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a b s t r a c t

Effects of multi-doping of rare-earth oxides (R = Yb, Sm, Ho, La and Nd) on the microstructure development
and electric properties of BaTiO3 ceramics were studied. The addition of samarium oxide leads to poor
densification and small grains, whereas ytterbium oxide develops large grains and secondary phases
along the grain boundary, and Ho ion with an intermediate ionic radius gives rise to higher densities
with fine grains. The grain size of Yb-doped BaTiO decreased with increasing Sm contents. The system
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coated with 2.0 at.% Sm and 2.0 at.% Yb exhibited dense microstructures with uniform small grains, and
Yb-rich second phases were not observed. It was confirmed that an appropriate ratio of donor to acceptor
is necessary to the optimum microstructure. Curie temperature of rare-earth doped BaTiO3 was strongly
dependent on the unit-cell volume associated with the ionic sizes of rare-earth ions.

© 2010 Elsevier B.V. All rights reserved.
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. Introduction

Multilayer ceramic capacitor (MLCC) is one of the most impor-
ant passive components in electronic devices such as hand held
roducts, personal computer and digital display [1,2]. The devel-
pment trend of MLCC is a miniaturization with increasing the
apacitance. In order to achieve further downsizing or higher capac-
tances, the dielectric layers as well as electrode layers need to
e reduced and nano-size particles with narrow size distribution
hould be prepared [1–4]. Currently, oxide additives are mechani-
ally mixed with BaTiO3 powders. However, it is difficult to achieve
homogeneous mixing between fine BaTiO3 powders and various
dditives through the conventional ceramic process. As an alterna-
ive, the uniform coating of BaTiO3 particles with a thin and stable
dditive oxide layer is the most promising approach for enhancing
he homogeneous distribution of additives along the grain bound-
ries [5,6].

The chemical coating on ceramic powders has been attempted
o investigate the doping effects and the surface characteristics of

articles through various coating processes [5–12]. Chemical coat-

ng can produce a very homogeneous additives shell, regardless of
article size. A uniform coating of inorganic shells on the inorganic
ores was reported to be caused by surface reaction [5]. Bassano
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et al. studied nano-coatings of several oxides (Y2O3, Dy2O3, ZrO2,
NiO) and reported a precipitation processes to grow a second-phase
layer on the surface of BaTiO3 particles [8]. Additives coating on
BaTiO3 powders have been carried out for X7R temperature charac-
teristics, revealing the performance on the dielectric properties and
microstructure [10]. The effects of additives coating on the pow-
der characteristics, dielectric properties, and sintering behavior of
BaTiO3 system were also studied [11,12].

Rare-earth oxides such as Ho2O3, Er2O3 and Dy2O3 are impor-
tant additives in the fabrication of BaTiO3-based MLCC. They are
frequently added to control the temperature coefficient of capac-
itance (TCC), grain growth, insulating electrical resistance and
reliability [1,13–16]. Since the ionic radii of trivalent rare-earths
(R3+) range from 0.80 Å to 1.30 Å, these dopants could occupy either
Ba2+ (1.61 Å) or Ti4+ (0.61 Å) sites, depending on the ionic radius and
Ba/Ti ratio [14,17]. The microstructure development and electrical
properties are strongly dependent on the site preference of rare-
earth impurity in BaTiO3 sublattices [13–16]. As the ionic radius
increases, the behavior is increasingly donor-type, suggesting an
increasing fractional occupation of Ba sites. For the larger ions such
as Sm3+ and Nd3+, the donor behavior is more pronounced in the
samples with an excess of TiO2. The cations of intermediate size

seem to occupy both Ba and Ti sites to varying degrees, depend-
ing on their radii [16]. In the presence of excess TiO2 it behaves
as a weak donor, while in the presence of excess BaO it acts as
an acceptor. Apparently it can be pushed from one site to the other
depending on the Ba/Ti ratio. Electrical profiles of Yb-doped BaTiO3

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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Fig. 1. TEM images of the coated particles: (a) BaTiO3 powder as received, (b) Sm-

how acceptor-type behavior with substitution on Ti site, regard-
ess of the Ba/Ti ratio [16].

Numerous works have been conducted to confirm the singly-
oping effects of rare-earth oxides on the microstructure and
lectrical properties of BaTiO3-based systems [13–16,18]. How-
ver, few works were reported with regard to the electrical
roperties and microstructures of BaTiO3 doped with two kinds of
are-earth oxides. In this study, the microstructure development
nd dielectric properties of BaTiO3 doped with various combi-
ations of trivalent rare-earth impurities have been investigated
hrough the precipitation coating technique.

. Experimental procedure

BaTiO3 (Sakai, 300 nm) powders were coated with rare-earth oxides, which were
repared by a homogeneous precipitation method using reagent grade Samarium
III) Chloride Hexahydrate (>99.99%, SmCl3·6H2O, Aldrich), Holmium (III) Chloride
exahydrate (>99.99%, HoCl3·6H2O, Aldrich), Ytterbium (III) Chloride Hexahydrate

99.99%, YbCl3·6H2O, Aldrich) and urea (NH2CONH2, Aldrich). All solutions and sus-
ensions were prepared in aqueous solution. BaTiO3 (5 g) powders were dispersed in
00 ml of distilled water with continuous ultrasonic treatment (40 kHz) for 30 min to
btain a well-dispersed BaTiO3 suspension. And additive solutions were added to the
uspension with 1 M urea and dispersant. The molar ratio of [R3+]/[BaTiO3] (R = Sm,
o, Yb) were 0.01 and 0.02, where rare-earth oxides were 1 mol% and 2 mol%, respec-

ively. The mixture was sonicated in a water bath and heated to 80 ◦C for 2 h in a
hermostatic under stirring. The suspension was then aged in an electric oven at
0 ◦C for 12 h and calcination was conducted at 700 ◦C [5,11]. The powders were

ulverized into fine particles and formed into a disk shape under a uniaxial pressure
f 200 MPa. The organic binder was burned out at 450 ◦C in air with a slow heating
ate, followed by sintering at 1350 ◦C for 2 h in air. Powder morphology and ther-
ally etched surfaces of sintered specimens were investigated using a field emission

canning electron microscope (FESEM, Jeol-JSM7000F) and transmission electron
icroscopy (TEM, Jeol-300 kV) with an energy-dispersive spectroscope. The lattice
BaTiO3 powder, (c) Ho-coated BaTiO3 powder and (d) Yb-coated BaTiO3 powder.

parameter was obtained using an automated X-ray diffractometer (Bruker AXS D8
Discover) with Cu-K� radiation. As a reference phase, �-Al2O3 was used to com-
pensate the systematic error in the observation of 2� values. The dielectric constant
was measured over a temperature range from −55 ◦C to 151 ◦C using a capacitance
measurement system (Saunders & Associate) with an LCR meter (HP4284A).

3. Results and discussion

Fig. 1 shows TEM images of BaTiO3 particles coated with var-
ious rare-earth oxides (Sm, Ho, Yb). The precipitated samples
were followed by calcination at 700 ◦C. The surface of BaTiO3
particles as received looks smooth (Fig. 1a), whereas nano-size par-
ticles formed on the surfaces of BaTiO3 and aggregated together
instead of formation of a smooth film. EDS analysis confirmed
that the heavily coated area was composed of rare-earth rich
phases. This coating substance on BaTiO3 is formed by the decom-
position of urea and the reaction between BaTiO3 and additive
precursors. Urea is hydrolyzed according to the following reaction
[5]:

(NH2)2CO + 3H2O → CO2 + 2NH3 + 2H2O (1)

By heating the solution, urea is decomposed into ammonia and
carbon dioxide. Ammonium ions gradually increase pH of the solu-
tion and induce the precipitation of metal hydroxides [5]. The

mixed precursors of samarium, holmium and ytterbium hydrox-
ide would precipitate through the hydrolysis reaction of urea, the
uniform precipitations of additive precursors in the presence of
BaTiO3 particles leading to the hetero-coagulation which produces
homogeneous distribution of additives on the BaTiO3 surface. It was
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ig. 2. Microstructures of rare-earth oxide coated BaTiO3 sintered at 1350 ◦C: (a) un

eported that the hetero-coagulation behavior is dependent on the
elative particle size, concentration of particles and surface charge
5,6].

Microstructures of un-doped and 2 at.% rare-earth coated
aTiO3 specimens are shown in Fig. 2. The Sm-doped speci-
en shows poor densification and small grains, whereas the

b-doped one exhibits large grains with a secondary phase along
he grain boundary. It should be noted that Ho-doped speci-

en shows relatively high density with uniform grains, which
ooks similar to that of the un-doped BaTiO3 (Fig. 2a). This
ould be due to the amphoteric behavior of Ho, holmium ions
ccupying both Ba and Ti sites, depending on the Ba/Ti ratio.
b-doped specimen shows some segregation of second phase in
he grain boundary and triple points, indicating that Yb hardly
ncorporates into the BaTiO3 lattice. EDS results clearly exhibit
he precipitation along the grain boundary comprising Yb-rich
hases (Fig. 2d). This result is in good agreement with the previ-
us work that the solubility of Yb ions must be lower than Sm and
o ions [15].
Fig. 3 shows the microstructure of BaTiO3 specimens co-doped
ith Sm (≤2.0 at.%) and Yb (2.0 at.%) at various Sm/Yb ratios. The

econd phase was present with the Yb excess systems (Sm/Yb < 1)
nd gradually disappeared as the Sm content was increased, and
one of the second phase was observed on the specimen co-doped
ed BaTiO3, (b) 2 at.% Sm coating, (c) 2 at.% Ho coating and (d) 2 at.% Yb coating.

with 2 at.% Sm and 2 at.% Yb (Fig. 3d). The grain size also decreased
with increasing Sm additions to the Yb-coated BaTiO3 systems. The
system co-doped with Sm and Yb exhibits smaller grain sizes than
the singly Yb-doped BaTiO3, where Sm and Yb replace Ba and Ti
sites, respectively, leading to a self-compensating substitution. The
uniform and small grains of co-doped BaTiO3 are compatible with
the amphoteric behavior of Ho ions (Fig. 2c), where a half of Ho ions
would equally split into Ba and Ti sites [14]. This result suggests that
an appropriate ratio of donor/acceptor addition is necessary to the
optimum microstructure development.

X-ray diffraction patterns of BaTiO3 co-doped with Sm and
Yb are given in Fig. 4. The secondary phase of Ba2Yb2O5 was
observed for singly Yb-doped BaTiO3. The intensity of Ba2Yb2O5
peaks decreased with increasing Sm contents. A weak trace of
Ba2Yb2O5 phase was detected with 2 at.% Sm and 2 at.% Yb co-doped
BaTiO3, compared with the singly Yb-doped samples. This implies
that the main compensation mode is changed from Ba vacancies
(V ′′

Ba) to Sm on Ba sites (Sm
•
Ba) upon enhancing the Sm concentra-

tion at a constant Yb content. This is compatible with the evolution

of microstructures shown in Fig. 3. The small ionic radius of Yb and
its subsequent lower degree of incorporation into BaTiO3 could be
responsible for dielectric properties as well as microstructures.

Fig. 5 shows the dielectric constants for Sm, Ho, Yb and Yb–Sm-
doped BaTiO3 over the temperature range from −55 ◦C to 151 ◦C.
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Fig. 3. Microstructures of Sm and Yb co-doed BaTiO3 sintered at 1350 ◦C: (a) 2 at.% Yb, (b) 0.5 at.% Sm, 2 at.% Yb, (c) 1 at.% Sm, 2 at.% Yb and (d) 2 at.% Sm, 2 at.% Yb coating.
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Fig. 4. X-ray diffraction patterns of BaTiO3 co-doped with Sm and Yb.

he specimen co-doped with Sm and Yb shows higher dielectric
alues at room temperature and a significant depression of Tc, com-
aring with singly-rare-earth doped BaTiO3. When the Sm content

s greater than 0.5 mol%, the substitution of Sm3+ for Ba2+ (Sm
•
Ba)

ould be compensated by cation vacancies instead of electron com-
ensation as follows [13,16]:

m2O3 + 3TiO2 → 2Sm
•
Ba + V ′′

Ba + 3TiTi + 9OO (2)

′′
he defect notation is that suggested by Kröger and Vink [19]. VBa is
he barium vacancy. The cation vacancies could inhibit grain growth
16]. The flat dielectric curve and low dielectric permittivity of Sm-
oped specimen is thus due to the poor densification (Fig. 2b). The
light decrease in Tc could be due to the decrease in unit-cell vol-
Fig. 5. Temperature dependence of dielectric constant of rare-earth doped and un-
doped BaTiO3.

ume by the substitution of smaller Sm3+ ion for larger Ba2+ ion
[2,16]. Unlike the Sm-doped BaTiO3 sample, the Ho-doped sample
shows a subtle difference in Tc compared with the un-doped one.
This result shows that Ho3+ ions could be split equally into both
cation sites, giving rise to the self-compensation, as in the case of
Er-doped BaTiO3 ceramics [13,14]. The decrease in Curie point of
the Yb-doped sample is due to the occupation of Yb3+ ion on Ti4+
sites as an acceptor impurity, Yb′
Ti, and its compensating oxygen

vacancy as follows:

2BaO + Yb2O3 → 2BaBa + 2Yb′
Ti + 5OO + V

••
O (3)



S.K. Jo et al. / Journal of Alloys and Co

Fig. 6. The unit-cell volume and Curie temperature of various rare-earth doped and
un-doped BaTiO3, the number after each element stands for the added at.%.

Fig. 7. Microstructures of rare-earth oxides co-doped BaTiO3 sintered at 1350 ◦C:
(a) 2 at.% Nd, 2 at.% Yb and (b) 2 at.% La, 2 at.% Yb.
mpounds 501 (2010) 259–264 263

In this case, the solubility of Yb in Ti sites is limiting. The Yb-rich
second phase was observed in the grain boundary (Fig. 2d). How-
ever, the solubility seems enhanced in the presence of Sm as shown
in Fig. 3d. The simultaneous substitution of Sm and Yb for Ba and
Ti sites could increase the solubility of Yb, which could shift Tc to
lower temperatures.

Fig. 6 shows unit-cell volumes and Curie temperatures of BaTiO3
doped with various rare-earth ions. The unit-cell volumes and Curie
temperatures exhibit a similar dependence on the doping materi-
als [20]. The Sm-doped BaTiO3 has a smaller unit-cell volume than
the Ho-doped one, and the latter consequently has higher Tc than
the former. This result supports that Ho ions have the amphoteric
behavior and Sm ions occupy only Ba sites. The unit-cell volume
and Curie point linearly decreased with increasing rare-earth oxide
(Sm + Yb) contents. This result indicates that Sm and Yb ions obvi-
ously occupy Ba and Ti sites, respectively. It was thus confirmed
that the unit-cell volume is dependent on the incorporation mode
of the substituted ions as well as their ionic radii.

Fig. 7 shows the microstructures of BaTiO3 specimens co-doped
with Nd–Yb or La–Yb. Larger rare-earth ions such as Nd and La
would obviously occupy Ba sites and enhance Yb to occupy Ti
sites. The sintered specimens show uniform microstructures with-
out any secondary phase such as Ba2Yb2O5, which is similar to the
microstructure shown in the Sm–Yb-doped system in Fig. 3d. The
evolution of microstructure seems correlated with the combination
of large and small dopant ions. A possible incorporation mode of
large rare-earth ions (R2O3) with excess Yb2O3 into BaTiO3 lattices
can be written as follows:

R2O3 + Yb2O3 → 2R
•
Ba + 2Yb′

Ti + 6OO(R = La, Nd, Sm) (4)

Eq. (4) shows that La, Nd and Sm ions with large ionic radii
may replace Ba sites, whereas Yb ion with small ionic radius
may occupy Ti sites and then gives rise to self-compensation,
i.e. donor–acceptor compensation [16]. Thus, the BaTiO3 system
co-doped with large ions (La, Nd, Sm) and small ions (Yb) can effec-
tively increase the solubility limit of rare-earth ions in BaTiO3 and
develop homogeneous microstructures.

4. Conclusions

The rare-earth coating on BaTiO3 was performed by decompo-
sition of urea and surface reaction between BaTiO3 and additive
(Sm, Ho, Yb) precursor. Samarium oxide leads to a poor den-
sification with small grains, whereas ytterbium oxide develops
large grains and secondary phase along the grain boundary.
Holmium oxide with an intermediate ionic radius gives rise to
high densification with fine grains. This could be due to the
amphoteric behavior of Ho ions, occupying both Ba and Ti sites,
depending on the Ba/Ti ratio. The grain size of singly Yb-doped
BaTiO3 decreased with increasing Sm contents. The specimen
doped with 2.0 at.% Sm and 2.0 at.% Yb exhibits homogeneous
microstructure without any Yb-rich second phase. It was con-
firmed that an appropriate ratio of donor to acceptor is necessary
to the optimum microstructure development. Curie tempera-
ture of rare-earth doped BaTiO3 was strongly dependent on the
unit-cell volume which is associated with the ionic sizes of
rare-earth ions and their incorporation modes into BaTiO3 sublat-
tices.
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