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Abstract

The dielectric image of Ba,TigO,g, B,To, materials at microwave frequencies was measured using a scanning evanescent micro-
wave probe (EMP) technique. The average dielectric constant evaluated from the dielectric image (¢, =26-43) was consistent with
the measurements made using a conventional cavity method, which are in the range ¢, =32-38. The dielectric image consists of
aggregates of clusters about tens of micron in size, and is totally different from the conventional granular structure for the materi-
als, which contains submicron sized grains. The calcination conditions were observed to impose marked influence on the phase
purity and hence the microwave dielectric properties of the sintered materials. EMP-derived dielectric images reveal that the mate-
rials containing secondary phases and exhibiting low Q-factor consist of aggregates of clusters with pronounced fluctuated dis-
tribution of dielectric constant, whereas the materials of high phase purity and high Q-factor show very mild fluctuation in dielectric

constant over the samples.
© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Among the compounds in the BaO-TiO, system,
Ba,TiyO,y possesses an excellent combination of high
quality factor (Q), moderate dielectric constant (e,), and
most of all, low temperature coefficient of resonant fre-
quency (t¢) in the microwave frequency region.!= It is
therefore a useful material for microwave resonators
and has been intensely investigated. However, with a
low nucleation rate,* Ba,TigO,( does not form as readily
as some other BaO-TiO, compounds, such as BaTisOq;
and BaTisOg. Pure Ba,TigO, is difficult to be obtained
synthetically. In this study, a co-precipitation process is
adopted to enhance the formation of the Ba,TigO»( hol-
landite phase, for the purpose of studying the effect of
second phase on the dielectric properties of the materials.

Due to the long wavelength associated with the
microwave frequency region, there has not been a sen-
sitive detection system for the dielectric measurement of
microstructure at microwave frequencies. Over the
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years, a variety of near-field scanning microscopes have
been developed to probe local variations of properties
and the structures of materials, attaining to spatial
resolutions of 4/20-4/600.° An evanescent microwave
probe (EMP) based on a microwave resonator®® has
been developed to image surface impedance profiles in
microwave frequency region, and spatial resolution is
further improved to ~50 nm by using a tip-probe and
an efficient shielding structure. To illustrate the connec-
tion between the microstructure and the dielectric
properties of Ba,TigO,g ceramics, we use EMP to derive
the distribution of dielectric constant, i.e. the dielectric
image, of the samples directly. The results were also
compared with the conventional cavity measurements.

2. Experimental methods

The Ba,TigO, materials were prepared by the co-
precipitation method. The Ba(OH,)2H,O and TiCly is
appropriate ratio (Ba:Ti=2:9) were dissolved in H,O,
which were then spared into coprecipitants consisting of
NH4(OH) and (NH,4),CO; mixture. The coprecipitates
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thus obtained were then filtered and washed for several
times to get rid of residual NH4Cl. The coprecipitates
were then calcined at 800—1100 °C for 4 h, followed by
pulverization, pressing and then sintered at 1300 °C for
4 h (in air).

The crystal structure and microstructure of the sin-
tered samples were examined using X-ray diffraction
and scanning electron microscopy. The average micro-
wave dielectric properties of the materials were mea-
sured using the conventional cavity method. To
investigate the local variation of dielectric properties of
the materials, an EMP was used to make nondestructive
measurements of the dielectric properties of the sam-
ples. The system design consists of a sharpened metal
tip, mounted on the centre conductor of a high-Q
(quality factor) A/4 coaxial resonator, protruding
beyond an aperture formed on the end wall of the reso-
nator. The resonator acts as both an evanescent field
emitter and a detector. A change in the local environ-
ment of the probe leads to a change in the resonant
frequency f, of the resonator, and the signal is detected
by measuring the power response near the resonant
frequency. To perform quantitative measurements, per-
turbation theory was used to analyze the resonant sys-
tem. From the shift of resonant frequencies (Af) and the
change in resonator’s Q-value (A é), the dielectric prop-
erties of the bulk sample can be analyzed by the fol-
lowing equations:®
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where Af=fi—fo, A(§) =5— fo and Qy are,
respectively, the resonant” frequency and quality factor
of the resonator without the samples, f; and Q, are the
measured resonant frequency and quality factor of the
resonator with a sample placed in adjacent to the EMP
probe. b = gjrig, ¢ is the dielectric constant of the sample,
&o 1s the permittivity of free space, and A is a constant
determined by the geometry of the tip-cavity assembly
which should be calibrated using standard samples. Due
to the favourable field distribution caused by tip-probe
(Rp~10 to 100 um), a small change in field distribution
near the tip induces a large change in f;, and high spatial
resolution and high sensitivity are obtained.

3. Results and discussion

The phase purity for the sintered Ba,TiyO,y materials
is closely related to phase constituent in the as-calcined
powders. The BaTisO;; phase was preferentially formed
when the BaCO5-TiO, mixture was calcined at 800 or
1000 °C and at calcination temperature of 1100 °C or
above the Ba,TiyO,, hollandite phase is also formed
(Fig. la). However, at these temperatures there is still
residual BaTisO;; phase. Most of the intermediate
phase can be converted into the hollandite structure by
sintering at 1300 °C for 4 h. Fig. 1b shows that the
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Fig. 1. (a) X-ray diffraction patterns for the as-calcined Ba,TigOyq
powders and (b) those for the 1300 °C (4 h) sintered pellets, and (c)
microwave dielectric properties (¢, and Q) measured at 6 GHz of thus
obtained Ba,TigO,y materials.
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Fig. 2. SEM micrographs for Ba,TigO,y materials prepared from (a)
800 °C, (b) 1000 °C, (c) 1100 °C calcined powders and sintered at
1300 °C (4 h).

ceramics prepared from 1000 °C-calcined powders con-
tain the least amount of secondary phase, whereas those
prepared from 800 or 1100 °C-calcined powders contain
a large proportion of second phases; mainly the
BaTi Oy intermediate phase. The diffuse X-ray diffrac-
tion peak in the 26 =25-30° region implies the existence
of a complicated second phase for the samples prepared
from 1100 °C-calcined powders.

Fig. 1c shows the microwave properties, dielectric
constant () and quality factor (Q), for the sintered
Ba,TiyO,y materials, measured by conventional cavity
resonator method at 6 GHz. The dielectric properties of
the samples are intimately correlated with their phase
purity. The 1000 °C-derived Ba,TigO, samples, which
contain highest phase purity, possess largest dielectric
constant and highest quality factor (e, =38, 0 =2090 at
6 GHz). The microwave properties were markedly
degraded for 800 and 1100 °C-derived Ba,;TigO,o sam-
ples due to the presence of secondary phases.

The SEM micrographs of the sintered materials,
shown in Fig. 2a—c, indicate that the microstructures of
the three categories of Ba,TigO,q materials are not very
much different from one another. All the samples con-
tain uniformly distributed grains of submicron size. The
grains in the 800 °C-derived samples are mostly of
equiaxed geometry, whereas the 1000 and 1100 °C-
derived ones contain some elongated grains. There
appear some abnormally larger grains in the 1100 °C-
derived samples. The presence of the grains of different
shape shown in SEM micrographs and the existence of
secondary phases shown in XRD patterns indicate
clearly that the undesired phase is of different geometry
and is the cause of degradation on the microwave
properties. However there are still no measurements
that can directly confirm the correlation between the
microwave dielectric properties and the microstructure.

To correlate directly the dielectric properties and
microstructure in microwave regime, an EMP was used
to image the distribution of dielectric properties in the
ceramics. The measurement is based on the principle
that as the tip approaches the sample surface, the eva-
nescent wave from the tip of a resonator will interact
with the sample, inducing the field redistribution. This
effect can be modelled by adding an additional capaci-
tive impedance to the resonator, which causes the
change in resonator characteristics.

Fig. 3 shows the frequency image (I) measured by
EMP and the dielectric image (II) derived using Eqgs. (1)
and (2) for the samples, which were prepared from the
800 to 1100 °C calcined powders, sintered at 1300 °C for
4 h. The average dielectric constant, about 2643, is
consistent with that measured by the conventional cav-
ity resonator method. For the 1000 °C-calcined
Ba,;TigO, samples (Fig. 3b), most of the region exam-
ined possesses high dielectric constant (e,2240). The
variation of dielectric constant over the samples is very
limited. Only a few areas show either larger or smaller
dielectric constant. In contrast, for 800 °C-derived
Ba,TigO,, samples, the dielectric constant varies pro-
nouncedly over the samples, shown as dielectric image
in Fig. 3a. Regions of high dielectric (or low dielectric
constant) aggregate, forming clusters typically tens of
microns in size. Most of the region possesses a dielectric
constant of about .22 32, which is markedly lower than



2674 Y.-C. Chen et al. | Journal of the European Ceramic Society 23 (2003) 2671-2675

(a) 800°C

L. frequency
(b) 1000°C

500 um

0pum
I. frequency

(c) 1100°C

500 pm
I. frequency

1I. dielectric constant

Fig. 3. Frequency images (I) and dielectric constant images (II) for Ba,TigO,y materials prepared from (a) 800 °C, (b) 1000 °C, (c) 1100 °C calcined

powders and sintered at 1300 °C (4 h).

the dielectric constant of the 1000 °C-calcined materials
shown in Fig. 3b. Apparently, the fluctuation of dielec-
tric constant for the clusters in 800 °C-derived samples
can be attributed to the presence of a large proportion
of BaTiyOy secondary phase (cf. Fig. 1b).

A similar fluctuation of dielectric constant is also
observed for the 1100 °C-derived samples (Fig. 3c). The
dielectric clusters are even more clearly separated,

inferring that they are of different phases. Regions of
extremely low dielectric constant (g,2222.4) were
observed all over the samples, which is presumably the
factor resulting in the markedly lower average dielectric
constant for these samples (cf. Fig. 1c).

It should be noted that the surface of the samples
was polished to a mirror smooth prior to the EMP
measurements. Such surface is featureless in SEM



Y.-C. Chen et al. | Journal of the European Ceramic Society 23 (2003) 2671-2675 2675

0pum 40 um
: L. frequency "

500 pm
II. dielectric constant

0pm

Fig. 4. Frequency images (I) and dielectric constant images (II) for second phase enclosed in Fig. 3¢ for Ba,TigO,( samples, measured by EMP method.

examinations. SEM images usually were taken after
thermal etching and provide the information about the
granular structure of the samples. The image derived
from the EMP measurements represents the variation of
dielectric constant over the samples, which is totally
different from the SEM micrographs. To illustrate the
special feature of the EMP measurements, the dielectric
image of the encircled region (Fig. 3c) was examined
using high-resolution modes. In these modes, sharper
tips are required, which provide better spatial resolution
but lower the accuracy in the dielectric constant values.
Fig. 4 shows, again, the frequency image as EMP
measured and the dielectric constant image derived
from the frequency image, respectively. The low dielec-
tric constant aggregates shown in the center of micro-
graph, about 25 pum in size, contain several equiaxed
clusters about tens of microns, which is at least 10 times
larger than the grain size shown in SEM micrographs.
Moreover, the high dielectric constant aggregates shown
in the left area of the micrograph, also about 25 pm in
size, consist of needle-like clusters, about 1 pm in dia-
meter and several tens of microns in length. Most
probably the needle-like clusters are Ba,TigO,, grains,
whereas the exquiaxed clusters are secondary phases.
The nature of these different types of cluster needs fur-
ther detailed analysis. However, these observations
indicate very clearly that the microstructure of the
Ba,TigO, is very complicated and extremely careful
processing control is necessary in order to synthesize the
materials of good microwave properties.

4. Conclusions

EMP measuring technique has been successfully used
to characterize the microwave dielectric properties of
Ba,TigO»( ceramics. The average dielectric constants of
the images, the macroscopic properties of dielectrics, are
in good agreement with results obtained by traditional
cavity method. Phase impurity of Ba,TigO,q ceramics can
be improved by controlling the calcination conditions.

Different phases with different dielectric constants and
shapes of grains can be seen directly by EMP. The
dielectric images of microstructures are not only con-
sistent with the X-ray diffraction patterns, but also the
g, values distribute differently between the high Q factor
samples and the low Q factor samples.
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