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Abstract

Microstructures of the Ba(Mg, ,3Ta,,3)O3, BMT, materials were examined using transmission electron microscopy. It is observed
that small BMT grains usually contain very few defects, whereas large BMT grains always contain large proportion of dislocations,
stacking faults and midribs of secondary phase. Incorporation of small amount (~0.1 mol%) of BasTa,O;5 particles improves the
uniformity of grains. However, the density of dislocations increases tremendously, resulting in tangling of dislocations and even the
formation of networks, whereas the proportion of stacking faults decreases pronouncedly for the BasTa,O,5 added BMT materials.
Presumably, it is through the hindrance on the growth of grains and modification on the formation of defects that incorporation of
BasTa,0O5 particles alters the microwave dielectric properties of BMT materials. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

In light of the technological development trends in the
miniaturization of microwave communication circuits, the
development of high-performance dielectric materials is
urgently needed.!? Perovskite Ba(Mg,,3Ta,/3)0;, BMT
materials, which contain Mg- and Ta-ions arranged in an
ordered fashion, possess the highest Q-factor (Q =
5,000 at 10 GHz) among the known microwave dielec-
tric materials. These materials are also characterized by
a low temperature coefficient of resonance frequency
(rr = 5 ppm/°C) and large microwave dielectric constant
(K = 25) and thus have great potential for application
devices. However, high sintering temperature (> 1600°C)
and long soaking time (> 16 h) are required to achieve
sufficiently high sintered density for the practical applica-
tion of these BMT materials.>~° A two-step process con-
sisting of the synthesis of intermediate-phase MgTa,Og¢
prior to the formation of BMT to improve the micro-
wave dielectric properties has been observed to markedly
reduce the sintering temperature and soaking time
necessary to densify BMT materials, improving the
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microwave dielectric properties of the materials.” Incor-
poration of additives, such as Y,03, BasTasO;5 or other
second perovskite type materials, were also found bene-
ficial for the formation of BMT materials.>~!* However,
the mechanism involved is still not well understood. To
understand the mechanism, underlying the improvement
in the densification kinetics of BMT materials prepared by
the two-step process, the effect of BasTaO;5, BaT,
incorporation on the characteristics of BMT materials
prepared by such a process was systematically investi-
gated. How the addition of BaT particles influence the
microwave characteristics of BMT materials was investi-
gated by examining the microstructure of these materials
using transmission electron microscopy.

2. Experiments

To study the effect of the secondary-phase BasTa, O
on the characteristics of BMT materials, BasTa;sO;5 and
perovskite Ba(Mg; ,3Ta,,3)O3 powders were synthesized
separately. In the preparation of perovskite BMT
powders, a two-step process was adopted: (i) MgTa,Oq
powders were first prepared by the mixed oxide process,
(i1) the powders were then mixed with BaCO; in a 1:3
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molar ratio for nominal composition Ba(Mg, 3Ta,,3)O5
and then calcined at 800°C for 2 h. Pure perovskite Ba
(Mg;,3Ta,,3)O3 powders were thus obtained. BasTa 05
powders were prepared by calcining a BaCO;/Ta,Os5
powder mixture in the molar ratio (5:2) at 1200°C (4 h).
The perovskite BMT powders containing a small amount
of BasTa40;5 powder (~0.1-3.0 mol%) were then pelle-
tized, which were sintered at 1450-1600°C for 4 h. The
sintered density was measured using Achimedas’ method.

The crystal structure and the microstructure of the
sintered BMT samples were examined by X-ray diffrac-
tion analysis (XRD, Rigaku D/max-IIB) and scanning
electron microscopy (SEM, Jeol JSM-840A), respectively.
The microwave dielectric properties were measured using
a H.P.8722A network analyzer in a resonant cavity or
parallel plate test fixture.!> The defects in the materials
were examined using transmission electron microscopy
(Joel, 200cx).

3. Results and discussion

The densification behavior is markedly improved for
the Ba(Mg;,3Ta,,3)O03, BMT, samples pelletized from
the powders prepared by the two-step calcination process
such that a density of 7.29 g per cm?, which is 95.5% T.D.
(theoretical density, 7.636 g/cm? ) can be obtained by sin-
tering the materials at 1550°Cx4 h. The dielectric con-
stant is around K =24-25 and the quality factor reaches
Q x f= 600,000 GHz for high-density BMT materials.
The temperature dependence of the resonance frequency
is (tr);=8.13 ppm/°C. Incorporation of Bas;Ta O
(BaT) powders significantly affects the densification
behavior of the BMT samples. Addition of 0.1 mol% of
BaT-powders markedly increases the sintered density of
the BMT materials; that is, a density as high as 97.5%
TD is achieved. Further increase in the BaT content
beyond 0.5 mol% significantly degrades the sintering
behavior. The density achievable for 1 or 3 mol% BaT-
incorporated materials is only 96.2% TD. All the high
density BMT materials, which contain 0.1-3% BaT, pos-
sess a high dielectric constant (K = 26—28) and stable
temperature dependence of resonance frequency (tr =
8—12 ppm per °C). However, the Q-factor, which is an
indication of dielectric loss, decreases monotonously
with the proportion of BaT powders.

SEM examinations indicate that the grains of BMT
materials are very small, around 2.5 pm. Incorporation of
0.1 mol% BasTa,O;5, BaT, materials markedly improves
the uniformity of grain size distribution without altering
the grain size of the materials. Addition of more BaT does
not further modify the granular structure of the BMT
samples, but the BaT particles, which are about 0.3 um
in size, start to aggregate.

Apparently, to understand the mechanism, which
alters the microwave dielectric properties of BMT mate-

rials due to BaT-incorporation, information on detailed
microstructures of these materials using TEM are nee-
ded. TEM-micrographs shown in Fig. 1(a) reveals that
very few defects are observable for small BMT grains,
but abundant defects appear when the grains are big.
The contrast of the defects changes with orientation of
grains, indicating that the clean image is not necessary
defect free. Therefore, tilting of samples is needed in
order to make sure that area is free of defects. However,
TEM examinations on Ba(Mg,,3Ta,/3)O3 materials,
BMT, using TEM is extremely difficult due to the highly
insulating nature of the materials. The instability nature
of the structure, which results in drastic phase changes
due to electron irradiation during the tilting experiments
for analyzing of defects, makes the analysis even more
difficult.

Occasionally, there appear grains as large as 7.5 pum,
which contains sub-areas (~2.5 pm) separated by diffuse
boundaries [Fig. 1(b)]. Selected area diffraction (SAD)
examinations indicate that all these sub-areas belong to
the same grains. Probably, the large grain is a result of
the coalescence of adjacent small grains, such that the
boundaries of the original grains, a highly strained
region, show vague contrast. Similarly, in the center of
this grain, a wavy contrast is observed, which is, again,
presumed to be the result of the coalescence of adjacent
grains. Fig. 1(c) shows that plate-like defects, the stack-
ing faults (labelled as “F”’) and the associated disloca-
tions exist all over the grains. Occasionally, there exist
defects of spherical geometry, which are probably the
BMT material formed via the reaction of BaT particles
with the surrounding materials.

In addition to the stacking faults and dislocations
frequently seen in large BMT grains, huge midrib-like
defects running across the whole grains are occasionally
observed, as shown in Fig. 2. High-resolution TEM
examinations indicate that the midribs are of similar
composition as the BMT perovskite with different stack-
ing sequence of the layers. They are of 8-layer periodicity,
designated as 8L-phase, and may contain internal planar
disorder. The image of the 8L midribs does not change
contrast as the samples tilted, which is different from
that of the stacking faults. It seems that once these mid-
ribs are nucleated, they grow laterally in a vary rapid
rate, acrossing several grains. The mechanism triggering
the formation of such kind of large periodicity phase is
not clear yet.

The TEM micrograph in Fig. 3 indicates that the uni-
formity of the grain size has been markedly improved
due to the addition 0.1 mol% of BaT particles into BMT
materials, which is in accord with SEM examinations.
The average grain size is also around 2.5 um for the BaT
incorporated BMT materials. A large proportion of
defects, including stacking faults, and dislocations, also
appear in the large grains. Small spherical regions of the
same composition and structure as the BMT matrix are
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Fig. 1. TEM micrographs of Ba(Mg, 3Ta,;3)O; materials incorpo-
rated with 0 mol% BasTa 05, BaT, materials showing: (a) typical
overall microstructure; (b) microstructure of a large grain, and (c) the
stacking fault, F, and dislocation loops, L.

Fig. 2. TEM micrograph of Ba(Mg, 3Ta,,3)O3 materials incorporated
with 0 mol% BasTa,O,s, BaT, materials; showing a midrib running
across the whole grains, which are of 8 layer periodicity.

Fig. 3. TEM micrographs of Ba(Mg;,3Ta,;3)O3 materials incorpo-
rated with 0.1 mol% BasTa;O;5, BaT, showing fine grain micro-
structure of the materials.

also observed in these samples. The stacking faults in these
materials are simpler in structure, that is, short, straight
and associated with dislocations only at the edge or the
joints of the faults. Midribs of 8L secondary phase are also
observable. The most intriguing phenomenon in BaT-
incorporated samples is that, in the big grains, high density
of dislocations is present [Fig. 4(a)]. These dislocations
may tangle together and even form dislocation networks
[Fig. 4(b)].
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Fig. 4. TEM micrographs of Ba(Mg;,3Ta,;3)O3 materials incorpo-
rated with 0.1 mol% BasTa4O,s, BaT, materials shows the (a) tangling
of dislocations and (b) forming dislocation networks.

It should be noted that the density of the stacking
faults in BaT-incorporated BMT samples is pronounc-
edly lower than those in undoped BMT materials. Pre-
sumably, a stacking fault was formed when a partial
dislocation, which was dissociated from a perfect dis-
location, was swept away. Tangling of dislocations pro-
hibit their gliding capability such that the formation of
stacking fault is suppressed. Such a model account for
the different characteristics of defects observable in
BMT materials, viz. the undoped materials contain
large proportion of stacking faults but less density of
dislocations, whereas the BaT-doped materials contain
high density of dislocation but fewer stacking faults.
Apparently, large proportion of defects contained in the
big grains will degrade the quality factor (Q) of the
materials. Only the small grains (<2 um), which are free
of defects can have a high Q-value. The implication of
these results is that the suppression on the formation of
defect via the reduction on grain size is a possible
approach for improving the microwave dielectric prop-
erties for these materials.

4. Conclusion

Ba(Mg;,3Tas/3)O3, BMT, materials prepared by the
two-step process possess good microwave dielectric prop-
erties. The BasTa,O4s, BaT, incorporated into pure BMT
perovskite prepared by such a two-step process was found
to significantly influence the densification behavior and
microwave dielectric chacteristics of the BMT materials.
The sintered density of BMT materials decreases with the
proportion of secondary-phase BasTa, 05 The dielectric
constant (K) and temperature coefficient of resonance
frequency (t7) are insignificantly changed, but the Q-fac-
tor of the BMT materials decreases as the BasTa, 05
concentration increases. The defects existing in Ba(Mg;
Ta,;3)O; materials were examined using transmission
electron microscopy, which reveals that both the undoped
and BaT-incorporated materials posses similar micro-
structures, except that the dislocation density increases
and the stacking fault density decreases, whenever BaT
particles were incorporated.
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