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Abstract Nickel is now frequently used as internal electrodes
for multilayer ceramic capacitors (MLCC). In order to
evaluate the effect of the presence of metallic Ni on the
properties of BaTiOs-based dielectrics, nano-sized Ni par-
ticles are mixed thoroughly with BaTiO; powder and
subsequently sintered at 1,330 °C in nitrogen. The oxygen
partial pressure in the nitrogen is slightly higher than the
equilibrium oxygen partial pressure for the Ni—NiO
reaction. Under such a condition, an upper limit of 5,400+
540 ppm for the solubility of Ni in BaTiOj; is detected. The
Ni solute acts as an acceptor to BaTiOs, and its presence
increases the reduction resistance of BaTiOs significantly.
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1 Introduction

Nickel is now frequently used as inner electrodes for
multilayer ceramic capacitors (MLCC). Due to the eco-
nomic feasibility of nickel, it is now possible to manufac-
ture high capacitance MLCC. For example, the capacitance
of a 700-layer Ni-MLCC (with the thickness of the
dielectric layer as small as 2 pum) can reach a value as
high as 100 pF [1]. In such MLCC, the nickel electrodes
are packed closely together. With this kind of geometry
arrangement, the following issues are then raised:

1. What is the solubility of Ni in BaTiO3-based dielectrics?
2. If Ni is soluble in the dielectrics, how far away can it
diffuse?
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3. IfNi dose dissolve into BaTiO3, what is the effect of Ni
solute on the dielectric properties?

Despite the continuous trend of reducing the dielectric
thickness in electronic devices, to the surprise of the present
authors, the above issues attract little attention. The
available data on the solubility and diffusion of Ni in
BaTiOj3-based dielectrics are summarized in Table 1 [2-7].
From the Table, the limited data suggest many inconsisten-
cies. One previous study suggested that the solubility of Ni
in BaTiO; is a function of oxygen partial pressure in the
sintering atmosphere [3]. Though the solubility of Ni in
BaTiO; is relatively low, the diffusion distance is approach-
ing the same order of the dielectric thickness [7], which is
typically around 5 pm in present-day electronics.

In order to investigate the above three issues, nano-sized
Ni particles are mixed thoroughly with a BaTiO; powder.
The solubility of Ni in BaTiO; is then measured by two
independent measurement techniques; X-ray diffractometry
(XRD) and electron probe micro-analysis (EPMA) techni-
ques. The diffusion distance is also estimated. The
dielectric properties of the Ni-doped BaTiO; are measured.

2 Experimental

Barium titanate powder (trade name: NEB, Ferro Co.,
USA) and various amounts of nickel nitrate (ACROS
Organics Co., USA) were tumble-milled together in ethyl
alcohol for 4 h. The Ba/Ti ratio of the BaTiO; powder is
1.000+0.002, as reported by the manufacturer. The grind-
ing media used were zirconia balls. The slurry of the
powder mixture was dried in a rotary evaporator. The dried
mixture lumps were then crushed and sieved. The resultant
powder was calcined in air at 500 °C for 2 h to remove
NO,, and then pressed uniaxially at 25 MPa into disc
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Table 1 Reported values on solubility and diffusion of Ni in BaTiOs.

Related issues Reported values/heat treatment conditions Technique employed References
Solubility of Ni in Ti-excess BaTiO3 4,000 ppm/1,350-1,420°C, air Curie temperature [2]
Solubility of NiO in (BaTiO3)g.g65(CaZrO3)o 135 Nil/1,350°C, Po,=10"° Pa Curie temperature [3]
Solubility of NiO in (BaTiO3)g g5(CaZrOs) 135 3,000 ppm/1,350°C, Py,=10"2 Pa Curie temperature [3]
Solubility of Ni in Ti-excess BaTiO3 6,400 ppm/1,400°C, air Magnetic susceptibility [4]
Solubility of Ni in BaTiO; 8,000 ppm/not available Not available [5]
Solubility of Ni in Ti-excess BaTiO3 6,400 ppm/1,290°C, air Sintering & grain growth [6]
Diffusion distance of Ni in a Y5V composition 0.5 um/1,250°C/2 hin Po; = 107> — 1077Pa  TEM-EDX [7]

(Bam(Zr,Ti;—,)O3)

specimens. The dimensions of the discs were 10 mm in
diameter and about 3 mm in thickness. The disc specimens
were fired at 800 °C for 2 h in a 95%N,/5%H, atmosphere
to reduce the NiO contained within the specimen into Ni.
After these preparations, fine Ni particles would be in close
contact with the BaTiOj; particles. The morphology of the
particles was observed with transmission electron micros-
copy (TEM). The amount of nickel after the reduction
procedure was determined by inductively couple plasma-
atomic emission spectroscopy (ICP-AES, S-35, Kontron
Co., Germany). For comparison purpose, several BaTiO;
green compacts without the pre-reduction treatment at 800 °C
were also prepared.

Sintering was performed at 1,330 °C for 2 h with
continuous supply of N, inside a tube furnace. The heating
and cooling rates were 3 °C/min. The oxygen partial
pressure in the sintering atmosphere was monitored with a
zirconia oxygen sensor. The final density of the specimens
was determined by the water displacement method. The
specimens were ground and polished with SiC and Al,O;
particles, respectively. Etching with a dilute solution of HCI
and HF revealed the grain boundary of the polished
specimens. The microstructure was observed under a
field-emission scanning electron microscopy (FE-SEM,
LEO 1530, Philips, The Netherlands).

Two techniques were used to determine the solubility of
Ni in BaTiOs;. The first technique employed an X-ray
diffractometer (XRD, Model Philips PW 1830, Philips, The
Netherlands) operating at 30 kV and 20 mA. A slow
scanning rate with the step size of 0.01° and 2 second per
step was used to determine the lattice parameters, ¢ and a.
Three specimens were examined for any particular Ni-
BaTiO; composition.

The second technique employed an electron probe
micro-analyzer incorporated with wavelength dispersive
spectroscopy (EPMA-WDS, JEOL JAX-8600SX, Japan)
operating at 15 kV and 10 pA. This operation condition
would result in an electron probe with a spot size of 1.5 um.
The detection limit of this technique was, depending on the
type of element investigated, lower than 100 ppm. Polished
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specimens doped with 0.70, 3.5 and 6.8 mol% Ni were
analyzed by the EPMA-WDS techniques; an undoped
BaTiO3 specimen acted as a reference sample. Since the
Ni particles were mixed thoroughly with the BaTiO3
particles, many Ni inclusions were observed within the
BaTiO; matrix. When a Ni inclusion within the BaTiO3
matrix was located on the polished surface by the EPMA
mapping analysis, the specimen was analyzed along a
straight line from this discovered Ni inclusion in 1-pum
steps; around 20 points (i.e. a distance of 20 pum) were
measured. Data from five different lines for each compo-
sition were obtained from the polished surface. Detailed
procedures of using EPMA-WDS to determine minute
solubility can be found in the existing literature [8].

The dielectric properties of the specimens were mea-
sured by a LCZ meter (2330 A, NF Electronic Instruments,
Japan) with a detection signal of £1 V at 1 kHz. Silver
pastes were applied as the external electrodes.

3 Results

Figure 1 shows the XRD patterns for a 32 mol% Ni-BaTiO3
after calcination at 500 °C in air, reduction at 800 °C in H,/

+ NiO
V Ni
% BT

Calcination

Reduction

Sintering
35 40 45 50 55 60

20
Fig. 1 XRD patterns for BaTiO3/Ni(NOs), powder mixture after
calcination at 500°C for 2 h in air, reduction at 800°C for 2 h in N/
H,, and sintering at 1,330°C for 2 h in Ny; the Ni amount is 32 mol%
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Fig. 2 Relative density of sintered Ni-doped BaTiO3 specimens as
function of Ni content
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N, mixture, and then sintering at 1,330°C in N,. During
calcination, nickel nitrate was decomposed into nickel
oxide, which was subsequently reduced to nickel at 800°C.
In Fig. 1, the amount of Ni, determined by ICP-AES
technique, is 8.5 wt%, which corresponds to 32 mol% Ni.
For other Ni-doped BaTiOj3 specimens prepared for this
study, their Ni contents determined by ICP-AES vary from
370 ppm to 32 mol%.

Both Ni and NiO are found in the specimens after
sintering at 1,330°C for 2 h in nitrogen. The oxygen partial
pressure in the nitrogen is 1 Pa, as determined by the
zirconia oxygen sensor located above the specimen. By
using Scherer’s relationship [9], the size of the resulting Ni
particles in the reduced powders is 70 nm. This value is
also confirmed by using the TEM technique.

Figure 2 shows the relative density of the Ni-doped
BaTiO; specimens after sintering. Similar to the effect of

i
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Fig. 3 Typical micrograph of 32 mol% Ni-doped BaTiO3 specimen
after sintering. Several Ni particles are circled

NiO on the densification of BaTiO3 [6], the addition of
metallic Ni particles decreases the density of the specimen.
Figure 3 shows a typical micrograph of the sintered 32 mol%
Ni-doped BaTiO; specimen. Fine Ni particles mainly locate
at the grain boundaries of the BaTiO; grains. The presence
of such fine Ni particles prohibits the growth of BaTO;
grains; the size of the matrix grains is thus small.

Figure 4 shows the lattice parameters of Ni-doped
BaTiO; as a function of Ni content. The ratio of ¢ over a
is also shown in the figure. The c/a ratio reaches a constant
value when the Ni content is higher than 0.52 mol%,
indicating that the solubility of Ni in BaTiO; under the
present experimental set-up is 5,200 ppm.

Since the Ni inclusions are relatively small, as demon-
strated in Fig. 3, atomic mapping of the locations of these
inclusions is conducted first(see Fig. 5a). The EPMA spot
analysis is then conducted every one micrometer along a
straight line across the Ni particles. The probing of EPMA-
WDS is capable of collecting data up to a depth of about
1 um from the specimen’s surface; hence, the mapping
probe size is larger than the actual size of the Ni inclusions.
As mentioned in the experimental procedures, the EPMA-
WDS data from five different probing lines were obtained
from the polished surface. Figure 5b shows the EPMA-
WDS result for the microstructure shown in Fig. 5a; the
specimen used is 3.5 mol% Ni-doped BaTiOs. In Fig. 5b,
the plateau value shown in the middle part of the curve is
taken as the solubility. In Fig. 5b, the solubility of Ni in
BaTiO; is 5,600+770 ppm. The EPMA results for various
specimens are shown in Table 2. From the Table, the
average solubility of Ni in BaTiO; determined by the
EPMA-WDS technique is 6,000+£840 ppm.

Figures 6 and 7 show the relative permittivity and
dissipation factor of the Ni-doped BaTiO; as a function of
Ni content. The relative permittivity and dissipation factor
of pure BaTiO; are high. A tiny amount of Ni doping (e.g.
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Fig. 4 Lattice parameters ¢ and a, and c/a ratio for BaTiO; of the
sintered Ni-doped BaTiOs specimens as function of Ni content
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Fig. 5 Typical a Ni mapping b and corresponding EPMA-WDS result
for a 3.5 mol% Ni-doped BaTiO3 specimen

370 ppm) can reduce the relative permittivity and dissipa-
tion factor dramatically. The electrical resistivity of the Ni-
doped BaTiO; is shown as a function of Ni content in
Fig. 8. A tiny amount Ni doping can increase the electrical
resistivity significantly.

4 Discussion

For the specimen shown in Fig. 1, there is 32 mol% of Ni in
the starting Ni/BaTiO; powder mixture as determined by

Table 2 Solubility of Ni in BaTiO; as determined by EPMA-WDS.

Ni content/mol% Solubility/ppm

0.7 5,400+540
35 5,540+620
6.8 7,240+700
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the ICP-AES technique. However, one should notice that
only a very small amount of Ni is dissolved into BaTiO5 in
the form of Ni ion. Part of the Ni particles is oxidized after
sintering in nitrogen, and part is still in their metallic form.

The solubility data obtained from the two techniques,
XRD and EPMA, all indicate that an amount of 5,000—
6,000 ppm of Ni is dissolved into BaTiOj3 after sintering at
1,330 °C for 2 h in nitrogen. The solubility of a dopant
depends strongly on its charge and size. Though the
valence states of Ni and Ba are the same, the ionic size of
Ni (0.069 nm) is much smaller than that of Ba (0.161 nm),
but close to that of Ti (0.0605 nm) [10]. The possibility of
replacing Ti ions with Ni ions has been proposed by Tzing
and Tuan [6]. Upon the replacement of Ti with Ni, the Ni
solutes act as an acceptor to BaTiO;.

Under the thermodynamic equilibrium condition, the
decrease in oxygen partial pressure would promote the
formation of oxygen vacancies, as shown in the following
reaction [11, 12],

1 .
O()-’EOZ +VO+26/ (1)

Based on the same reaction, the production of free electrons
would decrease the electrical resistivity and increase conse-
quently the dissipation factor (see Figs. 7 and 8). The
solution of acceptor ions can also induce the formation of
oxygen vacancies as demonstrated in the following reaction:

NiO LNy, + 2V5 + Vs + Oo 2)

Based on Reaction (2), the solution of Ni acceptor can
suppress Reaction (1). Hence, the amount of free electrons
is reduced. Reaction (2) is confirmed by the increase in
electrical resistivity of the Ni-doped BaTiO; (see Fig. 8).
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Fig. 6 Relative permittivity at room temperature of Ni-doped BaTiO;
as function of Ni content. The value (solid circle) for the BaTiO;
specimen prepared without pre-reduction is also shown for comparison
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Fig. 7 Dissipation factor at room temperature of Ni-doped BaTiO; as
function of Ni content. The value (solid circle) for the BaTiOs specimen
prepared without pre-reduction is also shown for comparison

The electrical properties of the Ni-doped BaTiO; specimens
validate the acceptor status of Ni in BaTiO;.

Several recent studies indicated that the above thermody-
namic equilibrium conditions are not attainable at low
temperatures [13, 14]. The frozen-in metal vacancies are
the major defects in these metastable BaTiO5; specimens.
The metastable states are also confirmed by the following
comparison experiment. When the BaTiO; specimens are
not pre-reduced at 800 °C in the N,/H, gas mixture, their
electrical properties show similar values to those of the Ni-
doped BaTiO3 specimens (see the solid circles in the
Figs. 6, 7, and 8). It indicates that the pure BaTiO;3 spec-
imens after reducing at 800 °C in N,/H, are not fully re-
oxidized after sintering at 1,330 °C for 2 hin N, (Pp,=1 Pa).
The re-oxidation process has been investigated by Opitz et al
recently [15]; their study also indicated that the re-oxidation

of reduced BaTiOs is a time-consuming process.
There are two peaks in the EPMA-WDS intensity line

(see Fig. 5b). These two peaks corresponds to the signal of
the two Ni particles at both ends of the detection line (see
Fig. 5a). The plateau at the middle of the intensity line is
mainly resulted from the concentration of Ni in the BaTiO3
grains. The height of the plateau is thus used as the
solubility of Ni in BaTiO3. The EPMA intensity line shown
in Fig. 5b does not drop to zero within a detection length of
20 pum. In fact, most EPMA lines we have obtained did
show the same trend, it indicates that the BaTiO3; matrix is
saturated with the Ni solutes. There are a large number of
uniformly distributed fine Ni particles within the BaTiO;
matrix, hence, the solution of Ni in BaTiO; can easily reach
a saturated value. However, the electron probe can reach a
depth of 1 um from the surface. The electron probe can
detect the amount of both Ni sloute and Ni particles under
the surface. Though the Ni content in the Ni-doped BaTiO3
specimens is small, since the size of Ni particles are very

small, the chance of the electron probe to hit one Ni
particles under the surface is still high. Therefore, the
EPMA technique reported a slightly higher solubility.
Furthermore, the technique also found that the solubility
increases slightly with the increase of Ni content (see
Table 2), it suggests that the value obtained from the EPMA
technique can only be treated as the upper limit. The EPMA
result for the BaTiO3-0.7 mol% Ni specimen is therefore
taken as the upper limit for the solubility of Ni in BaTiOs3,
which is 5,400£540 ppm.

As long as the diffusion distance is concerned, the length
of the plateau shown in the specific case shown in Fig. 5b is
11 um. The Ni solutes within the plateau region may come
from the two Ni particles at the ends of the detection line.
They may also come from some nearby Ni particles under
the surface, which could not be seen from the micrograph.
In any case, it suggests that the diffusion distance is longer
than the diameter of one electron probe, ~1.5 wm. Though
the exact diffusion distance cannot be determined, a
minimum value, 1 pwm, can be estimated. Such diffusion
distance is relatively long in terms of the dielectric
thickness for multilayered structure. The present study
demonstrates that the Ni solutes are readily dissolved into
the dielectric matrix after co-firing. Nevertheless, the
solution of Ni in BaTiOj3 is beneficial since the addition
of Ni enhances the reduction resistance of BaTiOs.

The oxidation of Ni to NiO takes place when the partial
pressure of oxygen is higher than 0.1 Pa at 1,330 °C [16].
The oxygen partial pressure in the sintering atmosphere is
1 Pa, and therefore, partial oxidation of Ni after co-firing is
expected. In the present study, Ni and NiO are co-existed
within the Ni-doped BaTiO;3 specimens during co-firing.
The effective oxygen partial pressure within the powder
compacts during sintering is thus the same as the
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Fig. 8 Electrical resistivity at room temperature of Ni-doped BaTiO;
as function of Ni content. The value (solid circle) for the BaTiOs
specimen prepared without pre-reduction is also shown for comparison
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equilibrium oxygen partial pressure for the reaction of
Ni—NiO, which is 0.1 Pa [15].

Under the present experimental set-up, the oxygen
partial pressure in the sintering atmosphere is higher than
that used for the manufacturing of Ni-MLCC. The
solubility of Ni ions decreases with the drop in oxygen
partial pressure. Since the commercial Ni-MLCC compo-
nents are sintered in an atmosphere with a much lower
oxygen partial pressure [1]; the solubility of Ni in the
dielectrics of Ni-MLCC is expected to be lower than the
value reported in the present study.

5 Conclusions

Two experimental techniques, XRD and EPMA, are used in
the present study to determine the solubility of Ni in
BaTiO; under an oxygen partial pressure of 0.1 Pa. These
two independent experimental techniques indicate that the
upper limit of the solubility of Ni in BaTiO; is 5,400+
540 ppm at the temperature of 1,330 °C. The Ni solutes can
diffuse a distance longer than 1 pm in pure BaTiO3. The
present study demonstrates that the nickel electrodes may
dissolve into the BaTiO3-based dielectrics during co-firing.
The Ni solute acts as the acceptor to BaTiO;, and their
presence improves the reduction resistance of BaTiO;-
based dielectrics.
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