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(1 — x)BaTi03—xBi(Cu0,75W0,25)03 [(1 — x)BT—xBCW, 0<x< 004] perovskite
solid solutions ceramics of an X8R-type multilayer ceramic capacitor with a
low sintering temperature (900°C) were synthesized by a conventional solid
state reaction technique. Raman spectra and x-ray diffraction analysis
demonstrated that a systematically structural evolution from a tetragonal
phase to a pseudo-cubic phase appeared near 0.03 < x < 0.04. X-ray photo-
electron analysis confirmed the existence of Cu®/Cu®* mixed-valent structure
in 0.96BT-0.04BCW ceramics. 0.96BT—0.04BCW ceramics sintered at 900°C
showed excellent temperature stability of permittivity (Ae/essoc < £15%) and
retained good dielectric properties (relative permittivity ~1450 and dielectric
loss <2%) over a wide temperature range from 25°C to 150°C at 1 MHz.
Especially, 0.96BT-0.04BCW dielectrics have good compatibility with silver
powders. Dielectric properties and electrode compatibility suggest that the
developed materials can be used in low temperature co-fired multilayer
capacitor applications.
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INTRODUCTION

Perovskite dielectric materials with a high relative
permittivity and good thermal stability for multi-
layer ceramic capacitor (MLCC) applications have
been extensively researched.'™ Generally, some
noble metals, such as Pt, Au, and Pd, were used as
the internal electrode, Which much increased the cost
of MLCCs devices. If the sintering temperature can
be reduced to <900°C, Ag could be used as the internal
electrode which is much cheaper than Pt, Au, and
Pd.5 In thls case, much attention has been pald to
developing materials with low sintering temperature
to reduce the cost of MLCCs products, high relative

(Received May 7, 2016; accepted August 19, 2016;
published online September 2, 2016)

permittivity to minimize the size of components, and
good thermal stability to maintain the accuracy of
devices.

Due to high relative permittivity and low dielectric
loss, BaTiOs-based dielectric ceramics have been
extensively studied for capacitor applications, espe-
cially for X8R-type MLCCS such as BaTiO3—
Nao 5B10 5T103—Nb205—N10 BaTi03—Mn3O4—Bi4
T13012 BaT103—Nb205—C02Og—SmgOg—CeOZ—Bi
(Mg() 5T10 5)03 BaT103—B1(Mg2/3Tal/3)03 BaT103—
MgO—MnOz—Yzo —CaZrO3 and BaT103—M COs—
MHCOS—BaSIOg BaT103—B1(Mg2/3Nb1/3)03 How-
ever, high s1nter1ng temperatures (>1200°C) restrict
their further applications in MLCCs devices using low
cost metals for electrodes. So it is very important to
reduce the sintering temperatures of BaTiO3-based
materials. In general, there are two methods toreduce

143


http://crossmark.crossref.org/dialog/?doi=10.1007/s11664-016-4898-2&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s11664-016-4898-2&amp;domain=pdf

144

the sintering temperature of materials,'®>'7 including

the addition of low-melting sintering alds and ultra-
fine powder prepared by chemical processing or
advanced synthesis processing, such as hydrother-
mal, oxalic, and sol-gel. For the first method, the
dielectric performance could be degraded seriously by
adding large amounts of sintering aids. The second
approach would induce the complex procedure, which
increases the cost of devices. As for BaTiOs-based
materials, much work has been done to reduce the
sintering temperature (>1300°C). Hsiang et al.'®
utilized glass addition to reduce the sintering tem-
perature of BT material. However, the relative per-
mittivity of ceramlcs can also be reduced to <1000.
Tian et al.'® investigated the BaTiOs-based X7R
ceramics by a chemical coating method. These mate-
rials could be sintered at 950°C, but a complicated
procedure restricts thelr further applications.
Recently, Zhang et al.?° reported that BaTiOs—
Bi(Mg,5Ti19)O3 has a stable permittivity (~1500)
and low loss (tand < 2%), but high sintering temper-
ature (1100°C)and is not suitable to using Ag as the
internal electrode.

In this paper, Bi(Cug75Wy.25)03 perovskite com-
pound was introduced to a BaTiO3; matrix to form
(1 — x)BaTiO3—«xBi(Cug 75Wy 25)03 [(1 — x)BT-xBCW,
0 <x <0.04] solid solutions. The sintering ability,
phase evolution, microstructure, and dielectric prop-
erties of ceramics were studied. Furthermore, the
chemical compatibility between the 0.96BT—0.04BCW
ceramics and Ag was also investigated. The aim of this
work was to develop a low-fired material.

EXPERIMENTAL

(1 — x)BT-xBCW (0 < x £ 0.04) ceramics samples
were prepared via the conventional solid state
reaction technique. Carbonates and oxides were
used as the main raw powders, including BaCOs;
(299%, Guo-Yao Co. Ltd, Shanghai, China), TiO,
(299.99%, Guo-Yao Co. Ltd, Shanghai, China),
Bi;O3 (299%, Guo-Yao Co. Ltd, Shanghai, China),
CuO (299%, Guo-Yao Co. Ltd, Shanghai, China) and
WO;3; (299%, Guo-Yao Co. Ltd, Shanghai, China).
Stoichiometric ratios of BT and BCW were mixed in
alcohol medium using zirconia balls for 4 h. The
slurries were dried and then calcined at 1100°C and
600°C for 4 h, respectively. Subsequently,
(1 —x)BT-«xBCW (0<x<0.04) powders were
weighed and milled in alcohol medium using zirco-
nia balls for 4 h. After drying, the resultant powders
were mixed with 5 wt.% of polyvinyl alcohol (PVA)
and pressed into pellets with 12 mm diameters and
~2 mm thicknesses. The compacted pellets were
sintered with an embedded sintering method in
closed alumina crucibles: pellets were embedded
with the calcined powders of the same composition
to minimize alkaline elements volatilization and
sintered at different temperatures, depending on
the content of BCW, ranging from 900°C to 1350°C
for 2 h in air.
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The crystal structures of the ceramics were
measured by an x-ray diffractometer (XRD) (CuKual,
1.54059 A, Model X’Pert PRO, PANalytical, Almelo,
Holland) operated at 40 kV and 40 mA with a 20
scan speed of 1°/min. The phase analysis for the
XRD data was performed by PanAlytical software
(X’Pert Highscore Plus). Raman spectroscopy was
carried out on a Thermo Fisher Scientific DXR using
a 10 mW laser with a wavelength of 532 nm. The
microstructural observation of the samples was
performed using a field emission scanning electron
microscope (FE-SEM, Model S4800, Hitachi,
Japan). Composition analysis was performed using
energy-dispersive spectroscopy (EDS, IE 350; INCA,
Oxford, UK). The chemical bonding states of the
ceramics were investigated by x-ray photoelectron
spectroscopy (XPS, Model ESCALAB250, Thermo
Fisher Scientific). Silver electrodes were coated on
both sides of the pellets, and then fired at 650°C for
30 min. Dielectric properties were measured with
an applied voltage of 500 mV over 100 Hz-1 MHz
from room temperature to 500°C using a precision
impedance analyzer (Model 4294A, Hewlett-Pack-
ard Co., Palo Alto, CA) at a heating rate of 3°C/min.

RESULTS AND DISCUSSION

Figure 1a shows the room temperature x-ray
diffraction (XRD) patterns of BT-BCW samples in
20=20°-60°. A single perovskite phase is formed and
no secondary phases are observed, which indicates
that Bi(Cug75Wo25)03 has fully diffused into the
lattice of BaTiO3 and formed a homogeneous solid
solution. The merging of (002)/(200) diffraction
peaks into a single (200) peak was near the compo-
sitions of 0.03 < x < 0.04, indicating a transforma-
tion from tetragonal phase (P4mm) to pseudo cubic
symmetry.?’?? In our previous work,? BaTiOs—
Bi(Mgo75Wp.25)O3 solid solutions showed good
dielectric temperature stability over a wide temper-
ature range from 200°C to 500°C for thermal
stability device applications. Based on the above
analysis, the substitution of an A-site ion Ba®*
(1.61 A) by Bi** (1.03 A < r}f < 1.61 A) and/or a B-
site ion Ti** (0.604 A) by 2Mg (0.72 A), and W®*
(0.6 A) can tailor the dielectric properties of BT.
Considering the identical valence and similar ionic
radius of Mg?* and Cu®* (0.73 A), we could antici-
pate that the substltutlon of an A-site by Bi®** and/or
a B-site by Cu®* (0.72 A), and W®" (0.6 A). The
profile fits of the Rietveld refinement for x = 0.04
are shown in Fig. 1b, and the refined structural
parameters are listed in Table I. It can be seen that
Bi ions rightly enter the lattice site for Ba (1a),
while Cu and W ions enter the lattice site for Ti (1b),
which is consistent with the expected result.

Room temperature Raman spectra for (1 — x)BT—
xBCW (0 <x<0.04) ceramics are used to get a
better illustration of the phase evolution, as shown
in Fig. lc. The vibrational modes considered for this
work are indexed in the diagram. Based on
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Fig. 1. (a) X-ray diffraction patterns of (1 — x)BT-xBCW (0 < x < 0.04) ceramics, (b) Rietveld refinement for 0.96BT—0.04BCW ceramic at room
temperature, (c) Room temperature Raman spectra of (1 — x)BT-xBCW ceramics for x = 0, 0.01, 0.04, 0.06, 0.08, and 0.1 compositions.

Table I. Refined structure parameters for 0.96BT-0.04BCW ceramics

Atom Site

x y
Bal la 0 0
Bil la 0 0
Til 1b 0.5 0.5
Cul 1b 0.5 0.5
W1 1b 0.5 0.5
01 3c 0 0.5

z Occupies Biso (A%
0 0.961 (2) 0.28 (3)
0 0.039 (1) 0.28 (3)
0.5 0.962 (1) 0.58 (1)
0.5 0.0294 (2) 0.58 (1)
0.5 0.0104 (3) 0.58 (1)
0.5 1 0.46 (2)

Lattice parameters: a = 4.00952 (7) Ié&, space group Pm-3m. Agreement indices: Ryp(%) = 8.39, R,,(%) = 4.51, Ry(%) = 2.28.

Pokorny’s work,?® the modes for x = 0 were assigned
as a single crystal BaTiO3z. The Raman spectrum of
pure tetragonal BaTiOs; was characterized by an
interference dip at ~180 cm™!, a “silent” mode at
~305 cm !, asymmetric broader bands at A;(TO)
(~270 ecm™ '), 515ecm™ ! and the high-frequency
modes at around 715 cm '?* A sharp dip at

~180 cm ! emerges only in the presence of a long-
range ferroelectric phase,”>?% which matches well
with the previous reports.?” 2! It is obviously
observed that the resonance dip at ~180 cm™*
emerged in x = 0-0.03. With increasing the BCW
content, the reduction in 715 cm ! peak implied the
decrease in tetragonality (c/a) and the destruction of
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Fig. 2. (a) XPS survey spectra of 0.96BT-0.04BCW ceramics, (b) High-resolution XPS spectra of the Bi 4f core level, (c) High-resolution XPS

spectra of the Cu 2p region.

the long-range ferroelectric order. It is clearly seen
that the characteristic of long-range ferroelectric
ordering in BaTiOj is absent in pseudocubic phases
as x increases to 0.04. These results are consistent
with the structure evaluation for the XRD patterns
(Fig. 1a).

XPS analysis was carried out to investigate the
oxidation states of polyvalent ions in 0.96BT-
0.04BCW ceramics. The survey spectrum of
0.96BT-0.04BCW certified that the sample con-
tains Ba, Ti, Bi, Cu, W, O, and C elements, as shown
in Fig. 2a. C and part of O are adsorbed from the
atmosphere. All peaks have been calibrated with
respect to the C 1s peak at 284.8 eV. Figure 2b
demonstrates the fitted narrow-scan spectra of the
Bi 4f core level of the 0.96BT-0.04BCW compound.
The Bi 4f doublet consists of two peaks at 158.88—
164.18 eV, which is mainly identified as a signal of
Bi(4f75)-O and Bi(4f52)—O bonds, respectively.?”
The spin—orbit splitting energy (A) of the Bi 4f
doublet is 5.3 eV, which accords well with the

theoretical value (5.31 eV).?® The binding energy
value connected with the Bi 4f7, peak is below
159.0 eV, which is a characteristic of Bi(III) in an
oxide chemical state,®®3* indicating that the
valence state of Bi ions in 0.96BT-0.04BCW com-
position is trivalent. Figure 2c¢ displays the XPS
spectra of the Cu 2p3/s region for 0.96BT-0.04BCW
ceramics. The 2p3/, peak for Cu can be split into two
peaks by Gaussian—Lorentzian curve fitting, which
shows the existence of Cu* with lower (932.02 eV)
binding energy. The binding energy for each differ-
ent valent ion is within the range of binding
energies in the NIST XPS database, and the
difference of FWHM between Cu* and Cu®* peaks
is <1. From the above analysis, the valence state of
Cu ions in 0.96BT-0.04BCW composition is the
Cu*/Cu®* mixed-valent structure. This phe-
nomenon is similar to CaCusTi,O;2 ceramics.>® In
this work, the substitution of Cu?* for Ti** would
form Cuf;, which results in transformation of Cu®*
to Cu”.
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Fig. 3. SEM images of 0.96BT—0.04BCW ceramics sintered at different temperatures: (a) 1,240°C, (b) 1,180°C, (c) 1,000°C and (d) 900°C.
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Fig. 4. Bulk density of 0.96BT—0.04BCW ceramics as a function of
the sintering temperature.

The surface microstructures of a 0.96BT-
0.04BCW compound sintered at different tempera-
tures are demonstrated in Fig. 3a—d. It is clearly
seen that the sintering temperature has a great
effect on the average grain size. The average grain
size of samples becomes smaller and uniform as the
sintering temperature decreases from 1240°C to
1180°C, which implies that low sintering tempera-
ture may inhibit growth of grains. With further
decreasing the sintering temperature (7' = 900°C),
the average grain size of a sample varies rarely, as
shown in Fig. 3d. Bi(Cug75Wg.25)03 was added to
BaTiO3 to form a solid solution. The sintering
temperature of the ceramics was reduced from
1350°C to 900°C because of the formation of a
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Fig. 5. Relative permittivity and dielectric loss as a function of tem-
perature measured at frequencies from 10 kHz to 1 MHz for
(1 — x)BT-xBCW (0 < x < 0.04).
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(1 — x)BaTiO3—«xBi(Cug 75Wy 25)03 solid solution not
in low melting phase in the grain boundary. So no
other grain boundary phases were observed in the
SEM pictures. Figure 4 shows the bulk density of
0.96BT-0.04BCW ceramics as a function of the
sintering temperature. When the sintering temper-
ature was increased from 900°C to 1240°C, the
density of 0.96BT-0.04BCW ceramics increased
firstly, reached a maximum value (~5.857 g/cm®)
as the sintering temperatures was increased to
1180°C, which is consistent with the SEM results.
Figure 5 demonstrates the temperature depen-
dence of the relative permittivity and dielectric loss
for (1 — x) BT-xBCW ceramics (x = 0-0.04) mea-
sured at various frequencies (10 kHz—1 MHz). As
shown in Fig. 5a, pure BT ceramics exhibit a
reasonably sharp Curie peak, conforming to tetrag-
onal-cubic phase transition, typical of a normal
ferroelectric with Curie point, T, ~ 130°C, which

2500
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Fig. 6. The relative permittivity (&), dielectric loss (tand), and Ae/exsec
as a function of temperature from 25°C to 300°C at 1 MHz for
0.96BT-0.04BCW ceramics sintered at 900-1300°C, where

Ae = £25-300°C) — &25°C-
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accords with the previous report.>® It is obviously
seen that the frequency dependence of dielectric
property is weak. Figure 6 illustrates the tempera-
ture stability of permittivity (Ae/egsec), relative
permittivity (¢,) and dielectric loss (tano) for
0.96BT-0.04BCW ceramics with different sintering
temperatures measured at 1 MHz. It is obviously
seen that the composition possesses the optimum
dielectric performance with small Aé¢/egsec value
(££15%) and high relative permittivity (~1450)
over a broad temperature range from 25°C to
150°C as the sintering temperature changes from
900°C to 1240°C. Especially at 900°C, the loss
tangent tand is <0.02. Table II lists the sintering

10 pm
0k A Region
0-K Ti-K | Ba-L | Ag-L
20k - 0 0.52 0 99.48
Ag
10Kk -
Ag
0- T 1
0 5 10
keV

Fig. 7. BSEM image and EDS analysis of the 0.96BT-0.04BCW
ceramics co-fired with 20 wt.% Ag.

Table II. Comparison of performance parameters of 0.96BT-0.04BCW with other barium titanate-based X8R

ceramics

System & (25°C) tané (25°C) Sintering temperature (°C) References

BaTiO3-Nag 5Big 5sTi03—NboO5—NiO ~2000 <0.025 1230 6

BaTi03—Nb205—C0203—81’[1203—0802— ~1800 <0.015 1250 8
Bi(Mgy 5Ti.5)03

BaTi03—MgO—Mn02—Y203—C aZr03 ~2500 - 1311 10

BaTiO3-MgCO3-MnCO3-BaSiO3 - - 1325 11

0.96BaTi03-0.04Bi(Cug.75Wq.25)03 ~1450 <0.02 900 This work
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temperature, relative permittivity, and dielectric
loss between our work and other BaTiO3-based X8R
ceramics. It is clearly seen that the sintering
temperature (900°C) of 0.96BT—0.04BCW ceramics
is significantly lower than other BT-based X8R
dielectric materials, which indicates that the
0.96BT-0.04BCW ceramics could have a potential
application for X8R-type capacitors using Ag as the
internal electrode.

Back scattered electron micrograph (BSEM) image
and energy dispersives spectrometer (EDS) analysis of
the co-fired sample for the 0.96BT—0.04BCW ceramic
with 20 wt.% Ag sintered at 900°C for 2 h are shown in
Fig. 7. In the BSEM image, there are two distinct
grains with different sizes observed. From the EDS
analysis, the large grains were detected as Ag. This
result indicated that 0.96BT-0.04BCW ceramics have
good chemical compatibility with Ag.

CONCLUSIONS

(1 — x)BaTiO3—xBi(Cuo,75W0.25)O3 (.X' = 0—004)
lead-free perovskite ceramics have been prepared
by the solid state reaction method. The addition of
Bi(Cug.75Wg.25)O3 could reduce the sintering temper-
ature and improve the temperature stability of the
BaTiO; ceramic. A 0.96BaTiO3—0.04Bi(Cug 75
Wy.25)03 ceramic sintered at 900°C exhibited high
performance dielectric properties with a stable per-
mittivity (~1450), small Ae/eos-c values (££15%), and
lower dielectric loss (<2%) over a broad temperature
range from 25°C to 150°C. The 0.96BT-0.04BCW
ceramic demonstrated good chemical compatibility
with Ag when sintered at 900°C. All the results
indicated that the 0.96BT-0.04BCW X8R ceramicis a
promising material for low temperature co-fired
multilayer capacitor applications.
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