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Abstract

To understand the contribution of additive elements to the formation of core-shell structure in BaTiO3 (BT) grains in multilayer ceramic capacitors,
specimens were prepared with BT powders mixed with Y and Mg, and their microstructures were investigated in terms of scanning electron
microscopy, X-ray diffractometry, and transmission electron microscopy. The additives inhibited growth of the BT grains, particularly leading to
a much reduced sinterability for Y addition. Microstructural investigation showed that Y dissolved easily in BT lattice to a certain depth inside of
the grain whereas Mg tended to stay at grain boundaries rather than to be incorporated into BT. It was considered that, added in a proper ratio, Y
could play a dominant role in the formation of shell, leading to a slight dissolution of Mg in the shell.

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

Development for Multilayer Ceramic Capacitor’s (MLCC’s)
of a higher capacitance and a smaller chip size requires a struc-
ture in which hundreds of dielectric layers less than 1 wm thick
are alternately stacked with inner electrodes. In such a thin lay-
ered structure, controlling the microstructure is difficult due to
the effect of adjacent layers and the increased electric field inten-
sity applied to the dielectric layer makes the reliability issue of
great significance.!? For 1 wm thick layers, BaTiO3 (BT) grains
need to be about 200 nm or less in size, and form a so-called
‘core-shell’ structure, in which the additive elements are par-
tially dissolved in BT grains, to meet the requirements for the
temperature dependence of the capacitance and the reliable per-
formance in MLCC. The core-shell grain consists of the core
region, pure BT with a ferroelectric tetragonal structure, sur-
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rounded by the shell which contains some additive elements
and is pseudocubic.’—©

The most important in forming a core-shell structure is the
selection of proper additives which leads to the reaction with
dielectric grains. In BT-MgO-Ho,03 system, Kishi et al. sug-
gested a mechanism where Mg reacts with BT to form a shell
at low temperatures and then, at a higher temperature, Ho reacts
with the shell but its diffusion into the core is inhibited by
Mg.” Chazono et al. reported that Nb and Co substituted for
Ti-site in BT to form a shell in BT-Nb;O5—Co0304 system.&9 In
case of BT-MgO-Y;,03 system, Fujikawa et al. reported that Y
dissolved in BT at 1200 °C followed by Ca incorporation into
shell.1% And, several different elements such as Zr, Yb, Sr, and
Y have been reported as an element to form a shell.'12 In spite
of the various studies, it is still unclear which element between
rare earth and Mg plays a predominant role in forming a shell
and what the formation mechanism of the shell is. Understand-
ing the roles of different elements in the core-shell formation is
critical to design a new material composition for a higher-level
chip performance.
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In the present study, we selected Y and Mg as additives to
study their contribution to the shell formation. BT ceramics were
prepared with the addition of Y and Mg and their microstructures
were investigated in terms of sinterability of BT grains and their
core-shell structure formation.

2. Experimental procedure

It is known that at grain size below about 0.7 pm, the fer-
roelectricity of BT strongly decreases and its structure changes
from tetragonal to pseudocubic.!? In case of MLCC consisting
of 200 nm dielectric grains, it is difficult to distinguish ferroelec-
tric core from nonferroelectric shell in the grain. As a result, to
facilitate the formation of core-shell structure in BT grain and
its observation, specimens using BT powders of 400 nm nom-
inal size with additives in MgO-Y,03-BaSiO3 system were
prepared.

The starting powders were commercial-grade BaTiO3 (Sakai
Chemical), MgCO3 (Kyorix), Y203 (Rhodia), BaCO3 (Sakai
Chemical) and SiO; (Kojundo Chemical). To study the contri-
bution of Y and Mg in the shell formation, the relative amounts
of them in total of 6 mol were varied as shown in Table 1.

The powders were weighed according to the nominal com-
positions, and mixed in water with dispersant by ball-milling for
12 h. The mixed powders were dried at 120 °C, granulated with
polyvinyl alcohol, and pressed uniaxially into a disk of 15 mm
diameter. The disks were baked at 400 °C for binder removal and
annealed at 700 °C for 1 h to be mechanically robust during the
following processes. The specimens were sintered at 1350 °C
for 2 h in Hy—H>O-N» atmosphere (Po, ~ 10793 Pa).

Bulk density of sintered specimen was measured using
Archimedes method to check its sinterability, and the linear
shrinkage behavior of the disk was investigated by dilatometry
(Netzsch DIL402) in H,—Nj; atmosphere and 10 °C/min heating
rate. The disks were polished down to 0.3 wm grade, chemi-
cally etched, and then observed by scanning electron microscope
(SEM, LEICA S440) to examine the grain size distribution.

The core-shell structure of BT grains was investigated in
terms of X-ray diffractometry (XRD) and transmission electron
microscopy (TEM). To check tetragonality (c/a) of the dielec-
tric grains, XRD measurements (Rigaku, RINT 2200HF, Cu K,)
were carried out on powder or bulk specimens mainly in the
range of 26 value of 44-46.5°, covering (00 2) and (2 0 0) peaks
of tetragonal BT, at 0.02° step.

TEM samples were prepared using tripod polishing fol-
lowed by ion beam thinning (Gatan PIPS), and investigated

Table 1

Composition of ceramic specimens

Notation BaTiOs3 MgCOs3 Y,03 BaCO; Si0,
6YOMg 100 0 3 2.5 2.5
4Y2Mg 100 2.0 2 25 2.5
3Y3Mg 100 3.0 1.5 2.5 2.5
2Y4Mg 100 4.0 1.0 25 2.5
0Y6Mg 100 6.0 0 2.5 2.5
R 100 0 0 25 2.5
Unit: mol.
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Fig. 1. Bulk density of the disk sintered at 1350 °C as a function of Mg amount.

using Tecnai G2 F20 microscope (FEI) operating at 200kV.
To investigate the elements in the shell region, energy dis-
persive spectrometry (EDS) line profiling over the grain were
performed.

3. Results and discussion

Fig. 1 shows the change of bulk density of the sintered disk
according to the additive composition. The density of the spec-
imen with proper amounts of Y and Mg was measured to be
from 5.87 to 5.91 g/lcm?, comparable to that of the specimen
without Y and Mg (5.85 g/cm?). An increase of Mg amount
induced a gradual decrease of the density while the specimen
with Y only had the lowest density (5.26 g/cm?) indicating that
excessive addition of Y inhibited the densification of BT grains.
These different sintering behaviors were confirmed by dilatome-
try measurements as shown in Fig. 2. Compared to ‘R’ specimen,
the addition of Y and Mg retarded the onset of shrinkage to a
higher temperature. And the specimen with more Y than Mg
started to shrink later.

The cross sectional SEM images of the sintered disks are
shown in Fig. 3. ‘R’ specimen consists of grains about 10 times
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Fig. 2. Linear shrinkage of the disk in various compositions.
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Fig. 3. Scanning electron micrographs of the cross sections of disks sintered at 1350 °C: (a) 6YOMg, (b) 4Y2Mg, (c) 3Y3Mg, (d) 2Y4Mg, (e) 0Y6Mg, (f) R specimen.
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Fig. 4. XRD patterns of the specimens with various additive compositions: (a) powders dried after ball-milling, (b) disks sintered at 1350 °C.
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Fig. 5. (a) Transmission electron micrograph of a typical BaTiO3 grain, showing ferroelectric domains, in ‘R’ specimen, (b) selected area electron diffraction pattern

of the grain in (a) in (0 1 0) zone axis orientation; twin spots are magnified to show spot splitting.
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Fig. 6. (a) Transmission electron micrograph of typical dielectric grains in ‘6YOMg’ specimen; no ferroelectric domains are visible. (b) and (c) EDS line profile on

a grain showing the concentration gradient of Y within the grain.
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larger than those of the specimens with additives; the median
grain size was 4.74 (R), 0.365 (6YOMg), 0.352 (4Y2Mg), 0.355
(3Y3Mg), 0.349 (2Y4Mg), and 0.337 pm (0Y6Mg), respec-
tively. The sintered specimens with additives showed similar
grain sizes slightly less than the nominal raw powder size and
almost no grain growth. The ‘6YOMg’ specimen showed a rel-
atively porous microstructure, which was attributed either to
the low bulk density or to a selective etch-out of secondary
phases during the chemical etching process. From these results,
it seems that Y and Mg behave differently in the densifica-
tion of BT grains, although leading to similar grain growth
inhibition.

Fig. 4 shows the XRD patterns of the powders dried after ball-
milling and the disks sintered at 1350 °C. The powders showed
similar XRD patterns, irrespective of the additive composition,
where the slight increase of intensity between (002) and (20 0)
peaks is considered to result from particle size reduction during
ball-milling (Fig. 4(a)). The sintered disks, however, showed
a different behavior according to the additive composition. In
‘R’ specimen, the peaks reflected increased crystallinity (the
appearance of K,o peak), tetragonality and K-factor (ratio of
the intensity of (200) peak to that between (002) and (200)
peaks) which mainly resulted from the growth of BT grains.
The specimens with additives, however, showed one peak cor-
responding to a pseudocubic structure, although the peak in
‘6YOMg’ specimen is somewhat broader than that in ‘0Y6Mg’
specimen. It is known that the reaction of additives with BT
enhances the intensity between (002) and (200) peaks.® This
result implies the possibility of the reaction between additives
and BT to some extent, which could be investigated using
TEM.

A typical microstructure of the grains in ‘R’ specimen is
shown in Fig. 5. There were well-developed 90° ferroelectric
domain boundaries in the grain of about 4 wm size. The domain
boundary is formed through cubic to tetragonal phase transition,
and has an index of { 101} plane. In Fig. 5(b), the electron
diffraction pattern of the grain shows a splitting of diffraction
spot resulting from the adjacent domains.

In ‘6YOMg’ specimen, the TEM observation confirmed the
porous microstructure again, and showed two interesting fea-
tures; there were some features like strain contrast in the
grain and most grains did not show 90° domains as shown in
Fig. 6(a). In some cases, there were shell-like parts observed
inside of the grain, and EDS line profiling across that region
revealed that the Y concentration was preserved to a certain
depth from the grain boundary and decreased toward the inside
of the grain (Fig. 6(b) and (c)). Y has been reported to sub-
stitute for Ba-site at low doping concentrations, and as its
concentration increases, it begins to dissolve in Ti-site, up to
12at% at 1515°C.'4 Consequently, in the case of the addi-
tion of Y, it is considered that Y dissolved easily in the BT
grain to a certain depth, leading to the reduced tetragonal-
ity. However, it is not clearly understood why the BT grains
with Y only did not show any domains. It could be possi-
ble that Y dissolved into core region to make the domains
disappear, but the relatively abrupt decrease of Y concentra-
tion into the core region in Fig. 6(c) makes this hypothesis
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Fig. 7. (a) Transmission electron micrograph of a typical core-shell grain in
‘2Y4Mg’ specimen, (b) EDS line profile on the grain in (a) indicating that Y is
a dominant element in forming a shell.

less feasible. More studies in detail are needed to resolve this
issue.

The specimens added with proper ratios of Y to Mg
(Y:Mg=4:2, 3:3, 2:4) showed well-developed and easily-
observed core-shell grains; a typical core-shell grain observed
in ‘2Y4Mg’ specimen is shown in Fig. 7(a). The core region
is clearly distinguished from the shell in terms of the existence
of domain boundaries. EDS line profile in Fig. 7(b) indicated
that the concentration of Y decreased abruptly across the shell-
to-core boundary and a little amount of Mg and Zr was also
contained in the shell. Although the shell composition was
slightly varied from grain to grain, it was generally confirmed
that Y was a dominant additive element in forming a shell and
Mg made a contribution to some extent. The Zr detected with
Mg was attributed to contamination from ZrO, balls during the
ball milling process.

In ‘0Y6Mg’ specimen, which contained Mg only, the domain
boundary in the grain was well observed, but the shell-like region
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Fig. 8. (a) Transmission electron micrograph of a typical dielectric grain showing apparent domains in ‘0Y6Mg’ specimen, (b) and (c) EDS line profile showing no

concentration variation of Mg and Zr across one grain.

was hardly detected, as shown in Fig. 8(a). Moreover, EDS line
profile did not show any concentration variation of Mg and Zr
over the whole grain (Fig. 8(b) and (c)). Wada et al. reported
that for BT powders synthesized hydrothermally and calcined
at 800 °C, the maximum concentration of Mg dissolved in BT
was about 0.15 wt%.! Therefore, the EDS result in Fig. 8(c)
implies two possibilities; no dissolution of Mg in BT grain or
the dissolution of a very small amount of Mg that was below
the detection limit of our TEM EDS equipment. The XRD
pattern of ‘0Y6Mg’specimen in Fig. 4(b), however, showed
a pseudocubic peak as in other specimens of different addi-
tive compositions, which indicates that the additive would react
with the dielectrics. To judge whether a shell has been formed,
‘0Y6Mg’ specimen needs to be examined in a more detailed
manner.

In addition to the difficulty in observing a shell, the TEM
investigation of ‘0Y6Mg’ specimen revealed another interest-
ing fact; the existence of liquid phase at grain boundary. In
Fig. 9, scanning transmission electron microscopy dark-field
(STEM DF) image showed a dark contrast layer at the bound-
ary between two adjacent dielectric grains, and EDS analysis

detected relatively high intensities of Si and Mg at the same
region. From these results, it is considered that Mg does not dis-
solve easily in the dielectric grain, compared to Y, but rather
tends to stay in the liquid phase or even form a secondary
phase.

It is obvious that in case of the addition of Mg only, Mg did
not dissolve so easily into BT grain as Y. But, in the specimen
with Mg and Y as shown in Fig. 7, Mg was slightly incorporated
in the shell region within the grain, which implies that the lat-
tice deformation resulting from the incorporation of Y into BT
could make Mg dissolve more readily. According to the phase
diagram study by Matraszek et al. in La;03-GaO3-MgO-SrO
system, it was experimentally observed that the solubility of
Sr in LaGaOs3 phase at 1400 °C was less than 2 mol%. How-
ever, it increased up to about 20 mol% if Mg and Sr were added
together.'® As a result of the TEM analyses, it is considered
that Y readily dissolves in BT lattice whereas Mg tends to
stay at grain boundary instead of incorporation into BT. It is
also considered that Y contributes mainly to forming a shell in
the grain leading to an additional incorporation of Mg in the
shell.
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Fig. 9. (a) Scanning transmission electron micrograph and (b) EDS line profile
for a grain boundary region in ‘0Y6Mg’ specimen.

4. Conclusions

To investigate the contribution of additive elements to the
formation of core-shell structure in BaTiO3 grains, 400 nm BT
powders were mixed with Y and Mg in various ratios to form
ceramic disks and the microstructure of the sintered disks was
investigated. Compared to BT without Y and Mg, the addition of
additives inhibited growth of the dielectric grains, particularly
showing a much reduced sinterability in case of Y addition.
For the specimen added with Y only, Y dissolved easily in BT
lattice to a certain depth inside of the grain whereas Mg tended

to stay in the liquid phase instead of incorporation into BT. It is
considered that in case of addition of Y and Mg in a proper ratio,
Y could play a dominant role in the formation of shell, leading
to a slight dissolution of Mg in the shell.
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