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Abstract

In the present work, ZnO additions ranging from
0-1 to 10 wt% to ceramic BaTiO; have been studied.
By means of a controlled processing, two different
compounds were tested as a source of ZnO. The
dopant distribution plays a key role in the micro-
structural development of the ZnO-doped BaTiO;.
When zinc stearate was used, homogeneous fine-
grained microstructure was obtained for 0-1 wt% of
ZnO. However, high density was avoided by burn
out of the long organic chain. When solid ZnO was
used as dopant, homogeneous fine-grained micro-
structure and density values around 99% D, (D, =
6:017 g ecm™) were obtained for ZnO compositions
starting from 0-5 wt%. The sintering temperature
was 100°C lower than for undoped BaTiO;. Control
of grain growth in a wide temperature range led to
ceramics with permittivity values close to 3000 and
dielectric losses well below 1%. The incorporation
of Zn** cations into the BaTiO; lattice takes place
in Ba®* sites, i.e. as an isovalent dopant. The solid
solubility of ZnO in BaTiO; was stated to fall
below 0-5 wt% in the range of sintering tempera-
tures studied. Additions of large amounts of ZnO
led to BaTiO;-ZnO composite materials. © 1997
Elsevier Science Limited. All rights reserved.

1 Introduction

Barium titanate based materials are widely used as
a dielectric medium for manufacture of multilayer
ceramic capacitors (MLCCs). Dielectric composi-
tions with permittivity between 1000 and 3000 and
X7R specifications (15% maximum capacity
change between -55 and 125°C) contain around
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90-98% of BaTiO;. At present, these devices are
greatly appreciated because of their high volumet-
ric capacitive efficiency. However, ceramic capaci-
tors can be up to three times more expensive than
Al-Ta ones, and nominal capacity tolerances as
high as 20% are usually specified. Moreover, as
miniaturization of electronic circuits continues,
higher volumetric efficiency is needed.!-

This further improvement of the electrical prop-
erties is related to the ability to control the micro-
structural development of the ceramic. The presence
of large BaTiO, grains decreases the dielectric
constant, while interconnected porosity and sec-
ondary phases increase the value of dielectric
losses. Microstructural homogeneity is also a criti-
cal feature since it determines the reliability of the
ceramic material. Heterogeneous microstructure
can produce unpredictable properties, which obvi-
ously is related to the previously mentioned high
value of tolerances. Furthermore, microstructural
homogeneity can become a basic factor reducing
the thickness of the dielectric ceramic layer in
MLCC devices.

On the other hand, reduction of production
costs depends mostly on the sintering temperature
of the ceramic. During the fabrication of MLCC
devices, dielectric ceramic and metallic inner elec-
trodes are co-sintered.” In order to preserve the
dielectric characteristics of the ceramic, reaction
and/or diffusion between the ceramic and the elec-
trode must be avoided. As a consequence, expen-
sive noble metal alloys with high melting point
have to be used, which greatly increases the pro-
duction costs.

Dopant additions to BaTiO; decrease the sinter-
ing temperature and result in adequate dielectric
properties of the material to the required specifica-
tions. A great number of papers have been devoted
to the study of the role played by the additions of
different oxides. However, a good understanding
of many of the chemical and physical mechanisms
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involved in microstructural development is still
lacking. It is not uncommon to find contradictory
data reported in the literature related to specific
dopant additions.

ZnO additions to ceramic BaTiO; are reported
to decrease the value of the loss tangent and increase
the density of the sintered body. These results
reveal that ZnO doping could be very interesting
for BaTiO; based dielectric materials for high-
quality capacitors. However, its effect on the sin-
tering temperature, microstructure and dielectric
constant is less clear. The Zn>* cation has been
considered as both an isovalent® and an acceptor®
dopant in the BaTiO, lattice. Jaffe ef al.® reported
a solid solution limit of 0-7 wt% at 1200°C for
ZnO in BaTiO,. Swilam and Gadalla’ found that
Zn0O additions above this limit drive the ceramic
BaTiO, to higher densities, while the microstruc-
ture revealed the presence of a secondary liquid
phase. More recently, Yoon et al.? reported a den-
sity increase of the ceramic BaTiO; for additions
smaller than 0-1 wt%, but large grains were detected
in the microstructure. Different impurity levels of
the raw materials and the lack of control over the
ceramic processing could be reasons for the
observed differences in these materials.

The aim of the present work was to determine
the effect caused by ZnO additions on the micro-
structural characteristics and electrical properties
of the ceramic BaTiQ;, separating this effect from
processing-related ones. For this purpose, doped
and undoped samples were prepared by means of
the same controlled processing and two different
zinc compounds were tested as ZnO sources.

2 Experimental Procedure

BaTiO; raw material was a commercial grade
(Rhéne Poulenc s.A., ELMIC BT100) with Ba/Ti
= 1-000, average particle size of 0-84 um and specific
surface of 2:7 m? g”'. The main impurity detected
is Sr < 0-05 wt%. Two different compounds were
chosen as zinc source: ZnO (Merck 8849) and
C4H,,O4Zn (zinc stearate; Merck 8865). The for-
mer shows an average particle size of 2-3 um and
the main impurity is SO, < 001 wt%. Zinc
stearate has a density of 8-13/100 g cm™ and after
calcination leaves a ZnO solid residue of 14-3
wt%, assuming that all the zinc remains as ZnO.
Compositions with 0-1, 0-2, 0-5, 1, 5 and 10
wt% of ZnO were prepared by incorporating the
appropriate amounts of zinc oxide or stearate to a
dispersion of BaTiQ; in isopropyl alcohol. Disper-
sion was attained by vigorous stirring by means of
a high-speed turbine (6000 rev min~'). Stirring was
kept on during incorporation of the zinc com-

pound to the dispersion. This step can modify the
characteristics of the ceramic powder, by con-
tributing to break powder agglomerates. There-
fore undoped barium titanate was also dispersed
in the same way, although no zinc compound was
added. This allowed us to compare directly doped
and undoped samples and separate different pro-
cessing effects. After the mixing step, the powders
were oven-dried (<100°C) and then sieved. A sec-
ond set of zinc stearate doped powder was cal-
cined at 500°C to burn out the organic chain.
These powders were ground and sieved again.
Isopressed bars were obtained with 200 MPa
pressure. Sintering was carried out in air, with heat-
ing and cooling rates of 3°C min™!. Density of sintered
samples was determined by the immersion method.
Crystalline phases were determined by X-ray diffrac-
tion (XRD; Siemens D5000) and lattice parameters
were measured by powder XRD, using internal
standard and scanning rates of 0-5° 20 min™'. Micro-
structure was observed by scanning electron micro-
scopy (SEM; Zeiss DSM 950) and transmission
electron microscopy (TEM; Jeol 2000FX). Discs were
sliced from the sintered bars for electrical charac-
terization. Ag-Pd paste was used as electrode for
measuring dielectric and losses constants, Curie
temperature and electrical conductivity by complex
impedance spectroscopy for 5 Hz-10 MHz frequency
range in a Vectory Impedance Analyzer HP 4192A.

3 Results and Discussion
3.1 Sintering and microstructure

Density values as a function of sintering tempera-
ture for undoped BaTiO, (BT) are shown in Fig. 1.
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Fig. 1. Density versus sintering temperature for undoped
BaTiO; (BT).
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Fig. 2. SEM micrographs of BT sample sintered at 1350°C
showing (A) fine-grained regions and (B) coarse grains.

The curve shows a rapid increase of density for
sintering temperatures up to 1350°C, where the
density reaches a maximum value around 98% D,
(D, = theoretical density = 6:017 g cm™). For higher
sintering temperatures, the apparent density value
decreases slowly up to the sintering temperature of
1400°C. SEM study of the microstructure- of BT
samples revealed that sintering took place without
grain growth control. In the samples sintered at
lower temperatures fine-grained areas are observed
together with coarse grains (Fig. 2). Increasing the
sintering temperature made the fine-grained regions
disappear, leading to grain sizes larger than 100
um. On the other hand, SEM images did not reveal
any liquid phase even for high sintering tempera-
tures. This seems to indicate that solid-state diffusion
is the main sintering mechanism. The morphology
of the grains also suggests this mechanism. Never-
theless, it is well known that small amounts of
liquid phases (located at some triple points or
forming a thin layer between the grains) may not
be detected by SEM.

In order to simplify the following discussion,
the different ZnO-doped BaTiO; materials will be
denoted as follows: Z if doped with solid ZnO, S
if doped with zinc stearate and SC if doped with
zinc stearate and calcined before sintering. Figure
3 shows the density values as a function of sinter-
ing temperature for all the ZnO-doped materials
containing up to 1 wt% of ZnQO. The density values
are quite similar for all the samples doped with
0-1 wt% of ZnO. However, when the amount of
ZnO increases, the behaviour of the different
doped samples changes dramatically. Samples Z
show high densities for a sintering temperature of
1250°C, 100°C less than that for undoped BaTiO,;.
Furthermore, at sintering temperatures between
1300 and 1350°C, Z samples reached an apparent
density value close to 99% D,. On the other hand,
the density of S and SC samples became lower
when the amount of ZnO was increased.

3.1.1 Zinc stearate doped BaTiO;

Homogeneous fine-grained microstructure is
observed in S samples for all the cases (not shown).
No secondary phases were detected. The addition
of 0-1 wt% of ZnO drives the material to high
density without the anomalous grain growth
observed in the undoped BT materials. The reason
for such a high efficiency of the ZnO may be
related to its good distribution. Assuming that
zinc stearate adsorbs on the surface of the
BaTiO; particles in a similar way to that reported
for phosphor stearate additions,” the ZnQ would
be well distributed along the surface of the
BaTiO; particles. This modification of the surface
could be the origin of the grain growth control.'®
Further discussion of this point is beyond the
scope of the present work and will be addressed in
a following paper. The fall in density when the
amount of ZnO is increased is related to the
nature of the stearate compound. High density
values are avoided by the presence of large pores
and interconnected porosity channels. The origin
of these large voids is the agglomeration state of
the powders given by the organic. During the sin-
tering step, a large volume of CO and/or CO,
gases is generated inside the ceramic compact
which leaves voids on its way out of the ceramic.
Obviously, this effect increases with the amount of
stearate incorporated and, in the case of the sam-
ple containing 1 wt% of ZnO, causes catastrophic
cracking of the sample.

From the above discussion it follows that
homogeneous fine-grained microstructure and
high density are expected in the samples SC, since
the doped powder was calcined before the green
compacts were obtained. Cerfainly, the density of
the SC materials is higher than that of the S ones
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Fig. 3. Density versus sintering temperature for ZnO-doped materials containing up to 1 wt% ZnO.

Fig. 4. SEM micrographs of SC sample doped with 0-1 wt% of ZnO sintered at 1300°C (A) fine-grained area and (B) coarse grains.
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but still lower than for Z materials. On the other
hand, the microstructure (Fig. 4) reveals coarse-
grained areas in a matrix of fine grains. In this
case this behaviour is related to the different pro-
cessing. The burnout step modified the morphology
of the doped ceramic powder and gave rise to the
presence of strong agglomerates which remained
after grinding and re-sieving the powder. These
agglomerates cause anomalous grain growth during
the sintering of the material.!

3.1.2 Zinc oxide doped BaTiO;

SEM micrographs of Z materials sintered at
1300°C are shown in Fig. 5. For the materials
doped with 0-1 and 0-2 wt% of ZnO, regions with
large grains are detected together with fine grains.
The samples doped with 0-5 and 1 wt% of ZnO
show a homogeneous fine-grained microstructure.
By comparison with the observed microstructure
of the S sample with 0-1 wt% of ZnO, it seems
that processing-related effects are reflected in the

Fig. 5. SEM micrographs of Z samples sintered at 1300°C for ZnO amounts of (A) 0-1%, (B) 0-2%, (C) 0-5% and (D) 1%.

Z materials doped with 0-1 and 0-2 wt% of ZnO.
Taking into account the doping process, after the
mixing step the doped ceramic powder is com-
posed of large particles of solid ZnO, each of
them surrounded by more than 1000 BaTiO, par-
ticles. This means that the ZnO distribution is less
effective than for the S materials. During the
sintering some BaTiO, particles do not ‘see’ the
ZnO particles and behave like the undoped BT
material. However, when the amount of dopant is
increased, the material reaches the same fine-
grained microstructure as that of the S sample
with 0-1 wt% of ZnO. Note that, as a consequence
of a worse ZnO distribution, a larger amount of
dopant is needed to obtain the same effect on the
material.

Another remarkable result is the stability of the
microstructure with sintering temperature for
these materials. Samples Z with ZnO additions
equal to or larger than 0-5 wt% of ZnO can be
sintered to high density (98-99% D,) for a wide
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Fig. 7. Density versus sintering temperature for Z samples
doped with 5 and 10 wt% of ZnO.

Lo

Fig. 6. SEM micrographs of Z samples doped with 0-5 wt% of ZnO sintered at (A) 1250°C and (B) 1350°C.

range of temperatures. For the sample containing 0-5
wt% of ZnO, high density and homogeneous fine-
grained microstructure are obtained between 1250
and 1350°C (Fig. 6). This 100°C range for sintering
temperatures is unusual for BaTiO; materials (and it
may be even larger since higher temperatures were
not tested). As in the case of the undoped BT, neither
SEM nor TEM studies revealed any evidence of
liquid phase formation for the Z samples even at
sintering temperatures as high as 1350°C. This result,
together with the rounded shape of the grains,
points to a sintering process by volume diffusion.
Samples doped with ZnO percentages higher
than 1 wt% show important differences. Density is
still high (around 98% D,) for sintering tempera-
tures ranging from 1275 to 1350°C (Fig. 7). How-
ever, the microstructure shows the presence of large
ZnO grains surrounded by small grains of
BaTiO; (Fig. 8). The behaviour of the matrix of
BaTiO; grains (regarding the sintering temperature)
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is the same as that of the Z materials with 0-5 or
1 wt% of ZnO. No liquid phase was detected
in these samples for the range of temperatures
studied.

3.1.3 XRD analysis

Figure 9 shows the diffraction patterns of the Z
samples sintered at 1300°C and containing 0-5, 1,
5 and 10 wt% of ZnO. ZnO peaks are clearly
detected for the samples with larger amounts of
ZnO. However, the presence of ZnO grains in the
samples with lower amounts of ZnO cannot be
discarded in view of these results; obviously 0-5
wt% of crystalline ZnO falls below the detection
limit of this technique. On the other hand, although
study of the microstructure did not reveal the
presence of ZnO grains in these materials, it is
possible that a certain number of small ZnO
grains remain undetected. Such low ZnO concen-
tration may be very difficult to detect if it is well
distributed all around the sample.
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The BaTiO; lattice parameters and tetragonality
measured by XRD are represented in Fig. 10.
Both parameters ¢ and a change for ZnO addi-
tions up to 0-5 wt% and remain unchanged for
higher ZnO additions. This result indicates that
Zn** is incorporated into the BaTiO, lattice. The
change of the ¢ parameter suggests that this incor-
poration takes place in the A sites of the per-
ovskite. Otherwise, Zn?* incorporation in the Ti**
sites would cause an increase of the ¢ parameter
due to the larger size of the Zn**. On the other
hand, the ilmenite structure of ZnTiO,'? indicates
that the zinc cation is too small to support the
perovskite structure. Therefore, low amount of
Zn** is expected to be incorporated in A sites,
which means that a low solid solution limit of
ZnO in BaTiO; is expected. In fact, taking into
account the limitation of the XRD measurements,
it is possible to state that the solid solution limit is
lower than 0-5 wt% of ZnO.

The characteristics of the microstructure also
support the formulated hypothesis on the substi-
tuting of Zn>* for Ba?". If Zn** replaces Ti**, an
excess of TiO, should exsolve due to its low solu-
bility in BaTiO;."* As is well known, the TiO,
excess initiates liquid phase formation for temper-
atures above the eutectic point in the system
BaO-Ti0,. Furthermore, grain growth in BaTiO,
i1s strongly promoted in the presence of TiO,
excess. None of these effects have been observed,
even for samples heavily doped and sintered well
above the eutectic point of the system. Therefore,
the incorporation of Zn®" in A sites is completely
coherent with the data obtained in this work.

3.2 Electrical properties

Table 1 shows the values of dielectric and losses
constants measured at 1 kHz and room temperature
for the undoped BT material. As a consequence of
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Fig. 10. Lattice parameters (A) and tetragonality (B) of Z materials sintered at 1300°C.
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Table 1. Dielectric and losses constants for undoped BT

Sintering € 1g(8)( %)
temperature (°C) f=1kH: f=1kH:
1300 3022 590
1325 2897 491
1350 3040 4.48
1375 2655 3-89
1400 2506 276

the grain growth, the dielectric constant decreases
when the sintering temperature increases. However,
these values are higher than expected according to
the grain sizes detected. On the other hand, dielectric
losses are also very high, even when the density
reaches values around 98% D, for sintering tem-
peratures of 1350°C and above. The dependence
of the dielectric constant on the temperature can
be seen in Fig. 11. Undoped BT samples show the
Curie temperature at 126°C.

As previously discussed, S samples showed
extensive cracking which made reliable electrical
characterization problematic. On the other hand,
SC samples reflect strong processing-related effects
which may be difficult to separate from the ZnO
doping effects. Therefore, the electrical character-
istics of the Z materials are the most adequate to be
compared with those of the undoped BT (Fig. 11).

Table 2 shows the dielectric and losses con-
stants measured for all the Z materials sintered at
different temperatures. The dielectric constants of
the materials containing 0-1 and 0-2 wt% of ZnO
are more sensitive to sintering temperature because
of the presence of large grains which grow when
the sintering temperature is raised. In agreement
with the high homogeneity of their microstructure,
Z samples with 0-5 and 1 wt% of ZnO show very
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Fig. 11. Dielectric constant versus temperature for Z materials sintered at 1300°C.

little change of the dielectric constant with sintering
temperature. Higher additions of ZnO lead to
two-phase material, hence the dielectric constant
falls below the values measured for the rest of the
samples. More spectacular is the reduction of the
dielectric losses. In all cases these losses have been
diminished by about one order of magnitude with
respect to the undoped barium titanate. This effect
was registered for the whole range of sintering
temperatures studied. By comparing with the
undoped materials, the lower dielectric losses cannot
be due to the high density. Doped and undoped
samples with almost the same density value show
one order of magnitude difference between their
loss tangent values. Therefore, it seems that ZnO
additions may cause a lower conductivity in the
material.

The Curie temperature is 119°C (7°C less than
that of undoped BT) for the Z samples doped
with up to 1 wt% of ZnO. For the sample doped
with 5§ wt% of ZnO, the Curie temperature
detected is 122°C (4°C lower than that of undoped
BT). The shift of the Curie temperature reflects
the incorporation of zinc cations into the BaTiO,
lattice. On the other hand, the shape of the peaks
is a consequence of the fine-grained microstructure.
No relevant variations were detected for the
samples sintered at different temperatures. The
behaviour of these curves indicates that incorpora-
tion of Zn?* into the BaTiO; lattice has already
taken place for samples sintered at the lowest tem-
peratures, while the amount of ZnO incorporated
as solid solution seems to be unchanged (or
changes very slightly so that it is not detected) for
different sintering temperatures.

3.2.1 Complex impedance spectroscopy
Impedance diagrams of doped and undoped samples
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Table 2. Dielectric and losses constants for Z materials
Z1 zZ2 Z3 Z4 zZ5 Z6
T(°C) € tgd € 1gd € 128 € tgd '3 tgé € 1gé
1250 2719 1-00 3031 0-84 2809 0-38 2731 0-44 1934 0-35 2119 041
1275 2566 0-41 2756 0-43 2561 0-84 2596 0-35 2337 0-32 2028 0-61
1300 2081 0-28 2570 042 2706 0-46 2431 0-55 2002 0-62 1988 0-62
1325 1677 011 2457 0-42 2436 0-44 2572 0-40 2033 0-61 1700 0-53
1350 1233 0-34 2171 0-26 2576 0-43 2219 0-38 1941 0-27 1819 0-51

show important differences. Figure 12 shows
the diagrams for undoped BT sintered at 1350°C
and 05 wt% ZnO-doped material sintered at
1300°C. Both samples present comparable density
values. Grain and grain boundary contributions
are clearly shown for the undoped BT material;
however, the Z materials, as a general feature,
show strong overlapping of both contributions.
Due to this overlapping, the grain contribution
(much smaller than the grain boundary one) was
not possible to analyse with reasonable accuracy.
The origin of this behaviour of the doped sam-
ples is due to two main factors: high density of
grain boundaries due to the fine-grained micro-
structure and strong decrease of the grain boun-
dary conductivity.

Figure 13 shows a plot of grain boundary con-
ductivity versus temperature for the Z materials
sintered at 1300°C. The grain boundary conduc-
tivity of Z materials is about one order of magni-
tude lower than that of the undoped material,
which seems to correlate well with the strong
decrease of the dielectric losses. Heavily doped
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samples exhibit grain boundary conductivity
somewhat higher. In these cases the grain bound-
ary contribution is composed of boundaries with
different characteristics as a consequence of the
presence of considerable amount of ZnO grains.
However, for Z samples doped with between 0-2
and 1 wt% of ZnO, the electrical characteristics of
the grain boundaries are almost identical. Further-
more, these characteristics seem to be unchanged
for the range of sintering temperatures studied
(Fig. 14).

The change of the grain boundary characteris-
tics with respect to the undoped BT material may
be understood by taking into account the small
solid solution limit of ZnO in BaTiO,. Due to the
size mismatch between Zn>* and Ba?*, progress of
the solid solution towards grain interiors is not
expected. If it is so, ZnO-rich grain boundaries
and/or segregated ZnO at the interface between
the grains is expected, which would be responsible
for the change of the grain boundary characteris-
tics. Nevertheless, more data are needed in order
to clarify this point.
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Fig. 12. Impedance diagrams of undoped BT sintered at 1350°C (A) and Z sample with 0-5 wt% of ZnO, sintered at 1300°C (B).
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4 Conclusions

ZnO additions to ceramic BaTiQ; have been stud-
ied in the present work. Two different compounds
were tested as ZnO source: zinc stearate and solid
ZnO. Materials doped with stearate show that
ZnO additions of 1 wt% were able to control the
grain growth and led to homogeneous fine-grained
microstructures. However, as a consequence of the
burnout of the long organic chain of the stearate,
high density values were obtained only for low
ZnO contents. On the other hand, if the doped

powder is calcined before sintering in order to
eliminate the organic chain, strong powder
agglomeration takes place, driving heterogeneous
microstructures of the sintered ceramics.

In the case of materials doped with solid ZnO,
homogeneous fine-grained microstructures are
obtained starting with ZnO amounts of 0-5 wt%.
This difference with the stearate-doped material
revealed that the ZnO distribution in the BaTiO,
powder plays a critical role in the microstructure
development. Z materials show density values as
high as 99% D, for sintering temperatures 100°C
lower than for undoped material. High densities
and homogeneous fine-grained microstructures
were obtained for a 100°C wide range of sintering
temperatures and for ZnO compositions between
0-5 and 1 wt%. ZnO amounts larger than 1 wt%
gave rise to BaTiO;ZnO composite materials.
The solid solution limit of ZnO in BaTiO; appears
to fall below 0-5 wt% of ZnO in the range of tem-
peratures studied.

Regarding the electrical characteristics of the
ZnO-doped materials, several remarkable points
have been observed. Dielectric constant values
between 2000 and 3000 are measured for the ZnO-
doped samples. These values remained stable,
together with the microstructure of the material,
for a wide range of sintering temperatures and
different ZnO percentages. The dielectric losses
were well below 1% for all the ZnO-doped materi-
als studied, even for heavily doped samples which
show two-phase microstructure composed of ZnO
and BaTiO,.

In view of these results, ZnO-doped BaTiO;
compositions have excellent characteristics as
dielectric materials for high-quality capacitors.
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Furthermore, the results obtained for heavily
doped samples are very interesting for the purpose
of capacitor—varistor integration.
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