Available online at www.sciencedirect.com

ScienceDirect

ELRRS

ELSEVIER Journal of the European Ceramic Society 28 (2008) 1641-1647
www.elsevier.com/locate/jeurceramsoc
Preparation and properties of neodymium-modified
bismuth titanate ceramics
Yan-Mei Kan?, Guo-Jun Zhang?, Pei-Ling Wang®*, Yi-Bing Cheng"
2 The State Key Lab on High Performance Ceramics and Superfine Microstructure, Shanghai Institute of Ceramics,
Chinese Academy of Sciences, Shanghai 200050, China
b School of Physics and Materials Engineering, Monash University Clayton, Victoria 3168, Australia
Received 7 July 2007; received in revised form 26 September 2007; accepted 7 October 2007
Available online 4 March 2008
Abstract

Neodymium-modified bismuth titanate (BNT) powder with compositions of Bis_,Nd, Ti3;O0, (x=0, 0.2, 0.5 and 0.75) were prepared through a
hydrolysis method. The influence of Nd addition on the powder characteristics, sintering, microstructure and properties were investigated. It was
found that the absorption band of Ti—O stretching vibration at 589 cm™! was shifted to a higher wave number in the IR spectra, and the sintering
as well as grain growth was significantly retarded. The Curie temperature, dielectric loss and Curie peak intensity were steadily decreased with an
increase in Nd concentration, and the dielectric constant and loss tangent became much less dependent on temperature and frequency. At the same

time, the polarization properties of the material were greatly improved.

© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Bismuth titanate (BisTi3012) belongs to the family of Auriv-
illius layer-structured compounds. As a ferroelectric material,
BisTi3O12 (BIT) has attracted a great deal of attention during
recent years. It is thought to be a promising candidate for lead-
free ferroelectric oxides, using as nonvolatile random access
memories (NVRAMs), high temperature piezoelectric devices
and optical displays.'™ The crystal structure of BigTi3Oy; is
composed of perovskite-like BiTizOjq layer alternating with
Biy0,%* layers.’ Due to the formation of vacancy defects in
the perovskite blocks, a high dielectric loss and large leak-
age current are usually observed in BisTizO12, which poses
an obstacle to the application of BIT in many fields. In
order to solve the problem, many researches have been car-
ried out to suppress the conductivity of BIT. Rare earth ions
and ions with a higher valence than Ti** are often used to
partially substitute Bi** and Ti** ions located in the per-
ovskite unites, respectively. It was reported that the doping
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of donor cations from group V (e.g. Nb>*, Sb>*, Ta>*) and
group VI (e.g. W) led to a decrease in the conductivity
of BIT by three to four orders up to 600°C, which facil-
itated both the poling and high temperature application of
Bi4Tiz012.%7 Our previous study on La-modified BigTizO1»
ceramics revealed that the loss tangent of Bi3sLags5TizO12
ceramics at 1| MHz was 8-10 times lower than that of pure BIT
ceramics.® But there was no obvious improvement of polar-
ization. Recently, Nd-doped BisTizO, films have attracted
much attention due to their large remnant polarization.®~'? It
is expected the ferroelectric properties be enhanced by the
substitution for Bi of Nd in ceramics. Thus, Nd-modified
BIT (BNT) ceramics was prepared using the same method
reported in our previous La-modified BisTizO1, ceramics.
The intensively electric properties were carried out in present
work.

2. Experimental procedure

BNT powders with compositions of Big—yNd, TizO12 (x=0,
0.2,0.5and 0.75, denoted as BIT, BNT02, BNT05 and BNT075,
respectively) were prepared by a hydrolysis method as reported
elsewhere except La>O3 was replaced by Nd,03.8
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Phase assemblages of the powders were characterized by X-
ray diffraction (XRD), using a Guinier-Héigg camera with Cu
Kal (A =1.5405981 10\) as the radiation source and Si as the inter-
nal standard. The measurement of X-ray films was conduced on
a computer-linked line scanner (LS-18) system. The cell dimen-
sions were determined by means of the PIRUM program-based
on the Guinier-Higg film data.!? Infrared (IR) analysis was
carried out on a FTIR spectrophotometer (Bio-Rad FTS-185,
Hercules, CA) by the KBr pellet method.

BNT and BIT powders calcined at 750 °C were uniaxially
pressed at 50 MPa in a stainless steel die, followed by isostatic
pressing at 200 MPa. The compacts were sintered in air at tem-
perature ranging from 900 °C to 1100 °C for 2 h. Bulk densities
of the sintered samples were measured by Archimedes method.
Their microstructures were observed on the polished and ther-
mally etched surface by scanning electron microscopy (SEM,
XL-30-FEG, FEI, The Netherlands). A JEOL JXA-8100 elec-
tron probe microanalyzer (EPMA) with a Link INCA energy
spectrum analyzer was used to examine the element composi-
tions in the bulk ceramics. Dielectric properties were determined
by an impedance analyzer (HP4192A) on platinum sputtered
disks with a diameter of 10mm and thickness of 1 mm at
100 KHz and 1 MHz, respectively. Ferroelectric hysteresis loops
were recorded at 160 °C under a maximum applied field of
around 130kV/cm and frequency of 20 Hz (aixACCT TF ana-
lyzer 2000, Germany).

3. Results and discussion
3.1. Powder characterization

The as-prepared BNT precursors were amorphous with a par-
ticle size of about 10 nm. The XRD patterns of BNT powder
calcined at 600 °C shown in Fig. 1 agreed well with the XRD
data of a crystalline Big Ti3015 (JCPDS card 35-795), no other
phases were detected in the powder, indicating that Nd>* ions
were incorporated into the lattice of BisTi301,. Comparing the
crystallizing processes of BNT with that of pure BIT precursor,
it was found that a small amount of Bi; TioO7 intermediate phase
was formed in the BIT crystallized powder calcined in the tem-
perature range from 500 °C to 600 °C (Ref. ®), while no such an
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Fig. 1. XRD patterns of Big_yNd,Ti3O0;2 (x=0.2, 0.5 and 0.75) powders cal-
cined at 600 °C.
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Fig. 2. IR spectra of BIT, BNT02, BNT0S5 and BNT075 powders.

intermediate phase was observed during the crystallizing pro-
cess of BNT precursor, revealing that the incorporation of Nd
into BIT lattice has suppressed the formation of this intermediate
phase.

Fig. 2 shows the IR spectra of BIT and BNT powders calcined
at 600 °C. The IR spectrum of BIT was in good agreement with
the reported data in previous researches. Three adsorption bands
occurring at 817 cm ™!, 589 cm™! and 398 cm~! were observed
in the IR spectra of BIT. The former two bands could be ascribed
to the Ti—O stretching vibrations, while the latter one to the Ti-O
bending vibration.!*!> The IR spectra of BNT powders were
similar to that of BIT in general, except the following differ-
ences. The adsorption band at 589 cm~! was shifted slightly to
a higher wave number of 596 cm™! with increasing Nd dop-
ing level, meanwhile the intensity of the band at 817 cm™! was
decreased. It is generally recognized that Nd** often replaces
Bi** ions neighboring the Ti—O octahedrons in the perovskite
layer of BigTi301, as x-value less than 1.0.10 Due to the differ-
ences in electronic structure and ion radius between Nd** and
Bi3*, the rotation of Ti—O octahedron accompanied with a shift
of the octahedron along a-axis is greatly enhanced by changes
in the bond length, strength and even bond angle of Ti—O bonds
occurred with the substitution of Nd>* for Bi**, leading to the
differences in the IR spectra between BIT and BNT.

3.2. Sintering and microstructure

The BIT powder showed a high sintering activity, and could
be sintered to a high density of 98% at 1000 °C, as shown in
Fig. 3. In comparison with the BIT ceramics starting from the
powder through solid-state reaction, the sintering temperature of
the present BIT sample was much lower.!” The substitution of
Nd for Bi in BNT seemed to retard the sintering and resulted in
an increase in the sintering temperature. The optimized sintering
temperature was 1050 °C for BNT02 and BNTO05, and 1100 °C
for BNTO75, as shown in Fig. 3. Another interesting feature
observed in Fig. 3 is that although all the samples showed a
decrease in density when the sintering temperature increased
beyond the optimal value, the density decrease became much
slower for the sample with a higher Nd concentration. In another
words, the incorporation of Nd in BIT has led to a broadening in
the sintering temperature range of the material. A high relative
density up to 99% could be obtained for all the BNT samples.
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Fig. 3. Densification behavior of BIT, BNT02, BNT0S5 and BNT075 compacts.

Fig. 4 shows the SEM images of BIT, BNT02 and BNT075
samples sintered at 1050 °C for 2 h. Large rectangular grains of
over 10 wm in length were frequently observed in the BIT sam-
ple, and the microstructure was very uneven. However with the
addition of Nd dopant, a remarkable decrease in the grain size
was observed. At the same time, the microstructure also became
unprecedentedly uniform. The BNT075 sample showed a mean
grain size of only ~1.5 wm, nearly 5-10 times smaller than that
of BIT. In the BNT samples, two kinds of grains could be clearly
distinguished according to their difference in contrast and mor-
phology, i.e. dark grey grains with a more equiaxed shape and
light grey ones with approximately a rectangular shape. The size
of dark grey grains was generally smaller than that of the light
grey ones, especially in the sample with low Nd concentration
(e.g. BNT02). In order to investigate the difference between
these two kinds of grains, XRD and energy-dispersive spec-
trometer (EDS) measurements were performed on the BNT075
sample. The results of EDS indicated that the dark grey grains

contained less Bi and Nd, but more Ti than the light grey ones.
The composition of the light grey grains was consistent with
that of Bi35Ndg75TizO12, while the formula of grains with
dark grey color was corresponding to Biz 1gNdgs55Ti327013.
Despite the difference in their chemical compositions between
the dark and light grey grains, XRD result indicated that there
was only one phase in the sample. That is probably because
of the low content of dark grey phase in the sample and/or
a close similarity between the crystal structures of the two
phases.

In accordance with the above findings, it is safe to conclude
that the doping of Nd in BIT has greatly influenced the sinter-
ing and grain growth of the material as observed in La-modified
BIT.® An increase in the activating energy for ion migration and
reduction in the surface or grain boundary energy were used to
explain the increased sintering temperature and reduced grain
growth rate in La-modified BIT. This likely holds true in the
present case as well, because of the close similarity between
Nd3* and La®* ions. Aside from the above reasons, another
important factor should be taken into account in the BIT-based
system. That is the volatilization of bismuth during sintering at
high temperature. The volatilization of bismuth led to formation
of bismuth (V) and oxygen (Vo**®) vacancies for charge com-
pensation in the materials, which served as fast mass transport
media during sintering. The partial substitution of Nd for Bi has
significantly suppressed the volatilization of bismuth in BNT,
as deduced from the weight loss values, which are 1.48 wt.%,
0.97 wt.% and 0.49 wt.% for BIT, BNT02 and BNTO75 ceramics
sintered at 1150 °C for 2 h, respectively, resulting in a decrease
in the vacancy concentration and mass transport speed in BNT.
Accordingly, the increase in sintering temperature and decrease
in grain growth speed in BNT can be well understood.

Fig. 4. SEM images of BIT, BNT02 and BBNT075 samples sintered at 1050 °C: (a) BIT; (b) BNTO02; (c) BNTO075.
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Fig. 5. Dielectric constant and loss tangent of BLT and BIT samples sintered at the respective optimum temperatures: (a) BIT, 1000 °C; (b) BNT02, 1050 °C; (c)
BNTO05, 1050 °C; (d) BNTO075, 1100 °C.

In addition, the dark grey phase, which could be caused
by the Bi volatility and deduced of its Ti enrichment, might
behave as second phase particles distributed in a matrix of the
light grey phase, and thus Zener pinning happened, leading to a
microstructure refinement of the material.

and 445 °C, respectively. Thus a continuous decrease in the Curie
temperature was found with increasing Nd concentration in the
BNT samples, which was assumably related to the variation in
the crystal structure as discussed below.

Fig. 6 shows parts of the amplified XRD patterns of BIT and
BNT powders calcined at 900 °C. Consistent with the JCPDS
card for pseudo-orthorhombic BisTizO12, the (200)/(020) and
(208)/(028) peaks were well separated into two peaks in the
XRD patterns of BIT sample. Other reflections of the BIT with
crystallographic index of (hkl)/(khl) (h#k), e.g. (206)/(026)
and (3 17)/(137) also split into two peaks, although they were
not shown here. However, these reflection doublets gradually
merged into a single peak as Nd** concentration increased from
0.2 to 0.75, implying a somewhat increase in the symmetry of
crystal structure. The lattice parameters of BIT and BNT sam-
ples were calculated according to the XRD results and listed in

3.3. Electric properties

3.3.1. Dielectric property

BIT and BNT samples sintered at their optimum sintering
temperatures were used for the measurement of dielectric prop-
erties. Fig. 5 shows the temperature dependence of the dielectric
constant and loss of BIT and BNT samples measured at 100 KHz
and 1 MHz. The BIT sample showed a standard Curie temper-
ature of 675°C as reported in the literature. While the Curie
temperatures of BNT02, BNTO05 and BNT075 were 639, 559 °C

(a) (200)/(020) (b) (208)/028)
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Fig. 6. Parts of the amplified XRD patterns of BIT and BNT powders calcined at 900 °C: (a) (200)/(02 0) peak and (b) (20 8)/(0 2 8) peak.
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Table 1

Lattice parameters of BIT, BNT02, BNT05 and BNT075

Sample a(A) b(A) c(A)
BIT 5.449 (1) 5.410 (1) 32.82 (1)
BNTO02 5.437 (1) 5.407 (1) 32.85(1)
BNTO05 5418 (1) 5.406 (1) 32.81 (1)
BNTO075 5411 (2) 5.406 (1) 32.85(1)

Table 1. Itcan be seen that the lattice constant a decreased contin-
uously with increasing Nd concentration, approaching the value
of b, whereas b and ¢ remained almost unchanged if the mea-
surement error was taken into account. As a result, the difference
between a and b became increasingly small for the samples with
a higher Nd concentration, and the crystal structure symmetry
continuously increased. It was the increase in crystal structure
symmetry that led to a decrease in the Curie temperature of BNT.
The decrease in Curie temperature with an increase in its crystal
structure symmetry was well documented in the literature for
BaTiOs-based ferroelectrics as well.1819 For instance, it was
reported that as the c/a ratio of tetragonal BaTiO3 decreased
towards unity with the doping of Sr**, Sn** or Zr**, its Curie
temperature was shifted to lower temperature. While in contrast,
the substitution of Pb** for Ba>* in tetragonal BaTiOj led to an
increase in both the c/a ratio and Curie temperature.

In addition to the variation in Curie temperature, the dop-
ing of Nd** in BIT showed a depressing effect on the Curie
peak. In other words, the Curie peak on the dielectric constant
curve was broadened with an increase in the Nd** doping level,
and concurrently the Curie peak intensity decreased. The for-
mation of a fine-grained microstructure in BNT might be one
of the important reasons accounting for this phenomenon, as
observed in BaTiOj3 ferroelectrics.2? Other factors such as an
inhomogeneous distribution of Nd** ions and the formation of
secondary phase in BNT could also contribute a lot to the Curie
peak depressing, due to the high sensitivity of Curie temperature
to chemical compositions. In fact, Curie peak depressing caused
by the second phase formation can be distinctively observed for
BNTO075 sample. On the dielectric curve of BNT075 sample,
a shoulder (indicated by an arrow) corresponding to the Curie
peak of the secondary phase appeared at 482 °C, which was
slightly above the Curie temperature of the matrix (~445 °C),
as aresult of Nd deficiency in its chemical composition. And the
overlapping of the Curie peaks corresponding to the secondary
phase and matrix led to the appearance of a broad “Curie peak”
of low intensity on the dielectric curve.

The partial substitution of Nd for Bi in BNT resulted in a sig-
nificant improvement in the dielectric response of the materials
as well. The dielectric properties of BIT showed a strong tem-
perature and frequency dependence, because of the existence of
strong relaxing polarization processes that were associated with
defects formed through the volatilization of bismuth. At a testing
frequency of 100KHz, the dielectric constant and loss tangent of
BIT increased abruptly above 200 °C, and another peak appeared
at ~630 °C on the dielectric curve except the Curie peak. When
the testing frequency increased to 1 MHz, the dielectric constant
and loss tangent of BIT decreased substantially, as a result of

the suppression of relaxing polarization at high frequency. In
comparison with BIT, a continuous decrease in the temperature
and frequency dependence of dielectric properties was observed
for BNT with an increasing Nd concentration, which can be
explained by a reduced vacancy concentration in the sample
and a smaller contribution of relaxing polarization to its dielec-
tric properties. The dielectric constant and loss tangent curves
of BNT became more flattened at a higher Nd doping level, and
only a sharp peak appeared at the Curie temperature on dielectric
constant curve. Concurrently, the reductions in dielectric con-
stant and loss tangent became increasingly smaller as the testing
frequency was increased from 100 KHz to 1 MHz. For BNTO075,
its dielectric constants at 100 KHz and 1 MHz were nearly the
same, and only a tiny difference between them was observed at
temperature near the Curie point and above. So were the loss
tangents of this sample. In addition, it can be seen from Fig. 5
that the dielectric constant and loss tangent showed a general
decrease with increasing Nd concentration, which could also
be attributed to the diminished relaxing polarization in these
samples.

3.3.2. Electrical conductivity

Electrical conductivity is one of the most important prop-
erties for BIT, high electrical conductivity makes it difficult to
polarize the material, and prohibits the material from being used
at high temperature. Holly S. Shulman et al. reported that the
main conducting mechanism of pure BIT was electronic p-type,
and the conductivity of BIT increased with acceptor addition
and decreased with donor addition. The alloying of Nb in BIT,
which served as a donor, allowed a decrease in conductivity
by as much as three orders of magnitude for the sample with
a composition of BisTiz 96Nbg 04012, because of the complete
compensation of holes by electrons.® In the present study, Nd
was chosen to replace part of Bi ions located in the perovskite-
like layer of BIT structure. Since Nd ion shows the same valence
as Bi, it is neither an acceptor nor a donor dopant for BIT.
However, despite that the conductivity of BIT was significantly
affected by Nd addition. Fig. 7 shows the temperature response
of the electrical conductivity of BIT and BNT075 samples. The
BIT sample showed two stages of rapid increase in conduc-
tivity with temperature, which started from 80°C to 300 °C,
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Fig. 7. The temperature response of the electrical conductivity of BIT and
BNTO75 samples.
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Fig. 8. Ferroelectric hysteresis loops of BNT05 and BNT075 ceramics.

respectively; while the conductivity of BNT075 only showed
a single stage of rapid increase with temperature at ~200 °C.
This indicated that the electrical conducting mechanism in the
present BIT was much more complicated than that in BNTO75.
Considering the serious volatilization of Bi during sintering
of BIT, it is reasonable to assume that electrical conducting
associated with vacancies should occur in BIT, aside from the
intrinsic hole conducting. Depending on the testing tempera-
ture, different conducting mechanism prevailed in the sample,
which led to a multistage increase in the electrical conductivity
curve.

Furthermore, the conductivity of BNTO75 was significantly
decreased in comparison with that of BIT. Especially at
~200 °C, the conductivity of BNT075 was nearly four orders of
magnitude lower than that of BIT. The decreased conductivity of
BNTO75 should be mainly ascribed to a decrease in the number
of electrical carriers in the sample. As well known, the relation-
ship for electronic conductivity can be expressed as: o =nzey,
where n is the number of charge carriers, ze the charge and w is
the mobility of carriers. Due to the suppression of Bi volatiliza-
tion by Nd doping, the number of carrier associated with vacancy
should be remarkably reduced in BNTO075, and this resulted in a
significant decrease in the electrical conductivity of the sample.

3.3.3. Ferroelectric property

Fig. 8 shows the ferroelectric hysteresis loops of BNTO0S and
BNTO75. Because of the large loss tangent and high leakage
current, hysteresis loops of BIT could not be obtained under
present conditions. Neodymium doping led to an improvement
in the polarization properties of BIT, which was due to the lowing
of electrical conductivity. BNT0S and BNTO75 ceramics exhib-
ited well-saturated hysteresis loops. The 2P; and coercive field
were 22 wC/cm? and 33 kV/cm for BNTO05, and 30 wC/cm? and
40.7kV/cm for BNTO75, respectively. Although these values
were a little lower than those of BNT films with preferred grain
orientation, they were much higher than those of data reported
for pure or lanthanum-doped BIT ceramics.>!~2

4. Conclusions
Nd-modified BIT (namely BNT) ceramics were fabricated

using powders prepared by a hydrolysis method, and system-
atic studies on the powder characteristics, sintering behavior,

microstructure and dielectric properties of the materials were
conducted. It was found that:

(1) In Nd-modified BIT (e.g. BNTO075), the formation of
Bi,Ti» O7 intermediate phase during the crystallization pro-
cess of the powder was suppressed, and the absorption band
corresponding to Ti—O bond vibration at 589 cm™! in IR
spectra was shifted to higher wave numbers.

(2) The incorporation of Nd in BIT significantly retarded the
sintering and grain growth, leading to an increase in the
sintering temperature and the formation of fine and homo-
geneous microstructure.

(3) The Curie temperature of Nd-modified BIT was steadily
shifted to lower temperature with increasing Nd concentra-
tion. At the same time, the Curie peak on the dielectric curve
was greatly depressed.

(4) The incorporation of Nd in BIT suppressed the volatiliza-
tion of Bi** during sintering and reduced the bismuth
and oxygen vacancy concentrations in the sintered sample.
As a result, the dielectric loss and electrical conductivity
was significantly reduced, and the polarization properties
of the material were greatly improved. A well-saturated
and square ferroelectric hysteresis loop was obtained in
Biz 25Ndg.75Ti3012 sample, which was an interesting result
for applications.

(5) With an increase in Nd concentration, the dielectric prop-
erties of BNT became much less dependent on temperature
and frequency, because of the suppression of relaxing polar-
ization processes in it.
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