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Growth and characterization of ferroelectric SrBi,Ta,0y single crystals via
high-temperature self-flux solution method
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SrBi,Ta,O9 (SBT) single crystals were produced by high temperature self-flux solution method using a Bi,Os
flux modified with B,O;. The processing conditions were optimized to obtain large and translucent SBT crystals
with a layered habit and typical dimensions of approximately 7 x 5 x 0.2 mm. X-ray diffraction and X-ray topography
measurements revealed the major faces of the crystals with natural rectangular platelet morphology are perfectly
(001)-orientated with edges directed along the [110] directions. High quality of the crystals was confirmed by
rocking curves (half width of 0.04° for the (00 18) reflection) and by ferroelectric measurements. The anisotropy
in the dielectic and ferroelectric properties was investigated both along the [110] (ab-plane) and the [001] (c-axis)
directions. The growth mechanism, morphology and dielectric anisotropy of the SBT crystal platelets are discussed

based on its crystallographic structure.
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1. Introduction

Bi-layered structured ferroelectrics (BLSF) and, par-
ticularly, SrBi;Ta;O9 (SBT) have been recognized as
promising materials for non-volatile ferroelectric random
access memories (NVFRAMs) due to their excellent fatigue
endurance and low leakage current [1-3]. A large amount
of work has been focused of SBT thin films for NvVFRAMs,
where dramatic improvement of the ferroelectric properties
has been achieved using modern deposition techniques.
However, these achievements have not been followed by the
corresponding understanding of the fundamental properties
of SBT that are obviously obscured by the insufficient
quality, texture, polycrystallinity and interface problems of
the investigated films [4-6]. Therefore the study of single
crystal (intrinsic) properties of this material may contribute
to further development of memory devices and to improving
functionality of SBT films. To date this study has not
been done yet because of the lack of large SBT crystals
of sufficient quality. Consequently, the optimization of
techniques for obtaining large and high-quality SBT single
crystals is highly desirable.

Ferroelectric materials have been grown in a single
crystal form for a long time with the ultimate goal of
comparing their properties with those of polycrystalline
materials of identical composition [7-11]. Single crystals
are indispensable for studying the anisotropy of ferroelectric
and dielectric properties in BLSF systems. In order to
perform the measurements, single crystals of sufficiently
high quality should be in a single-domain state or, at
least, have a controlled domain configuration. Howe-
ver, there were only a few attempts to grow and to
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characterize large SBT single crystals contrary to some
other BLSF compositions [7,8,12-14]. The major problem
was due to considerable difficulties in synthesizing SBT
single crystals [15-17]. High temperature self-flux solution
method is one of the potential techniques suitable for
the fabrication of ferroelectric single srystals [18], namely
for producing several Pb-based complex perovskites and
some BLSF materials, using lead and bismuth oxide fluxes,
respectively [7-18]. Such fluxes at high temperature are
advantageous because their constituent elements are also a
part of the desired final composition, and, therefore, the
incorporation of foreing ions into the lattice of the grown
crystals is avoided. Moreover, the melting point may be
conveniently reduced by adding other component to the
flux, i.e, B,O3 [17,18]. The main disadvantage of this
method is the slow growth rate and the excessive power
consumption for growing large crystals.

In BLSF crystals, the perovskite blocks of Ap_1BmOsmy1
are interleaved with bismuth oxide (B,0O;) layers, where m
denotes the number of BOg octahedral layers in the
perovskite blocks [19]. The BiyO, layers control the
SBT electronic response [20], while the dielectric and
ferroelectric anisotropy originates from the two-dimensional
perovskite-like structure and depend on the value of m
(mainly on whether mis even of odd [8,19]). SBT system
(m=2) is characterized by the orthorhombic distortion
(space group A2;an) in the ferroelectric phase of the
tetragonal prototype structure (14/mmm) [21].

In the last years, the efforts were mainly focused on
obtaining SBT single crystals by self-flux method using a
BiyO3 flux [15,16]. These attempts resulted in crystals too
small to be used for further evaluation. Only recently
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large SBT single crystals were successfully synthesized
using a modified self-flux solution method [17]. However,
the structural characteristics of the obtained crystals have
not been fully investigated, thus deserving further studies,
since they are crucial for determining intrinsic electrical
properties of SBT. The main objective of this work was to
optimize the processing conditions for the growth of large,
high-quality SrBi,Ta,Oy single crystals, while reducing the
power consumption. The growth mechanism of SBT is
descussed based on its crystalline structure. The structural
and electrical properties are evaluated and used to confirm
the quality of the grown SBT crystals.

2. Experimental procedures

2.1. Single crystal growth parameters. SBT
single crystals were grown using a modified high tempera-
ture self-flux solution method described elsewhere [18,22].
Polycrystalline SBT powder was firstly synthesized via
solid-state reaction using high-purity (> 99.5%) SrCOs,
Bi;O3 and Ta,0Os reagents. These powders were mixed in
stoichiometric amounts and placed in a 15ml Pt crucible
tightly sealed with a Pt lid. The Pt crucible was then
inserted in a large sealed alumina crucible to minimize
the evaporation of Bi. Pure SBT powder was obtained by
heating up to 950°C and soaking at this temperature for 2h
in air. After the firing process the powder was ball milled
in ethanol for 8 h using zirconia balls in a polyethylene jar
and then mixed with the flux using a molar ratio of 60/40
of SBT to flux. The flux used was a mixture of 35wt.%
of Bi;O; (melting point 825°C) and of 5wt.% of B,Os
(melting point 450°C).

An amount of 40 g of the ground SBT/flux mixture was
put into a 15ml Pt crucible (base diameter 2cm) tightly
sealed with a Pt lid. Fig. 1 shows the setup used for
the growth of SBT single crystals. The Pt/Al,O3; double
crucible sealed with alumina cement was used to prevent
the evaporation of the flux at high temperture. First, a
premelting was done at 950°C for 2h, followed by the
melting and cooling stages using the three different thermal
profiles illustrated in Fig. 2. These profiles include heating
up to 1350°C and soaking at this temperature for 10h.
After this, a gradually accelerated slow cooling process is
introduced in order to create the required supersaturation
for crystals nucleation and growth, following one of the
three different paths, hereafter TP1, TP2 and TP3. The
two first thermal profiles, TP1 and TP2, lasted ~ 4 days,
being faster than TP3, a longer profile that allowed for slow
cooling for more than a week. This last profile, TP3, was
similar to that used by Sih et al. [17]. The profile TP1
included soaking at 1350°C for 10h, slow cooling down to
1200°C at 5°C/h, which was then changed to 10°C/h down
to 1000°C, then to 20°C/h down to 800°C, and finally to
100°C/h down to room temperature. The only difference
appearing in the TP2 with respect to the TP1 profile is
the inclusion of an initial slow cooling rate of 2°C/h from
1350°C down to 1300°C. After this, the cooling rate was
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Figure 1. Setup for the growth of SrBi,Ta,O9 single crystals by
spontaneous nucleation. The assembly of Pt and Al,O3 crucibles
is used to prevent the evaporation of the flux at high temperature,
due to its high volatility.
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Figure 2. An illustration of the furnace thermal profiles with
several slow cooling rates used for the growth of SrBi,Ta; Oy single
crystals.

increased to 5°C/h, following a parallel path to TP1 profile.
In the case of the TP3 profile, an initial slow cooling rate
of 2°C/h is extended down to 1100°C, changing to 10°C/h
down to 1000°C, then to 20°C/h down to 800°C, and finally
to 100°C/h down to room temperature.

After the various growth runs the wieght losses were eva-
luated. In all cases, the weight losses fluctuated between 15
and 20% of the initial powder amount (flux plus SBT).
Since the initial amount of flux was 40 wt.% of the total
powder, these losses are believed to be mainly associated
with the flux evaporation out from the platinum crucible
during the thermal treatments. This fact was also confirmed
by the analysis of the quality of the alumina crucible after
the various growth runs, where some yellowish coloration
in the inner side of the alumina crucible was observed.
However, neither the outer side of the alumina crucible nor
the alumina cement were found to be visibly colored with
yellowish contaminant.

The grown SBT crystals were separated from the flux
using a two-step process. First, the crystals and solidified
flux were taken out from the Pt crucible by inverting it on
a porous ceramic at 1000°C, and then the crystals were
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separated by leaching in hot nitric acid to dissolve the flux.
This process is slow and takes a few days to completely
remove the existing flux between the platelet single crystals.
Finally, SBT crystals were leached in hot water for several
hours to dissolve the nitric salt and then annealed at 750°C
for 10h.

22. Characterization techniques. The eva-
luation of the grown single crystal structural quality was
performed by X-ray angular 6-20 and 6-scanning topography
methods [23,24]. The platelet sample was rotated at
an angular rate w and, for 6-20-scanning topography, a
photographic film placed directly in front of the Xx-ray detec-
tor and perpendicular to the diffracted beam was rotated
at an angular rete 2w or remained fixed for 6-scanning
topography. The standard DRON-2 diffractometer was
used. The 0-26-scanning topography method is sensitive to
misorientation between adjacent blocks of the crystal, and
the misorientation angles are related to the angular interval
of rotation. It allowed us to produce images from the chosen
reflection of all the crystal blocks with misorientation less
than the scan interval. The #-scanning topography does not
display the misorientation of the crystallites in the direction
of scanning, and only records reflections with different
parameters of unit cell. In both cases, the misorientation
between crystal blocks around the direction perpendicular
to the rotaiton axis of the goniometer is manifested along
the vertical direction on the topographs. The samples were
also characterized by x-ray diffraction analysis (SIEMENS
D500, CuK, radiation) at room temperature in the 20 range
from 4 to 130° with a step length of 0.02° and the rocking
curve was recorded for the (00 18) reflection. The top view
of the crystal major face was examined using a Zeiss optical
microscope with a JVC camera connected to a PC.

For electrical characterization, naturally shaped single
crystals were polished in two directions: parallel to the
ab-plane for measurements along the c-axis, and perpen-
dicular to the [110] direction for measurements in the
ab-plane. Gold electrodes were sputtered onto the whole
area of the polished facets. Dielectric properties were
measured using a HP4284A LCR Meter and the hysteresis
loops were observed using a Sawyer-Tower circuit (fre-
quency 50 Hz) at room temperature.

3. Results and discussion

3.1. Single crystal growth. It has been already
known that high-quality SBT single crystals can be obtained
by the self-flux solution method adding a low amount
of B,03 to the Bi,O3 flux [17,25]. Without B,O3 addition,
the SBT powder does not melt thoroughly at 1350°C due
to the high and incongruent melting point of the SBT phase,
resulting in crystals with sizes smaller than 0.5 mm, some
of them being formed around Pt lid in the vapor phase
region and having different phases including SBT, SrTasO;
and Sr,Ta,O7 [16,25,26]. The addition of a small amount
of B,O3 (5wt.% in our case) to the flux improves the
crystallization by promoting powder melting and leading to
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Table 1. Results of SBT crystal growth for different thermal
profiles
Flux composition, wt.% | Temperature | Maximum size,
Bi,O; B,O; profile mm’
35 5 TP1 1x1x0.02
35 5 TP2 7x5x%x0.2
35 5 TP3 5x3x0.1

a more viscous and stable medium for SBT nucleation. The
obtained crystal dimensions for the three thermal profiles
and a SBT/flux ratio of 60/40 are summarized in Talbe 1.

Large and translucent SBT single crystals with a layered
habit and faceted surfaces were obtained with the boron-
modified flux. The sizes of the crystals were seen to depend
on the used temperature profile. For the first profile (TP1),
small crystals were obtained with major face size smaller
than 1x 1mm. In contrast, for the other two profiles
used (TP2 and TP3), the crystal sizes varied between
5x3mm for TP3 (dimensions similar to those reported
by Sih et al. [17] when using a 2cm base diameter Pt
crucible and the same temperature profile) and 7 x 5Smm
for TP2, with thickness ranging between 50 and 200 um in
both cases. Fig. 3,a shows a micrograph of typical SBT
crystals grown using the TP2 thermal profile.

It is noteworthy to mention that the longer profile (TP3)
with the slowest cooling process did not result in the biggest
crystals which were obtained using TP2, a shorter profile
as compared to that used by Sih et al. [17]. During
the cooling process, supersaturation is created and two
distinct phenomena take place: crystal nucleation and crystal
growth. For a fixed amount of starting solution, the
higher the number of nuclei, the smaller the sizes of the
final crystal particles. For the present system, the cooling
dependence of the nucleation and growth rates has not been
reported so far. These results are believed to result from
the competition between these two phenomena. The used
combination of temperture and time provided by the TP2
profile creates proper conditions for SBT crystal nucleation
and growth, since big SBT crystals were effectively obtained.
If the initial cooling is speed up (as in the TP1 profile),
much smaller final crystals are found. This behavior
may be understood assuming that in this case the initial
supersaturation increases and enhances the nucleation rate,
giving rise to a larger number of critical nuclei as compared
to that formed during the TP2 thermal process. Since both
profiles run in parallel after 1300°C, the present results also
suggest that the 1300—1350°C temperature range is critical
for SBT nucleation. As for the TP3, which produced less
developed SBT crystals as compared to TP2, its early stage
of crystallization is identical to that of TP2 profile and so
the number of nuclei should be similar in both cases. The
cooling below 1300°C distinguishes TP2 and TP3 processes,
being faster in TP2 and thus promoting in this case a
higher initial growth rate of the nucleated crystals [18]. The
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Figure 3. a — micrograph showing as-grown and cleaned SrBi,Ta,Og single crystal platelets grown using the TP2 thermal profile.
b — crystal structure of the layered SrBi;Ta,Oy system (pseudoperovskite SrTa,O; blocks interleaved with bismuth oxide layers) [21].

slower cooling rate during TP3, while allowing a slower
crystal growth, is prone to secondary nucleation events
which also contribute to the decrease of supersaturation of
the system, thus limiting further crystal growth. To avoid
the effect of secondary nucleation, temperature cycling has
been proposed as an effective procedure to dissolve smaller
crystals.

The growth norphology of a crystal is determined by
the internal crystal structure, although, in many -cases,
the morphology can be also controlled by manipulating
the growth parameters (i.e. growth temperature, super-
saturation, etc.) [27]. The Hartman—Perdok theory [28]
describes the relations between internal crystal structure
and crystal morphology. This theory states that the crystal
morphology is dominated by the F faces, i.e., those
containing at least two non-parallel periodic bond chains
(PBCs) [29]. The F faces are those growing slower
according to a layer mechanism, and thus are the only
important ones for the crystal morphology. The present
results obtained in different supersaturation conditions show
that SBT crystal morphology is dominated by [001] facets.

Figure 4. Micro-morphology of the SBT single crystal major
face near the crystal edge, showing layered growth steps aligning
perpendicular to the [001] direction.

From the point of view of the SBT structure (pseudo-
perovskite blocks of SrTa,O; interleaved with bismuth
oxide layers perpendicularly to [001] direction [21], see
Fig. 3,b for better understanding, the faster growth of
the crystals parallel to the ab-plane, compared to that
along the [100] direction, suggests the existence of PBCs
parallel to the ab-plane. The application of the PBCs
concept to YBa;Cu3zO7_s superconducting single crystals
that also have a layered crystalline structure (CuO; layered
oxygen-deficient perovskites) has predicted a similar growth
rate anisotropy, which was experimentally confirmed [27].
Fig. 4 shows the surface micro-mrophological observation
of the SBT crystal major face ([001] face) near the
crystal edge, revealing growth steps aligned perpendicular to
the [001] direction and pointing to a dominant layer growth
mechanism for the [001] facets. Further studies are currently
underway, aiming a the characterization of the PBCs in the
SBT structure as well as of the role of growth parameters
(effects of the supersaturation and/or of the temperature
of the interfacial kinetics and on the solute diffusion) for
determining the final morphology.

32. Structural quality of the crystals. The
obtained SBT single crystals were characterized by XRD
and X-ray topography techniques at room temperature. The
XRD spectra for a rectangular SBT crystal platelet is shown
in Fig. 5,a, b where only (h00) and (001) plane reflections
are observed in the directions parallel and perpendicular to
the major face, respectively. Accordingly, highly oriented
SBT single crystal platelets (with c-axis perpendicular
to the major face) were produced. Pseudo-tetragonal
lattice parameters were calculated using these data and the
orthorhombic space group A2;am [a, b= 5.508(1) A and
€ 22 25.01(1) A]. These were in a good agreement with the
reported data [21,30].

X-ray topography measurements were performed on
a small and rectangular shaped crystal with sizes of
2x1x0.02mm, approximately. The X-ray 6- and 6-20-
angular scanning topographies are represented in Figs. 6,a
and 6,b, respectively. The 0-angular scanning topograph
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Table 2. Dielectric and ferroelectric properties along the [110] (ab-plane) and [001] (c-axis) directions in the SrBi,Ta,Oy single crystals:
Curie temperature (Tc), room temperature (RT) and maximum permittivitites at 1 MHz, maximum dielectric looses (tand) at 1 MHz,

spontaneous polarizations (Ps) and coercive fields (Ec)

Measurement o Permittivity (1 MHz) Maximum tan § 2

direction Te, °C RT Maximum (1MHz) Ps, pClem Ec, kV/iem
[110] ab-plane 355 150 1375 0.016 14 22
[001] c-axis 351 110 130 0.012 0 0

in Fig. 6,a was obtained using the (110) reflection. The
uniform contrast was observed over all the surface of the
sample confirming its perfect orientation. The intensity of
this image depends on the thickness of the sample and
extinction (defect) crystal conditions. Fig. 6,b represents
the diffraction image for 0-20-angular scanning topographs
using the (0018) reflection. For an ideal crystal this
image should correspond to the shape of the sample with
a linear transformation governed by the geometry of the
experimental setup [23,24]. For the present case, the small
deviation of the diffraction image on Fig. 6,b from the
real shape (see 6-angular scanning topograph in Fig. 6,a)
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Figure 5. X-ray diffraction spectra for a perfect c-axis oriented

SBT single crystal platelet along [100] and [001] directions,

respectively (a, b). Rocking curve of the (00 18) reflection (c).

Figure 6. X-ray (a) O-scanning and (b) 6-20-angular scanning
topographies, using the (110) and (00 18) reflection, respectively,
for a small, rectangular and perfect SBT single crystal.
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can be due to small bending of the crystal surface along
its major face. Indeed, this deviation is determined by
the magnitude of the misorientation, being smaller than 1°
for this crystal. The crystal quality is better demonstrated
through the rocking curves Fig. 5,c, where the half width
of the rocking curve for the (0018) reflection is 0.04°
indicating very high quality of the crystals.

The crystallographic orientation of the SBT single crystal
facets can also be deduced from X-ray topography, Fig. 6,a
represents the directions of the main crystallographic axes,
where the narrow sides of the rectangular shaped crystals
are oriented along [110] and [110] directions with the [001]
direction (c-axis) lying perpendicular to the major face.
As a matter of fact, the shape of the crystals should
be determined by the high-symmetry tetragonal phase
(space-group |4/mmm a =b = 3.85A) [21], since they
were grown at high temperature (far above 1000°C). We
believe that, when cooled down to room temperature,
the symmetry of single crystal transforms from tetragonal
into orthorhombic (space group A2;am) but its original
shape formed at high temperature is retained. Apparently,
during this transformation, a and b axes rotate by 45°
relative to the tetragonal axis and the [100] direction in
the tetragonal phase becomes the [110] direction in the
orthorhombic phase. It can be thus concluded that the edges
of our crystals (directed along [110] and [110] directions at
room temperature) originate from the high-symmetry [100]
and [010] directions of the tetragonal structure.

33. Ferroelectric properties. The anisotropy
in the dielectric and ferroelectric properties of the grown
SBT single crystals was recently investigated and reported in
detail in a separate publication [31]. Table 2 summarizes the
results obtained from the permittivity and dielectric losses
data as well as from the hysteresis loop measurements both
along [110] (ab-plane) and [001] (c-axis) directions. The
maximum of dielectric permittivity obtained at Tc = 355°C
(Curie temperature) is in a good agreement with previous
reports on SBT crystals based on XRD, Raman and
specific heat measurements [32-34]. It is worth noting
that the Curie temperature reported for SBT ceramics
(~ 300°C) is somewhat lower than those obtained for single
crystals [19,30]. The maximum permittivity of SBT in the
ab-plane was about one order of magnitude greater than
that along the c-axis, in line with the results obtained
in other BLSF single crystals [35]. This value exceeds
significantly the corresponding dielectric peak measured in
SBT ceramics [19,30]. On the other hand, the low dielectric
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looses observed in both cases (along the ab-plane and c-axis
(tan§ < 0.02)) confirm the low conductivity of the grown
single cyrstals, and thus, the low amount of associated
defects and high quality of the crystals.

The values of the spontaneous polarization, Pg, and of
the coercive field, Ec, along the [110] direction (ab-plane)
were evaluated from the saturated P—E hesteresis loops:
Ps ~ 14 ,uC/cmz and Ec =~ 22kV/cm.  Furthermore, a
linear P—E behavior with vanishing remnant polarization
was obtained along the [001] direction (c-axis). This is
an expected result since for BLSF materials with even
number (M) of BOg octahedra, the dipole moments caused
by ionic displacements along the c-axis are cancelled out
due to the presence of a mirror plane perpendicular to the
axis [8]. Therefore, in the SBT structure, the spontaneous
polarization vector lies entirely along the crystallographic
a-axis (in the ab-plane) and no polarization is obtained
along the c-axis [30]. In addition, we found that the
grown crystals can withstand a high applied electric field
(~ 60kV/cm). This confirms again the low concentration
of defects contributing to conductivity and electrical break-
down in our crystals.

4. Conclusions

Highly oriented and translucent SrBiyTa,Og single crystal
platelets with layered habit were produced by high tempera-
ture self-flux solution method using a boron-modified Bi, O3
flux. The largest crystals with sizes around 7 x 5mm and
thickness of 200 um were obtained by an optimized thermal
profile that included an accelerated slow cooling process.
The anisotropic growth rate of the SBT single crystals was
correlated to its crystallographic structure. The narrow
sides of the rectangular shaped crystals were oriented along
the [110] and [110] directions of the orthorhombic phase
with the [001] direction (c-axis) lying perpendicular to the
major face.

The high-quality of the grown SBT crystals was also
confirmed by the dielectric and ferroelectric measurements.
The Curie temperature was observed at Tc = 355°C, while
the maximum permittivity measured in the ab-plane was
one order of magnitude greater than that along the c-axis.
Dielectric losses were lower than 0.02 in the entire tem-
perature range and a high breakdown field was achieved,
indicating a low concentration of defects in the single
crystals.  The spontaneous polarization (= 14yC/cm2)
and coercive field (=~ 22kV/cm) were evaluated from the
saturated P—E hysteresis loop along the [110] direction
(ab-plane), while a linear P—E behavior with vanishing
remnant polarization was obtained along the [001] direction
(c-axis).
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