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Abstract Effect of SnO, addition on the crystal structure/
microstructure and the related microwave dielectric proper-
ties of the Ba,TigO,, were systematically investigated.
Incorporation of SnO, markedly stabilized the phase
constituent and microstructure for the Ba,TigO,o such that
high quality materials can be obtained in a much wider
processing window. The sintered density of the Ba,TigO,g
increased linearly, but the microwave dielectric constant (K)
decreased monotonically, with the SnO, doping concentra-
tion. The quality factor (Qxf) of the materials increased
firstly due to the addition of SnO,, but decreased slightly
with further increase in SnO, content. The best microwave
dielectric properties obtained are K=38.5 and Qxf=
31,500 GHz, which occurs for the 0.055 mol SnO,-doped
and 1350 °C/4 h sintered samples. These properties are
markedly better than those for undoped materials (K=38.8
and Qxf=26,500 GHz).
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1 Introduction

Ba,TigO,( phase was first reported by Jerker and Kwestroo
in BaO-TiO,—SnO, ternary system [1]. O’Bryan et al. [2]
showed that it possess marvelous microwave dielectric
properties, including high dielectric constant and large
quality factor. Since then the modification on microwave
properties of Ba,TigO,, materials via the addition of
dopants [3-7] was widely investigated. However, the
reported results are quite controversial, which is mainly
due to the difficulty in forming single-phase Hollandite-like
structured Ba,TigO,g. Secondary phases, such as BaTi;Oq
or BaTisO;;, were observed to form preferentially in the
calcinations of BaO-TiO, mixture [8] that hinder the
formation of Hollandite-like structured Ba,TigO,q phase.
Co-precipitation process, which mixes the cations in atomic
scale, can produce multiple-metallic-oxides with better
homogeneity and higher activity [9—13]. However, the
stoichiometry control in co-precipitation process is the
difficult, as this process is sensitive to the pH-value and
temperature.

In this paper, we utilized the nano-sized BaTiO; and
TiO, powders as starting material to circumvent the
difficulty due to the presence of intermediate phase.
Moreover, the ZrO, and SnO, additives, which are
isovalent with TiO, species, were incorporated into the
materials, for the purpose of stabilizing the characteristics
of the BazTiQOZO.

2 Experimental
Nano-sized BaTiO; powders (50 nm) were mixed with

nano-sized Anatase TiO, powders (~40 nm) in a nominal
composition of Ba,TigO,q. The mixtures were calcined at
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1,000 °C for 4 h in air, followed by pulverization—
granulation—pelletization processes and were then sintered
at 1,200-1,380 °C for 4 h in air. The microstructure of the
sintered samples was examined using scanning electron
microscopy (SEM)(Joel 6700F). The crystal structure of the
calcined powders and sintered samples was examined using
X-ray diffractometry (XRD) (Rigaku D/max-II). The
density of the sintered materials was measured using
Archimedes method. The microwave dielectric constant
(K) and QxF-value of the Ba,TigO,, samples were
measured using a cavity method at 34 GHz [14]. The
rod-shaped samples were placed at the center of the
metallic cavity by using a quartz stand (~5 mm in diameter
& 5 mm height). The inner wall of the metallic cavity was
coated with Au. The microwave dielectric properties were
estimated from the resonance peaks acquired by a HP 8722
network analyzer.

3 Results and discussion

Even when the nano-sized BaTiO/TiO, powders were used
as starting material for the preparation of Ba,TigO;, the
BaTiyO9 phase still formed preferentially during the
calcinations process. Thus formed BaTiyOo intermediate
phase will react further with the residual TiO, (rutile) and
be converted into Hollandite-like Ba,TigO,¢ phase, when
the samples were sintered at a temperature higher than
1,250 °C (4 h), as shown in Fig. 1a. No residual secondary
phase was observed. Such a temperature is lower than the
one usually required to form pure Hollandite-like phase
from the BaCO5+TiO, mixture. The formation of Hollan-
dite-like phase is facilitated due to the utilization of nano-
sized powders. Such a phenomenon can be ascribed to the
fact that the size of the starting powder mixture, BaTiOs+
TiO,, the preferentially formed BaTisO9 aggregates is very
small. This facilitates the interdiffusion between the
BaTi;O9 and TiO, phases and enhances the phase transfor-
mation kinetics.

The density of the materials increases with sintering
temperature, reaching 98% theoretical density (T.D.), when
sintered at 1,350 °C (4 h) and then decreases slightly when
the sintering temperature increases further to 1,380 °C (4 h)
as shown in curve I in Fig. 2a. The K-value of these
materials also increases with sintering temperature firstly up
to 1,350 °C (4 h) and decreases slightly when sintered at
1,380 °C (4 h) (curve I, Fig. 2b). The quality factor (Qxf) of
the materials changes with the sintering temperature even
more, the Qxf-value increases monotonously from 23,200
to 26,500 GHz as the sintering temperature increases from
1,250 °C (4 h) to 1,350 °C (4 h). But it drops abruptly to
10,000 GHz for 1,380 °C (4 h)-sintered samples (curve I,
Fig. 2c¢). The microwave dielectric properties of the
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Fig. 1 X-ray diffraction patterns of a the undoped Ba,TigO,q
materials sintered at 1,250-1,350 °C (4 h) and b the Ba,(Tiy_M,)
0,0 materials, which are either undoped (x=0), ZrO, or SnO,
incorporated (x=0.22) and were sintered at 1,350 °C (4 h); the Miller
index corresponding to 20=28.5 and 29.1° are (421) and (222),
respectively

Ba,TigO,y materials correlate intimately with their density
and sintering at too high temperature (1,380 °C (4 h))
markedly degrades these characteristics.

To understand the true factor for degrading the quality
for the 1,380 °C (4 h)-sintered samples, the microstructure
of these samples was examined. Figure 3a clearly shows
that the samples sintered at 1,350 °C (4 h) possess a
bimodal microstructure, i.e., they contain rod-shaped grains
about 1x4 pm in size distributed among fine equi-axed
grains about 0.3 um in size. Large elongated grains about
10x4 pum in size are observed occasionally (circled,
Fig. 3a). Inset of Fig. 3a illustrates that the abnormal grain
growth phenomenon occurs even more effectively for the
1,380 °C (4 h)-sintered samples. These results indicate that,
although the utilization of nano-sized BaTiO5 and TiO, as
starting materials facilitates the phase transformation of the
materials, the preparation of Ba,TigO, is still complicated
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Fig. 2 The a sintered density, D, b dielectric constant, K, and ¢

quality factor, Qxf-value, for the Ba,TigO,, materials sintered at

1,250-1,380 °C (4 h): (I) undoped, (II) 0.22 mol ZrO,-incorporated

and (1II) 0.22 mol SnO,-incorporated

due to the preferential formation of BaTi4Oy as intermediate
phase. Even though such a preferentially formed BaTi Oq
can be transformed into Hollandite-like phase during
sintering process, the reaction of the BaTi4Oy phase with
the residue TiO, will induce heat locally, which potentially
induces the abnormal grain growth phenomenon. To
confirm such a proposed model, the reaction process

between BaTi;O9 & TiO, mixture was examined by using
differential scanning calorimetry (DSC) and the results
are shown in Fig. 4. These figures indicate clearly that,
while only endothermic reactions were observed below
1,200.0 °C, there exist two exothermic reactions at 1,250.5
and 1,270.5 °C.

a undoped (13§O°CI ——r TS
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Fig. 3 SEM micrographs for the Ba,TigO,o materials sintered at
1,350 °C (4 h): a undoped, b 0.22 mol ZrO,-incorporated and ¢
0.22 mol SnO,-incorporated; the inset in a is the micrographs for the
1,380 °C-sintered undoped-Ba,TigO,o materials
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Fig. 4 The reaction sequence of heating the Ba,TigO,¢+TiO2
mixture, showing the existence of the exothermic reaction at 1,251.5
and 1270.5 °C

Moreover, Fig. 1a shows that the diffraction peaks of the
Hollandite-like phase are broadened and there appears the
BaTisO9 secondary phase for the 1,380 °C (4 h)-sintered
samples (XRD-IV, Fig. 1a). The BaTi4O9 phase observed in
these over-fired samples is most probably resulted from the
dissociation of Ba,TigO,( phase rather than the incomplete
phase transformation process. The induction of secondary
phase is presumed to be the main cause resulting in
detrimental effect on the Qxf-factor of these samples.
Therefore, the approach of sintering the materials at higher
temperature for increasing the density of the samples so as
to improve the microwave dielectric properties of the
Ba,TigO,y materials is not practical, as it will induce the
dissociation of Ba,TigO,( phase.

To enhance the reaction kinetics and hence to improve the
characteristics for the Ba,TigO,g, small amount of additives
such as Sn*"- or Zr*"-species, which are iso-valent to Ti*'-
species, were incorporated into these materials to modify the
development of granular structure. Figure 2a reveals that,
when the samples were densified at 1,350 °C (4 h), with
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addition of ZrO, (0.22 mol) to replace for the TiO, lowers
the sintered density for the materials (curve II). However
incorporation of SnO, (0.22 mol) increases it appreciably
(curve III). Both ZrO, and SnO,-doping markedly lowers the
K-value of the Ba,TigO,( materials, i.e., the K-value is around
35.5-36.2 for the ZrO, (or SnO,)-doped materials (curves II
& 11, Fig. 2b) and 39 for undoped ones (curves I, Fig. 2b).
However, ZrO, (or SnO,)-doping appreciably improves the
Qxf-value for the Ba,TigO,, materials. When they were
sintered at 1,350 °C (4 h), i.e., Qxf factor is ~29,000 GHz for
71O, (or SnO;)-doped materials (curves II & III, Fig. 2c) and
is ~26,500 GHz for undoped samples (curves I, Fig. 2c).

Figure 3b and ¢ show the SEM micrographs of the
1,350 °C/4 h-sintered samples, which were doped with
ZrO, and SnO,, respectively. These figures reveal that ZrO,
(or SnO,) doping results in more uniform granular
structure, as compared with that of the un-doped ones.
The bimodal microstructure occurred in the undoped
samples was no longer observed for the ZrO, (or SnO,)
doped samples. These results imply that, for the samples
possessing high sintered density and pure Hollandite-like
phased Ba,TigO,q materials, uniformity in granular struc-
ture is another important factor responsible for improving
the quality factor of the materials.

The incorporation of ZrO, (or SnO,) species insignifi-
cantly alters the average grain size of the Ba,TigO,g
materials, i.e., the average grain size for the samples is
about 1.6x5 um, regardless of whether they were ZrO,- (or
Sn0,-) doped or undoped ones. Apparently, the beneficial
effect of the incorporation of ZrO, (or SnO,) species on
improving the Qxf-value for the Ba,TigO,, materials is
mainly due to the improvement on the uniformity of the
granular structure, rather then the decrease in grain size.
More detailed investigation reveals that, SnO,-doping
(0.22 mol) results in more uniform granular structure than
the ZrO,-doping (0.22 mol) does (Fig. 3b and c¢) and
therefore, leads to better microwave dielectric properties. In
fact, further investigation indicates that non-uniform grain
growth phenomenon will also be induced when the
materials contain too few proportion of ZrO,-dopants (not
shown). This non-uniform grain growth phenomenon
effectively alters the Qxf-value of the Ba,TigO,, materials.
That is, ZrO,-doping does not consistently modify the
characteristics of the Ba,TigO,o materials. Thereafter, only
the effect of SnO,-doping on the characteristics of the
Ba,TigO,y materials was further investigated.

XRD patterns in Fig. 5 indicate that all the SnO,-doped
samples (x=0.055-0.22 in Bay(Tiy—Sn,)0,), which were
sintered at 1,250-1,350 °C for 4 h, are of pure Hollandite-
like phase. No secondary phases are induced. The texture
characteristics of the samples are not pronouncedly altered
due to the change in SnO,-content of sintering temperature,
which is implied by the phenomenon that the (421)/(222)
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Fig. 5 Effect of SnO, incorporation on the X-ray diffraction patterns
of the Bay(Tio—,Sn,)O,o materials sintered at 1,250-1,350 °C (4 h);
the SnO, concentration (x-value) is a 0.055, b 0.11, and ¢ 0.22 mol

relative peak intensity in the corresponding XRD patterns is
about the same, regardless of the doping concentration and
the sintering temperature.

The sintered density for the SnO,-doped Ba,TigO,q
materials increases monotonously with the sintering tem-

perature (Fig. 6a). So do the microwave dielectric proper-
ties (Fig. 6b and c). It is interesting to observe that,
comparing with the undoped samples, the SnO,-doped
materials densify in a lower rate when sintering at a
temperature lower than 1,250 °C/4 h, but they achieve
higher density when fired at higher temperature. The SnO,-
added samples possess a density about 2% higher than that
of the undoped Ba,TigO,, materials, when sintered at
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Fig. 7 Effect of SnO, incorporation on the SEM microstructure of the
Bay(Tig-,Sn, )09 materials sintered at 1,350 °C (4 h); the SnO,
concentration (x-value) is a 0.055, b 0.11, and ¢ 0.22 mol

1,350 °C/4 h, regardless of the doping level. Such a
phenomenon can be attributed to the modification on the
microstructure of the grains, which will be discussed
shortly.
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The granular structure for SnO,-doped Ba,TigO»g
samples sintered at 1,350 °C (4 h) found quite uniform as
seen in SEM micrograph in Fig. 7. Neither ultra-small
grains nor the abnormally grown large grains were
observed. It shows that the incorporation of SnO, additives
stabilizes the crystallization kinetics and improves the
development of granular structure for the Ba,;TigO,q
materials. Detailed examination on these SEM micrographs
reveals that addition of SnO, decreases the length-to-
diameter aspect ratio of the grains. Therefore, the bridging
effect due to anisotropic growth of the high-aspect-ratio
grains is pronouncedly suppressed such that the densifica-
tion process is facilitated. All the SnO,-doped materials
possess very high density (>98%T.D.), when they were
sintered at 1,350 °C/4 h.

To understand how SnO,-addition affect the character-
istics of Ba,TigO,o materials, the XRD patterns in Fig. 5
were analyzed in detail. Since all the SnO,-doped materials
are of pure Hollandite-like phase, the full-width at half-
maximum (FWHM) of the diffraction peaks is closely
related to the grain size of the materials. The variation of
FWHM of the major diffraction peaks, (421) & (222),
against the SnO, doping concentration is shown in Fig. 8a.
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Fig. 8 Variation of a the full-width at half-maximum (FWHM) of the
(421) & (222) diffraction peaks with the SnO, content incorporated
into the materials and b the sintered density, D, dielectric constant, K,
and quality factor, Qxf-value, for the Ba,(Tio_Sn,)O,q materials (x=
0.055-0.220 mol); The Bay(Tio—,Sn,)O0,o materials were sintered at
1,350 °C (4 h)
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It indicates that FWHM first increases for 0.05 mol SnO,-
doped samples and then decreases for 0.11 and 0.22 mol
SnO,-doped ones. Larger FWHM in diffraction peaks
implies smaller grain size. However, since all the materials
contain rod-shaped grains of the same diameter, larger
FWHM in diffraction peaks can be attributed to smaller
length, i.e., smaller aspect ratio.

The effect of SnO,- doping on the characteristics of the
1,350 °C/4 h-sintered Ba, TigO,o samples are summarized in
Fig. 8b, which reveals that the dielectric constant (K) for the
Ba,TigO,, monotonously decreases with the proportion of
SnO,-species incorporation, even though these samples
possess a density higher than the undoped ones. The
possible explanation is that, in the Ba—Ti(Sn)-O materials
made of the corner shared TiOg- (or SnOg-) octahedrons, the
displacement of Ti*'-ions in the TiOg-octahedrons (or Sn*'-
ions in the SnOg-octahedrons) in respond to the applied
electric field is presumed to be the main electrical
polarization mechanism, resulting in large dielectric con-
stant. The decreases in K-value due to SnO,-doping can
apparently be attributed to the lower polarizability of the Sn*'-
ions in the SnOg-octahedrons, as compared with the Ti*"-ions
in the TiOg4-octahedrons. Such a phenomenon is similar to the
effect of SnO, addition on the low frequency (~10 kHz)
dielectric properties of BaTiO3 perovskite materials.

The mechanism, by which the SnO, addition affects the
Qxf-value of the Ba,TigO, materials is more complicated.
On one hand, addition of SnO,-species reduces the aspect
ratio of the grains, which is beneficial to the densification
process and is expected to improve the quality factor for the
materials. But, on the other hand, the presence of Sn*"-ions
in the octahedrons will degrade the coherency of the
intrinsic lattice vibration modes, which will impose critical
effect on the quality factor for the materials [15, 16].
Figure 8b shows that, for the 1,350 °C/4 h-sintered samples,
the quality factor (Qxf) for lightly doped samples (contain-
ing 0.05 mol SnO,) is better than undoped ones. for
example, (Qxf)g,o, = 30,800 GHz for 0.055 mol SnO,-
doped materials and (Qxf)undopea=26,000 GHz for undoped
ones. But the Qxf-value decreases monotonously with
increasing concentration of the SnO,-species for the heavily
doped ones (containing 0.11 or 0.22 mol Sn0O,)), such that
Qxf-value is lowered to (Qxf)g,, = 28,600 GHz for
0.22 mol SnO,-doped samples. The possible explanation for
such a contradictory phenomenon is that, while the addition
of small amount of SnO,-species facilitates the densification
process by suppressing the anisotropic growth of the grains,
incorporation of larger amount of SnO,-species than
necessary will not further improve the granular structure
for the Bay(Tig—,Sn,)O,, materials, but will degrade the
coherency in lattice vibrational modes for the materials.
Therefore, the Qxf-value of the Ba,(Tis—,Sn, )0, materials
increased firstly for lightly SnO,-doped samples and then it

decreased with the proportion of SnO,-species when the
SnO,-content is abundant. Moreover, Fig. 8a and b indicates
that the Qxf-value varies with SnO,-content in the same
trend as the FWHM does, which implies that the Qxf-value
is larger for samples with grains of smaller aspect ratio.

4 Conclusion

The effect of SnO, and ZrO, addition on the crystal
structure and microstructure of the Ba,TigO,( materials and
their related microwave dielectric properties were system-
atically investigated. The addition of SnO, and ZrO,
increases the densification rate, lowers dielectric constant
(K), but improves qualify factor (Qxf) of the materials,
provided that the materials were not over-fired. The best
microwave dielectric properties obtained are (K)g,o, =
36.5 and (Qxf)g,o, = 31,500 GHz, which occurs for the
0.055 mol SnO,-doped and 1,350 °C/4 h sintered samples.
These properties are superior to those for the undoped
samples [(K)undoped=38.8 and (Qxf)yndopea=26,500 GHz].
The possible mechanism is the lowering of the aspect ratio
of the Ba,(Tig—,Sn,)0,o grains, which facilitates the
densification process and improves the microstructure of
the materials.
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