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Abstract

High-performance perovskite relaxor-PbTiO, (relaxor-PT) piezoelectric single crystals (SCs) fabricated by the
melt-growth Bridgeman method have been widely used in medical ultrasound imaging devices as probes and in
high-performance underwater equipment since around 2,000. To improve the piezoelectric properties of these
SCs, the use of alternating-current poling (ACP) instead of conventional DC poling has been widely adopted since
2018. Macro- and microstructural observations by scanning electron microscopy (SEM) are the best way to easily
confirm the relationship between electrical properties and macro- and microstructure. After optimal ACP, fine 109°
domain layers of 0.5 to several pm parallel to the electrodes have been obtained, contributing to 10%-100%
improvement in dielectric constant and piezoelectric constant. Relaxor-PT SCs fabricated by the solid state crystal
growth method with self-poring, excellent composition uniformity and machinability, high piezoelectric
performance, and the low acoustic impedance due to the inclusion of spherical micropores in the SCs are also
discussed.
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INTRODUCTION

Piezoelectric materials possess a distinctive capacity to transform mechanical energy into electrical energy
and vice versa. Piezoelectric materials take many forms, including crystals, ceramics, and inorganic or
organic thin films. Until now, PZT ceramics have been the representative piezoelectric material, but since
2000, relaxor single crystals with higher performance have been widely used in advanced fields"*. These
piezoelectric materials are utilized in a multitude of applications, including medical ultrasound diagnostic
equipment, marine sonar, actuators, acceleration sensors, filters and ultrasonic processing machines. They
contribute to social development and have become indispensable elements for various industrial and
academic applications. For instance, the global market for ultrasound diagnostic equipment is projected to
reach USs8.5 billion in 2023, with an anticipated annual growth rate of 5.3% from 2024 to 2028, culminating
in a valuation of USs$12.5 billion in 2028, as illustrated in Figure 1A. Relaxor-PT single crystal (SC) ingot-
based ultrasonic transducers, exemplified by those depicted in Figure 1B, as well as transducers illustrated in
Figure 1C and D, have been produced and utilized in over a million units over the past two decades. It is
estimated that SC-based ultrasonic transducers currently represent over 30% of the total transducer market
in terms of sales.

Up until this point, Pb(Zr,Ti)O, (PZT) ceramics or relaxor Pb(Me, Nb)O, (Me = Mg, Zn, and In, efc.) -
PbTiO, (PT) piezoelectric single crystals have been polarized in a direct current (DC) electric field Direct
Current Poling (DCP) in order to obtain their piezoelectric properties and subsequently apply them"*. In
2014, Yamamoto and Yamashita et al. reported on the development of Pb(Mg,,Nb,,,)O, (PMN)-PT-based
binary SCs and Pb(In,,Nb,,)O, (PIN)-PMN-PT-based ternary SCs. The application of an alternating
current (AC) electric field to PIN-PMN-PT-based ternary SCs results in the attainment of superior
dielectric and piezoelectric characteristics through a process known as alternating current polarization
(ACP)"". In light of these findings, numerous ACP-related studies have been conducted globally in recent
years®”'l. It is established that the dielectric and piezoelectric properties of ferroelectric piezoelectric
materials are closely associated with the domain structure of ferroelectrics. A ferroelectric domain is a
region inside a ferroelectric material where the polarization directions are aligned. Usually, ferroelectric
domains with different polarization directions are mixed inside a ferroelectric material. The boundary
surface where the domains meet is called a ferroelectric domain wall. When an external electric field is
applied, the polarization of the entire crystal changes as the domains with polarization along the electric
field expand and the domains with polarization in the opposite direction contract. In other words, the
polarization reversal in ferroelectrics is caused by the movement of domain walls. Piezoelectric materials,
such as high-performance perovskite relaxor-based piezoelectric single crystals (SCs), which are the focus of
this study, are classified as ferroelectrics and thus exhibit a domain structure that undergoes alterations in
response to the application of an electric field and temperature history. Consequently, the relationship
between the domains and the electrical properties of DCP and ACP piezoelectric SCs has been extensively
investigated. The available literature indicates that there is a notable distinction between DCP and ACP in
piezoelectric SCs. The relaxor piezoelectric SCs treated in this paper are crystallographically rhombohedral
at room temperature, with <111> as the polarization axis direction, but high strain is obtained when an
electric field is applied in the <001> orientation. The polarization axis is in the <111> direction and the
domain structure is either 71° or 109° except for 180°. In DCP, fine 71° domains are predominant, while in
ACP, 109° domains with a layered structure emerge!®**'*. Additionally, piezoelectric SCs can be polarized in
four stages, contingent on the polarization strength (electric field, temperature, time, number of alternating
cycles, etc.): non-polarization (NOP) or depolarization (DEP), under-polarization (UDP), optimum
polarization (OPP), and over-polarization (OVP). Figure 2 illustrates the correlation between the number of
polarization cycles and the polarization charge coefficient (d,,) and dielectric constant (¢',,/¢,). As illustrated
in the Figure 2, the measurement of these properties enables the determination of the phase, to which the
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Figure 1. (A) Echo ultrasound imaging equipment; (B) medical array probe; (C) PMN-PT Single crystal ingot (D80 x L320 mm, 13 kg,
courtesy of JFE Mineral Co. Japan); and (D) medical single crystal transducers. PMN: Pb(Mg, 5Nb, 5)Os; PT: PbTiO,.

(PIN)-PMN-PT SC binary and/or ternary system belongs following polarization. In the event that both d.,
and ¢',,/¢, are equal to or less than 3000, the system is classified as belonging to the NOP or DEP phase. In
the case of ternary SCs, if the d,, value is between 0 and 200 pC/N and the ¢',,/¢, value is approximately
5000, the phase is identified as UDP-ACP. If the d,, value is 2300 pC/N or greater and the ¢',,/¢, value is
7000 or greater, it is considered to be OPP-ACP. Subsequently, the d,, value and the ¢',,/¢, value undergo a
gradual decrease. This gradual decrease in d,, and €',./¢, represents the OVP stage. Wan et al. have reported
that ACP PMN-0.26PT SC exhibits OVP and degradation of piezoelectric properties after 100 cycles or
more”. This phenomenon is thought to be related to the domain structure depicted in the Figure 2.

AC poling improves the piezoelectric properties of relaxor single crystals, but the effect is limited in relaxor-
PT ceramics"’. There are two reasons for the smaller increase of the dielectric and piezoelectric properties
of the ceramics and textured PMN-PT ceramics when compared to relaxor-PT SCs which show 20%-50%
enhancement by ACP. First, the limitation of the domain size in ceramics. From study of SCs, the increase
of electrical properties after ACP has been attributed to the change in the domain size. For ceramics sample,
the grain size is in the order of 1 to 10 um, indicating that the domain size must be below these values which
cannot be comparable to the domain size in ACP SCs (could be on more than 10 um). Second, the grains
are not exactly along the <001> direction in ceramics, which may lower the enhancement effect of ACP on
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Figure 2. Cycle number dependence of domain structure, dielectric and piezoelectric properties of relaxor-PT SC. Schematic images of
domains in NOP (DEP), DCP, UDP, OPP, OVP | and OVP Il stages are shown. relaxor-PT; NOP: non-polarization; SC: single crystal; DEP:
depolarization; UDP: under-polarization; OPP: optimum polarization; OVP: over-polarization; DCP: direct-current poling.

the electrical properties. It has been reported that ACP does not a large enhancement for the properties for
some orientations (e.g., <110>) in relaxor-PT crystals.

The conventional approach for producing relaxor PMN-PT based SCs is the one-charge Bridgeman (OC-
BM) growth process. In this method, a compositional gradient of Ti is formed along the length of the OC-
BM SC ingot, due to the large segregation coefficient of titanium compared to other elements. Given that
the Curie temperature (Tc) and morphotropic phase boundary (MPB) are composition dependent, this
variation makes it difficult to maintain uniform physical and electrical properties throughout the length of
the OC-BM SC ingot”””. In contrast, the continuous feed BM (CF-BM) growth process developed by JFE
Mineral and Alloy Company (JFEM; Chiba, Japan) mitigates Ti segregation by continuously modifying the
melt during SC growth and optimizing the platinum crucible speed/feeding rate to achieve synthesis of
crystals with enhanced stability™.

To date, the majority of microstructure observations of DCP and ACP piezoelectric SCs have been
conducted using a piezoelectric force microscope (PFM) on areas of less than 20 x 20 pm?. This approach
has been employed in numerous studies®'*""****”), The problem of a small field of view is not sufficient for
the evaluation of piezoelectric single crystals, which are not homogeneous through the crystal. SEM, with its
ability to zoom in and out of the field of view, is often more effective for observation.

The purpose of this review is to present the relationship between macroscopic/microstructure and
piezoelectric properties of DCP and ACP binary and ternary PIN-PMN-PT [001]c SC materials prepared by
the BM method using SEM. Furthermore, we will introduce the concept of solid-state crystal growth
(SSCG) PMN-PZT SC, which has been the subject of considerable research interest 2%,

MATERIALS AND METHODS

Table 1 shows a comparison of domain observation techniques.
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Table 1. Comparison of domain observation techniques

Field of view (um) Object of observation Merits Demerits

PFM 0.1-20 Electric field induced deformation High spatial resolution  Limited field of view
Dynamic response
TEM 0.1-1 Morphology High spatial resolution  Limited field of view
Possibility of object change
SEM 5-500 Morphology Wide field of view Difficult to observe dynamically
Large depth of focus

Optical microscope 10-1000 Morphology and optical anisotropy ~ Dynamic observation Low resolution

PFM: piezoelectric force microscope; TEM: transmission electron microscopy; SEM: scanning electron microscopy.

In PFM, an alternating voltage (excitation voltage) is applied between a short needle at the tip of the
cantilever and the sample, and the piezoelectric vibration induced on the sample surface is detected as a
deflection (twisting) of the cantilever. This method dynamically visualizes both the magnitude of the change
in spontaneous polarization and the phase of the response. It is a very useful technique, but its disadvantage

10,11,15,21,79]

is the limited field of view of 20 x 20 um of the measurement’® )

Transmission electron microscopy (TEM) allows for very high-resolution omorphological observations. It is
possible to observe fine domain structures that are difficult to detect with scanning electron microscopy or
optical microscopy. However, the domain structure may change during sample preparation and
observation. The sample for TEM observation must be thin enough to allow the electron beam to penetrate
through it, and the sample area must be small enough to fit into the holder. Observation with TEM requires
skill, and the results and their interpretation are often affected by the degree of skill. In addition, the
electron beam transmitted during observation may alter the arrangement of the domains**.

SEM has a deep depth of focus, which allows a wide range of field of view modification and a large degree of
freedom in magnification and reduction. The ability to freely vary the magnification in SEM observations
has important implications for the observation of piezoelectric crystals, whose domain structure is
heterogeneous within the crystal and whose relative position to the electrode and the direction of
application of the electric field are critical. SEM observation captures secondary electrons or reflected
electrons when the sample surface is irradiated with electron beams, so the restrictions on sample thickness
or area are much smaller than those of TEM. Also, in many cases, the sample is less affected by the electron
beam than in TEM. The SEM is used to observe the morphological changes that accompany polarization
formation. For this reason, it is necessary to distinguish between microscopic morphology that does not
originate from domain structure. In observations of single crystal samples that have been DCP or ACP, the
domain structure observed by SEM and PFM is almost the same. He et al. revealed domain structure
observed by PFM and SEM is identical"".

Optical microscopy allows measurements including dynamic observation, and domain observation can be
easily performed by using polarized light microscopy"™, but it has the disadvantage of low resolution. Due
to the shallow depth of focus of the optical microscope, to obtain such an image, measurements are made by
changing the focus and then the image is combined. The actual observed unevenness due to the domain is
in the range of 1 mm or less, indicating that it is difficult to observe the sample surface with anything other
than SEM if the sample surface is inclined even slightly.



Page 6 of 21 Maiwa et al. Microstructures 2025, 5, 2025062 | https://dx.doi.org/10.20517/microstructures.2024.96

Figure 3 shows (A) equipment for poling process and (B) fractured surface of sliver SC and observation
points by SEM. This sample preparation for observation by PFM and SEM is widely used because of the
ease of structural observation”**”. The sliver shape transducer, (W0.2-0.3 mm, T0.5 mm, and L8-15 mm)
are easily broken with a minimum mechanical stress, so it is easy to reveal the fracture surface of SCs by
SEM.

The dielectric constant ¢/¢, of the SC samples was determined from the capacitance at 1 kHz using an
impedance analyzer (4194A; Hewlett-Packard Japan). The dielectric loss at that frequency was also
measured with the same device. The piezoelectric charge constant of d,, was measured using piezoelectric
d,, meter (Z]J-4B; Chinese Academy of Science, China). Measurements of electrical properties were
performed according to the IEEE Standards™".

RESULTS AND DISCUSSION

Microstructure observation of ternary system SCs

In the initial section, we will delineate the microstructure and piezoelectric characteristics of the ternary
piezoelectric single crystal 0.24PIN-0.46PMN-0.30PT, which is renowned for its exemplary piezoelectric
properties and high-temperature stability. The introduction of the ACP method has led to notable
advancements in ternary piezoelectric single crystals, exceeding the achievements of the conventional DCP
method. The ACP method enhances piezoelectric and dielectric properties by reinforcing the domain
structure within the SC. These enhancements are especially discernible in the vicinity of the MPB, which
enables the precise regulation of the material's phase transition to optimize its performance. Piezoelectric
materials are utilized across a broad temperature spectrum. Prior research has illustrated the advantages of
ACP with respect to both room temperature characteristics and thermal stability, which are crucial for
piezoelectric applications operating under diverse temperature regimes®’. This section will present a
comparative analysis of the effects of ACP and DCP on the macro- and microstructures of piezoelectric
single crystals, with a view to understand the impact of these structural changes on piezoelectric properties
under different temperature conditions.

This section introduces a standard 0.24PIN-0.46PMN-0.30PT ternary piezoelectric single crystal (SC) with
[001]c orientation, fabricated using the CF-BM method. This SC exhibits remarkable uniformity in both
chemical composition and dielectric and piezoelectric properties. All of the samples of SCs utilized in this
experiment were sputtered with electrodes composed of a NiCr/Au (50/200 nm) alloy. In this experiment,
an asymmetric sinusoidal wave was employed, with a field of 3.5 to 8 kVrms/cm root mean square (RMS)
voltage at 40 °C in air, at a frequency of 0.1 Hz and 22 cycles. Furthermore, DCP was conducted, wherein a
field of 8 kV/cm was applied for 60 s in air at 40 °C to facilitate a comparative analysis of the ACP effect
exhibited by the SC. Subsequently, a plate of dimensions L13 x W60 x T0.51 mm® was cut using a dicing saw
equipped with a diamond blade (DAD 3350, DISCO Corporation, Tokyo) with a thickness of 0.05 mm.
Subsequently, a silver sample with dimensions of L13.0 x W0.3 x T0.51 mm® was prepared and subjected to
ACP treatment for 2, 4, and 8 cycles, respectively, following depolarization treatment at 250 °C.

Figure 4A-D illustrate the polling waveform, DEP SEM image, OPP-DCP SEM image, and OPP-ACP SEM
image, respectively. It is noteworthy that the domain size of DEP SC exhibited the finest dimensions, and
the SEM morphology was markedly distinct from that of DCP and ACP SC. Figure 4A depicts a schematic
representation of the DCP, ACP with 2 to 8 cycles, and 3-step sesquipolar OPP-ACP with 22 cycles”. The
microstructure of DEP was notably refined, and the OPP-DCP and OPP-ACP SEM images were also of a
high degree of fineness. Figure 4C depicts the domain structure of OPP-ACP SCs, wherein four striped
domains of varying sizes (1-3 pm) were discerned. It was observed that the ACP domains were visibly
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Figure 3. (A) Equipment for poling process; (B) sliver SC sample dimensions, and observation points. SC: single crystal.
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Figure 4. (A) poling wave forms; (B) DEP SEM image; (C) OPP-DCP SEM image; (D) OPP-ACP SEM image. DEP: depolarization; SEM:
scanning electron microscopy; OPP: optimum polarization; ACP: alternating-current poling. DCP: direct-current poling.

heterogeneous in size, in comparison to the DEP and DCP domains. It should be noted that certain
experimental conditions may have influenced the observed domain structure.

Further experiments were conducted. The AC voltage and frequency were fixed at a single value, while the
number of cycles was varied from 1 to 1000. The fracture surface was observed using a planar transducer of
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3 mm width. Consequently, when the number of cycles was 1, the microstructure exhibited unevenness,
whereas when the number of cycles was 10 to 100, it demonstrated relative uniformity. Moreover, upon
increasing the number of cycles to 1000, a notable transformation was observed in the microstructure of the
fracture surface. Domains with a 109° orientation and a horizontal stripe pattern exceeding 100 pm in length
were identified, exhibiting a parallel alignment with the upper and lower electrodes. This indicates that the
domains are susceptible to alteration based on the morphology of the sample, the mechanism of fracture,
and the prior history, necessitating their consideration when comparing and contrasting.

The fine stripe-like in SC after ACP may contribute to an enhancement of the piezoelectric and dielectric
properties. In the SC after DCP, d,, was 1800 pC/N and &/g, = 5500, while in the OPP-ACP SC, d,, was 2300
pC/N and /g, = 7500. On the other hand, the g,, of DCP and ACP were 37 x 10° Vm/N and 35x10° Vm/N,
respectively, and no significant difference was observed. This is due to the fact that both the dielectric
constant and d., increased by the same degree due to the respective poling.

Prior reports have documented the correlation between the number of cycles and the observed
characteristics. Wan et al.” have reported that the piezoelectric characteristics of PMN-0.26PT SC
deteriorate after 100 cycles or more. Furthermore, the dependence of piezoelectric properties on the number
of ACP cycles (1, 10, 100, 1000) and the piezoelectric properties was investigated using a PIN-PMN-PT SC.
This result confirms the results of Wan et al.”” and shows that the piezoelectric properties begin to degrade
after about 100 cycles. A schematic diagram is provided in Figure 2. From these results, we can infer that the
conventional model of piezoelectric SCs, in which the piezoelectric properties degrade as the domain width
increases, is indeed accurate. Furthermore, it can be proposed that relaxor PT SCs may exhibit an optimal

domain wall size"*.

As illustrated in Figure 5, distinct domain layers were discerned in both DCP and ACP SCs, situated in
proximity to the upper and lower electrodes. This result indicates that the different microstructure layers of
approximately 20 um near the upper and lower electrodes are most likely due to the mechanical processing
of these SCs, such as lapping and polishing, and/or the electrode formation process, rather than the stress
caused by the polarization process. However, this hypothesis still needs to be verified through further
investigation.

Figure 6 depicts SEM images of DCP SCs following depolarization through heat treatment at 250 °C for 10
min and ACP at 5 kVrms/cm and 0.1 Hz for 2, 4, and 8 cycles. Immediately after depolarization, the SC
exhibited an ¢',,/¢, value of approximately 2500 and no discernible piezoelectric response was observed in
the impedance spectra. Conversely, the £',./¢, values after 2, 4, and 8 cycles increased to 1700, 5000, and
6000, respectively, but remained below the optimal ACP SC value of approximately 7500. This suggests that
these samples were not sufficiently polarized, indicating that they were in the UDP stage. The d,, and values
of these SCs were lower than 2300 pC/N of optimal ACP SC. On the other hand, when it comes to the
piezoelectric voltage constant g,., it is interesting to note that it is the largest value among these at 2 cycles.

The relationship between domain size and piezoelectric properties is believed to be influenced by a number
of factors, and a definitive understanding of this relationship remains elusive. It is well established that a
reduction in domain size leads to an improvement in the properties of barium titanate (BaTiO,) SCs""*.
However, Qiu et al. recently reported that in PMN-0.28PT, the 71° domains disappear in ACP, and the 109°
domains show a striped (1-3 pm) structure”. Furthermore, Liang et al. recently published a study
indicating that a direct comparison of domain sizes between DCP and ACP domains is not a valid
approach™!. In this study, it was found that the piezoelectric properties of ternary SCs deteriorated
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electrodes. It is notable that in all SCs, there were approximately 20-25 um of indistinct microstructure layers situated just below these

electrodes. SEM: scanning electron microscopy; OPP: optimum polarization; SC: single crystal; DCP: direct-current poling.
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Figure 6. Macro-domain structures and dielectric and piezoelectric properties of SCs (A) DEP after 250 °C heat treatment; (B) UDP-
ACP, after (B) 2 cycles; (C) 4 cycles; and (D) 8 cycles. SC: single crystal; DEP: depolarization; UDP: under-polarization; ACP:

alternating-current poling.
significantly when 1000 ACP cycles were applied, and that the 109° domains expanded dramatically in the
microstructure. These results suggest that the piezoelectric properties of ternary piezoelectric SCs may

degrade as the width of the 109° domain increases.
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Let us now provide a brief summary of the results thus far. The differences in the macro- and
microstructure of DEP, DCP, and ACP in the rhombohedral 0.24PIN-0.46PMN-0.30PT ternary
piezoelectric SC thin plates produced using the CF-BM process were observed using SEM. With the
exception of the regions in proximity to the electrodes, the DEP and DCP SCs displayed uniform random
domains. However, their dielectric and piezoelectric properties were worse than those of the ACP SC. The
ACP SC exhibited four distinct complex domain structures throughout the intermediate UDP and final
OPP-ACP stages. In all SC samples, indistinct microstructural regions, potentially resulting from
mechanical damage, were recognized in the vicinity of the top and bottom electrodes, which exhibited
differences from the crystalline center. Other studies have indicated that the dielectric and piezoelectric
properties and electromechanical coupling coefficient of ACP SCs are superior to those of DCP SCs. It is
important to note that the domain structure of the piezoelectric SC is heterogeneous even within a plate
with a thickness of 0.5 mm. A more detailed and fundamental analysis of the piezoelectric properties and
macro- and microstructures of relaxor-PT SCs should be the objective of future research.

Microstructure observation of binary system SCs

The samples utilized in this experiment were PMN-0.28PT SCs fabricated via the conventional OC-BM
method. Binary piezoelectric single crystals exhibit the following characteristics: an extremely high
mechanical coupling coefficient and piezoelectric constant, high relative permittivity, high transmitting and
receiving sensitivity, and a wide bandwidth. The objective of this study was to clarify the relationship
between the polarization waveform, microstructure, and piezoelectric properties. As illustrated in
Figure 7A, six distinct polarization waveforms were identified. The six types of polarization waveforms are
as follows: (a) DCP, (b) pulse DCP, (c) sine ACP, (d) triangle ACP, (e) square ACP, and (f) sawtooth ACP.
Sinusoidal ACP, triangular ACP, square ACP, and sawtooth ACP were subjected to an electric field of 1.5
kVrms/cm, a frequency of 0.1 Hz, and 10 cycles at 80 °C in air, as previously described"”. Pulse DCP was
also conducted in accordance with the methodology proposed by Xiong et al.' The pulse DCP conditions
were 1.5 kV/cm, 0.1 Hz, and 10 cycles at 80 °C. The standard DCP was conducted at 1.5 kV/cm and 80 °C
for a period of 1 min.

Figure 7B illustrates the microstructures and piezoelectric properties of the six waveforms under
consideration: NOP, pulse DCP, sinusoidal ACP, triangular ACP, square ACP, and sawtooth ACP SC. No
discernible 109° domain walls were observed in the pulse DCP samples, and the d,, value was less than 1500
pC/N. In contrast, the sinusoidal ACP SC exhibited 109° domain walls of 1-2 pm in length, aligned with the
electrodes, and demonstrated high piezoelectric properties, reaching 1920 pC/N. In this experiment, the
sinusoidal ACP SC without spurious-mode vibrations (SMV) exhibited the most stable and optimal
electrical properties. Xiong et al. observed that the 109° domain walls were more aligned in the high Tc (280
°C) PIN-0.35PT SC by pulsed poling than in the ACP"*.. However, as illustrated in Figure 7C, in the low-Tc
(130 °C) PMN-PT SC utilized in our experiments, the 109° domain structure with a discernible layered
configuration was not discerned in the pulsed poling in comparison to the ACP, and was nearly identical to
the domain structure obtained by DCP. From these experiments, it can be inferred that 109° domain walls
with a moderate width of approximately 0.5 to several micrometers are essential for improving the excellent
properties of piezoelectric ACP-based PMN-PT SCs. This conclusion is supported by the findings of

previous studies, including those referenced in the following sources: 2%/,

The pulsed DCP SC exhibited an ¢',./¢, of 5410 and a d,, of 1220 pC/N, both of which were lower than the
values observed in the DCP SC, which had an ¢",,/¢, of 6400 and a d,, of 1490 pC/N. As illustrated in the
schematic domain structure image in Figure 7C", the heterogeneity of the constituent phases within the SC
plate can be attributed to the heterogeneity of the domain structures. The domain structure images were
created with reference to the reports of Qiu et al."” and Xiong et al."” (a) DCP and; (b) pulsed DCP SCs are
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Figure 7. (A) six poling wave forms; (B) impedance and SEM microstructures; and (C) schematic domain walls images. Copyright from
Japanese Journal of Applied Physics™®®. SEM: scanning electron microscopy.

uniform in phase and exhibit a mixture of 71° and 109° domain structures, as previously reported"****’; (c)
Sinusoidal ACP SCs display striped 109° layers domain walls with 71° domains removed following ACP; (d)
Triangular ACP SCs exhibit 109° domain layers similar to those observed in sinusoidal ACP SCs
[Figure 7C], but contain irregular domains. As with pulsed DCP, this may be a contributing factor to the
SMV; (e) The square ACP SC is analogous to the sinusoidal ACP 109° domain layer in (c), yet the domain
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layers are not homogeneous in width; (f) serrated ACP SCs exhibit similarities to (c) sinusoidal ACP SC
109° domain layers and also contain domain structures that are reminiscent of those observed in DCP.

In all samples utilized in this study, a substantial microstructure region spanning 20-30 pm was observed
directly beneath both electrodes, exhibiting notable dissimilarity from the central region. This finding aligns
with the results presented in the preceding section. The disparate microstructures observed directly beneath
the electrodes may be attributed to the residual stresses generated during the cutting, grinding, and
polishing of the SC plates.

In this study, the observation of microstructure regions with vertical stripes perpendicular to the electrode
was consistent for all SCs, despite the application of ACP with different waveforms. This indicates that the
presence or absence of the longitudinal stripe microstructure regions in SCs is largely independent of the
applied waveform or electric field. Figure 8 illustrates the preparation of SEM samples with two distinct
fracture orientations (A) and the SEM microstructures of DCP and sinusoidal ACP PMN-0.28PT SCs with
forward and backward bending fracture cross-sections at (B) low and (C) high magnifications. As illustrated
in the SEM images, the location of the longitudinal stripe region of the SC plate changes with the fracture
direction in the case of DCP SC, even when the applied electric field remains constant. In contrast, the
position of the longitudinal stripe region remains consistent for the same fracture direction in the case of
the sine ACP SC. These findings suggest that when a DCP or ACP SC is fractured, a microstructure with
longitudinal striations perpendicular to the direction of tensile stress application is formed. As previously
reported, the use of SC slivers with a width less than half the thickness and a length perpendicular to the
electrode direction (e.g., L13 x Wo0.15 x T0.3 mm) has been shown to result in a good fracture surface,
thereby reducing tensile stress””!. As reported by Song et al. the SEM image of PIN-PMN-PT SC reveals the
presence of a microstructure of longitudinal stripes perpendicular to the electrode. However, the authors
did not explicitly discuss the formation of this microstructure in relation to the different fracture directions.

In contrast, as illustrated in Figure 8, our findings indicate that the location of the longitudinal stripe
microstructure shifts in PMN-PT SC due to the discrepancy in compression and tension resulting from the
distinction in fracture direction. The longitudinal stripe microstructure is the result of a distinct formation
process influenced by the intrinsic domain structure of the piezoelectric material. Consequently, when
employing SEM to examine the microstructure of SCs and elucidate the correlation between piezoelectric
properties, it is imperative to prioritize meticulous sample preparation and precise observation geometry.

Various theories have been proposed and reported by many researchers on the mechanism of enhancement
of piezoelectric properties by ACP of piezoelectric SCs'*"'**". Wada et al. reported that in barium titanate
SC, small domain walls, i.e., high domain wall density, exhibit high piezoelectric property'"*?. Yamamoto et
al. reported that the optimal domain wall width for ACP SCs is about 0.5 to 5 pum with stripes of 109°
parallel to the electrode'”. ACP SCs also showed a clear change in the [004] peak observed by X-ray
diffraction (XRD), indicating not only a change in the domain but also a change in the constituent
phases'®”. Qiu et al. reported that the reduction of 71° domain walls and the increase in domain size of ACP
single crystals caused transparency, which is the main reason for the improved piezoelectric properties'.
Wan et al. and Xiang et al. reported that excessive cyclic ACP poling conditions for PMN-PT SCs lead to
large 109° domain wall widths, which degrade the piezoelectric properties, and that there is an optimal
domain wall width®”.Tian et al. proposed that ACP causes lattice defects in single crystals to accumulate
around 109 domain walls, which is responsible for the excellent piezoelectric properties®.
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Figure 8. (A) Two SEM specimen preparation methods in different fracture directions and, SEM microstructures of anterior and
posterior bending fracture surfaces at (B) low and (C) high magnifications. SEM: scanning electron microscopy.

Liang et al. reported the presence of new sub-1 um fine 71° stripe domains in 109° domain walls parallel to
the polarization direction after thermal cycling of ACP PMN-PT single crystals at 60 °C, and since there is
little change in the dielectric piezoelectric properties of SCs before and after this heat treatment, they report
that they do not believe that the bigger the domain, the better™. We believe that the improvement in the
piezoelectric properties of PMN-PT piezoelectric SCs by ACP is not only due to the change in the
microstructure of less than 5 pm, but also due to the machined layer of about 25 pm macrostructure at the
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bottom of the electrode, which greatly affects the electrical properties of the SCs plates. This idea is
supported by the results reported by Kim et al. who found little property enhancement effect of ACP when
the thickness of single crystals is less than 100 um"*. Sato reported that the MPB PMN-PT SC was
examined using in situ AC field electrical biasing transmission electron microscopy. The ferroelectric
domain structure was significantly altered by applying a SC of an AC electric field at 12kV/cm peak-to-peak
(3.6 kVrms/cm) and 20 Hz. Subsequently, with increased AC field duration, both a reduction in domain
wall density and the generation of vertical microdomain bands were observed. These phenomena could,
respectively, enhance and degrade the piezoelectricity of the material”.

PMN-PT SCs near morphotropic phase boundaries with excellent piezoelectric properties have complex
compositions, domains and multiple constituent phases, and these properties are easily changed by physical
and electrical stimuli. It is not yet clear which factors are responsible for the enhanced properties of ACP
PMN-PT piezoelectric SCs and to what extent, and further research is needed.

Solid state crystal growth (SSCG)

Figure 9 shows (A) a schematic fabrication image of the SSCG process, (B) the 0-12 MHz impedance
spectrum of a high-Qm SSCG SC without the poling process, (C) a low-density type, (D) a high-density
type SSCG SC, and (E) an SEM of a PIN-PMN-PT BM SC after ACP images and piezoelectric properties.

SSCG technology has been studied since the 1990s as a fabrication method for Mn-Zn ferrite and garnet.
SSCG is a method of growing SCs from polycrystals in the solid phase and is based on Abnormal Grain
Growth (AGG) in solid phase reactions. Seed crystals are embedded in or placed on top of the
polycrystalline body. The seed crystal has the same crystalline structure as the matrix material. Both the seed
SC and the polycrystal are sintered at a temperature below the melting point of the crystal to form an SC
material from the polycrystal. In addition, SCs can be grown using the “seed-free method” by nucleating
seed crystals in the polycrystalline matrix in advance by applying a temperature gradient or by adding
additive materials such as boron (B,0,). SSCG has long been used as a low-cost method for producing SC
materials, but it has only recently attracted attention. The SSCG process offers some advantages: (1) Heating
equipment can be easily designed to grow at lower temperatures than the melt growth method; (2)
Composition uniformity is good because segregation is less likely to occur; (3) Crucible contamination is
suppressed. Many of the problems associated with conventional SC growth can be avoided with the SSCG
method, and there are prospects for lower production costs. The so-called BM furnace used in the BM
method is a special piece of equipment. However, the equipment used in SSCG SC can be a general-purpose
electric furnace for sintering ceramics, and the use of a continuously operating furnace called a tunnel
furnace enables mass production at lower cost. When heterogeneous nucleation starts on the surface of a
relaxor-based piezoelectric SC with a seed crystal [Ba(Ti,Zr)O, with a perovskite structure], atom diffusion
occurs from the high-density ceramic matrix to the seed crystal in contact. As a result, abnormal grain
growth (AGG) is activated and crystals can be grown epitaxially from the seed crystal. The SSCG method
has several advantages: the production of relaxor-based piezoelectric SCs by the SSCG method does not
require a high-cost platinum (Pt) or iridium (Ir) crucible, which is a prerequisite for the BM method,
because SC growth is performed in a sealed porcelain sager, typically at 1100 °C to 1250 °C. Therefore, the
SSCG method can also significantly reduce manufacturing costs. In addition to the economic aspect, the
homogeneous composition throughout the volume of the SC is ensured because the raw ceramic powder is
not melted. Currently, compositional variations within SSCG SCs are known to be in the range of + 0.25
mol%, which is similar to commercialized PZT ceramics and barium titanate, resulting in excellent
uniformity and reproducibility of electrical properties. It is noteworthy that with the advantage of
guaranteed uniformity, the amounts of donors (Sm, Nd, La, W, etc.) and acceptors (Fe, Mn, Co, etc.) can be
easily adjusted, resulting in convenient control of the dielectric and piezoelectric properties. One feasible
method that has received particular attention is the inclusion of a self-activated poling state, or self-poling,
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Figure 9. (A) Production image of SSCG process, (B) Impedance spectra of NOP SC with 0-12 MHz, for high Qm SSCG SC without any
poling process. Copyright from Japanese Journal of Applied Physics™;(C) SEM images of low-density-type Copyright from Japanese
Journal of Applied Physics”?; (D) high-density type SSCG SC; and (E) PIN-PMN-PT BM SCs after ACP. Copyright from Japanese Journal
of Applied Physics®”.SSCG: solid-state crystal growth; NOP: non-polarization; SC: single crystal; ACP: alternating-current poling; BM:
Bridgeman method; PIN: Pb(In, ,Nb, ,)O5; PT: PbTiO5; PMN: Pb(Mg, 5Nb,,5)O,4

by adding additives to the relaxor PT SC. He et al. reported the self-poling properties of top-seeded
solution-grown (TSSG) Sn-doped PMN-PIN SCs, d,, > 1500 pC/N in 2017, We demonstrated that SSCG
PMN-PZT SCs exhibited large d., > 540 pC/N®. Kim et al. also reported self-polling of SSCG PMN-PZT,
d,, > 900 pC/N"™. The origin of self-polling may be attributed to the multivalent state of the dopant, but
further fundamental studies are needed to investigate this unprecedented behavior. It should be noted that
the SSCG method is attractive to researchers because it is considered a promising candidate to overcome the
obstacles of BM-grown SCs; since SSCG SCs are grown below their melting point, the solid-state reaction
method achieves recognizable features not observable with melt-grown synthesis techniques. The low-
density type SSCG SCs exhibited a large number of recognizable 1-10 pm spherical pores compared to BM-
grown SCs, as shown in Figure 9C. It is impossible to realize such large pores in SCs using the conventional
Bridgman method. In 2022, Yamashita et al. reported that donor La-doped PMN-PZT SCs fabricated by the
SSCG method, as shown in Figure 9D, exhibited unprecedented piezoelectric performance after ACP,
namely a dielectric constant of 14000 and a piezoelectric constant d,, of 4800 pC/N, the highest level in the
world™. Recently, the production of PZT 50/50 near the phase boundary, which has been considered
difficult to single crystallize, has been reported using SSCG. Single crystals produced by the SSCG method
exhibit low acoustic impedance Z,, = 28-35 MRayls, a low modulus of elasticity, which facilitates acoustic
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impedance matching (Z,, = 1.5 MRayls) between the piezoelectric transducer and the medium in medical
and underwater transducers and enables more efficient ultrasound transmission and reception. This allows
for more efficient ultrasound transmission and reception. Although pores in single crystals have been
considered a drawback in the past, the low acoustic impedance achieved by these pores has recently received
special attention. In general, PMN-PT-based SC and PZT ceramics prepared by the BM method exhibit
high densities of 7.7 to 8.2 g/cm’ and sound velocities of 4500 m/sec, with high Z,, values of 35 to 38
MRayls. In contrast, SSCG SCs have lower densities of 7.4 to 7.9 g/cm’ due to the presence of pores. The
sound velocity of these SCs is 4000 m/sec, resulting in a Z,, value that can be reduced to 28 to 31 MRayls.
The equation for the reflection of ultrasonic waves at an interface is

R= (ZZ_ZI)/(ZZ+ZI)

where Z, is the acoustic impedance of the piezoelectric body and Z, is the acoustic impedance of the living
body. At Z, values of 28 MRayls and 35 MRayls, the reflectance rates are measured to be 89.8% and 91.8%,
respectively. Correspondingly, the transmittance values are 10.2% and 8.2%, indicating a difference of 20% at
this point. In actual applications, acoustic impedance matching layers are often incorporated into the design
of the actual transducer, which is located between the living body and the piezoelectric material. However,
as the above analysis clearly shows, even a 20% improvement in acoustic impedance can have a very
significant effect on performance improvement and generate significant industrial value. In addition to
these, SSCG crystals have excellent machinability because crack propagation is inhibited by the presence of
pores. For these reasons, SSCG SCs have the potential to be a game changer for various piezoelectric
transducers in the near future™. Table 2 shows a comparison of DCP and ACP material constants for low-
density SSCG, high-density SSCG, and CF-BM grown PIN-PMN-PT SCs.

However, the practical application of SSCG-PMN-PT based SCs still lags behind BM process SCs, which
have been developed in many research periods and companies since the 1990s; the SSCG method has
difficulties in stably controlling pore size and pore volume, stably producing SCs larger than 70 mm in
length and weighing more than 0.5 kg™ **. There are few research institutes, and the number of product
suppliers is limited to one company worldwide®. Therefore, more active research and development is
needed for the large-scale application of SSCG SC in the near future.

CONCLUSIONS

The use of AC poling instead of conventional DC poling to improve the properties of high-performance
relaxor perovskite piezoelectric SCs produced by the Bridgeman melt-growth method has become common
since about 2020. The microstructure of relaxor PT SCs is easily modified by machining, polishing, lapping
processes, electrode attachment, electric fields, and mechanical stress. Microstructural observation by
scanning electron microscopy SEM is the best way to easily confirm the relationship between electrical
properties, macrostructure, and microstructure of relaxor-PbTiO, SCs.

After optimal AC poling, a fine 109° domain layer of 0.5 to several microns is obtained parallel to the
electrodes of the relaxor-PbTiO, SC plate, which contributes to a 10%-100% improvement in the dielectric
constant and piezoelectric constant. Selection of the proper voltage, waveform, and the optimum number of
AC cycles (5-200 cycles) are necessary to obtain stable electrical properties.

Non-melt growth type relaxor-based piezoelectric SCs fabricated by the SSCG method exhibit self-poling,
excellent machinability, high piezoelectric performance, and excellent composition uniformity, which is
attributed to the spherical micropores present in the SCs. However, further improvements are needed for
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Table 2. Comparison of material constants of low-density (LD) SSCG, high-density (HD) SSCG, and CF-BM growth PMN-PT SCs.

Copyright from Japanese Journal of Applied Physics™*.

Properties/Materials LD SSCG PMN-0.3PT HD SSCG PMN-0.3PZT CF-BM PMN-0.30PT
Density (g/cm”) 75 75 7.8 7.8 8.11 8.1
Poling type DCP ACP DCP ACP DCP ACP
Free dielectric constant 5200 6450 10000 14200 6000 10000
Clamped dielectric constant 1030 1000 1000 1250 815 770
Dielectric loss (%) 0.8 0.9 11 1.2 0.5 0.4
Calculated k35 (%) 90 92 95.4 95.7 92.8 96.1

kt (%) 59.1 58 47 48.2 56.7 56.5
Nt (Hzem) 1750 1770 1980 2000 1918 1920
Sound velocity (m/sec.) 4025 4100 4450 4490 4560 4635
ds3 (pC/N) 1330 1530 2800 4800 1600 3000
953 (107 Vm/N) 28.9 26.8 316 38.2 301 339
Acoustic impedance Z5; (MRayls) 30.2 30.8 347 35.0 37.0 37.6
Coercive field Ec (kV/cm) 3.0 3.0 3.0 3.0 25 2.4
Tpcl (°C) 80 74 57 58 88 87
Tpc2 (°C) 86 72 72 98

Tc (°C) Max. dielectric loss 109 14 140 140 141 141
Tm (°C) Max. dielectric constant 17 19 148 148 143 143

SSCG: solid-state crystal growth; ACP: alternating-current poling; PZT: Pb(Zr,Ti)O5; PMN: Pb(Mg, 5Nb, 5)O; DCP: direct-current poling; CF-BM:
continuous feed Bridgeman method; PT: PbTiO;; Tpcl: the first phase change temperature; Tpc2: the second phase change temperature.

SSCG SCs to become the mainstay of future applications. The AC poling technology can be applied not only
to lead-based relaxor piezoelectric SCs but also to other lead-free piezoelectric SCs and ceramics. Further
research is needed, including theoretical aspects, for the wider application of AC poling.
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