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Abstract. The microstructures of typical commercial X7R MLCCs were characterized by transmission electron
microscopy (TEM), using tripod polished specimens and ion milled samples. 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.
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Introduction

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 outper-
form those of electrolytic capacitors as surface mount-
ing devices (SMDs). For these reasons, MLCCs are
expected to eventually replace electrolytic capacitors
[1].

High-performance MLCCs are required to possess
high volume efficiency and low manufacturing costs
[2]. The keys to achieving these objectives are to re-
duce the thickness of the metal electrode and dielectric
layers, to develop high permittivity dielectric materi-
als and to utilize inexpensive internal electrodes and
terminals [2–4].

However, challenges exist for all these research ef-
forts to develop the 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 the average

grain size of the BaTiO3 must be reduced. The dielec-
tric constant of BaTiO3 is dependent on the grain size
of the material [2, 5–8]. Moreover, electrode migration
into the dielectric layers, which can affect the stability
and dielectric properties of MLCCs, has to be consid-
ered 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 reduc-
ing atmosphere to protect those metals from oxidiza-
tion when fired. Oxygen vacancies left behind in the di-
electrics by this firing atmosphere lower the insulation
resistance of the devices and degrade their reliability
[3, 4, 9–13].

In order to meet the X7R industry standard [14],
the dielectric permittivity with temperature properties
of BaTiO3 must be purposely modified by the addition
of dopants including chemical shifters, pinchers, and
depressors. Temperature-stable dielectric behavior can
be achieved by chemical substitution in the ceramic
material, by a small-grained microstructure or by the
presence of ‘core-shell’ grains [15–19].
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A characteristic of some X7R-type materials is
the presence of core-shell structures within individual
grains, where the cores are composed of pure barium ti-
tanate while the shells consist of barium titanate doped
with additives, which may be Zr4+, Ce4+, Nb5+ or
Bi3+, amongst others [17–20]. It is widely accepted
that the presence of core-shell structures in ceram-
ics is attributed to chemical inhomogeneity [15–20].
Armstrong and Buchanan [21] used convergent beam
electron diffraction (CBED) in the transmission elec-
tron microscope (TEM) to determine that both the core
and shell in zirconia-modified barium titanate were
tetragonal phases at room temperature. However, cu-
bic shell phases have also been reported by other re-
searchers in barium titanate systems doped with other
additives [19].

Since the microstructure has a decisive influence on
the electrical properties and reliability of the MLCCs
[13, 22, 23], a deliberate design of the microstructure
for individual grains is essential for the production of
MLCCs with very thin dielectric layers and base-metal
electrodes.

The objectives of the present work were to char-
acterize the microstructural features of commercial
X7R-type barium titanate MLCCs using TEM, to un-
derstand the interrelationships of the microstructural
features observed, and make suggestions for future
research with the aim of optimizing the microstruc-
tures through control of composition and processing
conditions.

Fig. 1. (a) ROM and (b) SEM secondary electron (SE) image of the typical structure of MLCCs. The specimens were made using tripod-polishing.

Experimental Procedure

The materials used for this study were commercial
X7R-type MLCCs, supplied by Ferro Co., Penn Yan,
NY. These devices are made using tape-casting tech-
niques from BaTiO3 which functions as the dielectric,
and Ag/Pd layers which function as electrodes. The
X7R-type MLCCs were fired in air at 850◦C for 2 hours.

Specimens for TEM analysis were made using con-
ventional techniques as well as using tripod polishing.
The specimens were mechanically ground to ≈40 µm,
then Ar-ion milled to electron transparency using a
Dual Ion Beam Mill (Gatan 600). The specimens for
scanning electron microscopy (SEM) and reflected
optical microscopy (ROM) were made using tripod
polishing procedures without etching. The introduc-
tion and development of tripod polishing procedures
of TEM sample preparation for interfacial research
have been reported elsewhere [24–26]. Powder sam-
ples made by grinding whole MLCCs (including both
electrode and dielectric materials) to less than 10 µm
were used for X-ray diffraction analysis.

The microstructures of the specimens (without car-
bon coating) were studied using a Jeol JEM-2000FX
TEM (Jeol, Japan) operated at 200 kV. Phase iden-
tification was performed by selected area diffraction
(SAD), and chemical information was obtained in the
TEM, using a Princeton Gamma-Tech digital spec-
trometer and a PGT System4 Plus computer sys-
tem (PGT, NJ). The structures of the capacitors were
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observed using a Philips 515 SEM (FEI, Netherlands)
and optical microscope (Reichert-Jung Polyvar-Met).
X-ray diffraction (XRD) patterns were obtained using
a XRG-3100 (PANalytical, Netherlands) using Cu Kα

radiation (λ = 1.54 Å) with step size 0.02◦.

Fig. 2. (a) SEM SE image showing the terminals of MLCCs and (b) EDS analysis of the terminals.

Results and Discussion

MLCCs are manufactured by integrating dielectric
layers separated by electrically conductive electrode
layers, as shown by optical and scanning electron
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microscopy (Fig. 1). The device shown has twelve ac-
tive 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 capac-
itor are electrically connected at the end of the de-
vice by the terminals. Figure 2(a) clearly shows that
the terminals have three different layers. The chem-
ical composition of each terminal layer is shown in
Fig. 2(b). Typically, the terminals are formed by dip-
ping the MLCC into a thick film cement paste, usually
composed of either Ag or Ag-Pd powder and glass frit,
and sintering the device [27]. The first Ag layer is sur-
rounded by a Ni layer, which is in turn covered by a
Sn layer. The middle Ni layer works as a protective
barrier to prevent silver migration, while the exterior
Sn layer functions as a solderable layer and prevents
oxidation of Ni [27]. The cracks visible in the interface
between the Ni and Ag layers indicate that the bond
between the two layers is weak. Figure 2(a) shows that
the interfaces between the internal electrodes and the

Fig. 3. 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).

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 3 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 sur-
rounded by the featureless paraelectric areas called the
shells. This microstructure, featuring coexistence of
core and shell in one grain is called the ‘core-shell’
structure. The core-shell structure boundary as indi-
cated by A in Fig. 3(a) is suggested to be coherent
[16–18, 21]. The thickness of the domains varies be-
tween grains, but is generally less than 100 nm. Both
the ribbon-like walls, a typical feature of 180◦ domains,
and the stripe walls, characteristic of 90◦ 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 Fig. 3(a)), and grain
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Fig. 4. Chemical composition of the glassy second phase analyzed
by EDS.

boundaries. Some minor second phases (indicated in
Fig. 3(a) by an upward arrow) were frequently observed
in many grains in samples prepared by ion-milling. Fur-
ther research showed they were artificial effects, as no
such features were observed in tripod polished speci-
mens. Large grains in the matrix show twin structures,
as shown in Fig. 3(b). The twin boundary, marked as B
in Fig. 3(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.

The chemical composition of the glass phases ana-
lyzed by EDS were silicon, bismuth and zinc, as shown
in Fig. 4. 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 mod-

Fig. 5. (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)].

ifier. 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 glass
phases, however, play a very important role in the mi-
crostructural development of the dielectric layers.

A representative BF image of the core-shell struc-
ture is shown in Fig. 5(a). The results of EDS point-by-
point analysis to determine the chemical composition
of the cores and the shells are shown in Fig. 5(b). As ex-
pected, the dopant ions were only found in the shell 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
were formed by diffuse phase transition, and similar
phenomena have been reported in systems which used
different dopants [15–20]. The inhomogeneous chem-
ical composition between the core and shell indicates
the core-shell structure is not a thermodynamically sta-
ble state. As a result, it is essential to design and control
the sintering conditions accurately when manufactur-
ing this type of MLCC. Clearly, the glass phases are
the original source of the dopant ions which diffuse
into the shell regions of the grains.
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Fig. 6. Powder XRD of the MLCC materials.

As shown in Fig. 6, 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
(Fig. 5). The characteristic peak splitting of the (200)
peak, which would indicate a tetragonal BaTiO3 phase,
is not seen in this XRD pattern. Based on this and TEM
evidence, it is suggested that the lattice of the tetrag-
onal core of the grain is distorted into a pseudocubic
structure by stresses imposed by the paraelectric shell.

Fig. 7. (a) BF and (b) DF of internal electrode layer showing twinned crystals; Inset SAD pattern is a [100] zone axis.

The deviation of the c/a ratio from 1 is very small, and
as such both phases appear cubic in XRD. The XRD
results indicate that the cores of the BaTiO3 grains re-
mained deformed from the tetragonal to the pseudocu-
bic 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, sug-
gest that the global symmetry of the materials (as op-
posed to the local symmetry) is pseudocubic at room
temperature.
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Fig. 8. The Ag/Pd internal electrode analyzed by EDS.

Figure 7 shows (a) BF and (b) dark-field (DF) im-
ages for a region of the internal electrode layer, showing
the presence of twins in the microstructure. The chem-
ical composition of the internal electrodes analyzed by
EDS is silver and palladium, as shown in Fig. 8 (the

Fig. 9. (a) BF image of the electrode-dielectric interface; (b) EDS point-by-point analysis to show no silver migration in the flux.

copper peak visible at 8 keV is an artifact of sample
preparation). Selected area diffraction of this phase is
shown inset in Fig. 7(b) which shows it is a single,
cubic phase. Clearly, silver and palladium have formed
a continuous solid solution. The internal electrodes are
twinned crystals, as shown in Fig. 7. The bend contours
observed in the DF image (Fig. 7(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 be-
tween electrodes and dielectrics in cofired MLCCs
is shown in Fig. 9(a). The electrode-dielectric inter-
faces could not be prepared for TEM analysis using
ion-milling techniques, as the internal electrodes are
preferentially removed by the milling process. How-
ever, TEM specimens with large areas of electron
transparency across several dielectric layers integrated
with electrodes can be obtained using tripod polish-
ing procedures. Glass phases were observed at the



52 Feng and McConville

electrode-dielectric interfaces, forming sandwich
structures. EDS point-by-point analysis, shown in
Fig. 9(b), did not show any silver migrated into the
flux. The present work supports the assumption that
silver diffusion into the dielectrics is negligible during
the cofiring process [28].

Of the noble metals, silver has the lowest resistivity
and is the most economical. Silver mixed with palla-
dium to form a single phase solid solution will effec-
tively decrease the migration of silver in the microstruc-
ture. 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.

Conclusions

� The microstructures of commercial X7R-type ML-
CCs were studied by TEM, SEM and ROM using
ion milled and tripod polished specimens. The ter-
mination has three layers: silver, nickel and tin, from
inside to outside;

� Core-shell structures were predominant in the mi-
crostructure 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, and Si. 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 com-
ponent of the glass phase observed which had dif-
fused into the shell regions;

� The powder XRD pattern and BF TEM images indi-
cated 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 expansion coefficients between
the dielectric and electrode layers was observed.
The internal electrodes show twinned structures. The
electrode-dielectric interfaces have sandwich struc-
tures with the glass phase located between the elec-
trode and dielectric layers. No silver migration into
this flux was found.
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