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Abstract

Barium titanate (BT) nano-particles with different diameters were prepared by Sol-Gel method.
The particle diameter was determined by XRD, and the lattice constants of nano-particles were also
determined by XRD. We also measured the lattice vibration for BT nano-particles by raman scatter-
ing to discuss on the size effect. As a result, we successfully calculated the intrinsic dielectric con-
stants for BT nano-particles by analyzing the lattice vibration. Moreover, we confirmed the shift of

curie temperature by the size effect.

1. Introduction

Barium titanate (BT) is one of the most important
dielectric materials for the electronic devices, such as
MLCC (Multi Layer Ceramic Capacitor). The thick-
ness of the barium titanate thin film in MLCC has
become thinner and reached about 1 pm. Further
down sizing is required for the higher performance.
For this reason, we should take into account for the
size effect of BT nano particles. The critical size for
BT has been reported to be spread out in the wide
range between 25 and 110 nm, depending on the mea-
surement technique [1], [2]. On the other hand, the
change in the electrical properties by the size effect
has not been reported.

In this study, we measured the critical particle
diameter by XRD and raman scattering in detail to
show the phase transition by the size effect. In our
previous works, the intrinsic dielectric constants for a
lead titanate and lead zirconate titanate nano-particles
were calculated by analyzing the raman spectra [3],
[4]. In this study, we tried to use the same technique
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to observe the dielectric behavior for BT nano-parti-
cles.

2. Experimental Procedure

Barium titanate nano-particles were prepared by
Sol-Gel method. The starting reagents for barium
titanate precursor solution are the metal barium and
titanium iso-propoxide. At first, metal barium was
refluxed in ethanol at 80°C for 1 hour to prepare the
barium alkoxide solution. Next, titanium iso-propox-
ide was mixed in the barium alkoxide solution, and
was refluxed at 80°C for 1 hour to prepare BT precur-
sor solution. The BT precursor particle was prepared
by evaporating the solvent from the precursor solu-
tion. The BT nano-particles with different diameter
were prepared by calcining the BT precursor particle
at 350°C to remove the residual organics followed by
the annealing at different temperatures to deposit the
BT nano-particles with different diameters.

The particle diameter was determined by XRD
analysis by using Scherrer’s equation. The phase
transition by the size effect was observed by raman
scattering, as well as the intrinsic dielectric constant.
The shift of curie temperature was determined by
raman analysis. The raman spectra were measured
using JASCO Co., NR-1800, Rev.1.00 raman spectro-
meter in backscattering geometries. The 488 nm line
of an argon ion laser was used as the excitation
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3. Results and Discussion

3.1. Change in lattice constant with particle
diameter

The particle diameter was measured by XRD anal-
ysis using deconvolution technique [5] because the
lattice constants for BT nano-particles along a- and
c-axes exhibited very near values. Thus the observed
XRD patterns were fitted by the Lorenz function to
determine the half band width and peak angle, giving
rise to the precise calculation of the lattice constants
and the particle diameters. The particle diameter was
calculated by using Scherrer’s equation (equation 1).
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where, K(=0.9) is Scherrer’s constant, A the wave
length of X-ray and g the FWHM.

Figure 1 shows the lattice constant dependence as
a function of particle diameter. It was found from this
figure that the tetragonality decreased abruptly with
decreasing particle diameter at around 30 nm, show-
ing the abrupt phase transition of BT nano-particles
compared with the phase transition of a lead titanate
nano-particles [6]. In addition, the tetragonality of the
100 nm particle was considered to be lower than that
of a single crystal at room temperature. Abrupt
change in the lattice constants shown in Fig. 1 and/or
the size effect is ascribed to the rapid overdumping of
soft modes [7] and the size dependence in the lattice
constants for BT nano-particles exhibited almost
same behavior as that reported by Uchino et. al. [2].
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Fig. 1 The lattice constant with particle diameter
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3.2. Raman analysis

In this study, accurate phase symmetry change
with particle diameter or critical size was determined
by the raman scattering because it was very difficult
to determine the critical size for BT only by the XRD
analysis due to the small difference in the lattice con-
stants along a- and c-axes. By the raman scattering
technique, it is easier to identify the crystal symmetry
because tetragonal BT particle has the raman active
crystal symmetry of Cj, to show the distinguishable
raman peaks at ambient temperature in contrast to
the cubic BT nano-particles of the raman inactive Oy,
symmetry, leading to the peak disappearance at the
critical particle diameter and critical temperature of
curie point. Therefore, we can identify the crystal
symmetry of BT nano-particles in principle by the
existence of raman peaks at the measuring tempera-
ture. However, in the case of BT, it is reported that
some phonon modes remain even for the cubic struc-
ture, because of the lattice relaxation and the sec-
ondary raman scattering [8]. Therefore in this study,
raman spectrum of a BT single crystal was measured
at above the curie temperature of 120°C to confirm
the residual peak positions by the lattice relaxation
and the secondary scattering. By comparing this
raman spectrum of a BT single crystal measured at
above the curie temperature and the measured raman
spectra of the BT nano-particles, we can easily iden-
tify the crystal symmetry of BT nano-particles.

Figure 2 shows the raman spectra for the barium
titanate nano-particles with different diameters at
room temperature. The observed raman spectra were
fitted by simply the sum of damped harmonic oscilla-
tors and a Debye relaxation mode. The lattice mode
was assigned by analyzing the single crystal data.
However, it was very difficult to determine the exact
mode frequencies for BT because of their very small
difference in the mode frequencies. Therefore, we
used polarized laser to assign the accurate mode
frequencies for a BT single crystal. Table 1 listed
the index in space group for tetragonal BT. From
Table 1, only A(LO) modes are detected in raman
scattering under the condition of X(ZZ)X (enter the Z-
axis polarized incident laser from the X plane of BT
single crystal, and then measure the reflected scatter-
ing polarized along Z-axis; hereafter the measuring
condition is denoted such like this). In this study,
A(TO), A(LO) and E(LO) modes were measured un-
der the conditions of Z(YY)Z, X(ZZ)X and X(ZY)X,
respectively. Here, a sharp peak was obseved at
308 cm™! when measured under the condition of
Z(YX)Z to confirm a silent mode. The peak near
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Figure 3 shows the raman spectra for a BT single
crystal using the polarized lazer under the different
conditions. However, raman spectrum under the

Fig. 2
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was confirmed by the measurements under
\&66 é‘%onditions of X(ZZ)X and X(ZY)X to be the super-
Wimpose of E(ILO) and A1(1LO) modes. Furthermore,
it has been reported that the peak near 200 cm™
also observed by the raman analysis under the
X(ZY)Z condition. Therefore, we assigned at last the
peak near 200 cm~! to be the superimpose of three
peaks of E(1LO), A(1LO) and E(2TO). The observed
results in this study were in good agreement with
those of the results for a BT single crystal by another
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Raman spectra for BT nano-particles with different particle

diameters.

Table 1 Index for tetragonal system in space group

Space Group: C},

A1 axx+ayyy Oy
B Oyy
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X(Zbe‘fg\@ﬁ)émon (90° scattering) could not be ob-

qu‘m this measurement to assign only the E(TO)
%ﬁ\e because of the sample limitation. Therefore, we
used the reported value for E(TO) mode [7], [9] to
analyze the raman spectra for a BT single crystal,
leading to the accurate raman analysis for BT nano-
particles. These analyses enabled the calculation of
the intrinsic dielectric constant for a BT single crystal
by using the LST relation. As a result, the intrinsic
dielectric constants of a BT single crystal along a- and
c-axes were calculated to be 1247 and 44, respectively.
These values were in good agreement with those
reported for a BT single crystal (¢,=1500, €.=38) [7],
[9], indicating the accuracy of the measurement tech-
nique.

3.3. Change in curie temperature with particle
diameter

Generally, the size effect for ferroelectric materials
results in the curie temperature shift to the lower tem-
perature. Therefore, the curie temperature shift for
BT nano-particles was investigated in this study.
Figure 4 shows the curie temperature shift as a func-
tion of the particle diameter. As already pointed out,
some lattice vibration remained above the curie tem-
perature by the secondary scattering and so on, in the
case of BT. Hence, the raman spectrum for a BT sin-
gle crystal was measured at above curie temperature
of 140°C to assign the residual peaks by the sec-
ondary scattering and so on. By this treatment, it was
found that the curie temperature for BT nano-parti-
cles was shifted to the lower temperature at around
20-30 nm of particle diameter. This tendency was
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Fig. 4 Change in the curie temperature as a function of particle
diameter
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almost same as that of the result of Uchino et. al. mea-
sured by the change in the lattice constants as a func-
tion of the particle diameter using XRD. However,
their result showed that the curie temperature shift to
the lower temperature began at around 100 nm of par-
ticle diameter. This difference in the critical size for
BT was ascribes to the measurement techniques of
the particle diameter and the crystal symmetry.

3.4. Change in dielectric constant with particle
diameter

Whereas there have been many reports on the size
effect for ferroelectric materials, there is no report
about size effect on the electrical properties for ferro-
electric nano-particles. This was ascribed to the diffi-
culty in the measurement of the electrical properties
for nano-particles. For example, in the case of the
dielectric measurement, the impedance analyzer is
used to measure the capacitance of the materials to
calculate the dielectric constant. However, by this
measurement technique, only the extrinsic dielectric
constant including the effect of pores, space charge
and so on was estimated, leading to the misunder-
standing of the dielectric behavior in the case of the
ferroelectric nano-particles which could not be com-
pacted into the dense green body. The measurement
of the extrinsic dielectric constant is useful to apply
the ferroelectric materials to the electronic devices,
however, the intrinsic dielectric constant could not be
measured by this method. Therefore, in this
research, the intrinsic dielectric constant, not includ-
ing the effect of pores, space charge and so on, was
estimated from the raman spectra by using the LST
relation (equation 2).

2 2 2

€ _Wiio, D310, D310 @)
-2 2 2

€  WiT0 W370 @370

where, w is the mode frequency for each phonon
modes, and &, is optical dielectric constant (a=5.22,
¢=5.07). Table 2 lists the observed mode frequen-
cies for A mode (c-axis direction) of a BT nano-particle
with 105 nm. The mode frequencies were calculated
by the fitting the spectrum using the damped har-
monic oscillators [4], [8]. From these calculation, the
intrinsic dielectric constant for BT nano-particle with

Table 2 Mode frequencies from the BT nano crystal with 105 nm
diameter

A(TO) | AQTO) | A@BTO) | AQLO) | A@LO) | A@LO)

159.3 cm™!| 262.0 cm™!| 548.1 cm™!| 193.3 cm™! | 460.5 cm™! | 739.5 cm™!
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e‘l {\modiameter along c-axis was calculated to be more, the intrinsic dielectric constant for a BT nano-

0\&6 \%@“22.0. In addition, intrinsic dielectric constant for particle with 30 nm particle diameter exhibited a

Oqu BT nano-particle with 105 nm diameter along a-axis larger value than that for a single crystal. These

VA

results demonstrate that the intrinsic dielectric con-

was calculated to be €,=1254.6 by the calculation for
E modes.

In the previous section, the curie temperature was
confirmed to shift to the lower temperature by the
size effect. This suggests that the dielectric behavior
should change according to that illustrated in
Figure 5. Therefore, it is speculated that the intrinsic
dielectric constant increases at room temperature by
the size effect. In this study, the intrinsic dielectric
constant of BT nano-particles calculated from the
equation (2) increased with decreasing particle diam-
eter at around 40 nm as shown in Figure 6. Further-

Dielectric Constant

Tetragonal : Cubic

Tc Tc
Temperature

Fig. 5 Schematic illustration for the curie temperature shift of BT
nanocrystals
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Fig. 6 Change in the intrinsic dielectric constant for BT nano-
crystals estimated by raman scattering with particle diam-
eter
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stant increases drastically with decreasing particle
diameter according to the equation (2), which sug-
gests the possibility for high K (dielectric) materials
with thin layers of ferroelectric nano-particles.

3.5. Evaluation of critical size for BT

From the Figs. 1 and 4, the tetragonality for BT
nano-particles decreased dramatically at around 40
nm of particle diameter, and finally the crystal struc-
ture changed to cubic phase at 20 nm. In addition, the
intrinsic dielectric constant started to increase at
around 40-50 nm, and reached larger value than that
for a single crystal if the particle diameter was below
40 nm. Furthermore, it was also confirmed from the
raman analysis that the crystal structure was per-
fectly transformed to the cubic phase at 20 nm of par-
ticle diameter. Zhong et. al. has been reported that
the onset of the surface relaxation was calculated to
start at the size of 43 nm based on the surface relax-
ation model, in which the surface part of the particles
were consisted of the cubic phase [10]. This theoreti-
cal consideration will sustain our experimental re-
sults. Therefore, we concluded that the critical size
determined by the raman analysis together with the
XRD analysis was reasonable and the raman analysis
was the powerful tool for analyzing the ferroelectric
materials.

4. Conclusion

In this study, we demonstrated that the size effect
for BT nano-particles could be estimated by using the
raman analysis together with the XRD analysis. As a
result, the phase transition by the size effect for a BT
was successfully confirmed to start at around 20-30
nm of particle diameter. Therefore, the critical size of
BT was considered to be about 20 nm. On the other
hand, we succeed to separate the exact phonon mode
frequencies in raman spectra of BT nano-particles by
measuring the fundamental mode frequencies for a
single crystal. In addition, the intrinsic dielectric con-
stants for BT nano-particles were successfully cal-
culated by substituting the exact phonon mode
frequencies for a LST relation. These results success-
fully demonstrated that the raman scattering is the
powerful tool not only for the analysis of the size
effect but also the measurement of the intrinsic
dielectric behavior of ferroelectric materials.
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