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Abstract

Ferroelectricity of the thin films consisting of nano-crystalline BaTiO3 by micro-emulsion (ME) method was investigated. Ultra-fine BaTiO3

particle of 8 nm in diameter was obtained. A clear solution of the well-dispersed powder was spin-coated on Si/SiO2/Al2O3/Pt substrate. The
crystallinity and particle size were changed with post-annealing from 600 to 1000◦C. Dielectric properties of the films were measured as
a function of biasing field, frequency and temperature. It was revealed from the evaluation of dielectric properties and microstructure that
annealing at higher than 700◦C provided BaTiO3 thin film with ferroelectricity. Typical ferroelectric D–E hysteresis was observed with thin
films of 360 nm thick fired at 700◦C. The ceramic consists of the fine-grains of 18 nm in diameter. Dielectric constant and dissipation factor
w was not as
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ere 770 and 2.4%, respectively. The grain growth was taken place with elevating the heating temperature. But the grain growth
erious as expected. The sample fired at 1000◦C had still fine grain size of 67 nm. The insulation resistance was higher than 109� cm, which
s an acceptable vale for capacitor applications.
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. Introduction

Progressively thinner dielectric layers of multilayer ca-
acitors (MLC) are in high demand these days. However,

erroelectric ceramics lose their ferroelectricity when their
article size is decreased and lose ferroelectricity at a critical
ize. This is known as a size effect and makes a difficulty on
rogress of MLC. However, ferroelectricity in nanometer size
eramics is still not fully understood despite many recent in-
estigations. In fact, there has been substantial disagreement
n the critical sizes of BaTiO3 that have been reported.1–7

ano-sized ceramics are generally synthesized by wet pro-
esses, such as hydrolysis and hydrothermal methods, be-
ause of the cost advantages and the ability to control com-
ositions, as compared to vapor processes. In this case, the
ynthesized powder takes many hydroxyls inside resulting in
oor crystallinity and low dielectric performance. Therefore,

n a production line of dielectric powder, hydrolysis BaTiO3
f about 30 nm in diameter, for example, grow to over 100 nm

∗ Corresponding author. Fax: +81 77 587 1923.

during calcination. If we can synthesize the finer BaTiO3 par-
ticles, hopefully under 10 nm, and calcine them to have a
age particle size of 20 nm in diameter, we can obtain ultra
BaTiO3 particles with high crystallinity, which can provi
MLCs with ultra-thin dielectric layers.

Micro-emulsion (ME) method is one of the promis
method to prepare the ultra-fine ceramic powder of na
grain size distribution. This involves hydrolysis proceed
in water droplets of inverse micelles as microreactors
persed in oil.8–12Particle sizes are controlled by the diame
of the water droplets in nanometer range. BaTiO3 particles
with a mean size of 8 nm and narrow grain size distribu
were obtained by this method. Optimizing the compos
of ME made it possible to keep synthesized particles
dispersed in the solution as they are synthesized. Thu
solution was applied to prepare thin films consisting of na
crystalline BaTiO3 via spin coating.

Thin film samples with different average particle s
were processed by varying the post-annealing tempera
to characterize their electrical properties associated with
ticle size. In this report, we focus on the electrical prope
of BaTiO thin films with nano-crystalline particles using M
E-mail address:sakabe@murata.co.jp (Y. Sakabe). 3
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process, which showed ferroelectricity and high permittivity
in spite of having nano-dimension in particle size.

2. Experimental

Fig. 1 shows the flow chart of thin film fabrication
using the clear solution containing well-dispersed BaTiO3
nano-crystalline particles prepared by ME method. Cycrohe-
xane/NP-10/1-octanol/water system for ME was used. The
(Ba, Ti) double alkoxide solution was prepared by mixing
equimolar amount of barium and titanium isopropoxides with
isopropanol containing benzene, to avoid polymerization of
barium alkoxide in the Ar atmosphere. The double alkoxide
solution was added to the ME and stirred for 12 h. This re-
sulted in a clear solution of well-dispersed synthesized nano-
crystalline BaTiO3 particles.

The solution was spin-coated on Si/SiO2/Al2O3/Pt sub-
strates, and the films were treated on hotplates to dry and
to remove the surfactant NP-10, at 150◦C for 2 min and at
460◦C for 3 min, respectively. This process was repeated five
times. Then the films were annealed at 600◦C in O2 atmo-
sphere. The sequence of this spin-coating through 600◦C an-
nealing process was repeated five times, finally the BaTiO3
thin film samples annealed at 600◦C were prepared.
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Fig. 2. SEM micrographs of the sample annealed at 600◦C: (a) cross-section
and (b) surface.

quency and temperature by using a LCR meter (HP-4284A).
The P–E hysteresis loops were observed by using a Radiant
RT-6000HVS.

3. Results and discussion

Average particle sizes of the BaTiO3 thin film samples
annealed at each temperatures are given inTable 1.The sam-
ples annealed at lower than 800◦C did not show much grain
growth and kept the sizes under 20 nm. Grain growth took
place at higher temperatures than 800◦C, e.g., annealing at
900◦C and 1000◦C. They grew up to 30 and 67 nm in diam-
eter, respectively.

The electrical properties of these samples were measured.
Table 2gives the dielectric properties of the sample annealed
at 700◦C measured at 1 kHz. The dielectric constant of 770,
dielectric loss of 2.4% and high resistivity of >109 were ob-
tained with the sample of 370 nm thick.

Dependence of dielectric constant on annealing temper-
ature is shown inFig. 3. The dielectric constant was about
320 when the sample annealed at 600◦C, but it remarkably
increased to 770 with heating at 700◦C. Then dielectric con-
stant increased monotonically with the grain size. Annealing
at 1000◦C provided the sample with dielectric constant of
more than 1100.
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Surface and cross-sectional SEM micrographs of
00◦C annealed sample were shown inFig. 2. The film was
ense and consisted of ultra-fine nano-crystals whose av
iameter was 17 nm, and thickness was about 360 nm.

Then these films were post-annealed at different tem
tures ranging from 600 to 1000◦C to prepare BaTiO3 thin
lms with different crystallinity and particle size. Parti
izes were estimated from one hundred of particles in
icrographs by using a digitizer. The dielectric propertie

he films were measured as a function of applied bias

Fig. 1. Flow chart of thin film fabrication.
We found that the BaTiO3 thin films prepared by the sol
ion of well-dispersed nano-crystalline particles has exce
ielectric properties.

able 1
he summary of the average particle sizes

nnealing temperature (◦C) Average particle size (nm

600 17
700 18
800 20
900 30
000 67

able 2
ielectric properties of the BaTiO3 thin film annealed at 700◦C

nnealing temperature (◦C) 700
ielectric thickness (nm) 360
verage particle size (nm) 18
ielectric constant 770
issipation factor (%) 2.4
esistivity (� cm) >109
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Fig. 3. Dependence of dielectric constant on annealing temperature.

Fig. 4shows the hysteresis loops of the samples annealed
at 600, 700 and 800◦C. All of the samples have smaller av-
erage particle sizes than 20 nm. Even though consisting of
nano-crystalline BaTiO3 particles smaller than 20 nm, ferro-
electric D–E hysteresis loops were observed. The loop of the
600◦C annealed sample looks like as one of the paraelectrics,
but those of the 700 and 800◦C gave an typical ferroelectric
D–E curves. The behavior of hysteresis curves on annealing
temperature corresponds with the dependence of dielectric
constant on annealing temperature as shown inFig. 3. Depen-
dence of capacitance on DC biasing voltage for the samples
annealed at each temperature (shown inFig. 5) also corre-
sponded with the behavior of the hysteresis curves. DC bias
voltage dependence of capacitance was small in the 600◦C
annealed sample, but the samples annealed at higher than
700◦C showed large DC voltage dependences, and butter-
fly like C–V curve, which is characterized in ferroelectricity,
was observed.

These results are one of the evidence that the BaTiO3
thin film consisting of nano-crystalline particles of 18 nm
in average particle size has ferroelectricity. Dielectric con-
stant changes with frequency and temperature are shown in
Figs. 6 and 7, respectively. The sample annealed at 600◦C
has relatively small frequency and temperature dependence.
The dielectric constant increased with annealing temperature,
and it changed with applied frequency. The dielectric con-
s gradu-

F es
o

ally changed with negative slope at higher than room tem-
perature. However, the dielectric constants at a vicinity of
60◦C increased with increasing annealing temperature, re-
sulting in rather flat curve. At around 60◦C, small chance in

Fig. 5. Dependence of capacitance on DC bias voltage for the samples an-
nealed at each temperatures: (a) 600◦C; (b) 700◦C; (c) 900◦C; and (d)
1000◦C.
tant showed moderate temperature dependence, i.e.,

ig. 4. D–E hysteresis loops of BaTiO3 thin films with average particle siz
f under 20 nm annealed at 600, 700 and 800◦C.
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Fig. 6. Frequency dependence of dielectric constant.

Fig. 7. Temperature dependence of dielectric constant.

capacitance was observed, which may be due to the ferroelec-
tric phase transition. The change appears more clearly in the
curve of the 1000◦C annealed sample. The obtained dielec-
tric constant was not as high as that of the dielectrics prepared
by the conventional powder method, however, the dielectrics
employed theses newly developed BaTiO3 is promising ma-
terial for ultra-thin dielectric layer, e.g., half micron meter
thick. We can design the ceramic capacitor of much higher
volumetric efficiency and stable characteristics.

4. Conclusion

Employing the micro-emulsion method and optimiz-
ing the emulsion composition, the clear solution of well-
dispersed nano-crystalline BaTiO3 particles was obtained.
Using the solution of BaTiO3, thin films consisting of the
nano-sized particles ranging from 17 to 67 nm were success-
fully prepared by spin coating on Si/SiO2/Al2O3/Pt substrates
and annealing them at temperatures in the range from 600 to

1000◦C. It was revealed from the measurement of the elec-
trical properties that the sample annealed at 600◦C, which
had an average particle size of 17 nm, showed paraelectric
properties, but the samples annealed at temperatures higher
than 700◦C showed a ferroelectricity. D–E hysteresis loop
was observed with the sample even an average particle size
was 18 nm. Dielectric constant was 770 and dielectric loss
was 2.4%, which was acceptable, values for designing the
ceramic capacitors.

We conclude that the BaTiO3 thin films prepared by us-
ing the solution from micro-emersion process provide stable
dielectric properties even consisting of nano-crystalline par-
ticles of about 20 nm in diameter, and are highly expected
in applications for ultra-thin film and/or multi-layer capac-
itors of high volume metric efficiency and high frequency
performances.
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