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Abstract
The goal of this research was to develop a novel diced 1–3 piezocomposite geometry to reduce
pulse–echo ring down and acoustic crosstalk between high-frequency ultrasonic array elements.
Two PZT-5H-based 1–3 composites (10 and 15 MHz) of different pillar geometries [square (SQ),
45° triangle (TR), and pseudo-random (PR)] were fabricated and then made into single-element
ultrasound transducers. The measured pulse–echo waveforms and their envelopes indicate that the
PR composites had the shortest −20-dB pulse length and highest sensitivity among the composites
evaluated. Using these composites, 15-MHz array subapertures with a 0.95λ pitch were fabricated
to assess the acoustic crosstalk between array elements. The combined electrical and acoustical
crosstalk between the nearest array elements of the PR array sub-apertures (−31.8 dB at 15 MHz)
was 6.5 and 2.2 dB lower than those of the SQ and the TR array subapertures, respectively. These
results demonstrate that the 1–3 piezocomposite with the pseudo-random pillars may be a better
choice for fabricating enhanced high-frequency linear-array ultrasound transducers; especially
when mechanical dicing is used.

I. Introduction
The 1–3 piezocomposites, which consist of an array of piezoelectric pillars embedded in a
passive polymer matrix, are widely used in fabricating ultrasound imaging devices because
of their enhanced electromechanical coupling efficients (kt) and acoustic impedances when
compared with solid piezoelectric ceramics and crystals [1]. Another advantage of 1–3
piezocomposites is that, unlike bulk piezoelectrics, their material properties, such as
electrical and acoustic impedance, can be tailored to specific requirements. Finally, the need
for an acoustic lens can be eliminated because piezocomposites are typically more flexible
and can be easily geometrically shaped [2]–[4]. This is advantageous because commonly
used lens materials such as urethane and epoxy can be very attenuative at high frequencies,
and for array transducers, the lens can also cause significant degradation in beamforming
[5].
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Although the piezocomposites have several advantages over bulk piezoelectrics, their
benefits come at the expense of introducing more undesired inter-pillar resonances. Auld
and Smith [6] demonstrated that they may be due to the formation of Lamb waves in the
periodic micro-structure of the piezocomposites. These resonances couple strongly with the
fundamental thickness-mode resonance frequency and, hence, degrade the performance of
the device; this is especially true for using the composites to fabricate linear-array
transducers because they are more susceptible to crosstalk (mechanical and electrical
coupling) between array elements. The resonances cause elements not to operate
independently but together, leading to changes in the beam pattern, electrical impedance,
and echo response [7]–[9].

The conventional solution to this problem is to make the kerf- and pillar-widths sufficiently
small so as to ensure that the frequencies of these lateral resonances are at least double that
of the transducer’s fundamental frequency [10]. The most common method for the
fabrication of 1–3 piezocomposites is the dice-and-fill technique, in which a plate of
piezoelectric material is diced using a mechanical saw and a polymer is applied and then
cured within the kerfs. However, as the frequency of operation increases, the desired kerf
and pillar-widths decrease sharply; for instance, the required kerf for a 20-MHz 1–3
piezocom-posite is less than 10 µm, which is smaller than the width of the thinnest blade
currently available for commercial dicing saws. Therefore, for the mechanical dice-and-fill
technique, the fabrication of fine-scale composites which are immune to the deleterious
effects of lateral resonances is still very challenging.

Recently, a modified dice-and-fill process, interdigital pair bonding (IPB) [11], was used to
fabricate fine-scale composites with approximately 19-µm-wide pillars separated by 6-µm-
wide kerfs [12]; however, this method is extremely time-consuming. In addition, because the
piezo-composite properties are largely determined by the shear properties of filler epoxy
[10], Brown et al. [5] used a very soft epoxy as the matrix of the piezo-composite to
significantly minimize the lateral resonances. This soft epoxy provided good pillar-to-pillar
damping across the composite; however, the soft epoxy was not able to resist high voltage
during poling, causing potential short-circuits of the device. This drawback is especially
critical for the high-frequency composite array transducers, which typically have numerous
fine-scale kerfs. Many alternative methods also have been employed to obtain high volume
fractions and small pillar- and kerf- widths, such as laser dicing [13] and reactive ion etching
[14]. However, these methods are costly and lack the ability to produce pillars with uniform
aspect ratios.

To develop alternate methods of lateral resonance suppression, Hossack, Hayward, and
colleagues compared low-frequency piezocomposites of different pillar geometries from
1991 to 1996 [15]–[17]. They found that triangular pillars have the potential for improved
electromechanical characteristics when they are oriented to avoid facing parallel surfaces.
Furthermore, for a 1–3 composite with triangular pillars, when its surface dilation
homogeneity (a measure of how uniformly the pillar-epoxy surface vibrates in the thickness
mode) decreases below 90%, the efficiency of the composite decreases severely. Therefore,
to keep the surface dilation homogeneity above 90%, Hay-ward proposed a set of criteria,
maximum pillar aspect ratio (MPAR), to push the frequency of the first lateral resonance to
at least 2 times the center frequency of the fundamental mode. Generally, an MPAR of
approximately 0.4 was then required for a triangular pillar composite with a 40% ceramic
volume fraction [17]. However, this criteria is not suitable for high-frequency mechanically
diced 1–3 composites because it makes the fabrication of the 1–3 composites extremely
difficult. In 2007, Brown et al. developed a 1–3 piezocomposite with mechanically diced
triangular pillars (MPAR > 0.8) to reduce the influence of the lateral-mode resonances on
the thickness-mode resonance within the composite by spreading the energy over a broad
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frequency range [18]. Compared with the square pillar composites, the triangular pillar
composites showed a 9.5 dB reduction in spurious signals and a 30% gain in the 2-way pulse
bandwidth. In 2010, Yin et al. observed that lateral resonance suppression in
piezocomposites with 45° triangular pillars was better than that of 30° and 60° triangular
pillars which was attributed to a higher level of geometric complexity [19].

These observations imply that the highest level of geometric complexity translates to the
greatest suppression of coupling between lateral- and thickness-mode resonances.
Theoretically, the highest level of geometric complexity can be obtained using
piezocomposites with distributed period pitches, such as randomly spaced/sized elements
[20]–[22]. Hossack and Hayward tested this idea on several low-frequency 1–3
piezocomposites with a distributed period structure and demonstrated that no strongly
coupled resonant frequencies were observed [15]. The aforementioned studies inspired us to
develop and test a composite with a pseudo-random pillar geometry and distribution that
could be used in the design of ultrasound transducers operating at frequencies up to 40 MHz.
In addition, this composite geometry was developed so that a mechanical dicing saw could
still be used for fabrication.

This paper first describes the design and fabrication of 1–3 piezocomposite with pseudo-
random pillars. For comparison, we designed and fabricated several PZT-5H based 1–3
composites with different pillar geometries [square (SQ), 45° triangle (TR), and pseudo-
random (PR); see Fig. 1]. A modified mechanical dicing technique has been used, whereby
multiple dice-and-fill operations are performed to produce piezoelectric ceramic pillar
spacing that would not have been possible with a single dicing operation [5], [23]. Using
these composites, several ultrasound transducers were fabricated for comparison of acoustic
performance. We then fabricated 15-MHz array subapertures with a 0.95λ pitch using these
composites to compare acoustic crosstalk between array elements.

II. Composite Fabrication and Evaluation
The different pillar geometries (SQ, TR, and PR) fabricated for this study were designed to
have a ceramic volume fraction of nearly 50% and kerf width, K, of 14 µm (see Table I).
This design enabled us to compare the performance of these composites fairly, because the
ceramic volume fraction of a composite determines the density and the permittivity [1], [6],
[14]. To keep both the same ceramic volume fraction and the same kerf width for all three
pillar geometries, the pillar widths, W, of the SQ, TR, and PR composites had to be kept at
34, 38, and 57 µm, respectively. The thickness, H, which corresponds to the antiresonant
frequency of 10 MHz was 165 µm; for 15 MHz, it was 110 µm. Ideally, for low-volume-
fraction composites, the pillar width-to-height ratios (W/H) must be less than approximately
0.5 to avoid the deleterious effects of mode-coupling [17]. The higher aspect ratio would
lead to significant coupling between the lateral- and thickness-mode resonances. The
maximum aspect ratios (the diagonal direction) of these composites, therefore, all remained
below 0.5 except for the PR 15-MHz (0.52).

Commercial PZT-5H ceramic plates (3203Hd, CTS Electronic Components Inc.,
Albuquerque, NM) were diced into smaller square pieces (15 × 15 mm, 550 µm thick) which
were then individually bonded onto flat glass carriers using low-temperature paraffin wax. A
programmable dicing saw (Tcar 864–1, Thermocarbon Inc., Cassel-berry, Fl) was used to
cut kerfs into these ceramic plates using a 12-µm blade. Because the vibration of the blade
cannot be avoided, the resulting kerf widths in the composites will be slightly larger than the
dicing saw blade thickness. Depending on the state of the blade, the resulting kerf width
typically fluctuated between 12 and 14 µm.
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Because the pillar scale was quite close to the machinability limit of the PZT-5H on our
dicing saw, to decrease pillar breakage, a double-index-dicing technique was used to
produce such fine-scale pillar spacing [23]. To keep the volume fraction constant for all
different pillar geometries, different pillar widths and pitches were used; thus, we detail the
fabrication processes for the different composite pillar geometries separately.

A. Square (SQ)
First, using the 12-µm dicing blade, two sets of cross cuts (200 µm deep) were first made
into the ceramic at right angles to each other with a pitch of 96 µm. These first cuts were
subsequently filled with Epotek 301 epoxy (Epoxy Technology Inc., Bellerica, MA) by
capillary action. The filler in this first set was left to cure at room temperature in a dry
nitrogen environment for three days. The excess epoxy was then lapped off to expose the
diced ceramic. The second cuts were then made between these first cuts to produce the final
48-µm composite pitch. The second set of diced kerfs was subsequently filled in the same
manner. After curing and lapping off the excess epoxy from the top of the composite, the
composite was flipped over and then lapped down to 165 µm. The average width of the
resultant kerfs was 14 µm, and the width of the ceramic pillars was 34 µm. The net
piezoceramic volume fraction of this square pillar 1–3 composite was 50% [see Fig. 1(a)].

B. 45° Triangle (TR)
As with the square pillar composite, on the top of the ceramic, two sets of perpendicular cuts
were first made in the ceramic 200 µm deep at a 73 µm pitch and then filled with epoxy.
After curing, the second set of cuts was made at 45° angles relative to the vertical with a
double modified pitch (2 × 51 µm) and then filled with epoxy again. After the epoxy had
cured, the third set of cuts was then made between the second set of cuts to produce the final
modified pitch (51 µm). This modified pitch kept the pitch (73 µm) between the first cuts
constant over the entire surfiace of the composite. The resulting diced kerfs were
subsequently filled with epoxy in the same manner. Because one more cut was required to
fabricate the TR composites, it was more time-consuming than that of the SQ composites.
The average resultant kerf width was 14 µm, and the width of the ceramic pillars was 46 µm,
with a net piezoceramic volume fraction of 46% [see Fig. 1(b)]. For more detail about the
fabrication of a 45° triangle 1–3 piezocomposite see yin et al. [19].

C. Pseudo-Random (PR)
The pseudo-random composite fabrication procedure was similar to the aforementioned
processes for the square and the 45° triangle pillars. The differences were that two sets of
cross cuts were first made at angles of 25° and 145° relative to the horizontal, with a pitch of
71 µm. This first set of cuts was then filled with Epotek 301 epoxy and cured at room
temperature. The second set of cuts was subsequently made at an angle of 90° relative to the
horizontal on the same surface with the same pitch. Because no third cut was required for
the PR composites, it was the least time-consuming of the three composites fabricated. The
maximum ceramic pillar width was 57 µm, and kerf width was 14 µm. The estimated
piezoceramic volume fraction of this 1–3 composite was 49% [see Fig. 1(c)].

To determine how performance changes when the maximum aspect ratio for each composite
increases, these composites were each cut in half. One half was used to fabricate the 10-
MHz transducers, and the other half was then lapped down for the 15-MHz transducers. The
top and bottom surfaces of all of the composites were then cleaned and sputtered
(NSC-3000, Nano-Master Inc., Aus-tin, TX) with a total of 1000 Å of Cr/Au as a conduction
layer. Each sample was poled in air at room temperature for 10 min using a dc field of
Approximately 3 kV/mm. The electrical impedance of freestanding composites were
measured with an impedance analyzer (4294a with 16034H test fixture, Agilent
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Technologies, Santa Clara, CA); the results are shown in Fig. 2. The thickness mode
electromechanical coupling coefficient (kt), clamped dielectric loss tangent ,
mechanical quality factor (Qm), attenuation coefficient (α), relative clamped permittivity

, and longitudinal velocity (V1) were calculated using measurements of air-
resonating samples [24], [25] and a submicrometer thickness gauge (CT25/ND281b,
Heidenhain Corp., Schaumburg, IL).

The measured electrical impedances, in Fig. 2, of the 10-MHz and 15-MHz 1–3 composites
were compared. For the SQ and TR 10-MHz composites, a minor lateral resonance was
visible at 20 MHz; however, no obvious lateral resonance was found on the PR 10-MHz
composites. This might be attributed to the non-periodic structures within the PR
composites. When the frequency was increased to 15 MHz, the fundamental frequency of
the SQ composites combined with the first lateral resonance peak and the rest of lateral
resonance peaks were found from 20 to 30 MHz though for the TR and PR 15-MHz
composites, fewer lateral resonance peaks were found in the same frequency range. A
comparison of the amplitude of the fundamental frequency peak with that of the highest
lateral resonance peak shows that, at 15 MHz, the PR composites were less affected by the
lateral resonance than the SQ and TR composites.

The piezoelectric properties of these composites were calculated from the measured
electrical impedance (see Table II). The average of these properties was obtained from three
samples of each of the composite pillar geometries. The results demonstrate that the PR
composites had slightly higher relative clamped permittivity (493 at 10 MHz and 520 at 15
MHz). This is advantageous for the composite transducer with a small aperture size because
higher relative clamped permittivity may better match the 50-Ω electrical impedance of
commercial systems. Furthermore, the PR composites have higher kt values (0.62 at 10 MHz
and 0.61 at 15 MHz) than the SQ and TR composites. Study provides evidence that, for a
free-standing PZT bar, kt increases to its maximum at around an aspect ratio of 0.6 [26]. The
fact that PR composites have greater maximum aspect ratios (0.35 at 10 MHz and 0.52 at 15
MHz) may lead to the higher kt values. Moreover, this enhanced kt value may be attributed
to the greater distribution of pillar resonance frequencies resulting from the varying pillar
widths.

Additionally, although the maximum aspect ratio for the PR composites was higher than
those of the SQ and TR composites, the PR composites still out performed them. This
observation implies that the PR composites may have a higher limit for the maximum aspect
ratio. This would be advantageous for fabricating high-frequency transducers. Therefore, the
PR composites may not only suppress the lateral interference better than the SQ composites,
but also provide a higher kt than the TR composites. To further investigate the frequency
response properties of the single-element transducers fabricated from these composites, we
then measured their pulse–echo results.

III. Composite Transducer Fabrication and Evaluation
A. Single-Element Composite Transducers: Pulse–Echo Measurement

Single-element transducers were fabricated first by bonding conductive epoxy (E-Solder
3022, Von Roll Isola Inc., New Haven, CT) backing material to the composite. The resulting
plates were mechanically shaped into 2.5mm disks using a lathe and then made into single-
element ultrasound transducers. A prefabricated Epotek 301 epoxy sheet (Z = 3.04 Mrayl,
66 µm for 10 MHz and 44 µm for 15 MHz) matching layer was bonded to the front face of
the composite transducers. A cross-sectional diagram of the single-element ultrasound
transducer is shown in Fig. 3. More details about the design and fabrication of this
ultrasound transducer were reported elsewhere [27].
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The center frequency, bandwidth, pulse length, and two-way sensitivity of each composite
transducer were measured by a common two-way pulse–echo test. A Panametrics 5900
pulser/receiver (Olympus NDT Inc., Waltham, MA) was used to excite each transducer at
the 1 µJ, 50-Ω settings with no gain. The transducer was positioned in a degassed/deionized
water bath opposite a flat quartz reflector. The echoes from the transducer were then
digitized and displayed with a 500-MHz oscilloscope (LC534, LeCroy Corp., Chestnut
Ridge, NY). Fast Fourier transform (FFT) of the echo yielded the frequency response of the
echo. The upper and lower frequencies of the signal corresponded to the first and the second
−6-dB points of this power spectrum, respectively. The mean of these frequencies was
recorded as the center frequency of the transducers, and dividing the difference of the
frequencies by the center frequency gives the bandwidth of the transducers. The amplitude
of the echo signal was recorded for relative element sensitivity comparisons. The length of
time between the first and last points where the signal was −20 dB relative to the peak was
recorded as the −20-dB pulse length of the echo waveform.

The measured pulse-echo waveforms, their spectra and envelopes (see Fig. 4) of these
composite transducers showed that, for instance, the SQ 10-MHz device had the longest
−20-dB pulse length (282 ns), and the TR 10-MHz device had a shorter −20-dB pulse length
(239 ns) but lower sensitivity (0.48 V). Note that the PR 10-MHz device had the shortest
−20-dB pulse length (230 ns) and the strongest sensitivity (0.60 V). At 15 MHz, the −20-dB
pulse length of the TR 15-MHz device was 140 ns, which was about 30 and 10 ns less than
those of the SQ 15-MHz and the PR 15-MHz, respectively, but the PR 15-MHz still had the
strongest sensitivity (0.75 V). This observation indicates that the TR and PR composites
both were able to reduce the −20-dB pulse length better than the SQ composites and that the
PR composites were the most sensitive. In addition, with or without a matching layer, the
TR and PR composites have wider −6-dB bandwidth than the SQ composites. Table III
summarizes the measured frequency response properties for these composites transducers
with different pillar geometries.

B. Composite Array Transducer Subapertures
Next, we fabricated 15-MHz subaperture arrays consisting of 16 elements and
approximately 0.95λ pitch (144 µm) from these composites to measure the acoustic
crosstalk between elements. The orientation of elements relative to composite for each type
is shown in Fig. 5. We separated the array elements by mechanically dicing off the top
electrode layer over the composite kerfs to the depth of 1 µm with a 10-µm-wide dicing
blade. Subsequently, we used an intermediate flexible circuit incorporating 5-µm-thick
copper traces on a 25-µm-thick polyimide surface to connect individual coaxial cables to
each array element. The flexible circuit was connected to each composite by carefully
aligning and bonding the copper traces to the top electrodes with Epotek 301 epoxy. This
interconnected array assembly was allowed to cure for 48 h at room temperature in A dry
nitrogen environ- ment before further processing. After curing, an additional 1000-Å Cr/Au
electrode was sputtered to connect the ground side of the composites to the flexible circuit.
A 44-µm-thick prefabricated Epotek 301 epoxy sheet was bonded to the top surface of the
composites as a matching layer. Another prefabricated backing block made of the same
epoxy (7 mm thickness) was then bonded to the other side of the flexible circuit. The 7-mm
backing thickness used was deemed acceptable to avoid backing echo interference based
upon previously reported acoustic attenuation data [25]. Therefore, from top to bottom, the
four layers of these subaperture arrays are the epoxy matching layer, the composite piezo-
layer, the flexible circuit, and the epoxy backing layer. Then, 1-m-long, 75-Ω coaxial cables
(measured impedance is 74.0 – 1.8i Ω, and capacitance per unit length is 64 pF/m) were
soldered to the flexible circuit with a low-temperature, indium-based solder (Indium
Corporation of America, Utica, NY). The completed array is shown in Fig. 6.
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Identical coaxial cables connected the array elements to the electronics to provide equal
loading conditions. These array subapertures were then placed in a deionized water bath
with a flat quartz reflector. Because no dead element was found in these array subapertures,
eight elements (Elements 1 to 8) of each the array subapertures were selected to represent all
the elements.

1) Pulse–Echo Measurement—An identical two-way pulse–echo test was performed to
measure pulse length of each array transducer subaperture. The Panametrics 5900 pulser/
receiver (1 µJ, 50 Ω settings with no gain) was used to excite each transducer. The same flat
quartz plate in a degassed/deionized water bath was used as a reflector. The echoes recorded
by the transducer were then digitized and displayed with the LC534 oscilloscope. The
frequency response of the echo was converted from the measured echo signal using fast
Fourier transform (FFT). The pulse length of the echo waveform was recorded as the length
of time between the first and last points where the signal was −20 dB relative to the peak.
Table IV shows the measured −20-dB pulse length for the 15-MHz array subapertures. The
PR array subaperture had the shortest −20-dB pulse length of 143.8 ns (SQ: 202.7 ns; TR:
151.2 ns).

2) Insertion Loss Measurement—Insertion loss is the ratio of the output power of the
transducer to the input power delivered to the transducer from the source electronics. The
two-way insertion loss for each element was recorded at 15 MHz. The amplitude of the
sinusoidal signal (5 Vpp amplitude, 20 cycles) from an arbitrary function generator (AFG
3251, Tektronix Inc., richardson, TX), set in the burst mode, was measured (without the
transducer) across a 50 Ω oscilloscope load at discrete frequencies from 3 to 30 MHz. These
measured voltages served as the reference voltage. Each array element was then excited by
the same function generator; and the echo signal peak amplitude was recorded at a distance
of 11.5 mm (natural focus for the center element) on the oscilloscope across a 1 MΩ load.
Measured two-way insertion loss was calculated using the ratio of the frequency spectrum of
the transmitted and received responses, which compensated for the attenuation in the water
bath (2.2 × 10−4 dB/mm·MHz2) and loss caused by the imperfect reflection from the quartz
target (1.8 dB). More details about the two-way insertion loss measurement were also
presented elsewhere [28]. The average compensated insertion loss for the PR array
subaperture (−24.2 dB) was lower than that of the SQ and TR array subapertures (−25.6 and
−27.6 dB, respectively); see Table IV.

3) Crosstalk Measurement—The same function generator (AFG 3251, Tektronix) was
set to sinusoid burst mode (5 Vpp amplitude) to excite each element of the array. Each
element was excited at a step frequency of 1 MHz throughout the passband (3 to 30 MHz),
and the peak applied voltage was recorded as a reference using the aforementioned
oscilloscope set at 1 MΩ coupling. The echo signal peak amplitudes for all eight elements
were mea- sured at a distance of 11.5 mm. Next, after the quartz reflector was removed, the
voltages on the nearest-neighbor and next-nearest elements of each the element were also
measured with the same oscilloscope (also set at 1 MΩ coupling) and compared with the
reference voltage to determine the level of crosstalk [12]. For each element, its combined
electrical and acoustical crosstalk was measured between its adjacent element and the next-
nearest element. Fig. 7 shows average measured crosstalk (electrical and acoustical) between
the nearest and next-nearest elements of these 15-MHz array subapertures. The crosstalk
was averaged from the measurements of eight elements (Elements 1 to 8) of composite pillar
geometry. Table V also summaries average crosstalk at 15 MHz and its standard deviation
of each the composite pillar geometries. For the nearest elements, at 15 MHz the SQ array
subaperture, as expected, had the highest level of crosstalk (−25.3 dB). Compared with the
SQ array subaperture, the TR array subaperture reduced its combined crosstalk by 4.3 dB to
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−29.6 dB. This observation also validated Brown and Yin’s results [18], [19]. Notably, the
PR array subaperture had the lowest measured crosstalk of −31.8 dB, which was 6.5 and 2.2
dB lower than that of the SQ and the TR array subapertures at the same frequency,
respectively.

Between the next-nearest elements of these array subapertures, a similar reduced-crosstalk
effect was also found. At 15 MHz, for instance, the PR array subaper- ture showed a
combined crosstalk of −43.9 dB, which was 5.5 and 2.6 dB lower than that of the SQ and the
TR array subapertures, respectively. Therefore, as expected, the PR pillar geometry
significantly reduced the crosstalk between array elements.

IV. Discussion and Conclusions
This study is the first to report the fabrication and use of 1–3 composites with pseudo-
random pillars to fabricate ultrasound transducers for the purpose of suppressing the lateral
resonances and reducing the crosstalk between array elements. We compared different pillar
geometries and found that the PR composites outperformed the others in specific categories.
For example, the measured electrical impedance of these composites showed that the PR
composites were less affected by the lateral resonance than the SQ and TR composites. In
addition, compared with the SQ and TR composites, the PR composites had the highest
relative clamped permittivity (520 at 15 MHz) and kt values (~0.62).

For the PR composites, the level of geometric complexity is determined by the applied
dicing angle sets (25° and 145° were adopted in this paper). There may be a Cor- relation
between different dicing angle sets and the level of crosstalk between array elements; such
as 45° and 135° or 35° and 145°. This could be evaluated in the future to determine ways to
optimize the reduction of crosstalk between array elements.

Using these composites, several ultrasound transducers were fabricated to validate their
acoustic performance in water. The measured pulse–echo waveforms and their envelopes
showed that the TR and PR composite transducers both displayed shorter −20 dB pulse
lengths when compared the SQ composite transducer, and the PR composite transducers
were the most sensitive.

Additionally, 15-MHz array subapertures with a 0.95λ pitch were then developed using
these composites to measure their acoustic crosstalk between array elements. Between the
nearest elements, at 15 MHz the PR array subaperture had the lowest measured crosstalk,
−31.8 dB, which was 6.5 and 2.2 dB lower than those of the SQ and the TR array
subapertures, respectively. Overall, the PR composites outperformed the sq and TR
composites in reducing the crosstalk between the array elements. We attribute the lowest
crosstalk observed on the PR array subaperture mainly to its randomized composite pillars,
which have the highest level of geometric complexity of the three composites. We
hypothesize that the highest level of geometric complexity spreads the acoustic energy in all
lateral directions within the composite; hence, as expected, the PR composite pillars
minimizes the crosstalk between the array elements. Additionally, the PR composites are
advantageous for fabricating high-frequency linear-array transducers because they had a
higher maximum aspect ratio but still performed well. In the future, a study investigating the
relationship between varying the dicing angle set and the crosstalk reduction may be
desirable to optimize the reduction of the crosstalk between the array elements.

Finally, because of their larger pitch and semi-randomized geometry, the PR composites
decreased the fabrication time but still performed well; therefore, when fabricating the high-
frequency 1–3 composites, the PR pillar geometry has advantages over the SQ and TR in
yield, convenience, and performance. Considering the observed piezoelectric properties and
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acoustic performance, the results presented in this study suggest that 1–3 composites with
pseudo-random pillars may be a better choice for the fabrication of high-frequency
piezocomposite singleelement and array transducers. However, this work is an initial
evaluation of this new composite geometry and more work, such as modeling with PZFlex
(Weidlinger Associates Inc., Mountain View, CA), is needed for further analysis of its
usefulness.
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Fig. 1.
Different pillar geometries for the PZT-5H 1–3 composites: (a) square, (b) 45° triangle, and
(c) pseudo-random.
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Fig. 2.
Measured (solid line) electrical impedance and (dashed line) phase angle for the
piezocomposites with different pillar geometries: at 10 MHz, (a) square, (b) triangle, and (c)
pseudo-random, and at 15 MHz, (d) square, (e) triangle, and (f) pseudo-random.
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Fig. 3.
A cross-sectional drawing of the single-element ultrasound transducers.
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Fig. 4.
(a) Measured pulse–echo waveforms, (c) their spectra, and (e) envelopes at 10 MHz for the
composite single-element ultrasound transducers. (b) Measured pulse–echo waveforms, (d)
their spectra, and (f) envelopes at 15 MHz for the composite single-element ultrasound
transducers.
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Fig. 5.
Sputtered 1–3 composites with different pillar geometries (removing the Cr/Au over the
epoxy kerfs): (a) square, (b) 45° triangle, and (c) pseudo-random.
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Fig. 6.
A photograph of the completed array subaperture.
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Fig. 7.
Average measured combined electrical and acoustical crosstalk between the nearest and
next-nearest elements of the array subapertures with different pillar geometries.
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TABLE V

Average Measured Combined Crosstalk (Electrical And Acoustical) for the 15-MHz Array Subapertures With
Different Pillar Geometries.

Adjacent
elements

at 15 MHz
(dB)

Standard
deviation

(dB)

Next-nearest
elements

at 15 MHz
(dB)

Standard
deviation

(dB)

SQ −25.3 0.48 −38.4 0.36

TR −29.6 0.61 −41.3 0.32

PR −31.8 0.65 −43.9 0.43

SQ = square; TR = 45° triangle; PR = pseudo-random.

Elements 1 to 8 of each array subaperture were measured to represent all of the elements.
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