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(57) ABSTRACT 

A piezoelectric composite micromachined ultrasound trans 
ducer including single and multilayer 1-D and 2-D arrays 
having through-wafer-vias (TWVs) that significantly 
decreased electrical impedance per element, and hence the 
improved electrical impedance matching to T/R electronics 
and improved signal to noise ratio is disclosed. The TWVs 
facilitate integrated interconnection in single element trans 
ducers (positive and negative contact on the same side) and 
array transducers (contact pads array for integration with TVR 
Switches and/or pre-amplifier circuits). 
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MCROMACHINED PIEZOELECTRIC 
ULTRASOUNDTRANSDUCER ARRAYS 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

0001. This application claims priority to U.S. Provisional 
Patent Application No. 61/000,589 filed on Oct. 26, 2007, 
entitled MICROMACHINED ULTRASONIC TRANS 
DUCER ARRAYS', and to U.S. Non-Provisional patent 
application Ser. No. 12/258,615 filed on Oct. 27, 2008, 
entitled MICROMACHINED ULTRASONIC TRANS 
DUCER ARRAYS', which are herein incorporated by refer 
ence in their entirety. 

STATEMENT OF FEDERALLY SPONSORED 
RESEARCH 

0002 Portions of the invention disclosed herein were 
reduced to practice with the support of the National Institute 
of Health, Grant No. 1R43EB007853-01. The U.S. Govern 
ment may have certain rights in this invention. 

FIELD OF THE INVENTION 

0003. The present invention is directed to ultrasonic trans 
ducers and more particularly to arrays of ultrasonic transduc 
CS. 

BACKGROUND OF THE INVENTION 

0004 Ultrasound transducers and transducer arrays are 
widely used in both medical imaging and imaging for non 
destructive testing (NDT) and/or nondestructive evaluation 
(NDE). However, the manufacture of one dimensional and 
two dimensional ultrasound transducer arrays presents a 
number of challenges. 
0005 Conventional dicing based fabrication of large num 
bers of small array elements is a slow and expensive process, 
especially for PMN-PT single crystal array fabrication. Fur 
thermore, high electrical impedance per element in 2-D 
arrays results in a poor match to transmitter/receiver (T/R) 
electronics and poor signal to noise ratios (SNR). 
0006 Three methods have been used to try to develop 2-D 
transducer array technology: 1) Use of multilayer ceramic 
processing (co-firing) or composite stacking to form low 
impedance, high sensitivity array elements; 2) conventional 
array fabrication (dicing) with hybrid electronic interconnect 
methods to integrate preamplifiercircuitry into the transducer 
head; and 3) capacitive micromachined ultrasound transducer 
(cMUT) technology. 
0007. The first of these methods makes use of ceramic tape 
casting and Screen printing (multilayer ceramic capacitor and 
ceramic electronic Substrate manufacturing methods) to form 
arrays of multilayer piezoelectric resonators with higher 
capacitance than single diced elements. This method is very 
good at decreasing element impedance since it varies as the 
inverse square of the layer count. However, significant diffi 
culties are associated with interconnecting the layers in each 
element to the array cable which requires vias running to each 
element. The minimum size and spacing of via holes that can 
be formed by ceramic packaging methods are on the order of 
the array element spacing. Therefore, the inter-element 
spaces would be largely filled with metal conductor vias, 
which would result in unacceptable levels of inter-element 
cross talk. Stacking diced composites and composites made 
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by injection molding have also been attempted. However, in 
these cases no acceptable interconnection method has been 
developed. 
0008. The use of hybrid electronic interconnections to 
integrate preamplifier circuitry into the transducer head has 
been Successfully commercialized. This greatly reduces the 
SNR problem associated with high impedance elements by 
eliminating the coaxial cable connection between transducer 
and preamplifier. However, because it is a diced array with a 
very large number of elements, it is very expensive and there 
fore practically limited to premium systems. 
0009 cMUTs may provide significant contributions to 
piezoelectric transducer technology, but they also represent a 
great challenge to manufacturing technology.cMUTs are an 
application of microelectromechanical systems (MEMS) 
technology.cMUTS consist of diaphragms of silicon nitride 
Suspended over a tiny cavity. Electrostatic forces are used to 
vibrate the membrane producing an ultrasonic wave. In most 
applications, cMUTs are made using photolithography using 
a batch wafer processes, providing a potentially a low cost, 
2-D array technology.cMUTs also have a very good acoustic 
impedance match to tissue, and the effective coupling coef 
ficient can approach 1 for Some modes of operation. These 
two properties combine to give cMUTs a very broad band 
response. It also has the potential of being easily integrated to 
T/Relectronics. Currently, most cMUTs are made using sili 
con on insulator (SOI) which requires hybrid techniques for 
integration. Despite the great promise of this technology there 
are several drawbacks. 
0010 First, cMUTs suffer from reduced sensitivity com 
pared to piezoelectric transducers. This is due mainly to para 
sitic capacitance. Second, cMUTs require a DC bias to oper 
ate. This can complicate system design particularly for 
catheter and endoscope transducers. cMUT reliability is 
uncertain due to reliance on a bending mode resonance. 
cMUT elements are also prone to failure due to stiction. 
Furthermore, it is very difficult to apply cMUT technology to 
high frequency transducer arrays. 
0011 A variation of cMUT technology uses piezoelectric 
thin films to drive the diaphragms. The main advantage is that 
no bias is needed, but the bandwidth and sensitivity is very 
poor due to the low coupling resonance mode and the variable 
properties of thin film piezoelectrics. 
0012. These and other drawbacks are found in current 
transducer array Systems. 
0013 What is needed are one dimensional (1-D) and two 
dimensional (2-D) arrays and a method for making them that 
is cost effective while providing a consistently reliable prod 
uct from frequencies less than 2 MHZ to greater than 100 
MHZ. 

SUMMARY OF THE INVENTION 

0014. According to an embodiment of the invention, one 
and two dimensional piezoelectric composite microma 
chined ultrasound transducer (PC-MUT) arrays having 
through-wafer vias are disclosed. The piezoelectric may be a 
composite or piezocrystal material. 
0015. According to an embodiment of the invention, a 
method of forming a piezoelectric element is disclosed that 
includes providing a wafer of a piezoelectric material, form 
ing one or more via holes in the wafer, filling the one or more 
via holes with a conductive material to form one or more 
conductive Vias, forming slots in the water to forming piezo 
electric structures in the wafer, filling the slots with an epoxy, 



US 2011/019 1997 A1 

reducing the thickness of the wafer, and plating a conductive 
material onto a surface of the wafer to form the piezoelectric 
element. 
0016. According to another embodiment of the invention, 
a method of forming a micromachined piezoelectric element 
for transducer and transducer arrays is disclosed that includes 
providing a piezoelectric wafer, applying a photoresist to the 
piezoelectric wafer, electroplating the applied photoresistand 
wafer, etching the electroplated photoresistand wafer to form 
piezoelectric structures in the piezoelectric wafer, filling 
epoxy between the piezoelectric structures, reducing the 
thickness of the epoxy filled piezoelectric wafer to form a 
piezoelectric composite, and applying electrodes to the 
piezoelectric composite to form a piezoelectric composite 
element. 
0017. According to another embodiment of the invention, 
a method of making a piezoelectric composite microma 
chined ultrasound transducer is disclosed that includes form 
ing at least one piezoelectric composite array element having 
electrically conductive through-wafer-vias, and electrically 
interconnecting the at least one composite array elements to a 
substrate by the electrically conductive through-wafer-vias. 
0018. Other features and advantages of the present inven 
tion will be apparent from the following more detailed 
description of exemplary embodiments, taken in conjunction 
with the accompanying drawings which illustrate, by way of 
example, the principles of the invention. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0019 FIG. 1 illustrates a schematic showing a process to 
make micromachined crystal transducers using deep reactive 
ion etching (DRIE). 
0020 FIG. 2A illustrates an exemplary micromachined 
2-2 element according to the disclosure. 
0021 FIG. 2B illustrates an exemplary micromachined 
1-3 element according to the invention. 
0022 FIG. 3A illustrates an exemplary embodiment of a 
1-D array according to the disclosure. 
0023 FIG. 3B illustrate an exemplary embodiment of a 
2-D array according to the disclosure. 
0024 FIG. 4 illustrates a PC-MUT 2-D array in accor 
dance with an exemplary embodiment of the invention. 
0025 FIG. 5 illustrates an integrated PC-MUT array in 
accordance with another embodiment of the invention. 
0026 FIG. 6 illustrates two different methods for fabricat 
ing PC-MUTs with through-wafer vias. 
0027 FIG. 7 illustrates a through-wafer via interconnec 
tion for a multilayer PC-MUT. 
0028 FIG. 7A illustrates a top view of an exemplary 2-D 
array according to the disclosure. 
0029 FIG. 7B illustrates a bottom view of an exemplary 
2-D array according to the disclosure. 
0030 FIG. 8 illustrates a multilayer flex for a 2D array. 

DETAILED DESCRIPTION OF EXEMPLARY 
EMBODIMENTS 

0031 Exemplary embodiments of the invention are 
directed to overcoming the problems existing in the current 
transducer array fabrication by using photolithography-based 
micromachining of bulk piezoelectric materials, such as, but 
not limited to PZT, single crystal PMN-PT, single crystal 
PIN-PMN-PT, PT, and BST. The current disclosure discloses 
a multi-layer transducer array and a method for forming a 
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multi-layer transducer array including deep etching to form 
through-wafer-vias. In one embodiment, the disclosed 
method can be used to form micromachined imaging trans 
ducers having a frequency range from less than 2 MHZ to 
greater than 100 MHz. In another embodiment, the disclosed 
method can be used to form micromachined imaging trans 
ducers having a frequency range from about 1.5 MHz to about 
300 MHz. In yet another embodiment, the disclosed method 
may be used to form transducers having a frequency range 
from about 20 MHZ to about 100 MHz. The disclosed method 
forms transducers having increased array element electrical 
impedance that provides both improved SNR and matching to 
transmitter/receiver (T/R) electronics. 
0032 Exemplary embodiments of the invention address 
the problems seen in dicing-based fabrication of large num 
bers of Small array elements by using lithography based 
micromachining for high throughput array fabrication. There 
is no mechanical stress interaction minimizing chance for 
element fracture. All exposed areas are etched at the same 
time, unlike pass-by-pass serial element definition that is 
done using dicing saw technology. This will greatly reduce 
transducer fabrication time, and make it possible to fabricate 
large numbers of arrays at low cost. Furthermore, lithography 
based micromachining can be used for fabrication of trans 
ducers with complex piezo element shapes, such as circular, 
triangle, etc., and is not limited to the rectangular and square 
shapes found in conventionaldicing processes. This is helpful 
to minimize lateral modes existing in piezo composites. 
0033 Conventional dice-and-fill techniques have been 
used for fabrication of transducers and transducer arrays with 
a frequency of <2 MHZ to about 20 MHz. More recently, 
PC-MUT fabrication has resulted in transducers with a fre 
quency of about 20 MHz up to about 100 MHz. Exemplary 
embodiments of the invention extend the frequency range of 
transducer arrays fabricated using photolithography based 
micromachining to include frequencies less than 2 MHZ to 
greater than 100 MHz. 
0034 Exemplary embodiments of the invention address 
poor match in transmitter/receiver (TVR) electronics and poor 
signal to noise ratios (SNR) by fabricating through-wafer 
vias (TWV) using photolithography based micromachining 
for multi-layer arrays, so that the electrical impedance per 
element is significantly decreased. The TWVs also help inte 
grate interconnection in single element transducers (positive 
and negative contact on the same side) and array transducers 
(contact pad arrays for integration with T/R Switches and/or 
pre-amplifier circuits). 
0035. Photolithography based micromachined transducer 
and transducer array techniques have several advantages 
compared with conventional ultrasound transducer and trans 
ducer array fabrication, which include Submicron machining 
precision, batch fabrication, capability of via holes fabrica 
tion, and a low-stress mechanical environment for fragile, 
fine structures, and great flexibility on composite transducer 
and array design. In addition, unlike other composite fabri 
cation methods, the deep etching process involved in this 
invention is not limited by the area of material being etched. 
The area is only limited by the size of the vacuum chamber. 
This allows high throughput fabrication of large aperture 
transducer arrays. 
0036. According to the disclosure, multilayer 1-D and 2-D 
arrays having through-wafer vias (TWVs) that significantly 
decreased electrical impedance per element, and hence the 
improved electrical impedance matching to T/R electronics 
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and improved signal to noise ratio are disclosed. The TWVs 
also facilitate integrated interconnection in single element 
transducers (positive and negative contact on the same side) 
and array transducers (contact pads array for integration with 
T/R switches and/or pre-amplifier circuits). This hybrid inte 
gration approach could further improve SNR, and make 
extremely compact ultrasound systems practical. 
0037 FIG. 1 shows an exemplary photolithography-based 
micromachining method for forming a high frequency single 
crystal/epoxy composite element or array according to an 
exemplary embodiment of the invention. In another embodi 
ment, the method may be applied to other bulk piezoelectric 
materials. As shown in FIG. 1, according to a first step, a 
piezoelectric wafer 2 having a conductive material 6 plated on 
a polished surface is provided. The piezoelectric wafer 2 is 
formed of a bulk piezoelectric material. The bulk piezoelec 
tric material may be a single crystal or ceramic piezoelectric 
material. The piezoelectric material may be lead magnesium 
niobate-lead titanate (PMN-PT), lead zinc niobate-lead titan 
ate (PZN-PT), or other piezoelectric material. In one embodi 
ment, the piezoelectric material is a ceramic or single crystal. 
In one embodiment, the piezoelectric material is a single 
crystal PMN-PT with electroded faces oriented along the 
<001> or <011>crystallographic directions. The piezoelec 
tric material can desirably have a high piezoelectric coeffi 
cient. For example, the piezoelectric material may have a 
d-1500 LC/N, k>0.8, k">0.7. Furthermore, the piezo 
electric material may have a dielectric constant in the range of 
approximately 4000 to approximately 7700, and a dielectric 
loss of less than 0.01. The piezoelectric wafer 2 has a thick 
ness of about 0.2 mm to about 2 mm. In another embodiment, 
the piezoelectric wafer 2 has a thickness of 0.5 mm to a 2 mm. 
In yet another embodiment, the piezoelectric wafer 2 has a 
thickness of about 0.5 mm. 

0038. The piezoelectric wafer 2 is formed by lapping both 
sides of a bulk piezoelectric material, polishing one side of the 
lapped piezoelectric material to form a polished Surface, and 
then coating the polished surface with a layer of the conduc 
tive material 6. The conductive material 6 has a thickness of 
about 50 nm to about 1 lum. In another embodiment, 0.3 um to 
about 0.5um. In one embodiment, the conductive material 6 
has a thickness of about 0.3 um. The conductive material 6 
may be a metal, metal alloy, conductive composite or other 
conductive material. For example, the conductive material 4 
may be selected from, but not limited to, the group including 
nickel, chromium, chromium/gold films, chromium/nickel 
films, titanium/nickel films and titanium/gold films. The con 
ductive material 6 serves as an electroplating seed layer. 
0039. According to a second step, a positive photoresist 8 

is formed on the piezoelectric wafer 2. The positive photore 
sist 8 is formed by coating a photosensitive polymer material 
onto the conductive material 6, followed by heating for a 
predetermined time. The positive photoresist 8 defines the 
desired shape and/or pattern of piezoelectric structures 11 
within the piezoelectric wafer 2. In one embodiment, the 
photoresist is heated at a temperature from about 70° C. to 
about 200° C. In another embodiment, the photoresist is 
heated at a temperature from about 90° C. to about 120° C. 
The heating step removes solvents and/or other Volatile com 
ponents from the polymer material. In one embodiment, the 
photoresist is heated for about 5 minutes to about 30 minutes. 
In another embodiment, the photoresist is heated for about 15 
minutes. After heating, contact aligner exposure, direct laser 
writing, stepper lithography or other similar lithography 
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method is used to pattern the photoresist 8. In one embodi 
ment, the lithography is conducted using UV exposure. After 
UV exposure, the photoresist is developed in a developer 
Solution to etchaway the exposed photoresist material to form 
a photoresist structure 8 with straight side walls. In one 
embodiment, the photoresist 8 has a thickness of about 1 um 
to about 100 um. In another embodiment, the photoresist 8 
has a thickness of about 5 um to about 50 lum. In yet another 
embodiment, the photoresist 8 has a thickness of about 10um 
to about 15 lum. In yet still another embodiment, the photo 
resist 8 has a thickness of about 15 lum. 
0040 According to a third step, a plating process is next 
used to form a metal mask 10 on the piezoelectric wafer 2. To 
form the metal mask 10, a metal is deposited on top of the 
piezoelectric wafer 2 with photoresist 8. A portion of the 
photoresist 8 is then removed. The metal mask 10 may be 
deposited by electroplating. The metal may be nickel, copper, 
platinum, gold, other metal or metal alloys used as etching 
mask materials. 
0041 According to a fourth step, the piezoelectric wafer 2 

is placed into an etching chamber to etch the piezoelectric 
wafer 2 to a predetermined depth to form piezoelectric struc 
tures 11 having gaps 13 therebetween. In one embodiment, 
the etching is a deep reactive ion etching (DRIE). Other 
etching processes can be used, such as wet-etching. In one 
embodiment, chlorine based DRIE is used, which results in a 
Substantially vertical etching profile. In one embodiment, 
chlorine based DRIE is used to form an etching profile having 
a profile angle of greater than 80°. In another embodiment, in 
addition to or in place of chlorine, sulfur hexafluoride based 
etching is used, which results in a similar profile to chlorine 
based DRIE etching. The piezoelectric structures 11 may be 
bars 210 (see FIG. 2A) or posts 210 (see FIG. 2B). In one 
embodiment, the etching depth is from about 10um to greater 
than 200 um. In another embodiment, the etching depth is 
about 20 um to greater than about 60 um. In another embodi 
ment, the piezoelectric wafer 2 is etched to a depth of about 40 
um to about 120 um. The etched piezoelectric wafer 2 is then 
cleaned in a metal etching solution. 
0042. According to a fifth step, the gaps 13 between the 
piezoelectric structures 11 are filled with epoxy 12 to form 
kerfs 14. The kerfs 10 provide structural stability and acoustic 
characteristics to the etched piezoelectric wafer 2. In one 
embodiment, the kerfs 14 have a kerf width of less than about 
1 um to about 30 um. In another embodiment, the kerfs have 
a kerf width of about 0.25um to about 30 Lum. In yet another 
embodiment, the kerfs have a kerf width of about 3 umto 
about 30 Lum. 
0043. According to a sixth step, a two side lapping process 
is used to remove any external epoxy and piezoelectric mate 
rial not within the kerfs 10 so as to fabricate a piezo-compos 
ite element 17. 
0044 According to a sixth step, an electrode 18 is formed 
on the element 17. The electrode 18 may cover a whole side, 
or patterned electrodes may be formed on both sides. The 
electrode 18 is formed of a conductive material, for example, 
but not limited to a layered thin metal film such as Cr/Au 
films, chromium/nickel films, titanium/nickel films and tita 
nium/gold films. After the electrode 18 is formed, a backing 
layer 20 is formed of an epoxy composite to form a composite 
transducer 22. An optional matching layer 22 may be depos 
ited on an electrode layer 18 to enhance acoustic impedance 
matching, for example between the composite transducer 22 
and tissue as required for the particular application. 
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0045 FIGS. 2A and 2B illustrate an exemplary embodi 
ment of micromachined piezoelectric composite elements 
200a, 200b for transducer and transducer array applications 
for both 2-2 and 1-3 arrangements, respectively. As can be 
seen in FIG. 2A, the element 200a has a 2-2 arrangement and 
includes alternating piezoelectric bars 210 and epoxy 220. 
The element 200a further includes electrodes 230. Abottom 
surface electrode 230 covering the bottom surface of the 
element 200a is indicated by a solid line, and a top surface 
electrode covering the top surface of the element 200a is 
indicated by the dashed perimeter line. In the 2-2 arrange 
ment, the epoxy 220 separates the piezoelectrical bars 210 in 
one direction or axis as shown. 
0046. As can be seen in FIG. 2B, the element 200b has a 
1-3 arrangement and includes piezoelectric posts 210' sepa 
rated by epoxy 220. The element 200b further includes elec 
trodes 230. A bottom surface electrode 230 covering the 
bottom surface of the element 200a is indicated by a solid 
line, and a top surface electrode covering the top Surface of 
the element 200a is indicated by the dashed perimeter line. In 
the 2-2 arrangement, the epoxy 220 separates the piezoelec 
tric posts 210 in two perpendicular directions or axis as 
shown. 
0047 FIGS. 3A and 3B illustrate an exemplary embodi 
ment of a 1-D array and a 2-D array according to the disclo 
sure. As can be seen in FIG.3A, 1-D array 100 includes either 
2-2 or 1-3 elements 110, a ground electrode 120 and element 
electrodes 130 provided for each composite element 110. In 
the 1-D array 100, the elements 110 are separated in one 
direction or axis, 1-D, by kerfs 140. Kerfs 140 may beformed 
of epoxy, piezoelectric material, or a combination of both. 
Separation layers 140 separate each element 110 by a pitch P. 
as measured from element center to adjacent element center. 
0048. As can be seen in FIG.3B, a 2-D array 100a includes 
either 2-2 or 1-3 elements 110, a ground electrode 120 and 
element electrodes 130 provided for each element 110. In the 
2-D array 100a, the elements 110 are separated in two direc 
tions or axes, 2-D, by kerfs 140. The kerfs 140 may beformed 
of epoxy, piezoelectric material, or a combination of both. 
Kerfs 140 separate each element 110 by pitch P. P', as mea 
Sured from element center to adjacent element center in each 
of the two directions. In this exemplary embodiment, each 
element 110 is shown with a square cross-section, however, in 
other embodiments, each element 110 may have a circular, 
rectangular or polygon cross-sectional geometry. In one 
embodiment, each element 110 may have a octagonal cross 
sectional geometry. 
0049 According to the disclosure, PC-MUTs formed by a 
photolithography-based micromachining technique result in 
precise dimensions, making them particularly useful for pre 
amplifier integration and multi-layer lamination. A multi 
layer approach is effective because the piezoelectric plates 
are mechanically in series and electrically in parallel, increas 
ing the element capacitance by a factor of N, where N is the 
number of layers. The clamped capacitance Co is then defined 
aS 

N°senA (1) 
Co = f 

0050. Where 6, is the relative clamped (high frequency) 
capacitance, 6 is permittivity of free space, A is area and t is 
thickness. This has the distinct advantage of decreasing ele 
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ment impedances from thousands of ohms to a few hundred 
with a few layers. This lower impedance increases the amount 
of power out by N. There is also an N times increase in 
received Voltage at the end of an attached coaxial cable and a 
similar increase in SNR on transmission due to lower thermal 
noise. A four layer design could provide a 6 dB increase in 
SNR based on thermal noise alone and another 9 dB increase 
in SNR based on reduced signal reflection between transmit 
electronics and the transducer. 
0051. The fine pitch necessary for 2-D array elements, 
generally about 10um to about 80 um, makes interconnection 
a challenge when moving to multi-layers. Through-wafer 
vias must be small enough so the acoustic field is not affected, 
which requires deep-etched, fine via holes as provided in this 
disclosure. 
0.052 FIG. 4 illustrates an exemplary embodiment of an 
integrated PC-MUT 2-D array 300 in accordance with the 
disclosure. The integrated array 300 includes at least one 
micromachined 1-3 element 310 made, for example, as 
described in accordance with the photolithographic method 
described above. In another embodiment, the elements 310 
may have an alternative arrangement, for example, but not 
limited to a 2-2 arrangement. A matching layer 460 is placed 
on top of the elements 310. 
0053. The elements 310 include active connection 
through-wafer vias 320a and ground connection through 
wafer vias 320b, which may be used to form single layer or 
multiple layer arrays. The vias 320a, 320b electrically con 
nect one or more composites to a multi-layer flex circuit 330. 
In one embodiment, the vias 320a, 320b may have a circular, 
square, rectangular or polygon cross-sectional geometry. In 
one embodiment, the vias 320a, 320b have a circular cross 
section having a diameter of about 5um to about 200 um. In 
another embodiment, the vias 320a, 320b have a circular 
cross-section having a diameter of about 10 um to about 70 
um. The flex circuit 320 may be physically connected by a 
backing 335 to a preamplifier board 337 for transmit/receive 
(T/R) Switching and/or pre-amplifier electronics, which may 
be used to form a fully integrated ultrasound probe (not 
shown). In one embodiment, the 1-3 composite 310 includes 
kerfs (not shown) having a kerf width of less than about 1 um 
to about 30 lum. In another embodiment, the element 310 
includes kerfs having a kerf width of about 0.25 um to about 
30 Jum. In yet another embodiment, the composite includes 
kerfs having a kerf width of about 3 um to about 30 Lum and a 
pitch P of about 10 um to about 80 um. 
0054 FIG. 5 illustrates an alternative embodiment of an 
integrated PC-MUT array 400 in accordance with another 
exemplary embodiment of the disclosure. In this alternative 
embodiment, the integrated PC-MUT array 400 includes a 
transducer backing 410 with vias 420 to attach multiple ele 
ments 430 directly to a switch substrate 440 having electrical 
contacts 450. The switch substrate 400 having electrical con 
tacts 450 may be a preamplifier circuit board. The array 400 
also includes a matching layer 460. 
0055 FIG. 6 illustrates two exemplary methods, Method 1 
and Method 2, for fabricating a PC-MUT element 500 having 
through-wafer vias according to the disclosure. As shown in 
FIG. 6, Method 1 includes, according to a first step a, forming 
via holes 510 in a piezoelectric wafer 520 by deep reactive ion 
etching (DRIE). According to a second step b, the via holes 
are filled with a conductive material 530, such as but not 
limited to a metal or metal alloy. In one embodiment, the 
conductive material is copper. According to a third step c, the 
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wafer 520 is etched by DRIE to form piezoelectric structures 
540 separated by slots 550 in the wafer 520. The piezoelectric 
structures 540 may be bars or posts as described above. 
According to a fourth step d, the slots 550 are filled with 
epoxy 560. According to a fifth step e, the wafer 520 is lapped 
on both sides and polished. According to a sixth step f, the 
lapped and polished wafer 520 is plated by sputtering or other 
similar method with an electrode material 570 to form a 
piezoelectrical element 500 having conductive vias 580. The 
electrode material may be selected from conductive thin 
metal films including, but not limited to chromium/gold 
films, chromium/nickel films, titanium/nickel films and tita 
nium/gold films. 
0056. As further shown in FIG. 6, Method 2 includes, 
according to a first step a', forming holes 505 that will corre 
spond to and define via holes 510, piezoelectric structures 540 
and slots 550 in a wafer 520 by an etching process. In one 
embodiment, the etching process is a DRIE process. Accord 
ing to a second stepb', the holes 505 are filled with epoxy 560. 
According to a third step c', via holes 510 are formed by laser 
drilling or other mechanical or chemical material removal 
process. According to a fourth step cc, vias 530 are formed by 
filling the via holes 510 with a conductive material 525 by a 
deposition process Such as electroless plating, electroplating, 
sputtering or vapor deposition. According to a fifth step d', the 
wafer 520 is lapped to obtain a desired thickness and pol 
ished. According to a sixth step e', a chromium/gold (Cr/Au) 
layered film electrode 570 is sputtered or otherwise applied 
onto both sides of the wafer 520 and patterned as needed to 
form a piezoelectrical element 500 having vias 580. 
0057 FIG. 7 illustrates an exemplary embodiment of a 
multilayer PC-MUT 700 according to the invention. As can 
be seen in FIG. 7, the multilayer PC-MUT 700 includes 
PC-MUT elements 710 that are interconnected through vias 
720. The transducer body material 730 may be piezoelectrical 
material, epoxy or a combination thereof. Each PC-MUT 
element 710 includes surface electrode patterning as deter 
mined by the specific application. In one embodiment, the 
PC-MUT elements 710 may be a single element. In another 
embodiment, the PC-MUT elements 710 may include mul 
tiple elements. In yet another exemplary embodiment, the 
PC-MUT elements 710 are 2-D arrays. In still another exem 
plary embodiment, the PC-MUT elements are 1-D arrays. 
0058 FIGS. 7A and 7B illustrate a top and bottom view, 
respectively, of an exemplary 2-D array 750. The 2-D array 
750 includes electrodes 760 on composite elements (not 
shown) and vias 770. The vias 770 are filled with electro 
plated copper. As can be seen in FIG. 7B, the electrodes 760 
and vias 770 are electrically connected by traces 772 on the 
bottom side 775 of the 2-D array 750. In another embodiment, 
the electrodes 760 and vias 770 may be connected on the top 
side 780. The 2-D array 750 is shown having nine electrodes 
and composite elements, however, any number of electrodes 
and composite elements may be used. 
0059. The conductive vias 770 allow both positive and 
negative contacts (not shown) of each element (not shown) in 
2-D array 750 to be on the same side of the element, which 
simplifies the interconnection of a multilayer 2-D arrays. For 
example, with a flex circuit (as shown in FIG. 8), the 2-D array 
elements shown in FIGS. 7A and 7B can be bonded to form a 
multi-layer 2-D array having low electrical impedance to 
improve the electrical impedance match in transmitter/re 
ceiver (T/R) electronics and therefore, increase SNR. 
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0060 Interconnections (whether single layer or multi 
layer) for each element in a 2-D array can be addressed 
individually either by 1) fabricating vias directly into the 
transducerbacking material for direct bonding to a preampli 
fier circuit board or 2) fabricating a multi-layer flex circuit for 
bonding between the composite and backing. In one embodi 
ment, a multi-layer flex circuit design with a fan-out pattern is 
used. The flex circuit may be a polyimide flex circuit, which 
can be up to seven layers thick, with each layer as thin as 25 
um. Multiple layers of polyimide may be built up using spin 
coating, after which a photoresist may be applied and masked 
with the pattern for that layer. After electroplating and pho 
toresist removal, the next flex layer is spin coated and the 
process is repeated with the appropriate layer mask. 
0061 An illustration of a multilayer flex circuit 800 is 
shown in FIG. 8. The multilayer flex circuit 800 includes a 
bottom layer 810 and a top layer 820. The circuit 800 may 
include one or more intermediate layers 815 stacked between 
the bottom layer 810 and the top layer 820 as indicated by the 
arrows. The layers 810, 820 include through-hole vias 825 by 
which conductive traces and/or circuitry 830 is intercon 
nected. In one exemplary embodiment, a PC-MUT (not 
shown) would be bonded to the top layer 820 and a pream 
plifier board or other similar substrate (not shown) would be 
bonded to the back of the bottom layer at the through-hole 
vias 828 to form a transducer having a frequency range from 
less than 2 MHZ to greater than 100 MHz. In another embodi 
ment, a PC-MUT (not shown) would be bonded to the top 
layer 820 and a preamplifier board or other similar substrate 
(not shown) would be bonded to the back of the bottom layer 
at the through-hole vias 828 to form a transducer having a 
frequency range from less than about 1.5 MHz to about 300 
MHZ. 
0062. While the foregoing specification illustrates and 
describes exemplary embodiments, it will be understood by 
those skilled in the art that various changes may be made and 
equivalents may be substituted for elements thereof without 
departing from the scope of the invention. In addition, many 
modifications may be made to adapt a particular situation or 
material to the teachings of the invention without departing 
from the essential scope thereof. Therefore, it is intended that 
the invention not be limited to the particular embodiment 
disclosed as the best mode contemplated for carrying out this 
invention, but that the invention will include all embodiments 
falling within the scope of the appended claims. 

1. A method of forming a piezoelectric element, compris 
ing: 

providing a wafer of a piezoelectric material; 
forming one or more via holes in the wafer; 
filling the one or more via holes with a conductive material 

to form one or more conductive Vias; 
forming slots in the water to forming piezoelectric struc 

tures in the wafer; 
filling the slots with an epoxy. 
reducing the thickness of the wafer; and 
plating a conductive material onto a surface of the wafer to 

form the piezoelectric element. 
2. The method of claim 1, wherein the one or more via holes 

and the slots are formed during a single step. 
3. The method of claim 1, wherein the one or more via holes 

and the slots are formed during separate steps. 
4. The method of claim 1, wherein the via holes are formed 

by deep reactive ion etching. 
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5. The method of claim 1, wherein the slots are formed by 
deep reactive ion etching. 

6. The method of claim 1, wherein the piezoelectric struc 
tures are bars or posts. 

7. The method of claim 1, wherein the wafer is reduced in 
thickness by lapping and polishing. 

8. The method of claim 1, wherein the piezoelectric mate 
rial is selected from the group comprising PZT, PMN-PT. 
PIN-PMN-PT, PT and BST. 

9. The method of claim 1, wherein the piezoelectric ele 
ment has a 2-2 composite arrangement. 

10. The method of claim 1, wherein the piezoelectric ele 
ment has a 1-3 composite arrangement. 

11. The method of claim 1, further comprising: 
stacking two or more piezoelectric elements formed by the 
method of claim 1 to form an array. 

12. The method of claim 1, further comprising: 
electrically connecting the piezoelectric element to a cir 

cuit through the conductive vias. 
13. The method of claim 1, wherein the piezoelectric ele 

ment forms a transducer. 
14. The method of claim 1, wherein the piezoelectric ele 

ment is directly bonded to a preamplifier circuit board. 
15. The method of claim 12, wherein the circuit is a flex 

circuit. 
16. The method of claim 15, wherein the flex circuit is a 

multilayer flex circuit. 
17. A method of forming a micromachined piezoelectric 

element for transducer and transducer arrays, comprising: 
providing a piezoelectric wafer; 
applying a photoresist to the piezoelectric wafer, 
electroplating the applied photoresist and wafer; 
etching the electroplated photoresist and wafer to form 

piezoelectric structures in the piezoelectric wafer; 
filling epoxy between the piezoelectric structures; 
reducing the thickness of the epoxy filled piezoelectric 

wafer to form a piezoelectric composite; and 
applying electrodes to the piezoelectric composite to form 

a piezoelectric composite element. 
18. The method of claim 17, further comprising: 
attaching the piezoelectric composite element to a backing 

material. 
19. The method of claim 17, further comprising plating a 

conductive seed layer on the piezoelectrical wafer prior to 
applying the photoresist. 
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20. The method of claim 17, wherein the thickness is 
reduced by lapping. 

21. The method of claim 17, wherein the etching is a deep 
reactive ion etching. 

22. The method of claim 17, wherein the etching is per 
formed to a depth of about 10 um to greater than 200 um. 

23. The method of claim 17, wherein the formed microma 
chined piezoelectric element has a 2-2 configuration. 

24. The method of claim 17, wherein the formed microma 
chined piezoelectric element has a 1-3 configuration. 

25. A method of making a piezoelectric composite micro 
machined ultrasound transducer, comprising: 

forming at least one piezoelectric composite array element 
having electrically conductive through-wafer-Vias; and 

electrically interconnecting the at least one composite 
array elements to a Substrate by the electrically conduc 
tive through-wafer-vias. 

26. The method of claim 15, wherein the substrate is a flex 
circuit. 

27. The method of claim 16, wherein the flex circuit is a 
multilayer flex circuit. 

28. The method of claim 25, electrically interconnecting 
the at least one piezoelectric composite element directly to a 
transducer backing material by the electrically conductive 
through-wafer-vias. 

29. The method of claim 25, wherein the electrically con 
ductive through-wafer-vias directly bond the backing mate 
rial to a preamplifier circuit board or a substrate having a 
transmitter/receiver switch. 

30. The method of claim 25, wherein two or more piezo 
electric composite array element having electrically conduc 
tive through-wafer-vias are used to form a multi-element 
piezoelectric composite micromachined ultrasound trans 
ducer. 

31. The method of claim 25, wherein the at least one 
piezoelectric composite array element is a 1-D element. 

32. The method of claim 25, wherein the at least one 
piezoelectric composite array element is a 2-D element. 

33. The method of claim 25, wherein the at least one 
piezoelectric composite array element comprises a piezoelec 
tric material selected from the group comprising PZT, PMN 
PT, PIN-PMN-PT, PT and BST. 
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