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Abstract

Lead zirconate titanate (PZT) piezoelectric ceramics are commonly used in various applications, e.g. gas igniters, high-voltage generators and
microbalances. However, due to increasing health and environmental concerns over their high lead content, lead-free piezoelectric ceramics are
being developed. Lead-free piezoelectric single crystals offer superior performance over their polycrystalline counterparts but are difficult to grow
by conventional methods. In this paper, (KqsNag 5)NbO;—SrTiO3; (KNN-ST) single crystals are grown for the first time by the solid state crystal
growth (SSCG) method. (100) KTaOj; single crystal seeds are buried in the center of pellets of pressed KNN-ST powder. The single crystal grows
from the seed crystal during sintering at 1100 °C for 20 h. The grown single crystals contain porosity, which is incorporated from the matrix
during growth. The effect of SrTiO5 addition on single crystal growth behavior, chemical composition and structure is evaluated.

© 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Piezoelectric materials have the ability to convert electrical
energy into mechanical energy and vice versa [1]. They have
found a broad spectrum of applications, e.g. microelectrome-
chanical systems (MEMS), ultrasonic baths, medical ultrasound
imaging and scanning probe microscopes [2—4]. Lead zirconate
titanate (PZT) based piezoelectric ceramics are commonly used
for these applications because of their superior piezoelectric and
dielectric performance [5]. However, PZT based ceramics
contain a substantial amount of Pb. The high vapor pressure
of PbO during production of PZT and Pb release from waste
material contaminates the environment[6—8] and the toxicity of
Pb is well documented [9]. Based on these environmental and
health concerns, the European Union (EU) has limited or
banned the use of Pb in many products [10]. If suitable
alternatives to PZT based ceramics become available, the EU
is expected to ban the use of PZT as well.

In the quest to find suitable replacements for PZT, many
ceramic systems e.g. (KgsNags)NbO; (KNN) [5,11,12], KNN
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with additions of SrTiOz (ST) [13] or LiTaO5 [6], (Nag sBigs)
TiO5-BaTiO; [14] and BiFeOs;-BaTiO; [15] have been
explored. Among these systems, KNN-based materials are the
most promising candidates. The KNbO;-NaNbOj; system is a
pseudo-binary system with a morphotropic phase boundary
between two orthorhombic phases close to the (KjsNaj sNbOs)
composition [1]. KNN ceramics show reasonable piezoelectric
and dielectric constants [16]. However, the performance of
KNN ceramics is lower than that of PZT ceramics [5,17].

Various additions to KNN ceramics have been made to
improve the dielectric and piezoelectric properties [6,7,16].
Previous reports on ST addition show improved dielectric
constants and lower dielectric loss [7,13]. Addition of ST
broadens the dielectric constant versus temperature peak,
eventually changing the behavior from a normal ferroelectric
ceramic to relaxor-like [4,18]. ST additions have also been
found to improve the resistance to polarization switching
fatigue and dielectric aging [4].

Polycrystalline piezoelectric ceramics have randomly oriented
grains, meaning that the ferroelectric domains cannot be aligned
perfectly in one direction during poling. This considerably
deteriorates the properties of the material. In single crystals, a
much improved alignment of the domains with the poling field
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can be achieved, leading to improved properties. Single crystals
generally have better sensitivity and acoustic power, lower strain
hysteresis, lower acoustic impedance and better efficiency when
compared with polycrystalline piezoelectric ceramics [6,17,19].
Hence, the use of single crystals can boost the performance of
lead-free systems and make them comparable to PZT [20].

Single crystals can be produced from a melt or flux [21,22] or
by the solid state crystal growth (SSCG) method [8,19,23]. The
SSCG method has many advantages over growth from a liquid.
This method does not involve the melting of the starting
materials, reduces contamination from the crucible walls and is
particularly suitable for materials which melt incongruently [6].
Lower operating temperatures and the use of relatively inexpen-
sive equipment make the SSCG method cost effective as well
[2,19]. This method has been employed to grow single crystals
of BaTiO; [23], BaZrOs-BaTiO; [24] and (NagsBigs)TiOs—
BaTiO; [19].

Although single crystals of KNN [8] and KNN with LiTaO3
[6] additions have been previously grown by SSCG, there are
few reports on the single crystal growth of KNN-based
ceramics by this method. In this paper, we present our work
on the single crystal growth behavior of KNN-ST ceramics by
the SSCG method for the first time. The effect of ST content
on the single crystal and matrix grain growth is evaluated by
microscopy. The effect of ST content on chemical composition
and structure is evaluated by electron probe microanalysis and
micro-Raman scattering.

2. Experimental

The (1—x)[KosNagsNbO3;]—xSrTiO; (x=0,1,2,3,4 mol%)
powders, hereafter termed KNN(0—4)%ST, are produced by
the solid state synthesis method. K,CO; (Alfa Aesar, 99%),
Na,CO3 (ACROS Organics, 99.5%), Nb,Os (CEPA, 99.9%),
SrCO5; (Aldrich, 99.9%) and TiO, (Alfa Aesar, 99.8%)
powders are used as starting materials. These powders are
dried at 250 °C for 5 h to remove any adsorbed water. Then,
weighed amounts of these powders are ball milled for 24 h in
high-purity ethanol in polypropylene jars with ZrO, milling
media. The ethanol is evaporated by using a hot plate with
magnetic stirrer. The dried powder is ground using an agate
mortar and pestle, and passed through a 180 pm mesh sieve to
remove any agglomerates. The ground powder is placed in a
high purity alumina crucible with lid and calcined in air at
850 °C for 5 h with heating and cooling rates of 5 °C/min. The
calcined power is analyzed by X-ray diffraction (XRD, X'Pert
PRO, PANalytical, Almelo, the Netherlands). All powders are
single phase. Then, the powder is ball milled, ground and
sieved again as before in order to remove any agglomerates
that may have been formed during calcination.

KTaO5 single crystals (MTI Corp, USA) with (100)
orientation are used as seed crystals. A 3 mm x 3 mm x 0.5
mm seed crystal is buried in the center of 0.7 g powder in a
steel die of 10 mm diameter. The powder is hand pressed, and
the pellet is removed from the die. The pellet is then cold
isostatically pressed (CIP) at 35 MPa pressure. The pellet is

placed on a plate of sintered KNN in a high purity alumina
crucible with lid and sintered in air at 1100 °C for 20 h with
heating and cooling rates of 5 °C/min. The sintered pellet is
vertically cut into two halves with a low speed diamond wheel
saw, mounted in resin and polished to a 1 pm finish. One of the
polished samples is thermally etched at 1050 °C for 1 h and Pt
coated for scanning electron microscopy (SEM, Hitachi S-
4700, Tokyo, Japan). The growth distance of the single
crystals are measured from the micrographs. The grain size
distribution is measured using Image] v1.46r image analysis
software. The second polished sample is annealed at 500 °C
for 1 h at a heating rate of 2 °C/min and cooling rate of 1 °C/
min to remove any stresses generated during polishing. This
sample is used for micro-Raman spectroscopy and electron
probe micro analysis (EPMA). A LabRam HR800 UV (Horiba
Jobin-Yvon, France) Raman microscope with 514 nm Ar™ ion
laser and 10 mW power is used for micro-Raman analysis at
room temperature. The spectra were collected in backscattered
geometry, with a resolution of ~0.5cm™' and a charge
coupled device detector. The diameter of the laser spot on
the sample is 1-2 pm. A Shimadzu JP/EPMA-1600 electron
probe micro analyzer (Shimadzu, Kyoto, Japan) is used to
evaluate the chemical composition and diffusion of seed
crystal elements into the grown single crystal and matrix.
The Wavelength Dispersive Spectroscopy (WDS) method is
employed during EPMA analysis and KCIl, NaCl, Nb metal,
SrF,, Ti metal and Ta metal are used as standards for K, Na,
Nb, Sr, Ti and Ta, respectively. All the samples are carbon
coated before EPMA analysis.

3. Results

Fig. 1 shows the grown single crystals in the KNN(0—4)%
ST samples. A single crystal layer has grown on the seed
crystal in the samples with 0-3 mol% SrTiO3, but not in the
sample with 4 mol% SrTiO;. The single crystal growth
distances are given in Fig. 2. Each data point is the mean
value of 50 measurements and the error bars represent the
standard deviation. The single crystal thickness initially
increases with ST addition. The maximum thickness of the
single crystal is ~97 um with 2% ST solid solution addition.
However, single crystal growth decreases rapidly at 3%ST
addition and stops completely at 4% ST content. The single
crystals contain pores of different sizes. Addition of 1% ST
reduces the pore size, but 2% ST addition causes the pore size
to increase again. 3% ST addition causes a large reduction in
pore size. The pores are rectangular in shape and are aligned in
the growth direction of the single crystal. The advancing face
of the single crystal in the KNN sample is not flat, and the
thickness of the single crystal layer varies between ~20 pm to
~40 um. ST addition considerably reduces the variation in
thickness of the single crystal layer. An exception is the
KNN2%ST sample, which displays large variations in the
thickness of the single crystal layer.

The chemical compositions of the samples are given in
Table 1. Chemical analysis was not carried out on the KNN4%
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Fig. 1. SEM micrographs of grown single crystals of KNN-(0—4) mol% ST samples sintered at 1100 °C for 20 h. (a) 0%, (b) 1%, (c) 2%, (d) 3% and (e) 4%.
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Fig. 2. Thickness of single crystals grown in KNN-(0—4) mol% ST samples
sintered at 1100 °C for 20 h.

ST sample, as single crystal growth did not take place. The
composition of the single crystal and the matrix in each sample
is measured (three points for the single crystal and three points
for the matrix) and each figure in the table represents the
average value and standard deviation of these measurements.

The composition is normalized to the nominal Nb concentra-
tion. The composition of the single crystal and the matrix is
found to be similar to each other for all values of ST. The
concentration of SrTiOs; in the KNN2%ST and KNN3%ST
samples is ~1 mol% lower than the nominal composition,
indicating that there may be rejection of SrTiO; during growth
of the single crystal. The composition of SrTiO; in the matrix
grains is close to the nominal composition. The concentration
of alkali elements is higher than the nominal concentration in
all of the samples. Previous reports on KNN have pointed out
the difficulty of accurate analysis of the alkali metal content by
EDS analysis [6,25]. The Na Ka X-rays may be absorbed in
the matrix and lead to lower concentration values [26].
However, this effect is less pronounced in the case of K and
its concentration is closer to the nominal composition.[26]
WDS analysis has been shown to give more accurate results
than EDS when KNbOj3; and NaNbOj single crystals were used
as standards [26]. The use of KCI1 and NaCl as standards in the
present work may be the cause of the higher than expected
alkali content.

Fig. 3 shows the concentration profile of Ta ions across the
matrix, single crystal and seed crystal. This line spectrum is
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Table 1

Chemical composition of ceramics measured by EPMA. All values are normalized to Nb concentration. SC=single crystal.

Element KNN KNN1%ST

KNN2%ST KNN3%ST

SC Matrix SC Matrix

SC Matrix SC Matrix

K 0.545+0.011
Na 0.529 £0.017
Nb 1.000 £+ 0.000
Sr 0.000 £ 0.000
Ti 0.000 + 0.000
Ta 0.006 + 0.002

0.529 + 0.019
0.561 +0.014
1.000 + 0.000
0.000 £ 0.000
0.000 + 0.000
0.003 + 0.002

0.568 + 0.006
0.543 £ 0.009
0.990 + 0.000
0.011 £+ 0.001
0.011 4+ 0.0004
0.001 £+ 0.0002

0.586 + 0.020
0.468 £ 0.049
0.990 + 0.000
0.012 + 0.001
0.015 +0.003
0.001 + 0.001

0.531+0.011
0.504 £ 0.007
0.980 + 0.000
0.010 £ 0.007
0.012 + 0.009
0.008 + 0.006

0.528 £ 0.010
0.517 £ 0.007
0.980 + 0.000
0.021 + 0.001
0.021 + 0.000
0.002 + 0.001

0.596 + 0.003
0.533 £0.005
0.970 4+ 0.000
0.022 4+ 0.001
0.034 +0.002
0.002 £+ 0.001

0.560 + 0.017
0.507 £0.036
0.970 + 0.000
0.033 £ 0.003
0.034 +0.002
0.002 £+ 0.001

Seed
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Fig. 3. EPMA Line spectrum for Ta concentration across the matrix, single
crystal and seed crystal for the KNN1%ST sample. The inset graph shows the
concentration in the region of the single crystal/seed crystal interface. The
graph and inset graph have the same units.

obtained by EPMA for the KNN1%ST sample. The concen-
tration of Ta is highest in the seed crystal as expected and
decreases sharply from 50 wt% to <1 wt% at the single
crystal/seed-crystal interface, with a further decrease as the
distance from the seed crystal increases.

Fig. 4 shows the matrix microstructure of the KNN(0—4)%
ST samples. The grains show a cubic morphology with sharp
facets, irrespective of ST content. This morphology is char-
acteristic of KNN ceramics [25,27], which is retained after ST
addition. Rectangular pores can be seen inside the grains. The
facets of these pores are most probably low surface energy
facets, perpendicular to the (100) direction as suggested by the
presence of similar faceted pores in the single crystals in the
current study and by Jenko et. al. in polycrystalline KNN
ceramics [25]. The intragranular pore size decreases with the
decrease in grain size. The KNN3%ST and KNN4%ST
samples do not show intragranular pores, probably because
of the submicron grain size of these ceramics (410 nm and
240 nm respectively). Intergranular pore size tends to decrease

with the decreasing grain size as well. The mean grain size of
the KNN(0—4)%ST samples is shown in Fig. 5. The grain size
decreases with the addition of ST except for 2%ST addition
were the grain size becomes anomalously large. The error bars
are the standard deviation of the mean grain size and give an
idea of the width of the grain size distribution. A wide
distribution of the grain sizes is observed in the samples with
0-2%ST, but not in the samples with 3—-4%ST.

Fig. 6 shows the Raman spectra of KNN-(0-3)%ST
samples. The spectra of both single crystal and matrix are
measured for each sample. The inset graph shows the Raman
spectrum of the KTaOj; seed crystal. The inset graph has same
units and same scan range as that of the main graph. The seed
crystal has the typical Raman spectrum for KTaO5 [28]. The
major peaks in the KNN spectra are the vy, vs and v;+vs
combination modes [29]. It can be seen that the single crystal
and matrix have similar spectra, which shows that the single
crystal and matrix have similar structure and composition.
These spectra are similar to already published work on KNN
based ceramics [29,30]. The peak positions of the v, vs and
V1 +vs combination modes are shown as a function of SrTiO;
content in Fig. 7. The modes soften as ST concentration
increases to 2%, then harden for the KNN-3%ST sample.
There is a small difference in peak position between the single
crystal and matrix in each sample.

4. Discussion

The growth of single crystals by SSCG is dependent upon
the driving force for single crystal growth and upon the grain
boundary structure of the ceramic, which determines whether
normal or abnormal grain growth takes place. The driving
force for growth of a grain in a polycrystalline matrix is given
by [31,32]

Ay = oQ G - 1) (1)

r

where ¢ is the average interfacial energy (grain boundary
energy or solid / liquid interfacial energy), Q the molar
volume, r is the radius of the growing grain and 7 is the mean
grain radius. The growing single crystal has a much larger
radius than that of the matrix grains and so Eq. (1) can be
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Fig. 4. SEM micrographs of KNN-(0-4)%ST samples sintered at 1100 °C for 20 h. (a) 0%, (b) 1%, (c) 2%, (d) 3% and (e) 4%. The insets show intragranular

rectangular pores.
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Fig. 5. The mean grain size of KNN-(0-4)%ST ceramics sintered at 1100 °C
for 20 h.

approximated to:

ap= 2 )

7

The difference between the normal and abnormal grain
growth mechanisms can be understood by considering the
surface of the grains at an atomic level. If the grains have an
atomically rough surface, the grain growth rate increases
linearly with the driving force [33]. This is because atoms
can attach to the growing grain at any place. Here, the growth
rate is controlled by the rate of diffusion of atoms across the
grain boundary. This situation is not favorable for single
crystal growth [34].

In the case of an atomically flat or faceted surface, however,
atoms cannot attach at any arbitrary point because of a large
number of energetically unfavorable broken bonds. The only
place for atoms to attach is at a ledge present on the surface of
the growing grain. These ledges can be provided by screw
dislocations [34], 2D nuclei [35] or twins [3]. Now, the growth
rate is dependent on the availability of these ledges. The
formation and growth of 2D nuclei is thermodynamically
unstable if the driving force for grain growth is low. This
places an energy barrier on the grain growth, and only grains
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with a driving force higher than some critical value Auc will
grow. In this case, abnormal grain growth may take place.
Most of the grains have driving forces for growth lower than

Apc and do not grow. Some grains will have driving forces
higher than Auc and can grow without hindrance to become
large grains. Since KNN has faceted grains as shown in Fig. 4
and reported previously [25], abnormal grain growth is
expected [8]. This abnormal grain growth plays the key role
in single crystal growth by SSCG, as SSCG takes place via a
mechanism in which abnormal growth is deliberately induced
by and on the seed crystal [34]. For the KNN sample, both
single crystal growth on the seed and abnormal grain growth in
the matrix are observed (Figs. 1 and 4).

The effect of SrTiO; (ST) solid solution formation on the
single crystal and grain growth behavior should now be
considered. Formation of a solid solution with ST was previously
observed to reduce the grain size of KNN [18]. Now, in this case,
two opposite factors define the grown single crystal thickness.
The smaller grain size enhances the driving force for single
crystal growth (Eq. (2)), but if the ST content becomes too high,
it will eventually retard both matrix grain and single crystal
growth. The overall effect of these factors determines the final
thickness of the single crystal. In the KNN sample, the mean
grain size of the matrix is fairly large, so the single crystal growth
is limited. Addition of 1% ST decreases the mean grain size,
increasing the driving force for growth of the single crystal and
the thickness of the single crystal increases. With 2% ST addition,
the thickness of the single crystal increases considerably, imply-
ing an increased driving force for growth of the single crystal.
A concomitantly small matrix grain size is expected; however, a
very large grain size is also observed in the matrix. This could be
the result of abnormal grain growth in the matrix as now the
mean grain size is small enough to impose a large driving force
for grain growth of any abnormal grains (Eq. (1)). As sufficient
time is provided at high temperature, the abnormal grain growth
has consumed all the small grains, and only large grains are left in
the matrix. A systematic study with different time intervals for
single crystal growth, which is underway, can further explain this
phenomenon. When 3%ST is added, both matrix grain growth
and single crystal growth are retarded and single crystal thickness
decreases. With addition of 4% ST, grain size decreases further
and single crystal growth is completely suppressed.

The variation in grown single crystal thickness in undoped
KNN ceramics has been reported before by Fisher et al.[27] It
may be due to local variations in the crystal growth rate caused
by local variations in the matrix grain size at the crystal/matrix
boundary. Formation of a solid solution with 1% and 3% ST
reduces the width of the grain size distribution, reducing these
local variations in crystal growth rate and leading to a
smoother single crystal/matrix interface. The 2% ST sample
is an exception, which may be due to the abnormal grain
growth behavior of this sample.

When the single crystal grows, pores in the polycrystalline
matrix can be picked up and dragged along by the single
crystal / matrix interface [8,36]. If the mobility of the interface
is higher than that of the pores, they will be left behind in the
single crystal [37]. Pore coalescence and pore swelling in the
matrix also takes place due to grain growth [38] and these larger
pores are then incorporated into the growing single crystal.
Some of the pores are rectangular in shape, with faces parallel
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and perpendicular to the seed crystal face (100) as shown in
Fig. 1. The faceted nature of the pores together with the faces
parallel to the seed crystal face implies that the (100) direction,
which makes the (100) plane face, has a lower surface energy
than other plane faces. Similar results have been reported before
for KNN [8,25] and LiTaO; doped KNN ceramics [6]. The
intragranular pores in the matrix grains also have a rectangular
shape (Fig. 4). Since the atomic arrangement in one grain is
periodic, parallel faces must have similar surface energy. So, all
the rectangular pores in one grain must have parallel facets if
they are preferentially oriented to minimize the surface energy.
This predicted behavior is observed in the microstructure as
shown in the inset of Fig. 4(a).

During sintering, some diffusion of Ta from the seed into
the KNN-ST lattice may take place. However, the results
(Table 1 and Fig. 2) show that diffusion of Ta is minimal, as
also found previously [8]. As well as diffusion from the seed
into the single crystal, there may be diffusion from the single
crystal into the seed crystal as well. It is confirmed by EPMA
that the Na ions diffuse from the KNN-ST lattice into the seed
lattice. The average concentration of Na in the seed crystal is
approx. 0.016, when normalized to the Ta concentration. This
is much higher than the amount of Ta present in the single
crystal. The reason for the higher amount of Na™ is probably
its lower charge compared to Ta’ ", and its smaller size when
compared to other A-site ions in the perovskite structure [18].
This would increase the diffusion rate of Na and its concentra-
tion in the seed.

Although there is a small amount of Ta diffusion from the
seed to the single crystal, Nb does not show any diffusion from
the single crystal into the seed. Both Nb™> and Ta™ carry the
same charge and have the same ionic radii of 64 pm in 6-fold
coordination with oxygen [18,39]. Therefore, both ions should
show a similar diffusion rate, resulting in similar concentra-
tions on opposite sides of the single crystal-seed interface. One
possible explanation is that polarizability also plays an
important role in the diffusion rate of an ion. Nb™> is more
polarizable than the Ta™t>, because of its lower atomic number
[40]. When Nb enters a host lattice, it makes a stronger bond
with oxygen than Ta does, and distorts the structure more
severely than Ta. This will limit Nb substitution and lower the
diffusion rate. The diffusion of Nb and Ta from the melt into
Ta;05—Nb,O5 ceramics and from haplogranite melt into rutile
has shown this phenomenon [40,41]. The concentration of Nb
was much lower than Ta in the solid in the aforementioned
studies. Therefore, it is possible that the concentration of Nb in
the seed crystal is lower than the Ta concentration in the single
crystal, and even lower than the detection limit of the
apparatus. A second possibility is the high formation energy
of Nb vacancies in alkali niobates, which will limit the number
of Nb ions which can leave the single crystal lattice to migrate
into the seed crystal, as well as limiting Ta migration from the
seed into the single crystal [42,43].

There is the possibility of Sr and Ti ion diffusion into the
seed as well. Ti diffusion from the substrate into KNN thin
films has been reported [44]. Since KNN-ST and the KTaOj;
seed share the perovskite structure, similar lattice parameter

[45] and a similar size for the B-site cation (Ti 61 pm[18], Ta
64 pm [39]), Ti diffusion into the seed is expected. Sr?
(144 pm) also has a similar ionic radius for the A-site K (164
pm) [18], but the charge is higher than K*!. However, the Sr
and Ti ion transport into the seed cannot be confirmed due to
their low concentration in the single crystal, which would
result in a very low concentration of these ions in the seed if
diffusion happens at all.

In the Raman spectra of KNN-(0-3)%ST samples, shown in
Fig. 6, the peaks are observed at around 260, 550, 610 and
860 cm~'. All these modes are internal vibrational modes of
NbOg octahedra. The v; and v, are stretching modes and vs is a
bending mode. The v, 4 vs is the combination tone of v; and vs
modes. The translational modes of K™ !'/Na*! versus NbOg
octahedra are also observed at around 190cm™' and
150 cm™'. Details of band assignments are available in
published work [30,46]. The width of the peaks is broader in
the KNN-ST samples in the present work when compared with
KNN. In KNN-ST ceramics, Ti "* partially replaces the Nb >
at the B-site and Sr™*? partially replaces the K'/Na™' at the
A-site. This leads to disordering in the perovskite structure,
which deforms the NbOg octahedra and lowers the local
symmetry. The peak broadening is the result of this increased
structural disorder [29]. The reduction in intensity of the peak
at 150 cm™' may be due to the partial replacement of K™/
Na™ with Sr** ions. The softening of the vy, vs and vy +vs
modes may be attributed to the decrease in the bond length of
O-Nb-O due to incorporation of Ti** replacing the Nb™>
[29,30]. The mode softening may also be due to the approach
of a polymorphic phase transition between orthorhombic and
tetragonal phases [47]. The difference in peak positions
between the single crystal and the matrix in each sample
may be due to differences in crystallographic orientation [46].

5. Conclusions

Single  crystals of (1—-x)[KqysNaysNbO3]-xSrTiO5
(x=0,1,2,3 mol%) are grown for the first time by the solid
state crystal growth (SSCG) method. A (001) oriented KTaO5
single crystal is used as a seed to grow KNN-ST single
crystals. SrTiOj solid solution addition reduces the grain size
and increases the driving force for single crystal growth. The
grown single crystal thickness increases with the SrTiOj
content, reaches a maximum of 97 um with 2% SrTiO3
addition, and then declines. The falloff in single crystal
thickness can be attributed to the higher SrTiOs content,
which hinders both matrix and single crystal growth. This
effect is so pronounced with 4% SrTiO; addition that the
single crystal growth stops altogether. EPMA analysis indi-
cates a rejection of SrTiO; from the growing crystals in the
samples with 2 and 3% SrTiO; addition. For all samples, a
small amount of diffused Ta from the seed crystal is detected
in the single crystal. A relatively higher amount of diffused Na
from the single crystal is observed in the seed crystal. Raman
spectroscopy reveals the similar structure of the grown single
crystal and matrix. The peak shift towards lower wavenumbers
and peak broadening in KNN-ST ceramics can be attributed to
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the SrTiO; addition, which decreases the bond lengths of
NbOg octahedra, decreases the structural order and lowers the
orthorhombic-tetragonal transition temperature.
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