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Abstract

Two types of multilayer ceramic capacitors (MLCCs), Y5V

with Ni electrodes and X7R with Ag electrodes, were mainly
characterized by transmission electron microscopy (TEM) using
tripod polishing specimens and ion milled samples, and showed
quite different microstructures which determined their dielectric
behaviors.

In X7R-type MLCCs, core-shell structures were clearly

observed in the TEM specimens, and glass phases located at the
grain boundaries and triple points were frequently observed.
Their chemical composition was analyzed using energy
dispersive X-ray spectrometry (EDS), which showed bismuth
ions diffused into the shell regions, while the cores were pure
BaTiO3. X-ray diffraction (XRD) suggested that the predominant
phase in the microstructure had pseudocubic global symmetry,

while ferroelectric domains were observed in TEM bright field
(BF) images.  The internal electrodes in the devices were an
alloy of Ag/Pd, and these regions were found to have twinned
crystal structures.  The stress states in the interfaces between
the electrodes and the dielectric layers were revealed, and no
silver migration in the flux at the electrode-dielectric interfaces

was observed.
Electron diffraction patterns across the core-shell

boundaries and convergent beam electron diffraction patterns of
cores and shells indicated that coherent grain boundaries
existed between cores and shells.  The flat dielectric constant–
temperature curves obtained from these materials can be



xiii

interpreted in terms of the internal stress states in individual
grains.  The stress states were observed using weak beam dark
field (WBDF) microscopy.  The strain contours formed by
distorted crystal planes were visible in the WBDF images.  The

contours observed were dependent on the stress state of the
crystal instead of crystal symmetry and the stress distribution
in individual grains was determined by both the thickness ratio
of shell and core, and the geometrical relationship of the core
and the shell.  Twins observed in this material were determined
to be growth rather than mechanical twins, through observation

of the strain contour distribution.
Defects in the paraelectric phases of BaTiO3 doped with

Bi2O3 were analyzed by transmission electron microscopy under
two-beam conditions. (111) twin structures were characterized
by selected area diffraction and bright field images. The
orientation relationships of the (111) twins were determined

using stereograms.  Lamella-twinned crystallites included in the
paraelectric phases were found in this system.  Pure wedge
fringes were analyzed in these grains using electron diffraction
and imaging techniques.  Double diffraction was observed in the
overlapped regions of the matrix and the microtwin in the [113]
direction, and high-density dislocation loops were seen in some

grains.  WBDFM techniques were employed to observe the
dislocation loops, which predominately lay on {100} crystal
planes with Burger’s vectors a<100>, and were found to be pure
edge dislocations. Some dislocations were transformed into
crystallographic shear planes.
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The microstructures and dielectric properties of Y5V-type
MLCCs based on re-oxidized Ba(Ti0.88,Zr0.12)O3 (BTZ) materials
with Ni electrodes were studied using transmission electron
microscopy (TEM).  Dielectric measurements showed that the

BTZ materials exhibited frequency relaxation effects.  Although
X-ray diffraction (XRD) showed a single pseudocubic phase, split
and elongated electron diffraction spots were observed using
selected area diffraction (SAD).  There were no super-lattice
diffraction spots in the SAD pattern. The microstructures of BTZ
dielectric materials were observed at dynamical diffraction

conditions, and multi-domain structures coexisting in one grain
were imaged with high contrast. Bright field (BF) and centered
dark field (CDF) images revealed the pseudocubic (100) and (110)
domain walls had developed in some regions of the same grain
with normal ferroelectric macro-domain features, and bend
contours and distorted domain walls were seen.  Defects with

the features of low angle grain boundaries, dislocations and
phase boundaries were also observed. Uneven distribution of
internal stress and coexistence of multi-phases and multi-
domains in individual grains were considered to be responsible
for the frequency relaxor behavior observed in these materials.
A model of the evolution of the microstructures with the

decrease of temperature is presented.
The compatibility of electrodes and dielectrics in cofired

MLCCs with both Ni and Ag/Pd electrodes was characterized by
transmission electron microscopy (TEM) using tripod polished
samples. Tripod polishing procedures can reduce entire devices
to a thickness of less than 1 m.  After low angle ion milling for
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a short time, many regions across several dielectric and
electrode layers are electron transparent, which makes it
possible to characterize the cofired interfacial microstructures.
When analyzed by convergent beam electron diffraction (CBED)

and energy dispersive X-ray spectrometry (EDS), NiO lamellae
and P-rich intermediate layers were found in highly accelerated
life tested (HALT) MLCCs with Ni electrodes.  CBED confirmed
that the P-rich layers had a Ba4Ti13O30 (B4T13) structures.
Oxidized Ni layers containing Mn were also found in the HALT
samples.  It is believed that Mn ions were reduced by the Ni

electrodes, as P-rich and Mn-rich segregated layers were
observed in the virginal non-life tested MLCCs.  Grains with
stacking faults, containing dopants such as Mn, Si, and Mg, had
the BaTi4O9 (BT4) structure.  No silver diffusion was found in
either the BaTiO3 based perovskite lattices or the flux phases in
air-fired X7R type MLCCs.
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1 Introduction

1.1 Multilayer Ceramic Capacitors (MLCCs)
Multilayer ceramic capacitors (MLCCs) are important

electric components which are used in almost all areas of
electronics.  Their high volumetric capacitance and strong heat-
cycle shock resistance consistently outperform those of
electrolytic capacitors as surface mounting devices (SMDs).   For
these reasons, MLCCs are expected to eventually replace

electrolytic capacitors.1

The challenge for future developments in high-
performance multilayer ceramic capacitors (MLCCs), driven by
the market, is to increase volume efficiency and reduce the
manufacturing costs.2 The keys to achieving these objectives are
to reduce the thickness of the metal electrode and dielectric

layers, to develop high permittivity dielectric materials and to
utilize inexpensive internal electrodes and terminals.   Reducing
the dielectric thickness (which facilitates a simultaneous
increase in the number of active layers) offers the greatest
potential improvement in efficiency and accounts for perhaps
the most important and intensive task for R&D groups in the
MLCC industry.   Reducing the active thickness is a more

effective strategy for increasing volume efficiency than simply
increasing the dielectric constant of the material.   As recently
as the early 1980s, active layer thicknesses of 40 µm made layer

counts of 40 active layers the typical design.   In the late 1980s,
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10µm layers appeared on the market, and 60 active layer

designs became common.  Today, MLCCs with 4 µm and 170

active layers are available in the market, and <3 µm layer

thicknesses are in the design stage.   These new developments
will enable the production of devices with over 200 active
layers.2

Another research direction to increase the performance of
MLCCs is the use of cheaper base-metal electrodes (BME)
instead of the noble-metal electrodes previously employed.   Up

until 1995, most MLCCs were manufactured using expensive
internal electrode layers of palladium and palladium-silver
alloys.  Between 1992 and 2000, the price of palladium has
increased by the factor of 10 or more.   Today, more than 60% of
MLCCs are manufactured with Ni base-metal electrodes.   In
comparison to MLCCs with classical noble-metal electrodes

(Ag/Pd), cost savings of between 2 and 5 times can be achieved
using internal Ni electrodes.3

However, challenges exist for all these research efforts to
develop high-performance MLCCs with low manufacturing costs.
Conventionally, BaTiO3-based dielectrics have been used in
MLCCs, and in order to produce thinner dielectric active layers

in such devices, the average grain size of the BaTiO3 has to be
reduced.  The dielectric constant of BaTiO3 is dependent on the
grain size of the material, and the dielectric permittivity
increases with decreasing grain size until it reaches a maximum
at grain sizes in the 0.6-0.8 µm range.2  With further decreases
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in the grain size, the dielectric constant drops significantly.
Moreover, electrode migration into the dielectric layers, which
can affect the stability and dielectric properties of MLCCs, has
to be taken into consideration as this is more likely to occur in

systems with thinner active dielectric layers.
The production of capacitors with electrodes made of base

metals such as nickel or copper requires a reducing atmosphere
to protect these metals from oxidation when fired.  Oxygen
vacancies left behind in the dielectric by this firing atmosphere
lower the insulation resistance of the devices and degrade their

reliability.4

1.2 Crystal Structures and Phases of Barium
Titanate

Barium titanate is one of the most common materials
used for industrial manufacturing of MLCCs.  Pure barium

titanate has a cubic perovskite structure at temperatures higher
than the Curie temperature (Tc), with barium ions located at the
corners, called A-sites, of the unit cell, oxygen ions at the face
centers forming octahedra and titanium ions at the centers,
called B-sites, of the octahedra.  With a decreasing of
temperature, undoped barium titanate materials undergo phase

transitions from cubic to tetragonal symmetry, from tetragonal
to orthorhombic symmetry, and from orthorhombic to
rhombohedral symmetry at temperatures of 130ºC, 0ºC, and
-90ºC, respectively.  Three dielectric peaks can be observed at
the phase transition temperatures during cooling or heating.5,6



4

Certain regions in ferroelectric materials, where the
spontaneous dipoles are aligned in the same directions to form

long-range order, are called domains.  Domains whose directions
of spontaneous polarization are mutually perpendicular are
called 90º domains.  There can be 90° domain walls, which are
crystallographically preferred, coinciding with the pseudocubic
{110} planes, and 180º domain walls in tetragonal BaTiO3.  The
spontaneous dipoles are aligned along the c-axis.  The

orthorhombic phase has 90º and 60º domain walls, which
coincide with the pseudocubic {100} planes and {110} planes.
The spontaneous dipoles are oriented in the pseudocubic <110>
directions.  In the rhombohedral phase, the domain walls are the

Fig. 1. Structural changes occurring at the three
ferroelectric phase transformations in undoped BaTiO3
result in three dielectric peaks.5
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pseudocubic {100} and {110} as well, but the spontaneous dipoles
are ordered in the pseudocubic <111> directions.6

BaTiO3 materials can be modified to meet the
temperature-stability requirements of the Electronic Industries

Association (EIA) specifications such as X7R, Y5V, Z5U and
others by doping the material with chemical phase-transition
shifters, pinchers and depressors or by artificially optimizing the
microstructures of the materials.  For example, when BaTiO3

materials are doped with BaZrO3 to form Ba(Ti1-yZry)O3 solid
solutions with y>0.10, the three phase-transition points and the

three corresponding dielectric constant peaks move closer
together to form a single broad maxium.7 This behavior yield a
“diffuse phase transition (DPT)”, which is neither a first nor a
second order transition, and which cannot be explained by
classical theory.8

In the BaO-TiO2 binary system, the solubility of BaO in

BaTiO3 was reported to be no more than 100 ppm.9 With an
excess of BaO, Barium orthotitanate (Ba2TiO4) is formed as a
second phase in the binary system.  The solubility of TiO2 in
BaTiO3 is also less than 100 ppm.10 The adjacent second phase
formed at higher TiO2 contents is Ba6Ti17O40.  With further
increases in TiO2 content, Ba4Ti13O30, BaTi4O9 and Ba2Ti9O20

develop as second phases in such order.
The interrelationships of phases in a ternary system

containing BaO-TiO2 are much more complex.  A typical phase
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diagram for a ternary system, BaO-TiO2-ZrO2, is shown in
Figure 2.11

1.3 X7R-Type MLCCs
The EIA’s X7R specification demands that the dielectric

constant should not change by more than ±15% from the 25ºC

Fig. 2. Phase diagram of BaO-TiO2-ZrO2 ternary system.11,12

Reprinted from J. Solid State Chem. Vol. 104, R. S. Roth etc., 99-118,
Copyright (1993), with permission from Elsevier.
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value over the temperature range –55ºC to 125ºC.  The
fundamental dielectric temperature characteristics can be
modified by chemical doping, from small grain size and from the
presence of “core-shell” microstructures in the materials.13 The

cores in such structures are undoped barium titanate while the
shells are doped with additives such as Zr4+, Ce4+, Nb5+ and
Bi3+.8,,13,14,15 The inhomogeneous chemical composition found in
these cores and shells indicates that the core-shell structure is
not a thermodynamically stable state.  By modifying the
sintering time and temperature to change the ratio of cores to

shells in the materials, the dielectric constant-temperature
properties can be optimized such that the curve is flat enough to
meet the X7R specification.

Hennings and Rosenstein explained the temperature
stable behavior of dielectrics using a model which superimposed
the characteristics of ferroelectric BaTiO3 in the core and the

paraelectric perovskite in the shell.16 However, later research
showed that the different internal stress states of the core and
shell play an important role in creating a flat dielectric constant
response with respect to temperature.17 The distribution of the
internal stress states in individual grains is still an unsolved
problem.

The formation mechanism of the core-shell structure is
known as “diffuse phase transformation” (DPT).  Lu, et al.
reported that DPT in ZrO2-BaTiO3 was caused by the diffusion
of Zr4+ ions into the BaTiO3 crystals to form the shell phase.8
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Park, et al. studying cerium-doped barium titanate, found that
instead of there being a defined boundary between core and
shell, there was a concentration-gradient region in which the
dopant concentration varied between the cores and shells.13

Rawal, et al. suggested that higher sintering temperatures only
have a minor effect on the distribution of the common aliovalent
donors (i.e. Nb5+, La3+) while Bi3+ can diffuse into the grain cores
at higher temperatures, rendering the entire grain
paraelectric.15 In order to clarify the formation mechanism of the
core-shell structured grains, Pathumarak et al. characterized

the oxides formed by the reaction between Bi2O3, Nb2O5 and
BaTiO3.   They concluded that a phase was formed which acted
as the source for the dopants leading to core-shell structure
formation.14 The formation mechanism of the core-shell
structure of a BaTiO3(BT)-MgO-Ho2O3-based system was
studied by Kishi, et al.18  They believed the core-shell structure

was formed by the suppression of the diffusion of Ho into the
core to form shell region by Mg.  Mg ions act as acceptors for B
sites and Ho ions act as both donors and acceptors for both A
and B sites in the shell phase.  Yoon, et al. believed that the
grain growth behavior depending on donor/acceptor ratio was
not related to solid-state diffusion in the BT-Nb2O5-MgO

system.19 Both Nb5+ and Mg2+ enter B-sites in BT lattices. The
Nb5+ ions function as donors while the Mg2+ ions act as acceptors.
They found that another important factor influencing the
stability of the core-shell structure of BaTiO3 was the
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donor/acceptor ratio.  Donor-rich specimens exhibited a fine-
grained microstructure, but significant grain growth occurred in
the acceptor-rich specimens.  Similar research results were
found in the BT-Nb2O5-Co3O4 ternary system.20,21 Diffusion-

couple experiments revealed that Co had a higher diffusivity
than Nb, and that the diffusion of Co was suppressed when co-
doped with a sufficient amount of Nb.  The stability of the core-
shell microstructure was found to be closely related to the Nb/Co
ratio.  The liquid phase contributed little to densification and
microstructural evolution in the system BT-Nb2O5-Co3O4.

1.4 Degradation of MLCCs
Resistance degradation of dielectric ceramics is

characterized by a slow increase of the leakage currents under
simultaneous temperature and DC field stress.23 To evaluate the
degradation rate, a characteristic time (or lifetime) tch is defined

as the time at which the leakage current density J has risen one
decade above its initial minimum value.   Figure 3 is a
schematic diagram showing resistance degradation of MLCCs.

Conduction in single crystal and ceramic BaTiO3 has been
investigated for more than 50 years.  Concentration-cell
research showed that pure single crystals of BaTiO3 are

electronic conductors in the temperature range from 100 to 535
ºC, while ionic conduction predominates from 100 to 300ºC in
undoped ceramics or doped single crystals.23 Potential
distribution measurements in undoped BaTiO3, sintered at
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reducing atmospheres and followed by re-oxidization, showed
that grain boundaries are the high resistivity diffusion layers for
oxygen vacancies.24 Burn claimed that the degradation
mechanism in Mn-doped BaTiO3 is closely associated with

oxygen partial pressures (p(O2)).25  For oxygen pressures greater
than 10-4 atm, conductivity increased with increasing p(O2), a
characteristic of p-type behavior when oxygen begins to fill
impurity-related oxygen vacancies:
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  For the middle region of oxygen pressures (10-4 to 10-12

atm), conductivity may well be mainly ionic as following
electroneutrality condition holds:

]
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For low oxygen pressures, the formation of additional

oxygen vacancies produces more electrons:
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Electrochemical investigation and the annealing
procedure analysis further confirmed that oxygen vacancies play
an important role in determining the conduction mechanism at
low temperatures.26,27 Rodel and Tomandl proposed a quasi-
reduction model for the degradation of Mn-doped BaTiO3

ceramics.27 They suggested that oxygen vacancies were injected

into materials at the anode and migrated forward to the cathode
under the effect of the electric field.  These oxygen vacancies are

captured at the manganese lattice sites to form ]
..'

[
o

V
Ti

Mn −2  or

]
..''

[
o

V
Ti

Mn −  complexes.  With additional oxygen vacancies

injected from the anode, more Mn ions are reduced to lower
valences in order to trap the oxygen vacancies.  The materials
will become p-type semiconductors by the following process:

(3)

(2)
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This model was also described as electric-field-assisted
one-way diffusion, which, unfortunately, was later questioned by
Waser et al.22,28,29

After systematically researching the degradation of doped
ceramics and undoped and doped single crystals, Waser, et al.

proposed a demixing process model based on potential
distribution studies, electrocoloration, electrooptical Kerr
measurements, and numerical simulation.22,28,29 The main
points of the demixing process are that the oxygen vacancies
migrate to the cathode under the effect of high DC electric field,
but the ionic transfer is blocked at the electrodes.  As a result,
an oxygen vacancy concentration gradient exists between the

cathode and anode.  The positive charges of the high oxygen-
vacancy concentration region must be compensated by
conduction electrons.  Therefore, an n-conducting cathodic
region is formed.  Similarly, a p-conductivity is established in
the anodic region.  The electromigration and a concentration
polarization of oxygen vacancies between the anode and cathode

are essential for the degradation process.
Schulze, et al. proposed that anion vacancies were

pumped from the grain centers to the boundary regions under
high AC electric field.30 An increase in the conductivity of local

(4)

(5)



13

grain boundary regions resulted in the eventual degradation of
the bulk resistivity was proposed.

Degradation of MLCCs with Ni electrodes was researched
by Sumita et al. with special attention given to the

microstructure.32  Some of the results in their work were novel
even though degradation has been researched for more than 50
years.  Based on scanning electron microscope (SEM)
observations, cathode luminescence (CL) images, and corona
current, they found that the grain boundary phase (GBP) is the
main path of electric conduction; that oxygen and barium

vacancies were formed in the GBP, but not in grains of BT-based
dielectric; that migration of Ni from electrodes to dielectric
layers occurred; and that double layers, consisting of a P-rich
layer and a Mn-rich layer, were found on the surface of Ni
electrodes in the long lifetime capacitors.

1.5 Base-Metal Electrode MLCCs
With increasing market competition, capacitor

manufactures are focusing on how to lower the production costs
in the MLCC industry.  One of the achievements is to substitute
cheap base-metal electrodes (BME) for expensive noble-metal
electrodes.  These kinds of BME MLCCs must be fired in a

reducing atmosphere to protect the BME from oxidization.
Unfortunately, BaTiO3 materials are reduced in the process and
become n-type semiconductors according to equation (3) (page
11).  In order to suppress the concentration of conduction
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electrons in materials fired in a reducing atmosphere, acceptors
like Fe3+, Mn2+, Ca2+ and Cr3+ are doped onto the B sites (Ti4+

site) of  BaTiO3 to trap conduction electrons according to the
following mechanism32-35:

o
O

o
V

Ba
Ba

Ti
CaCaOBaO

BaTiO
2..,,3 +++ →+

In tests, although acceptor-doped BaTiO3 materials
showed high resistivity at the beginning of their lives, the
MLCCs degraded quickly under the electric field.  What had

been overlooked was that acceptor doped dielectrics exhibit a
considerable ionic conductivity caused by the mobility of charged
oxygen vacancies in the electric field.3,36 Burn and Maher found
high insulating resistance in BaTiO3 materials doped with 0.5
mol% Mn, Co or Mg, provided that they were partially re-
oxidized afterwards.32 Other dopants such as Cr, Ga, or Fe,
while inhibiting high conductivity following sintering in

reducing atmospheres, were not as effective in producing useful
dielectrics.  They also suggested avoiding excess TiO2 in the
system because a major portion of the dopant remained in the
inter-granular sintering phase.  Saito, et al. found the addition
of holmium had little effect in preventing the dielectrics from
being reduced at high temperature, but the resistivities at low

temperature of Ho-doped materials increased with increasing
Ho2O3 when they were treated in an oxidizing atmosphere (p(O2)
= 30 Pa) at the cooling stage.37 They believed that the
concentration of oxygen vacancies of Ho-doped materials was

(6)
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decreased more easily than that of undoped materials under a
re-oxidizing process.  Dielectric properties of various rare-earth-
oxide-doped BaTiO3 ceramics studied by Okino, et al. found that
small-ion (Dy, Ho, Er)-doped samples showed lower resistivity in

a reducing atmosphere, but higher resistivity in an oxidizing
atmosphere, compared to large-ion (La, Sm, Gd)-doped samples.
Like Ho, Dy ions can enter both the A and B sites of the
perovskite structure to work as donors and acceptors.3,38,39 Y-
doped materials also exhibit high resistivity.  There is some
debate in the literature as to whether Y ions enter A sites or B

sites in the perovskite lattice.39,40 Hennings, et al.  believe that Y,
Dy, and Ho,  are so called magic ions, which have an amphoteric
character and are thus able to enter the A sites as well as the B
sites of the perovskite lattice depending on the Ba/Ti ratio.3,39,40

They explained that the life stability of BME MLCCs doped by
these magic ions is due to the formation of donor-acceptor

complexes by self-compensation.
   Although BME MLCCs doped with variable-valence ions

such as Mn show improved life stability after a gentle re-
oxidization treatment, a large number of oxygen vacancies still
survive in these materials.  The new BME MLCCs with
excellent life usually contained mixtures of donors and

acceptors.3,41 Donors like W and Nb are capable of compensating
the acceptors in place of oxygen vacancies according to equation
(7).



16

o
O

Ba
Ba

Ti
Nb

Ti
Mn

BaTiO
BaOONbMnO 93}

.
2

''
{33

52
++− →++

In Mn-doped ceramics, Mn2+ is completely oxidized to
Mn3+ in  N2 containing 50 ppm O2 at T>800ºC.  Donors and
acceptors together form highly stable complexes which can no
longer be oxidized even in a pure oxygen atmosphere.

Defect chemistry in highly donor-doped BaTiO3, studied
by Chan, et al.  indicated that at donor concentrations greater
than 0.5 mol% in BaTiO3, charge compensation is achieved by Ti
vacancies under oxidizing conditions, and by electrons under
reducing conditions.42 The defect equations are shown in
equations (8) and (9).
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Song, et al. studied the overall kinetics of oxygen-non-
stoichiometry re-equilibrium of BaTiO3-  after a change of the
ambient oxygen potential in undoped and acceptor-doped
systems.43-49  The overall kinetics of non-stoichiometry re-
equilibrium consists of two chemical reaction steps: the oxygen
extraction or incorporation, or redox, which happen at the oxide

surface and inside the solid oxide.47  The surface reaction
becomes rate-controlling at the n-to-p transition point, or the
stoichiometric composition ( ~0)105, while the chemical diffusion
reaches a maximum.44

(7)

(8)

(9)
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The microstructures of BME-X7R ceramics investigated
by TEM showed that microstructures changed dramatically with
varying sintering temperatures and atmospheres.50 Highly
mobile and dense oxygen vacancy clusters were observed in the

samples fired in reducing atmospheres.  The features of these
defect clusters were dependent on the annealing conditions
especially oxygen partial pressure.  At nearly the same time,
dislocation loops with Burgers vector of ½<100> were observed
by TEM in non-stoichiometric and stoichiometric (Ba,Ca)TiO3,
and in stoichiometric BaTiO3 sintered in a reducing atmosphere.

These dislocation loops are crystallographically unstable and
easily convert into a crystallographic shear (CS) structures with
a displacement vector of type ½<110>.1 The oxygen vacancy
clusters are closely correlated to the dislocation loops and CS
structures.  Microstructure analysis in the BT-MgO-Ho2O3 and
BT-MgO-Dy2O3 systems showed that microstructure had a

definite influence on the electrical properties, such as the
temperature dependence of the dielectric constant and the
capacitance aging behavior under an unloaded field.51

1.6 The Compatibility of Metal Electrodes and
Dielectric Materials

MLCCs are manufactured by tape casting of multiple
dielectric layers separated by electrodes into a monolithic chip.
The compatibility of metal electrodes and dielectric layers is one
of the main concerns of the MLCC manufacturing industry.



18

Usually, two types of metal electrodes, noble-metal electrodes
like Ag/Pd or base-metal electrodes like Ni, are used as the
internal electrodes of MLCCs.

Although the Ag/Pd systems can be fired in air with good

conductivity, they unfortunately exhibits a unique problem:
volume expansion due to the oxidation of Pd and volume
contraction during reduction of PdO, which have a detrimental
impact on the mechanical compatibility of electrodes and
dielectric layers.52 In ultra-low fired dielectric systems, chemical
reaction of Ag/Pd with fluxes like Bi2O3 and PbO has a severely

detrimental impact on the electrical performance of the
component.  Phase relations for the Ag/Pd-Bi2O3-O2 (air)
systems are shown in Figure 4.52

Fig. 4. Phase relations for the Ag/Pd-Bi2O3-O2 (air)
system.52,53 The temperature of PdO reduction (line A) and
PdBi2O4 decomposition (line B) both depend on the Ag/Pd
ratio.  [Reprinted with permission of The American Ceramic Society,
www.ceramics.org. Copyright 1992. All rights reserved.]
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Recently, Garino and Rodriguez claimed that the
expansion of Ag/Pd fired in air is a result of the formation of a
new phase, Ag3Pd, instead of Pd oxidization.54  The oxygen only
accelerates the formation of the intermetallic phase.  They

further proposed that a prealloyed powder of Ag/Pd or firing at
low oxygen partial pressure can avoid the abnormal expansion.

Silver diffusion and silver volatilization during firing in
cofired MLCCs is another important issue.  Silver migration into
Pb-containing perovskites affects microstructure, sintering
characteristics, and electrical performance.55-57  Silver atoms

were believed to substitute for lead at the A site in the
perovskite structure and degradation of insulation resistance
was interpreted as being a result of silver migration from the
anode to the cathode through a grain boundary phase mediated
by water or humidity.58  Lewis et al. found a large segregation of
silver at the grain boundaries and small solid solubility (only a

few hundred parts per million) within the grains.59  However,
Chen et al. believed the diffusion of silver into BaTiO3 during
sintering may be negligible.60   Silver travels a few hundred
micrometers mainly in the form of vapor through the pore
channel of the dielectrics when the sintering temperature is
higher than 1200ºC.   The solubility of silver in BaTiO3 analyzed

by electron probe microanalysis is less than 300 ppm.61  Islands
of silver particles were randomly distributed in silver-doped
BaTiO3 ceramics fired in air.  The effect of silver on the sintering
was found to be due to the inhabitation of grain growth by the
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silver inclusions.  Silver inclusions also increased the dielectric
constant, but decreased the insulation resistance and
breakdown voltage.60-62

Electrolytic Ag migration between interdigitated electrode

layers in MLCCs is well accepted.  The failure mechanism is
that electrolytic diffusion caused by the growth of acicular and
dendritic Ag at the cathode, which migrates through the ceramic
grain boundaries or ceramic surfaces and eventually causes a
short on contact with the anode.52

There is very little reported research regarding nickel

electrode compatibility.

1.7 Relaxor Effect in BCTZ Materials
     In 1998, Hansen, et al. observed an interesting

phenomenon in re-oxidized acceptor-doped (Ba1-xCax)(Ti1-yZry)O3

(BCTZ) materials.63  The dielectric properties of these materials

showed frequency relaxation effects that were similar, at least
phenomenologically, to the relaxor effect which is often observed
in lead-containing ferroelectric complex pervoskites.  No
microstructure analysis was presented in that article.

Generally, Ba(Ti,Zr)O3 (BTZ) materials sintered in air
show DPT, which is caused by internal stress in the

microstructure as explained by Hennings.7  As the zirconium
content increases, the phase transition temperature approaches
each other, until at a zirconium content of ~ 20%, only one phase
transition exists.  Below this temperature, the rhombohedral



21

phase is stable; above this temperature, the cubic phase is stable.
A coexistence of both the orthorhombic and tetragonal phases
within a small temperature interval at the Curie point was
assumed by other researchers.64

The dielectric properties and aging behavior of BTZ
materials sintered in reducing atmospheres are closely
associated with the annealing oxygen partial pressure, the
dopant content, and microstructures.63,64

The classical relaxor model, known as the Smolenskii
model, for an A(B1B2)O3 perovskite is made up of dipole clusters,

called micro-ferroelectric regions or micro-ferroelectric domains,
which are caused by chemical composition fluctuations due to
the random distribution of B1 and  B2 ions.65  These micro-
ferroelectric regions mix with paraelectric micro-domains in the
system over a wide temperature range.  Each of the micro-
ferroelectric domains has its own Curie temperature.  An

excellent review of relaxor ferroelectrics may be found in
reference 65.  However, until now, no verification appears to
have been made for the direct role of composition fluctuations.

1.8 TEM Diffraction and Imaging Techniques

From the previous several sections, it is clear that

microstructures are crucial to material properties, especially in
ferroelectric materials like BaTiO3.  For example, the grain size
of undoped BaTiO3 directly affects the dielectric constant.66  Flat
dielectric constant-temperature behavior of doped BaTiO3 is due
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to core-shell structures.13-17  The degradation mechanism of
MLCCs and the resistance of MLCCs fired in reducing
atmospheres are dependent on grain boundary phases and
oxygen vacancy clusters.31,50  Certainly, the materials’ properties

can be improved by purposely designing the microstructures
through process variables.

It is at a reasonably high level to understand the
properties of electroceramics governed by their microstructures
at presnet.67  These relatively coarse microstructural features,
such as grain size, porosity, and grain boundary structure, have

been characterized extensively in many systems using optical
and scanning electron microscope techniques.68  More valuable
microstructural features such as domain structures, interfacial
structures between electrodes and dielectric layers and phase
identifications in modified BaTiO3 system need more advanced
characterization tools like the transmission electron microscope

(TEM) and more sophisticated sample preparation techniques.
This section reviews the TEM diffraction and imaging

techniques.  More information is given in references 69, 70, 71
and 72.  The practical application of these techniques will be
covered in the next section.

It is well known that electrons can be scattered by both

nuclei and the electron clouds of atoms, which cause the
intensity of the electrons to vary in different parts of the
transmitted image.  This is called image contrast, and allows the
features of the specimen to be imaged in the TEM.  There are
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two kinds of theories: kinematical theory and dynamical theory,
used to calculate the intensity of diffracted and transmitted
beams.

The kinematical theory is a relatively coarse and

simplified theory.  It assumes that “an electron can only be
scattered once” and “the depletion of the incident beam when
progressing into the crystal can be ignored.”  The intensity
calculated by the kinematical theory is shown in equation (10).
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Ig: intensity of diffraction beam with diffraction vector g;

g: wave function of diffraction beam;
sg: excitation error;

g: extinction distance
zo: sample thickness along the incident beam.

The kinematical theory can be accepted as a first
approximation if either the crystal is very thin or the crystal is
far from the exact Bragg orientation. In the either case, the
strong diffraction beam cannot be built up. The very thin crystal
sample means there are no enough scattering centers. The
scattering events are strongly out of phase at the far from Bragg

conditions.
Breakdown of the kinematical theory is evident if sg = 0.

From the equation (10), we can get:

(10)
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Of course, Ig cannot be larger than 1.  Thus the
kinematical theory is only valid for the thin crystal samples
(<<100 Å) at s = 0.  The kinematical theory cannot explain the
widths of dislocation images and thickness fringes when s  0.

In 1961, Howie and Whelan proposed two differential

equations, called the “Howie-Whelan equations”, which consider
the coupling effects between the transmitted beam and the
diffracted beam.
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0: wave function of the transmitted beam.
Dynamical theory was thus established:

“The first of these equations states that the change in 0
in depth dz is partly due to forward scattering by the atoms in
the slice dz, and partially due to scattering from the diffracted
beam.  It is to be noted that the coupling constants are
proportional to o-1 and g-1 which themselves are proportional to
f(0) and f( ) (atomic scattering factor).  Moreover, there is a

(11)

(12)

(13)
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phase change of /2 (represented by the factor i) caused by the
scattering.  Such phase changes arise through the reconstruction
of plane wave fronts from waves scattered by single atoms
taking due account of phase, and they are well known in
problems in physical optics.”70

The solution of the Howie-Whelan equations is given by
equation (14)
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Clearly, if s  is nearly equal to s, i.e. s g>>1, the

kinematical solution (equation 10) is a good approximation of the

dynamical theory (equation 14).
If the crystal is not perfect, the Howie-Whelan equations

at two-beam conditions can be modified as follows:
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R: translation vector of the planar defect at depth z in the
crystal.

(14)

(15)

(16)
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Equations (15), (16) are just the same as (12), (13) with
the addition of the 2 R term.  This additional phase is termed

, hence planar defects (or dislocations) are seen when 0 .

Rg •= 2

The stacking faults, crystallographic shear planes, anti-
phase grain boundaries, inversion domain boundaries, twin
interfaces, orientation domain boundaries and dislocations in the

crystal sample can be characterized by using the diffraction
contrast techniques which are explained by dynamical
diffraction theory.

The kinds of image characteristics caused by transition
defects are called -fringes.  In a general case, in which ,

the fringes are symmetric in bright field (BF) images but
asymmetric in dark field (DF).  For the special case = ,

fringes in both BF and DF images are symmetric and pseudo-
complementary BF/DF pairs.

Another type of fringes, called -fringes, are caused by
translation plus rotation, rotation or mirror across the
boundaries.  The characteristics of -fringes are that the
intensity of the fringes is asymmetric in BF images but is
symmetric in DF.  Additionally, -fringe defects may result in
spot splitting in diffraction patterns.  Spot splitting does not

occur as a result of features which cause -fringes.
 The Heckmann diagram may be used to describe the

crucial effects that stress fields in ferroelectric materials have on
the materials’ dielectric properties.  Weak beam dark field

(17)
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(WBDF) microscopy was designed to image the strain fields,
dislocations, and other defects associated with lattice distortion.
The WBDF images arising from a set of distorted crystal planes

can be explained using Figure 5. The crystal planes can be
distinguished as 3 sections.  Sections labeled 1 and 3 are sets of
crystal planes without any deformation, while Section 2 is
distorted in the way that a region near a dislocation might be.
When the incident beam is at the Bragg angle B for Section 2,
then sg >> 0 for Sections 1 and 3.  The intensity of the diffracted

beam as calculated by the kinematical theory is low in Sections
1 and 3, while the intensity calculated by dynamical theory in
Section 2 is high.  The distorted part shows high contrast
against the dark background of the matrix in WBDF images.
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Fig. 5. Schematic diagram showing how weak beam dark
field images arise from a set of distorted crystal planes.
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1.9 Previous TEM Research Work on BaTiO3

Depending on their geometry of unit cells, crystals are
commonly classified into seven systems.  According to symmetry

with respect to a point, there are 32 point groups.  11 of them
possess a center of symmetry.  Of the remaining 21 non-centric
point groups, all except point group 422 exhibit the piezoelectric
effect.  Of the 20 piezoelectric point groups, 10 possess a
spontaneous polarization, and are called pyroelectric classes.
Ferroelectric classes, a subgroup of the pyroelectric classes, have
two or more energetically equivalent orientation states for the

spontaneous polarization.  The polarization can be reoriented by
a realizable electric field.73

Electron microscopy research of coherent domain
boundaries has been reported in a number of materials such as
cobalt oxide, niobium oxide, and BaTiO3 since the establishment
of dynamical theory.77-78  A few important points arising from

these research results need to be emphasized here.
1). Friedel’s law breaks down in electron diffraction

because of dynamical scattering and anomalous absorption.  As
a result, convergent beam electron diffraction (CBED) patterns
can distinguish non-centrosymmetric and centrosymmetric
crystals, but X-ray diffraction can only determine the 11

centrosymmetric point groups because most X-ray diffraction
occurs under kinematical conditions;71

2). For ideal 90° BaTiO3 domains with domain boundaries
forming an angle of 45° to the TEM specimen, the fringe
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patterns, seen as -fringes, can be interpreted as the
superposition of three independent fringe patterns:  two
patterns of the wedge fringes for the individual regions with the
domain boundary as the plane of separation and one pattern of

the thickness contours from the specimen;77,78

3). In reality, however, the fringe patterns mentioned in 2)
are usually ( )-fringes and therefore neither the BF nor the DF
fringes are strictly symmetrical because there are small phase
differences across the boundary and slightly differences of the
extinction distances in both crystal parts;79

4). For 90° BaTiO3 domains with a domain boundary
perpendicular to the foil, no contrast can arise in BF images but
the failure of Friedel’s law can be found in DF images.  The
failure of Friedel’s law was confirmed by observations on 180°
walls in BaTiO3;80

5). 180° domain boundaries in planes inclined to the foil

should produce -type fringes.80 The 180° domain walls usually
appear as a ribbon-like shape81;

6). There is a stacking-fault-type displacement of the
crystal lattices on either side of the domain boundary for both
90° and 180° domain walls.  The domain boundaries have a
certain thickness.  The polarization vector in these domain

boundaries rotate and decrease in magnitude to zero at the
center of the boundary, resulting in the required 90° or 180°
rotation of the vector.82
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The twins observed in undoped cubic/tetragonal BaTiO3

ceramics are (111) twins, as analyzed by TEM.  ( )-fringes are
observed at the twin boundary in the tetragonal phase for
reflections which are coincident in the pseudocubic phase for

matrix and twin.83

The dislocations in stoichiometric undoped
cubic/tetragonal BaTiO3 are pure edge dislocations with Burgers
vector b = a <100>, while the dislocation lines lie predominantly
in <131> directions to form 72° dislocations in non-
stoichiometric BaTiO3.  Stacking faults bordered by partial

dislocations were observed as crystallographic shear (CS) planes,
which consist of either a double layer of TiO2 or a double layer of
BaO in non-stoichiometric undoped BaTiO3.84  Similar defect
structures were found in nonstoichiometric and stoichiometric
(Ba,Ca)TiO3 and in stoichiometric BaTiO3 sintered in a reducing
atmosphere.1  The dislocation loops with ½<100> Burgers vector

are crystallographically unstable because of low packing density
and ionic repulsion, and may easily be transformed into a CS
structure with a ½<110> shear vector.  Two different types of
dislocation loops (or CS structures), a stable one and an unstable
one, were found in these materials.  Unstable dislocation loops
(or CS structures) are thought to be closely associated with the

formation of oxygen vacancies in the materials.1

Complex BaTiO3-base systems like X7R-type and Y5V-
type MLCCs have also been studied using TEM.  Some of the
research work used commercial samples.31,85  Most of the
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research concentrated on the core-shell structure, grain size,
chemical composition and electron diffraction, which have
already been reviewed in previous sections.  In one study,
energy-filtering transmission electron microscopy (EFTEM) was

used to visualize the small concentration differences between
the core and the shell within the BaTiO3 grains.86 This new
method allows the rapid and unequivocal visualization of the
core-shell structure of BaTiO3 grains down to the nanometer
scale.

1.10 TEM Specimen Preparation
An ordinary intermediate resolution TEM can achieve

good results with good TEM specimens.  A high quality and high
resolution TEM cannot guarantee good results if the sample is
not of good quality.  Specimen preparation is a skill which
requires considerable effort and careful, detailed

experimentation.  The goals of TEM specimen preparation are to
produce an electron transparent specimen representative of the
bulk material in both structure and composition, and to provide
easy access to the required information.  These specimens
should enable the microstructure to be accurately studied and
provide convincingly illustrations in reports and publications.87

There are many ways to prepare specimens for the TEM,
as shown in Figure 6.  The method chosen is dependent on both
the type of material and the information sought.  With respect to
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the MLCC samples with 2x1x0.5 mm dimensions, it is better to
mount the sample on a grid after pre-thinning.

Conventional pre-thinning of ceramic samples is
performed by mechanical polishing with SiC polishing papers.
The sample can be polished to 40 m thick.  Further polishing

Fig. 6. Various techniques of TEM specimen preparation.70, 87
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will cause artificial scratches in the crystal grains observed in
the microscope.  Dimpling is also a good way to pre-thin ceramic
samples.  Typically, it can produce regions about 10 m thick,
although precision computer controlled dimpling with

microprocessor control can sometimes produce electron
transparent specimens ( <1 m thick).

Anderson has revolutionized TEM specimen preparation
through the development of the tripod polisher.71,88,89,90  A
ceramic or glass sample can be thinned to less than 1 m using
this tool.  Some materials composed of elements with low atomic

numbers, like Si, Al2O3, and Al, can be thinned enough to be
electron transparent without further treatment.  Materials like
BaTiO3 need a final thinning using an ion-mill, but the ion
milling time is greatly decreased from hours to minutes.

Fig. 7. Picture of a Tripod Polisher and Polishing Machine.
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Basically, the tool has three micrometers connected to a
body base.  The sample is mounted by adhesive onto the glass
inset in the front micrometer.  The rear two micrometers can be
adjusted to allow the specimen to be tilted slightly parallel to

the plane of polish defined by the polishing wheel, which is very
flat, and covered by a diamond lapping film.  The diamond
lapping film must be changed frequently during the polishing
process according to the thickness of the sample and the wearing
condition of the lapping film.  Unlike SEM samples which only
need polished on one side, TEM specimen preparation requires

two-sided polishing.   A picture of the tripod polisher and
polishing wheel covered by diamond lapping film is shown in
Figure 7.  This tool has had a major impact on making TEM a
quality control instrument, particularly in the semiconductor
industry.71

A pre-thinned sample usually needs a further thinning

process, called the final thinning, to electron transparency over
a sufficiently large area for TEM analysis.  Ion milling is one of
the most common techniques for final thinning of ceramic
samples.  Ion milling involves bombarding the delicate thin
TEM specimen with energetic ions or neutral atoms and
sputtering material from the sample until it is thin enough to be

studied in the TEM.  The parameters which have a crucial effect
on the quality of a final sample are milling angle(s), accelerating
voltage, gun current, and milling time.  Anderson thought that
high angles (  > 15°) led to compositional thinning, while low
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angles (  < 5°) led to topographical thinning.87  Ion thinning is
closely related to ion-beam deposition.  The result is that
material removed from one part of the sample can easily be re-
deposited elsewhere on the sample.  Serious artificial structures

can be introduced into TEM samples if the ion milling is not
performed under optimum conditions.  Gullis and Chew found
that the amorphous layer thickness caused by ion bombardment
in the sample was closely related to the ionic size.91  Lighter ions,
e. g. Ar+, greatly increase the distance from the edge of the foil
at which disorder is seen, while larger ions, such as I+, clearly

yield substantially reduced beam-induced disorder.  The
phenomenon was explained by the ionic channeling effect.87,91

Another technique of TEM sample preparation
worthwhile mentioning is the focused ion beam (FIB) method.
While this technique is still relatively new, many investigators
have utilized this method for preparing electron microscope

specimens from a wide range of materials including
semiconductors, metals, ceramics, polymers, biological materials,
and organic tissues.92  The small ion beam size (5~10 nm) and
imaging capabilities of the FIB make this instrument ideal for
preparing site-specific SEM and TEM specimens in either cross-
section or plan view.87,92  TEM analyses of some materials that

seemed difficult and/or impossible in the past are presently
being realized by using the FIB.92 However, an FIB tool may
cost between 30 and 80% of the total cost of a TEM.
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1.11 The Problems Addressed in this Thesis
Materials’ properties are dependent on their internal

structures, which can be purposely optimized through

controlling process variables.  Microstructure analysis is a
bridge connecting process variables with materials’ properties.
The main tasks of this thesis are to systematically analyze the
microstructures of MLCCs, to understand the relationship
between the microstructures observed and the materials’
behaviors, and to supply new evidence for the related
ferroelectric theory.

The behavior of X7R-type MLCCs is understood to be the
superimposition of the characteristics of ferroelectric BaTiO3 in
the core and those of the paraelectric perovskite in the shell and
considering the presence of the internal stress state between the
core and shell.16,17  However, DPT, explained by Hennings, was
also caused by the internal stress state.7  Why do materials with

DPT effects show a broad dielectric maximum instead of flat
X7R behavior? The distribution of the internal stress state in an
individual grain is still an unsolved but important problem in
the literature.

Silver migration from electrodes to perovskite BaTiO3 in
A sites during the course of sintering has been reported in some

literature,55-57 but the latest research has shown that islands of
silver particles were randomly distributed in silver-doped
BaTiO3 ceramics fired in air.  Silver diffusion could be ignored in
these systems.60-62  The compatibility of electrodes and dielectric
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layers with the improvement of TEM specimen preparation
techniques is addressed in this thesis.

In 1998, Hansen, et al. reported that the dielectric
properties of re-oxidized acceptor-doped (Ba1-xCax)(Ti1-yZry)O3

(BCTZ) showed frequency relaxation effects that are similar, at
least phenomenologically, to the relaxor effect which is often
observed in lead-containing ferroelectric complex pervoskites.63

No microstructure analysis was presented in that article.  Did
the materials have the relaxor structures or not?  A similar
system, BTZ, to those reported by Hansen, was extensively

characterized by TEM in this thesis.
The question about whether Y3+ substitutes in perovskite

A sites or B sites is still under debate in the literature.3,39,40  Are
Y3+ ions really self-charge compensating, entering both A sites
and B sites? This question will be answered based on our data in
this thesis.

General microstructural characteristics like grain size,
second phases, and chemical composition were characterized
with conventionally ion-milled samples and tripod polished
samples.  Dynamical electron diffraction theory was used to
explain the images and diffraction data.  Lamella twins and
dislocations in paraelectric doped-BaTiO3 materials were

characterized by TEM at two beam conditions.
In summary, the specific accomplishments of this thesis

are listed as follows:
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1). General microstructures such as grain size, second
phases, and the chemical composition of dopants in X7R-type
MLCCs with Ag/Pd internal electrodes and of Y5V-type MLCCs
with Ni internal electrodes are analyzed using TEM.93-97

2) The lamella micro-twins and dislocation loops observed
in the Bi2O3-doped-BaTiO3 phases are characterized at two beam
conditions using dynamical theory.94

3). Internal stress states and lattice distortions in the
core-shell grains are investigated using WBDF microscopy.  The
mechanism of X7R behavior in modified BaTiO3 materials is

reasonably explained by analysis of their microstructures.95

4). The tripod polishing techniques was used for the first
time to make TEM samples of MLCCs.  The tripod polished
samples have made it possible to analyze the compatibility of
dielectric and electrode layers using TEM.  TEM images of the
Ag-dielectric and Ni-dielectric interfaces are reported for the

first time in the literature.  Topics such as degradation of
MLCCs and silver migrations into dielectrics are discussed with
the microstructures observed using TEM in this thesis. 97

5). Microstructures of the re-oxidized acceptor/donor-
doped BTZ materials with relaxor behavior are characterized for
the first time at the two beam conditions.  The coexistence of

multi-phases and multi-domains in individual grains is observed
using TEM at  high contrast.96

6). Other issues such as the position of Y3+ ions in
perovskite BaTiO3 are discussed.96



39

2 Experimental Procedure

Two types of MLCC samples, Y5V with Ni electrodes and
X7R with Ag/Pd electrodes, were supplied by Ferro Co., Penn

Yan, NY, having been prepared by standard tape-casting
techniques.  The Y5V-type MLCCs with Ni electrodes were
perovskite Ba(Ti0.88,Zr0.12)O3 (BTZ)-based dielectrics with
dopants Y2O3, MnO2, SiO2,  P2O5, and MgO sintered in a moist
nitrogen/forming gas (6% hydrogen) atmosphere for 2 h at a
temperature of about 1250°C.  After sintering, the samples were

annealed in an oxygen atmosphere (~7 ppm O2) for 3 hours at
1000°C.   Highly accelerated life testing (HALT) was performed
on each of the capacitors with conditions of 140°C – 117 V DC by
Ferro Co., Penn Yan, NY.  The virgin (untested) Y5V chips,
along with failed life-tested chips were characterized by TEM.
The X7R-type MLCCs with Ag/Pd electrodes were fired in air at

850°C for 2 hours.  The Pd content in the electrodes was less
than 10%.

Specimens for TEM analysis were made using both
conventional techniques and tripod polishing procedures.  The
specimens were mechanically ground to ~ 40 m using
conventional TEM specimen preparation techniques, then Ar-
ion-milled to electron transparency using a Gatan 600 Dual Ion

Beam Mill.  As for the tripod polishing procedures, the
capacitors were mechanically ground and polished until optical
fringes could be observed in a reflected optical microscope
(Reichert-Jung Polyvar-Met), as shown in Figure 8 and were
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then Ar-ion-milled to electron transparency using a Gatan 600
Dual Ion Beam Mill.  The specimens for scanning electron
microscopy (SEM) and reflected optical microscopy (ROM) were
made using one-side tripod polishing procedures without etching.

Powder samples made by grinding whole chips, including
internal electrodes, dielectric materials and terminals, to less
than 10 m were used for X-ray diffraction (XRD) analysis.

200  µm

Fig. 8. Tripod polished X7R-type MLCC.  The optical fringes
observed by a reflected optical microscope in the whole chip
indicated that the thinnest part of the chip is less than 1 m.
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The microstructures of the specimens were analyzed
using a Jeol JEM-2000FX TEM with a LaB6 filament, operating
at 200 kV.   Phase identifications were made by selected area
diffraction (SAD) and convergent beam electron diffraction

(CBED), and chemical information was obtained in the TEM
using a Princeton Gamma-Tech energy-dispersive X-ray
spectrometer (EDS) and a PGT System4 Plus computer system
(PGT, NJ).  Multi-(sub)-domain walls were imaged along several
different zone axes at dynamical diffraction conditions.  WBDF
microscopy was employed to observe the internal stress states in

individual “core-shell” grains and the strain fields in the grains.
Grain orientations were determined by bright field (BF) images
and SAD.  Two-beam conditions were used to analyze the planar
and dislocation defects.  Burger’s vectors of the dislocations were
determined by the invisibility criterion: g·b=0.

XRD patterns were obtained by a XRG-3100 (PANalytical,

Netherlands), using Cu-Kα radiation ( =1.54 Å), from 20-70º

two-theta with a step size of 0.04°.  Dielectric constant and

dissipation factor (tan ) measures were made using an LCR
meter (4284A, Hewlett Packard) from 0.1 to 10 kHz upon
heating from -60 to 150°C at a ramp rate of 0.5 K/min.
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3 Results and Discussion

3.1 Microstructural Analysis of X7R-Type BaTiO3
MLCCs93

MLCCs are manufactured by integrating dielectric layers
separated by electrically conductive electrode layers as
illustrated by optical and scanning electron microscopy (Figure
9).  The device shown has twelve active dielectric layers, and
thirteen electrode layers with thicknesses of about 2 µm Each

active dielectric layer has a thickness of about 22 µm, except the

first layer which is 90 µm and the second layer whose thickness

is 48 µm.   This design was used to achieve a particular

capacitance value for the finished device.

The two opposing sets of electrodes in the capacitor are
electrically connected at the end of the device by the terminals.

100 µm

(a)

10 µm

48

70

(b)

Fig. 9.  (a) ROM and (b) SEM secondary electron (SE) image
of the typical structure of X7R-type MLCCs.  The specimens
were made using tripod-polishing.
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Figure 10(a) shows that the terminals have three different
layers.  The chemical composition of each terminal layer is
shown in Figure 10(b).  Typically, the terminals are formed by
dipping the MLCC into a thick film cermet paste, usually

composed of either Ag or Ag-Pd powder and glass frit, and
sintering the device.98  The first Ag layer is surrounded by a Ni
layer, which is in turn covered by a Sn layer.  The middle Ni
layer serves as a protective barrier to prevent silver migration,
while the exterior Sn layer functions as a solderable layer and
prevents oxidation of Ni.85  The cracks visible in the interface

between the Ni and Ag layers indicate that the bond between
the two layers is weak.  Figure 10(a) shows that the interfaces
between the internal electrodes and the dielectric layers are
clean, and no interdiffusion of the layers is visible.   The
dielectric layers appear dense, and the surface of the sample
appears unscratched, owing to the tripod polishing method of

sample preparation.
The microstructures of the dielectric grains were

characterized by TEM.  Figure 11 shows bright field (BF) images
of typical dielectric regions.  In these layers, the grain size has
been deliberately optimized to be about 0.8 µm, corresponding to

the maximum value of the dielectric constant.  The center, or
core part of the grains, show ferroelectric domains, and these
regions are surrounded by the featureless paraelectric areas

called the shells.  This microstructure, featuring the coexistence
of core and shell in one grain, is called the ‘core-shell’ structure.
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Fig. 10. (a) SEM SE image showing the terminals of X7R-type MLCCs and (b) EDS analysis of
the terminal layers.
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200 nm

(a)

A

200 nm

(b)

B

Fig. 11. Typical BF TEM images of X7R-type MLCCs showing morphologies of dielectric grains.
Glass phases indicated with downward arrows and other second phases are indicated by an upward
arrow in (a). Microstructures of MLCC show core-shell grains (A), and twinned crystals (B).
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The core-shell structure boundary as indicated by A in Figure
11(a) is suggested to be coherent.8,13,16,17  The thickness of the
domains varies between grains, but is generally less than 100
nm.  Both ribbon-like walls, a typical feature of 1800 domains,

and stripe walls, characteristic of 900 domain walls, were
observed in these materials.   Some glass phases are seen to be
located at the triple points (indicated by downward pointing
arrows in Figure 11(a)), and grain boundaries.   Some minor
second phases (indicated in Figure 11(a) by an upward arrow)
were frequently observed in many grains in samples prepared by

ion-milling.   Further research showed they were artificial
effects, as no such features were observed in tripod polished
specimens.  Large grains in the matrix show twin structures, as
shown in Figure 11(b).  The twin boundary, marked as B in
Figure 11(b) crosses the core-shell structure boundary indicating
that twinning exists in both the core and the shell.  The twins in

this material were found to be (111) twins.
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The chemical composition of the glassy phases analyzed
by EDS was oxygen, silicon, bismuth and zinc, as shown in
Figure 12.  The peaks of barium, titanate and cupper are
artificial. These are common dopants for X7R-type MLCCs fired

at low temperatures.  Bi2O3 and SiO2 are glass formers while
ZnO works as a glass network modifier.   Liquid phase sintering
is the main densification mechanism in the dielectric active
layers.   Although in some cases the glass fluxes formed
continuous phases by crossing several dielectric and electrode
layers, no electrode metal elements such as silver and palladium

were observed in them.  Moreover, no toxic elements such as Pb
or rare earth elements like Ce were found.  This makes the
manufacturing environment much safer, and so helps to reduce
the production costs.  The glassy phases, however, play a very
important role in the microstructural development of the
dielectric layers.

A representative BF image of the core-shell structure is
shown in Figure 13(a).  The results of EDS point-by-point
analysis to determine the chemical composition of the cores and
the shells are shown in Figure 13(b).  Points A and G are in the
cores; points B and F are located on the core-shell boundaries;
points C and E are in the shells; and point D is located on the

grain boundaries. As expected, the dopant ions were only found
in the shells and were absent in the core regions.  The
concentration of bismuth changes dramatically at the interface
between core and shell.  The paraelectric phases of the shells
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Fig. 13. (a) BF image showing core-shell structures and (b) corresponding chemical compositions of cores
and shells analyzed by EDS.  The relative concentration of bismuth is calculated as Bi(Mα)/[Ba(Lα)+Ti(Kα)].
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were formed by diffuse phase transition, and similar phenomena
have been reported in systems which used different
dopants.8,13,14,16,85  The inhomogeneous chemical composition
between the core and shell indicates the core-shell structure is

not a thermodynamically stable state.   As a result, it is
essential to design and control the sintering conditions
accurately when manufacturing this type of MLCC.   The glass
phases are the original source of the dopant ions which diffuse
into the shell regions of the grains.

As shown in Figure 14, powder XRD patterns for the
MLCC material indicate that the main crystal phases are cubic,
despite the fact that ferroelectric domains, characteristic of the

tetragonal phase, were observed in the core regions of the grains
in BF TEM images (Figure 13).   The characteristic peak
splitting of the (200) reflection peak, which would indicate a
tetragonal BaTiO3 phase, is not seen in this XRD pattern.  Based
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Fig. 14. Powder XRD of the X7R-type MLCC materials.
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Fig. 15. (a) BF and (b) DF of internal electrode layer showing twinned crystals; Inset SAD pattern is a
[100] zone axis.
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on this and TEM evidence, it is suggested that the lattice of the
tetragonal core of the grain is distorted into a pseudocubic
structure by stresses imposed by the paraelectric shell.  The
deviation of the c/a ratio from 1 is very small, and consequently,

both phases appear cubic in XRD.  The XRD results indicate that
the cores of the BaTiO3 grains remained deformed from the
tetragonal to the pseudocubic structure even at room
temperature.  The probable explanation for this is the existence
of complex stress states between the cores and shells in these
grains.  The XRD data, combined with the BF TEM images,

suggest that the global symmetry of the materials (as opposed to
the local symmetry) is pseudocubic at room temperature.

0

5 0 0

1 0 0 0

1 5 0 0

2 0 0 0

2 5 0 0

3 0 0 0

3 5 0 0

4 0 0 0

4 5 0 0

0 2 4 6 8 1 0 1 2 1 4 1 6
E n e r g y  ( k e V )

In
te

ns
ity

(C
ou

nt
s)

P d

A g ,P d

Fig. 16. The Ag/Pd internal electrode analyzed by EDS.

Cu



52

Figure 15 shows (a) BF and (b) dark-field (DF) images for
a region of the internal electrode layer, showing the presence of
twins in the microstructure.  The chemical composition of the
internal electrodes analyzed by EDS is silver and palladium, as

shown in Figure 16 (the copper peak visible at 8 keV is an
artifact of sample preparation).  Selected area diffraction of this
phase is shown inset in Figure 15(b) which reveals a single, cubic
phase.  Clearly, silver and palladium have formed a continuous
solid solution.  The internal electrodes are twinned crystals, as
shown in Figure 15.  The bend contours observed in the DF

image (Figure 15(b)) indicate that a stress state may exist
between the electrodes and the dielectric layers.  This stress
probably arose from the mismatch of thermal expansion
coefficients between the electrode and dielectric materials.  In
part, this stress is relieved by forming twinned crystals in the
electrode layer.

The microstructure of heterogeneous interfaces between
electrodes and dielectrics in cofired X7R-type MLCCs is shown
in Figure 17(a).  The electrode-dielectric interfaces could not be
prepared for TEM analysis using ion-milling techniques, as the
internal electrodes are preferentially removed by the milling
process.  However, TEM specimens with large areas of electron

transparency across several dielectric layers integrated with
electrodes can be obtained using tripod polishing procedures.
Glassy phases were observed at the electrode-dielectric
interfaces, forming sandwich structures.  EDS point-by-point
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analysis, shown in Figure 17(b), did not show any silver
migrated into the flux.  The present work supports the assertion
that silver diffusion into the dielectrics is negligible during the
cofiring process.62  Of the noble metals, silver has the lowest

resistivity and is the most economical.  Silver mixed with
palladium to form a single phase solid solution will effectively
decrease the migration of silver in the microstructure.44   Since
noble metal electrodes were used in this type of MLCC, it can be
deduced that the original materials were fired in an oxidizing
atmosphere.
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3.2 Weak-Beam Dark Field Microscopy (WBDFM) of
Complex Stress States in X7R-Type BaTiO3
Dielectric Core-Shell Structures95

The relationship among dielectric constant, temperature

and frequency of the X7R-type multilayer ceramic capacitors
(MLCCs) based on BaTiO3 is shown in Figure 18(a).  It shows
that the dielectric constant of the device is almost invariant
across the temperature range -50°C to 150°C at frequencies from
0.1 Hz to 1000 kHz.  The three dielectric constant peaks at the
phase transition temperatures shown by pure BaTiO3 materials

are depressed, resulting in a relatively flat dielectric response.
The dielectric constant-temperature curve strongly suggests
that the phase transition temperatures of the material are
scattered.  The dielectric constant of the material is almost
independent of frequency in the frequency range from 0.1 Hz to
1000 kHz.

The variation of the electrical dissipation factor (tan )
with frequency and temperature is shown in Figure 18(b).  The
dissipation factor decreases with increasing temperature, but
increases with increasing frequency.  At high temperature,
dipoles with higher energies can be easily realigned with the
applied field, and the domain walls can reorient without

dissipating much energy.  However, friction from domain wall
motion will increase at lower temperature, which dissipates
more energy.  The number of times reorientation of the domain
wall occurs in a given time becomes greater at higher
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Fig. 18. (a) The relationship of the dielectric constant, temperature and
frequency of X7R-type MLCCs, (b) Dissipation factor (tan ) of the
X7R-type MLCCs with the frequency and temperature.
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Fig. 18. (a) The relationship of the dielectric constant, temperature and
frequency of X7R-type MLCCs, (b) Dissipation factor (tan ) of the
X7R-type MLCCs with the frequency and temperature.
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frequencies.  As a result, more energy is dissipated at high
frequencies.

As shown in Figure 14, powder XRD of the X7R-type
MLCCs indicates that the main crystal phases are cubic or

pseudocubic.  The split (200) reflection peak, which is
characteristic of the tetragonal phase of BaTiO3, is not observed
here.  Since XRD always gives bulk information for the material,
the prototype phase information will be detected if the
tetragonal structure of perovskite is not very pronounced (i.e. c/a
 1).  Analysis of the XRD results showed that the lattices in the

material were distorted sufficiently so that the c/a ratio was
nearly 1, which is consistent with the capacitance–temperature
measurement.  These results are consistent with a stress state
existing in the material.

A representative bright field (BF) TEM image of an X7R-
type MLCC microstructure (Figure 19) shows core-shell

structures in individual barium titanate grains.  Glassy phases
can be seen located at the grain boundaries and triple points.
Bismuth ions were found in the shell regions, but were absent
from the core regions.  Domain structures, the characteristic
features of ferroelectric phases, were only observed in the core
regions which were surrounded by paraelectric shells.  Although

ribbon-like walls, a typical feature of 180o domains, are seen in
Figure 19, the predominant domain wall types are stripe walls,
characteristic of 90o domains, which always lie in pseudocubic
<110> directions.  Some 90o domain boundaries were discovered
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to be perpendicular to each other in some individual grains, as
shown in Figure 19, which meant the dipoles were aligned in
several directions in one individual grain.

Domain

structures observed
in the core regions
indicate that the true
structure of BaTiO3

is tetragonal instead
of cubic.  A SAD

pattern in the
pseudocubic [100]
direction across the
core-shell boundary
shown in Figure 20(a)
did not appear to

show split diffraction
spots, which are
usually observed in
undoped         BaTiO3

materials.  This indicates that the lattice parameters of the core
and shell are quite similar and that the core-shell boundary is

crystallographically coherent.  Moreover, since the selected area
also included several domains, it is reasonable to deduce that c/a
is nearly equal to 1.  Further analysis confirmed that the lattice
of core-shell grains is unevenly distorted.  The uneven lattice

100 nm

Fig. 19. Typical BF TEM image of the
dielectric layer of X7R-type MLCCs,
showing core-shell structures, and glass
phases.
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(a)

(d)(c)

(b)

Fig. 20. SAD and CBED patterns in <100> directions. (a) A SAD
pattern across the core-shell boundary; (b) and (d) CBED patterns of
different shells; (c) A CBED pattern of a core. (c) and (d) were
generated from the same grain.
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distortion is difficult to detect by X-ray diffraction and electron
SAD techniques, but can be found by particular TEM image
techniques such as WBDF microscopy.  The CBED patterns of
the shell regions from different grains in the [100] direction are

shown in Figure 20(b) and (d).  It appears that the CBED
pattern in Figure 20(b) is more symmetrical than that in Figure
20(d).  Figure 20(c) is the CBED pattern of a core region of the
same grain as that in (d) in the [100] direction.  Since the core is
a multi-domain structure, the symmetry shown in Figure 20(c)
is not as high as that in the shell region.  However, all the

higher order Laue zones (HOLZ) observed in the CBED at
higher order zone axes in this material were broad and diffuse,
which indicates lattice strain in both the core and shell regions.
The results are similar to those noted in Ba(Zr,Ti)O3 by
Armstrong.16 It is also worth noting that the difference of the
bright field symmetries and the whole pattern symmetries

shown in Figure 20(b), (c), and (d) are minor, and that it is not
simple to work out the exact point groups of the cores and shells
since the symmetries shown in CBED patterns can vary with
the stress state of a given grain.  To summarize the results from
the capacitance measurement, the XRD, the SAD and the CBED
patterns, it can be concluded that the materials showed pseudo-

cubic behavior, which arose from the internal stress state, and
that the boundaries between cores and shells were coherent.

The next challenge was to attempt to observe the strain
field which arose from the stress state of the core-shell structure.
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WBDF microscopy was employed to observe the distortion of the
crystal lattices.  Figure 21(a) is the strong beam BF image of a
twinned grain with core-shell structures, taken at two beam
conditions.  It is a (111) twin.  The corresponding centered dark

field (CDF) image is shown in Figure 21(b).  The excited
diffracted beam was pseudocubic [110], which was a spot
common to both twins.  The WBDF image shown in Figure 21(c)
was formed by a weak beam g = [110] (3g was a strong beam at
two beam conditions).  Compared with the strong beam images,
the WBDF image clearly shows wave-like contours in the core

region and shell region.  Since Figure 21(a), (b) and (c) were
taken from the ±(110) diffraction spots, their extinction
distances ( g) are the same.  If the wave-like features were a
thickness effect, they would also be visible in the strong-beam
images such as Figure 21(a) and (b).  Similarly to height
contours on a map, these contours show regions of equal lattice

strain.  These wave contours in the core region can be
interpreted as resulting from the presence of 90o domains.
However, it is interesting to find that the ‘downward’ waves
(indicated by “(1)” transition into ‘upward’ weak peaks
(indicated by “(2)”) in the same domain, as shown in Figure 21(c).
This would not happen if no stress existed in the grain.

In order to analyze the contours shown in Figure 21(c), it
is necessary to discuss the image formation mechanism of
WBDF microscopy.  Since WBDF images are formed at two
beam conditions with 3g(hkl) excited, only the set of (hkl) crystal
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[-1-10](b)

100 nm

(a)  [110]

100 nm

Fig. 21. Twinned grain with core-shell structures. (a) Strong beam BF image at two beam conditions.
The dislocation in the shell region is indicated by a white arrow; (b) Strong beam CDF image at two
beam conditions;

]011[ ]011[
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100 nm

g=[110](c)

2

1

Fig. 21. (c) WBDF image showing wave form contours. The
downward wave peaks (indicated by “(1)”) transitions into
upward weak peaks indicated by “(2)”) in the same domain
wall. The inflection point indicated by the black arrow in the
shell region is caused by a dislocation. All these contours
indicate the complex strain fields existing in the grain.
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planes are analyzed.  If the crystal is perfect, without any strain
fields in the crystal lattice, no bend contours are observed in the
WBDF image.  However, if the lattice is distorted by defects
such as dislocations, as shown in Figure 5, and the local

distortion is such that some parts of the (hkl) planes satisfy the
Bragg conditions at 1g(hkl) as well as at 3g(hkl0, then only one
bright fringe will be observed in the 1g(hkl) DF image.  If several
fringes are observed in the WBDF image, then the crystal planes
must be distorted through Bragg conditions for 1g(hkl) several
times.  Since the crystal planes are continuous, a wave-like

distortion is necessary to account for the multiple instances of
Bragg diffraction which give rise to the bright fringes seen in
Figure 21(c).  It is also worth pointing out that the above
analysis of WBDF images is a simplified way of describing a
complex physical process.  It should be possible to carry out a
highly accurate analysis of such lattice distortions by combining

WBDF microscopy with computer simulations at varying
excitation errors (s).

By analyzing the contours seen in the grain, it was found
that the pseudocubic (110) planes were distorted into a complex
three-dimensional wavelike shape as evidenced by the contours.
The pseudocubic (110) planes were found to be perpendicular to

the domain boundaries as shown in Figure 21.

The images of another set of pseudocubic )011( crystal

planes, parallel to the domain boundaries, are shown in Figure
22.  This set of crystal planes was deformed to a greater extent
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than the pseudocubic (110) crystal planes, as the bend contours
could be clearly observed even in the strong beam BF image
(Figure 22(a)) and the strong beam CDF image (Figure 22(b)).

Although pseudocubic (110) and )011(  crystal planes are from

the same family, their bend contours are totally different.  This

behavior was expected, as the contours are dependent on the
stress state rather than crystal symmetry and the stress
distribution in individual grains is determined both by the
thickness ratio of shell to core and the geometrical relationship
between the core and shell.  The set of (110) crystal planes are

parallel to the thick shell region, while the set of )011(  crystal

planes are perpendicular to this region.  A model of stress
distribution in a grain with inhomogeneous shell thickness and

the correspondingly distorted crystal planes is shown in Figure
23.  The sets of crystal planes perpendicular to the thick shell
region are distorted strongly to become arc-form planes owing to
their undergoing high compressive stress, while the sets of
crystal planes perpendicular to the thin shell region become
wave-form planes.  Another crucial feature seen in Figure 21 is

that the contours are continuous and are not distorted when
they cross the twin boundary, and that there are no contours
surrounding the twin boundary.  This shows that the (111) twin
observed in Figure 21 is a growth twin instead of a mechanical
twin.  There is no experimental evidence for mechanical (111)
twins in BaTiO3.83  The probable reason for this is that the
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Fig 22. The same grain as Fig. 21. These images were formed by g = ]011[ , which is not a common
reflection from the twinned grain, at two beam conditions. (a) BF strong beam image; (b) CDF
strong beam image.

100 nm

g = [1-10](a) ]011[ ]011[ -g = [-110](b) ]101[ ]101[

100 nm
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g = [1-10]

100 nm

(c)

Fig. 22. The same grain as Fig. 21. These images were
formed by g = ]011[ , which is not a common reflection
from the twinned grain, at two beam conditions. (c)
WBDF image.

]011[ ]011[
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Fig. 23. A model of stress distribution in a grain with inhomogeneous shell thickness and the
correlatively distorted crystal planes.
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formation of  90o domains is a more effective method of
decreasing the system’s energy than the formation of (111) twins
under the effects of compressive stress.

In summary, detailed information about the strain fields

in individual grains can be obtained by WBDF microscopy.  It is
therefore a critical technique for researching ferroelectric
materials because the mechanical and electronic behaviors of
these materials are inevitably interrelated.  When external
electric fields are applied to measure the dielectric constant of
these materials, the dipoles in the core regions will realign to

the electric field direction.  The realignment of these dipoles will
cause strain in the core region.  However, the core-shell
boundaries are coherent; consequently complex stress states
develop in the individual grains and the stress state varies from
grain to grain.  This means the phase transition temperatures of
BaTiO3 will be scattered across a wide range.  It is this material

response that allows the doped BaTiO3 to conform to the X7R
standard.
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3.3 Investigation of Lamella-Twinned Crystallites and
Dislocations in Paraelectric Phases of Bi2O3-doped
BaTiO387

The analysis in Section 3.1 and 3.2 shows that this X7R

dielectric materials exhibit core-shell structures in the grains.
Bi3+ ions were observed in the shell regions, but were absent in
the core regions.  Amorphous phases were located at the grain
boundaries and triple points. These were shown by EDS to
contain Zn, Bi, Si and O.  The amorphous phases are the
diffusion sources for bismuth ions which form the shell regions

in the BaTiO3 grains.  When analyzed by SAD and convergent
beam electron diffraction (CBED), cores and shells were revealed
to have similar crystal structures.  The boundaries between cores
and shells appeared to be crystallographically coherent.

Figure 24(a) shows a grain which appears not to have a
core, being composed entirely of paraelectric ‘shell’ material and

exhibiting twin structures.  The chemical composition of this
grain when analyzed by EDS, as shown Figure 24(b) included
barium, titanium, and some bismuth dopant.   The SAD pattern,
as shown in Figure 24(c), revealed that the grain had a
pseudocubic Bi-doped-BaTiO3 structure and lattice parameters.
This confirms that the grain consisted entirely of the shell-type

phase (Bi-doped BaTiO3).  Since the core-shell structure is
thermodynamically unstable, a homogeneous single phase with
the shell structure can be achieved by increasing the firing
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Fig.24. (a) BF of paraelectric phase with twin structure; (b) EDS analysis of this grain;
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Fig. 24. (c) SAD pattern across the twin boundary in the
][ 011 direction and the reciprocal lattices of the twins

(dashed arrows indicate directions in which diffracted spots
were coincident); (d) stereogram of BaTiO3 in the ][ 011
direction.
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temperature or prolonging the firing time.  When the time or
temperature is high enough, dopant ions become evenly
distributed throughout the BaTiO3 grains as in this case, and the
grain becomes entirely ‘shell’ phase.

The SAD pattern (Figure 24c) across the twin boundary
shows contribution from both parts of the twins.  Each twin is a
single crystallite and has its own diffraction pattern.  In this
case, the beam orientation was such that the two parts had
exactly the same diffraction pattern, but at different orientations.
Since real space angles are preserved in reciprocal space, the

rotation angle can be measured directly from the diffraction
pattern, and the twin orientation can be defined by a rotation

axis-angle pair.  The rotation axis is the zone axis ]011[ , while

the rotation angle is  = 70o.  The reciprocal lattice of the twin,
as shown in Figure 24(c), is composed of a solid-line lattice and a
broken-line lattice, which represent the reciprocal lattices of
each part of the twin, respectively.  The two lattices are exactly
superimposed after rotating 70o.  It was found that the reciprocal

lattice points in the [111] and ]211[  directions were coincident.

Moreover, the reciprocal vector [111] was exactly perpendicular

to the twin boundary while ]211[  was parallel to the boundary,

so the crystal shown in (a) is a (111) twin.  The same result can
also be obtained by using the stereogram of BaTiO3 as shown in
Figure 24(d).  It shows that the twins in the shells are exactly
the same as those found in undoped BaTiO3.83
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Some grains consisting entirely of paraelectric phases
were identifiable by the presence of stacking fault-like fringes,
as shown in Figure 25.  This kind of fringe can be formed by
either a true stacking fault, or a thin lamella of a second phase

(such as a microtwin) included within a crystal.99  Since both the
twin structure and stacking faults have been frequently reported
in studies of perovskites,1,84,100,101 it was necessary to conduct
further experiments to determine the cause of the fringes in
Figure 25.  Since the two single crystallites in a twin structure
have different orientations, the presence of twins can be

determined using BF and dark field (DF) images, and SAD
patterns.

100 nm

Fig. 25. BF image of paraelectric phase showing
interference fringes characteristic of stacking faults.
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A SAD pattern, a BF image and a centered-DF (CDF)
image at a two-beam condition with diffraction vector g = [200]
are shown in Figure 26.  Since some areas are dark in the DF
image (c), the diffracted spot used to form this image clearly did

not arise from that part of the grain, meaning there is more than
one single crystal in the grain and that these crystals had
different orientations.  A similar diffraction method to that of
the grain in Figure 24 was used to establish the presence of a
(111) lamella microtwin included in the matrix.  Since only the
matrix was diffracting to the spot used to form the DF image,

the wedge-shaped regions of matrix-microtwin overlap showed
thickness fringes as seen in Figure 26(b) and (c).  The intensities
of these fringes are complementary in the BF image and the
CDF image, which is characteristic of wedge fringes.

It is also possible that a translation vector (R) exists in
the twin mirror plane to form a mixed interface for the twin

boundary.  Glide twin boundaries have been reported in some
materials such as Au5Mn2.102  This made it necessary to
determine whether the fringes observed in Figure 26 were pure
wedge fringes or mixed fringes.  This was achieved by forming
BF and DF images using common diffracted spots (those which
originated both from the matrix and the microtwins) at two-

beam conditions and at g  R  0.
The BF and DF images from the common diffraction spot

(110) at two-beam conditions, (Figure 27), show no interference
fringes, but instead show twin boundaries similar to those seen
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76

[200](b)

100 nm

(a)

Fig. 26. (a) SAD pattern at a two-beam condition, g = [200]; (b) BF image at the two-beam
condition; (c) CDF image at a two-beam condition.

100 nm

(c) ][ 002
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in Figure 24(a).   No interference fringes were observed in other
BF and DF images formed by other common diffracted spots
such as (120) at two-beam conditions.  The lack of fringes in such
images indicates that the interference fringes observed in Figure

25 were pure wedge fringes instead of mixed fringes.   It is
worthwhile to point out that the images in Figure 27 were
formed under two-beam conditions, while the image shown in
Figure 24 (a) was formed under a multi-beam condition, though
they have similar features.  As a result it can be concluded that
the twin shown in Figure 27 is a lamella twinned crystallite (or

a microtwin) included in the matrix of the grain.  Further
evidence is given by the double diffraction observed at the [113]
zone axis, as shown in Figure 28.  Initial analysis of this pattern
indicated d-spacings three times greater than those expected.
However, when the pattern was deconvoluted into two single

crystal patterns, it could be determined that the )121(
3
1

reflection was generated by )101( diffraction of the matrix,

followed by )011(  double diffraction from the lamella twinned

crystallite (see Figure 28(a)).  Since twinning is a very common

phenomenon in perovskite materials, careful analysis of
diffraction patterns obtained from complex twins in one grain is
required.  The stereogram in Figure 28(b) shows that the
rotation axis = [113] and that the rotation angle = 33.6°.

Other interesting features observed in Figures 26 and 27
are the high concentrations of dislocation loops, seen as dark
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(a) [110]

100 nm

Fig. 27.(a) BF and (b) CDF images at two beam conditions with g =
[110]. The diffraction spot of (110) is a common reflection from the
matrix and the microtwin (as confirmed by CDF imaging). The
inset diffraction pattern in (a) shows the two beam conditions.

100 nm

(b) ][ 011
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Fig. 28. (a) SAD in the [113] direction of the lamella
twinned crystallite showing double diffraction and the
corresponding reciprocal lattices; (b) stereogram of
BaTiO3 in the [113] direction.
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solid circles on the images, existing both in the matrix and the
microtwin.  These dislocation loops lie predominately on the (100)
and (010) planes.  Although the dislocations in {100} planes can
be observed in other paraelectric grains (as shown in Figure

24(a)), dislocations in numbers such as those in Figure 27 were
very rarely observed.  In order to clearly observe the dislocations,
weak beam dark field imaging (WBDF) was employed to form

g(3g) WBDF images with g = [100] and g = ][ 011  respectively, as

shown in Figure 29.  This is a better characterization method for
dislocations and strain fields than strong beam DF or BF images.
The directions of the dislocation lines are [100] and [010], as
clearly shown in Figure 29(b).  The [100] dislocation lines seen

in Figure 27 and Figure 29(b),  are no longer visible in the
images in Figure 26 and Figure 29(a), formed using the (100)
diffracted spot at a two-beam condition.  This indicates these
dislocations are pure edge dislocations since the dislocation lines
are perpendicular to the Burger’s vectors.  The Burger’s vectors
of these dislocation loops were determined to be a<100> using

the invisibility criterion g · b = 0.  Since the features observed
here are quite similar to those observed in (Ba,Ca)TiO3 fired in a
reduced atmosphere, the results of this study appear to be in
close agreement with the literature.1,84 Suzuki et al.1 showed
that the solid circles were actually crystallographic shear
structures with a ½<110> shear vector, and that the formation

of dislocation loops was promoted by the introduction of intrinsic
and extrinsic oxygen vacancies.
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100 nm

100 nm

(a)  [100]

Fig. 29. (a) WBDF image with g = [100]; (b) WBDF image with g = ][ 011
with inset SAD patterns.  The Kikuchi lines across the diffraction spots
are indicated by arrows.

][ 011(b)
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The formation mechanism of the dislocation loops
observed is still unclear.  The effective ionic radii of Ba2+, Bi3+,
and Ti4+ have been reported to be 1.50 Å, 1.16Å and 0.745 Å,
respectively.103,104  According to classical rules of defect

chemistry bismuth ions should work as donor ions by occupying
the A-sites of the BaTiO3 structure.  If this were so, there would
be cation vacancies instead of oxygen vacancies in the structure.
This is inconsistent with the dislocation loops with b = a<100>
observed here.  These loops could occur if Bi3+ ions acted as
acceptors on the B-sites.  However, although Bi3+ ions can

function as acceptors in B-sites in some perovskite systems such
as Ba(Bi0.5Nb0.5)O3, as reported in the literature,16,105 they must
be co-doped with other ions such as Nb5+ acting as self-
compensating defects.105  Since no Nb5+ ions were found in the
grain with dislocation loops, (as analyzed by EDS), it appears to
be unlikely that oxygen vacancies were formed by Bi3+ ions

functioning as acceptors.  A plausible alternative mechanism is
that extra Bi-layer structures are formed in local areas while the
matrix still maintains the perovskite structure.  Materials with
extra Bi-layer structures are well known as Aurivillius
compounds.105,106 The formation of Bi-lamella layers, which can
also reasonably explain the absence of any second phases rich in

Ba2+ or Ti4+, is supported by the solid circle dislocation loops
observed here.  More detailed research work is needed to confirm
the formation mechanism of these dislocation loops.
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3.4 Dielectric Properties and Microstructures of
Ba(Ti,Zr)O3 Multilayer Ceramic Capacitors with
Ni Electrodes96

The relationship among dielectric constant, dissipation

factor (tan ), temperature and frequency of the BTZ-based
MLCCs is shown in Figure 30.  The three sharp dielectric
constant peaks at the phase transition temperatures observed in
undoped BaTiO3 materials converge into one broad peak.  The
locations of dielectric maxima with temperature are frequency
dependent, but the dielectric constants become independent of

frequency when temperature is above ~70°C.  These BZT
materials were modified to meet the Y5V MLCC specification.
The three dissipation factor (tan ) curves at different
frequencies coincide at a similar temperature (~70°C) as the
capacitance – temperature curves, which indicate that the phase
transition from ferroelectric to paraelectric phase is complete at

~70°C.  All these features are typical relaxor ferroelectric
behaviors which are often observed in lead-containing
ferroelectric complex perovskites.65

The XRD pattern of the MLCCs is shown in Figure 31.
The main crystalline phase is pseudo-cubic, which is
characteristic of relaxor-type materials.

Bright field (BF) TEM images of the microstructures of
MLCCs are shown in Figure 32 (a) and (b).  The dielectric layers
with thickness ~8 m are separated by nickel electrodes which
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Fig. 31. Powder X-ray diffraction of the BZT-based Y5V-type MLCCs.
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Fig. 30. Dielectric constant, dissipation factors
(tan ), temperature and frequency curves for
BZT-based Y5V-type MLCCs.
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Fig. 30. Dielectric constant, dissipation factors
(tan ), temperature and frequency curves for
BZT-based Y5V-type MLCCs.
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2µm

Ni
Electrode

Ni
Electrode

(a)

Fig. 32. (a) General bright field (BF) TEM view of dielectric grains and
electrode layers.

85



86

1µm

(b)

Fig. 32. (b) BF image of the dielectric grains. No ferroelectric
domains are seen.
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are ~3.5 m thick.  The average grain size in the dielectric
layers is about 3 m.  A few minor second phases were observed
in the dielectric layer at the triple points, grain boundaries,
electrode-dielectric interfaces or as inhomogeneous inclusions in

the main crystal phase.  Analysis of these minor phases by EDS
showed that they arose from reactions between BZT dielectric
material and dopants such as Y, Mn, and Si.  Figure 33 is a BF
image of spherical second phase grains included in a BTZ crystal.
CBED indicated that this phase had the Ba2Ti9O30 (B2T9)
structure, as shown in Figure 33.  EDS analysis indicated that

the grain was a Y-rich phase, Figure 34(a), and that no
detectable Y was found at a point less than 100 nm away from
the Y-rich second phase, Figure 34(b).  Considering the
similarity of the local environments of the A and B sites in
Ba2Ti9O30 (B2T9) and BaTiO3, the occurrence of large
concentration of Y in the B-site-rich Ba2Ti9O30 (B2T9) may

indicate the preference of Y to reside in the B site of perovskite
lattice.

Bend contours (indicated by black arrows in Figure 32(a)
and (b)) were observed in almost every dielectric layer grain.  A
representative EDS spectrum (shown in figure 35) of a dielectric
grain shows that it is composed of Ba, Ti, Zr and small quantity

of other elements such as Mg.  The domain structures, a
characteristic feature of normal ferroelectric materials, are not
visible in these materials.  No core-shell structures were found,
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Fig. 33. Second phases included in the main crystal phase.
The inset CBED pattern confirms that they are a B-site
rich phase with the Ba2Ti9O30 (B2T9) structure.
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Fig. 34. (a) Chemical composition of the second phase (point A)
observed in Fig. 33. (b) Chemical composition of point B in Fig.
33 analyzed by EDS. (Cu peaks are artifacts from sample
preparation).
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Fig. 35. A representative EDS spectrum to show the chemical
composition of the dielectric grains.

(010)

(100)

Fig. 36. SAD pattern in the pseudocubic [001]
direction of a perovskite grain showing split
diffraction spots.
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which suggests that there were no Zr concentration gradients
across the grain.

A pseudocubic [001] selected area diffraction pattern of a
BTZ grain (Figure 36) showed split and elongated spots, which

have also been reported in lead lanthanum zirconate titanate
(PLZT) relaxor materials.107 The split and elongated spots
indicate that the single grain is not actually a single crystal, but
is composed of multi-domains with different orientations.
Normally, these multi-domains are separated by coherent
domain (grain) boundaries.  The SAD pattern in Figure 36 does

not show super-lattice reflections, which indicates Zr4+ and Ti4+

ions were randomly distributed in the grain.
In order to determine the presence of coherent domain

boundaries using TEM, BF and centered-dark field (CDF)
images were formed by systematically tilting the sample.  At
each tilt position, only one (split) diffracted spot was excited,

arising from one set of pseudocubic crystal planes.  However,
this single pseudocubic diffraction spot was actually made up of
several individual spots with their own diffraction vectors (g)
and excitation errors (s), as indicated by the split spots in Figure
36.  If a CDF image is formed from one of these split diffracted
spots, a  fringe is produced by interference arising from a

difference in actual diffraction vectors (g) or excitation errors (s)
along the domain boundaries.  These images at dynamical
diffraction conditions are shown in Figures 37 to 40.
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(b) [110]

Fig. 37. (a) BF image of a representative BTZ grain at two
beam conditions. The excited reflection was the
pseudocubic )( 011 . A, B, C, and D are different regions; (b)
CDF image of (a). The lines indicate that the subdomain
boundaries align along [100] direction.
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(a)

Fig. 38. (a) BF image of the grain shown in Fig. 37.
The image was obtained at two beam conditions with
the pseudocubic (020) reflection excited. (b) CDF image
of (a).
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Fig. 39. The CDF image from Fig. 38(b) at higher
magnification to show the defects indicated by arrows in the
grain.
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500 nm

[200](a)

Fig. 40. (a) BF image of another grain at two beam
conditions with diffraction vector equal to pseudocubic
[200]; (b) CDF image of (a).
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All of these images are at two-beam conditions, and
clearly show bend contours, which arose from lattice distortion.
These high contrast images allow the (sub-) domain boundaries,
which are invisible or difficult to see in ordinary BF images at

kinematical diffraction conditions, to be resolved.  At the two-
beam conditions used, some of the (sub-)domains observed in the
background (matrix) of the paraelectric phase are
crystallographically oriented to allow the macro-domain features,
observed in normal ferroelectric materials, to be seen.  Such
(sub-)domains are called stabilized micro-regions by some

researchers.65,107 Some of the stabilized (sub-)domains showed
vault shapes.  The grain was arbitrarily separated into four
parts according to the orientation of the (sub-)domain
boundaries and the distribution of the bend contours as shown
in Figure 37(a).  The regions labeled “A” show macro-domain
features, and the (sub-)domains are crystallographically

oriented along pseudocubic (100) planes (illustrated by a
straight line in Figure 37(b)).  It was deduced that orthorhombic
or rhombohedral phases predominate in these regions as both
have pseudocubic {100} macrodomains similar to those seen in
Figure 37(b).  Although pseudocubic {100} planes can be domain
boundaries in tetragonal BaTiO3, the 180° domains in tetragonal

BaTiO3 are seen as ribbon-shape or wave fringes with –fringe
features, unlike those shown in Figure 37(b).80,81  Stabilized
(sub-) domains with macro-domain features were also observed
in region B, but in this region, the (sub-)domains were oriented
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along pseudocubic (110) planes, indicated by a straight line in
Figure 38(b).  The tetragonal, orthorhombic and rhombohedral
phases all have pseudocubic {110} domains.  No domains with
macro-domain features were seen in regions C and D, which

suggests that a super-paraelectric phase may predominate in
these regions.  No detectable chemical differences were found in
regions A, B C and D by EDS.  The presence of different domain
features and multiple phases with different Curie temperatures
in a single grain is believed to be responsible for the observed
relaxor-type behavior shown in Figure 30.  However, the current

work doesn’t verify nor does it disprove that compositional
fluctuations are responsible for the formation of different
subdomains within the grain, as suggested by Smolenskii.

The ridge line of the differently-oriented domains,
indicated by an arrow in Figure 38(a), can be clearly seen.  From
this line, the bend contours and the distorted domains, it can be

deduced that high stresses and lattice distortions exist between
the two regions.  The reason that the elastic energy stored in the
distorted domains on either side of the ridge line is not released
is probably that the energy barriers of domain reorientation are
much higher than the thermal energy.  The high energy barriers
to domain reorientation are associated with the formation of

BTZ solid solutions, which broke the long-range ordered dipole
alignment.  Similar microstructures can be found in other grains,
as shown in Figure 40.
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Figure 39 is the same image as Figure 38(b) but at higher
magnification to show the detailed texture of the grain.  Many
defects distributed in the longitudinal and transverse
orientations in the grain can be seen, as indicated by arrows in
Figure 39.   Some of the defects show low angle grain boundary
features; some have dislocation characteristics, and some appear

to be phase boundaries.  The presence of these defects is not
surprising because they allow the lattice to partially release
elastic energy and make it possible for misoriented domains to
adjust the lattices to form coherent domain boundaries.  The

(c)

(a) (b)

(d)

Fig. 41. Schematic diagram to show the
evolution of the microstructure with decreasing
temperature.
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misoriented multi-(sub)-domains and multi-phases coexisting
together in individual grains combine to give to a pseudocubic
global symmetry.

The ferroelectric relaxor behavior observed in these

materials can be reasonably explained from the microstructures
observed.  Since multiphases and misoriented multidomains
coexist in the system, the internal stress distributions are
uneven.  The dipole reorientation with external electric field is
closely associated with its own stress states.  Under the effect of
an external electric field, some dipoles undergoing less

compressive stress can reorient quickly, which can favor the
reorientation of other dipoles in regions with higher clamped
stresses by changing the stress distribution in the grains.  So
the dipole reorientation is time-related and therefore shows
frequency relaxor behavior.  It can be predicted that phase
transitions and stress redistribution in the local area are still

continuing during the cooling process, or under the effect of an
external electric field.

  Based on the analysis above, a schematic diagram of
microstructural evolution with decreasing temperature is
presented in Figure 41.  Above the Curie temperature, the
paraelectric cubic phase is the only stable phase (Figure 41(a)).

When temperature decreases to just below the local Curie
temperature, some ferroelectric nuclei are formed, consisting of
unstable dipoles as shown in Figure 41(b).  Depending on the
chemical composition, thermal history and local conditions such
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as defects and stress states, these nuclei can develop into
tetragonal, orthorhombic and rhombohedral phases when the
temperature is further decreased.  As temperature continues to
fall, ferroelectric nuclei continue to form and some unstable

micro-domains develop into stable micro-domains with macro-
domain features in BF and DF TEM images at two beam
conditions.  These stable micro-domains are adjacent to each
other, but have different orientations, as shown in Figure 41(d).
Not all of these domains are reoriented by the effective internal
electric field, so the lattices and domain walls are severely

distorted as shown in Figure 41(d), producing bend contours and
internal stresses.  The presence of internal stress will affect
phase transition temperatures.  The internal stress,
temperature and dipoles interact with each other to determine
the overall system state.
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3.5 Dielectric Degradation and Microstructures of
Heterogeneous Interfaces in Cofired Multilayer
Ceramic Capacitors97

As shown in Figure 42, microcracks were observed across

several active dielectric layers and electrode layers in a one-side
tripod polished Y5V type MLCC with Ni electrodes which had
failed after 7 hours of HALT.  It was inferred that thermal or
electrical breakdown could be the final failure mechanism for
the capacitor after degradation during HALT.

20 µm

Fig. 42. Microcracks observed in a one-side tripod polished
Y5V-type MLCC with Ni electrodes after 7 hours of HALT
to failure.
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The tripod polishing technique allows large electron
transparent regions across several dielectric and electrode layers
and leaves the electrode-dielectric interfaces undisturbed.  This
technique has made it possible to characterize the interfacial

microstructures by TEM, as shown in the bright field (BF) image
in Figure 43(a).  The minor phases and grain boundary
structures, indicated by arrows in Figure 43(b), survived during
specimen preparation along with the main crystal phases.
Detailed investigation of the microstructure by TEM and EDS
showed that the main crystal phase was BTZ material with

small amounts of impurities such as Mg, while dopants such as
Y, Mn, and Si had reacted with BTZ to form second phases
located at grain boundaries and triple points or were included
inhomogeneously within the main crystal phase.

A representative microstructure at higher magnification
is shown in Figure 44.  Segregated layers of thickness ~150 nm,

with the Ba4Ti13O30 (B4T13) structure (as confirmed by CBED),
were found between the Ni electrodes and BTZ dielectric layers.
EDS revealed that the segregated layer was a P-rich phase, as
shown in Figure 45.  The formation of the lamella layer may be
caused by the reaction of BTZ material with P impurities.  Since
the lamella is a B-site rich phase, it was deduced that P ions

substituted for Ti ions in perovskite B sites.
Electrode-oxidized layers were also frequently observed in

the capacitor, as shown in Figure 46.  Double lamella layers
(labeled ‘a’ and ‘b’) were observed in the electrode-dielectric
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2 m

(a)

Fig. 43. (a) Bright field (BF) TEM image showing the
microstructure of the tested Y5V-type capacitor. Large areas
across several dielectric and electrode layers are electron
transparent.
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500 nm

(b)

Fig. 43. (b) BF image of BTZ crystal grains in an active
dielectric layer. Second phases and glass phases (indicated by
arrows) were found at the grain boundaries and triple points.
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200 nm

Ni

BTZ

Fig. 44. Second phase located in the interface between the Ni
electrode and the dielectric layer. The inset CBED pattern
confirms the second phase was a B-site-rich phase with the
B4T13 structure.

Second phase
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interface, forming a sandwich structure.  The inset CBED
pattern taken from lamella layer b in Figure 46 shows that it
consists of cubic NiO phase.  Mn was also found in the NiO
matrix and was analyzed by EDS as shown in Figure 47(b), but

it was not found in the Ni electrode.  These electrode-oxidized
layers were not observed in the virginal (non-HALT) Y5V-type
MLCCs with Ni electrodes.  Apparently, Mn ions were reduced
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analyzed by EDS reveals that it was a P-rich phase. Cu
peaks are an artifact of sample preparation.
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100 nm

a
b

Ni

BTZ

BTZ

Fig. 46. Double lamella layers, a and b, observed in the
electrode-dielectric interface forming a sandwich structure.
Lamella b was confirmed as a NiO layer by the inset CBED
pattern.
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by the Ni electrodes through the following electrochemical
reaction:

o
VMnNiOe

o
OMnNi

..'
+

+
+→−+

+
+

23

Migration of oxygen vacancies under applied electric field
is the main contribution to conductivity in acceptor-doped

BaTiO3, as reported in many studies of dielectric degradation
and defect chemistry.22,28,29,33,34  It is therefore inevitable that
electrochemical reactions will take place on the surface of
electrodes because the charge carriers in dielectrics are ions or
ion vacancies instead of electrons and electron holes.  This
means that HALT can be thought of as a process of electrolyzing
acceptor-doped BaTiO3.  It is not surprising to find NiO lamellae

in the electrode-dielectric interfaces because Ni is not an inert
electrode material.

Lamella layer a in Figure 46 was a P-rich layer as
analyzed by EDS in Figure 47(a).  The bright-dark contrast
observed in layer a was caused by defects such as oxygen
vacancy clusters with high mobility under the illumination of

the electron beam.1  Oxygen vacancy clusters are often seen in
BaTiO3-based materials sintered in reducing atmospheres.1,50

Microstructures of electrode-dielectric interfaces of the
virginal Y5V-type MLCCs with Ni electrodes without HALT are
shown in Figure 48.  Multiple lamellae, a, a’ and b, were
observed in the interfaces forming a sandwich structure.

Lamella b was a large grain with many stacking faults, seen as
stripes in Figure 48.  EDS analysis suggested that both

(18)
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100 nm

Ni

a
a’

b

Fig.48. BF image of electrode-dielectric interfaces of a
virginal (untested) MLCC. Multi-lamellae, a, a’ and b, are
seen in the interfaces.
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Fig. 49. (a) Chemical composition of lamella a in Fig. 8,
(similar to that of lamella a’), analyzed by EDS as being a
P-rich phase; (b) Lamella b in Fig. 48 contained dopants
such as Si, Mn, and Mg.
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lamella a and a’ have similar chemical composition, which is
different from lamella b.  As shown in Figure 49(a) and (b), a P-
rich phase was found in lamella a and a’, while lamella b
contained many dopants such as Mg, Mn and Si.  These dopants

have ionic radii comparable with that of Ti, so they would
ordinarily enter the B sites in perovskite-structured BaTiO3.
Lamella b was expected to be a B-site rich phase and it was
confirmed to be BaTi4O9 (BT4) by SAD, shown inset in Figure 50.
The (001) crystal planes with lattice parameter of 14.53 Å were
resolvable as lattice fringes as seen in the BF image.  Stacking

faults are much more apparent in Figure 50 with higher
magnification than in Figure 48.  However, no NiO segregated
layers were found in the capacitor.   Sumita et al. reported that
double segregation layers, a P-rich and an Mn-rich layer, were
found only in long service life capacitors, and the Mn-rich layer
became thinner, and finally disappeared during the course of

HALT.31 Eventually, the P-rich layer also diminished when the
capacitor was near failure during the HALT.  Results from the
present study are generally in agreement with those
observations.

Figure 51 shows the interface of a Ag/Pd electrode and a
modified BaTiO3 dielectric layer in an air-fired X7R-type MLCC.

The electrode and dielectric layer are seen to be separated by an
intermediate flux layer.  Core-shell structures predominated in
the dielectric layers, and no second phases beside the flux were
found in the interfaces.  Detailed EDS analysis did not find any



113

20 nm20 nm

Fig. 50. BF image to show stacking faults observed in lamella
b in Fig. 48 at higher magnification. The inset SAD pattern
indicates that it is a B-site-rich phase with the structure of
BT4. (001) crystal planes with lattice parameter of 14.53 Å
were resolvable as lattice fringes.
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200 nm

Ag/Pd

BT

Fig. 51. BF image of the electrode-dielectric interfaces in
X7R-type MLCCs with Ag/Pd electrodes. The electrodes
and dielectrics were found to be separated by
intermediate flux layers.
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100 nm

Ag/Pd

BT

BT

Fig. 52. The interface of the electrode and dielectric without
flux in an X7R-type MLCC.
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silver in the intermediate flux layers located at the electrode-
dielectric interfaces.

Although most of the interfaces of Ag/Pd electrodes and
dielectric layers in the system were observed to be sandwich
structures with an intermediate flux layer, as shown in Figure
51, areas with no segregated layers were occasionally observed
in some parts of the interfaces as shown in Figure 52.  In this

case, the electrode layers should form hybrid bonds with the
dielectric layer in a very narrow range along the interfaces as a
result of surface defects.  However, as shown in Figure 53, no
silver migration into the modified BaTiO3 was found in a
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Fig. 53. EDS analysis of the point indicated by a circle in
Fig. 52 showing that no silver was found in the crystallite.
The dot line indicate the location of the silver’s L 1,2 peak.
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crystallite which directly contacted with the electrode.  As Ag
was not oxidized during the sintering process, so it was
impossible for Ag atoms to form ionic bonds either by entering
the A sites of the perovskite structure, or by diffusing into the

glass flux.  The present work supports the assertion that silver
diffusion into the dielectrics is negligible during the cofiring
process.60-62
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4 Summary and Conclusions

4.1 X7R-type BaTiO3 MLCCs with Noble-Metal
Electrodes

• The microstructures of commercial X7R-type MLCCs were
studied by TEM, SEM and ROM using ion milled and tripod
polished specimens.  The termination has three layers: silver,
nickel and tin, from inside to outside.

• Core-shell structures were predominant in the microstructure
of the dielectric layers analyzed by TEM.  Glass phases were

frequently observed at the grain boundaries and triple points.
The chemical composition of the glass phases analyzed by
EDS was Zn, Bi, Si, and O.  Both core and shell structures
exhibited twins in some large grains.

• EDS point-by-point analysis showed that the shell regions
contained dopant bismuth ions, while the cores were pure

BaTiO3.  Bismuth was the only component of the glass phase
observed which had diffused into the shell regions.

• The powder XRD pattern and BF TEM images indicated that
the tetragonal structure of BaTiO3 grains in this modified
system were not very pronounced in the core, and that in the
shell paraelectric phases were the norm.  The high stress
state existing in the core-shell structure is suggested from the

BF TEM images and the powder XRD pattern obtained.

• Silver-palladium alloy is the internal electrode of this type of
the MLCC.  The stress arising from the mismatch of thermal
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expansion coefficients between the dielectric and electrode
layers was observed.  The internal electrodes show twinned
structures.  The electrode-dielectric interfaces have sandwich
structures with the glass phase located between the electrode

and dielectric layers.  No silver migration into this flux was
found.

4.2 Complex Stress States In X7R-Type BaTiO3
Dielectric Core-Shell Structures

• SAD and CBED patterns of cores and shells showed that the

boundaries between cores and shells were coherent.  The
diffuse HOLZ lines suggested that internal stress states
existed within individual grains.

• The distribution of the internal stress was studied by WBDF
microscopy.  The contours formed by distorted crystal planes
were observed in the WBDF images.  The contours observed

were dependent on the stress state instead of the crystal
symmetry and the stress distribution in individual grains
was suggested to be determined by the thickness ratio of
shell to core and the geometrical relationship between the
core and the shell.

• Twins were observed in the BaTiO3 grains, and were
determined to be growth twins rather than mechanical twins

by examination of the distribution of the internal stress
shown in the WBDF images.
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4.3 Lamella-Twinned Crystallites and Dislocations in
Paraelectric Phases of Bi2O3-doped BaTiO3

• When analyzed by electron diffraction, (111) twin structures
were observed in pseudo-cubic phases of BaTiO3 doped with

Bi2O3.  An alternative way to describe the twinning structure
is the rotation axis-rotation angle pair such as [1-10] - 70o or
[113] - 33.6o.  The paraelectric phases seen were formed by
the diffusion of foreign ions like Bi3+ homogeneously into the
entire grains.

• Lamella twinned crystallites included in the paraelectric

phases were found in this system.  Pure wedge fringes were
observed in these grains.  Double diffraction was observed in
the overlapped regions at some zone axes.

• High density dislocation loops were occasionally seen in
paraelectric grains.  Most dislocations were pure edge
dislocations lying on {100} planes with Burger’s vector
a<100>.  It was conjectured that some of the dislocations

were transformed into crystallographic shear planes.

4.4 Y5V-type BaTiO3-MLCCS with Base-Metal
Electrodes

• The dielectric properties of re-oxidized BTZ ceramics sintered
in a reducing atmosphere exhibit frequency relaxor effects,

which can be explained by the microstructures observed at
dynamical diffraction conditions.
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• Second phases located at the grain boundaries and triple
points or included in the BTZ matrix were formed by dopants
such as Y, Mn, and Si reacting with the matrix phase.  A Y-
rich phase observed as inclusions in the BTZ matrix was

found to be a B-site rich phase with a B2T9 structure, which
supports the hypothesis that Y ions enter B sites in
perovskite BaTiO3 lattices.

•  Although XRD patterns of these materials show pseudocubic
symmetry, split electron diffraction spots are observed in
TEM SAD patterns.  There were no super-lattice diffraction

spots in these electron diffraction patterns.

• TEM images at two-beam conditions show multi-domains
with different orientations and multi-phases coexisting in a
single grain, which cannot be observed in ordinary BF TEM
images at kinematical diffraction conditions.  The
pseudocubic (100) and pseudocubic (110) sub-domains
coexisting in one individual grain were observed to have

normal ferroelectric macro-domain features.

• Defects with the character of low angle grain boundaries,
dislocations and phase boundaries were found distributed in
the grains.  Bend contours and distorted domains were
observed.  A schematic diagram suggesting the process of
microstructure evolution in these materials is presented.
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4.5 Heterogeneous Interfaces in Cofired BaTiO3
MLCCs

• The compatibility of electrodes and dielectrics in cofired
MLCCs with both Ni electrodes and Ag/Pd electrodes was

characterized by TEM using tripod polished samples.  The
tripod polishing procedure in conjunction with low angle ion
milling for a short time can produce excellent TEM samples
with many electron transparent regions, making it possible
to easily characterize cofired interfacial microstructures.

• NiO lamellae and P-rich intermediate layers were found in

the MLCCs with Ni electrodes after HALT.  CBED confirmed
the P-rich layer was a B site-rich phase with a B4T13

structure.  Mn-containing NiO was observed to have formed
in the MLCCs after HALT.  This was suggested to result
from an electrochemical reaction during HALT.

• P-rich and Mn-rich segregated layers were observed in the
virginal MLCCs before HALT.  A grain doped with Mn, Si,

and Mg and containing stacking faults was found to have a
BT4 structure.

• No silver diffusion was found in either BaTiO3 based
perovskite lattices or flux phases in air-fired X7R type
MLCCs.
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