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Abstract

The difference in doping behaviors of intermediate rare-earth ions and their effects on the dielectric property and microstructure of
BaTiO;(BT)-MgO-Re, 05 (Re=Dy, Ho, Y) system were investigated. Compared to Y and Ho, Dy ions provided BT ceramics with a high
rate of densification and much enhanced shell formation due to their high solubility in BT. However, the microstructure of the Dy doped speci-
men was unstable at high temperatures in terms of grain growth. Until the specimen was densified, the tetragonality of Dy doped specimen was
remarkably decreased and the substitution amount of Dy ions for A-site was larger than that of Y and Ho ions. After complete densification, the
tetragonality was increased again and the B-site incorporation of Dy ions was increased far more than that of Y and Ho ions resulting in grain
growth. This different behavior was considered to result in temperature coefficient of capacitance curves in the Dy doped specimen different from

that of typical core—shell grains.
© 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Recently, the production process of multilayer ceramic capac-
itors (MLCCs) has been dramatically improved to meet the
demands for higher capacitance achieved in a smaller chip con-
sisting of several hundreds of dielectric layers of 1 pm or less
in thickness. In order to form 1-pm thick layers and meet the
X5R (the tolerance of capacitance in —55 to +85 °C is +15%)
or X7R (the tolerance of capacitance in —55 to +125°C is
+15%) specifications, BaTiO3 (BT) grains need to be small and
form a so-called core—shell structure. In the core—shell struc-
ture, the additive elements are partially dissolved in the BT
lattice to form a shell which surrounds the core region. The
shell is known to have non-ferroelectric pseudo-cubic struc-
ture, whereas the core is pure BT with a ferroelectric tetragonal
structure.! 3
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It is reported that a rare-earth element is a dominant additive
in forming a shell and the core—shell structure is well developed
when the rare-earth element and magnesium are added to BT.*
Rare-earth elements are known to exhibit useful functions of
stabilizing the temperature dependence of relative dielectric con-
stant and lowering the dissipation factor in dielectric ceramics.>¢
As a result, the dielectric performance of the capacitors would
be influenced by the amount and kind of rare-earth element.
When the dopants are incorporated into the BT lattice, the
substitutional chemistry is determined by strain, charge, charge-
distribution and ionic size.” There have been many reports that
the ionic size is a main factor influencing the incorporation of
rare-earth ions into BT ceramics.”'? Table 1 shows ionic radii
of Ba, Ti, Mg and rare-earth elements, in which the ionic radii of
rare-earth elements in 12 coordination were obtained by extrap-
olation from the relationship between the coordination number
and the ionic radius.'3 Assuming that the local strain is similar
in both A- and B-sites, small rare-earth ions will occupy the
B-site and large ones the A-site, whereas the intermediate ions
will occupy both sites with different partitioning for each ion.®?
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Table 1
Effective ionic radii of various elements.!3

Ton Tonic radius (A)

6 coordination (B-site) 12 coordination (A-site)

Ba%t 1.610
Ti** 0.605
Mg?* 0.720
Dy* 0.912 1.255
Ho** 0.901 1.234
Y3+ 0.900 1.234

The rare-earth elements are known to act as a donor when they
dissolve in A-site and an acceptor in B-site.

MLCCs are usually sintered in a reducing atmosphere to pre-
vent Ni electrodes from oxidation, so that electrons are generated
by the formation of doubly ionized oxygen vacancies in a low
oxygen partial pressure. The introduction of acceptors to BT
has an effect of compensating positively charged oxygen vacan-
cies and thus suppressing the generation of electrons. Thus,
the acceptor concentration needs to be higher than the electron
defect concentration to keep BT insulating.!* Since the concen-
trations of electronic defects in acceptor or donor doped BT are
dependent on the sintering atmosphere as well as on the dopant
amount, it is difficult to optimize the concentration of acceptor or
donor.!516 The amphoteric rare-earth ion, however, help balance
between donor and acceptor, so the reliability of MLCCs would
be improved by its introduction. It is reported that the ampho-
teric rare-earth ions of intermediate ionic radius, such as Dy, Y
and Ho, provide BT ceramics with good electrical properties and
a high reliability.> In particular, the electrical performance and
related reliability of the capacitor are attributed to the solubility,
distribution and site occupation of rare-earth ions.>!? It is also
reported that the solid solubilities of Dy, Ho, and Y in the BT
structure are similar due to their similar ionic size.!”

The purpose of this study is to study the difference in doping
behaviors of intermediate rare-earth elements, i.e., Dy, Y and
Ho, which have similar ionic size and the resulting effect on the
microstructures of BT ceramics, although they are known to have
similar solubilities in BT lattice. The specimens were prepared
with the addition of Dy, Y, Ho and Mg, and their microstructures
and dielectric properties were investigated.

2. Experimental procedure
Hydrothermally synthesized BT powders (Samsung Fine

Chemicals) were weighed with Dy;O3 (Shinetsu), Y;03
(Shinetsu), Ho,O3 (Shinetsu), MgO (Ube Materials), BaCO3

(Sakai), and SiO, (AEROSIL) powders according to the com-
position in Table 2. MgO were added in the same amount
to facilitate shell formation with the rare-earth elements. The
BaCO3 and SiO, were added to aid sintering of BaTiO3 by
reducing its sintering temperature. Thus, the kind of intermediate
rare-earth element was varied in this study.

The powders were ball-milled in solvent (ethanol and
toluene) with dispersant for 5h and mixed with BM-2 PVB
binder (Sekisui) for 15h. Green sheets were formed by doctor
blade casting of the powder slurry on PET film. Then, the sheets
were laminated, pressed and cut into square-shaped plates of 1-
mm thickness. To mimic the process for a base-metal electrode
MLCC, the plates were baked for binder burn out and sintered at
various temperatures (1190-1350 °C) in a reducing atmosphere
(PO, of 1072 atm), followed by re-oxidation at 1000 °C in N2/O»
atmosphere (25 ppm O»).

Bulk density of the sintered specimen was measured using
Archimedes method, and the surfaces of bulk specimens were
observed by scanning electron microscope (SEM, LEICA S440)
to examine the grain size distribution. For a detailed study of
microstructure, electron transparent samples were prepared by
tripod polishing of the sintered specimen followed by ion beam
thinning (Gatan PIPS), and investigated using transmission
electron microscope (TEM, FEI G2 F20) operating at 200 kV.
The composition profiles of dopants particularly in core—shell
structured grains were analyzed using TEM energy dispersive
spectroscopy (EDS) by choosing an appropriate electron beam
probe size. The core and shell regions within a grain were dis-
tinguished through TEM imaging and EDS analysis, and grain
radius and shell width were measured.

Crystal structure was studied by X-ray diffractometry (XRD,
Rigaku RINT2200 HF) on pulverized bulk specimens in 26
range of 10—130° at 0.01° step, 4 s/step. Rietveld refinement was
performed to obtain the lattice parameters of the specimen. '8

The capacitance of the sintered specimen with In-Ga paste
on both surfaces was measured in the temperature range of —25
to 150°C at 1kHz, 1 Vrms using an Agilent 4284 A precision
LCR meter.

3. Results and discussion
3.1. Densification and grain growth behavior

Fig. 1 shows the change of bulk density of rare-earth doped
BT ceramics sintered at various temperatures. The density of Dy
doped specimen reached at saturation the earliest whereas the Y
or Ho doped specimen showed a low rate of densification. It is
known that additive components such as rare-earth element and

Table 2

Composition of specimens.

Specimen BaTiO3 Dy,03 Y,03 Ho,03 MgO BaCO3 SiO,
Dy doped 100 2 0 0 2 1 1.5
Y doped 100 0 2 0 2 1 1.5
Ho doped 100 0 0 2 2 1 1.5
Undoped 100 0 0 0 0 1 1.5

All numbers are in moles.
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Fig. 1. Bulk density of rare-earth doped BT specimens as a function of sintering
temperature.

Mg suppressed necking of BT grains due to the reduced grain
boundary mobility, and then hindered the densification.'>?* The
result of bulk density measurement in Fig. 1 indicates that
the Dy could not effectively prevent the densification of BT
grains compared to Y and Ho. Consequently, it is considered
that Dy ions dissolved easily in the BT lattice than Y and
Ho ions, leading to a higher densification rate in Dy doped
specimen.

Fig. 2 shows SEM images of the specimens after the densifi-
cation was completed. The undoped specimen exhibited grains
grown over several tens of micrometers. The grain size of rare-
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Fig. 3. Mean grain size of rare-earth doped BT specimens sintered at various
temperatures.

earth doped specimens was much smaller than that of undoped
specimen, but the Dy doped specimen sintered at 1315°C
had larger grains than Y and Ho doped specimens sintered at
1341 °C. The mean grain sizes measured from SEM images
of each specimen as a function of sintering temperature were
plotted in Fig. 3. Y and Ho doped specimens showed almost
no grain growth over the whole temperature range. In the Dy
doped specimen, the mean grain size did not show any dif-
ference until 1284 °C, but above the temperature of maximum
density, the grains grew remarkably with an increase in sintering
temperature.

Fig. 2. Scanning electron micrographs of the surfaces of rare-earth doped BT specimens: (a) Dy-doped specimen sintered at 1315 °C, (b) Y-doped at 1341 °C, (c)

Ho-doped at 1341 °C, and (d) undoped at 1284 °C.
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Fig. 4. (a) Tetragonality (c/a) and (b) lattice volume of rare-earth doped BT
specimens as a function of sintering temperature.

Fig. 4 shows the results of XRD analysis of the rare-earth
doped specimens. Since the shell with pseudo-cubic structure
is formed by dissolution of dopants in BT lattice, the tetrago-
nality (c/a) of the specimen was decreased as the incorporation
of rare-earth elements increased (Fig. 4(a)). In Y and Ho doped
specimens, the tetragonality slightly decreased with the increase
in sintering temperature, which indicated that the amount of Y
and Ho ions dissolved in BT did not much increase with the
sintering temperature. On the other hand, the tetragonality of
Dy doped specimen decreased remarkably until 1284 °C, and
then increased again on further increase of sintering temper-
ature. The tetragonality turned to increase at the temperature
when the grain growth occurred. The increase of tetragonal-
ity as well as the grain growth in Dy doped specimen is not
clearly understood, which is subject to further studies. Fig. 4(b)
shows the change of lattice volume of rare-earth doped spec-
imens. The lattice volume was increased with the increase in
sintering temperature. Since the intermediate rare-earth ions are
smaller than Ba and larger than Ti, their substitution for A-site
and B-site would lead to a decrease and increase in the lattice
volume, respectively.!>2!-23 It is reported that during the incor-
poration of rare-earth ion with the valence of 3+, A-site drives it
towards a lower valence while B-site towards a higher valence,
and that higher temperature drives the ions towards a higher

valence.” Consequently, the result in Fig. 4(b) indicates that the
incorporation of rare-earth ions into B-site was enhanced as the
sintering temperature increased. In addition, Fig. 4(b) showed
that before the densification was completed, the lattice volume
of Dy doped specimen was smaller than that of Y or Ho doped
specimens. Since the radius of Dy ion is slightly larger than
that of Y or Ho ions, the lattice volume of Dy doped speci-
men might have been slightly larger with the same amount of
incorporation of the dopant. However, the smaller c/a value and
the smaller lattice volume in the Dy doped specimen shown in
Fig. 4 implied that the amount of Dy ion substitution for A-site
is larger than that of Y and Ho ions until the specimen was fully
densified.

Above 1284 °C, the lattice volume of Dy doped specimen
greatly increased with sintering temperature accompanied by
grain growth, whereas the lattice volume of Y and Ho doped
specimens did not change much. It indicates that after the com-
pletion of densification Dy ions continued to be incorporated
into BT lattice, and that the B-site incorporation of Dy ions
took place far more compared to Y and Ho ions. As a result
of B-site incorporation, Ti ions could come out of shell region
to grain boundary. In the TEM investigation on the Dy doped
specimen sintered at 1341 °C, the local Ti concentration within
the BT grain was measured by electron energy loss spectrom-
etry (EELS) analysis as shown in Fig. 5. The intensity ratio of
Ti—L, 3 edge to Ba—M4 5 edge was calculated to be 1.68 and 1.46
for core and shell region, respectively. Though the difficulty in
obtaining the absolute Ti to Ba mol ratio, it is reasonable to com-
pare the relative composition in the same specimen, and it seems
like that the Dy substitution for B-site in the shell region could
result in shift of Ti ions from shell to grain boundary. Since the
excess Ti at grain boundary is known to easily form a eutectic
liquid phase,”*?> the grain growth in the Dy doped specimen
sintered at high temperatures could be attributed to enhanced
Dy substitution for B-site.
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Fig. 5. TEM EELS spectra of Ti-L; 3, O-K and Ba-M4 5 edges for core and shell
regions within a grain in Dy doped specimen sintered at 1341 °C.
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In case of rare-earth ions which can incorporate into both
sites, it is reported that at first, they preferentially occupy A-site,
and then occupy B-site as the substitution increases.?'~2> From
the various microstructural investigations, the Dy ion seems to
more easily substitute for BT lattice than Y and Ho ions in spite
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of their similar ionic sizes. The high rate of densification and
significant reduction of tetragonality in the Dy doped specimen
indicated that Dy could more readily incorporate into A-site
while the enhanced grain growth was attributed to its larger
substitution for B-site compared to Y and Ho.
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Fig. 6. TEM bright field image and EDS line profile for a typical core—shell grain: (a) Dy doped and (b) Ho doped specimens sintered at 1284 °C, and (c) Y doped

specimen sintered at 1315 °C.
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3.2. Core—shell structure

TEM investigation was carried out on Dy and Ho doped spec-
imens sintered at 1284 °C, and Y doped specimen sintered at
1315°C; the Y doped specimen at 1315 °C was selected due
to the incompletion of densification at 1284 °C. Fig. 6 shows
the microstructures and the results of EDS composition analy-
sis for core—shell grains in each specimen. The concentrations
of rare-earth ions were preserved to a certain depth from the
grain boundary and decreased toward the core region. The con-
centration gradients of Mg and Si were not clearly observed
across the shell-to-core boundary. Since the position of Mg Ka
peak (1.254keV) in EDS spectrum is very close to that of Dy
Ma peak (1.293keV), the EDS analysis of Mg was not car-
ried out in Dy doped specimen. The grain boundary phase was
occasionally observed in all specimens, and the EDS analysis
detected high intensity of Si at the grain boundary as pointed out
in Fig. 6(a). The ratio of shell width to grain radius was mea-
sured in each specimen. The shell width can be overestimated in
TEM images because of partial overlapping of adjacent grains
inside of the TEM sample, but the sample-to-sample compar-
ison is reasonable. The Dy doped specimen showed a higher
fraction of shell in the dielectric grain than the Y and Ho doped
specimens. This result is correspondent to the fact that the Dy
ions diffused more easily into BT lattice than Y and Ho ions
as confirmed by XRD analysis. In addition, the discontinuity of
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shell formation in the Dy doped specimen was smaller that in Y
and Ho doped specimens. The TEM investigation revealed that
the Dy doped specimen had more developed and more uniform
core—shell grains compared to Y and Ho doped specimens.
Fig. 7 shows temperature coefficient of capacitance (TCC)
vs. temperature curves of the specimens as a function of sin-
tering temperature. The undoped specimen showed a curve
typical to BT ceramic, exhibiting a sharp peak at Curie tem-
perature (7. &~ 130 °C) and a shallow peak associated with the
orthorhombic—tetragonal transition at about 25 °C. The peak at
T. was increased with the increase in sintering temperature,
which resulted from grain growth. In the core—shell structured
grain, the shell consists of a series of different phases accord-
ing to their additive concentrations dissolved in BT lattice. The
superposition of the individual phase transitions results in rather
diffuse TCC curve, which then makes the TCC curve less depen-
dent on the temperature change.?®2” The TCC curves of Y
and Ho doped specimens were much more stable than that of
undoped specimen; a quite shallow peak at T, and little change
as a function of sintering temperature (Fig. 6(c) and (d)). The
TCC curve of Dy doped specimen was similar to those of Y
and Ho doped specimens until the sintering temperature reached
1284 °C. However, the specimen sintered at higher tempera-
tures showing grain growth exhibited a different behavior; a
broad peak at about 70 °C (TCC max temperature, 7p,) as shown
Fig. 7(b). In contrast to the undoped specimen, the Dy doped
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Fig. 7. Temperature coefficient of capacitance curves of the specimens as a function of sintering temperature; (a) undoped, (b) Dy doped, (c) Y doped, and (d) Ho

doped.
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specimen showed that the peak at T. decreased, but the peak
at Ty, increased with increasing grain size. It is considered that
the peaks at 7; and Ty, correspond to core and shell region,
respectively. The incorporation of Dy into B-site was continu-
ously increased and the grains grew with much expanded shell
region which might have characteristics of relaxor.”® For this
reason, TCC curve of the Dy doped specimen sintered above
1284 °C behaved differently from that of specimen with typical
core—shell grains.

4. Conclusions

The difference in doping behaviors of rare-earth ions with
intermediate ionic size and their effects on the dielectric prop-
erty and the microstructure of BT-MgO-Re>0O3 (Re =Dy, Ho,
Y) system were investigated. Compared to Y and Ho ions, Dy
ions provided BT ceramics with a high rate of densification and
much enhanced shell formation due to their high solubility. How-
ever, the microstructure of the Dy doped specimen was unstable
at high temperatures unlike Y and Ho doped specimens. Until
the sintering temperature was reached at 1284 °C, the tetrag-
onality of Dy doped specimen was remarkably decreased and
the substitution amount of Dy ions for A-site was larger than
that of Y and Ho ions. Above that temperature, the tetragonality
was increased again and the B-site incorporation of Dy ions was
increased far more than that of Y and Ho ions resulting in grain
growth. While the Y and Ho doped specimens exhibited TCC
curves insensitive to temperature change, the Dy doped speci-
men showed a different behavior corresponding to grain growth
with enhanced B-site incorporation.
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