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Abstract

The effects of TiO,-doped Ni electrodes on the microstructures and dielectric properties of (BagosCag.o4)(Tigg5Zr0.15)O3 multilayer ceramic
capacitors (MLCCs) have been investigated. Nickel paste with a TiO, dopant was used as internal electrodes in MLCCs based on
(Bag.gsCago4)(Tigg5Zr0.15)03 (BCTZ) ceramic with copper end-termination. The microstructures and defects were analysed by microstructural
techniques (SEM/HRTEM) and energy-dispersive spectroscopy (EDS). The continuity of the electrode of the MLCC was measured using a scan-
ning electron microscope, which showed that the continuity of the electrode for the MLCC with a TiO,-doped Ni electrode was approximately
90%. However, continuity of the electrode for a conventional MLCC was below 80%. The continuity of the TiO,-doped Ni electrode showed
significant improvement in the MLCC, which was due to no reaction between Ni and BCTZ.
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1. Introduction

Barium titanate (BaTiO3, BT), a perovskite structure, has
been widely investigated because of its dielectric and ferro-
electric properties.'> Materials with high dielectric constants,
such as (Ba,Ca)(Ti,Zr)O3 ceramics, are commonly applied as
key materials for high capacitance multilayer ceramic capaci-
tors (MLCCs) with an application specification of Y5V. MLCCs
exhibit broad dielectric maxima (eyax) and can have peak
values of up to emax & 18,000 when prepared in oxidising
atmospheres.? Ca and Zr are employed to broaden the dielectric
maximum at the Curie point and to shift it to room temperature,
respectively. Replacing the precious metal with a more common
metal in an MLCC can significantly reduce production costs.
One of the best candidates for such a replacement is Ni. In this
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case, the dielectric should be co-fired in a reducing atmosphere
to prevent the oxidation of the internal electrode.

Dielectric formulation and process technology for MLCC has
been extensively investigated in the electronics industry.*® The
sintering process and the ceramic composition are considered
to be the two key factors leading to the unwanted failures, etc.
resistance degradation and breakdown. Great effort has been
devoted to optimizing the sintering process and adjusting the
ceramic composition.”"'® More attention must be given to the
sintering process to control the shrinkage mismatch between
the dielectric and electrode layers in MLCCs, as this is the main
reason for residual stress resulting in cracking and delamina-
tion during fabrication and service.!!~1# Usually, there are two
ways of reducing the shrinkage mismatch between the dielec-
tric and electrode layers in MLCCs, the first is the addition of
a dielectric material into the Ni paste to postpone the shrinkage
of Ni electrodes during firing, and the second is to decrease the
firing temperature of the dielectric material by adding sinter-
ing aids to control the shrinkage mismatch.'>~!7 The addition of
a sintering aid such as glass to BaTiO3 is an effective method
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which increases the density of the dielectric ceramics at low
temperatures. Anyway, numerous kinds of glasses have been
developed as sintering aids for BaTiO3.'8-23 The addition of a
dielectric material to the Ni paste is an effective method which
reduces the shrinkage of Ni electrodes (increases the continuity
of Ni electrodes) during firing, but it will lower the conductiv-
ity of electrodes when too much dielectric material is added to
the Ni paste.

Titanium dioxide occurs in nature as the well-known minerals
rutile, anatase and brookite. The most common form is rutile,?*
which is also the stable equilibrium phase at all temperatures.>
Rutile contains six-coordinated titanium with a high melting
point of ~1843 °C, which is higher than the melting point of
BaTiO3 (1625 °C).

In this paper, we investigated the effects of TiO, doped Ni
electrodes on the sintering behaviour, the dielectric properties,
and the microstructural of BCTZ MLCC. Moreover, the interfa-
cial reaction between BCTZ and TiO» doped Ni electrodes was
also studied.

2. Experimental procedures
2.1. Preparation of the BCTZ powders

Conventional ceramic fabrication processes were used to pre-
pare the (Bag.9sCag.04)(Tig g5Z10.15)03 (BCTZ) samples using
commercial powders of BaCO3, CaCO3, ZrO; and TiO;. The
BCTZ samples were doped with 0.03 mol.% Mn acceptor and
0.15 mol.% SiO; sintering aid in this study. The BaCOs3, CaCOs3,
Zr0;, TiOz, MnO; and SiO; powders were mixed with deion-
ized water for 24 h in a ¢ 2 mm zirconia ball-mill. The mixture
was dried, calcined at 1150 °C for 6 h in air, and then crushed
into powder.
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Fig. 1. X-ray diffraction (XRD) spectra of Ni paste printed on an Al,O3 sub-
strate, which was sintered at 1220 °C and doped with different amounts of TiO,.

2.2. Nickel paste preparation

TiO,-doped Ni pastes were prepared using various amounts
of titania (e.g., 0.25, 0.5, 1, 2, and 3 wt.% titania content). TiOy
powder (F2-A, 99.08% purity) was as supplied by Showa Tita-
nium Co., Ltd., Japan. The particle size was approximately
0.2 wm and surface area was about 10m?/g. Nickel powder
(99.0%, median particle size is 0.3 wm) was made by Wako Pure
Chemical Ind., Japan. The paste properties consist of 50% solid
content and 50 Pa-s of viscosity at 10 rpm. The paste was rolled
several times using a three roll mill. To measure the shrinkage
rate and electrical resistivity of TiO,-doped Ni paste after sinter-
ing, the TiO,-doped Ni paste was printed onto a Al,O3 substrate
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Fig. 2. Scanning electron microscopic micrographs of the Ni paste printed on Al,O3 substrates and sintered at 1220 °C with (a) 0 wt.%, (b) 0.5 wt.%, (c) 1 wt.%,

and (d) 2 wt.% TiO, added.
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Fig. 3. The (a) microstructure micrographs, (b) EDS for the A position, and (c) EDS for the B position for the 3 wt.% TiO,-doped Ni paste printed on an Al,O3

substrate sintered at 1220 °C.

and sintered at 1220 °C for 2 h in a reducing atmosphere (at an
oxygen partial pressure < 10719 Pa). The electrical resistivity of
samples was determined by the four-point probe technique.

2.3. Fabrication of multilayered BCTZ capacitors

The BCTZ powders were mixed with resin (polyvinyl
butyral), plasticiser (butyl benzyl phthalate), and solvent
(toluene and ethanol). The resultant slurry was tape-casted to
a green sheet with a 30 wm thickness using the doctor-blade
method. TiO;-doped Ni paste was printed as an internal
electrode onto the green sheet. These printed sheets were
stacked, pressed at 60°C under a pressure of 5.2 x 107 Pa,
and cut into chips. The laminated green chips were sintered
at 1220°C for 2h in a reducing atmosphere (oxygen partial
pressure < 10~19Pa). After the binder burns out (320°C), the
sintered chip is then called a brick. Subsequently, annealing in
an oxygen partial pressure below 1.7 x 1076 Pa at 1000 °C was
carried out to reoxidise the ceramic bodies.

2.4. Analysis and measurement

The density of the sintered composites was measured using
the Archimedes method. The microstructures of polished sam-
ples were examined by scanning electron microscopy (SEM,
model S2500, Hitachi, Tokyo, Japan). The mean grain size was
calculated using the line intercept method. Copper electrodes
were attached to the sintered bricks and fired at 900 °C for 10 min
to measure its electrical properties. The dielectric permittivity
and the dissipation factor of the MLCCs were measured using an

impedance analyzer (Agilent Technology HP4284A). The mea-
surement was carried out over the temperature range of —30°C
to 85 °C at 1 Vrms. The insulation resistance (IR) was measured
using a high resistance meter (Agilent Technology HP4339B) at
room temperature. Microstructures of samples were investigated
by filed-emission transmission electron microscopy (FE-TEM,
FEI E.O. Tecnai F20) at an acceleration voltage of 200kV,
equipped with energy-dispersive spectroscopy (EDS).

3. Results and discussion
3.1. Characteristic evaluation for TiO» doped Ni thick films

The influence of TiO,-doped Ni electrodes on the microstruc-
tural characteristics and dielectric properties of BCTZ MLCCs
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Fig. 4. The electrical resistivity of Ni paste sintered at 1220 °C as a function of
the amount of TiO; added.
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Fig. 5. Microstructure micrographs of the BCTZ MLCCs sintered at 1220 °C with (a) 1 wt.% TiO; and (b) 3 wt.% TiO,-doped Ni electrodes.

were studied in this report. The interaction of TiO, with the Ni
electrode after firing was investigated using X-ray diffraction.
Fig. 1 shows the XRD patterns of the Ni electrodes with different
TiO, additions after being sintered at 1220 °C for 2 h in a reduc-
ing atmosphere. The TiO; peaks were enhanced with increasing
amounts of TiO, added to Ni, which indicates that there is no
interaction between TiO; and Ni during high temperature sin-
tering. Fig. 2 shows the SEM images of Ni pastes sintered at

1220 °C with TiO; concentrations of 0, 0.5, 1, and 2 wt.%. High
levels of shrinkage were observed for the samples without TiO;,
as shown in Fig. 2(a). When TiO; was added to the Ni paste,
the shrinkage of thick Ni films significantly decreased, as shown
in Fig. 2(b)—(d). The addition of TiO; retards the shrinkage of
the thick Ni films, which leads to better interfacial matching
between the Ni film and the Al,O3 substrate. Energy disper-
sive spectroscopy (EDS) was used to identify the secondary

BCTZ .
Dislocktion

Fig. 6. HRTEM micrographs of the BCTZ MLCC sintered at 1220 °C with a 3 wt.% TiO2-doped Ni electrode showing (a) the BCTZ dielectric and Ni electrode, and

(b and c) their dislocations.
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Fig. 7. MLCCs with a 3 wt.% TiO,-doped Ni electrode sintered at 1220 °C with (a) microstructure micrographs, (b) the Ti elemental mapping, and (c) the EDS

spectrum of the Ni electrode part.

phases. The microstructure micrographs of 3 wt.% TiO,-doped
Ni paste sintered at 1220 °C are shown in Fig. 3. Compared
with matrix phase “B” (Fig. 3(c)), the strip-like grains of “A”
have higher signal intensities in Ti (Fig. 3(b)). According to
the X-ray diffraction analysis in the previous section, it clearly
shows that the existence of the TiO, phase at TiO; > 1 wt.%.
It is therefore believed that the strip-like grains are composed
of TiO;. Fig. 4 shows the resistivity of the Ni pastes sintered
at 1220 °C as a function of TiO, concentrations. The resistivity
significantly decreased with the addition of TiO,. The resis-
tivities of the thick films were 5x 1072, 3 x 1074, 2 x 1074,
1 x 107, and 4 x 107> Q-cm for 0, 0.25, 0.5, 0.75, and 1 wt.%
TiO, dopant, respectively. The reason the pure nickel film had
a higher resistivity was due to high shrinkage after sintering,
as shown in Fig. 2. It is known that the degree of densifica-
tion is important in determining the electrical behaviour of thick
films. 1416

3.2. Effect of TiO; doped Ni electrodes on the
microstructures of BCTZ MLCC

A green sheet was prepared by tape casting using the BCTZ
powders. TiO-doped Ni paste was attached to the green sheet
as an internal electrode. After lamination, the green chips were
sintered at 1220 °C for 2 h, and the external Cu electrodes were
attached as the terminations. To understand the electrode con-
tinuity of the TiO»-doped Ni paste and microstructures of the
ZMT dielectrics in the MLCC, a cross-sectional of the MLCC
was prepared as shown in Fig. 5. The microstructure of MLCC

with 1 wt.% TiO,-doped Ni electrodes was analysed as shown
in Fig. 5(a). It can be seen that the continuity of the internal elec-
trodes in the MLCC was approximately 90% with a laydown of
approximately 0.7 mg/cm?. The dielectric film thickness after
sintering was approximately 17 wm, and the electrode thickness
was approximately 2.4 wm. Fig. 5(b) shows the microstructure
of the MLCC with 3 wt.% TiO;-doped Ni electrodes, the conti-
nuity of the internal electrodes in the MLCC was approximately
84% with a laydown of approximately 0.7 mg/cm?. The results
indicate that the continuity of the internal electrode decreased
as the amount of TiO; in the Ni paste increased. The continuity
of the internal electrode could be regarded as the TiO, con-
tent of the internal electrode of the MLCC. This may be due
to a high presence of TiO; in the internal electrodes, as shown
in Figs. 1 and 2, which will reduce the continuity of electrodes
when additional ceramic materials are added to the Ni paste. The
continuity of the internal electrodes in commercial MLCCs is
generally below 80%, particularly with reference to the Y5V-
1206 MLCCs rated 1 wE.!7 Pure BaTiO3 powders are often
added to the metal inner electrodes to decrease the coefficient
mismatch of thermal expansion and increase the sintering match
with the dielectric layers. Most importantly, interfacial reactions
may occur between the internal TiO»-doped Ni electrode and
the dielectric ceramic layer. There is a good physical match
between 3 wt.% TiO;-doped Ni electrodes (Fig. 5(b)) and BCTZ
dielectrics resulting from inferior interfacial bonding; however,
some delamination in the MLCC with 1 wt.% TiO,-doped Ni
electrodes was observed, as shown in Fig. 5 (a). The grain size of
MLCCs with 1 and 3 wt.% TiO;-doped Ni internal electrodes is
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Fig. 8. HRTEM micrographs of the BCTZ MLCC sintered at 1220 °C with a 3 wt.% TiO,-doped Ni electrode showing (a) the normal grain and twins of BCTZ, (b)

the SAD of BCTZ normal grain, and (c) the SAD of BCTZ twin grain.

3.2 pm and 3.9 pwm, respectively. This result indicates that some
of the TiO, dopant in the Ni electrode leads to slight grain growth
of the BCTZ dielectrics. This may be attributed to small changes
in the A/B ratio of BCTZ dielectrics during sintering because Ti
ions will diffuse into the dielectric layer from TiO;-doped Ni
electrodes during firing. Lee et al.?® have reported that the grain
size is significantly influenced by changes in the A/B ratio in
the BCTZ material system. When the A/B ratio was decreased,
the average grain size of the samples increased, which enhanced
grain growth. High-resolution transmission electron microscopy
(HRTEM) was used to study the microstructure in more detail.

A HRTEM image of a typical Ni-BCTZ interface obtained
from the 3 wt.% TiO,-doped Ni internal electrode in MLCC is
shown in Fig. 6. The thickness of the Ni electrode was approx-
imately 2.5 wm, which is similarly in thickness to Ni observed
from the SEM, as shown in Fig. 6(a). The interface between Ni
electrodes and BCTZ dielectrics is clear, which may imply that
no inter-reaction occurred at the interface. The sample shows
the presence of many dislocations in the Ni electrode, as shown
in Fig. 6(b) and (c). This phenomenon may be explained by lat-
tice distortion, which arises from the substitution of Ni for Ti,

creating lattice strain and nickel vacancies. These may be
attributed to the ionic radius of Ni%* (0.69 10\), whichis larger than
that of Ti** (0.605 A).2” When Ti substitutes into Ni sites in the
FCC structure, it will create lattice strain and nickel vacancies.
Dislocations are created during the solidification of crystalline
solids and are also formed by the permanent or plastic defor-
mation of crystalline solids, vacancy condensation and atomic
mismatch in solid solutions.

Fig. 7 shows the microstructure of a BCTZ MLCC, and sev-
eral small particles were observed in the Ni electrodes, as shown
in Fig. 7(a). To confirm the existence of TiO; in Ni electrode after
co-firing, Ti elemental mapping was performed for the MLCC
specimens with the 3 wt.% TiO;,-doped Ni inner electrode, as
shown in Fig. 7(b). The Ti signal is represented by the green
points; thus, it was found that some Ti ions still existed in the Ni
electrodes. That can also be proved by EDS analysis as shown
in Fig. 7(c), EDS results, which show significant signal inten-
sities in Ti. According to the X-ray diffraction analysis in the
previous section, the TiO, phase was clearly shown to exist at
TiOz > 1 wt.%. It is therefore believed that the small particles
are composed of TiO,.
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BCTZ dielectric

Fig. 9. HRTEM micrographs and selected-area diffraction patterns of a grain in BCTZ MLCC with 3 wt.% TiO,-doped Ni electrodes sintered at 1220 °C (a), TEM

micrographs (b) and (c) the interface between BCTZ and the electrode.

A HRTEM image of a typical Ni-BCTZ interface obtained
from the 3 wt.% TiO»-doped Ni internal electrode MLCC is
shown in Fig. 8. The sample shows the presence of twins at
the interface between BCTZ and the metal electrode, as can be
seen in Fig. 8(a). This phenomenon can be explained by lat-
tice distortion, which is the result of Ti diffusing into the BCTZ
dielectrics, creating lattice strain. Twins are a two-dimensional
defect. A twin is defined as a region in which a mirror image
of the structure exists across a plane or a boundary. Unlike dis-
location glide, movement of a twin boundary significantly and
permanently alters the orientation of the crystal. The orientation
of the twin plane and the misorientation across the twin bound-
ary will be precisely the same for any particular type of twin.?
The electron diffraction patterns of the BCTZ MLCC with the
3 wt.% TiO;,-doped Ni electrode in normal and twin grains were
obtained and are shown in Fig. 8(b) and (c). Both the normal
BCTZ grain (A) and twin BCTZ grain (B) were considered to
be BaTiO3 according to the electron diffraction patterns.

A HRTEM micrograph of BCTZ MLCC with the 3 wt.%
TiO,-doped Ni electrode sintered at 1220 °C were obtained and
are shown in Fig. 9. It can be seen that there are no inter-
metallic layers at the interface between BCTZ and the metal
electrode in the sample, as shown in Fig. 9(b) and (c). This

can be inferred from the homogeneous image contrast in the Ni
grain, which terminates at the interface. This indicates that no
severe reduction of BCTZ occurred in the samples. Yang et al.'?
reported that such observations of the Ni-BaTiO3 interface were
performed on more than 20 commercial Ni-BaTiO3 MLCCs
supplied by a number of manufacturers. A discrete interface
layer was present in all samples. The thickness of the interface
layer ranged from 4 to 15 nm, most likely depending on the exact
doping chemistry, binder chemistry in the Ni electrodes, BaTiO3
powder sources, BaTiO3 tapes, and process history of different
manufacturers.

3.3. Effect of TiO; doped Ni electrodes on the dielectric
properties of BCTZ MLCC

Fig. 10 shows the temperature coefficient of capacitance
(TCC) as a function of the amount of TiO, dopant in the nickel
paste. For samples with 0, 1, and 3wt.% TiO, dopant, the
Curie temperatures were 0°C, 21.8°C, and 30.2°C, respec-
tively. The Curie point shifted to a higher temperature when
the TiO, dopant was added to Ni. The reason for this may
be due to slight changes in the A/B ratio of BCTZ dielectrics
when TiO,-doped Ni electrodes were employed. On the other
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Table 1

The dielectric constant and dielectric loss of the BCTZ MLCCs as a function of the TiO, dopants.

TiOy (Wt.%) Sintering temperature (°C) Dielectric constant Dielectric loss (x10™%) Resistance (M) Curie point (°C)
1 1220 20500 1080 1.1x10° 21.8
3 1220 22100 1195 9.6 x 10* 30.2

hand, the Curie point shifted to a higher temperature with a
decreasing A/B ratio, resulting in higher permittivity at room
temperature.

The dielectric constant and dielectric loss of the BCTZ ceram-
ics as a function of the TiO, dopants and sintering temperatures
were determined at 1 kHz, and the results are listed in Table 1.
The &, value of the BCTZ MLCC without the addition of TiO;
sintered at 1220°C was very low (~10,000).8 The dielectric
constants of the BCTZ MLCC sintered at 1220 °C are 20,500
and 22,100 when doped with 1 and 3 wt.% TiO; in Ni paste,
respectively. It is common that the dielectric constant is greater
for the BCTZ MLCC sintered at 1220 °C with TiO, dopant
than without the TiO, dopant. That can be attributed to the
TCC shift (closer to room temperature) and good electrode
continuity of the BCTZ MLCC with the TiO,-doped Ni elec-
trodes. Jain et al.?% have reported that the permittivity at room
temperature was found to increase with decreasing A/B ratios.
Hansen et al.’® mentioned that the broad dielectric maxima
increased with increasing grain size. Moreover, Fig. 5(c) and
(d) shows that the average grain size of the samples under
the same sintering conditions increased with increasing TiO»
content (decreasing A/B ratio). Thus, one of the factors for
the increase in permittivity actually results from the growth of
grains.

The loss tangent of the BCTZ MLCCs is also listed in
Table 1. For samples with different TiO, dopant ranging from
1 to 3wt.%, the dielectric loss of BCTZ MLCCs is higher
than that of MLCCs containing Ni electrode without TiO;
dopant. Additionally, the insulation resistance of the samples
with different sintering temperatures and Ti dopants are listed in
Table 1. The insulation resistance of all samples was approx-
imately 1 x 10'! Q, implying the whole samples were well
densification.

—— 0% TiO,- Ni clectrode
—— 1% TiO,- Ni clectrode
—— 3% TiO,- Ni clectrode

A C/C (%C)

-30 -20 -10 0 10 20 30 40 50 60 70 80 90
Temperature (°C)

Fig. 10. Temperature coefficient of capacitance of BCTZ MLCCs sintered at
1220 °C as a function of the amount of added TiO, into the Ni electrode.

4. Conclusions

The shrinkage behaviour, microstructure development, and
dielectric properties of BCTZ MLCC with TiO»-doped Ni elec-
trodes have been investigated. The TEM conclusions revealed
that there was almost no interaction between the TiO,-doped
Ni electrodes and the BCTZ dielectric layer. Unlike commercial
MLCC:s, this result showed that the interface between TiO5-
doped Ni electrodes and the BCTZ dielectric layer was very
clean. However, an intermetallic layer at the interface between
the BT dielectric and the Ni electrode were observed in a
commercial MLCC. The continuities of the MLCC electrodes
were compared, and the continuities of the electrode for the
conventional Ni electrode and TiO;-doped Ni electrode were
approximately 80% and 90%, respectively. The continuity of
MLCC electrodes improved significantly with TiO,-doped Ni
electrodes due to no trigger mutual reaction between Ni and
BCTZ. Moreover, the microstructures of BCTZ dielectrics were
only slightly influenced by TiO, doping, as more TiO, dopant
in the Ni electrode led to marginally increasing grain growth of
the BCTZ dielectrics. This may be attributed to a slight change
in the A/B ratio of BCTZ dielectrics during sintering. Addition-
ally, BCTZ MLCCs with a TiO;-doped Ni electrode had positive
effects on the dielectric constant and electrode continuity.
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