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Abstract

X7R-type multilayer ceramic capacitors produced by
three commercial manufacturers (A, B and C) have
been investigated by transmission electron micro-
scopy. All the specimens contained grains with dis-
tinct core—shell structures; the cores were almost
pure BaTiO; and exhibited domain structures at
room temperature. Specimens of type A had a grain
size of 1-2 um, with ‘wide’ shells containing Pb, Bi,
Nb, Ba and Ti. A bonding phase, rich in Si, Al, Ba
and Ti was detected between the dielectric grains and
Ag—Pd electrodes. Heating the samples to tempera-
tures above 130°C caused the ferroelectric domain
structure to be lost and replaced by a dislocation
network. Specimens of type B and C had a grain size
of 0-5-1-0um,; the ferroelectric cores were sur-
rounded by ‘narrow’ shells rich in Nb, Co, Ba and Ti.
The Ag—Pd internal electrodes were twinned. Type 1
and type II core—shell structures were found in all
three sets of multilayer ceramic capacitors. © 1998
Elsevier Science Limited. All rights reserved

1 Introduction

Ferroelectric barium titanate forms the basis of the
majority of multilayer ceramic (MLC) capacitors,
but with structural transitions, in the normal
operational range at ~0°C and ~130°C, and a very
large dielectric peak at ~130°C, additives are
necessary to produce commercially-useful powder
formulations.' For the X7R-type dielectrics the
relative permittivity (g,) must not change by more
than +15% from the value at 25°C over the
temperature range —55 to 125°C.3* An important
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characteristic of X7R-type materials is the presence
of core-shell structures within individual grains;
the core is usually relatively pure tetragonal ferro-
electric BaTiO; whilst the non-ferroelectric shells
contain most of the additives.'3>® The controlled
structural inhomogeneity is usually achieved by
pre-reacting the BaCO; and TiO; and then mixing
with dopants prior to sintering; failure of the
additives to fully interdiffuse leaves them trapped
in the outer regions of the grains.'~ Dielectric sta-
bility, and the comparatively flat ¢-temperature
characteristic is due to the combination of the
responses of the core and shell regions, or more
strictly the many separate ¢,-temperature curves in
the compositional gradient, each with its own
Curie temperature.'->8

There are four main groups of additives for
BaTiOs:

1. isovalent, e.g. Sr for Ba, or Zr for Ti which
tend to modify Curie temperature;'?

2. donor dopants, with a charge greater than
that of the host ion, e.g. Nb>* for Ti**, and
Nd** for Ba?*; when present at > 0-5mol%
they tend to inhibit grain growth;!!

3. acceptor ions, €.g. Mg?*, Ni** and Co?*
which replace Ti*™*; they tend to partly coun-
teract the effect of donor dopants but also
improve donor solubility in BaTiO3. An addi-
tional benefit is that they assist dielectric-tem-
perature stability;!'?

4. low-melting glass compositions!3-14—the most
common ones are summarised in Table 1, but
include Bi203, PbO, SiOz, A1203 and B203.

Core-shell structures have been observed in a
number of BaTiOj-based, model systems, including
those with addition of ZrQ,,%7:13-1¢ ZnO + Bi,0,;,!”
CdBiszzOg,z Bi4Ti3012,1 Bi,O; + Nb2058’18 and
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Table 1. The main oxides present in low melting temperature
glass compositions (after Kahn et al.?)

Major component Modifier component  Glass former
PbO ZnO B203
Bi,O3 CdO SiO,
BaO A1203 G602

Ce0,.° Hennings and Rosenstein? suggested that
the core and shell are not different phases but in
fact coherent across the boundary. Subsequently,
Armstrong and Buchanan'é found that in ZrO,-
doped BaTiO; the expansion mismatch between
core and shell generated internal stress which puts
the core in compression. Lu et al.® identified three
types of core-shell structures in zirconia-doped
BaTiOs5: type 1 structures have ferroelectric
domains and a featureless shell; type II structures
have dislocations extending to the shell region co-
existing with ferroelectric domains; type III struc-
tures have no ferroelectric domains but a high
density of dislocations. They argued that if sinter-
ing was allowed to proceed for extended times then
Zr would diffuse into the core and the composi-
tional homogenisation would cause a transition
from a type I structure to a type III structure.
Cerium is also isovalent with Ti, and one of the less
common dopants for X7R dielectrics.!® CeO,
additions to BaTiO; dramatically reduce the Curie
temperature and give rise to a grain microstructure
having three distinct regions: a small core of
almost-pure BaTiO;, a shell rich in Ce and an
intermediate region with a concentration gradient
of Ce/(Ba+ Ti).

In X7R materials prepared with Nb,Os and
Bi,O; there is much evidence to suggest that a
liquid phase forms during sintering.?%!® The sub-
sequent reactions are less well understood, but it
has been postulated that there is a reaction between
BaTiO; and the additives, partial vapourisation of
Bi,O3 and also diffusion of Bi into the pre-existing
BaTiO; grains.®

With the background knowledge of core shell
structures in various model BaTiOs-based systems
the present study is an investigation of the micro-
structure of three typical commerical X7R multi-
layer ceramic capacitors.

2 Experimental

Samples of X7R-type multilayer ceramic (MLC)
capacitors were supplied by three commercial man-
ufacturers. Hereafter, these will be designated as
specimens A, B, C. The MLC capacitors were pre-
pared by standard tape-casting techniques; indivi-
dual components were typically 6 x4 x 1 mm in size.

For TEM studies, specimens were prepared
using a modified version of the technique employed
by Reaney and Barber? for thin films. After
removing termination electrodes by grinding, pairs
of MLC capacitors were glued together with epoxy
resin. Cores, 3mm diameter were drilled from the
composite assemblages. These were cut, then
ground to a thickness of ~100 um, and finally ion-
milled (Ion Tech 791) to the required form. A Phi-
lips EM430 transmission electron microscope,
operating at 300 keV, was used for microstructural
studies. The TEM was equipped with an energy
dispersive X-ray analytical system (EDS) for che-
mical analysis and a hot stage; the latter allowed
samples to be heated to 150°C.

3 Results and Discussion

3.1 Sample A

Figure 1(a) is a typical TEM micrograph of sample
A. Tt is predominantly single phase, with a grain
size of 1-2 um. The dupiex core-shell structure,

Electrode .

Fig. 1. (a) Low magnification TEM micrograph of sample of

type A showing the grain size and duplex structure; (b) higher

magnification TEM micrograph of sample of type A showing
detail of the core—shell structure.
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characteristic of X7R-type materials, is evident
throughout the sample. Only type I and type II
core-shell structures were observed. Figure 1(b) is
a higher magnification TEM micrograph, showing
detail of an individual core-shell structure; the
internal electrode is visible at the left hand side of
the figure.

Chemical analysis of the grains (EDS) showed
that the cores were almost pure BaTiOj3, with tra-
ces of Nb and Pb, whilst the shells contained sig-
nificant amounts of Nb, Pb and Bi.

A scanning transmission electron microscope
(STEM) X-ray map for two adjacent grains is
shown in Fig. 2 The TEM image of the grains is
shown in the top left hand corner of the figure,
and their individual elemental X-ray maps in the
lower half of the figure. The bottom row shows the
original (unprocessed) X-ray data, with the pro-
cessed data immediately above. Comparison of the
TEM image and the composite overlay of X-ray
maps reveals that Nb, Bi and Pb are mainly located
in the grain shells.

Whilst sample A was predominantly single phase
BaTiO3-based perovskite, occasional second phase
grains were present. Figure 3 shows a lath-shaped
grain, approximately 2-5um long and 0-5-1-0 um
wide. This grain is rich in Ti with small amounts of
Nb (Fig. 3), and is believed to be a low melting
temperature phase.

The internal electrodes were, as expected for an
X7R MLC capacitor, based on a Ag—Pd alloy. Due
to overlapping peaks in the EDS spectra, it is not
possible to quantify the alloy composition. TEM
imaging of the electrodes showed that they were
frequently twinned (Fig. 4). At the interface
between the twinned region and the dielectric,
laminations or cracks were occasionally observed.
This was not totally unexpected as internal bond-
ing is not always perfect. However, in some areas,
a thin layer, rich in (Si, Al, Ba and Ti) was found

Fig. 2. TEM micrograph and X-ray maps for sample of type
A (see text for details).

Fig. 3. TEM micrograph of second phase (arrowed) in sample
of type A.

between the dielectric and the electrode (Fig. 5).
This phase was up to 5 um in length. The presence
of comparatively large amounts of Si in the bond
phase suggests that it formed from a low melting
temperature glass during fabrication. TEM analy-
sis revealed the existence of thickness fringes indi-
cating the development of a crystalline form.

On heating, sample A showed good thermal sta-
bility. After heating to 150°C for 30 min and cool-
ing to room temperature no lamination or cracking
of the dielectric or dielectric—electrode interface was
observed. Figure 6 shows a series of micrographs
for sample A during thermal cycling. At room
temperature [Fig. 6(a)], core—shell structures of
type I are visible in both large (5 um) and small (<
1 um) grains. At 120°C during heating [Fig. 6(b)]
domain structures within the cores are still visible,
but not so distinct as at room temperature. By
150°C all evidence of domains and core-shell
structures was lost, and only dislocations could be

Dielectric

Crack

Electrode

Fig. 4. TEM micrograph of sample of type A showing the

internal electrode which is twinned, and lamination at the

interface of the dielectric and the electrode. Inset is the elec-

tron diffraction pattern from the electrode confirming twin-
ning in the electrode.
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Electrode

Fig. 5. TEM micrograph of sample of type A, showing a ‘binder’ phase between the dielectric and internal electrode.

seen [Fig. 6(c)]. During cooling the sequence of
microstructural changes were reversed such that
details of the domains were evident by 120°C
[(Fig. 6(d)], and the core—shell structures were fully
formed once more in the room temperature images
[(Fig. 6(e)]. These images are very similar to those
reported by Park and Song® for BaTiOs—
0-03Ce0,:1-5Ti0, ceramics, and by Saucy et al. for
BaTiO3—ZrO, ceramics. For the CeQ,-doped sam-
ples, Park and Song found that the additives
depressed the Curie temperature to ~50°C, with
the result that the core—shell structures did not exist
at 125°C and, during cooling, became increasingly
stronger between 80°C and 25°C. Additions of
ZrO, had only a minor effect on the upper
(~130°C) transition temperature, but increased the
lower (~0°C) transition temperature with the result
that both merged at ~105°C in BaTiO; containing
S5wt% ZrQ,. Domain structures were clearly visi-
ble in the cores of BaTiO3-2wt% ZrO, grains up
to 120°C.

3.2 Sample B
Sample B was again predominantly single phase
perovskite, but with a smaller grain size of 0-5—
1.0 um [Fig. 7(a)]. At room temperature core shell
structures are ubiquitous, with both type I and
type II forms being present. Figure 7(b) shows
detail of the domain structure in the core of a sin-
gle grain. In general, the shells of grains in sample
B were narrower than those in Sample A.
Chemical analysis of sample B showed that grain
cores were almost pure BaTiOs;, whilst the shells
contained small amounts of Nb and Co (Fig. 8). A
second phase, rich in Co and Ti was found as
individual large grains, typically 2x0-5 um in size
(Fig. 9). This is believed to be cobalt titanate,
which is analogous to the zinc titanate grains
occasionally found in zirconium tin titanates pre-
pared with ZnO as a sintering aid.?’?> Small
BaTiO; particles were located within the second
phase. Again, the second phase may have resulted
from a liquid phase during fabrication.
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Fig. 6. TEM micrographs showing core—shell structures in sample of type A during heating and cooling, at (a) room temperature,
(b) 120°C, (c) 150°C, (d) 120°C, (e) room temperature.

3.3 Sample C
The third sample was very similar to sample B in
that it had a small grain size, in the range 0-5 to
1.0 um, and extensive duplex core-shell structures;
both type I and type II structures were present in
sample C, and the shells were narrow (Fig. 10).
Niobium and cobalt were found in the grain shells
in approximately the same amounts in sample B.
The second phase present in specimen C, in the
form of large needle shaped grains (up to 10 um by
14 um), was rich in Ba, Ti, Si, Al and Co (Fig. 11).
Small BaTiO; particles were found within the sec-
ond phase.

3.4 Overview

Although samples B and C were produced by two
different manufacturers it is clear that there are
many similarities (Table 2). It is therefore con-
venient to group samples B and C together and
compare directly with sample A. Both types of
sample have been prepared with Nb additions.
This donor dopant serves as a grain growth inhi-
bitor, controlling grain size to approximately
1-0 um, marginally smaller for samples B and C.
Significant amounts of Nb were found in the shells
of all grains. Samples B and C also contained the
acceptor dopant cobalt. This should have
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improved the solubility of Nb in BaTiO;, as well as
partly counteracting the effect of the donor dopant.
To ensure that the dielectric can be sintered at a
‘low’ temperature (~1150°C) further additives are
required to produce a liquid phase. For X7R
materials silicate glasses are common. Comparison
of Tables 1 and 2 suggests that the components of
the liquid phase in sample A were oxides of Pb, Bi,
Nb, Al and Si. In contrast samples B and C appear
to have relied upon oxides of Nb, Si and Al to
react with BaTiO; to develop the liquid phase.
Although it was apparent that the grain size of
sample A was slightly larger than that of samples B
and C, another notable feature was the wider shells

Fig. 7. TEM micrographs of sample of Type B showing (a) the
grain size and duplex structure, and (b) detail of the core—shell
structure (type I).
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Fig. 8. EDS spectrum of shell of the grain shown in Fig. 7(b).
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Fig. 9. (a) TEM micrograph of second phase (S) in sample of
type B; (b) EDS spectrum of the second phase shown in (a).

Fig. 10. TEM micrographs of sample of type C showing (a)
the overall microstructure; and (b) detail of core—shell struc-
ture.
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Fig. 11. TEM micrograph of second phase (arrowed) in sam-
ple of type C.

in sample A. Type I core-shell structures were
ubiquitous in all samples, and type II structures
were found occasionally. Type III structures (no
ferroelectric domains but a high density of dis-
locations) were only observed when samples were
heated above the Curie temperature, e.g. Fig. 6(c).

Second phases in the dielectrics were rare, but
when present were generally in the shape of lamel-
lae, several microns in length, e.g. Fig. 3. In sample
A the second phases were mainly rich in Ba and Ti,
with minor amounts of Pb, Nb and Bi. Between the
dielectric and internal clectrode there was another
lamellar second phase, up to 5 um in length, rich in
Si, Al, Ba and Ti. This silicate phase, possibly a
remnant from the liquid phase, may have served as
a ‘binder’ between metal and ceramic. In samples B
and C the second phases were of similar shape and
contained a combination of Co, Si, Ti, Ba and Al.
Again it is inferred that these grains developed
from a liquid and are crystalline in nature.

Of the divalent substituting ions, Pb?™ tends to
increase the ‘upper’ (~130°C) Curie temperatures
in BaTiOs, whilst Sr?™ tends to decrease both the
upper and lower (~0°C) transition temperatures
and Ca?™* decreases the lower transition tempera-
ture. The quadrivalent ions Zr and Sn tend to
decrease the upper transition temperature but
increase the lowest transition temperature, with the
effect that they merge into single transitions at

Table 2. Characteristics of commercial multilayer ceramic

capacitors
Sample Grain  Core-shell Size of Elements* Elements in
size structures  shell in shell second phase
(um)
A 1-2 Tand I1 Wide Pb,Bi,Nb  Nb,Pb,Bi,Ba.Ti,
Si,Al,Ba,Ti+
B 0-5-1.0 TandII Narrow Nb,Co Co, Ti
C 0-5-1-0 Tand Il Narrow Nb,Co Si,Al,Co,Ba,Ti

*In addition to Ba and Ti.
+ Metal—ceramic ‘bond’ phase?

approximately 7% replacement by Zr and
approximately 5% replacement by Sn.!°

Within the small regions investigated the internal
electrodes (Pd—Ag) were continuous and had
apparent thicknesses of typically 0-4 um (Fig. 5). In
reality, the electrodes are 1-2 um thick and tend to
be ‘net-shaped’ with pillars of dielectric growing
through the cavities, which improves the mechan-
ical integrity of the devices.?* Electron diffraction
patterns revealed that the electrodes were twinned.

4 Conclusions

TEM investigations of commercial multilayer
ceramic capacitors from three manufacturers
revealed differences in terms of microstructure and
the additives employed to achieve X7R-type char-
acteristics:

1. Group A dielectrics had a grain size of 1-
2 um; the cores were almost pure BaTiOs,
whilst the wide shells contained Pb, Bi and Nb
in addition to BaTiO3. Secondary phases were
rare but contained primarily oxides of Ba, Ti,
Pb, Nb and Bi; between the dielectric and
electrodes an Si~-Al-Ba-Ti oxide phase was
found. Both type I and type II core-shell
structures were present. Nb is a donor dopant
in BaTiOs; the sintering process was aided by
a liquid phase involving Nb, Pb, Bi, Al, Si, Ba
and Ti oxides. Heating the samples to tem-
peratures above 130°C caused the ferroelectric
domain structure to be lost and replaced by a
network of dislocations.

2. Group B and C dielectrics had grain sizes of
0-5-1-0 um; the ferroelectric BaTiO; cores
were surrounded by narrow shells containing
Nb, Co, Ba and Ti oxides. Lamellar second
phases contained Ba, Ti, Si, Al and Co. In
these ceramics, Nb was a donor and Co an
acceptor. Liquid phase sintering was aided by
reactions involving some or all of Ba, Ti, Si,
Al, Co and Nb oxides.

3. The internal electrodes were Ag—Pd; electron
diffraction patterns confirmed that the metal-
lic alloy was twinned.
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