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(57) ABSTRACT

An ultrasound probe is formed with protected interconnects,
thereby resulting in a more robust probe. The interconnects
are mounted between an array of transducer elements and an
integrated circuit. The array of transducer elements are
coupled to the interconnect via flip chip bumps or other struc-
tures. Underfill material fixedly positions the interconnects to
the integrated circuit. A method of making the transducer

11, 2013. assembly is provided.
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ROBUST ULTRASOUND TRANSDUCER
PROBES HAVING PROTECTED
INTEGRATED CIRCUIT INTERCONNECTS

[0001] This invention relates to medical diagnostic ultra-
sound systems and, in particular, to mounting of intercon-
nects in an ultrasonic transducer array stack.

[0002] Twodimensional array transducers are used in ultra-
sonic imaging to electronically scan in three dimensions. Two
dimensional arrays have numerous rows and columns of
transducer elements in both the azimuth and elevation direc-
tions, which would require a large number of cable conduc-
tors to couple signals between the many elements of the probe
and the mainframe ultrasound system. A preferred technique
for minimizing the number of signal conductors in the probe
cable is to perform at least some of the beamforming in the
probe in a microbeamformer ASIC (application specific inte-
grated circuit.) This technique requires only a relatively few
number of partially beamformed signals to be coupled to the
mainframe ultrasound system, thereby reducing the required
number of signal conductors in the cable. However a large
number of signal connections must be made between the two
dimensional array and the microbeamformer ASIC, one for
each element of the array. An efficient way to make these
connections is to design the transducer array and the ASIC to
have flip-chip interconnections, whereby electrode pads of
the transducer array are bump bonded directly to correspond-
ing conductive pads of the ASIC. In one type of two-dimen-
sional ultrasound transducer design, all transducer elements
of an array are attached and individually electrically con-
nected to a surface of an integrated circuit (IC) via “flip-chip”
technology using conductive bumps. This microbeamformer
IC provides electrical control of the elements, such as for
beam forming, signal amplification, etc., and provides the
means of interfacing the thousands of array elements to the
mainframe beamformer of the ultrasound system.

[0003] One example of a known design of an ultrasound
transducer is illustrated in FIG. 1. The ultrasound transducer
10 includes a flat array of acoustic elements 12 that are
coupled to a surface of an integrated circuit 14 via flip-chip
conductive bumps 16. A flip-chip underfill material 18 is
included within a region between the integrated circuit 14 and
the flat array of acoustic elements 12, surrounding the flip-
chip conductive bumps 16. Transducer 10 further includes a
transducer base 20 and an interconnection cable 22. Intercon-
nection cable 22 connects the integrated circuit 14 and an
external cable (notshown). Integrated circuit 14 is electrically
coupled to the interconnection cable 22 using interconnects
such as wire bonds 24.

[0004] Interconnects, such as the wire bonds 24, are used to
transmit power and signals to and from the integrated circuit.
Unfortunately, the interconnects are close to the lens of the
transducer, thereby making them susceptible to damage,
intermittency, and/or disconnection. Some approaches have
been used to reduce these problems that include staking the
wire bonds to the integrated circuit using an adhesive drop
that hardened over the interconnect. However, the staking
increases complexity of the fabrication process. Other tech-
niques that do not use staking include positioning a covering
structure extending from the top of the acoustic stack and over
the interconnects. Problematically, the covering structure can
bend and become weak over time.

[0005] Thereis a need for improved structures and methods
for reliably protecting interconnects during fabrication and
use of ultrasound transducers.
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[0006] In accordance with the principles of the present
invention, an ultrasound probe is provided with protected
interconnects. The interconnects are mounted between an
array of transducer elements and an integrated circuit for the
transducer elements, with the overhang of the acoustic stack
above the connection point protecting the interconnect.
Underfill material fixedly positions the interconnects relative
to the integrated circuit. These features result in a more robust
probe structure.

[0007] In the drawings:

[0008] FIG. 1is a perspective view of a conventional ultra-
sound sensor.

[0009] FIG. 2 illustrates an acoustic stack constructed in

accordance with the principles of the present invention.
[0010] FIG. 3 illustrates diced acoustic elements in the
acoustic stack of FIG. 2.

[0011] FIG. 4 illustrates the acoustic stack of FIG. 2 when
assembled in a transducer probe with a lens cover.

[0012] FIG. 5is an acoustic stack having one acoustic layer
covering an interconnect in accordance with the principles of
the present invention.

[0013] FIG. 6 illustrates an acoustic stack including a wire
bond and subtractively created bumps in accordance with the
principles of the present invention.

[0014] FIG. 7 illustrates an acoustic stack including a flex-
ible circuit and subtractively created bumps in accordance
with the principles of the present invention.

[0015] FIG. 8 provides a method of making protected inter-
connects in a transducer assembly in accordance with the
principles of the present invention.

[0016] An implementation of the present invention
includes an ultrasonic transducer array assembly having an
array of transducer elements. The transducer elements
include a plurality of layers. The layers include a piezoelec-
tric layer, such as lead zirconium titanate (PZT), and match-
ing layers that match the acoustic impedance of the piezo-
electric layer to that of the probe lens and the body being
imaged. A metallized layer is included to electrically couple
the piezoelectric layer to an integrated circuit in the assembly.
Other layers can also be included according to desired char-
acteristics for the transducer array. The integrated circuit is
coupled to the array of transducer elements. Coupling of the
integrated circuit can be carried out using flip-chip tech-
niques, or any other suitable technique that provides the nec-
essary electrical coupling between the integrated circuit and
the transducer elements. As will be described further below,
interconnects are positioned in contact with the integrated
circuit and fixedly positioned between the integrated circuit
and at least one layer of the layers in the transducer elements
in the array. The space between the integrated circuit and the
layers can be tailored according to the dimensions of the
interconnect. For example, additional spacing may be used if
wire bonds are connected to the integrated circuit. The wire
bonds include a bend height that can provide the need for
increased height between the surface of the integrated circuit
and a layer in the acoustic stack above the point of intercon-
nection. As compared to a wire bond, a flex circuit provides a
profile having alower height, and thus uses less spacing when
it is laid down over the surface of the integrated circuit.
Furthermore, having the interconnect positioned within the
space between the transducer elements and the integrated
circuit provides for more robust transducers, since the inter-
connect connection to the integrated circuit is protected from
damage and/or disconnection.
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[0017] FIG. 2 schematically shows an acoustic stack 30
with a protected interconnect constructed in accordance with
the principles of the present invention. The acoustic stack
includes a plurality of layers 32, such as a metallized layer
324, a piezoelectric layer 325 such as PZT, and two acoustic
matching layers 32¢ and 32d bonded to the piezoelectric layer
325 The matching layers match the acoustic impedance of
the piezoelectric material to that of the body being diagnosed,
generally in steps of progressive changes in the acoustic
impedance of each matching layer. The integrated circuit 40,
which is bonded to a backing block 42, is coupled to the
metallized layer 32a by stud bumps 34. The interconnect 38,
which is shown as a flex circuit, contacts one or more con-
ductors of the integrated circuit 40 and is fixedly held in that
position with an underfill layer 36. The underfill layer can
include an electroinsulating material, such as epoxy resin.

[0018] The arrangement of the interconnect between the
integrated circuit and the acoustic stack provides several ben-
efits. For example, the interconnect (e.g., flex circuits or wire
bonds) are held rigidly in place such that less damage and
fewer disconnects result from use of the probe. In addition, a
flexible circuit can be coupled to the integrated circuit, held in
place by underfill material, and then bent to any particular
angle that is needed for proper electrical connection in the
probe. With “staking” solutions as described above, the bend-
ing of the flexible circuit often leads to displacement of the
adhesive and thus disconnection of the interconnect. The
present invention overcomes this problem by holding the
interconnect rigidly during bending. Additionally, space sav-
ings are also realized because the interconnect can extend
further toward the center of the integrated circuit, thereby
taking less space in the lateral dimension of the transducer
probe. More efficient spacing is also realized in the vertical
dimension, thereby leaving more room between the top of the
acoustic stack and the probe lens.

[0019] Inaddition to fixedly holding the interconnect on the
integrated circuit, the underfill provides various other func-
tions. It acts to hold the integrated circuit and the acoustic
stack together since the connection of the bumps alone may
not be adequate for the strength of the assembly. In some
embodiments, the flip-chip variations require a good hermetic
seal of the joint that the underfill can provide. In addition,
after the flip-chip connection is completed, a dicing process is
done to separate the acoustic stack into individual elements.
The separating cut needs to be deeper than the last layer of the
acoustic stack, but not too deep so as to reach the IC. The
underfill supports each individual acoustic element.

[0020] As shown in FIG. 3, the acoustic stack 30 of FIG. 2
is diced by dicing cuts to form an array 44 of individual
transducer elements 44a, eight of which are shown in this
example. The array 44 can include a single row of transducer
elements (a 1-D array) or be diced in two orthogonal direc-
tions to form a two-dimensional (2D) matrix array of trans-
ducer elements. The integrated circuit 40, an ASIC, provides
transmit signals for the transducer elements 44a and receives
and processes signals from the elements. Conductive pads on
the upper surface of the integrated circuit 40 are electrically
coupled to conductive pads on the bottoms of the transducer
elements by stud bumps 34, which may be formed of solder or
conductive epoxy. Signals are provided to and from the inte-
grated circuit 40 by connections to the flex circuit 38. Below
the integrated circuit 40 is a backing block 42, which attenu-
ates acoustic energy emanating from the bottom of the trans-
ducer stack and conducts heat generated by the integrated
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circuit away from the integrated circuit and the transducer
stack and away from the patient-contacting end of the trans-
ducer probe. A variety of backing blocks can be used, includ-
ing a backing block including a porous foam material filled
with resin as disclosed in W02012/123908 to Sudol et al.,
which is incorporated by reference herein. It is seen in FIGS.
2 and 3 that end element 444 in this implementation is not an
acoustically functioning transducer element and is not con-
nected to the integrated circuit by a stud bump. That is
because this dummy end element serves the protection func-
tion of the present invention, overhanging the attachment
point of the interconnect 38 to the integrated circuit and
solidifying the connection with the underfill material between
the dummy end element 444 and the integrated circuit.

[0021] FIG. 4 illustrates the transducer stack assembly of
FIG. 3 when assembled inside a transducer probe. In the
probe, the matching layer 324 in the acoustic stack 30 is
bonded to the acoustic lens 48. Ultrasound waves are trans-
mitted through the lens 48 and into the patient’s body during
imaging, and echoes received in response to these waves are
received by the transducer stack through the lens 48. In an
alternative embodiment, the acoustic lens 48 is replaced with
awindow, 1.e., an element with no focusing acoustical power.
The window may be made of the window material PEBAX,
for instance. In this embodiment, a third matching layer 46
(e.g., alow density polyethylene (LDPE) film) also serves to
enclose the transducer stack as it is wrapped around the stack
and bonded by an epoxy bond 52 to the probe housing 54. A
ground plane 50 is bonded to the top of the second matching
layer 32d, and is formed as a conductive layer on a film of the
third matching layer 46. The ground plane is electrically
coupled to the transducer elements through the electrically
conductive matching layers and is connected to a ground
conductor of flex circuit 38. Further details of this type of
construction are found in US patent publication no. US 2010/
0168581 (Knowles et al.), which is incorporated herein by
reference.

[0022] Another example of a transducer assembly of the
present invention is illustrated in FIG. 5. In this example, only
one or some of the layers in the acoustic stack 30 need be
extended beyond the active acoustic area over the connection
of the interconnect to the integrated circuit. For example,
certain layers that are more costly, such as the piezoelectric
layer, may be limited to the active acoustic area thereby
saving material cost of a full dummy element as used in FIG.
4. As FIG. 5 illustrates, the plurality of layers 32 can be
arranged to extend at different locations over the integrated
circuit. The bottom layer 324, for example, extends to aplane
that is at or about an edge of the integrated circuit. In contrast,
the other layers 325, 32¢ and 32d are recessed inwardly away
from the edge of the integrated circuit. In some embodiments,
layers 32a and 32b can extend over to the edge of the inte-
grated circuit. Alternatively, a portion of the integrated circuit
may not be covered by a layer of the acoustic stack such that
the edge of the acoustic stack is located more inward towards
the center of the integrated circuit. In some embodiments, an
outer edge of the integrated circuit is located in approximately
the same plane with an outer edge of at least one of the
plurality of layers.

[0023] Theillustrations in FIGS. 2-5 show a flexible circuit
as the interconnect 38. Other types of interconnects can be
used instead. FIG. 6 shows one example of using a wire bond
56 that is coupled to a flexible circuit 60 on the side of the
backing block 42. Here, the wire bond 56 is coupled to a
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conductive pad on the surface of the integrated circuit 40 and
is fixedly held in position using the underfill material 36.
[0024] FIGS. 6 and 7 illustrate the use of subtractive bumps
for connecting the integrated circuit 40 to the acoustic stack
32. Methods of making transducer assemblies with subtrac-
tive bumps 58 are described, e.g., in international patent pub-
lication WO2012/085724, which is incorporated herein by
reference. The subtractive process determines the height of
the bumps 58 and hence the spacing between the integrated
circuit and the acoustic stack. As shown in FIGS. 6 and 7, the
height of the spacing between the acoustic stack 32 and the
integrated circuit 40 can be tailored for a particular intercon-
nect. For example, the wire bond 56 in FIG. 6 includes a
radius of curvature that requires the use of a height that can
accommodate the wire bond 56. The flexible circuit 38 does
not have a curvature in the vicinity of the bonding area to the
integrated circuit. As such, less space is needed between the
integrated circuit and the acoustic stack.

[0025] FIG. 8 describes a method of making an ultrasound
transducer assembly having protected interconnects in accor-
dance with the present invention. The method 70 includes an
initial step 72 of connecting an interconnect (or intercon-
nects) to an integrated circuit. The interconnect can be posi-
tioned to contact a conductive pad on the surface of the
integrated circuit. To assist with holding the interconnect in
place, a small amount of adhesive or other sticking material
can be applied to the interconnect to fix it to the integrated
circuit for further processing. Step 74 includes coupling the
integrated circuit to an acoustic stack which is above the
interconnect. This step can be done after connecting the inte-
grated circuit to the interconnect. Alternatively, the intercon-
nect can be inserted between the integrated circuit and the
acoustic stack after the acoustic stack is coupled to the inte-
grated circuit. An underfill material is provided in step 76
such that the underfill material covers the interconnect and
fixedly holds it in position and in contact with the integrated
circuit. With the interconnects protected and fixedly held in
between the acoustic stack and the integrated circuit, dicing to
form an array of transducer elements and additional manu-
facturing steps for producing the transducer assembly (Step
78) is carried out, providing improved robustness of the pro-
tected interconnect.

1. An ultrasonic transducer array assembly comprising:

an array of transducer elements comprising a plurality of
layers;

an integrated circuit structurally coupled to the array of
transducer elements;

a backing block positioned on an opposing side of the
integrated circuit from the array of transducer elements;
and

an interconnect,

characterized in that interconnect is fixedly positioned
between the integrated circuit and at least one layer of
the plurality of layers.
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2. The ultrasonic transducer array assembly of claim 1,
wherein the interconnect comprises a flexible circuit.

3. The ultrasonic transducer array assembly of claim 1,
wherein the interconnect comprises a wire bond coupled to a
flexible circuit.

4. The ultrasonic transducer array assembly of claim 1,
wherein the interconnect is positioned between the integrated
circuit and all of the plurality of layers.

5. The ultrasonic transducer array assembly of claim 1,
wherein the interconnect is positioned between the integrated
circuit and one of the plurality of layers.

6. The ultrasonic transducer array assembly of claim 1,
wherein the integrated circuit is structurally coupled to the
array of transducer elements with stud bumps.

7. The ultrasonic transducer array assembly of claim 1,
wherein the integrated circuit is structurally coupled to the
array of transducer elements with subtractively created
bumps.

8. The ultrasonic transducer array assembly of claim 1,
wherein the backing block comprises a porous foam material
filled with resin.

9. The ultrasonic transducer array assembly of claim 1,
wherein an outer edge of the integrated circuit is located in
approximately the same plane with an outer edge of at least
one of the plurality of layers.

10. method of making an ultrasonic transducer array
assembly, the method comprising:

connecting an interconnect to an integrated circuit;

coupling the integrated circuit to an array of transducer

elements comprising a plurality of layers with the inter-
connect located between the integrated circuit and the
array of transducer elements; and

providing an underfill material between the interconnect

and at least one layer of the plurality of layers, thereby
fixedly positioning the interconnect in the underfill
material between the integrated circuit and at least one
layer of the plurality of layers.

11. The method claim 10, comprising providing backing
block positioned on an opposing side of the integrated circuit
from the plurality of layers.

12. The method of claim 11, further comprising dicing the
plurality of layers to form die array of transducer elements.

13. The method of claim 10, wherein the interconnect
comprises a flexible circuit.

14. The method of claim 10, wherein the interconnect
comprises a wire bond coupled to flexible circuit.

15. The method of claim 10, comprising positioning an
outer edge ofthe integrated circuit in approximately the same
plane with an outer edge of at least one of the plurality of
layers.
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