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ULTRASONIC MATCHING LAYER AND
TRANSDUCER

BACKGROUND

Small animal imaging is an important field of research in many areas
including preclinical pharmaceutical development, developmental biology, cardiac
research, and molecular biology. Several small animal models are widely used in
theses fields, the most prevalent being the mouse and the rat. High frequency
ultrasound has been widely used to image the mouse model at frequencies from about
20 megahertz (MHz) to over 60 MHz. The rat model, however, is difficult to image
at high frequencies in comparison to the mouse because the rat has highly attenuating

and echogenic epidermal, dermal, and sub-dermal tissues.

SUMMARY

In one aspect, matching layers for an ultrasonic transducer stack having a
plurality of layers are provided. A matching layer can comprise a composite material
comprising a matrix material loaded with a plurality of micron-sized and nano-sized
particles. In another aspect, the composite material can also comprise a matrix
material loaded with a plurality of heavy and light particles. In a further aspect, a

matching layer can also comprise cyanoacrylate.

Also provided are ultrasound transducer stacks comprising a plurality of
layers, each layer having a top surface and an opposed bottom surface, wherein the
plurality of layers includes a piezoelectric layer and at least one matching layer. The
matching layers can be positioned in the stack to overlie the top surface of the
piezoelectric layer. An exemplary stack can comprise a matching layer comprising a
composite material loaded with a plurality of nano and micron sized particles, a
matching layer with a plurality of heavy and light particles and a matching layer

comprising cyanoacrylate.
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Other systems, methods, and aspects and advantages of the invention will be

discussed with reference to the Figures and to the detailed description.
BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawings, which are incorporated in and constitute a part
of this specification, illustrate certain aspects of the instant invention and together
with the description, serve to explain, without limitation, the principles of the
invention. Like reference characters used therein indicate like parts throughout the

several drawings.

FIG. 1 is a schematic diagram illustrating an exemplary transducer stack

having a plurality of layers, and showing a plurality of matching layers.

FIG. 2 is a schematic diagram showing a cross section of an exemplary

transducer stack in the elevational dimension.

FIG. 3 is a block schematic diagram illustrating an exemplary transducer stack

with electrical connections.

FIG. 4isa enlarged schematic diagram illustrating layers of the exemplary

transducer stack of Fig. 3, shown in exemplary scaled dimensions.

FIG. 5 is a block diagram illustrating an exemplary method of fabricating an

exemplary transducer stack.
DETAILED DESCRIPTION OF THE INVENTION

The present invention can be understood more readily by reference to the
following detailed description, examples, drawings, and claims, and their previous
and following description. However, before the present devices, systers, and/or
methods are disclosed and described, it is to be understood that this invention is not

limited to the specific devices, systems, and/or methods disclosed unless otherwise
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specified, as such can, of course, vary. It is also to be understood that the terminology
used herein is for the purpose of describing particular aspects only and is not intended

to be limiting.

The following description of the invention is provided as an enabling teaching
of the invention in its best, currently known embodiment. To this end, those skilled in
the relevant art will recognize and appreciate that many changes can be made to the
various aspects of the invention described herein, while still obtaining the beneficial
results of the present invention. It will also be apparent that some of the desired
benefits of the present invention can be obtained by selecting some of the features of
the present invention without utilizing other features. Accordingly, those who work
in the art will recognize that many modifications and adaptations to the present
invention are possible and can even be desirable in certain circumstances and are a
part of the present invention. Thus, the following description is provided as

illustrative of the principles of the present invention and not in limitation thereof.

As used herein, the singular forms "a,” "an" and "the" include plural referents
unless the context clearly dictates otherwise. Thus, for example, reference to a
“layer” includes aspects having two or more such layers unless the context clearly

indicates otherwise.

Ranges can be expressed herein as from "about" one particular value, and/or to
"about" another particular value. When such a range is expressed, another aspect
includes from the one particular value and/or to the other particular value. Similarly,
when values are expressed as approximations, by use of the antecedent “about,” it will
be understood that the particular value forms another aspect. It will be further
understood that the endpoints of each of the ranges are significant both in relation to

the other endpoint, and independently of the other endpoint.

As used herein, the terms “optional” or “optionally” mean that the
subsequently described event or circumstance may or may not occur, and that the
description includes instances where said event or circumstance occurs and instances

where it does not.
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By a “subject” is meant an individual. The term subject includes small or

laboratory animals as well as primates, including humans. A laboratory animal

includes, but is not limited to, a rodent such as a mouse or a rat. The term laboratory

animal is also used interchangeably with animal, small animal, small laboratory

“animal, or subject, which includes meice, rats, cats, dogs, fish, rabbits, guinea pigs,

rodents, etc. The term laboratory animal does not denote a particular age or sex.
Thus, adult and newborn animals, as well as fetuses (including embryos), whether

male or female, are included.

The present invention may be understood more readily by reference to the
following detailed description of preferred embodiments of the invention and the
examples included therein and to the Figures and their previous and following

description.

In one embodiment, the present invention is directed to matching layers for
ultrasonic transducer stacks having a plurality of layers. Ultrasound transducers, or
transducer stacks, that are used for imaging utilize acoustic matching layers
positioned between a piezoelectric layer and a lens layer or face layer of the
transducer. The piezoelectric layer typically has a high acoustic impedance (Z). The
subject being imaged typically has a much lower acoustic impedance. Ifthe
piezoelectric layer were pressed directly onto the subject, a great deal of the acoustic
energy would be lost due to the impedance mismatch between the piezoelectric layer
and the subject. In the ultrasound imaging arts, matching layers with acoustic
impedances between the piezoelectric layer and the lens or face layer are introduced
into the transducer stack to provide a transition from the higher impedance

piezoelectric layer to the lower impedance subject.

Thus, the matching layers provided herein can be used in an ultrasonic
transducer stack to accomplish an impedance transition from a piezoelectric layer to a
lens or face layer. The exemplary matching layers can have varying acoustic
impedances. One exemplary matching layer can have an acoustic impedance of

between about 7.0 MegaRayles and about 14.0 MegaRayles. Another exemplary

-4-
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matching layer can have an acoustic impedance of between about 3.0 MegaRayles
and about 7.0 MegaRayles. Yet another exemplary matching layer can have an
acoustic impedance of between about 2.5 MegaRayles and about 2.8 MegaRayles.
One skilled in the art will appreciate that each exemplary matching layer can be a ¥4
wavelength matching layer.

An ultrasonic transducer stack can be used to generate, transmit and receive
ultrasound of high frequency (equal to or greater than 20 megahertz). Exemplary

ultrasonic transducer stacks comprise at least one disclosed matching layer.

A schematic of such an exemplary transducer stack is shown in FIG. 1. FIG. 1
shows a transducer stack 100 having a lithium nibate piezoelectric layer 102. The
bottom surface of the piezoelectric layer overlies the top surface of a backing layer
104. Above the top layer of the piezoelectric layer are an electrode layer 106, three
exemplary matching layers (108, 110 and 112), an epoxy bonding layer 114, and a
lens layer 116.

In this aspect, the matching layer 108 is a higher impedance matching layer
that can have an acoustic impedance of between about 7.0 MegaRayles and about
14.0 MegaRayles. In another aspect, the matching layer 108 can comprise nano and

micron sized particles as described below.

Above the upper surface of the matching layer 108 is the matching layer 110,
which has a lower impedance that the matching layer 108. The matching layer 110
can have an acoustic impedance of between about 3.0 MegaRayles and about 7.0
MegaRayles. In another aspect, the matching layer 110 can comprise light and heavy
particles as described below.

The matching layer 112 has a lower impedance than the matching layer 110.
The matching layer 112 has an acoustic impedance of between about 2.5 MegaRayles
and about 2.8 MegaRayles. The matching layer 112 can comprise cyanoacrylate as
described below. The matching layer 112 can be bonded to the underlying matching
layer 110 using a layer of epoxy 114.
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The face layer of the exemplary transducer stack 100 comprises a lens layer
116. The lens layer can comprise TPX as described below. The lens layer 116 can be
directly bonded to the matching layer 112. Thus, in this exemplary transducer stack
100 the matching layers (108, 110, and 112) accomplish an impedance transition from

a piezoelectric layer 102 to a lens layer 116.

A transducer stack, as exemplified herein, can be used to image subjects, or
anatomical portions thereof, using high frequency ultrasound. The images produced
can have a high resolution. In one aspect, an ultrasonic transducer stack comprises a
plurality of layers, each layer having a top surface and an opposed bottom surface. In
another aspect, the plurality of layers includes a piezoelectric layer and at least one
matching layer. When positioned in a transducer stack, the bottom surface of a given

matching layer overlies the top surface of the piezoelectric layer.

A matching layer can comprise a composite material. In one aspect, the
composite material can comprise a matrix material loaded with a plurality of micron-
sized and nano-sized particles. In another aspect, the composite material can also
comprise a matrix material loaded with a plurality of first heavy particles and a
plurality of second light particles. In a further aspect, a matching layer can also
comprise cyanoacrylate (CA).

Capturing of ultrasound data using an exemplary transducer stack comprises
generating ultrasound, transmitting ultrasound into the subject, and receiving
ultrasound reflected by the subject. A wide range of frequencies of ultrasound can be
used to capture ultrasound data. For example, clinical frequency ultrasound (less than
20 MHZz) or high frequency ultrasound (equal to or greater than 20 MHz) can be used.
One skilled in the art can readily determine what frequency to use based on factors

such as, for example, but not limited to, depth of imaging, or desired resolution.

High frequency ultrasound may be desired when high resolution imaging is
desired and the structures to be imaged within the subject are not at too great a depth.

Thus, capturing ultrasound data can comprise transmitting ultrasound having a

-6-



10

15

20

25

30

WO 2007/103143 PCT/US2007/005300

frequency of at least 20MHz into the subject and receiving a portion of the transmitted
ultrasound that is reflected by the subject. For example, a transducer having a center
frequency of about 20MHz, 30MHz, 40MHz, SOMHz, 60MHz or higher can be used.
In one exemplary preferred embodiment, the transducer can have a center frequency
of about 20 MHz (for a design frequency of 25 MHz per the general frequency

example given herein below.).

High frequency ultrasound transmission is often desirable for the imaging of
small animals, where a high resolution may be achieved with an acceptable depth of
penetration. The methods can therefore be used at clinical or high frequency on a
small animal subject. Optionally, as noted above, the small animal can be a rat or

mouse.

The disclosed transducers can be operatively connected to an ultrasound
imaging system for the generation, transmission, receipt, and processing of ultrasound
data. For example, ultrasound can be transmitted, received and processed using an
ultrasonic scanning device that can supply an ultrasonic signal of at least about 20
MHz to the highest practical frequency. Any ultrasound system or device capable of
operating at 20 MHz or abbve can be used.

The matching layers described herein can be used with other devices capable
of transmitting and receiving ultrasound at the desired frequencies. For example,

ultrasound systems using arrayed transducers can be used.

If a small anima) subject is imaged, it can exemplarily be positioned on a
platform with access to anesthetic equipment. Thus, the methods can be used with
platforms and apparatus used in imaging small animals including “rail guide” type
platforms with maneuverable probe holder apparatuses. For example, the described
systems can be used with multi-rail imaging systems, and with small animal mount
assemblies as described in U.S. Patent Application No. 10/683,168, entitled
“Integrated Multi-Rail Imaging System,” U.S. Patent Application No. 10/053,748,
entitled “Integrated Multi-Rail Imaging System,” U.S. Patent Application No.
10/683,870, now U.S. Patent No. 6,851,392, issued February 8, 2005, entitled “Small

-7-
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Animal Mount Assembly,” and U.S. Patent Application No. 11/053,653, entitled

“Small Animal Mount Assembly,” which are incorporated herein by reference.

Small animals can be anesthetized during imaging and vital physiological
parameters such as heart rate and temperature can be monitored. Thus, the system can
include means for acquiring ECG and temperature signals for processing and display.
The system can also display ;;hysiological waveforms such as an ECG, respiration or

blood pressure waveform.

Also provided is the use of the described transducers or matching layers in a
system for producing an ultrasound image using line-based image reconstruction
when a high frame rate is desired. One example of such a system may have the
following components as described in U.S. Patent applicatibn 10/736,232, U.S. patent
application publication 20040236219, which is incorporated herein by reference.

The disclosed system for producing an ultrasound image using line based image
reconstruction can provide an ultrasound image having an effective frame rate in
excess of 200 frames per second. The system comprises an ECG based technique that
enables high time resolution and allows the accurate depiction of a rapidly moving
structure, such as a heart, in a small animal, such as a mouse, rat, rabbit, or other

small animal, using ultrasound.

Many different organs of interest can be imaged including dynamic organs
having a lumen. For example, a heart, or a portion thereof, can be imaged using the
methods and systems described herein. The methods and systems are not limited to
imaging the heart, however, and it is contemplated that other organs or portions

thereof, including other portions of the cardiovascular system can be imaged.

Several small animal models are widely used in research, the most prevalent
being the mouse and the rat. High frequency ultrasound has been used to image the
mouse model with great effect at frequencies from about 20 MHz to over 60 MHz.
However, the rat model has proved difficult to image at high frequencies in
comparison to the mouse model due to highly attenuating and echogenic epidermal,

dermal, and sub-dermal tissues, which give rise to two main imaging obstacles. The

-8-
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first is high attenuation of the high frequency ultrasonic energy. The second is the
generation of multiple reflections that cause reverb imaging artifacts. Both of these

obstacles can be mitigated by changing the operational characteristics of the

" transducer used to image the rat.

Exémplary operational characteristics that overcome these imaging obstacles
can comprise high sensitivity to overcome attenuation, a matched lens system to
overcome reverb, and/or the use of a matched attenuation layer between the
transducer and the tissue to attenuate multiple reflections. In addition, the transducer
described for imaging the rat can have a broad bandwidth, so as not to compromise

axial resolution.

These three characteristics often come at the expense of each other and are
generally regarded as engineering trade offs. In one example, more sensitivity
generally comes at the expense of bandwidth. Similarly, better matching often
involves lossy lens materials thus compromising sensitivity and, if designed to be a Y4
wave match at the design frequency, a reduction in bandvﬁdth. The addition of a
matched attenuation layer also results in reduced sensitivity of the primary signal

level.

A transducer incorporating an acoustic match to water, sensitivity, and broad
bandwidth response is described herein and is useful for the imaging of a subject
animal model. The transducer improves high frequency ultrasonic imaging on rats

and other small animal models.

In one aspect, to overcome the highly attenuative nature of the rat tissues, a
highly efficient transducer with very good sensitivity is described herein. In a further
aspect, the transducer is relatively broadband with, for example, a ~6 dB bandwidth of

about 80% or greater.

In another embodiment, matching layers for an ultrasonic transducer stack
having a plurality of layers are provided. In one aspect, the matching layer described

can be a layer of an ultrasonic transducer stack including a piezoelectric layer. In

-9
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alternative aspects, the stack can comprise other layers, such as, for example and not
meant to be limiting, a backing layer, other matching layers, a lens layer, a signal
electrode layer, a ground electrode layer, bonding layers and/or other layers known to
those skilled in the art.

In one embodiment of the present invention, a matching layer comprises a
composite material. In this aspect, the composite material can comprise a matrix
material loaded with a plurality of micron-sized and nano-sized particles. In an
alternative aspect, the composite material can also comprise a matrix material loaded
with a plurality of heavy and light particles. In another example, a matching layer can

also comprise cured cyanoacrylate.

Exemplified herein are ultrasound transducer stacks that comprise a plurality
of layers, each layer having a top surface and an opposed bottom surface. In one
aspect, the plurality of layers includes a piezoelectric layer and at least one matching
layer. In this aspect, the matching layers can be positioned in the stack such that they
substantially overlie the top surface of the piezoelectric layer. An exemplary stack
can comprise a matching layer comprising a composite material loaded with a
plurality of nano and micron sized particles, a matching layer with a plurality of

heavy and light particles and a matching layer comprising cyanoacrylate.

Piezoelectric materials that can be used include, for example and not meant to
be limiting, ceramics, composite ceramic materials, and single crystals. For example,
lithium niobate (LiNb) can be used for a exemplary single element mechanically
scanned transducer. In another example, 36 degree Y-Rotated Lithium Niobate is an
exemplary material for the piezoelectric layer. LiNDb has a highly efficient mechanical
coupling characteristic (Kt of about 50%), and a very low dielectric constant
(&, =34) and can yield an efficient single element transducer that may not use an
additional electrical matching network. Further, Lithium Niobate (LiNb) has a high Q
(in the region of 10,000) that can result in a narrow band transducer. Itis
contemplated that the high Q can be compensated for with a broad band matching
structure and a damping backing system, which acts to reduce the Q of the transducer.

-10 -
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In a further aspect, a backing system can be used with the transducer stack and
can be connected to and/or underlie the bottom side piezoelectric layer. If used, a
backing layer accomplishes several things. First, it has an acoustic impedance that
causes the transducer to resonate with the desired bandwidth. Secondly, it is highly
attenuating so that there are reduced or no internal reflections in the transducer itself.

Finally, the backing layer can be in operative contact with the piezoelectric element.

In one exemplary aspect, the acoustic impedance of the backing layer is
chosen as low as possible, relative to the Z of LiND, to achieve high sensitivity while
ensuring good bandwidth. For example, an acoustic impedance in the range of
between about 5 MR to 7 MR gives a desirable trade-off between sensitivity and
bandwidth. For example, should a higher bandwidth be desired, a backing impedance
of between about 25 MR to 40 MR can be employed.

In regard to the attenuation of the backing layer, the higher the attenuation, the
less backing thickness is required to eliminate internal reflections. Also, a thinner

backing layer results in the transducer having less mass and volume.

In alternative aspects, the backing layer can be electrically conductive, or it
can be an insulator. However, whether a conductor or insulator is used, the backing
layer is operatively connected to the piezoelectric layer. The conductive backing
layer can result in a faster manufacturing process, with a very narrow range of
possible attenuation and acoustic impedances available. The non-conductive backing

layer allows for a very wide range of damping and attenuation possibilities.

One exemplary backing layer is formed from Ablebond 16-1 conductive
epoxy. This backing layer material has an acoustic impedance of about 6.7 MR and
an attenuation of over about 100 dB/mm at 30 MHz. In addition, this exemplary
conductive epoxy exhibits excellent conductivity at the bond line and makes an

integral connection with the piezoelectric layer.

-11 -
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In alternative aspects, to create very high bandwidth designs where lower
sensitivity is desired, metals can also be used to form the backing layer such as, for

example and not meant to be limiting, indium, tin, and alloys of indium.

In another aspect, a lens layer can also be used. For example, a lens that is
substantially acoustically matched to water can be used. Such a lens can have a speed
of sound either higher or lower than that of water, but sufficiently different from
water so that a practical curvature can be realiied to achieve a desired amount of
focusing. An exemplary lens material that can be used is polymethylpentene or TPX.
This thermoplastic has an acoustic impedance of 1.8 MR and a longitudinal velocity
of 2200 m/s. A convex lens (one with a speed of sound lower than water) can also be

used.

TPX is lossy compared to some other alternatives (5.7 dB/mm at 30 MHz), but
provides an exceptionally good acoustic match to water and tissue. The primary
challenge in using TPX is that it is very difficult to bond to other layers of the
ultrasonic transducer stack. For example, Rexolite (a thermo set cross linked
polystyrene) has a lower loss than TPX having a loss of only about 1.1 dB/mm at 30
MHz, but has an acoustic impedance of 2.6 MR. Rexolite can be used where
sensitivity is at a premium, and multiple reflections can be tolerated. By keeping the
lens thin and the F-Number toward the higher end of the usual range, which is
typically between about 2.5 — 3, the lossiness can be mitigated.

In various aspects, an exemplary at least one ¥ wavelength wave matching
layer is used in the ultrasonic transciucer stack. Conventionally, such % wavelength
matching layers are also known simply as “matching layers.” It will be noted that the
term “matching layer” is used throughout the description of the present invention and
has the same meaning as ¥ wave or wavelength matching layer. The V4 wave

matching layer influences both sensitivity, and bandwidth.

At high frequencies, matching layers can be on the order of between about 5.0
um to over 50.0 um thick, and there is typically a low tolerance for intermediate

adhesive layers. For example, a layer of more than 500 nm can be detrimental to the
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design, and anything over 1500 nm can substantially negate the effect of the stack.

As will be clear to one skilled in the art, for a ¥4 wavelength layer, the thickness
depends on the desired transmit frequency and the speed of sound in the layer. One of
skill in the art could thus readily determine the appropriate thickness for a ¥4
wavelength for a matching layer comprising heavy and light particles through routine
testing for the speed of sound of the composite and knowledge of the desired design
frequency.

In one embodiment of the present invention, the exemplary lens layer
comprises TPX that is connected to a cyanoacrylate matching layer, which has an
acoustic impedance of approximately 3 MR. As described herein, the cyanoacrylate
matching layer is bonded to the TPX lens layer for attachment to other layers of the

stack.

In one exemplary embodiment, an approximately 10 MR matching layer is
overlaid on a matching layer having an impedance between about 4.5 -5 MR to
enhance the bandwidth and maintain excellent sensitivity. This can exemplarily be
accomplished using two layers of tungsten doped epoxy that are sanded to a desired
thickness using a vacuum sander. In a further aspect, the lower impedance layer can
also be doped with SiC nano-particles to prevent sv;ttling of the tungsten powder

during curing.

As noted above, another matching layer can be the cyanoacrylate (CA) layer
deposited thereon the TPX lens. The CA matching layer, bonded to the lens layer,
can be bonded with a layer of epoxy to the lower impedance matching layer, which is
located in the stack underneath the bottom surface of the CA layer. In one aspect, the
elevational thickness of the epoxy layer is about 5 um thickness or less. Due to the
acoustic similarity of the epoxy to the CA, at a thickness of a few microns (<5 um at
20 MHz) this layer is not significant to the performance of the stack. In one aspect,
the epoxy can be, for example and not meant to be limiting, Epotek 301 epoxy. In
another aspect, a rubber toughened CA (such as Loctite Black Max) can be used

which can have a slightly lower acoustic impedance.

-13 -
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In alternative embodiments of the present invention, a matching layer for an
ultrasonic transducer stack comprising a plurality of layers can comprise a composite
material having a matrix material loaded with a plurality of micron-sized and nano-
sized particles. In one aspect, the composite material forms the matching layer of the
ultrasonic transducer stack. The matching layer can be a % acoustic wavelength

matching layer.

The particles can be of varying dimension within the respective nano and
micon size domains. In one preferred embodiment, the loaded particles have a largest
lengthwise or elongate dimension that is less than the thickness of the matching layer.
For example, the micron-sized particles have a largest lengthwise dimension that is
about 5 um and the nano-sized particles have a largest lengthwise dimension that is
about 800 nm wherein the matching layer thickness is larger than 5 um. One skilled
in the art will appreciate that the selected particles are as small as possible without
making it impossible to get to the desired acoustic impedance. Nominally, in a
matching layer, attenuation should be kept to a minimum, and the particle size is
much smaller than a wave length. For example, a 5 um particle in a 16.5 um quarter

wave layer is approximately 1/13 of a wave length.

‘In one aspect, the micron-sized and nano-sized particles can comprise 2 high
density metal. For example, the micron-sized and nano-sized particles can comprise
tungsten, gold, platinum or a mixture thereof. Alternatively, high density ceramics,

such as, for example, PZT, can be used if a non-conductive layer is desired.

In a further aspect, the matrix material can be a polymer. In one non-limiting
example, the polymer forming the matrix is an epoxy. For example, the epoxy can be
a low viscosity, room temperature cure epoxy with a Tg above the maximum
operating temperature of the transducer. Some non-limiting epoxy examples include
Epotek® 301 and 302 (Epotek, Billerica, MA), Cotronics Duralco® 4461 (Cotronics,
Brooklyn, NY), West Systems Epoxies (West Systems, Bay City, MI) and various
Araldite® Epoxy combinations. Alternatively, the matching layer can also be a
thermoplastic such as polymethylmethacrylate PMMA), e.g., acrylic, plexiglas,

Lucite, or polycarbonate (PC), e.g., Lexan.
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In one exemplary aspect, the micron-sized and nano-sized particles can be
loaded in the matrix material in a ratio of between about 5:1 and about 1:5 parts
micron-sized particles to nano-sized particles by weight. For example, the micron-
sized and nano-sized particles can be loaded in the matrix material in a ratio of
between about 1:1 part micron-sized particles to nano-sized particles by weight. In
another aspect, as the desired acoustic impedance increases, the desired percentage of
large particles can increase. For example, if a2 10 MR matching layer is desired, a 1:1
ratio can be used. In another example, for a 12 MR layer, a ratio of 2:1 or 3:1

micro:nano can be used.

In some exemplary aspects, the nano-sized particles and micron-sized particles
of the matching layer comprise between about 10% and about 35% of the composite
material on a volume basis. In other examples, the nano-sized particles and micron-
sized particles can comprise between about 25% and about 30% of the composite
material on a volume basis. In one preferred embodiment, the nano-sized particles
and micron-sized particles comprise about 25% of the composite material on a

volume basis.

The matching layer having nano and micro particles can be designed with a
desired acoustic impedance. For example, the acoustic impedance of the matching
layer can be formed to be between about 7.0 MegaRayles (MR) and 14.0 MegaRayles
(MR). In one preferred aspect, the acoustic impedance of the matching layer is about
10 MR.

In various aspects, the matching layer can also vary in thickness. As one
skilled in the art will appreciate, the thickness to achieve a ¥4 wavelength matching
layer will vary with the speed of sound in the matching layer and the frequency of the
ultrasound passing through the matching layer. Thus, one of skill in the art could
readily determine the appropriate thickness of a matching layer based on the teachings
herein in combination with any desired ultrasound transmit frequency, including
frequencies at and above 20MHz. In other exemplary aspects, the speed of sound in
the matching layer can be between about 1000 meters per second (m/s) and 3000 m/s.
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Further, the elevational thickness of a matching layer can be between about 4 (rm and
30 pm.

In one embodiment, a process for producing the nano/micron particle
matching layer comprises providing a matrix material, a plurality of micron-sized
particles and a plurality of nano-sized particles. The matrix material is loaded with a
plurality of the micron-sized particles and a plurality of the nano-sized particles to
form a composite material and the formed composite material is used to produce the
matching layer of an ultrasonic transducer stack. In one aspect, the micron-sized
particles and the nano-sized particles can comprise the same base material. Of course,
it is contemplated that the micron-sized particles and the nano-sized particles can also

be comprised of different base materials.

As shown in FIG. 1, the nano/micro particle matching layer can be used as a
matching layer in an exemplified ultrasonic transducer stack 100 having a plurality of
layers. As illustrated, the exemplary ultrasound stack 100 comprises a plurality of
layers, each layer having a toﬁ surface and an opposed bottom surface. The plurality
of layers includes a piezoelectric layer 102 and at least one matching layer. Oof
course, multiple matching layers (108, 110, and 112) can be used in the transducer
stack 100. The matching layer 108 comprises the ¥ wavelength acoustic matching

layer described above.

In some exemplary embodiments, the piezoelectric layer can generate
ultrasound at a center frequency of at least about 20 megahertz (MHz) for
transmission through the first matching layer. Such high transmit center frequencies
may be particularly desirable for imaging small animals, including rats. Thus, in one
exemplary aspect, the piezoelectric layer can generate ultrasound at a center
frequency of at least about 20 MHz, 25 MHz, 30 MHz, 35 MHz, 40 MHz, 45 MHz,
50 MHz, 55 MHz, 60 MHz, 65 MHz, 70 MHz or higher for transmission through the

first matching layer.

In another aspect, the piezoelectric layer can have an acoustic impedance of 20

MR or greater. As noted above, one exemplary type of piezoelectric layer that can be
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used comprises lithium niobate, which has an impedance of about 34 MR. In another
example, the piezoelectric layer can comprise PZT, which has an impedance of about
33-35 MR.

Of course, in addition the nano/micro matching layer described herein, other
matching layers can be used. One exemplary matching layer of an ultrasonic
transducer stack having a plurality of layers comprises a composite material
comprising a matrix material loaded with a plurality of first heavy particles and a
plurality of second light particles. It should be noted, however, that the light and
heavy particles are not limited in size in this embodiment. Thus, the matching layer
comprising the light and heavy particles can comprise a mixture of nano and micro
particles. For example, the light particles can be micro sized or nano sized and the
heavy particles can be micro sized or nano sized, any combination of which can be
added to the matrix material.

The matching layer having heavy and light particles can comprise a ¥4 acoustic
wavelength matching layer. In some non-limiting examples, the light particles have a
mass density of about 4.0 grams per cubic centimeter (g/cc) or lower and the heavy
particles have a mass density of greater than about 4.0 g/cc. For example, the light
particles can have a mass density of between about 2.5 g/cc and about 4.0 g/cc. The

heavy particles can have a mass density of, for examples, 10.0 g/cc or more.

For example, the first heavy particles can comprise micron-sized or nano-sized
particles selected from the group consisting of tungsten particles and lead zirconate
titrate particles or a mixture thereof. In a further example, the second light particles
comprise micron-sized or nano-sized particles selected from the group consisting of
silicon carbite particles and alumina particles or a mixture thereof. Further, the
density of the second light particles can be between about 100%-200% of the density
of the final composite of the heavy particles and the matrix.

As described above, the heavy and light particles can vary in size. In various
aspects, the heavy or light particles can be less than 1 micron. Ina preferred

embodiment, the loaded particles have a largest lengthwise or elongate dimension that
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is less than 1/50™ of a wave length in the matching layer which they comprise. The
heavy and light particles can be loaded in the matrix material, which can comprise a
polymer such as, for example, an epoxy. In one example, the loaded plurality of
particles can comprise al least about 11.0% of the composite material by volume. For
example, the plurality of particles can comprise between about 11.0% and about
20.0% of the composite material by volume. In a preferred embodiment, about 5.5%
of the composite material by volume comprises a plurality of nano-sized heavy
particles and about 5.5 % of the composite material by volume comprises a plurality
of nano-sized light particles. In this preferred embodiment, as in other exemplary
embodiments, the heavy particles can be tungsten particles, PZT particles, gold
particles, or platinum particles and the light particies can be silicon carbite particles or

alumina particles.

The acoustic impedance of the matching layer comprising heavy and light
particles can vary. For example, the acoustic impedance of this layer can be between
about 3.0 MegaRayles and 7.0 MegaRayles. In one exemplary embodiment, the

acoustic impedance is about 4.5 MR.

The thickness of the matching layer can also vary. One skilled in the art could
thus readily determine the appropriate thickness for a ¥ wavelength for a matching
layer comprising heavy and light particles through routine testing for the speed of
sound and knowledge of the desired transmit frequency. In one example, the
matching layer can have a speed of sound of between about 1500 m/s and about 4500
m/s. In other examples, the speed of sound in the matching layer is between about
1800 m/s and about 2500 m/s. In one preferred embodiment, the speed of sound in
the matching layer is about 2100 m/s. In various aspects, it is contemplated that the
thickness of the exemplified matching layer comprising heavy and light particles can
be between about 4.0 microns and 30 microns. For example, for an exemplary
20MHz center frequency transducer, for a 25 Mtz design frequency, comprising an
exemplary mix of about 5.5% of the composite material by volume of nano-sized first
heavy particles and about 5.5 % of the composite material by volume of nano-sized
second light particles, the matching layer is about 22.0 microns thick in the

elevational dimension of the ultrasonic transducer stack.

-18 -



10

15

20

25

30

WO 2007/103143 PCT/US2007/005300

19

In one embodiment of the present invention, a process for producing the
light/heavy matching layer comprises providing a matrix material, a plurality of first
heavy particles and a plurality of second light particles. In this aspect, the matrix
material is loaded with a plurality of the first heavy particles and a plurality of the
second light particles to form a composite material that is used as a matching layer of

an ultrasonic transducer stack.

An ultrasound transducer stack can comprise a matching layer comprising
light and heavy particles as described above. This matching layer can comprise a
lower impedance matching layer of a transducer stack that also comprising a higher
impedance matching layer. In this aspect, the higher impedance matching layer
comprises nano and micro particles of similar weight and or material as the lower

impedance matching layer.

Thus, an exemplary stack 100 can comprise a plurality of layers, each layer
having a top surface and an opposed bottom surface. The plurality of layers can
include a piezoelectric layer 102 and at least one matching layer. A matching layer
110 can comprise a composite material comprising a matrix material loaded with a
plurality of first heavy particles and a plurality of second light particles, wherein the
bottom surface of the matching layer 110 overlies the top surface of the piezoelectric
layer 102. The ultrasound transducer stack 100 can further comprises a matching
layer 108 having a higher impedance than the impedance of the matching layer 110,
the matching layer 108 being positioned between the top surface of the piezoelectric
layer 102 and the bottom surface of the matching layer 110.

The piezoelectric layer can generate ultrasound at a center frequency of at
least about 20 megahertz (MHz) for transmission through one or more matching layer.
For example, the piezoelectric layer can generate ultrasound at a center frequency of
at least about 25 MHz, 30 MHz, 35 MHz, 40 MHz, 45 MHz, 50 MHz, 55 MHz, 60
MHz, 65 MHz, 70 MHz or higher for transmission through one or more matching
layer. The ultrasound can be transmitted through the matching layer 108 and then
through the matching layer 110.
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Also provided herein is a backing layer 104 of an ultrasonic transducer stack
100 having a plurality of layers. The backing layer can comprise a composite
material having a matrix material loaded with a plurality of micron-sized and nano-
sized particles. Also provided is a backing layer 104 of an ultrasonic transducer stack
100 comprising a composite material having a matrix material loaded with a plurality

of first heavy particles and a plurality of second light particles.

Experimental

The following examples are put forth so as to provide those of ordinary skill in
the art with a complete disclosure and description of how the compounds,
compositions, articles, devices and/or methods claimed herein are made and
evaluated, and are intended to be purely exemplary of the invention and are not
intended to limit the scope of what the inventors regard as their invention. Efforts
have been made to ensure accuracy with respect to numbers (e.g., amounts,
temperature, etc.), but some errors and deviations should be accounted for. Unless
indicated otherwise, parts are parts by weight, temperature is in °C or is at ambient

temperature, and pressure is at or near atmospheric.

Example 1: Fabrication of an Exemplary LiNb 20-25 MHz Transducer Stack with a
TPX Lens

FIG. 5 is a block diagram showing an exemplary method of fabricating an
exemplary LiNb 20-25 MHz transducer with a TPX lens. The fabrication process is
described below in three exemplary sections. First, the fabrication of matching layers
and piezoelectric layer to form a stack is described. Second, the fabrication of the
lens layer aﬂd a cyanoacrylate matching layer is described. Finally, bonding of the

lens and cyanoacrylate layer to the transducer stack is described.

Matching Layer and Piezoelectric Layer Fabrication

A LiNb Crystal is prepared for the piezoelectric layer as shown in block 504.
A 36 degree Y-Cut LiNb crystal is lapped to a thickness of 0.4 lambda of the desired
center frequency to compensate for mass loading. The crystal is plated with 3000 A

of gold using a suitable means such as E-Beam deposition or Sputtering. As skilled in
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the art will recognize, typically a thin layer of Cr or Ni can be used to improve
adhesion of the gold layer. The gold side of the LiNb crystal is cleaned with Acetone.
Afier cleaning, the crystal is placed in a clean place until further handling.

A pano-particle and micro-particle loaded epoxy is prepared for Y4 wave
matching layers. A high impedance matching layer, having an impedance above
about 8 MR is prepared in block 506. Creating a loaded epoxy composite with
acoustic impedance over 8 MR is typically limited by the maximum volumetric ratio
of powder that can be wetted by the epoxy. Achieving volumetric ratios of over 20 %
with particles small enough to be compatible with a 25 MHz design is challenging due
to the large surface area to volume ratio of fine powders. With a 20 % volumetric
limitation and using tungsten powder, it is difficult to create composites with acoustic
impedances over about 8 -9 MR. See, e.g., Martha G. Grewe, T.R. Gururaha,
Thomas R Shrout, and Robert E Newnham, “ Acoustic Properties of Particle/Polymer
Composites for Ultrasonic Transducer Backing Applications,” IEEE Trans. on
Ultrasonics, Ferroelectrics and Frequency Control, Vol. 37, No. 6, Nov. 1990.

The use of a low viscosity epoxy (less than 1000 cps is preferred) allows for
the greatest volumetric ratio of powder to be added to the epoxy before the mixture
becomes too dry to use. An example of such an epoxy, known in the art, is Epotek
301. See, e.g., Haifeng Wang, Tim Ritter, Wenwu Cao, and K. Kirk Shung, “Passive
Materials for High Frequency Ultrasound Transducers”, SPIE Conf. on Ultrasonic
Transducer Engineering, San Diego, California, Feb. 1999, SPIE Vol. 3664. The

epoxy is mixed completely before addition of any powders.

To create an exemplary 10 MegaRayles matching layer, a volumetric ratio of
25% powder in an epoxy matrix is used. To achieve this volumetric ratio, relatively
large 5 pm particles are used. However, such Jarge particles are not compatible with
the frequency of the transducer, as they would allow for only 3 grains through the
thickness of a matching layer. A sub-micron tungsten (W) powder mixed with the 5
pm powder to a ratio of 1:1 is also used. This is effective over a range of at least 1:6
to 2:1 by weight. The upper limit of density that can be achieved in a powder loaded
epoxy is limited by the ability to wet the surface of all the powder particles. As the
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particle size increases, the ratio of the volume of the powdered material, to the surface
area increases linearly. Thus, as the powder particle diameter increases, the
volumetric ratio of powder to epoxy that can be sufficiently wetted to result in a void
free mixture increases. However, as the particle size increases, issues arise with
settling and the increasingly significant interaction of individual particles with the

wavelength of the ultrasonic energy.

To reduce attenuation in a matching layer and for predictable acoustic
impedance of the matrix and powder as a compost material, the particle diameter can
be small compared to the wavelength of the matrix (epoxy). For making a ¥ wave
matching layer, the particle size can be sufficiently small that the composite contains

at least 15 or more particles through its thickness.

The exemplified use of a mixture of nano-particles with:larger particles allows
for high density loaded powders with both high volumetric fractions of the loading
powder and excellent control over settling. Settling is controlled by adjusting the
amount of nano-particles to control the viscosity and thixotropic index of the resulting
paste. In addition to the advantages gained in the upper limit to the volumetric
fraction attainable and the reduction of settling of larger particles, the nano-particles
also provide that at any given cross section, the s wave layer (16.5 um thick at 25
MHz for examp!le) has a high number of particles and an even spatial distribution of
powder particles (i.e. there are no large areas of epoxy between large particles as

would be the case with just large particles).

A mixture of large and small particles is preferred. The use of only the nano-
particles results in an upper limit of less than 20% by volume being possible, while
the exclusive use of 5.0 ym particles or even 2.0 or 3.0 pm particles results in a highly
attenuative matching layer with a poorly defined acoustic impedance due to large
spaces between particles compared to the wave length. An exemplary W doped
Epoxy preparation comprises a mixed batch of 3:1 vol. / vol. Epotek 301 epoxy to
50%:50% 5 pm: <1 um tungsten powder. Thisis a highly thixotropic paste and is an
85% by weight tungsten mixture with a density of 5.7 g/cc and a volumetric fraction
of 25% tungsten. Due to the small size of the nano-sized particles it has up to 50
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particles through its thickness. For example, the mixture can be weighed out as
follows: 0.5 g of mixed 301 epoxy (0.1 g of hardener and 0.4 g of resin); 1.5 g of <1
um W powder; 1.5 g of 5 um W powder.

A medium acoustic impedance matching layer, having an impedance between
about 3.5 MR to 6 MR is fabricated as shown in block 514 by mixing lightweight
particles with heavy particles. The creation of medium acoustic impedance matching
layers can use high volumetric fractions of a single light particle to achieve mid and
upper impedances in this range. However, using a single material, with a sufficiently
small particle size to create medium acoustic impedance typically requires a difficult
search for an appropriate density material available in a suitable powder grain size.
High volumetric fractions making mixing, degassing, and spreading/application very
difficult due to high viscosity and highly thixotropic pastes being created, which leads
to manufacturing issues. However, since the volumetric fraction of powder are
typically be kept above 11% to keep attenuation low, often a compromise must be
made between achieving the ideal acoustic impedance and ideal physical properties,

or a new material must be sought and the process begun again.

Thus, using light and heavy dopants together, a solution is possible thét
decouples the problem of achieving the desired acoustic impedance from the issues of
viscosity, wetting, and thixotropic index. A heavy material is mixed to a volumetric
fraction resulting in the desired acoustic impedance, then light nano-particles are
added until a desirable viscosity and thixotropic index are achieved (i.e., a paste that
is easily wetted, but will not flow all over or settle.) In one example, a commercially
available light weight nano particle of SiC may be used as the light weight particle.
Several such particles can be used including but not limited to SiC p=3.2 g/cc and
alumina p=3.9 g/cc to decouple the problem of wetting, viscosity, and thixotropic

index, from that of achieving a given acoustic impedance.

In this way, the acoustic impedance of the matching layer is controlled almost
exclusively by the volumetric faction of the heavy powder, which would have
significant settling issues at that fraction. However, the viscosity and consistency of

the composite mixture and settling is controlled almost exclusively by the light weight
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powder. In this aspect, the light weight powder is selected so that its density is within
between about 100% to 200% of the density of the desired composite density of the

heavy powder-epoxy mixture.

For example, in an exemplary 25 MHz 4.5 MR matching layer, a 5.5%
volumetric fraction of nano-particles of tungsten powder is used in a suitable room
temperature cure low viscosity epoxy to achieve an acoustic impedance of between
about 4.5 MR — 5 MR. SiC nano-particles are then added to achieve an exemplified

11 % volumetric fraction.

This exemplified mixture is easy to work with, wets very well, and does not
settle appreciably over a 24 hour cure period during which the epoxy to sets. Before
addition of the SiC particles, the mixture settles out completely in seconds, however,
after the addition of the SiC, the mixture becomes thixotropic, and does not settle.
The addition of SiC particles minimally changes the acoustic impedance, but
stgnificantly changes the viscosity and eliminates settling of the mixture. Any desired
acoustic impedance can be achieved in the medium range while maintaining a
desirable working property without settling, and without needing extremely high
volumetric fractions ‘using two readily obtainable powdered materials. Also due to
the size of the nano-particles, attenuation and scattering are kept to a minimum,

making this an exceptional matching layer.

The W-Doped epoxy can be added to the stack as shown in block 508.
Application of the matching layers requires careful attention, as air pockets in the
matching layer can generally result in a malfunctioning stack. Air pockets near the

interface of the piezoelectric crystal and the powder loaded epoxy can be detrimental.

To prevent air pockets the loaded epoxy is spread evenly and air pockets are
forced to the surface of the mixture. Generally, the thixotropic pastes used to make
matching layers are difficult to ‘flow’ onto a part and normally require agitation to
flow like a liquid. Thus, a vibrating manipulator (for example, an engraver with a
piece of 22 gauge wire attached to it) can be used to spread the paste over the surface

of the crystal so that it flows and wets the entire surface, Further, the vibration
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encourages air pockets to rise to the surface of the paste, where they can be sanded
away. This allows the use of highly thixotropic pastes that do not settle after they

have been spread as desired.

In one example, under the microscope, an engraver tip modified with 22 gauge
hard temper copper wire L-Shaped tip is used to move the thixotropic paste smoothly
over the surface for good wetting and promotion of the rising of air pockets to the
surface. Typically, the engraver tip is used over the entire surface of the aperture and
is set to a low amplitude high frequency setting (about 7,200 spm). In one aspect, the
surface of the LiNb crystal is covered leaving a small part of the rim (about .25 mm)
uncovered around the edge so that it can be used for a ground later. If epoxy is placed
on the rim, it cannot be cleaned effectively without removing the whole batch off the

face of the transducer.

The epoxy is allowed to cure at room temperature and post cure at an etevated
temperature as shown in block 510. Room temperature cure epoxies are used so that
significant shrinkage of the layers, which can cause warping of the piezoelectric
crystal, does not occur. A high Tg is preferred, so an epoxy is selected that is
compatible with an elevated temperature post cure in an oven. The epoxy is allowed
to cure at room temperature for about 18 hours or more (24 hours is preferred).
Further, the cured epoxy is post cured in incubator for about 3 or more hours at 65

degrees C.

The first matching layer is sanded and/or lapped as shown in block 510.
Excess material is removed to achieve the ¥ wave matching layers. Several methods
(such as lapping or sanding, etc.) can be used to remove excess material leaving a %
wave thickness matching layer. A sanding system is used to sand the 1% matching
layer to a thickness of lambda/4 with ¢=1600 m/s (for the 25 MHz version this is 16 —
17 um thick). Care is used to mount and measure the samples, as tolerances for an
exemplary 20 MHz device for a design frequency of about 25 MHz are in the 2 -3 pum
range, i.e., 16.5 ym +2 pm /-1 pm.
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A second lower impedance layer is fabricated and applied as shown in block
514. After completing a first matching layer, a second medium acoustic impedance
paste is applied to the first layer and the process of spreading, curing, and material
removal is repeated to create the second % wave layer. A batch is mixed as follows:
W powder doped epoxy using a 17:1 vol. / vol. or (51% W by weight) mixture of
Epotek 301 and <1 pm Tungsten powder. 50% of the mass of the mixture in <1 um
SiC powder is added and mixed until a smooth paste is achieved. Any lumps in the
paste can be removed by mixing lightly in 2 mortar and pestle. The mixture may be
weighted out as follows: 0.5 g of mixed 301 epoxy; 0.52 g of <1 um W powder; 0.2 g
of <1 um SiC powder. The second layer is applied as with the 1st, using the L-
shaped tip in the engraver for even spreading of the paste, and for good wetting. The
mixture is allowed to cure at room temperature for about 18 — 24 hours, then post

cured at 65 degrees for about 3 hours or more.

The second matching layer is sanded and/or lapped as show in block 516. The
material is sanded to a thickness of Lambda/4 using ¢ = 2100 m/s, i.e., for the 25 MHz
design frequency example this thickness is about 18-19 um thick +/- 1 um).

The support structure for the stack is prepared and the crystal is bonded to the
support structure as shown in block 518 and 520. In one aspect, the stack is
positioned in a housing. A Ultem 1000 (polyetherimide) insert can be used having an
ID matching the desired transducer aperture and height and OD matching the
specifications of the desired Ti transducer housing so that the top of the insert is about
1.5 mm below the rim of the Ti housing. The front face of the insert is cleaned and
inspected so that it is clean and free of burrs or flashing. For example, the insert can
be cleaned with the ultrasonic cleaner and detergent initially and can be cleaned just

before use with isopropyl alcohol.

A small quantity of a suitable low temp cure medium viscosity epoxy (e.g.,
Loctite E-20 HP) is prepared and is applied to the cleansed front face of the insert ina
very thin coat using a sponge tipped swab. The epoxy is not applied so heavily as to
form a meniscus across the wall thickness of the insert. In operation, the crystal is

placed, with the stack side up, onto the epoxy covered face of the insert and is
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centered on the insert. In one example, the lithium niobate crystal is applied to the
insert by using a vacuum pick;up tool. A small amount of force is applied to push the
crystal onto the face of the insert, which causes the epoxy to flow toward the edges of
the underlying insert. The centered crystal is placed into a incubator for curing at

about 40 degrees C for about 3 hours.

After curing, the insert/crystal assembly is inspected to ensure that the crystal
is centered and completely adhered to the insert. Subsequently, the periphery of the
insert/crystal assembly is cleaned. The non-increased diameter of the Ultem insert is

checked by sliding the part into an exemplafy housing,.

At this stage, one skilled in the art will appreciate that the acoustic stack can
be housed onto a suitable support structure and a rear electrode and suitably
attenuating backing material can be applied as shown in blocks 522 and 524. These

functions are can be combined by using conductive epoxy as a backing layer.

In one example, the exemplified insert/crystal assembly is normally placed in
a clean smooth work surface crystal layer down. The back cavity is filled with
Ablebond 16-1 silver conductive epoxy. The cavity is filled by first placing a dollop
of epoxy in the center of the cavity using an epoxy syringe and applicator tip. The
epoxy is applied to the entire back face of the crystal making sure not to allow any air
pockets to be trapped in the backing material. The epoxy syringe is used to continue
filling with the tip of the applicator below the surface of the epoxy so that no air
pockets are created in the epoxy when filling. The cavity is filled until the conductive

epoxy is about 0.5 mm below the rim of the insert.

The backed stack, called a “pill,” can now be housed in a suitable housing
depending on the application that the device is intended for, taking into consideration,
weight budgets, temperature, and RF shielding, etc. and is sealed as shown in blocks
526 and 528.

The pill is placed onto the Housing fixture with the uncured epoxy up.
Several small dots of Loctite E-20 HP are applied to the back rim of the pill such that
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the dots do not flow together. Next, a completed housing is laid over the pill until the
pill makes contact with the back of the housing. Subsequently, the fixture clamp is
placed over the housing to hold it in place, and allowed to cure at room temperature -
for about 18 hours or more. The assembly is then placed into an incubator at 65
degrees for about 3 hours for post curing. Typically, the face of the pill is oriented
parallel to the floor and pointing down to help prevent the backing layer from flowing

inside the housing.

Next, a sealing layer can be applied. In this example, when the epoxy is fully
cured, a bead of epoxy is applied around the perimeter of the crystal so that a
continuous smooth surface exists between the crystal and the Ti housing. Here, a very
small amount of Epotek 301 epoxy is placed around the perimeter of the LiNb crystal
and the inside diameter of the housing. The surface of the crystal is about 1.25 mm
below chamfer on the Ti housing in order to desirably achieve a negative meniscus of
epoxy between the crystal and the Ti housing. Both the crystal and the Ti are clean
and free of epoxy on their surfaces so that gold can be sputtered onto both surfaces.
In operation, a high magnification (about 20 times and preferably more) is used to
place the epoxy bead. In one example, the epoxy can be applied at three locations
around the perimeter and allowed to run around the perimeter using gravity and
capillary action. In a further example, a piece of fine gauge wire (26 gauge or so) can
be attached to the end of a sharp Q-tip to improve control to help the glue to flow
around the entire perimeter. The resultant construct is allowed to cure at room
temperature for about 12 — 18 hours. The sealing procedure can be repeated and the
construct is allowed to cure at room temp for about 18 hours then is incubated at 65
degrees for a post cure of about 3 hours. After the epoxy has cured, the rim of the Ti

housing is inspected for epoxy. Any epoxy found on the rim is removed.

As one will appreciate, a ground connection to a signal return path is made to
the exposed gold rim of the acoustic stack as shown in block 530. Again, one skilled
in the art will recognize several methods of attaching such an electrode including
sputtering, conductive inks and epoxies, direct mechanical contact with a good

conductor, etc.
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In one example of the ultrasonic stack, the stack, as formed above, can then be
bonded to a third low impedance matching layer and a lens. A well-matched lens is
selected. As noted above, in one preferred embodiment, the lens is closely matched to
water in terms of acoustic impedance to provide for a reduction of reverberation
artifacts. Furthermore, the lens material can be low in attenuation and have a speed of
sound sufficiently different from water so as to be able to create a focusing effect
without extreme curvature. There are many exemplary materials that have been used
to form the lens for ultrasonic transducers. Furthermore, many transducer designs

make use of cured piezoelectric elements, or array structures as alternatives to lenses.

For the purposes of imaging rats, the reverb artifact is a significant concern in
the design of a lens. While other materials exist that have lower loss at high
frequency, or more refractive power, TPX was identified as a preferred lens material
that has an acoustic match to water. TPX is a member of the polyolefin family and
has a close acoustic impedance match to water and tissue compared to most plastics.

TPX has an acoustic impedance of between about 1.78 MR to 1.85 MR. See, e.g.,

Alan R. Selfridge, “Approximate Material Properties in Isotropic Materials,” IEE

Trans. Sonics and Ultrasonics, Vol. SU-32, No.3, May 1985. The impedance of water
1s Z =1.5 MR.

It is well known that TPX is difficult to bond with epoxies and most other
adhesives. The most common use of TPX in industry is as a release film. That is,
TPX is recognized as a material that most things will not stick to. While some surface
preparation techniques can be used to enhance bond strength, in fact, even with
adhesion promoters and primers, or coronal etching TPX is often not bondable in a
demanding application and must be jointed either mechanically or heat sealed or
welded. See, Timothy Ritter, K. Kirk Shung, Xuecang Geng, Pat Lopath, Richard
Tutwiler, and Thomas Shrout,” Proceedings of SPIE -- Volume 3664 Medical
Imaging 1999: Ultrasonic Transducer Engineering, K. Kirk Shung, Editor, June 1999,
pp- 67-75.

The bondline between a lens and an acoustic stack in an imaging transducer

can experience temperature swings of over 40 degrees Celsius in a few minutes, and
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rapid cooling routinely during use. In addition, it is constantly bombarded with
ultrasonic energy. Weakness in bonding generally results in delamination and dead
spots in the transducer. For this reason, high quality bond lines are desired for

transducer construction.

For the exemplary high frequency ultrasonic transducers, the lens remains in
contact with the stack at all times. Even a thin disbond can result in a dead spot in the

transducer.

In one exemplified example, cyanoacrylate (CA) adhesive systems are bonded
to the TPX lens. With the use of a suitable primer such as, for example and not meant
to be limiting, Verik AC77, some toluene based primers, and the like, CA can form a
robust bond to TPX. However, because of cyanoacrylate’s curing characteristics
being very sudden and dependant on substrate and environmental conditions, CA has
not been used in transducer stacks. The glue can snap cure occurs suddenly at the
very thin bond lines used in making a high frequency ultrasonic stack. The addition
of bondline spacers is often not used with CA adhesives as they cause instant curing
of the material due to their large surface areas. CA cannot be powder loaded for the
same reason, further making it an unlikely candidate for transducer manufacturing.
Moreover, acoustic properties of CA have not been available in the literature, as the
material cannot be cured in a thick enough section for standard testing. Furthermore,
material properties that may be used to acoustically model CA have been unavailable

for similar reasons.

Despite the lack of art and drawbacks noted in the art, CA can be cured over a
narrow range of thickness. The range over which CA can be cured can be used for
forming Y4 wave matching layers for frequencies from 5 MHz up to over 60 MHz.
The acoustic properties of CA v&;ere determined by using it as a matching layer and
were correlated to a model using PiezoCAD software based on the KILM model
available from Sonic Concepts, Woodinville, Washington USA. The results showed
that CA can be used as a matching layer with acoustic impedance of between about
2.5MR -2.8 MR. -
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One exemplary method to bond TPX to a 4 wave matching system makes use
of CA. The bond between the TPX layer and the CA layer was tested and results
indicated that the interface between the CA layer and TPX layer is at least as strong as
the TPX itself. However, for reasons stated above, it is not suitable for bonding
directly to the stack, as the bond thickness cannot be controlled, and voids and
misalignment are likely, which can ruin an almost complete transponder stack at the

last stages of assembly.

In one exemplary process, a ¥% wave thick cured layer of CA is created on the
back (flat side) of the TPX lens layer, and the formed construct is then bonded to the
upper surface of the previously formed stack with a traditional epoxy. The epoxy
bonds readily to the CA layer, and the CA layer, which is, in turn, bonded to the TPX
lens layer. Thus the CA layer forms a % wave matching layer from the top of the
stack to the TPX lens layer. In the case of the exemplary stack, the top of the stack
has an acoustic impedance of 4.5 MR, with the CA having Z=2.5 — 2.8, and the TPX
lens layer Z= 1.8. This yields a transducer with a -6 dB bandwidth of 85% — 90% and
a two way insertion loss of between approximately -41 dB to -42 dB at 25 MHz
relV/V.

In one example, a quantity of CA glue, such as, for example, Verik PR40, is
coated onto the back of the TPX lens by means of an aluminum foil release layer and
wire spacers as shown in blocks 534 and 536. In operation, the release film is placed
onto a flat surface (preferably a vacuum plate so that the foil is flat). In one aspect,
the aluminum foil is clean and free of o0il and moisture. Wires are laid in a pattern
onto the release film. In one aspect, the wires are positioned in a radial pattern so that
the wires do not meet at their common vertex. These wires are used as spacers for the
layer of CA. For the exemplary 25 MHz stack, a wire having a diameter of about 25
pm is used to provide form a CA layer having a resultant thickness about 23um - 25
pm. This is slightly thicker than the desired ¥ wave thickness for CA, which would
be between about 21 to 23 pm for a 25 MHz design frequency transducer. In this
aspect, it is estimated that the longitudinal velocity in CA is between about 2100 m/s
to 2200 m/s. The 1 — 3 um surplus material is removed during a later abrasion

process which also acts to prepare the surface of the CA layer to improve adhesion of
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the epoxy used to glue the lens layer having the adhered CA layer to the underlying

stack.

In operation, the back face of the TPX lens layer is abraded with a suitable grit
SiC sandpaper to improve the surface for adhesion and is treated with a suitable CA
polyolefin primer, such as, for example, Verik AC77, toluene based primers, and the
like, as shown in block 532. The back of the lens is then covered with a generous
amount of CA so that substantially the entire surface is wetted as shown in block 536.
CA will not cure quickly when allowed to form a relatively thick meniscus on the
back of the lens, and so the generous amount of CA provides sufficient time to place

the lens onto the prepared release film/wire arrangement.

Subsequently, the lens layer, with the applied CA, is placed onto the release
film and pressed lightly so that the lens “sandwiches”™ the wires between the
underlying release film and the lens layer as shown in block 538. After curing for
about two hours, the lens and the attached release film is removed from the vacuum
plate and the release film is peeled off the lens layer as shown in block 542. Next, the

CA layer is allowed to cure for about 24 hours, as shown in block 540, at which time

. 1 =3 pm of CA are then removed with SiC sand paper to abrade the surface of the

newly formed CA layer in preparation for bonding to the stack as shown in block 544.

The composite formed lens layer/CA layer is bonded to the transducer stack as
shown in blocks 548, 550 and 552. In one example, a suitable low viscosity RT cure
epoxy, such as Epotek 301, with an acoustic impedance value close to that of the CA
layer is used to glue the composite lens layer/CA layer to the underlying stack. In one
aspect, the lens is held in place using a fixture to maintain pressure of at least about
100 kPa during curing of the epoxy. An extended post cure at an elevated
temperature using a external heat source is used for curing epoxy at such a thin
bondline, which ensures the production of a bondline of less than 5 ym, and
preferably from 1 pm — 3 pm. One would appreciate that, since the acoustic
impedance of the epoxy is similar to that of the CA, there is little, if any, contribution
to the stack by this bond layer.
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The above exemplary methods can be used to create a transducer stack
wherein the piezoelectric layer has a center frequency range of from about 5 MHz to
about 60 MHz or higher. Such a transducer can be used to image small animals,

including the rat, using high transmit frequencies (greater than or equal to 20MHz).

Example 2: General High Frequency Design for an Exemplified Broadband (85 — 95
% - 6dB bandwidth) LiNb Transducer with TPX lens
Table 1 shows the different layers that make up an exemplary transducer

stack. The stack design can be used for transducers with a center frequency from
about 20 MHz to over 60 MHz.

The design center frequency f,, is chosen to be higher than the desired
operating center frequency of the device f, to compensate for mass loading which
reduces the center frequency of a device. f, is the frequency that the device would
operate at in air with no lens and air backing. For this exemplary design, £, is chosen
to be approximately 1.15 to 1.25 times the desired center frf;quency of the final
transducer. For example, for a 20 MHz device, one would choose f,=~ 23 —25

MHz for the purpose of the relationships shown in Table 1 below.
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Table 1:
. TPX Lens
CA (cyanoacrylate) ¥ Wave Matching layer
Thickness = 4CL , where ¢, is the longitudinal velocity of the

D

relevant layer

Thin layer of Low Viscosity RTC Epoxy
(Typical: Epotek 301, Duralco 4461)

Vs Wave Matching Layer of Moderate Impedance SiC nano-
particles and Tungsten nano-particles doped Epoxy

Thickness = —£—
41,

D

Ya Wave Matching layer of High Impedance Tungsten (5 um
particles mixed with tungsten nano-particles) doped Epoxy

Thickness = 4CL

D

Thickness = k—% , Where k= 0.4

D

Conductive Epoxy Backing with Z= SMR - 7 MR

Throughout this application, various publications are referenced. The
disclosures of these publications in their entireties are hereby incorporated by
reference into this application in order to more fully describe the state of the art to
which this invention pertains.

The fore;going detailed description has been given for understanding
exemplary implementations of the invention only and no unnecessary limitations
should be understood there from as modifications will be obvious to those skilled in

the art without departing from the scope of the appended claims and their equivalents.
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The preceding description of the invention is provided as an enabling teaching
of the invention in its best, currently known embodiment. To this end, those skilled in
the relevant art will recognize and appreciate that many changes can be made to the
various aspects of the invention described herein, while still obtaining the beneficial
results of the present invention. It will also be apparent that some of the desired
benefits of the present invention can be obtained by selecting some of the features of
the present invention without utilizing other features. The corresponding structures,
materials, acts, and equivalents of all means or step plus function elements in the
claims below are intended to include any structure, material, or acts for performing

the functions in combination with other claimed elements as specifically claimed.

Unless otherwise expressly stated, it is in no way intend_ed that any method set
forth herein be construed as requiring that its steps be performed in a specific order.
Accordingly, where a method claim does 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 grammatical organization or

punctuation; and the number or type of embodiments described in the specification.

Accordingly, those who work in the art will recognize that many modifications
and adaptations to the present invention are possible and can even be desirable in
certain circumstances and are a part of the present 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. Thus, the preceding
description is provided as 'illustrative of the principles of the present invention and not
in limitation thereof. It is intended that the specification and examples be considered
as exemplary only, with a true scope and spirit of the invention being indicated by the

following claims.
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What is claimed is:

1. A matching layer of an ultrasonic transducer comprising a plurality of stacked
layers, wherein at least one layer of the plurality of stacked layers comprises the

matching layer, and wherein the matching layer comprises cyanoacrylate.

2. The matching layer of claim 1, wherein the matching layer is about a %

acoustic wavelength matching layer.

3. The matching layer of claim 2, wherein the acoustic impedance of the

matching layer is between about 2.0 MegaRayles to about 3.5 MegaRayles.

4. . The matching layer of claim 2, wherein the acoustic impedance of the

matching layer is between about 2.5 MegaRayles and about 2.8 MegaRayles

5. The matching layer of claim 1, wherein at least one layer of the plurality of
stacked layers comprises a lens layer, and wherein the lens layer overlies and is

bonded to the matching layer.

6. The matching layer of claim 5, wherein the lens layer comprises TPX.

7. An ultrasonic transducer stack, comprising:
a plurality of layers comprising:
a piezoelectric layer;
at least one matching layer that comprises a first matching layer, which
comprises cyanoacrylate; and
a lens layer comprising TPX,
wherein each layer of the plurality of layers has a top surface and an opposed bottom
surface, wherein the first matching layer is connected to and underlies the bottom
surface of the lens layer, and wherein the piezoelectric layer underlies the bottom

surface of the matching layer.
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8. The ultrasonic transducer stack of claim 7, wherein the first matching layer is

about a ¥ acoustic wavelength matching layer.

9. The ultrasonic transducer stack of claim 8, wherein the acoustic impedance of
the first matching layer is between about 2.0 MegaRayles (MR) to about 3.5
MegaRayles (MR).

10.  The ultrasonic transducer stack of claim 8, wherein the acoustic impedance of
the first matching layer is between about 2.5 MegaRayles (MR) to about 2.8
MegaRayles (MR).

11. The ultrasonic transducer stack of claim 8, wherein the acoustic impedance of
the lens layer is about 1.8 MegaRayles (MR).

N
12. The ultrasonic transducer stack of claim 7, wherein the acoustic impedance of

the lens is substantially the same as the acoustic impedance of water.

13.  The ultrasonic transducer stack of claim 7, wherein the piezoelectric layer can

generate ultrasound at a frequency of at least about 20 megahertz (MHz).

14. The ultrasonic transducer stack'of claim 13, wherein the piezoélecu-ic layer
can generate ultrasound at a frequency of at about 20 MHz, 25 MHz, 30 MHz, 35
MHz, 40 MHz, 45 MHz, 50 MHz, 55 MHz, 60 MHz, or higher for transmission
through the first matching layer gnd then through the lens layer.

15.  The ultrasonic transducer stack of claim 7, further comprising a second
matching layer located between the top surface of the piezoelectric layer and the

bottom surface of the first matching layer.
16. The ultrasonic transducer stack of claim 15, wherein the top surface of the

second matching layer is bonded to the bottom surface of the first matching layer

using a bonding material.
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17. The ultrasonic transducer stack of claim 16, wherein the bonding material
forms a bondline layer between the first matching layer and the second matching

layer.

18. The ultrasonic transducer stack of claim 17, wherein the bondline layer has an

elevational thickness of less than about 5 microns.

19. The ultrasonic transducer stack of claim 17, wherein the bondline layer has an

elevational thickness of between about 1 micron to about 5 micron.

20. The ultrasonic transducer stack of claim 17, wherein the bondline layer has an

elevational thickness of between about 1 micron to about 3 micron.

21. The ultrasonic transducer stack of claim 17, wherein the acoustic impedance
of the bondline layer is substantially the same as the acoustic impedance of the first

matching layer.

22. The ultrasonic transducer stack of claim 16, wherein the bonding material is

selected from a group consisting of epoxy or glue.

23. The ultrasonic transducer stack of claim 22, wherein the bonding material is a

low viscosity RT cure epoxy.

24. The ultrasonic transducer stack of claim 16, wherein the acoustic impedance
of the second matching layer is between about 3.5 MegaRayles to about 6.0
MegaRayles.

25. The ultrasonic transducer stack of claim 15, further comprising a third
matching layer wherein the third matching layer is positioned between the bottom

surface of the second matching layer and the top surface of the piezoelectric layer.

26. The ultrasonic transducer of claim 25, wherein the acoustic impedance of the

third matching layer is between about 7.5 MegaRayles and about 12 MegaRayles.
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27. The ultrasonic transducer of claim 25, wherein the acoustic impedance of the

third matching layer is between about 9.5 MegaRayles and about 10.5 MegaRayles.

28. The ultrasonic transducer of claim 25, further comprising a backing layer
wherein the top surface of the backing layer is connected to and underlies the bottom

surface of the piezoelectric layer.

29. A process for producing an ultrasonic transducer stack comprising a plurality
of layers, each layer having a top surface and an opposed bottom surface, the process
compri sing:

providing a piezoelectric layer;

providing a lens layer\comprising TPX;

bonding a first matching layer comprising cyanoacrylate to the bottom surface
of the lens layer; and

positioning the bonded first matching layer and lens layer into substantial
overlying registration with the piezoelectric layer to produce an ultrasonic transducer

stack.

30. The process of claim 29, wherein the step of bonding the first matching layer
to the bottom surface of the lens comprises: '

providing a release film,;

providing a plurality of spacers; ‘

positioning the plurality of spacers onto a portion of the release film;

wetting substantially the entire bottom surface of the lens layer with
cyanoacrylate; and

mounting the lens onto the plurality of spacers in spaced relation from the
release film, wherein the cyanoacrylate fills the interior volume defined between the

bottom surface of the lens layer and the release film and forms the first matching

layer.
31. The process of claim 30, wherein the release film consists of a low surface
energy metallic film.
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32. The process of claim 30, wherein the release film comprises aluminum foil.
33. The process of claim 30, wherein the release film consists of magnesium foil.

34.  The process of claim 30, wherein the step of bonding the first matching layer
to the bottom surface of the lens further comprises:

applying force to the lens to compress the cyanoacrylate positioned
therebetween the bottom surface of the lens layer and the release film; and

curing the first matching layer comprising cyanoacrylate;

35. The process of claims 30 or 34, wherein the step of bonding the first matching
layer to the bottom surface of the lens further comprises removing the release film

from the formed top surface of the first matching layer.

36. The process of claim 35, wherein the step of bonding the first matc;hing layer
to the bottom surface of the lens further comprises:

removing the plurality of spacers; and

abrading the formed top surface of the first matching layer until the first

matching layer is at a predetermined thickness.

37. The process of claim 30, wherein the spacers have a diameter of between

about 20 microns to about 30 microns.

38. . The process of claim 30, wherein the spacers have a diameter of about 25
microns.
39. The process of claim 30, wherein the spacers have a diameter that is larger

than the desired predetermined thickness of the first matching layer.

40. The process of claims 37, 38 or 39, wherein the spacers are wires.
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