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Abstract

Bag 935Big.01 TiO3—BaTi; _ .Sn,O; powders were synthesized by a two-step soft chemical method. Ceramics with core—shell structure
could be easily obtained by using these uniformly distributed powders. The ceramics not only satisfied the requirement of EIA-X8R
specification, but also were near to that of EIA-X9R specification. Microstructural evaluation conducted by X-ray diffraction and
scanning electron microscopy confirmed the hierarchical structure of the ceramic grains. The shape of the e-T curves near the dielectric
peak became broad when x increased from 0.001 to 0.02. The permittivity of Bag ogsBig o TiO3—BaTig 9gSng 9,03 ceramic was ~ 23,000,
AC|Csgoc was —15%, 14.4% and —15% at —55 °C, 120 °C and 170 °C, respectively, and the dielectric loss was 0.5. The results showed
that the content of Sn had a strong impact on the diffusion and the dielectric properties of the ceramics.

© 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

The understanding of ABOj; perovskite-type oxides is a
very active research area with great relevance to both
fundamental- and application-related issues, often related
to their dielectric and ferroelectric properties [1]. Ceramic
components based on BaTiO; (BT) are the most exten-
sively studied dielectric materials due to their large relative
permittivity (¢~1000-2000) and high electrical resistivity
(p~10" Qcm) at room temperature, combined with the
ability to control all these properties by chemical doping
[2]. For example, Hennings and Rosenstein [3] found that
incorporation of the single-doped Bi® ' increased the Curie
temperature of BaTiO;. Bismuth-based dielectric ceramics
have been broadly studied for its relatively low sintering
temperature (less than 1000 °C) and high dielectric con-
stant [4,5]. Barium titanate doped with Sn shows improved
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dielectric performance, i.e., very high permittivity, even
higher than that of Zr-doped BaTiO; [6,7].

Electric components are facing the challenge of working
under high temperatures. X7R-type MLCCs with upper
working temperature of 125 °C have not been competent in
harsh conditions. Therefore, recently, much attention has
been paid to the EIA X8R specification (— 55 °C to 150 °C,
AC/Cyrs:c < 15%) [8,9]. The formation of core—shell struc-
ture is the key point of BaTiOj3-based MLCC ceramics
with high temperature stability. However, traditional
methods are always preparing BaTiO3-based particles with
paraelectric shell, which results in the decrease of permit-
tivity. It is known that chemical coating route is useful for
producing materials with core—shell structure [10]. Com-
pared with the solid mixing process, chemical coating is
more powerful to obtain BaTiO;-based MLCC powders
with grain size less than 100 nm [11].

With the trend for increasing the volumetric efficiency of
next generation MLCCs, the thickness of the ceramic
capacitor layer needs to be further reduced (<1 pm),
calling for the utilization of the nano-sized BaTiO3 powder
as starting material. However, the clear advantages of
nanopowders are often neglected by the increasing
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tendency of hard agglomerate formation, as the particle
sizes are decreased below 100 nm. Thus it is important for
uniformity to be effectively controlled as well as grain size
[12,13]. Especially, excellent dispersion status of nano-
BaTiO; particles is strongly demanded in the chemical
coating process, because the agglomerates of BaTiO;
particles will affect coating coverage, cause a collapse in
the core—shell structure and deteriorate the dielectric
properties. On account of these problems, it is difficult to
fulfill the fabrication of ultrafine-grained ceramics with a
core—shell structure. However, in previous papers, the
grain size of BaTiO; ceramics with core—shell structure
was over 400 nm, which cannot satisfy the developing
trend of MLCCs with ultrafine ceramic grains below
200 nm [14-16]. As the traditional ball milling method
cannot completely break soft agglomerates of nanoparti-
cles and the uniform coverage during the coating process
cannot be guaranteed, an effective dispersing route is
strongly needed to satisfy the production of next genera-
tion MLCC:s.

In this paper, Baoigg5Bi0.01TiO3fBaTi1_xSnxO3 (BBT*
BTS) powders were prepared by the solution-based
method. The solution-based method has numerous advan-
tages, including low processing temperatures, excellent
compositional control, homogeneous distribution, small
grain size and low cost. Ceramic powders with core—shell
structure were synthesized, which is comprised of
Ba 935Big 01 TiO3 (BBT) as core and BaTi; _,Sn,O; (BTS)
as shell, with the core/shell ratio of 4:6. Due to different
Curie temperatures for BBT and BTS, there are two Curie
peaks at high-temperature region and low-temperature
region in the whole scope of working temperature. The
temperature stability will be greatly improved after multi-
plying of those Curie peaks, presenting the multi-peak
effect. Meanwhile, the permittivity of the material can
maintain a high level by the incorporation of Bi and Sn. In
the present investigation, the powders and ceramic of
BBT-BTS with different Sn contents were characterized,
and the dielectric properties were thus measured.

2. Experimental procedure
2.1. Preparation of BBT powder [17]

The BBT powders studied were prepared by the liquid-
state method with Bi,O;3, TiCly and Ba(OH),-8H,0 (AR
99.0% China) as raw materials. Firstly, TiCl, was hydro-
lyzed in stoichiometric Bi»O5; hydrochloric acid solution to
form a transparent solution. Then Ba(OH),-8H,O was
dissolved in boiling water and mixed with the above
solution in a flask to form a homogeneous solution.
Secondly, the mixture was heated to 95-100 °C by a
heating jacket with vigorous and continuous stirring for
4 h. The reaction product then was obtained after washing
and drying in the air.

2.2. Preparation of BBT-BTS powder

SnCl,, TiCly, Ba(OH),-8H,O (AR 99.0% China) and
the as-prepared BBT were used as starting materials.
Firstly, TiCl; was hydrolyzed in stoichiometric SnCly
hydrochloric acid solution, and then mixed with Ba(OH),
boiling water solution in a flask to form a homogeneous
solution with stirring. Secondly, BBT was put into the
three-necked flask and mixed with the solution together
and was made to react at 95-100 °C for 4h. Then
BaTi; _,Sn,O5; (x=0.001, 0.002, 0.005, 0.01, 0.02, 0.05,
0.1 BTS) would grow at the surface of BBT, because the
similarity of their geometrical structure, BBT can act as
seed crystal to induce the growth of BTS on the surface. It
will be proved by the following characterizations. The
products which were denoted as BBTBTS-1, BBTBTS-2,
BBTBTS-3, BBTBTS-4, BBTBTS-5, BBTBTS-6, BBTBTS-7
respectively, were obtained after drying in the air.

2.3. Preparation of BBT-BTS ceramics

The prepared ceramic powders were pressed into discs
(20 mm in diameter and 2 mm in thickness) using 8 wt%
PVA as a binder. After discharging binder, the disks were
finally fired at 1100 °C for 1 h in air. Silver paste was fired
on both sides of the samples at 550 °C for 10 min as
electrodes.

Dielectric measurements of the samples were performed
by using a LCR meter at 1 kHz in the temperature range
from —55 °C to 180 °C. Phase analysis was carried out by
X-ray diffraction (XRD) technique using the Cu Ko
radiation of D8 Advance. Scanning electron micrographs
(SEM) were recorded with a Jeol 940 A electron micro-
scope. A point-to-point nano-analysis has been done using
Scanning Transmission Electron Microscope (STEM) with
Energy Dispersive X-ray Spectroscopy (EDX) facility.

3. Results and discussion

Nanoparticles are more subject to dispersive force due to
its high surface energy, which enhance the agglomeration
behavior of this class of particles. A detailed investigation
of particle size distribution can predict the dispersion and
consolidation behavior of nanopowders. During fabrica-
tion, agglomeration leads to interparticle and interagglo-
merate pores and form inhomogeneous microstructure.

Fig. 1a shows the size distribution of BBT powders. The
average grain size could be controlled below 75 nm with
even distribution, which is one of the reasons for the
homogeneous core—shell structure grain. As shown in
Fig. 1b, BBTBTS-5, which utilized BBT as starting
material, exhibits a uniform microstructure with the
average grain size of 345 nm. Most of the grains are in
the size range of 300400 nm, and few big grains can be
found. Additionally, another important reason for such
well-distributed microstructure of BBTBTS-5 is that it is
synthesized by BTS-5 growth on the BBT surface though
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Fig. 1. Grain size distribution of BBT (a) and BBTBTS-5 prepared by the aqueous chemical coating process (b).
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Fig. 2. X-ray diffraction patterns of BBTBTS ceramics doped with different contents of Sn.

the aqueous method. By the conventional method, parti-
cles of the additive oxides are mostly in submicrometer
scale. It causes a poor dispersion of the additives around
BaTiO; particles because the size of BT particles is very
small. Therefore, it gives rise to an inhomogenous con-
centration distribution of additives around BT particles. In
some high-additive concentration regions, the additive
elements diffuse deeply into BT lattices and a solid
solution is form. It indicates that the aqueous method
conduces to better dispersion of the additives around BT
particles because of the ionic scale growth of BTS on the
BBT grain surface. Consequently, the well dispersion of
BTS around BBT powders is beneficial for the formation
of the core—shell structure and the preparation of ceramics
with high performance.

Fig. 2a presents the X-ray diffraction (XRD) patterns
for synthesized compositions measured at room tempera-
ture (RT). These XRD patterns are measured on
the sintered ceramic pellets. As shown, there is no trace
of secondary peak, which suggests the formation of

homogeneous solid solution for all the compositions with
perovskite phase. Besides, it can be also seen that the peaks
shifts to a small angle with the increase of x, which is
attributed that Sn** (0.071 nm) with large ions radius
substitute Ti*™ (0.068 nm). In Fig. 2b, two (002) peaks at
the same position are shown, which indicates that BBT and
BTS-4 coexist in the ceramics. With the increase of Sn
content, the two overlapping peaks merge into one peak,
which predicts that the two phases diffuse into each other.
The diffusion is deepened with more Sn modification.
When the content of Sn is more than 0.1 at%, (200) and
(002) peaks merge into a broad symmetrical peak, which
shows pseudocubic symmetry. It suggests that BBT and
BTS-7 have diffused into each other to form a solid
solution with chemical homogeneity.

Fig. 3a illustrates STEM/EDX point-to-point analysis
across the diameter of grain for BBTBTS-5. The result
suggests that the content of Bi** is higher and the content
of Sn*™ is lower at the grain core than that of those at
grain shell, which indicates that BBT is coated by BTS-5.
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Fig. 3. EDX composition profile across the diameter of grain for BBTBTS-5 (a) and BBTBTS-6 (b).

Fig. 4. SEM images of BBTBTS ceramics doped with different contents of Sn (a) 0.001, (b) 0.005, (c) 0.01, (d) 0.02, (e) 0.05, and (f) 0.1.

However, in Fig. 3b, the STEM/EDX point-to-point analysis
for BBTBTS-6 shows two straight lines. The result suggests
that the grain core and the shell share the same content of
Bi** and Sn**, respectively, which indicates that BBT and
BTS-6 have diffused into each other homogeneously.

In Fig. 4a, it can be seen that the blurred boundaries
suggest the formation of liquid phase in the sintering

process. It results from the low melt point of Bi,O;
(820 °C). When the sintering temperature is higher than
820 °C, Bi,03 will melt, volatilize, and then deposit at
boundaries when sample is cooled down. From Fig. 4b and
¢, the grain boundaries become more clear, which indicates
that the segregation of Bi*™ is depressed with increasing
Sn content. The quantity of liquid phase at boundaries



J. Wang et al. | Ceramics International 39 (2013) 3657-3662 3661
a ssomo —s— BBTBTS-1 b * »t
—e— BBTBTS-2 »
30000 4 |, BBTBTSS [‘X >t 07 ¥ ’/:
+— BBTBTS-4 > \
25000 4 |-« BBTBTSS f “\ 20 > o
» BBTBTS6 ¥ ‘\ P P A 4
] | —+—BBTBTS-7 » S 4 ¥ \
g 20000 - rbelfeer 44“" 2 0 %;w’%ﬁiﬁi‘
Z w000 ~ 7 Lk G204 ¥ Ty
3 %
: - i =
o s ] X
10000 - e \\ , 40 —a—BBTBTS3
. +— BBTBTS4
i &  sesmssssas=s X »— BBTBTS6
0 -80 4
-50 0 50 100 150 200 50 0 50 100 150 200
Temperature ('C) Temperature ('C)
Fig. 5. Temperature dependence of permittivity (a) and temperature coefficient of capacity (b) for different samples.
decreases, and disappears when x is higher than 0.005. Sn 11 4
: : - : : : —=— BBTBTS-1
ions at shells are associated with point defects and lattice i BBTETS-2
dlstortlc?n, which will yield s.tram energy. On account of 0o ] Ao BBTBTS-3
the strain energy, the formation energy of oxygen vacan- —v— BBTBTS-4
cies can be lowered to a certain extent and the grain- - 08 1 —<— BBTBTS-5
boundary diffusion coefficient is enhanced, as shown in @ 0.7 1 » ggglg'g
. . - + -
Fig. 4b—d. The extent of diffuseness between BBT and BTS © 06 -
increases as more Sn is added. It is noticed that the grain % 05 T Hwﬁi R
size increases abnormally and shows a nonuniform dis- 8. i ] = ' R
tribution when the content of Sn is more than 0.05 (Fig. 4e 03 = :
and f). Modified ceramic has more defects as more Sn is ’ A 3
. . -
added. A large amount of defect improves the mass 02 vy
transport process, resulting in the diffusion between BBT 0.1 1 M
and BTS and the growth of grains. 0.0 —_—— 71—+
-60 0 50 100 150 200

Fig. 5a and b shows the temperature dependence of
dielectric constant and the temperature coefficient of capacity
in the range of —55 to 180 °C, which was measured at 1 kHz
for the compositions of BBTBTS with various Sn contents. It
is found that the dielectric constant increases with the
increase of Sn content. Based on the discussion above, Sn
addition results in point defects and lattice distortion, which
yield the internal stress. The internal stresses are responsible
for the permittivity increase according to Arlt [18]. It is also
noticed that the dielectric peaks of BBTBTS-1 to BBTBTS-5
are effectively depressed with the increase of BTS content.
Besides, the shape of the e-T curves near the dielectric peak
becomes broader with increasing Sn content. Especially,
BBTBTS-5 shows that the temperature coefficient of capacity
is —15%, 14.4%, and —15% at —55, 120, and 170 °C,
respectively, which not only meets the requirement of X8R
specification, but also is near to that of X9R specification.
The best temperature stability of dielectric constant can be
expressed semi-quantitatively using the Lichtenecker formula,
loge=V,loge;+ V,yloge,, in which ¢ of the ceramic is
determined by both core part and shell part. So, low TCC
can be obtained [16,19]. In addition, the substitution of Sn
induces the compositional inhomogeneity, which results in
the multiphase character over a relatively wide temperature
range. The combination of property overlying and constitu-
ent fluctuations contributes to the improvement of tempera-
ture stability of dielectric properties. For BBTBTS-6 and
BBTBTS-7, the Tc shifts to 110 and 80 °C, respectively, and
the peaks become narrower. The narrowing and enhancing of

Temperature ('C)

Fig. 6. Temperature dependence of dielectric loss for different samples.

peak is found to increase with the Sn content in the base
matrix. The reducing of Tc¢ and temperature stability are
attributed to a chemical homogeneity of microstructure and
the disappearance of diffuse phase transition (DPT).

Fig. 6 shows the temperature dependence of dielectric
loss for samples with various Sn contents. When x=0.001,
a mount of Bi,O3 deposits at grain boundaries, hindering
the electronic hopping among grains. It makes a lower
dielectric loss. The increase of dissipation for BBTBTS-2
attributes to the disappearance of Bi>O; segregation and
low density of the ceramic. However, with the increase of
Sn content, the dissipation decreases. Because Sn*™ is
chemically more stable than Ti*" and the substitution of
Ti with Sn would depress the conduction by electronic
hopping between Ti** and Ti**, thus inducing a decline
of leakage current. When x=0.1, too much defects are
formed because of the much higher doping amounts. The
defects provide many channels for electronics to migrate,
resulting in a large dissipation of 1.06.

4. Conclusions

The hierarchy-structural Bag¢gsBig o TiOs—BaTi; _,Sn, O3
powders are synthesized by a soft chemical method. After
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proper sintering, ceramics with core—shell structure can be
easily obtained. The dielectric constant improves with the
increase of Sn content. But, when the content of Sn is too
much, chemical homogeneity microstructure appears, which
results in high TCC and dissipation. The dielectric stability of
Bag og5Big 1 TiO3—BaTi; _  Sn, O3 ceramic is significantly
improved when x is 0.02, due to composition inhomogeneity
and structure defects. The dielectric properties are:
e=~23,000, tan 6=0.5, AC/Cyy-c at —55°C, 120 °C and
170 °C are —15%, 14.4% and —15%, respectively.
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