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Abstract

Low temperature coefficient of capacitance (TCC) for the Mgy co-doped BaTi@ materials can be achieved by a duplex-structured
process. The results of structure refinement reveal that large amount of MgO species can not only suppress the grain growth but increase the
volume fraction of cubic phase of paraelectric BaJ@Droom temperature. Investigations of transmission electron microscopy (TEM) indicate

that the detailed microstructure is extremely complicated for the Bafi@erials. The heavily doped constituents of the samples remained

as fine grains with paraelectric phase, whereas the lightly doped constituents of the materials grew, resulting in a core-shell microstructure via
the incorporation of the MgO species when the mixture of the two constituents was sintered. The unique dielectric Kyrtamgrature

(T) characteristics of the samples are ascribed to the duplex structure of the samples, which contain fine grains of cubic structure and large
grains of core-shell structure.

© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction perature stability of dielectric constant, certain dopant ox-
ides are mixed with BaTi@ and introduced into the lat-
Multilayer ceramic capacitors (MLCCs) are becoming tice with concentration gradients within each grain. The key
more widely used in electronic circuits, especially with factor resulting in a low temperature coefficient of dielec-
the trend toward miniaturization and surface mounting tric properties is presumed to be the presence of the core-
technologyt In order to reduce the production cost for ML-  shell microstructurél~14 which can be achieved by criti-
CCs, the development of inexpensive electrode materialscally controlling the doping species and concentratiotf
such as base metals (Ni and Cu) is thus actually reqdifed. Previously, we reported the effects 0®; and MgO addi-
However, the base-metal-electroded (BME) capacitors needtives on the dielectric properties of BaTj®naterialst’ In
to be fired under a reducing atmosphere, since the Cu (oraddition to the conventional route for forming core-shell-
Ni) metal is subjective to oxidation during sintering in air. structured materials, we adopted a simpler approach for
Many approaches, which successfully maintain the excellent preparing low— AC/C capacitor materials, in which the two
dielectric properties of the BaTgmaterials after sintering  BaTiOs constituents possessing different dielectric constant
in a reducing atmosphere, have been repottéd. (K)-temperatureT) characteristics were mixed and sintered
In X7R-type MLCC materials, the capacitance varia- to form duplex-structured material®.The dielectric prop-
tion (AC/C-value) must be within 15% in the temperature erties, particularly the temperature coefficient of capacitance
regime from—55 to 125°C. In order to establish the tem- (TCC), of the BaTi@ materials were improved markedly but
the detailed mechanism is still not well understood.
* Corresponding author. Tel.: +886 2 2737 6493; fax: +886 2 2737 6460.  IN this study, we examined the microstructures of these
E-mail addressccchou@mail.ntust.edu.tw (C.-C. Chou). materials in detail using transmission electron microscopy
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(TEM) so as to explore the formation mechanism of the du-
plex microstructures. We also correlated the materials’ mi-
crostructures with their dielectric properties, based on these
observations.

2. Experimental

In the synthesis of duplex-structured materials, two
starting constituents of different dopant content were first
prepared. In addition to the commercial BaZi@ow-
ders (Ba/Ti=0.998, 0.2m size), MnQ dopant (0.4 mol%)
and (Ba.gCap 4)SiOz sintering aid (3mol%), where the
(Bap.6Ca.4)SiO3 was prepared by calcining the mixture
of BaC(Q;, CaCQ and SiQ, in the proper proportion, at
1100°C for 2 h, the lightly doped constituent contains only
1.5mol% Y>O3, whereas the heavily doped constituent con-
tains 1.5mol% ¥O3 and 5mol% MgO, which were des-
ignated as “A’ and “B” materials, respectively. The duplex-
structured BaTi@ materials were obtained by mixing the
lightly doped materials (A) and heavily doped materials (B)
of 1:1 molar ratio, which were designated as “A+B” ma-
terials. The mixtures were pelletized and then sintered at
1250°C for 3h in 1019 Torr Po, atmosphere, followed by
re-oxidation at 1000C for 2 h in 80 ppmPo, atmosphere.

The Cu-paste was screen-printed onto the sintered sam-
ples, followed by firing at 900C for 10 min in 30 ppnmPo, to
serve as electrodes. The dielectric properties of the capacitor
materials were measured fronb5 to 150°C using the H.P.
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4273 capacitance meter. The crystallographlc ;tructure of theFig_ 1. (a)K—T properties and (b) capacitance variatiarC/C, for duplex-
as-sintered samples was examined using a Rigaku DMAX- stryctured BaTi@ materials, where “A” is the lightly doped constituent,

1IB X-ray diffractometer (XRD), and refined further by the
Rietveld analysis method (program: GSAS)TEM (Jeol

containing 1.5mol% ¥O3 + 0 mol% MgO, “B” is the heavily doped con-
stituent, containing 1.5mol% 203 +5mol% MgO, and “A+B” is the

2000 FXII) with energy dispersive X-ray spectroscope (EDS) duplex-structured materials contain A and B constituents of 1:1 molar ratio.

system was employed for examining the detailed microstruc-
tures and detecting the dopant distribution of the samples.

3. Results and discussion

Room temperature X-ray diffraction profiles of these
above BaTiQ materials are shown iRig. 2, which reveals
that all of the as-sintered samples are of the perovskite-type

structure and no additional diffraction peak is observed, im-

plying that all the dopants have entered the BaTifltice
X7R-type capacitor materials by mixing two components and formed a solid solution. The result agree with that sin-
with predesignedK-T characteristics have been demon- gle BaTiG; solid solution could be obtained without other

strated in a previous stud§.Fig. 1a shows typicak—T char-
acteristics of the BaTi®@materials thus prepared. The lightly

phases were precipitated in a wide range &f<0.6
for (Bay — xLay)(Ti1— y2Mgy2)O3 ceramics?? In addition, it

doped BaTiQ@ materials possess a large Curie peak (desig- should be noted that the peak profile for the heavily doped

nated as “A’, open diamond§jg. 1a), whereas the heavily
doped BaTi@ materials show a fla€—T curve (designated as

BaTiOs materials (designated as “AFig. 2) are broader in
comparison with those of the lightly doped Bagi@ateri-

“B”, open squaresdrig. 1a). Both of the constituents possess als (designated as “B'Fig. 2), while the duplex-structured

too large aAC/C-value and do not meet the X7R specifi-

BaTiOs materials (designated as “A + BFig. 2) possess a

cation ig. 1b). However, a significant modification on the middle peak broadening between those of the two end-point
K-T behavior of the materials can be achieved via mixing of constituents. The results indicate that the peak broadening
the two constituents with A:B in a 1:1 ratio. The Curie peak resulted largely from the difference in MgO content, i.e.,
for the lightly doped BaTi@ materials at around 12@ was the MgO additions lead to the formation of multiphase of
markedly suppressed and a fi&tT curve with AC/C-value perovskite structures and thus makes the peak profile broad-
lying within the X7R specification was obtained (designated ening. To determine further the amounts of different phases
as “A+B”, closed circlesFig. 1b). as well as their lattice parameters, the X-ray diffraction pro-
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Fig. 2. X-ray diffraction patterns for duplex-structured BaJi@hate-
rials, where “A’ is the lightly doped constituent, containing 1.5mol%
Y203+0mol% MgO, “B” is the heavily doped constituent, containing
1.5mol% Y,03 + 5 mol% MgO, and “A + B” is the duplex-structured mate-
rials contain A and B constituents of 1:1 molar ratio.

files of the samples were analyzed by the multiphase Rietveld
methodTable 1shows the results of structure refinement, and
which indicates that there are two crystalline phases, tetrago-
nal and cubic structures, co-existing in the Baggamples.
Apparently, the volume fraction of cubic-structured Ba3iO
and the lattice parameters of both cubic and tetragonal phase§'9- 3- TEM images of: (a) lightly doped BaTiOmaterials containing

. . . only 1.5mol% Y,03 and (b) heavily doped BaTiOmaterials containing
for the heaVIIy dOped BaTipmaterials are Iarger than that 1.5mol% Y203 +5mol% MgO. The inset shows the distortion of funda-

of |_ight|y doped _Bff‘TiQ materials, as well as the tetrago-  mental spots of a [1 1 1]-zone selected area diffraction pattern for the fine
nality (c/a ratio) is inversely proportional to the amount of cubic grains in the heavily doped materials.

MgO. The fact that heavily doped BaTi®naterials (5 mol%
MgO) possessed larger lattice constants than that of lightly
doped BaTiQ@ materials (0 mol% MgO) resulted from the
ionic radii of Mg?* in six coordinate is 0.72@ 10~10m,
which is slightly larger to that of T in six coordinate
(0.605x 10~1°m) since the M§" is expected to dissolve

in the B site based on the ionic raditfs?® From these re-
sults, it seems that Mg species play an important role in the
modification of crystalline structure in the X7R-type Ba%iO

capacitor materials. This will be further verified by TEM im-
ages of these same samples.

Fig. 3a shows that the grains of lightly doped materials are
larger in size £0.5-0.8um) and of faceted geometry with
sharp grain boundaries. There are no core-shell-structured
grains observed. All the grains contain a complex domain
structure, indicating that these materials are ferroelectric in
nature. In contrasgig. 3 reveals that the grains in the heav-
ily doped materials are smalkQ.3um), very close to that
Table 1 of the starting powder. It seems that the grain growth in the
Crystal structure parametérfor the lightly doped constituent, only con- heavily doped BaTi@materials was fully inhibited. Accord-
taining 1.5 mol% %03 (designated as “A’), and heavily doped constituent, ing to XRD and TEM analysis, it can be presumed the so-
containing 1.5mol% ¥Os +5mol% MgO (designated as “B”), as wellas  |ute drag effect should be mainly pinning mechanism since
dgplex-structured mater?als corltain Iightly“ dope"d and heavily doped con- 4 secondary phase and grain boundary pores are present in
stituents of 1:1 molar ratio (designated as *A + B") the heavily doped BaTi@materials, and which implies the

Samples  Tetragonal _Cubic a ¢ Tetragonality ¢/a) doped solutes had a very rigorous interaction with the grain
A 0.90 3.9885 4.0252 1.0092 boundary and pinned the mobility of the boundary. More-
010  3.9330 over, no electrical domain is observable, implying that these
B 0.21 40023 4.0380 1.0089 grains are paraelectric. Additionally, selected area electron
079 4.0122 diffraction patterns indicated that most of the grains in the
A+B 0.46 3.9956 4.0317 1.0090 heavily doped materials are of cubic structure, and are highly
054  4.0015 strained which can be known via observing the distortion of

a The amount of crystal phase in volume fraction, and lattice parameters fundamental spots of [1 1 1]-zoned diffraction pattern, shown
in angstrom. as the inset ifrig. 3.
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Fig. 4. (a) TEM image of duplex-structured BaTEi@aterials containing
lightly doped materials (constituent A) and heavily doped materials (con-
stituent B) of 1:1 molar ratio and (b) distributions of MgO angOg addi-
tives in the core-shell structured grain (designated as “CS” (a) for duplex-
structured BaTi@ materials.

Distinct features of microstructure were observed when
the mixture of the two constituents was sinterédy. 4a
shows that small grains<Q.25um) are of single phase with

et al. / Journal of the European Ceramic Society 25 (2005) 2743-2747

structured and core-shell-structured grains, i.e., mixing the
large grains of the core-shell structure with the paraelectric
fine grains of the heavily doped constituent, the composition
further averages out the capacitance of each constituent, lead-
ing to extremely small capacitance variatiahG/C) for the
BaTiOz materials. Therefore, the—T characteristics of the
duplex-structured materials are relatively insensitive to the
ratio of the two end-point constituents.

4. Conclusion

X7R-type capacitor materials can be obtained by the
duplex-structured process. TEM investigations indicate that
the heavily doped constituents of the samples remained as
fine grains with paraelectric phase, whereas the lightly doped
constituents of the materials grew, resulting in a core-shell mi-
crostructure via the incorporation of the MgO species when
the mixture of the two constituents was sintered. The unique
K-T characteristics of the samples are ascribed to the duplex
structure of the samples, which contain fine grains of cubic
structure and large grains of core-shell structure, and hence
the capacitance variatiom\C/C) of the duplex-structured
materials is small and insensitive to temperature variation.
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