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HIGHLIGHTS

® (1-0)-3 single-crystal piezocomposite (SCPC) based on [011]-oriented relaxor PIN-PMN-PT crystal was fabricated via a modified

method combining 3D printing-assisted dice-and-insert with dice-and-fill techniques.

® The (1-0)-3 SCPC, characterized by ordered and poled microholes and incorporating a dual-piezo-charge mechanism, achieves an

ultrahigh hydrostatic figure of merit d, g, of about 8089 x 107! m? N~%,

e The ultrasound transducer based on (1-0)-3 SCPC exhibits a~70% enhancement in underwater acoustic sensitivity while maintaining
a broad — 3 dB bandwidth of 130 kHz.

ABSTRACT Piezoelectric ultrasonic transducers (PUTs) are exten- — Fundamental mechanism Devices
sively used in diverse technological fields, yet further enhancement in o,
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acoustic sensitivity and hydrostatic figure of merit dj g, have plateaued = K;vi:f% f 5 ’
in conventional 1-3 piezocomposites, whose structures have remained ~{j; ™" = ift
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piezocomposite (SCPC) based on the [011]-oriented Pb(In, ,Nb, ,)05- {0-025cre> LMoo £ -
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Pb(Mg,;3Nb,/3)O03-PbTiO; (PIN-PMN-PT) single-crystal, featuring a - jascrose s =20 STRIT-2= - s I
dual-piezo-charge (DPC) mechanism arising from the piezoelectric and ~{"™*"™* > : < : *» ﬂ”’ s
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piezoelectret synergy effect. The ordered and polar O-phase microholes / b e & .

with aligned dipoles are intentionally introduced in 1-phase piezo-pillars,

yielding a uniquely low effective dielectric constant, reduced acoustic impedance, and DPC properties unattainable in conventional SCPCs.
Both Simulations and experiments confirm that this DPC mechanism in (1-0)-3 SCPC enables an ultrahigh d, g, of ~8089x 107! m?> N/,
representing increases of 443.2% and 890.6% over commercial 1-3 SCPC and 1-3 piezoceramic composite, respectively. The engineered
microhole structure and DPC strategy also significantly enhance underwater acoustic sensitivity while maintaining a broad—3 dB bandwidth
of 130 kHz, crucial for maritime safety and collision avoidance. Meanwhile, the long-term testing further verifies the PUT’s operational
stability. This design approach offers a promising pathway for next-generation piezocomposites and PUT technologies.
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1 Introduction

Ultrasonic technology has been widely adopted across vari-
ous technological and biomedical fields owing to its inher-
ent advantages, including safety, non invasiveness, real-time
imaging capability, and strong penetration depth. Among the
diverse ultrasonic devices, piezoelectric ultrasonic transduc-
ers (PUTs) have gained particular prominence and are exten-
sively utilized in applications such as human tissue volumet-
ric imaging [1], continuous and non invasive monitoring [2,
3], noninvasive therapy [4], energy harvesting [5], underwa-
ter detection and navigation [6], ultrasonic catalysis [7] and
non-destructive testing [8]. In the past decades, various types
of piezoelectric materials have undergone rapid develop-
ment. The perovskite lead zirconate titanate (PZT) ceramics
have been widely used in ultrasonic transducers due to their
great commercial success [9, 10]. With continuous scien-
tific advancements, lead-free ceramics incorporating defect
engineering [11, 12], textured ceramics [13, 14] and relaxor
ferroelectric single crystal [15, 16] with superior piezoelec-
tric properties have emerged. The ultrahigh piezoelectric
charge coefficients dj; of these materials can significantly
enhance the transmission performance of transducer, while
their piezoelectric voltage coefficients g;; are still low due
to ultrahigh dielectric permittivity, which is not conducive
to the receiving sensitivity of the transducers. Meanwhile,
polyvinylidene fluoride (PVDF) ferroelectric polymers [17,
18] and piezoelectric textiles [19, 20] exhibit nearly opposite
physical and piezoelectric properties compared to ceramics
and single crystals, resulting in higher receiving sensitiv-
ity and flexibility for transducers, but weaker transmitting
performance.

To overcome the limitations of monolithic material and
enhance overall practicality and compatibility, piezoelec-
tric composites, which combine piezoelectric phases with
non-piezoelectric matrices, have undergone rapid develop-
ment, providing enhanced flexibility, tunable properties,
and improved electromechanical performance for diverse
applications [21]. Among the different connectivity types of
piezoelectric composites, 1-3 type composites have attracted
extensive research interest due to their high electromechani-
cal conversion efficiency, mechanical stability, sensitivity,
low acoustic impedance, and moderate flexibility [22-27].
However, despite their performance advantages, 1-3 piezo-
electric composites still face bottlenecks arising from the
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intrinsic limitations of their constituent materials. In recent
years, relaxor piezoelectric single-crystal with excellent
piezoelectric coefficients and electromechanical coupling
factors employed to replace the piezoceramics in composites
has shown great potential for enhancing transducer perfor-
mance [28-33]. However, if the modification is restricted to
the piezoelectric material, the performance typically reaches
an upper limit determined by its volume fraction [34]. There-
fore, the composite structure, which plays a decisive role in
the overall performance of PUTs, is equally critical [35, 36].

Normally, substituting a portion of the epoxy resin in
the composite with softer silicone rubber can alleviate the
clamping effect of the passive phase on the piezoelectric
pillars, thereby enhancing the electromechanical coupling
coefficient [26]. Furthermore, the propagation of spurious
mode vibration can be cut off by soft polymer when the
rubber content exceeds that of the epoxy [37]. However,
the enhancement achieved by using polymers with varying
stiffness is marginal, whereas composite materials with
more intricate structures show more substantial perfor-
mance improvements. A novel (1,, 13)-3 piezocomposite
structure containing two types of single-crystal pillars, and
the combination effect and synergistic action of two differ-
ent piezo-pillars notably broaden the working bandwidth
and improve the sound sensitivity [24]. A non-periodic
1-3 piezocomposites structure, fabricated by synchro-
nously varying the widths of PZT-5H ceramic and epoxy
resin in opposite trend, can suppress or weaken the impact
of transverse vibration modes, thereby improving the sen-
sitivity of the ultrasonic transducer [38]. Moreover, piezo-
composites with other complex structures such as multi-
layer stairstep type [39], super-cell type [40], and Gaussian
type [41] have also been designed to reduce the effect of
lateral redundant modes and broaden the bandwidth.

On the other hand, introducing porosity in piezoelec-
tric materials has demonstrated intriguing potential for
enhancing the performance of piezoelectric devices
[42—47]. Generally, the benefit of incorporating poros-
ity is to achieve a fast reduction in dielectric constant,
thereby increasing the sensitivity of piezoelectric sen-
sors since their figures of merit (FOMs) are inversely
proportional to this decreasing value. A multilevel struc-
tural engineering that combines sandwich porous (dense/
porous/dense) and 1-3 ceramic composite structures is
exploited to enhance both g3 (~61.4x 107 V m N7}
and dj3g55 (17,806 x 107"° m? N~1) values remarkably,
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even superior to some textured lead-based ceramics [48].
The porous PZT ceramics with a well-designed ordered
pore structure, fabricated using freeze-casting and 3D
printing techniques, can simultaneously offer high pie-
zoelectric constants and ultra-low dielectric constants
[49-52]. However, due to insufficient polarization, the
porous structure may result in decreased piezoelectric
constants, particularly at higher porosity levels [53]. For
example, the d;; of 3-3-type porous piezoelectric materi-
als decreases from 470 to 270 pC N~! after introducing
20.7 vol% porosity [46]. This trade-off can even offset the
advantages of introducing porous structures, as the bene-
fits of reduced dielectric constants may be negated by the
degradation of piezoelectric properties, thereby limiting
the full potential of porous piezoelectric materials [44,
45]. In addition, although numerous researches have dem-
onstrated that porous structure can significantly enhance
the receiving performance of piezoelectric ceramic trans-
ducers [48-50, 54], the feasibility of this design strategy
in piezoelectric single-crystal systems with greater devel-
opment potential remains to be validated due to manufac-
turing technology limitations.

In this work, the [011]-oriented relaxor ferroelectric
Pb(In;;,Nb,,,)O5-Pb(Mg,;sNb,,3)O5-PbTiO; (PIN-PMN-
PT) single crystal is used as piezoelectric phase, while
in terms of composite structure, for the first time, we
presented a novel (1-0)-3 single-crystal piezocomposite
(SCPC) featuring the piezo-pillars (terming as 1-phase)
that incorporate ordered and poled microhole structure
(serving as O-phase), meticulously fabricated through
precision machining. Meanwhile, the epoxy resin doped
with 0.25 wt% carboxylated multi-walled carbon nano-
tubes (CMWCNTs) is filled into microholes of the crystal
pillars, enabling 0-phase microholes to effectively miti-
gate the adverse effects of porosity on the polarization
response of the single crystal and provide piezoelectret
effect under the influence of a strong electric field. The
microhole structure within the SCPC is adequately utilized
to reduce the dielectric constant; meanwhile, the piezo-
electret effect induced by poled microholes, combined
with the piezoelectric effect of the piezo-pillars, gives
rise to a dual-piezo-charge (DPC) mechanism. The DPC
mechanism can further enhance the piezoelectric response
to incident acoustic waves. Thereby, the hydrostatic fig-
ure of merit dyg, of the SCPC is improved, achieving a
value of 8088.9x 107> m> N~!. Moreover, passive phase
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(epoxy resin terming as 3-phase) widths along the hori-
zontal direction in piezocomposite were designed to be
inconsistent, which can eliminate and weaken the effect of
lateral modes. Consequently, two kinds of PUTs based on
novel (1-0)-3 SCPC containing ordered and polar O-phase
microholes and conventional 1-3 SCPC were fabricated.
Compared with the PUT based on conventional piezo-
composite, the PUT based on the (1-0)-3 SCPC shows
superior performance, including a better receiving volt-
age sensitivity of — 184.3 dB, a— 3dB receiving frequency
bandwidth of 130 kHz, as well as a 68.1% increase in
maximum output voltage during the pulse-echo experi-
ment. The long-term stability and fatigue resistance per-
formances of the SCPC-based transducer have also been
demonstrated through prolonged operation. The proposed
strategy offers valuable insights for further enhancing the
performance of 1-3 piezocomposite materials and points
to a promising direction for the development of next-gen-
eration ultrasonic transducers.

2 Experimental Section
2.1 Materials

All single crystal was supplied by Suzhou Institute of Elec-
tronic Functional Materials Technology Co., Ltd. (China). The
epoxy resin (EPO-TEK 301) and the conductive silver epoxy
(EPO-TEK H20E) were purchased from Epoxy Technology
Co., Ltd. (USA). The carboxylated multi-walled carbon nano-
tubes were purchased from Shenzhen Suiheng Technology
Co., Ltd. (China). The zirconia oxide powder (5 um, 99%) was
purchased from Sigma-Aldrich Inc. (USA). The tungsten (W)
powder (APS 1-5 um, 99.9%) was purchased from Alfa Aesar
Co., Ltd. (USA). The hollow glass microspheres (S32, 30-50
pum) were purchased from 3M Co., Ltd. (USA).

2.2 Properties Characterization of SCPCs

The piezoelectric charge coefficients d3; (j=1, 2, 3) were
directly measured by the quasi-static ds; meter (BLBZJ6AN,
Balab Technologies). The capacitance of the piezocompos-
ites was measured using an impedance analyzer (E4990A,
Keysight Technologies) at a frequency of 1 kHz. The
remaining material parameters were calculated indirectly
using the formulas provided in Text S1.

@ Springer
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2.3 Properties Characterization of PUTs
2.3.1 Receiving Voltage Sensitivity

Within the frequency range of 300-600 kHz, the input volt-
age frequency was swept in 10 kHz increments, and the
corresponding output voltage was recorded using a cali-
brated hydrophone. The sound pressure generated by the
calibrated transmitting transducer was determined based on
the output voltage amplitude measured by the hydrophone.
Subsequently, the calibrated hydrophone was replaced with
the fabricated transducer to evaluate its receiving perfor-
mance. The same measurement procedure was repeated, and
the output voltage signal from the fabricated transducer was
recorded. The receiving voltage sensitivity was then calcu-
lated using the following formula:

Voul/Poul

RVS = 20log 15070 (1)

where P, is the sound pressure perceived by the calibrated
transmitting transducer and V,,, is the output voltage signal
generated by the fabricated transducer.

2.3.2 Self-Transmit-Receive Performance

The self-transmit-receive performance of the transducers
was evaluated through pulse-echo experiments conducted
in an ultrapure water tank. The radiating surface of the
transducer was aligned parallel to the quartz plate used as
the reflector, with a fixed spacing of 50 mm between them.
A sinusoidal pulse signal with 3 cycles and a peak-to-peak
value amplitude of 5 V were used as the input voltage. The
trigger interval of the pulse signal was set to be 1 ms. Simi-
larly, the input voltage frequency was swept in 10 kHz incre-
ments, while the corresponding output voltage signal was
recorded in real time. The frequency spectrum of transducer
was obtained from the echo signal and its Fourier transform.

2.3.3 Fatigue Resistance

A sinusoidal pulse signal with 10 cycles and a peak-to-peak
amplitude of 5 V were used as the input signal to enable
clear observation of changes in the output signal. Mean-
while, the trigger interval of the pulse signal was set to be
100 ps to ensure that the transducer remains in the active

© The authors

state as much as possible without compromising the read-
ability of the output signal.

3 Results and Discussion

3.1 Fabrication and Characterization of (1-0)-3 SCPC

The electromechanical coupling performance of piezoelec-
tric composites directly affects the overall performance
of transducers. For clarity, the critical parameters of the
piezocomposites are provided in Text S1. Moreover, Text
S2 presents a detailed discussion on how the microhole
structure affects the performance of SCPCs, along with its
underlying mechanisms. Based on the series and parallel
theoretical models of piezoelectric composites, aligning the
pores parallel to the poling direction on the single-crystal
pillars can minimize the adverse effects of microholes on
the polarization response. Previous research findings also
support the rationality of this type of pore arrangement [45,
50]. Ultimately, considering the trade-off between micro-
holes fabrication difficulty and performance enhancement,
a novel structure with 6 microholes and hole diameter of 0.4
mm is selected in this work. However, although the ordered
microhole structure is beneficial to the overall polarization
response, the adverse effect cannot be eliminated completely.
Therefore, an appropriate amount of CMWCNTs is incorpo-
rated into the epoxy resin to address this issue in this work. It
is worth noting that the CMWCNTSs must be uniformly dis-
persed within the epoxy matrix, and their mass ratio should
not exceed 0.25% to prevent the formation of conductive
pathways in the composites. Further details regarding the
effect of CMWCNTs on the composite properties and the
CMWCNTs/epoxy composites preparation process are pro-
vided in Text S3.

Figure 1 reveals perceptual and conceptual diagrams
of the proposed PUT working underwater and exploded
schematic diagrams of the (1-0)-3 SCPC and the funda-
mental mechanism of DPC underlying the performance
enhancement. Figure 1b illustrates the relationship among
the (1-0)-3 composite structure and PUT with enhanced
sensitivity, including the DPC mechanism inside the
composite structure: (i) the piezoelectric effect contrib-
uted by the aligned single-crystal piezo-pillars and (ii) the
piezoelectret effect contributed by the ordered and poled
microholes. As shown in Fig. lc, the ordered O-phase

https://doi.org/10.1007/s40820-026-02102-1
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microholes structure within the piezoelectric pillars sig-
nificantly reduces the dielectric constant and mass density
of the composite material. Simultaneously, CMWCNTs
are uniformly dispersed in the epoxy resin, acting as float-
ing electrodes in microholes. Under the influence of the
strong direct current electric field, the excess net charges
are induced on floating electrodes in microholes, form-
ing micro-dipoles due to the dielectric constant difference
between CMWCNTs and the epoxy resin in the O-phase
microholes. This phenomenon is often called as piezoelec-
tret effect. Although the CMWCNTs are randomly distrib-
uted within the epoxy resin, the generated micro-dipoles
along the polarization direction always contribute posi-
tively. Additionally, the applied electric field enhances the
field penetration through the action of CMWCNTs, guid-
ing the poling direction at the microhole edges, thereby
creating more stable polarization regions and mitigating
the detrimental effect of the pores on the polarization
response. Figure S4 illustrates the potential mechanism
underlying the enhancement of the polarization response
of the piezoelectric single crystal by polar microholes.
The unique DPC mechanism, stemming from piezoelec-
tric and piezoelectret synergy effect, ultimately leads to
an enhancement in the acoustic sensitivity of underwater
ultrasonic transducers. High-sensitivity underwater acous-
tic detection enables vessels navigating seawater to detect
submerged reefs at an early stage, thereby avoiding poten-
tial underwater collision accidents, which is extremely
important for maritime safety.

Based on the hydrostatic response physical model of 1-3
piezocomposite [55], Text S4 provides a detailed analysis on
how the volume fraction of the piezoelectric phase affects
the piezocomposite properties. The piezoelectric coeffi-
cients, dielectric constants, FOMs, electromechanical cou-
pling factors, and acoustic impedances of SCPCs with differ-
ent volume fractions were calculated by using the COMSOL
Multiphysics (COMSOL Inc., Sweden). As shown in Fig.
S6a, the introduction of ordered microhole structure within
the piezo-pillars significantly reduces the effective dielectric
constant, while the decrease in the d,; is relatively small.
Therefore, as shown in Fig. Sé6c, the d, g, of the (1-0)-3
SCPC, which is crucial to the design of piezocomposites
for high-sensitivity ultrasonic transducer, is significantly
enhanced. When the volume fraction of the piezoelectric
phase is 40%, the d; g, shows a 110% increase compared
to that of conventional 1-3 piezocomposites. Meanwhile,

¥ SHANGHAI JIAO TONG UNIVERSITY PRESS

due to the removal of a portion of the piezoelectric material
in the piezo-pillars, the thickness electromechanical cou-
pling coefficient k, decreases slightly, but remains at a rela-
tively high level (~78%), while the poled microholes gen-
erate an additional piezoelectric or force—electric response
due to piezoelectret effect, which ensures higher receiving
sensitivity.

To ensure consistency, the sufficient number of single-
crystal plates was cut from the same wafer for the fabrica-
tion of three different types of SCPCs. The piezoelectric
coefficients of the single-crystal plates were measured in
advance, and those with inferior piezoelectric performance
were excluded. This property inhomogeneity is difficult to
avoid during single-crystal growth and is a great challenge
for the preparation of SCPCs with good consistency. Three
types of SCPCs were fabricated based on [011]-oriented
relaxor PIN-PMN-PT crystal via a modified method com-
bining 3D printing-assisted dice-and-insert with dice-and-
fill techniques, and the entire fabrication process of (1-0)-3
SCPC is shown in Fig. 2a. The ordered array of microholes
was first precisely fabricated on the single-crystal plates
using a diameter bronze grinding head. Subsequently, an
annealing process was performed to relieve any residual
mechanical stress in the single-crystal plate and to prevent
crack formation during subsequent processing. The anneal-
ing process parameters are presented in Fig. S7b, and the
fabricated microhole structure is shown in Fig. S7c. Single-
crystal plates were cleaned with acetone, isopropyl alcohol,
and deionized water and dried at 65 °C for 1 h, and the pil-
lars were then positioned into a custom-designed 3D-printed
mold with high dimensional accuracy, as shown in Fig. S7f.
The prepared CMWCNTs/epoxy composites were filled
into gaps, and then, samples were cured at room temper-
ature for 24 h. After curing, the samples were diced into
1 x 1 x4 mm? piezoelectric pillars using a dicing machine,
with the substrate retained and the CMWCNTs/epoxy com-
posite confined to the microhole regions. Following cleaning
and drying, the prepared epoxy was backfilled into the kerfs
after vacuum degassing and cured at room temperature. Both
sides of the SCPC were carefully polished with sandpaper
to expose the single-crystal pillars while avoiding exposure
of the microhole structure. After a second round of cleaning
and drying, the gold electrodes with a thickness of 200 nm
were sputtered onto the top and bottom surfaces of the sam-
ples by magnetron sputtering. Finally, the (1-0)-3 SCPC is
polarized under a strong electric field with an amplitude of

@ Springer
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Fig. 1 Schematic diagram of the enhanced acoustic sensing principle of a (1-0)-3 composite structure ultrasonic transducer. a Application sce-
nario of ultrasound transducer for underwater mapping and collision avoidance. b, ¢ Exploded schematic diagrams of the (1-0)-3 SCPC contain-
ing 0-phase polar microholes and the DPC mechanism underlying the performance enhancement of PUT

10 kV cm™! for 5 min. The detailed fabrication procedures
for both the 1-3 SCPC and the 1-3 SCPC with nonpolar
microholes are provided in Text S5.

Figure 2b—d presents the schematic diagrams of three
types of SCPCs, highlighting the differences in their struc-
tural configurations. Figure 2b shows a schematic structure
of a conventional 1-3 SCPC (SCPC-1), which is used for
comparison. Figure 2c demonstrates the 1-3 composite

© The authors

structure with nonpolar microholes (SCPC-2), by introduc-
ing the nonpolar microholes structure within single-crystal
pillars. As these microholes were filled with pure epoxy
resin, they remain non polar even under high electric
fields. Figure 2d illustrates the (1-0)-3 structure featur-
ing polar O-phase microholes (SCPC-3). In contrast to the
nonpolar microholes in SCPC-2, the 0-phase microholes
were filled with an epoxy composite doped with 0.25 wt%

https://doi.org/10.1007/s40820-026-02102-1
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CMWCNTs. Under high electric fields, this configura-
tion induces a piezoelectret effect, exhibiting polarization
behavior. The CMWCNTs/epoxy composites were selec-
tively filled into the microholes within the single-crystal
pillars. This design avoids to fill the inter-pillar regions
with CMWCNTs/epoxy composites, as the high modulus
of CMWCNTs/epoxy composites will reduce the piezo-
composite’s compliance and impose a stronger clamping
effect on the single-crystal pillars, which in turn degrades
the k.. The CMWCNTs were dispersed within the epoxy
matrix and function as floating electrodes. During poling,
the dielectric mismatch between CMWCNTSs and epoxy
leads to interfacial charge accumulation, resulting in a
piezoelectret effect occurring. And the CMWCNTs can
improve the local electric field distribution near the micro-
hole edges, promoting more stable polarization regions
and mitigating the adverse impact of microholes on polari-
zation response.

a
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Figure 3a—c shows the impedance and phase spectrum of
three SCPCs in air. All three samples with different struc-
tures exhibit pure thickness longitudinal vibration mode as
the primary working mode over a wide frequency range.
The k, of the three SCPCs is calculated to be 79.1%, 65.6%,
and 69.8%, respectively. The SCPC-1 shows the maximum
k, value, benefiting from the high longitude electromechani-
cal coupling coefficient k55 of tall pillars with square cross
section. In the SCPC-2, the presence of microhole structures
and the potential incomplete polarization of some piezoelec-
tric single-crystals contribute to a reduction in k. However,
the CMWCNTs doping mitigates the adverse effect of micro-
holes on polarization response. As a result, the SCPC-3
exhibits a higher k; value compared to SCPC-2. Addition-
ally, all three impedance spectra exhibit a redundant mode,
which is attributed to the uncoupled lateral vibration of the
single-crystal pillars and is characterized by its anti-reso-
nance frequency f;,. The frequency of this uncoupled lateral
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Fig. 2 Fabrication process and optical images of the composite material. a Diagram of fabrication processes of (1-0)-3 SCPC featuring polar
0-phase microholes. Optical image of b 1-3 SCPC, ¢ (1-0)-3 SCPC with nonpolar microholes, and d (1-0)-3 SCPC
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vibration mode can be tuned by altering the cross-sectional
dimensions of the single-crystal pillars [24]. Furthermore,
additional redundant modes are observed before the primary
resonance frequency f; in both the SCPC-2 and SCPC-3,
due to the presence of microholes within the single-crystal
pillars. However, fewer and weaker redundant modes are
observed in the (1-0)-3 composite, which is attributed to the
stronger constraint effect on the microhole-induced redun-
dant modes exerted by the high-modulus CMWCNTs/epoxy
composite. Attenuation of undesired modes adjacent to the
primary resonance facilitates the enhancement of bandwidth
in ultrasonic transducers.

Figure 3d shows a specially designed fixture that ena-
bles direct measurement of the ds; and dj, coefficients of
the SCPCs using a d5; meter. Further information on the
measurement and calculation of other properties is provided
in Text S1. Figure 3e presents a comparison of the meas-
ured and simulated dy g, coefficient for the three fabricated
SCPCs. A substantial enhancement in the d, g, is observed
for the (1-0)-3 SCPC compared to the conventional 1-3
SCPC, with an increase of 165.2%.

Table 1 summarizes the key electrical and acoustic
properties of the three fabricated SCPCs as character-
ized in this study. It should be noted that although the 1-3
composite with nonpolar microholes exhibits an abnor-
mally high d, g, value in simulations, the experimentally
measured value is significantly lower due to incomplete
polarization of the piezoelectric single crystal caused by
the presence of microholes. For the (1-0)-3 SCPC, the
polar microholes effectively alleviate the negative impact
of porosity on the polarization behavior and provide the
additional piezoelectret effect, thereby enabling a high
d, g, value of 8088.9x 10715 m?> N~L. It is worth noting
that, as shown in Fig. 3f, the (1-0)-3 SCPC achieves a
maximum d, g,, which significantly surpasses those of the
other representative state-of-the-art piezoelectric compos-
ites, including PVDF film [56], piezoceramic composites
(PCCs) [24, 36, 57-59], SCPCs [24, 36, 60], and porous
PCCs [43, 54, 59, 61]. The d, g, obtained from (1-0)-3
SCPC is approximately 443.2% higher than that of com-
mercial 1-3 SCPC [36] and 890.6% higher than commer-
cial 1-3 PCC [24], respectively, indicating the great poten-
tial of the novel (1-0)-3 piezocomposite for improving the
hydrostatic performance of ultrasonic transducers.

© The authors

3.2 Fabrication and Characterization of (1-0)-3
SCPC-based PUT

An ultrahigh-sensitivity ultrasonic transducer with the
acoustic matching layers and backing layers for effective
transmitting/receiving sound waves was further fabricated
based on the (1-0)-3 SCPC. A diagram of the as-designed
(1-0)-3 SCPC-based PUT, denoted as PUT-1, is shown in
Fig. 4a. Besides the SCPC as the core functional element,
PUT-1 comprises two acoustic matching layers, two backing
layers, and epoxy resin for waterproofing. Text S7 provides a
detailed description of the design methodology and fabrica-
tion process of the acoustic matching layers and backing lay-
ers. As shown in Fig. S10, to ensure good adhesion between
components, partial electrodes were fabricated on the side
surfaces of the SCPCs using a shadow mask. The conductive
silver epoxy was used to secure the wires to the side sur-
faces of the SCPCs. Subsequently, the matching and backing
layers were bonded to the top and bottom surfaces of the
(1-0)-3 SCPC, respectively. Finally, the PUT-1 was suc-
cessfully fabricated following epoxy encapsulation, which
provides mechanical protection and waterproofing. For com-
parison, the conventional 1-3 SCPC was also assembled into
a PUT, referred to as PUT-2.

Figure 4b shows the PUT-1, which is ready for direct
experimental testing. Initially, the conductance and suscep-
tance spectra of the PUT-1 were measured underwater at a
depth of 0.5 m to assess its performances in a practical envi-
ronment. As shown in Fig. 4c, the conductance spectrum of
PUT-1 exhibits a single peak over a broad frequency range,
which is favorable for the device’s performance underwater.
In addition, when the PUT operates in real environments,
temperature variation is a key factor that needs to be care-
fully considered. In this work, to investigate its temperature
stability, an impedance analyzer (E4990A, Keysight Tech-
nologies, USA) and a high-temperature dielectric impedance
spectrometer (DMS 1000, Balab Technologies, China) were
used to experimentally determine the impedance character-
istics of the novel (1-0)-3 SCPC in the temperature range of
0 to 50 C. Figure 4d shows the temperature dependence of
[ fy and k, of (1-0)-3 SCPC. Both f; and f, decrease nearly
linearly as the temperature rises from 0 to 50 °C, while
k, increases from 68.3% to 72%. The phenomenon arises
from the reduction in the elastic modulus of the epoxy resin
as temperature increases, weakening its clamping on the

https://doi.org/10.1007/s40820-026-02102-1
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piezoelectric pillars [62, 63]. Simultaneously, the piezo-pil-
lars show a stronger mode of longitudinal vibration, resulting
in a higher k. To better benchmark this results against con-
ventional 1-3 composite, the temperature dependence of f,,
f, and k, of the 1-3 SCPC is presented in Fig. S8. Within the
typical ocean temperature range (0-30 °C), the center fre-
quency of the (1-0)-3 SCPC shifts upward by approximately
37 kHz, while the variation in k, remains within about 2.3%.
In contrast, for the 1-3 SCPC, these two parameters change
by 29 kHz and 2.9%, respectively. The (1-0)-3 SCPC shows
a slightly higher frequency drift with temperature than the
conventional 1-3 SCPC. This phenomenon is attributed to
the microholes effect in the (1-0)-3 SCPC, resulting in more

Table 1 Properties of the fabricated SCPCs

pronounced lateral deformation as temperature variation.
Overall, because the two composites have very similar vol-
ume fractions of the piezoelectric single crystal, they exhibit
essentially comparable temperature stability.

In practical applications, one of the primary functions
of PUTs is to transform incoming ultrasonic waves into
corresponding electrical signals. Figure 5a illustrates the
operating principle of the PUT. The finite element analy-
sis was conducted to carry out the electric potential out-
put of the conventional 1-3 SCPC and the (1-0)-3 SCPC
under hydrostatic conditions. Figure 5b shows the electric
potential distributions of the two composites under the
same acoustic pressure. It is worth noting that the overall

f,(kHz) f,(kHz) P(kgm™) dy(pCN") £l /g,

1-3 SCPC 333 512 4352.3 914
1-3 SCPC with 384 488 4491.1 499
nonpolar micro-
holes
(1-0)-3 SCPC 348 464 4531.8 726

1486.4

951.6

d, PCN7Y g, (mVmNY)  dg, (10715 k (%) Z(MRayl)
2 N\-1
m-N7)
200.3 15.23 3049.8 791 172
8527 159 21.07 3350.1 65.6 159
261.4 30.94 8088.9 698 16.7

0
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equivalent parameters of the (1-0)-3 model were directly
assigned based on the experimentally measured values of
the SCPC-3. This simulation approach integrates the con-
tributions of both the electret effect and the piezoelectric
effect to the overall performance of the composite material,
while also reducing the complexity and computational cost
of the simulation. Under identical conditions, the (1-0)-3
SCPC exhibits an output voltage that is approximately 1.72
times higher than that of conventional 1-3 SCPC, indicating
higher sensitivity. Figure Sc depicts the measurement system
for characterizing the receiving performances of the fabri-
cated PUTs. A calibrated transmitting transducer (RESON
TC 3021, Denmark) serves as an ultrasonic energy source,
submerged in a large anechoic tank. A calibrated stand-
ard hydrophone and fabricated PUTs were used to receive

a
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acoustic waves and generate output voltage signal at the 1
m distance from the transmitting transducer, respectively.
All devices were positioned at a depth of 0.5 m. The receiv-
ing voltage sensitivity (RVS), which evaluates the sensitiv-
ity of the PUT, was finally calculated using the substitu-
tion method. The experimental procedure is described in
detail in the Experimental Section. Figure 5d shows the RVS
curves of the two PUTs. It can be observed that the PUT
based on (1-0)-3 SCPC exhibits a higher overall receiv-
ing sensitivity, with a maximum RVS value of — 184.3 dB,
compared to—190.5 dB for the 1-3 SCPC-based PUT. In
contrast, the RVS curve of PUT-2 exhibits the flattest fre-
quency response over a broader frequency range, indicat-
ing a wider operational bandwidth. The — 3dB receiving
frequency bandwidths of the two devices are 130 and 180

d s 80
—o— fa
—- f
< 460} - k{75
=
< —
>) e
g 400} 1702
- =~
g
= 340} 165
280 1 1 1 L 1 60

0 10 20 30 40 50
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Fig. 4 Schematic of the PUT based on (1-0)-3 SCPC and its corresponding frequency characteristics. a Schematic illustration of the (1-0)-3
SCPC-based PUT with key components labeled. The SCPC is embedded in epoxy matrix. The matching layers and backing layers are bonded to
the top and bottom surfaces, respectively. b Optical image of the fabricated PUT-1. ¢ Conductance and susceptance spectra in water of PUT-1.
d Temperature dependence of resonant frequency f,, anti-resonant frequency f,, and thickness electromechanical coupling coefficient k, of the

(1-0)-3 SCPC

© The authors
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kHz, respectively. The RVS curves of the two transducers
exhibit almost identical overall trends, while the detailed
variations correspond well with the vibration mode char-
acteristics of the respective piezocomposites. Although the
(1-0)-3 SCPC exhibits more redundant vibration modes
(corresponding to f;; and f,) before the f, compared to the
1-3 SCPC, their relatively low intensities lead to minimal
impact on the overall device performance. Previous stud-
ies have also demonstrated that uncoupled lateral vibration
modes exert the limited influence on the dominant working
mode [24]. Therefore, the working bandwidth of the device
is primarily determined by the thickness electromechanical
coupling coefficient k, of the piezocomposite itself. Due to
the higher f, of the 1-3 SCPC, PUT-2 exhibits its maximum
RVS at a higher frequency (520 kHz) compared to PUT-1
(480 kHz) and demonstrates a flatter performance response
in the high-frequency range (500-580 kHz). The receiving
performances of the two devices are detailed in Table 2.
Furthermore, the self-transmit-receive performance was
evaluated by conducting the pulse-echo experiment in a
tank filled with ultrapure water. As illustrated in Fig. 6a,
a sinusoidal pulse signal with three cycles was generated
by an arbitrary function generator (AFG 31000, Tektronix,
USA) to excite the fabricated transducer for underwater
acoustic wave transmission. Subsequently, the transducer
receives the acoustic waves reflected from the quartz plate
and generates a corresponding voltage signal. During the
experiment, the radiating surface of the transducer was
carefully aligned parallel to the quartz plate to ensure
maximum output voltage. The detailed experimental pro-
cedure is provided in the Experimental Section. Figure 6b
presents the output voltage responses of the two PUTs as
a function of frequency under a fixed input voltage. The
optimal operating frequencies were determined by sweep-
ing the input signal frequency, which was identified to
be 460 kHz for both PUT-1 and PUT-2. At their respec-
tive optimal frequencies and under a 5 V peak-to-peak
excitation, the maximum output voltage amplitudes for
PUT-1 and PUT-2 were measured to be 390.7 and 232.4
mV, respectively, with PUT-1’s maximum output voltage
increasing by 68.1%. In addition, Fig. 6¢, d presents the
measured pulse-echo waveforms and corresponding fre-
quency spectra of the two PUTs at their respective optimal
operating frequencies. The —3 dB bandwidths of PUT-1

¥ SHANGHAI JIAO TONG UNIVERSITY PRESS

and PUT-2 were measured to be 95 and 126 kHz, respec-
tively. As shown in Fig. 6e, the output voltages of the two
PUTs increase linearly with the input voltage, indicating
good signal fidelity and stable transduction characteristics.

In addition, the temperature dependence of the PUT-1 was
further investigated by evaluating the self-transmit-receive
performance at various water temperatures. Figure 6f pre-
sents the pulse-echo waveforms of PUT-1 measured in water
at temperatures of 5, 15, 25, 35, and 45 °C. A slight decrease
in output voltage is observed as the operating temperature
deviates from room temperature, with reductions of 2.6% at
5 °Cand 3.9% at 45 °C. This attenuation is primarily attrib-
uted to the temperature-induced shift in the device’s optimal
operating frequency. In practical applications, this issue can
be effectively mitigated by dynamically adjusting the oper-
ating frequency in response to environmental temperature
variations. Figure 6g displays the pulse-echo waveforms of
PUT-1 during continuous operation for up to 24 h. Compari-
son of the output voltages at different operating durations
shows that PUT-1 maintains essentially unchanged perfor-
mance over the first 12 h of continuous operation. However,
after 24 h of continuous working, a slight performance deg-
radation was observed, with the output voltage decreasing
by 1.93% compared to the initial value. This slight degrada-
tion in performance is likely attributable to electrical fatigue
resulting from the repeated electric loading applied to the
piezoelectric material [64]. These results demonstrate the
excellent operational stability of the device under prolonged
working conditions. Moreover, a comparison with previ-
ously reported devices [24] indicates that the introduction
of the ordered microholes structure within the single-crystal
pillar does not harm the overall stability of the device.

Finally, the performance of the PUT-1-based (1-0)-3
SCPC was compared with that of other reported PUTs [24,
25, 30, 31, 61, 65], as summarized in Table S4. Conclu-
sively, the (1-0)-3 SCPC-based PUT demonstrates the
enhanced output voltage sensitivity compared to the con-
ventional 1-3 SCPC-based PUT and the previously reported
transducers, while maintaining a broad —3 dB bandwidth
of 130 kHz. This work indicates that the proposed (1-0)-3
piezocomposite structure, along with the design strategy of
incorporating 0-phase microholes forming micro-dipoles
through filling CMWCNTs/epoxy resin, is promising for
future ultrasonic transducer development.

@ Springer
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Table 2 Receiving properties of the fabricated PUTSs. f|, f,: the =3
dB frequency points

RVS .. (dB) f, (kHz) f,(kHz) f, (kHz) BW ;4 (kHz)

—184.3 390 520 455 130
—-190.5 370 550 460 180

PUT-1
PUT-2

4 Conclusion

In summary, we report a design strategy for developing
innovative (1-0)-3 SCPCs based on the [011]-oriented
relaxor ferroelectric PIN-PMN-PT crystal, as well as a
high-performance PUT with ultrahigh sensitivity. This
study introduces ordered and polar microholes (0-phase)
into piezoelectric single-crystal pillars (1-phase) compos-
ited with epoxy resin (3-phase) for the first time, resulting

© The authors

in a marked reduction in effective dielectric constant and
mass density, along with improved acoustic receiving sen-
sitivity. When 0.25 wt% CMWCNTSs are introduced into
the epoxy resin and a strong poling field is applied, the net
charges at the interface between CMWCNTs and epoxy
resin enable O-phase microholes to be poled, forming
micro-dipoles. Therefore, the 0-phase microholes exhibit
the piezoelectret effect. Along with the improvement of
the local electric field, the polar microholes significantly
mitigate the negative impact of the microhole structure on
the polarization response of the composite material. More-
over, the coupling between the piezoelectret effect of the
polarized microholes and the intrinsic piezoelectric effect
of the piezo-pillars results in a unique DPC mechanism.
A modified method combining 3D printing-assisted dice-
and-insert with dice-and-fill techniques is used to fabricate

https://doi.org/10.1007/s40820-026-02102-1
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the innovative (1-0)-3 SCPC. Both simulation calcula-
tions and experiments have demonstrated that the inno-
vative structure and unique DPC mechanism in (1-0)-3
SCPC can significantly enhance the d, g, of the compos-
ite. The (1-0)-3 SCPC achieves a remarkable d, g, of
8088.9x 107 P m? N, representing increases of 165.2%,
443.2%, and 890.6% over a conventional 1-3 composite
structure, a commercial 1-3 SCPC, and a commercial 1-3
PCC, respectively.

The PUTs based on (1-0)-3 SCPC and conventional
1-3 SCPC with matching layers and backing layers are

o)
SHANGHALI JIAO TONG UNIVERSITY PRESS
P/

&

fabricated and measured. Compared with PUT based on
conventional 1-3 piezocomposite structure, the proposed
PUT based on novel piezocomposites exhibits better
receiving sensitivity due to the DPC mechanism. When
used as a standalone receiver, the (1-0)-3 SCPC-based
PUT achieves a maximum receiving voltage sensitivity
(RVS) of — 184.3 dB, with a—3 dB working bandwidth
of 130 kHz. Meanwhile, in the case of active detection,
the novel transducer demonstrates better receiving sen-
sitivity, with an output voltage of 68.1% higher than that
of the conventional 1-3 composite transducer under the

@ Springer
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same excitation conditions. Clearly, an enhanced under-
water acoustic sensing is extremely important for mari-
time safety, avoiding potential underwater collision haz-
ard. Additionally, prolonged working has demonstrated
the long-term stability of the SCPC transducer containing
polar 0-phase microholes. Therefore, this design strat-
egy is meaningful, which introduces the order and polar
microhole structure in single crystal and utilizing the DPC
mechanism to enhance the underwater acoustic sensitiv-
ity of ultrasonic transducers. Meanwhile, the underlying
principle—synergistic contribution of multiple piezoelec-
tric charge-generating mechanisms—can, in principle, be
extended to other piezoelectric crystal systems or com-
posite architectures, provided that appropriate structural
design and polarization strategies are employed. This work
also provides guidance for the development and improve-
ments of next-generation piezocomposite materials and
broadband, high-sensitivity ultrasonic transducers as well.
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