellen;

wobei das Verfahren dadurch gekennzeichnet ist, dass:

das dielektrische Verbundmaterial ein Matrixmaterial und ein Teilchenmaterial umfasst;

das Matrixmaterial bei einer Fluenz abtragt, die unzureichend ist, um das Teilchenmaterial abzutragen, sodass
das Laserabtragen des dielektrischen Verbundmaterials bei der Fluenz abtragt, mindestens einen Abschnitt
des Matrixmaterials von dem dielektrischen Verbundmaterial entfernt und das Teilchenmaterial zurtickhéalt; und
das Laserabtragen des dielektrischen Verbundmaterials das Entfernen von Matrixmaterial beinhaltet und den
Oberflachenbereich des dielektrischen Verbundmaterials vergrofert.

Verfahren nach Anspruch 1, weiter umfassend (h) das Laserabtragen der Bereiche des geatzten leitfdhigen Metalls,
um das dielektrische Material Giber der Vielzahl erster Schnittfugenschlitze zu entfernen, um eine Vertiefung zwischen

einzelnen Array-Elementen zu erzeugen.

Verfahren nach Anspruch 2, weiter umfassend (i) das Laserabtragen der Vertiefungen zwischen einzelnen Array-
Elementen bei einer héheren Fluenz als Schritt (h).

Verfahren nach Anspruch 3, weiter umfassend das Atzen, um Grate des leitfahigen Metalls, die beim Laserabtragen
in Schritt (i) erzeugt wurden, zu entfernen.

Verfahren nach einem der vorstehenden Anspriiche, wobei Schritt (g) weiter das Laserabtragen des Resists bei
einer Fluenz umfasst, die unzureichend ist, um das leitfahige Metall abzutragen.

Verfahren nach einem der vorstehenden Anspriiche, wobei das Laserabtragen von Schritt (d) nicht die Vielzahl
erster Schnittfugenschlitze freilegt.

Verfahren nach den Anspriichen 2-6, wobei die Vielzahl erster Schnittfugenschlitze mit einem festen Material gefullt
sind, das in Schritt (h) abgetragen wird.

Verfahren nach einem der vorstehenden Anspriiche, wobei Schritt (e) weiter das Auftragen einer Haftschicht vor
dem leitfahigen Metall umfasst.

Verfahren nach Anspruch 8, wobei Schritt (g) das Entfernen des leitfahigen Metalls, das auf der Haftschicht aufge-
tragen ist, einschlief3t.

Verfahren nach Anspruch 8 oder 9, wobei Schritt (h) das Entfernen der durch Schritt (g) freigelegten Haftschicht
einschlief3t.

Verfahren nach einem der vorstehenden Anspriiche, wobei die Steigung der Vielzahl von Ultraschall-Array-Elemen-
ten héchstens 100 pm ist.

Verfahren nach einem der vorstehenden Anspriiche, wobei die Steigung der Vielzahl von Ultraschall-Array-Elemen-
ten héchstens 65 pm ist.

Verfahren nach einem der vorstehenden Anspriiche, wobei das Matrixmaterial Epoxid umfasst.

Verfahren nach einem der vorstehenden Anspriiche, wobei das Teilchenmaterial Siliciumdioxid, Siliciumcarbid, oder
eine Kombination davon umfasst.

Verfahren nach einem der vorstehenden Anspriiche, wobei das Laserabtragen des dielektrischen Verbundmaterials
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bewirkt, dass die Teilchen des Teilchenmaterials teilweise freigelegt werden und teilweise in dem Matrixmaterial
eingebettet ist.

Revendications

1.

Procédé de production d’électrodes dans un motif, ledit procédé comprenant :

(a) la fourniture d’une pile de transducteurs ultrasoniques en réseau (800) comprenant une couche piézoélec-
trique (806) et une pluralité de premieres fentes d’entaille qui s’étendent a une profondeur prédéterminée a
lintérieur de la pile, et dans lequel la pluralité de premiéres fentes d’entaille définit une pluralité d’éléments
ultrasoniques en réseau ;

(b) la mise en place d’un connecteur (950) ayant une connexion électrique pour chacun de la pluralité d’éléments
ultrasoniques en réseau a proximité de la pile ;

(c) le dépbt d’'un matériau diélectrique composite (812) sur une surface inférieure de la pile et une portion du
connecteur ;

(d) l'ablation au laser d’au moins une portion du matériau diélectrique composite pour exposer la pluralité
d’éléments ultrasoniques en réseau et pour former une pluralité de tranchées dans le matériau diélectrique,
chacune de la pluralité de tranchées s’étendant d’un de la pluralité d’éléments ultrasoniques en réseau a une
connexion électrique dans le connecteur ;

(e) le dépbt d’'un métal conducteur sur la pluralité d’éléments ultrasoniques en réseau et la pluralité de tranchées
aprés l'ablation au laser du matériau diélectrique composite ;

(f) le dépdét d’'une matiére de protection sur le métal conducteur, dans lequel la matiére de protection est plus
épaisse sur chaque élément de réseau et tranchée que sur la pluralité de premiéres fentes d’entaille ; et

(9) 'enlévement d’une portion de la matiére de protection pour exposer une portion du métal conducteur dans
un motif qui est un négatif d’'un motif désiré des électrodes etla gravure de la portion exposée du métal conducteur
pour produire les électrodes dans le motif ;

le procédé étant caractérisé en ce que :

le matériau diélectrique composite comprend un matériau matriciel et un matériau particulaire ;

le matériau matriciel est enlevé a une fluence insuffisante pour enlever le matériau particulaire de sorte que
I'ablation au laser du matériau diélectrique composite a la fluence enléve au moins une portion du matériau
matriciel du matériau diélectrique composite et maintienne le matériau particulaire ; et

I'ablation au laser du matériau diélectrique composite comprend I'enlevement de matériau matriciel et 'aug-
mentation d’'une superficie du matériau diélectrique composite.

Procédeé selon la revendication 1, comprenant en outre (h) I'ablation au laser des zones de métal conducteur gravées
pour enlever le matériau diélectrique sur la pluralité de premiéres fentes d’entaille pour créer une cuvette entre des

éléments en réseau individuels.

Procédé selon la revendication 2, comprenant en outre (i) I'ablation au laser des cuvettes entre des éléments en
réseau individuels a une fluence supérieure par rapport a I’étape (h).

Procédé selon la revendication 3, comprenant en outre la gravure pour enlever des bavures de métal conducteur
produites par I'ablation au laser dans I'étape (i).

Procédé selon une quelconque revendication précédente, dans lequel I'étape (g) comprend en outre I'ablation au
laser de la matiére de protection a une fluence insuffisante pour enlever le métal conducteur.

Procédé selon une quelconque revendication précédente, dans lequel I'ablation au laser de I'étape (d) n’expose
pas la pluralité de premiéeres fentes d’entaille.

Procédé selon 'une quelconque des revendications 2 a 6, dans lequel la pluralité de premiéres fentes d’entaille est
remplie avec un matériau solide, qui est enlevé dans I'étape (h).

Procédé selon une quelconque revendication précédente, dans lequel I'étape (e) comprend en outre le dép6t d’'une
couche d’adhésion avant le métal conducteur.
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Procédé selon la revendication 8, dans lequel I'étape (g) comprend I'enlévement du métal conducteur déposé sur
la couche d’adhésion.

Procédé selon la revendication 8 ou 9, dans lequel I'étape (h) comprend I'enlevement de la couche d’adhésion
exposée par |'étape (g).

Procédé selon une quelconque revendication précédente, dans lequel un pas de la pluralité d’éléments ultrasoniques
en réseau est au plus de 100 pm.

Procédé selon une quelconque revendication précédente, dans lequel un pas de la pluralité d’éléments ultrasoniques
en réseau est au plus de 65 pum.

Procédé selon une quelconque revendication précédente, dans lequel le matériau matriciel comprend un époxy.

Procédé selon une quelconque revendication précédente, dans lequel le matériau particulaire comprend une silice,
un carbure de silicium ou une combinaison de ceux-ci.

Procédé selon une quelconque revendication précédente, dans lequel I'ablation au laser du matériau diélectrique

composite améne des particules du matériau particulaire a étre partiellement exposées et partiellement incorporées
dans le matériau matriciel.
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Figure 5
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Figure 6
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Figure 8
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Figure 9
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Figure 12
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Figure 13
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Figure 14
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Figure 23
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