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Abstract: Piezoelectric 1-3 composite materials have become extensively utilized in diagnostic
ultrasound transducers owing to their high electromechanical coupling coefficient, low acoustic
impedance, and low dielectric loss. In this study, Sm-doped PMN-PT ceramic/epoxy 1-3 composite
with a ceramic volume fraction of 60% is fabricated by the dice-and-fill method, resulting in a high
piezoelectric constant (650 pC/N) and clamped dielectric constant (2350). Utilizing the exceptionally
high clamped dielectric constant, a low-frequency (12.4 MHz) ultrasound transducer is developed
with a miniature aperture size (0.84 mm x 0.84 mm), exhibiting a —6 dB bandwidth of 70% and
an insertion loss of —20.5 dB. The imaging capability of the miniature composite transducer is
validated through both phantom and ex vivo imaging. The satisfactory results indicate that Sm-
doped ceramic/epoxy composites possess significant potential for miniature devices in biomedical
imaging applications.

Keywords: Sm-PMN-PT ceramics; ultrasound transducer; 1-3 composite; biomedical imaging

1. Introduction

Ultrasound imaging holds a crucial role in the biomedical field, owing to its non-
invasive and radiation-free characteristics [1,2]. The ultrasound transducer stands out as a
critical factor in determining imaging quality, as it facilitates the conversion of electrical
energy into mechanical energy and vice versa [3]. Piezoelectric ceramic materials, notably
lead zirconate titanate (PZT), exhibit remarkable piezoelectric properties and stability [4,5],
making them a popular choice as the active layer in ultrasound transducers. However, one
limitation of ceramic materials is their relatively high acoustic impedance (>30 MRayl),
in contrast to the low acoustic impedance of biological tissues (~1.5 Mrayl). This acoustic
impedance mismatch can result in ultrasound transducer performance degradation. To
address this issue, carefully designed matching layers with specific thicknesses become es-
sential. These layers aim to enhance the acoustic transmission rate between the transducer’s
front surface and biological tissues, ensuring optimal ultrasound imaging performance [6].

To overcome the aforementioned challenge, piezoelectric composite materials have
been employed, aiming for lower acoustic impedance, higher electromechanical coupling
coefficients, and reduced dielectric losses [7]. These composites involve the integration
of both piezoelectric and polymer materials, forming either 1-3 or 2-2 connectivity con-
figurations [8]. The 1-3 composite, known for its superior effective thickness coupling
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performance, has found widespread use in ultrasound transducer development [9,10].
Initially, PZT/epoxy-based 1-3 composites were extensively investigated and are now
still widely used for biomedical ultrasound imaging applications [11,12]. In addition to
conventional PZT ceramics, extensive research has been conducted on lead-free piezo-
electric ceramics for the application of ultrasound transducers, particularly in the form of
1-3 composites. Barium-modified bismuth sodium titanate, 0.94(Bip sNag 5)TiO3-0.06BaTiO3
(BNT) fibers were derived using the sol-gel method to develop a 15-MHz 1-3 composite
ultrasound transducer [13]. Chen et al. explored the use of manganese-doped 0.7BiFeO3-
0.3BaTiO3 ceramics for ultrasound transducer development, demonstrating its potential
for practical applications [14]. Potassium sodium niobate (KNN)-based ceramics, known
for their high piezoelectric performance among lead-free ceramics, were also investigated.
With Fe,O3-modified KNN ceramics, a broadband ultrasound transducer based on the
corresponding composite was successfully developed [15]. While these composites demon-
strated an improved electromechanical coupling coefficient compared to bulk ceramic
materials, the piezoelectric constant was compromised due to the passive nature of epoxy,
which did not contribute to vibration during the piezoelectric effect. Consequently, the
sensitivity of 1-3 composite-based ultrasound transducers, particularly unfocused ones,
was deemed unsatisfactory [16].

To enhance the performance of 1-3 composites, there arose a demand for piezo-
electric ceramics with high piezoelectric constants. In recent years, rare-earth-doped
(1 — x)Pb(Mg1,3Nb,,3)O3—xPbTiO3 (PMN-PT) has emerged as a promising candidate,
demonstrating substantial improvements in piezoelectric constants. For instance, ceramics
doped with europium (Eu) or samarium (Sm) can achieve piezoelectric constants exceeding
1000 pC/N [17,18]. These materials also exhibit high dielectric constants, a desirable feature
for miniature biomedical ultrasound transducers.

In this study, 2.5%5Sm-0.72PMN-0.28PT with high piezoelectric coefficient and dielec-
tric permittivity was synthesized. A high-frequency 1-3 composite was then fabricated
using the dice-and-fill method for the development of a miniature ultrasound transducer.
With the high dielectric permittivity, the aperture size of the transducer was significantly
reduced but retained a satisfying bandwidth and sensitivity. Spatial resolution was mea-
sured to verify the transducer performance. The ex vivo imaging was also conducted to
show potential for biomedical imaging applications.

2. Materials and Methods
2.1. Preparation and Characterizations

With Pb3Oy4, SmyO3, Mgr(OH),CO3, NbyOs, and TiO; as raw materials, 2.5%Sm-
0.72PMN-0.28PT was synthesized along with our previous optimized method [19]. Two
kinds of pre-calcination powders, one with a rhombohedral phase and the other with a
tetragonal phase were initially prepared at 880 °C for 4 h. Subsequently, they were mixed
and sintered at 1250 °C for 1.5 h, following the designated proportions to synthesize the
target composition of Pbg 96255mg g25(Mg1,3Nb2 /3)0.72Tip 2803. To test the piezoelectric and
dielectric properties of the ceramics, silver paste was applied to both surfaces and sintered
at 650 °C for 30 min to form electrodes. After being poled at 3 kV/mm for 10 min and
undergoing an aging treatment for 24 h, the electrical properties were measured.

The crystal structures and morphologies of the samples were characterized using X-ray
powder diffraction (XRD, Rigaku, Tokyo, Japan) and scanning electron microscopy (SEM,
JSM-6510, JEOL, Tokyo, Japan), respectively. After co-fired silver electrodes on both surfaces
of ceramic disk, the ferroelectric hysteresis loop was measured at room temperature. The
piezoelectric coefficient (d33) was measured using a quasi-static ds3 tester (Z]-6A, Chinese
Academy of Science, Beijing, China). The dielectric properties and electromechanical
coupling coefficient (k;) were measured by an impedance analyzer (HP4294A, Agilent,
Santa Clara, CA, USA).

To determine the acoustic impedance of ceramics, the measurements of longitudinal
sound velocity (c) and density (o) were conducted. The density of samples was determined
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using the Archimedes drainage method. For the longitudinal sound velocity, two com-
mercial 5-MHz ultrasound transducers were positioned at opposite sides with a specific
distance and immersed in distilled water. One transducer was excited by a pulser/receiver
to transmit signals, while the other received the signals. The time-of-flight results of ultra-
sound signals were recorded both with and without inserting the ceramic sample between
the two transducers. The longitudinal sound velocity (csample) Was then calculated as:

1 1
Twater — Tsample = t Cwater a Csample ’

where cyater and Csample aT€ sound velocities in water and sample, respectively, Twater and
Tsample are the times for receiving signals without and with the sample, respectively, and ¢
is the thickness of the sample.

2.2. Design and Fabrication of 1-3 Composites

To achieve high-frequency 1-3 composites, the diced kerfs should be sufficiently thin.
In this study, a ZH05-AA (DISCO Co., Ltd., Omori-Kita, Tokyo, Japan) blade was employed
to achieve a kerf width of 21 pm. After determining the kerf width, the ceramic pillar width
can be calculated through the below equation of ceramic volume fraction (¢):

(ceramic pillar width)?
(ceramic pillar width + ker f width)*

The volume fraction was determined as ~60% to retain good piezoelectric performance
such that the ceramic pillar width was set as 72 um. To mitigate the lateral vibration modes,
the final thickness of 1-3 composites was lapped down to 96 um, ensuring the attainment
of a specific width-to-height aspect ratio.

A conventional dice-and-fill method, as depicted in Figure 1, was commonly employed
to fabricate the 1-3 composites [20,21]. The unpoled bulk piezoelectric ceramic (1 mm thick)
was initially diced with a pitch of 93 um in one direction, with a dicing depth of ~300 pum.
Subsequently, low-viscosity epoxy (EPO-TEK 301, Epoxy Tech., Billerica, MA, USA) was
applied to fill the diced kerfs. After curing for 24 h at room temperature, excess epoxy was
removed through lapping and polishing. The same dicing procedure was then repeated
in the direction perpendicular to the initial dicing, followed by the same filling method.
Finally, the entire stack was lapped from the other side of the ceramic to remove the bulk
ceramic part. Poling was conducted after dicing and lapping, as these processes may lead
to the depolarization of ceramic with a relatively low Curie temperature [22].

Sm-PMN-PT bulk Dice along the 1st Fill kerfs with epoxy
ceramic direction

Dice along the 2nd
direction

Fill kerfs with epoxy Lap to remove
bottom part

Figure 1. Dice-and-fill method for the fabrication of 1-3 composite [16].
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The characteristics of composite material were measured, including ds3, ki, and
clamped dielectric constant (¢°). Based on electrical impedance/phase spectra, k; can

be calculated as:
_ | r (T
kt\/zfatan(z fa )/

where f; and f, are resonant frequency and anti-resonant frequency, respectively. In
transducer design, achieving an electrical impedance of near 50 () for effective electrical
matching, and this impedance is closely related to &°. The measurement of & involves
analyzing series capacitance and dissipation curves, as expressed:

where C?® is the series capacitance at a frequency that is twice the resonant frequency, and
t and A are the thickness and aperture size, respectively, of the composite material. To
achieve effective electrical matching, the aperture size was calculated as:

t
- 2mesepfrZ’

where ¢ is the permittivity at vacuum (8.854 x 10712 F/m), and Z was set as 50 Q.

2.3. Fabrication and Evaluation of Transducer

PiezoCAD software (3.06) was employed for transducer performance simulation.
Based on the Krimboltz, Leedom, and Mattaei (KLM) model, PiezoCAD could provide
an optimized design for ultrasound transducers. In this study, E-solder 3022 (Von Roll
Isola Inc., Schenetady, NY, USA) silver epoxy was employed as the backing layer due to
its electrical conductivity and high acoustic attenuation. A single matching layer has been
commonly employed to enhance the performance of ultrasound transducer, whose ideal
acoustic impedance could be expressed as:

_ 71/352/3
Zmatchinglayer—zo Zl ’

where Z( and Z; are acoustic impedances of piezoelectric composite and biological tissues
(1.5 MRayl), respectively [23]. Vapor-deposited parylene was selected as the single matching
layer not only for its proper acoustic impedance but also for its waterproof properties.

The transducer fabrication process follows the conventional ultrasound transducer
technology: An unpolarized 2.5%Sm-0.72PMN-0.28PT was firstly diced and filled to form a
1-3 composite structure, which was then lapped to 96 um. After polishing the surface, a
Cr/Au electrode was sputtered onto it. E-solder was subsequently cast on the surface, using
a centrifuge at 2000 rpm for 15 min to ensure connectivity throughout the whole aperture.
After curing overnight, the backing layer was lapped down to ~0.5 mm. The other side of
composite was also polished and electroded. The acoustic stacks were diced to the desired
aperture size with a square shape. A co-axial cable was used for electrode connection on
both sides of composite with E-solder. The stack connected to the cable was then placed
into a stainless-steel tube, with epoxy for isolation and stabilization. The parylene layer
was deposited with the desired thickness. Finally, an electric field was applied through the
co-axial cable to pole the transducer in the air. A schematic cross-section diagram of the
transducer is illustrated in Figure 2.

The pulse—echo response was measured to determine the center frequency (f.) and
bandwidth (BW) of the developed transducer. The transducer was immersed into distilled
water and excited by a pulse/receiver (Panametrics 5900PR, Olympus, Tokyo, Japan)
with 1 uJ energy, while the echo signal was acquired by a digital oscilloscope with 50 ()
damping (HP Infinium DSO-5204A, Keysight Technologies, Santa Rosa, CA, USA). The
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fast Fourier transform (FFT) was employed to transfer the time-domain echo signals to a
frequency-domain spectrum. f. and BW can be determined as:

_fitf
fe==5,

pw =271 100%,
fe

where f1 and f, are lower and upper —6 dB frequencies, respectively. The effective elec-
tromechanical coupling coefficient (kesf) was calculated as:

' :
ff=1/1— .
¢ fz

Piezoelectric layer Electrode Parylene matching layer

X

\

E-solder backing layer Co-axial cable Stainless steel housing

Figure 2. Cross-sectional illustration of transducer.

Two-way insertion loss (IL) was also measured by exciting a transducer through a
function generator (AFG3251, Tektronix, Beaverton, AL, USA), where a burst of a 10-cycle
sinusoidal wave with a frequency of f. was generated with 50 () coupling. The echo signal,
reflected by a quartz plate, was recorded by a digital oscilloscope with 1 M() coupling. IL
was then calculated as [24]:

IL = 201og(¥1) +19dB422x107* x f2 x 24,
0

where V and V; are peak-to-peak voltages of the emitted signal and received echo signal,
respectively. A total of 1.9 dB represents the loss of ultrasound signal at the quartz surface,
while 2.2 x 10~* (dB/cm-MHz?) is the attenuation coefficient of ultrasound signal in water.

Imaging experiments were then conducted to evaluate the performance of 1-3 com-
posite transducers, wherein lateral and axial resolutions were measured. Theoretically, the
lateral resolution of ultrasound mainly depends on the dimensions of the transducer, while
fc and BW determine the axial resolution as follows:

AF
Rlateral = 7/

C
Raxial = 05f < BW’
c

where A and c are the acoustic wavelength and acoustic velocity in water, respectively, d is
the diameter of the acoustic stack, and F is the focal length. For an unfocused transducer,
its focal length is the near-field distance (N) as:



J. Compos. Sci. 2024, 8, 80 60f 14

d?fe
N = i

Four 10 um-diameter tungsten wires were arranged at different heights in a 3D-printed
holder. The wire phantom was immersed in distilled water for imaging acquired by the
transducer. With a step motor (a step size of 5 pm) triggered by the pulse/receiver, the
transducer was horizontally moved for scanning. A dynamic range of 26 dB was employed
during imaging. Analyzing a cross-sectional ultrasound image of tungsten wire, the lateral
and axial resolutions were assessed along specific directions using the full width at half
maximum (FWHM).

The ex vivo sample was prepared with biological tissue and metal [25]. Raw chicken
breast purchased from the local market was used as the tissue. A 1.6 mm-diameter metal nee-
dle was inserted into the chicken breast for evaluating the imaging capability of transducer.

3. Results and Discussion
3.1. Ceramic Properties

The XRD pattern and Rietveld refinement of 2.5%Sm-0.72PMN-0.28PT ceramics are
shown in Figure 3. The XRD result of 2.5%Sm-0.72PMN-0.28PT ceramics shows a pure per-
ovskite structure (PDF card No. 39-1487) without the involvement of a second phase. Both
(110) and (002) peaks were single peaks with good symmetry, indicating the coexistence of
rhombohedral and tetragonal phases [26]. This was attributed to the preparation process in
which a mixture of two different crystalline phases was sintered to precisely control the
phase proportion, thus forming a crystalline structure that resembles morphotropic phase
boundaries (MPB). It is generally recognized that ceramics perform excellent electrical
properties at the MPB [27]. The Rietveld refinement was performed to further investigate
the crystalline structure of the ceramics. The results show that the 2.5%Sm-0.72PMN-0.28PT
ceramics featured a mixture of the 40% tetragonal phase and the 60% rhombohedral phase,
which was completely in agreement with the above analysis.

’ (b)

—~~
[
~

|

i (100)
(110)

X Yobs
Ycalc
Yobs-ycalc

I R3m-position

I P4dmm-position

44 45 46

Intensity (a.u.)

R3m+P4mm

Intensity (a.u.)

10 20 30 40 50 60 70 80 10

Figure 3. (a) XRD pattern and (b) Rietveld refinement of 2.5%Sm-0.72PMN-0.28PT ceramics.

The SEM micrograph of 2.5%Sm-0.72PMN-0.28PT ceramic is shown in Figure 4. The
inset shows the distribution of grain size that obeys the Gaussian-shaped distribution
and gives an average grain size of 4.95 um. All cross-sectional morphology showed
homogeneous and dense ceramic grains. Moreover, there were no visible pores and
impurities in the morphology, indicating the well-developed ceramic grains.

The temperature-dependent dielectric spectra of 2.5%Sm-0.72PMN-0.28PT ceramics at
different frequencies are shown in Figure 5. It is obvious that the phenomena of dispersive
phase transition (broadened dielectric and loss peaks) and frequency dispersion (dielectric
and loss peaks move towards higher temperatures with increasing frequency) are the
characteristics of relaxor ferroelectrics [28]. The Curie temperature T, of 2.5%Sm-0.72PMN-
0.28PT ceramics was 81 °C, representing the temperature at which the phase transition
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occurs from a ferroelectric phase to a paraelectric phase at 1 kHz. The corresponding
dielectric peak value reached 30,192 at 1 kHz.

Figure 4. SEM micrograph and (inset) grain size statistics of 2.5%Sm-0.72PMN-0.28PT ceramics.

@ 30000 |
25,000

20,000

(b) 2.0 -
—kHz 194
——10kHz o
~ o
——50kHz 03 L6 <&
—100kHz | &
——300 kHz o w =g
500 kH. § g2
J z Jo2 = 8
1 MHz =
- 2 3
0.8 In(7-T,)
0.1
T=81°C
00 04F [ T=1mC
40 60 80 100 120 140 160 180 30 60 90 120 150
T (°C) T(°C)

Figure 5. (a) Temperature-dependent dielectric spectra and (b) Curie-Weiss plot for the temperature-
dependent dielectric spectra at 1 kHz (the inset shows the quadratic law fitting result for the
temperature-dependent dielectric spectra at 1 kHz) of 2.5%Sm-0.72PMN-0.28PT ceramics.

The temperature dependence of the dielectric constant of ceramics can be characterized
by the Curie-Weiss law [29]:

or quadratic law [30]:

1 1 T—T.)"
(1T
€ E€max c

where C is the Curie-Weiss constant, T is the Curie-Weiss temperature, 7 is the relaxation
index, and C’ is a constant. The fitting results of the Curie-Weiss law and quadratic law for
the temperature-dependent dielectric spectra at 1 kHz are shown in Figure 5b. According
to the Curie-Weiss plot, the ferroelectric transition temperature (T¢) and Curie-Weiss
temperature (Ty) were determined to be 102 °C and 81 °C, respectively. The deviations of
Tc and T manifest the typical characteristics of relaxor ferroelectric materials: broadened
dielectric peaks rather than sharp ones. Regarding the quadratic law, when <y approaches
1, it indicates a normal ferroelectric, whereas an approach towards 2 indicates a relaxing
ferroelectric. The fitting result yielded a relaxation index of 1.83, indicative of obvious
relaxation characteristics.

The ferroelectric properties of 2.5%Sm-0.72PMN-0.28PT ceramics are shown in Figure 6.
It can be seen that the P-E loop exhibits great symmetry with the remanent polarization



J. Compos. Sci. 2024, 8, 80

8 of 14

strength of 23.21 uC/cm?, showing good ferroelectric properties. Moreover, the coercive
field was 0.27 kV/mm, indicating that the polarization process could be completed at
a relatively low electric field [31]. The overall piezoelectric and dielectric properties of
2.5%Sm-0.72PMN-0.28PT ceramic at room temperature are listed in Table 1.

30k P,=23.21 pC/em’
15¢
50
el N
A E_=0.27 kV/mm
—15F
-30[
-3 -2 -1 0 1 2 3
E (kV/mm)

Figure 6. P-E hysteresis loop of 2.5%Sm-0.72PMN-0.28PT ceramics.

Table 1. Properties of 2.5%Sm-0.72PMN-0.28PT ceramics at room temperature.

ds3 (pC/N) k¢ e33leg p (kg/m®) ¢ (m/s) Z (MRay))
1025 0.51 12,006 7.9 4100 324

3.2. Composite Properties

Figure 7 shows a photograph of a fabricated 1-3 composite taken with high-resolution
optical microscopy. The kerf width was measured as 21 pm, and the ceramic pillar was
measured as 72 um. The ceramic volume fraction was calculated as 59.9%, which correlates
well with the designed parameters.

Figure 7. Optical image of Sm-PMN-PT 1-3 composite.

Piezoelectric and dielectric properties of 1-3 composites are summarized in Table 2.
Compared to other reported ceramic/epoxy 1-3 composites, ds3 and € of composite in
this study were significantly high due to the excellent properties of Sm-PMN-PT ceramics,
while maintaining the coupling coefficient. Thus, the 1-3 composites demonstrate great
potential for the development of miniature ultrasound transducers with high sensitivity.
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(

Table 2. Properties comparison of reported 1-3 composite materials and this work.

Material dss £33/€0 k¢ ¢ (%)
PZT-5H 1-3 composite [32] 390 557 0.68 60
Mn-doped BFO-BTO 1-3 composite [13] 45 / 0.46 60
NKLKT 1-3 composite [33] 140 / / 25
Fe-KNN-based 1-3 composite [21] 340 513 0.59 62
KNNS-BNZH 1-3 composite [15] 350 / 0.70 61
Sm-PMN-PT 1-3 composite (This work) 650 2350 0.67 60

3.3. Simulation and Measurement of Transducer

Based on the high ¢° value, a miniature ultrasound transducer was designed with
an aperture size of 0.84 mm x 0.84 mm. The design parameters of materials used for
transducer development are listed in Table 3, while the simulated pulse—echo response and
impedance spectra are shown in Figure 8. According to the simulation results, electrical
matching could be achieved with a miniature aperture size of 1-3 composites. The simulated
fcand —6 dB BW were 14.3 MHz and 79%, respectively.

Table 3. Properties of 1-3 composite and passive materials.

Material t (um) A (mm) Z (MRayl) Usage
Sm-PMN-PT Composite 96 0.84 x 0.84 194 Piezoelectric layer
E-solder 3022 500 0.84 x 0.84 5.6 Backing layer
Parylene 30 N/A 2.7 Matching layer
Frequency (MHz)
(b) 70 -20
a) 5 WIO 1I5 2.0 25O
1.0} ek
— = a‘
E var Y- v 50|
= = g
2 Z =
3 =
E 0.0 E "i a0l
%_0 . —12%’:‘ £
< 30}
ok : : : - 18 20 10 15 20 25 0
0.00 0.05 0.10 0.15 0.20 0.25
Time (ps) Frequency (MHz)

Figure 8. Simulated (a) pulse-echo response and (b) electrical spectra of transducer incorporating

Sm-PMN-PT 1-3 composite.

The fabricated transducer prototype is shown in Figure 9. Figure 10a,b shows the mea-
sured pulse—echo response and impedance/phase spectra of the transducer, respectively. It
was found that f. was 12.4 MHz and BW was ~70%. Furthermore, the electrical impedance
at f. was close to the optimized value (~50 Q)). In addition, ks was calculated as 0.66.

Table 4 compares the performance of transducers fabricated using various 1-3 compos-
ites. Among the transducers with similar f., the aperture size presented in this work was
significantly small but with the optimized electrical impedance, which is attributed to the
high & of Sm-PMN-PT ceramics. Compared with the reported work as listed in Table 4, ko
and BW of transducer incorporating Sm-PMN-PT based 1-3 composite was relatively high.

The sensitivity of the transducer was also measured, showing an IL value of —20.5 dB.
As listed in Table 5, the composite transducer developed in this work exhibited high
sensitivity when compared to other reported transducers with similar configurations,
which is attributed to the outstanding piezoelectric performance of Sm-PMN-PT ceramics.
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Figure 9. Photograph of fabricated miniature ultrasound transducer using Sm-PMN-PT 1-3 composite.
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Figure 10. Measured (a) pulse—echo response and (b) electrical impedance spectra of transducer
incorporating Sm-PMN-PT 1-3 composite.

Table 4. Performance comparison of ultrasound transducers fabricated using various 1-3 composites.

. fe BW 2 Electrical
Transducer Material (MHz) (%) A (mm?) Kegt Impedance (Q)
PZT-5H 1-3 composite [32] 135 / 3.5 x 3.5 0.56 ~50
PZT-5H 1-3 composite [34] 13.0 59 3.0x 15 / /
Fe-KNN 1-3 composite [21] 16.0 83 27 0.55 ~50
KNN 1-3 composite [35] 23.0 75 J25 0.50 ~50
Sm-PMN-PT 1-3 composite 0.84 x
(This work) 124 70 0.84 0.66 ~50

Table 5. Comparisons of matching layer material and sensitivity of ultrasound transducers fabricated
using various 1-3 composites.

Transducer Material Matching Layer IL (dB)

PZT 1-3 composite [36] Silver epoxy —34.0

BNT 1-3 composite [13] N/A —34.8

BTO 1-3 composite [13] Al,O3/epoxy —33.5

KNN 1-3 composite [33] 1st: Silver epoxy & 2nd: Polymer —25.1
KNNS-BNZH 1-3 composite [15] Epoxy —30.0
Sm-PMN-PT 1-3 composite (This work) Parylene —20.5




J. Compos. Sci. 2024, 8, 80

11 of 14

It was observed that the sensitivity of the transducer was affected by the miniature
aperture, limiting the emitted acoustic pressure. The miniature ultrasound transducer
exhibited lower emitted acoustic pressure compared to a transducer with a similar f. but a
larger aperture size. Consequently, the received acoustic pressure of the echo signal was
relatively weak, resulting in a high IL value. Additionally, miniature transducers, in general,
tend to show a larger measured IL (magnitude) compared to simulation results based on
the KLM model [37]. Despite these challenges, the sensitivity of the Sm-PMN-PT-based 1-3
composites transducer remained satisfactory, demonstrating comparable performance to
miniature transducers fabricated using piezoelectric ceramics [38].

A scanned image of four 10 um-diameter tungsten wires is shown in Figure 11a. The
first tungsten wire was analyzed with the aforementioned method. Both the axial and
lateral resolutions were 70 um and 350 um, respectively, which were analyzed from the first
tungsten wire image with the corresponding FWHMSs shown in Figure 11b,c. Both measured
axial and lateral resolutions correlated well with theoretical values (85 um; 317 um). The
chicken breast inserted with a metal needle, as shown in Figure 12a, was employed as
the biological sample of ex vivo imaging. The image (Figure 12b) clearly shows the tissue
structure of the chicken breast and the location of the metal needle. The needle was clearly
displayed with significantly different signal intensity compared with surrounding tissues,
demonstrating the in vitro imaging capability of a miniature transducer. Moreover, the
transducer was configured as the prototype of a side-looking catheter. The aforementioned
results indicate promising potential for its application in endoscopy for the gastrointestinal
tract [39].
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Figure 11. (a) Ultrasound image of tungsten wires with a dynamic range of 26 dB, and the measured
(b) axial and (c) lateral resolutions of miniature transducer.
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Figure 12. (a) Photograph of a biological sample with a needle inserted, with a red dashed line
denoting the scan line. (b) Ex vivo ultrasound B-scan image of cross-section of the needle (highlighted
with a red oval) inserted into the sample.

4. Conclusions

In this study, 2.55m-0.72PMN-0.28PT was synthesized for the development of 1-3 ce-
ramic/epoxy composite material. With a ceramic volume fraction of 60%, the composite
was successfully fabricated through the dice-and-fill method, showing a high piezoelectric
constant and clamped dielectric constant. A miniature 12.4-MHz ultrasound transducer
with an aperture size of 0.84 mm x 0.84 mm was fabricated using the developed composite.
In comparison to ultrasound transducers fabricated using alternative piezoelectric 1-3 com-
posites, the aperture size could be reduced to only 1/7 while maintaining an optimized
electrical matching design. The achieved —6 dB bandwidth and insertion loss were found
to be satisfactory when compared to other transducers with similar structures. Tungsten
wire imaging was conducted to evaluate the axial and lateral resolutions, and ex vivo
imaging was conducted to prove the capability of the miniature transducer for biomedical
imaging applications.

This study has some limitations. Firstly, the imaging quality was suboptimal, possibly
attributed to the low frequency of the transducer. Additionally, the experimental wave-
forms of pulse—echo response and bandwidth exhibited slight discrepancies compared
to the simulation results. One potential explanation could be the width-to-height aspect
ratio approaching the threshold value, where transverse vibration modes may impact the
transducer performance.

The future work involves advancing transducer technology by incorporating higher
frequencies (>30 MHz) through the utilization of Sm-PMN-PT composite materials, aiming
to enhance imaging quality. However, achieving this goal requires the integration of
picosecond laser cutting technology to produce narrower kerfs [40].

Concurrently, as ultrasound transducers with higher frequencies inherently demand
smaller optimal apertures, there will arise a potential compromise in sensitivity. To ad-
dress this challenge, exploring alternative methods such as alternating current polarization
and conducting in-depth investigations into the composition and synthesis of piezoelec-
tric ceramics could offer viable solutions to improve the overall transducer performance.
Furthermore, the optimization of the matching layer is imperative, involving a thorough
study of material characteristics and thickness [34]. This exploration has the potential to
enable transducer operation away from transverse vibration mode, thereby maximizing
ultrasound transmission efficiency.
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