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Abstract

Microwave ceramics of Bay(Ndy 7Smg 3)9 33Ti;3054 With 0-3 wt% Ag additions were synthesized by a citrate sol-gel method. The BaO-B,03—
Si0O, glass was also added into the sol-gel derived BNST ceramic powders as sintering aids. The undoped, Ag- and BaBS-doped samples can be
sintered at 1250 °C, 1150 °C and 1000 °C, respectively. The microstructure and dielectric properties were then controlled by doping Ag or BaBS
glass. Near isoaxial grains with about 250 nm and typical columnar grains were obtained for the silver-doped and BaBS-doped samples,
respectively. For the <1 wt% silver-doped samples, the dielectric constant and Q x f retained unaltered but 7y decreased from 9 ppm/°C to
1.4 ppm/°C. With increasing silver content from 1 wt% to 3 wt%, the dielectric constant and t; significantly increased but Q x f decreased. For the

BaBS-doped samples, both dielectric constant and Q x f decreased but t; increased with increasing BaBS content.

© 2007 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

With the recent progress of microwave integrated circuits,
low dielectric loss materials with a high dielectric constant and
a near-zero temperature coefficient of resonant frequency have
been increasingly required for commercial microwave applica-
tions [1]. In particular, with the miniaturization and integration
of electronic circuits, small-scale microwave devices are
increasingly required. Therefore, the dielectric ceramics with
submicron- or nano-sized grains and relatively low sintering
temperature are required for the micro-chip microwave
capacitors and multilayer dielectric filters. The investigation
of lowering sintering temperature has been extensively carried
out by many researchers. However, there are few reports, to our
knowledge, concerning about the microstructure control for
microwave dielectric ceramics. Therefore, controlling the
microstructure, such as grain size, in order to cope with
thinning the layer thickness is still a challenge.

* Corresponding author. Tel.: +86 10 62784579; fax: +86 10 62771160.
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The tungstenbronze-type like Bag_3,L.ng,,,Ti;g0s4 solid
solutions have been extensively studied because of their
suitability for microwave applications [2-6]. The dielectric
characteristics of these solid solutions are sensitive to both the
value of x and the identity of the rare-earth ions. The most
attractive microwave dielectric properties of high ¢, (80-84),
high Q x f value (9000-10,000 GHz), and near-zero t; were
obtained in Nd- or La-substituted Bag_3,Smg,>,Ti;3054
(x=0.6, 0.67 and 0.75) solid solution [7]. However, the high
sintering temperature, usually above 1350 °C [6,8], limited the
extension of practical applications. Some attempts had been
carried out to lower the sintering temperature by adding low
melting point oxides or glass compositions with low softening
temperature. Unfortunately, by those ways it is difficult to lower
the sintering temperature and control microstructure as well as
microwave properties simultaneously. Besides, recent reports
revealed that the microwave properties were also controlled by
grain orientation in Bag 3,Smg,;,Ti;gO0s4 ceramics [9].
Accordingly, the microstructure of the sintered Bag_3,Smg,»,.
Ti;gOs4 ceramics might also affect their microwave dielectric
properties, but few were reported.

In this paper, we prepared the modified Ba4(Ndy 7Smg 3)9.33-
Ti;g0s4 ceramics by a citrate sol—gel method. Ultrafine-grain
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BNST ceramics with fine microwave dielectric properties were
obtained by sliver metal additions. As a comparison, we also
modified the BNST ceramics with BaO-B,0;-SiO, glass
(BaBS). The microstructure as well as sintering temperature of
the sintered ceramics was successfully tuned by such additives
with different characteristics. The effect of these two kinds of
dopants on the sintering behavior, microstructure and micro-
wave dielectric properties of the BNST ceramics was system-
atically discussed.

2. Experimental procedures

Samples of Bay(Ndo7Smg3)933Ti1g0s54+y Ag (y=0-
5 wt.%) were prepared from high-purity Ba(CH3;COOH),,
Nd(CH3COOH)3;, Sm(CH3COOH);, Ti(OC4Hg)4, and Ag,0,
using a citrate sol-gel method. An appropriate amounts of
acetate and citric acid were dissolved into deionized water;
Ag,O was dissolved into nitric acid beforehand, and butyl
titanate was dissolved in citric acid solution. These solutions
were then mixed together and a small amount of aqueous
ammonia was added to adjust pH value to about 6. During this
process, the solution was continuously stirred using a magnetic
agitator at 80 °C. The mixed solution was then heated at 110 °C
and a black foam-like xerogel was obtained. The xerogels were
calcined in the temperature range of 700—900 °C for 4 h. For the
BaO-B,05-Si0, (BaBS)-doped samples preparation, the
BaBS powder was added into the calcined undoped
Bay(Ndy 7Smg 3)9 33T1,3054 powder at this step. The calcined
powders were milled by planetary milling for 5 h in alcohol
medium. After drying, the powders were pressed into disk-
shaped compacts using uniaxial pressure of 2.5 tonnes/cm”>.
The samples were sintered at 950—-1250 °C for 4 h in air.

The bulk densities of the sintered samples were measured by
the Archimedes method. The theoretical densities (TD) of these
samples were calculated from the theoretical densities of
BasSmo 33Ti 15054 (5.91 g/lem?), Ag (10.50 g/em®) and BaBS
(2.75 g/lem®) according to the nominal silver content.
The deviation from the ‘real” theoretical density of
Bay(Ndg 7Smg 3)9.33T1;3054, is small enough to be ignored
due to their similar molecular weight and unit-cell volume. The
crystalline phases were determined by using an X-ray
diffractometer (D/max-2500, Rigaku, Tokuo, Japan) with Cu
Ka radiation. The microstructures of sintered samples and
powders were observed by scanning electron microscopy
(SEM) and transmission electron microscopy (TEM). The

T T T T T T
0.95+ 1
—~ 0.90+ 4
= &
2
@ 0.85+ ¥ A
©
© —a— undoped
2 osod —o—1wt%Ag
- —A— 2wt.% Ag
g —v—3wWt.% Ag
0.75 - —0—1wt% BaBS |
4 —A—2wt% BaBS
—v— 4wt% BaBS 1
0.70

900 950 1000 1050 1100 1150 1200 1250
Sintering temperature (°C)

Fig. 1. Relative density variation of the undoped, Ag-doped, and BaBS-doped
BNST ceramics with sintering temperatures.

dielectric constants and unloaded Q values at microwave
frequencies were characterized at room temperature by the
Hakki—Coleman method and cavity method [10,11]. The
temperature coefficients (ty) of the resonance frequencies were
measured in the temperature range of 25-80 °C. The t; value
can be calculated by the following relationship [12]:

__ =N
fl(TZ—Tl)

where f and f, represent the resonant frequencies at 7 and 7>,
respectively.
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3. Results and discussion

The samples of Bay(Ndy7Smg3)933Ti13054 (BNST) cera-
mics with different silver or BaBS content were sintered into
dense bodies at different temperatures. The sintering tempera-
ture and relative density of each composition are listed in
Table 1. The relative densities of sintered samples were plotted
as a function of sintering temperatures (shown in Fig. 1). The
density of undoped samples saturated at 1250 °C. This was
lower than that prepared by the solid-state reaction method or
the wet chemical methods, where the sintering temperatures of
above 1400 °C or 1350 °C were required [8,13,14], owing to
the high sinterability of the nano-powders prepared by the
citrate sol-gel process. It is evident that both the silver metal
and BaBS glass can improve the sinterability of the BNST
ceramics. For the silver-doped samples, the sintering tempera-

Table 1

The sintering temperatures, densities and microwave properties of the modified Bay(Ndg7Smg 3)9 33Ti 3054 ceramics

Dopants Sintering temperature (°C) Relative density (%) Dielectric constant f (GHz) 0O x f (GHz) 7 (ppm/°C)
Undoped 1250 95.4 81.2 5.266 10,800 +9.0
0.5 wt% Ag 1150 95.5 81.1 4.606 11,000 +3.0
1 wt% Ag 1100 94.7 81.2 4.841 11,000 +1.4
2 wt% Ag 1150 94.4 84.0 4.983 6,400 +13
3wt% Ag 1200 94.9 90.2 5.291 4,000 +19

1 wt% BaBS 1100 93.2 76.6 5.774 8,200 +13
2 wt% BaBS 1000 94.1 76.3 6.261 8,300 +18
4 wt% BaBS 1000 93.6 75.5 6.249 7,500 +25
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ture decreased from 1250 °C to 1100 °C with the addition of
silver before 1 wt%, and then slightly increased to 1200 °C with
further increasing silver addition. For the BaBS-doped samples,
the sintering temperature decreased from 1250 °C to 1000 °C
with BaBS addition, and it did not get affected by the addition
of BaBS from 2 wt% to 4 wt%. Although similar results
obtained by these two types of doping, the mechanism for
lowering sintering temperature might be different. For the silver
doping case, the main possible reason is the formation of space
charges at the Ag/BNST interface, leading to increased oxygen
vacancies enhancing grain boundary diffusion. The sintering
aids effects might be inhibited due to the weak wettability of
silver on BNST [14]. For the other BaBS doping case, the
decrease in sintering temperature is due to the liquid phase
sintering, which usually occurs in the glass-doped ceramic
systems [16,17]. The different mechanisms for sintering
behavior are responsible for the different microstructure
evolutions as discussed in the following.

The XRD analysis was carried out on the samples with
maximum relative densities and the results are shown in Fig. 2.
The recorded XRD data for all samples can be indexed
according to the tungstenbronze-type structure (JCPDS No. 44-
0061). For the 1 wt% and 3 wt% Ag-doped samples, no
apparent secondary phase was observed. The secondary phase
is not found in any BaBS-doped samples either; because of the
BaBS materials are least susceptible to crystallization [18].
These results indicate that both silver and BaBS additions did
not affect the crystallization of the tungstenbronze-type phase.
Hence, the promised dielectric properties of tungstenbronze-
type ceramics are possible and expected.

Figs. 3 and 4 demonstrate the microstructure of the Ag- and
BaBS-doped BNST ceramics with different doping content,
respectively. Uniform well-densified ceramics with almost no
porosity were observed for all samples. It is noticeable that the
microstructure of the silver- and BaBS-doped ceramics has
different morphology. The silver-doped samples exhibit
approximately isoaxial grains with the ultrafine grains of
about 200-300 nm. Only a few columnar grains were observed
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Fig. 2. XRD patterns of the modified BNST ceramics with maximum densities:
(a) undoped; (b) 1 wt% Ag-doped; (c) 3 wt% Ag-doped; (d) 2 wt% BaBS-
doped; (e) 4 wt% BaBS-doped.

Fig. 3. SEM micrographs of Ag-doped BNST ceramics: (a) 1 wt%, 1150 °C
and (b) 3 wt%, 1200 °C.

and their ratio of length to diameter (L/D) is rather small. These
are much different from those reported in previous literatures
[6,13,19-21], where the columnar grains with large grain size
were often observed. While for the other case, the BaBS-doped
samples have the typical columnar grains morphology. A
tendency of the increase in L/D is also apparently observed with
increasing BaBS content. The different morphology obtained
here was thought to be related to the different effects of silver
and BaBS glass in the BNST ceramic matrix during the
sintering process. As mentioned above, the weak wettability of
silver on BNST inhibits the grain boundary diffusion, thus
limiting the grain growth [15]. On the contrary, the liquid phase
formed due to the BaBS glass additions increases grain
boundary diffusion and therefore enhances the grain growth
along certain direction.

The dielectric properties at microwave frequencies were
measured on the sintered ceramics samples and the results are
given in Table 1. The variation of microwave dielectric
properties of the doped BNST ceramics with dopant content is
illustrated in Fig. 5. The dopants (silver metal or BaBS glass)
have apparently different effects on the variation of microwave
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Fig. 4. SEM micrographs of BaBS-doped BNST ceramics: (a) 2 wt%, 1000 °C
and (b) 4 wt%, 1000 °C.

dielectric properties. The dielectric constant did not change
with less than 1 wt% silver content, and abruptly increased
from ~81 to ~91 with increasing silver content from 1 wt% to
3 wt%. This trend can be explained by the percolation theory.
When silver content is >1 wt%, the ceramics can be viewed as
insulator-conductor composites. The dielectric constant will
increase with silver conductor content in the neighborhood of
the percolation threshold. This mechanism also has a strong
effect on the dielectric loss and cause the decrease of Q X f
values, as shown in the following. On the contrary, the dielectric
constant of the BaBS-doped samples slightly decreased from
~81 to ~75 with increasing BaBS content up to 4 wt%, since
the dielectric constant of BaBS glass is much smaller than that
of BNST ceramics [18]. This can be easily explained by the
mixing rule of dielectrics as expressed by the Maxwell-
Wagner’s equation. The Q X f values decreased with increasing
dopant content from 1 wt% to 4 wt% for both systems. The
variation of Q X f values with dopant content can be explained
by similar mechanisms as those for their dielectric constant
variation discussed above. Especially, the sample with less than
1 wt% silver additions yielded a highest Q x f value of about
11,000 GHz, which was comparable to that prepared by the
solid-state reaction method. Bearing in mind that the silver-
doped system had an average grain size of 250 nm, it was
worthy to note that the Q x f values were not degraded in the
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Fig. 5. Variations of microwave dielectric properties with dopant content (wt%)
for Ag- or BaBS-doped BNST ceramics with maximum densities: (a) dielectric
constant, & (b) quality factor, Q x f; (c) temperature coefficient of resonant
frequency, .

ultrafine-grain system. It implied that the microwave dielectric
loss was not markedly increased with decrease of grain size
down to 250 nm, although the reduction in grain size might
increase the grain boundary volume in the ceramic matrix. One
of the possible explanations might be due to the formation of
near isoaxial grains, where the porosity was decreased
compared with that among the columnar grains. The t; value
was decreased from 9 ppm/°C to ~2 ppm/°C with silver
content from O to 1 wt%, whereas it significantly increased up
to 19 ppm/°C with 3 wt% silver content. Unlike the ; variation
in silver-doped samples, the t; value gradually increased to
25 ppm/°C with increasing BaBS additions. The abrupt
increase of t; value in the silver-doped system was attributed
to the increase of the corresponding dielectric constant due to
the percolation effect.

4. Conclusions

Tungstenbronze-type  like  Bay(Ndg,Smg3)933Ti18054
microwave ceramics doped with 0-3 wt% silver particles were
prepared by a citrate sol-gel method. The BaO-B,0;-SiO,
glass was also added into the sol-gel derived BNST ceramic
powders as sintering aids. The undoped samples can be sintered
at 1250 °C, while the Ag- and BaBS-doped samples can be
sintered into dense ceramics at 1150 °C and 1000 °C with
dopant content of 1 wt% and 2 wt%, respectively. Near isoaxial
grains with about 250 nm was obtained for the silver-doped
samples, and typical columnar grains was observed for the
BaBS-doped counterparts. The different microstructure was
related to the different sintering behaviors during the sintering
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process. The former dammed the grain boundary diffusion due
to the weak wettability of silver particles on BNST matrix. The
latter enhanced the grain growth owing to the formation of
liquid phase. For the silver-doped samples, the dielectric
constant and dielectric loss are not affected when <1 wt%
silver content, while with further increase of silver content, both
dielectric constant and dielectric loss increased due to the
percolation effect. A bend of the 7; value also occurred at 1 wt%
silver content. For the BaBS-doped ones, both dielectric
constant and Q X f decreased, whereas the t; value increased
with increasing BaBS content.
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