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This review paper introduces the recent worldwide research and development trend of piezoelectric single crystals (PSC).

Lead perovskite compounds, such as lead magnesium niobate titanate (PMNT) and lead zinc niobate titanate (PZNT), have been
investigated for transducer applications during the last 10 years. These materials have a large piezoelectric constant d35>2,000 pC/N
with Curie temperature Tc of 140-175°C. However, higher Tc perovskite compounds have been attracting attention in the last couple
of years. New PSC materials with Tc>180°C have been intensively studied around the world. Some promising material systems,
namely, In or Sc-doped PMNT, lead yiferbium niobate titanate (PYbNT), BiScO,;-PbTi0; and potassinm niobate (KN) PSC, are
mtroduced. These new materials and the corresponding manufacturing processes are also summarized.
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1. INTRODUCTION

The potential piezoelectric properties of the
perovskite (ABO3) structure of Pb(Zr,,,Ti,)O 5 (PZT)
ceramics near the morphotropic phase boundary
(MPB) separating the rhombohedral and tetragonal
phases were first clarified by Jaffe et al. in 1955[1].
After the discovery of PZT, numerous Pb(B'B")0,
and Pb(B'B"Y03-PbTiO; relaxor materials similar to

PZT and new kinds of PSC have been
investigated.[2-124]. From 1960 to 1980,
attention focused on the interesting intrinsic

propertics of these relaxors, such as dielectric
relaxation, the origin of their huge dielectric
constants, and structure ordering. However, in the
last 10 years, the main focus of attention has been
the potential industrial applications of these
relaxors.

The purpose of this article is to review the work
carried out on Pb(B'B")0;-PbTi0; piezoelectric
single crystal materials and their applications
over the last 10 years. Recently, PSC have attracted
great interest because their properties are far
superior to those of conventional PZT ceramics.
The present situation and future prospects
regarding these PSC materials are also introduced.
In addition, new material systems and their
manufacturing processes are summarized

2. LEAD-BASED RELAXOR MATERIALS
2.1 Relaxor Materials

Table I shows the Curie temperature Te¢, maximum
dielectric  comstant  (K), ecrystal structure,
ferroelectric (F) or antiferroelectric {AF) phase,
PbTiO; mol (%) at the MPB, and Tc¢ at the MPB for
various relaxor materials, along with their
abbreviations. Figure 1 shows the MPB (I} in PZT
and the MPB (II) in Pb(B'B")0;-PbTiO; and the
MPB (III) in Pb(B'B")0;-PZT. The locations of
the MPB (II) and (I1II) vary when different B' or BY
ions are selected as shown in Fig. 1. As regards
practical piezoelectric applications, little attention
was paid to MPB (II) and (III) compositions until
1980, due to the poor piezoelectric properties of the
ceramics, notably their low electromechanical

coupling factors compared to those of PZT
ceramics, and the high cost of the raw materials.
Initially, ead magnesium niobate,
Pb(Mg;sNb,3)0; (PMN), and lead zinc niobate,
Pb(Zn,;3Nb,;3)0; (PZN), were considered to be the
two best relaxors. Accordingly, they were the
principal objects of rescarch and used im many
applications..

MMz ZnInYh amd Sc
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Figure 1 Location of MPB-LI and III of
relaxor-PT system.

2.2 Importance of phase diagrams

This section reviews some basic studies of
high-temperature phase diagrams of several relaxor
materials. An accurate phase diagram is essential
for growing single crystals of high quality and
large size within a limited time frame. The first
high-temperature phase diagram of the PMN and
PbO systems was reported by Ye et al {10]
Recently, based on the thermal analyses by
TG/DAT, a complete pseudo-binary phase diagram
between PZNT91/9 and PbO has been established
[68]. The phase diagram and the thermodynamic
data provide valuable guidance for the growth of

1059



1060

Recent Development Trend of Piezoelectric Single Crystals: A Review

Table1 Relaxor materials, high Tc materials and their MPBs with lead titanate

Relaxor Materials | Abbrev. te amax. | Ste- | g, | TH@MPB | To@MPB
K Gy ture (mol%) K{¢C)

Pb(B*'13B%2)03

Pb{Cd;3Nby3)0, PCdN 273 () 8000 PC F 28 653 (380)
Pb(Zn;3Nby»)0; PZN 413 (140) 22,000 R F 9.10 448 (175
Pb(Mg;/3Nbys3)05 PMN 263 (-10) 18,000 | PC F 32-34 428 (155)
Pb(Ni;sNb,s)0; PNN 153 (-120) 4,000 | PC F 30-35 403 (130
Pb(Mn;3Nbys)0s PMnN 1533 (-120) 40001 PC F 30-35 403 (130)
Pb{Coy3Nby3)0; PCoN 175 (-98) 6,000 M F 33 523 (250)
Pb(Mg;3Tays3)0, PMgT 175 (-98) 7,000 ] PC F 309 373 (100)
Pb(B*1,B”"1,)0;

Pb(Yb,Nb12)05 PYbN 553 (280) 150 M AF 50 633 (360)
Pb(In; oNb;,)04 PIN 363 (90) 550 M F 37 593 (320)
Pb(Sc;,Nb;»)04 PSN 363 (90) 38,000 R F 42 533 (260)
Pb(Fe,Nby5)0; PFN 385 (112) 12,000 R F 77 413 (140)
Pb(ScinTa12)0; PST 299 (26) 28,000 R F 45 478 (205)
Others

*PbZr0, PZ 513 (240) 3000 O AF 47 633 (360)
(Pb,La)(Z1,Ti)0; PLZT <623 (<350) 30,000 | R, T | F, AF 35-47 <623 (<350)
BiScO, BS >673 (>350) <1000 | R F 64 723 (450)
BilnO; Bln >973 (>700) <1,000 R F? 70 843 (570)
(Nay B ) Ti0s BNT 633 (360) 4000 R F SBT 573(300)
KNbf), KN 708 (435) 7,000 R F 50NaNbO3 <673 (<400)
PbTi0, PT 763 (490) 9000| T F

C: Cubic, M: Monoclinic, O: Orthorhombic,
PC: Pscudocubic, PY: Pyrochlore, R: Rhombohedral, T: Tetragonal

AF: Antiferroelectrics,

F: Ferroelectrics

Table 1I Comparison of several relaxor-PT single crystals and PZT5H ceramics for transducer applications.
Materials Ti Te K 1 g, ks dys dy, g5 Size
(mol%) C)

(%) (%) ®C/N) | (CN) | 10°VmN) | (mm)
PZNT 510 | 150175 | 4000 | > 81 2400 | -1,700 60 50
PMNT 30-35 135-155 4,560 93 61 2,500 -1,000 50 50
PSNT 38-43 | 240-260 | 2000 | (94%) | (80%) | (1.500) | (-1,000) (>40) <10
PINT 3338 | 300-320 | 2000 | (85%) | (>50) | (1,000) | (-700) 40) <15
PIMNT 30-35 180-250 3,100 90 60 2,200 -1,000 60 25
BiScO;-PT 64 450 2000 75 40 450 - 26 <10
KNbG; 420 110 k=70 (60*) 55 - 55 <50
PZT SH** 40-47 210 3,200 75 40 700 -350 20 >100

(*) Predicted value , ** Ceramics
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large and high-quality PZNT PSC. A solution
Bridgman process has been successfully developed
to grow PZNT single crystals with various
Ti0;-concentrations. This process has resulted in
good quality PSC of large size (25-80mm in
diameter and more than 1.0 kg in weight), suitable
for medical ocho and many other transducer
applications[71,76,.99].

2.3 Large size single crystal growth

The first large-size PSC growth was carried out by
Bonner et al. in 1967 [5]. A PZNT PSC by flux
growth for medical fransducer applications was
first reported by Kobayashi in 1997 [19]. However,
in recent years, PSC growth has been performed by
the solution Bridgman or Bridgman process. Using
these processes, it s possible to control
evaporation of PbO at high temperature during
crystal growth. The PSC growth by the Bridgman
process started at about the same time in Japan
26,27}, the USA [37] and China [39,58]. The
Bridgman process furnace has a steep vertical
temperature gradient, more than 20°C/cm, at around
solid/liquid interfaces determined by the phase
diagram. Figure 2 shows the large PZNT PSC boule

produced by the solution Bridgman process[76,112].

PMNT and PZNT PSC of almost the same size have
been successfully grown in other
organizations{108-111].

Figure 2 Large size PZNT PSC produced by the
solution Bridgman process.{Courtesy of Kawatetsu
Mining Co., Japan, secef[112])

2.4 High Curie temperature PSC

One of the disadvantages of PZNT and PMNT PSC
is that they have a low Curie temperature Tc and a
low rhombohedral to tetragonal phase change
temperature Trt, compared fo those of PZT
ceramics. Unlike PZT ceramics, PZNT and PMNT
exhibit a phase change temperature Trt of around
50-120°C. Although the Trt values shift depending
on poling conditions, fairly large decreases of kj;
and di; are observed above the Trt [43,80]
Therefore, the operating temperature range of these

PSC devices is practically limited by Trt, not by Te.

The Tos and Trts of PZNT94/6 to PZNT89/11 lie in
the ranges of Te=161-178°C and Trt=107-47°C, and
those of PMNT70/30 to PMNT67/33 in the ranges
of Te=140-155"C and Trt=87-47°C. These Trt and
Tes are sufficiently high for naval or medical
applications where the operating temperatures are
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usually below 60°C. However, they are unsuitable
for high-temperature applications such as actuators
for outdoor use. Therefore, new material systems
with Te>180C and Trt>100°C are required for
high-temperature applications. Using the binary
Syst@m of XPb(Iﬂyszl12}03'beTiO3 (PINT
100x/100y) [28,46,61] and the ternary system of
xPb(8¢y,Nby)05-yPb(Mg; 3Nb,5)0:-2PbTi0;
(PSMNT 100x/100y/100z), attempts have been
made to grow PSC of sufficient size. Yasuda et al.
reported that PINT single crystals of fairly good
quality, more than 10 x 10 x 3mm in size, werc
obtained by the flux method [44,59]. The PINT
single crystal shows a Te of 260°C, which is 80°C
higher than that of the PZNT 91/9 single crystal. A
Trt is observed near 100-150°C. The PSMNT single
crystal shows a peak dielectric constant maximum
at Te=200°C at 1 kHz, which is 50°C higher than
that of the PMNT 67/33 single crystal. A small
peak of dielectric constant is observed near 120°C,
which is considered to be a transition point (Trt)
from rhombohedral to tetragonal phase [61]. The
PINT shows excellent temperature dependence of
piezoelectric properties [61].

Recently, Hosono et al. reported piezoclectric
properties of xPb(In; ,Nby ;)05
yPb(Mg;;3Nb,;3)05- zPbTiO; {(PIMNT
100x/100y/1002y PSCJ83]. Figure 3 shows the
dielectric constants before poling of the PIMNT
16/51/33 PSC of different boule positions. Low Te
{Te=181°C) of the wafer was obtained near the
nucleation area, whereas high Tc (Te=196°C) of the
wafer was obtained at the top of the boule. These
characteristics are almost the same as those of the
PMNT PSC grown by the Bridgman process. The
variation is caused by Ti0, composition difference
between and within the PIMNT PSC wafers. A
large diclectric constant maximum, ranging from
38,400 to 41,800 was observed. A low loss of less
than 1.5% after poling was seen in wafer #-1,
whereas a slightly larger loss of 1.3% was seen at
the end part. A noficeably large d3;=1,950 pC/N,
which is about 4 times larger than that of the same
ceramics composition, was obtained in the center
portion of wafer #-8. The Tc of the wafer is 191°C,
which is 40°C higher than that of the PMNT 68/32. The
sliver mode electromechanical coupling factor k'y;
was measured with a 0.36mm thick x 0.17mm wide
x 9mm long specimen. The width/thickness ratio is
0.47 which is sufficient to obtain a clean spectrum
for the thickness mode vibration. A large £ 5;>80%,
which is almost the same as for the PMNT 68/32,
was obtained in wafers #-1 and #-8 The PIMNT
PSC have not only a large d3;=2,000pC/N, but also
high Tc of 170-200°C. PIMNT PSC produced by the
Bridgman process and TSS8G process were also
reported[97,98]. The PIMNT PSC are considered to
be a good candidate of medical array transducers
due to their well balanced electrical properties
[83,96,97]. Table II summarizes varions important
relaxor-PT PSC and other PSC properties and
compares them with those of PZT5H ceramics.

2.5 New PSC manufacturing process

The Bridgman process and TSSG process are well
established PSC growth processes{71]. However,
these processes have several shortcomings, such as
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Pt crucible cost and composition homogeneity. In
order to solve these shortcomings, a new approach
has been studied. Solid state ¢rystal growth (S8CG)
and templated crystal growth (TCG) processes have
many advantages. The first SSCG process for
lead-relaxor materials was studied by Yamashita et
al. in early 1998[49]. At almost the same period,
many rescarchers also tried to make relaxor PSC by
these process [50,74,81,89,90,102,104,109]. Since
these processes have many advantages compared to
the conventional PSC process, they are expected to
lead to the reduction of the cost of relaxor PSC for
mass-production in the near future..
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Figure 3. Dielectric properties of PIMNT 16/51/33
PSC of different wafer position for in the boule
(Before poling) .

3. APPLICATIONS

Medical echo diagnostic ultrasound sysiems use
ultrasonic array transducers for their applications.
Frequencies used for these applications are 2-20
MHz. The typical cardiac transducer operates at a
center frequency of 2-4 MHz and makes use of a
piczoelectric material plate with a size of 15 x 25
mm. Recently, medical echo ultrasound has been
greatly improved. The color Doppler technique and
tissue harmonic imaging are frequently unsed for
functional diagnosis as well as for ultrasonic
tomography (B mode). However, clearer images are
required for early and reliable diagnosis of homan
organs with small tumors. This requires a wider

bandwidth of probes as well as improved sensitivity.

The key to achieve this is the performance of the
piezoelectric material which transmits and receives
the echo ultrasound. High dielectric constant type
BZT5H ceramics have been mostly used for this
application in recent decades. However, recent
research has focused on obtaining greater
sensitivity and broader bandwidth, and new
transducers such as piezoelectric composites have
been studicd. Single crystals of PZNT91/9 and
PMNTG7/33 have a large ds; (>2,000 pC/N) and ks,
(>92%), k3’ (>80%) and g;; (>60 x107 Vm/N),
values far larger than those obtained for any PZT
ceramic specimens. This is one reason that
intensive research on medical transducers has been

conducted in various parts of the world during the
last 10 vyears. After the initial reports and
presentations by Toshiba in the early 1990s
[12,15,18,19,23,27,31,34.35 40], several
organizations in the USA, entered the field
116,20-22,24,29.30,33,36,47,48]. Saitoh et al.
reported the first images of B-mode and
Doppler-mode obtained by using PZNT91/09 PSC
for cardiac transducers operating at 3.5 MHz with
96 channels [34]. The echo amplitude of the PZNT
probe is about 6 dB higher than that of the PZT
probe, and the frictional bandwidth is 30% wider.
This means that both the penetration and the
resolution of the PZNT probe are superior to those
of conventional PZT probes. Large coupling factor
ki3 (>82%), dielectric constant  after poling
{K>3,000) and low acoustic impedance Z;;<24
(x10° kg/m’s) make PZNT 91/9 single crystals an
excellent transducer material for medical diagnostic
applications. At present, the size of PZNT and
PMNT PSC is sufficient for various applications.
However, the guality and uniformity of these
crystals within and between the wafers, as well as
among lofs and among manufacturers, are still
insufficient{82]. Although it is usually easy to grow
PZNT and PMNT PSC in [111] or [110] directions,
it 18 wvery difficult to grow them in [001}
direction[57,82]. Since [001] walers are used for
medical transducers, there is always some TiO,
distribution within wafers[58]. This is one of the
causes of large scattering of k;s, ds; and dielectric
constant within wafer. In addition, the manufacture
of high-frequency, i.e. more than 7 MHz, PSC
transducers that requires thin thickness plate (Jess
than 150 microns), is very difficult because of the
low-frequency constant and low mechanical
strength of PSC, The present cost of PSC wafers is
more than 10 times that of PZT ceramics. Other
drawbacks are temperature instability, mechanical
properties, chipping by  dicing, matching
layers/electrode/PSC  bonding  strengths, low
clamped diclectric constant, low Ec, depoling and
low production vield, etc. So, at present, although
PSC have properties which are very atiractive
compared to those of PZT ceramics, the supply of
PSC medical array transducers is limited.

Figure 4 shows 3 MHz cardiac PMNT PSC
transducer. The properties are superior to those of
PZT transducer as shown in Fig. 5.,

Figure 4 3MHz PMNT PSC transducer (Courtesy
of Humansecan Co., Korea, see[111])
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Figure 5 Two way spectrum of (Top) PMNT PSC
transducer with -6dB RBW=100% and (Bottom)
PZT transducer with -6dB RBW=65%, {Courtesy of
Humanscan Co., Korea, see[111])

4. OTHER PSC MATERIALS
4.1 Bismuth perovskite compounds,

Bismuth perovskite of BiScO,;-PbTiO; PSC was
reporied by Zhang{86.87.88]. The material system
has a high Tc of 450°C with a large d;5>450 pC/N,
which is suitable for high-temperature applications
above 300°C..

4.2 Potassium niobate KNbQ;

Potassium niobate (KNbQO;,KN) crystals undergo a
sequence of phase transitions from the cubic phase
to tetragonal, orthorhombic, and rhombohedral
phases with decreasing temperature, ie. at 435°C,
225°C, and -10°C, respectively. The structural
phase transformation sequence in potassium niobate
is analogous to that of BaTiO;. The orthorhombic
single crystal of KN has a pseudocubic perovskite
structure. Potassium niobate is known to melt
incongruently at 1039 °C and single crystals are
usually grown from a K,CO;-Nb,0s melt with
excess K,CO; acting as a flux by the Kyropoulos
technique or the TSSG (top-seeded solution
growth) technique. Figure 6 shows a photograph of
a KN single crystal with dimensions of about
40x40x25 mm’, which was produced by Asahi
Techno Glass Co., Japan. Similar PSC are also
manufactured by several organizations. Potassium
nichate PSC had not received much aftention as a
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piezoelectric material until very high coupling
factors both for surface acoustic waves [113,116]
and bulk acoustic waves [114,117] were reporied.
Electromechanical coupling factors thickness mode
kt=70% and piezoelectric charge constant
235=55(x107V/mN) of KN PSC with special cutting
angles are very attractive for device engincers. New
applications for KN PSC have been proposed
[118,119,121,122,123]..

Fig.6 KN PSC produced by Kyropoulos process

{Courtesy of Asahi Techo Glass Co., Japan,
see[124}}

5. CONCLUSION

(1)  Sufficiently large PZNT and PMNT

piezoelectric single crystals (PSC), i.e. 25-80mm in
diameter, for varicus applications such as medical
transducers, actuators, sonar and hydrophones, are
available

) Process capabilities, such as polishing,
electroding, dicing, lead-attaching and the
assembling of 2-7.5MHz medical cardiac PSC
transducers, are almost established.
High guality of images on sereens of medical echo
systems has been confirmed by several echo
equipment manufacturers.
(3) Quality, uniformity level between and within
wafers, lot to lot and among manufacturers of PSC
made by the (solution) Bridgman process are still
inferior to those of PZT ceramics.
(4) Design and manufacture of high-frequency PSC
array transducers, i.e. higher than 8MHz, is very
difficult due to the low frequency constant and
mechanical strength of PSC.
{3y New high Tc¢ P3C of In-doped PMNT,
BiSc03-PT, and KN would be very promising for
high-temperature applications if PSC of sufficient
size and quality were grown.
(6) Some other drawbacks of PSC arrav transducers
have been pointed out. So, at present, PSC have vet
to win acceptance in the mass production of
medical array transducers except at a few
organizations, Nevertheless, it is quite possible that
PSC may become the predominant materials for
sophisticated, performance-oriented piezoelectric
products in the near future.

{7) Regarding futnre tasks, research on methods of
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evaluating PSC wafer quality and uniformity using
non-destructive processes is urgently required{99].
Improvement in the uniformity of capacitance, e/m
coupling factors k3 and piezoelectric constant ds;
within and between wafers is also a major task for
crystal growers. Detailed basic research fo
determine the mechanism accounting for the
scattering of electrical properties should be sindied
from the viewpoints of composition, domain
structure and defect chemistry. Finally, research on
new PSC materials and PSC growth technology to
solve all the present problems is essential. From the
viewpoint of applications, a new dicing process
which prevents cracking of PSC is also necessary in
order to make fine pitch array transducers.
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