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Although nano-sized barium titanate powder (BaTiO3) with a high tetragonality (large c/a) is essential to enhance the
volumetric efficiency of multi-layer ceramic capacitors (MLCCs) in industry, the tetragoanlity diminishes with a decrease in
particle size and disappears below a critical particle size. Many researchers have investigated an understanding of the
relationship between particle size and the tetragonality of BaTiO3 and tried to increase this value while maintaining the
particle size as small as possible. Recent experimental results, including ours, on critical particle sizes and their tetragonality
values of fine BaTiO3 powders are reviewed in this paper.
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Introduction

Barium titanate (BaTiO3) is one of the most widely
used ceramic materials in industry due to its excellent
dielectric properties. The current market share of capacitor
business based on this powder represents 80-90% [1].
With the miniaturization trend of electronic devices,
most ceramic capacitors have a multi-layered structure
which is known as a multi-layer ceramic chip capacitor
(MLCC) since tape casting for the fabrication of thin
ceramic sheets was developed by Howatt et al. in 1947
[2]. Common electronic devices contain large numbers
of MLCCs: a cell phone 250, a laptop 400 and an
automobile with over 1,000 [3]. An MLCC has alter-
nating layers of dielectric materials and internal metal
electrodes as shown in Fig. 1. Until 1995 most MLCCs
were fabricated using expensive inner electrode materials
such as palladium (Pd) or palladium-silver alloys (Pd/
Ag) [4, 5]. As shown in Fig. 2, the tremendous increase
in the price of Pd during the 1990s has accelerated the
use of base-metal electrodes (BME) such as nickel (Ni)
and copper (Cu) [4-6]. Changing to Ni electrodes reduced
the cost of MLCC by 50-80% compared to that with
the precious metal electrodes. In order to use base-
metal electrodes, however, an MLCC should be sintered
under a reducing atmosphere because Ni electrodes are
oxidized completely in air.

The capacitance of a MLCC is [7]:

(1)

where ε0 is the absolute permittivity of a vacuum

(=8.85 pF/m), εr is the relative dielectric constant of the
material, N is the number of layers, A is the electrode
area, and d is the dielectric thickness. In order to enhance
the capacitance per unit volume, therefore, current efforts

C=ε0εr
NA
d
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Fig. 1. (a), (b) A schematic and (c) picture of multilayer ceramic
chip capacitors (MLCCs).
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are focusing on increasing the dielectric constant of the
material as well as on decreasing the layer thickness.
Among many candidate materials, BaTiO3 with a
dielectric constant of several thousand, which is much
higher than that of most other ceramics, has maximized
the volumetric efficiency [8]. Therefore, most of MLCCs
currently being produced with a structure based on
this powder have additions of small amounts of other
additives to modify their electric, mechanical and thermal
characteristics. Table 1 shows the several MLCC char-
acteristics including approximate dielectric constant,
temperature coefficient of capacitance, and relative BaTiO3

content for the corresponding application based on the
Electrical Industry Alliance (EIA) specifications [9].
An MLCC having the highest volumetric efficiency is
currently as thin as 1 μm and is comprised of several
hundred dielectric layers, and this thickness is expected
to become thinner in the future in order to replace Ta-
and Al-electrolytic capacitors [10-12]. The most widely
used size of MLCC based on the EIA specification is
0603 (1.6 mm×0.8 mm) for general electronic equipment,
0402 (1.0 mm×0.5 mm) for mobile equipment, and
0201 (0.4 mm×0.2 mm) size MLCCs are being put into
practical application [12]. Because the general belief
is that each sintered layer of an MLCC needs at least
5 grains to ensure reliability [3, 13], BaTiO3 powder
being much finer than the thickness of the dielectric
layer with stringent characteristics is essential for an
industrial application. However, it is known that the
tetragonality (=c/a), which is the source of the high
dielectric constant, diminishes with a decrease in BaTiO3

particle size and disappears below a critical particle

size [3].
Acquiring high quality BaTiO3 particles is a prereq-

uisite for the production of a reliable MLCC even
though the MLCC production process is complicated,
requiring many different fields of knowledge including
powder processing, slip behavior, tape casting and
sintering behavior in a reducing atmosphere, etc.
Therefore, this author will start by introducing recent
experimental results on nano-BaTiO3 synthetic methods
and their characteristics for MLCC applications in
this review. The critical particle size of the cubic-to-
tetragonal transformation and the resultant tetragonality
values of synthesized powders including an explanation
of our recent results will follow.

Hydrothermal vs. Solid-state Reaction Method

Easy powder dispersion with a spherical shape, low
firing temperature with a high sintering density, high
dielectric constant with a low dissipation factor, and
consistent properties along with little lot-to-lot variation
are the most desired properties of BaTiO3 particles in
the MLCC industry [3]. Many synthetic methods have
been utilized to produce fine BaTiO3 particles including
using a solid-state reaction [14], co-precipitation (e.g.,
citrates [15], oxalates [16]), hydrothermal synthesis
[17], a solverthermal method [18], alkoxide hydrolysis
[19], a catecholate process [20], and metal-organic pro-
cessing [21]. The powders produced by the hydrothermal
method and the solid-state reaction are the most
commonly used in the MLCC industry nowadays, after
considering the powder properties and the cost of each
method.

The hydrothermal method, which belongs to the
category of liquid phase reactions, characteristically
produces extremely fine particles with a narrow size
distribution maintaining a spherical morphology [22].
This technique utilizes heating an aqueous suspension
of insoluble salts in an autoclave at a moderate tem-
perature and pressure so that the crystallization of a
desired phase will take place. The advantages of hydro-
thermal crystallization are the reduced energy costs due
to the modest temperatures sufficient for the reaction,
less pollution, simplicity in the process equipment, and
the enhanced rate of the precipitation reaction [22]. The
particle size of hydrothermally-synthesized BaTiO3 is
usually less than 200 nm which is adequate for the thin
layer application. Despite the above advantages, there

Fig. 2. Palladium prices compared to other precious metals from
1990 until 2006 [6].

Table 1. Classfication of MLCCs based on the Electrical Industry Alliance (EIA) specification [9]

Designation Class Temperature range (oC) Dielectric constant Temperature coefficient (%) BaTiO3 content (wt.%)

NPO
X5R
X7R
Z5U
Y5V

1
2
2
2
2

0−55~125
−55~85

0−55~125
−10~85
−30~85

00, ~ 100
0 ~ 4,000
0 ~ 4,000
~ 14,000
~ 18,000

±30 (ppm)
±15
±15

+22, −56
+22, −82

10~50
90~98
90~98
80~90
80~90



Tetragonality of barium titanate powder for a ceramic capacitor application 345

is a shortcoming associated with this method. Due to
the process condition of a high water pressure, large
amounts of protons and hydroxyl ions tend to be in-
corporated into the BaTiO3 lattice during the hydro-
thermal process [23]. As a result, a considerable en-
largement of the unit cell volume, which gives a
particle density lower than the ideal density, and a
suppression of the tetragonal distortion of the perovskite
unit cell are observed [24]. Moreover, it is reported that
the MLCC made from hydrothermal powder shows a
‘bloating’ in the final stage of sintering due to the
evolution of these incorporated defects, which is not
observed in the powder derived from a solid-state
reaction [23].

The solid-state reaction method is the most traditional
one for preparing BaTiO3 powders by mixing the
starting materials, usually titanium oxide and barium
carbonate, and calcining them at an elevated temperature
around 1100-1400 oC [25, 26]. The powder from this
method had been known to result in a significant
amount of agglomeration, poor chemical homogeneity
along with a coarse particle size due to the treatment at
high temperature. However, a few researchers [27-31]
have lately synthesized BaTiO3 powders of 200 nm
approximate size by a solid-state reaction below 1000 oC
with the help of recently-available advanced milling
facilities and very fine starting materials. A mechano-
chemical activation by the heavy milling is the key step
in this recent process which alters the physicochemical
properties of the starting materials and the mechanism
of synthesis. Moreover, it is expected that the fine
starting materials enhance the solid-state reaction due
to their high activity, and hence decrease the reaction
temperature and the final particle size [27-33]. Con-
ventional ball mills and attrition mills adopting a
discontinuous operating system have been used for a
long time for the purpose of milling. On the other hand,
modern high energy mills use a continuous operating
system equipped with a high speed rotor rotating up to

several thousands times per minute, disc agitators and a
cooling system. Their high energy input and the use of
small grinding media with a diameter of 0.02-0.5 mm
allow the achievement of a very small particle size
down to the nanometer range in a very short processing
time [34]. A schematic of a high energy mill is shown
in Fig. 3 [35].

The typical weight losses of the solid-state reacted
and the hydrothermally produced BaTiO3 powders are
compared in Fig. 4 [36]. The thermo-gravimetric analysis
(TGA) result of hydrothermal powder in air shows a
1.2% of weight loss up to 1000 oC, which is much
greater than that of a solid-state reacted powder which
is less than 0.3 wt.%. This additional weight loss of
hydrothermal powder is attributed to the release of
defects such as hydroxyl ions (OH−), protons (H+) and
carbonate ions (CO3

2−), which are incorporated into the
lattice during the synthesis at a high water pressure as
explained above [23].

We have also recently synthesized 210 nm Ca-doped
BaTiO3 powder by a solid-state reaction by applying

Fig. 3. Schematic of the (a) operating system and (b) the grinding chamber of a high energy mill [35]. 1: Rotor with discs, 2: inlet, 3: grinding
media, 4: cooling jacket, 5 and 6: separation system.

Fig. 4. Comparison of thermo-gravimetric behavior between
solid-state reacted and hydrothermal BaTiO3 powders [36].
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the mechano-chemical activation of the starting materials
[37]. According to Sakabe et al. [10], calcium ions
occupying Ti-sites result in an increase of insulation
resistance and the reliability of MLCCs by decreasing the
mobility of oxygen vacancies compared to that with Ca-
free BaTiO3, which is the reason for Ca-doping in our
experiment. In the synthesis of fine (Ba0.98Ca0.02)1.002TiO3

powder, nano-sized BaCO3, CaCO3 and anatase-phased
TiO2 particles are used as starting materials. Since most
of the nano-sized BaCO3 particles have a needle-like
shape, this powder is exposed to heavy high energy
milling at first to decrease its size. SEM images of the
starting materials including high energy milled BaCO3

particles are shown in Fig. 5. The purpose of this
mechano-chemical activation by high energy milling is
to increase the contact points and the activity of the
starting materials, and hence to get the fine Ca-doped
BaTiO3 powders at a low reaction temperature. It has
been reported that the fine particles of TiO2 act as a
catalyst for the decomposition of BaCO3 [28], and the
anatase-phased TiO2 has a higher activity and is more
efficient in lowering the reaction temperature than the
rutile one due to its low density (Density of anatase
phase TiO2=3.90 g/cm3, while that of the rutile phase=
4.23 g/cm3) [38]. According to the thermo-gravimetric/
differential thermal analysis (TG/DTA) results, both of
the mechano-chemical activation and the use of anatase-
phase TiO2 is effective in decreasing the reaction tem-
perature, more exactly the BaCO3 decomposition tem-
perature, by almost 200 oC compared to the composition
without milling and the use of the rutile phase TiO2 as
shown in Fig. 6 [37]. As a result 210 nm-sized Ca-
doped BaTiO3 particles can be synthesized, which
show superior characteristics in terms of the dielectric
constant and the temperature coefficient of capacitance
when this powder is applied in a high capacitance X5R
MLCC with a 1 μm layer thickness [37]. Figure 7

shows the SEM morphology of Ca-doped BaTiO3

powder synthesized by heat treatment at 985 oC for 2
hour in an air atmosphere.

As explained above, the synthesis of nano-sized
BaTiO3 particles is possible nowadays by a solid-state
reaction with the help of very fine starting materials
and mechano-chemical activation using a high energy
mill. In order to understand why nano-sized particles
can be manufactured by a solid-state method, it is best
to look into the reaction mechanism suggested by
Beauger et al. [26] According to this model [26],
BaTiO3 is easily formed at the surface of TiO2 particles
which also act as the catalysts for BaCO3 decomposition
[28]. When the surface BaTiO3 layer is formed by the
decomposition of BaCO3 and its reaction with TiO2,
the kinetics are governed by the barium and oxygen ion
diffusion through this layer into the virgin TiO2 phase.
Since the TiO2 phase never decomposes during the
reaction, starting with fine TiO2 particles is very beneficial
in acquiring the final fine BaTiO3 powder. Due to the
excess of barium and oxygen ions in the surface layer,
a Ba2TiO4 phase is generally formed initially [27-29,

Fig. 5. SEM micrographs of the starting materials used in the
synthesis of Ca-doped BaTiO3 powder: (a) as-received BaCO3, (b)
20 hour high-energy milled BaCO3, (c) CaCO3 and (d) anatase-
phase TiO2 [37].

Fig. 6. Comparison of the solid-state reaction temperature using
TG/DTA results among different combinations of starting
materials in air with 3 K/minute of heating rate [37].

Fig. 7. SEM morphology of the synthesized Ca-doped BaTiO3
powder after heat treatment at 985 oC for 2 hours. The average
particle size is shown.
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31]. Homogeneous BaTiO3 particles are formed gradually
by the reaction between Ba2TiO4 and TiO2 due to the
continuous diffusion. This multi-step reaction mechanism
is schematized in Fig. 8 [37]. The reaction equation is
also represented in the following:

BaCO3 → BaO+CO2 (2)

BaO+TiO2 → BaTiO3 (3)

BaTiO3+BaO → Ba2TiO4 (4)

Ba2TiO4+TiO2 → 2 BaTiO3 (5)

Overall reaction: BaCO3+TiO2 → BaTiO3+CO2 (6)

By considering the above reaction mechanism, one
can estimate that a fine TiO2 with a loose structure,
i.e. low density like anatase-phase, enhances BaTiO3

formation by decreasing both the length and activation
energy for diffusion, which is consistent with our
findings. Moreover, the use of very fine BaCO3 par-
ticles is helpful in increasing the number of contact
points with other starting materials and in their easy
decomposition at low temperature.

Critical Particle Size on the Phase Transition

BaTiO3 particles larger than 0.5 μm usually show a
tetragonal-to-cubic phase transition at a Curie tem-
perature which is generally located at 120-130 oC [39],
although the Curie point is known to decrease accom-
panied by a decrease in the particle size of BaTiO3.
Uchino et al. [40] showed that the transition from
tetragonal-to-cubic symmetry occurred at a critical
particle size of 0.12 mm at 75 oC. The cubic phase
shows paraelectric properties with a trivial dielectric
constant, while the tetragonal phase shows ferroelectric
properties which are more interesting for dielectric
applications due to its high dielectric constant. In the
temperature range for the cubic phase, i.e. above the
Curie point, the ideal perovskite structure of a cubic
and symmetrical unit cell is stable. Between 0 oC and
the Curie point, BaTiO3 shows a distorted perovskite
structure in which the Ti4+ and O2− ions are displaced
in the opposite direction from their original positions,
whereas the barium ion does not change its position
[41]. A perovskite crystal structure, the displacement of
the Ti4+ and O2− ions and the slight distortion of
oxygen octahedra during the cubic to tetragonal phase

transition are shown in Fig. 9 [42].
Needless to say, industry needs very fine BaTiO3

powders with high dielectric constants to manufacture
high capacitance MLCCs. By contrast, it is known that
the dielectric constant decreases with a decrease in
particle size and disappears below a certain critical
size. This is due to the phase transition from tetragonal-
to-cubic in connection with the particle size decrease,
which is called the size effect [22, 40, 43-45]. According
to Jaffe et al. [46], physical parameters such as chemical
purity, surface defects, particle size [40, 47] and the
sintering conditions affect this critical particle size [46].

Fig. 8. Suggested solid-state reaction diagram for the formation of BaTiO3 from BaCO3 and TiO2 [37].

Fig. 9. (a) Perovskite structure of BaTiO3 above the Curie point,
(b) a-axis projection of tetragonal BaTiO3 with atomic
displacements, and (c) [TiO6] octahedron in the tetragonal phase
showing the displacement of Ti along the c-axis [42].
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Begg et al. [45], in addition, reported that hydrothermal
BaTiO3 powder with a particle size larger than 0.27 μm
was completely tetragonal and with a particle size less
than 0.19 μm was a fully-cubic phase. More detailed
reports on the critical particle size of the BaTiO3 phase
transition are presented in Table 2. All the reports show
differences in the critical particle size. This difference
in critical size may come from the different powder
characteristics related with the synthetic method as
well as the resolution of equipment used for the
characterization. For example, X-ray diffraction usually
does not detect a small portion with a tetragonal
content, while Raman spectroscopy may do [43, 44].

In order to explain this room temperature stabilization
of the cubic structure in a fine-grained BaTiO3, two
models have been proposed: one is the phenomenological
surface layer model [48], and the other is the pure
phase model [22, 40]. The phenomenological surface
layer model is based on the structural transition between
the outer cubic surface layer of fixed thickness and the
tetragonal core, with a gradient of tetragonality existing
between the two regions. As the particle size decreases,
the relative ratio of the cubic-to-tetragonal region is
increased and eventually only a stable cubic region

remains at a critical particle size.
The pure phase model does not require the coexistence

of the cubic and tetragonal structures. There are two
mechanisms to explain this model; strains imposed by
the presence of lattice hydroxyl ions [22] and the role
of a surface [40]. Regarding the hydroxyl ion effects,
Vivekanandan and Kutty [22] explained the source of
lattice strain as from point defects caused by the presence
of hydroxyl ions and the corresponding cation vacancies.
According to them, the residual hydroxyl ions in the
oxygen sub-lattice retained during the hydrothermal
BaTiO3 synthetic process are compensated by cation
vacancies, and result in strain leading to the metastable
presence of the cubic phase at room temperature. The
surface effect model is based on the surface tension
associated with the very fine powder stabilizing the
cubic phase at room temperature. Uchino et al. [40]
observed a decrease in room temperature tetragonality
and in the Curie point as a function of a particle size
reduction. According to them [40], this surface tension
is sufficiently high to decrease the tetragonality and the
Curie point in the small particle sized BaTiO3.

Looking to our recent research results on the tetra-
gonality (the relative ratio of the lattice parameter of

Table 2. Research results on the critical particle size of the cubic-to-tetragonal phase transition for BaTiO3

Researcher Results Preparation method Measurement method

Arlt et al. [44] ≤500 nm peseudocubic oxalate XRD, εr

Uchino et al. [40] ≤120 nm cubic hydrothermal, solid-state, XRD, BET
>120 nm tetragonal coprecipitation

Hennings & ≤400 nm cubic hydrothermal
Schreinemacher ≤150 nm cubic solid-state XRD
[24] ≥200 nm tetragonal solid-state
Begg et al. [45] ≤190 nm cubic hydrothermal XRD, SEM,

≥270 nm tetragonal HRTEM
Takeuchi et al. [50] 320-1220 nm coexistence solid-state XRD
Lobo et al. [51] ≥200 nm tetragonal sol-gel XRD, εr

Frey & Payne [52] ≥100 nm tetragonal alkoxide XRD, Raman
Wada et al. [53] ≤200 nm cubic hydrolysis XRD
Li & Shih [54] ≤56 nm cubic alkoxide-hydroxide XRD

≥71 nm tetragonal
Sakabe et al. [43] ≤70 nm cubic hydrolysis Raman, XRD
Jiang et al. [55] 105-130 nm sol-gel Raman 

Cubic to tetragonal change XRD
≤3500 nm cubic stearic-acid gel

Lu et al. [56] 80 nm Mainly cubic hydrothermal XRD, DSC
Raman

Kong et al. [27] ≥3,000 nm tetragonal solid-state XRD
Sakabe et al. [10] ≥200 nm tetragonal hydrolysis XRD
Maison et al. [20] ≥230 nm tetragonal catecholate process XRD
Xu & Gao [57] 70 nm 80% tetragonal hydrothermal XRD, DSC
Kim et al. [58] 100 nm 82% cubic hydrothermal NMR, Raman
Lee et al. [59] 150 nm tetragonal spray pyrolysis XRD
Qi et al. [60] 240 nm tetragonal hydrothermal XRD, DSC
Kwon et al. [61] ≥100 nm tetragonal solvothermal XRD
Kwon & Yoon [49] ≤170 nm cubic hydrothermal XRD
Ryu & Yoon [62] ≥54 nm tetragonal solid-state XRD
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the c- to the a-axis, =c/a) of hydrothermal BaTiO3

powder with particle growth inhibitors added [49], it
seems that the mechanism of cubic stabilization in fine
BaTiO3 particles is not affected by the incorporated
defects but mainly by the large surface tension. In this
experiment, we tried to enhance the dielectric constant
of fine hydrothermal BaTiO3 powders by eliminating
the internal defects using heat treatment at various
temperatures. The behavior of the tetragonality (=c/a), an
indirect measure of dielectric constant, was investigated
as a function of the particle size and the processing
temperature. Different amounts of growth inhibitors
such as carbon black and corn starch were added to
minimize the drawbacks of heat treatment such as hard
agglomeration and particle growth. Based on the
experimental results [49], controlling the particle size
under the same heat treatment condition is possible by
using growth inhibitors, where carbon black is a more
efficient inhibitor than corn starch due to its high
burnout temperature compared to that of corn starch as
shown in Fig. 10. Most of the corn starch is burnt up to

300 oC, while carbon black exists up to almost 600 oC
acting as a more efficient particle growth inhibitor.
The tetragonality (=c/a) increases gradually between a
particle size of 170-330 nm and shows saturation for a
particle size larger than 330 nm as shown in Fig. 11.
However, it is found that the tetragonality enhancement
by heat treatment above 950 oC while minimizing the
particle growth is not efficient as shown in Fig. 12.
These results indicate the relatively smaller contribution
from the internal defects than the free surface in stabilizing
the metastable cubic phase and/or a high enough thermal
energy corresponding to heat treatment at 950 oC or a
higher temperature for the removal of internal defects.

In summary, due to the importance of fine tetragonal
BaTiO3 powder with a high dielectric constant, many
researchers have been interested in the cubic-to-tetragonal
phase transition of this powder. However, all the research
reports show different results on a critical particle size.
This discrepancy may come from the different residual
elastic strain energy, chemical impurity levels and crys-
talline defects associated with various powder synthetic
methods as well as the resolution of the characterization.

Fig. 10. Comparison of particle size of hydrothermal BaTiO3

powder heat treated at various temperatures with different amounts
of (a) carbon black and (b) corn starch [49].

Fig. 11. The relationship between tetragonality (=c/a) and the
average particle size of hydrothermal BaTiO3 powder heat treated
with various amounts of carbon black and corn starch [49].

Fig. 12. The relationship between tetragonality and processing
temperature of hydrothermal BaTiO3 powder having similar
particle sizes [49].
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Tetragonality of Fine BaTiO3 Particles

Most industries prefer to use spherical, chemically
homogeneous and unagglomerated fine BaTiO3 powders
with a high dielectric constant. Even though Wada et
al. suggested a direct dielectric constant measurement
method using a particle [53], which is called a modified
powder dielectric measurement method, researchers prefer
to use an indirect method to estimate the dielectric
constant of BaTiO3 powder because there is some con-
troversy on the newly suggested above method yet. The
most widely used indirect method is the calculation of
the tetragonality (=c/a) based on the XRD data. It can
be easily shown that the high dielectric constant of
BaTiO3 powder is correlated with its high tetragonality
which originates from the tetragonal distortion of the
lattice [41].

Figure 13 shows XRD patterns of a cubic BaTiO3

powder without the {200} peak splitting, and a tetra-
gonal one with a peak splitting of the (200) and (002)
planes for 2θ=44-46o. The tetragonality is measured
from the lattice parameters of the c- and a-axes which
can be calculated using Bragg’s law. The MLCC industry
prefers BaTiO3 powders with a tetragonality higher
than 1.008, along with an average particle size of
approximately 200 nanometers, especially for the high
capacitance X5R or X7R applications [63].

Our recent experimental results on the relationship
between tetragonality and the average particle size
using a hydrothermal powder are demonstrated further
in Fig. 11 [49]. The maximum tetragonality obtainable
by heat treatment is 1.0105 with the particles larger
than 330 nm, and a tetragonality greater than 1.008 is
obtained with BaTiO3 particles larger than 230 nm. It is
found that the tetragonality is a function of the particle
size. The tetragonality of a hydrothermal BaTiO3 having
a particle size smaller than 300 nm decreases drastically
to 200 nm and can not be measured for particles smaller
than 170 nm because the local (002) peak cannot

be distinguished. According to Uchino et al. [40], the
maximum tetragonality is 1.0095 for a single crystal
which is smaller than our observation. On the other
hand, the same maximum tetragonality of 1.0105 with
a hydrothermal powder calcined at 1150 oC is also
reported by Chen and Chen [64]. It is not difficult to
estimate that a higher tetragonality of a powder than for
a single crystal is possible if we consider the size effect
on the cell polarizability. According to Kinoshita and
Yamaji [65], when the particle size of BaTiO3 decreases
from 53 to 1.1 μm, the cell polarizability increases due
to the reduced internal strain. This strain originates
from the lattice parameter change associated with the
cubic-to-tetragonal transition at the Curie temperature.
It is easier to release this strain for small particles than
for large ones. This means that a large single crystal
contains more strain and resultantly shows a lower
tetragonality than a small particle with less internal
strain [66]. By decreasing the particle size further,
however, the polarizability decreases because of the
increased strains due to the high surface area as ex-
plained above [67]. In order to examine the relationship
between tetragonality and processing temperature, 5
samples having similar particle sizes of approximately
330 nm among 60 samples were chosen. Their particle
sizes and the corresponding tetragonality values are
shown in Fig. 12. From this figure, it is noted that all
the five samples with a similar particle size show the
same tetragonality regardless of their processing tem-
perature. This means that the tetragonality enhancement
by heat treatment, while maintaining the particle size as
small as possible by adding inhibitors, is not efficient,
although it is conceptually possible by offering enough
thermal energy required for the defect removal. This
can be translated into two aspects, which the contribution
of internal defects is not too high compared to the
effect of the free surface in stabilizing the metastable
cubic phase, or that the thermal energy corresponding
to a heat treatment higher than 950 oC is large enough
to remove the internal defects for the tetragonality
enhancement of hydrothermal BaTiO3. It seemed there-
fore that, an investigation of the factors associated with
various synthetic routes necessitates instead a modification
of hydrothermally-synthesized particles in order to
increase the tetragonality while maintaining the small
particle size of BaTiO3.

Based on the other set of our experiments which was
performed in order to increase the tetragonality using
a solid-state reaction method, we have found that the
tetragonality for fine powder could be enhanced by
adequate treatments such as high energy milling and a
2-step heat treatment [62]. According to these results
[62], 128 and 212 nm-sized BaTiO3 powders show
tetragonalities of 1.0097 and 1.0105 respectively, which
are higher than other reported values with similar particle
sizes. Using the same Ca-doped BaTiO3 powder processed
using the high-energy mill as explained in section 2,

Fig. 13. XRD patterns from a cubic BaTiO3 showing one peak and
a tetragonal BaTiO3 with peak splitting at 2θ=44-46o [63].
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the starting powder mixtures are exposed to 1- or 2-step
heat treatment whose profiles are shown in Fig. 14.
Figure 15 shows the XRD peaks for (002) and (200)
planes of synthesized BaTiO3 powder heat-treated at
900, 950 and 1000 oC by the 2-step heat treatment
compared with that of powder prepared by the con-
ventional 1-step heating at 950 oC for comparison.
BaTiO3 powder by the conventional heat treatment
shows less tetragonal phase than that of the 2-step
treatment, which is judged by the degree of peak
separation between (002) and (200) planes after heat
treatment at 950 oC. The calculated tetragonality is
1.0051 for the former whereas 1.0097 for the latter,
which means that the 2-step heat treatment is more
effective than the conventional heat treatment to get
particles with a high tetragonality. A holding temperature
of 800 oC for the 2-step heat treatment is determined by
considering the BaCO3 decomposition and the nano-
crystalline cubic BaTiO3 formation based on the TG/

DTA and XRD results. By holding the temperature at
800 oC for 1 hour, time is offered for CO2 elimination
and for the formation of cubic BaTiO3 which resulted in
the acceleration of the forward reaction in Eq. (6) by Le
Chatelier’s principle and the enhancement of tetragona-
lity simultaneously. Figure 16 shows the SEM
morphologies of BaTiO3 powders synthesized at
various temperatures by the 2-step heat-treatment. Char-
acterization shows average particle sizes of 54, 128 and
212 nm, and specific surface areas of 13.50, 6.32 and
4.23 m2/g, and tetragonalities of 1.0000, 1.0097 and
1.0105 for the powders heat-treated at 900, 950 and
1000 oC, respectively.

Table 3 summarizes the recent research results of
synthesized BaTiO3 characteristics including the particle

Fig. 14. Schematic of 2 step heat-treatment profile used to enhance
thetetragonality of solid-state reacted BaTiO3 powder [62].

Fig. 15. The XRD patterns of BaTiO3 powders synthesized at
different temperatures using the 2-step heat treatment for 2θ=44-
46o. The peak from BaTiO3 prepared by a conventional heat
treatment at 950 oC is included for comparison [62].

Fig. 16. SEM morphologies for BaTiO3 powders synthesized at (a)
900, (b) 950 and (c) 1000 oC for 1h in air by the 2-step heat
treatment [62].
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sizes and the corresponding tetragonality values. It is
clear that our research utilizing 2-step heat treatments
shows higher tetragonalities with finer BaTiO3 particle
sizes than any other reports. This is due to the use of
very fine starting materials including fine-milled BaCO3

and anatase-rich TiO2, and the application of the 2-step
heat-treatment process. Inevitable grain growth during
the high temperature treatment of solid-state BaTiO3

synthesis can be also minimized by decreasing the
reaction temperature.

Outlook

Much effort has been concentrated to increase the
volumetric efficiency of a MLCC by increasing the
number of layers and by decreasing the dielectric
thickness in the last decade, and the results are fruitful
so far as shown in Fig. 17 [69]. There was skepticism
during the late 1990s that the minimum dielectric
thickness produced by tape casting could not be less
than 3 μm [70], however, industry produces reliable
MLCCs with thinner than 1 μm dielectric layers using
the same tape casting method. This author strongly
believes that three features have driven the current large
progress. One is the continuous improvement in nano-
sized BaTiO3 particle synthesis and its powder charac-
teristics. The second is an improvement in manufacturing
equipment including tape casters, screen printers, stackers,
etc. The third is a technical breakthrough in the dispersion
of ceramic powder and slip which are related with the
new introduction of high energy mills.

However, the reduction in dielectric thickness using a
tape caster seems to meet a limitation within several
years due to the characteristics of this method. Since
the slip is poured into a reservoir behind the doctor
blade and the carrier film to be cast upon is set in
motion to form a thin ceramic tape, it is not easy to get
tapes thinner than 1 μm. This is why many researchers
have been moving to produce MLCCs using film methods
such as sputtering [71, 72], metal organic chemical
vapor deposition [73, 74] and pulsed laser deposition
[75-78]. MLCCs have covered a wide range of current
capacitor applications as shown in Fig. 18 [69]. However,
electrolytic capacitors using Ta and Al are still occupying
the high capacitance region beyond 100 μF. In order to

Table 3. Recent research results on the tetragonality of synthesized BaTiO3

Researcher Processing temperature (oC) Particle size (nm) Tetragonality (=c/a) Preparation method

Uchino et al. [40] -
-
-
-

-
120
200
300

1.0095
cubic

1.0060
1.0090

single crystal
hydrothermal

coprecipitation
solid-state reaction

Sakabe et al. [43] 1000 290 1.0080 hydrolysis
Kong et al. [27] 1100

1150
-

30000
cubic

1.0100
hydrothermal

Maison et al. [20] 0950
1000
1100

230
240
400

1.0080
1.0086
1.0098

catecholate process

Chen & Chen [64] 0900
1150

-
-

cubic
1.0105

hydrothermal

Ando et al. [33] 0900 - cubic solid-state reaction
Kown & Yoon [49] 0800

0950
<170<

335
cubic

1.0105
hydrothermal

Sakabe et al. [10] 1050 200 1.0095 hydrolysis
(Ca-doped BaTiO3)

Tsurumi et al. [68] -
-
-
-

125
130
158
194

1.0067
1.0081
1.0084
1.0097

solid-state reaction
(Commercial powders)

Ryu & Yoon [62] 0900
0950
1000

054
128
212

cubic
1.0097
1.0105

solid-state reaction
(Ca-doped BaTiO3)

Fig. 17. Trends of the change in dielectric thickness and number of
layers of MLCCs during the last 10 years [69].
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replace these Ta- and Al-electrolytic capacitors by MLCCs,
continuous technical innovations are required.

Passive electronic components including MLCCs are
conventionally mounted onto a printed circuit board,
which results in high parasitic capacitance and a low
clock speed [1]. A recently emerging new technology,
which is termed “embedded passive components” in a
system on packaging, is to fabricate passive components
such as capacitors, resistors and inductors into printed
wiring boards during the fabrication process [79-81].
This embedded passive technology is believed to have
merits such as better electrical performance and higher
volumetric efficiency with less cost. The passive com-
ponents may be placed directly below active devices
using this technique. As a part of these efforts, fine
BaTiO3 particles are dispersed in a polymeric matrix
such as an epoxy resin [82]. However, one of the serious
obstacles here is the low capacitance that can be
realized with this passive form. Therefore, this author
believes that continuous efforts are expected for a
while both in increasing the volumetric efficiency of a
MLCC and in the utilization of new technology including
an embedded passive system.
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