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Ultrafine BaTiO; prepared by a decomposition of an organometallic crystal with unity of
Ba/Ti ratio (sol-crystal method) has been characterized. While the as-prepared product
resulting from the decomposition of the organometallic crystal at room temperature was
BaTiO; with pseudo-cubic structure, the well-crystallized tetragonal polymorph was
obtained by firing the as-prepared product above 1000 °C. Residual organic compounds,
CO3~ and OH™ ions in the samples prevent the grain growth and tetragonal distortion of
BaTiO;. We obtained quite higher room temperature permittivity (3700) at 1 kHz for the
sample fired at 1200 °C than that (630) prepared by conventional solid-state reaction starting
from BaCO; and TiO,. Such a high value was probably due to the accomplishment of
homogeneous cation stoichiometry, which was achieved by this preparation method via the
organometallic crystal with stoichiometric Ba/Ti ratio.

1. Introduction

Barium titanate (BaTiOj) is one of the most impor-
tant materials in the electronics industry, particularly
because of its high dielectric constant and ferroelectric
properties [1]. Recently it has been widely studied for
applications as a capacitor material in dynamic ran-
dom access memory (DRAM) [2-5]. For DRAM
applications in integrated circuits, thin film with both
high dielectric constants and good insulating proper-
ties is required [5].

However, the dielectric constant of polycrystalline
BaTiO; ceramics decreases for grain sizes below
~1000 nm [6, 7]. Furthermore, different crystallo-
graphic phases of this material appear, depending on
the grain size; the ferroelectric tetragonal phase trans-
forms to a paraclectric pseudocubic phase below
~100 nm at room temperature [8—11], although the
tetragonal phase is stable in single crystals at room
temperature. To explain these observations, we
have analysed the X-ray diffraction profiles of the
powder consisting of 100—-1200 nm BaTiO; particles
prepared by conventional solid-state reaction and by
a hydrolysis method starting from Ba(OH), and
Ti[OCH(CHs3), ]+ and have found that the tetragonal
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and cubic phases can coexist and that the relative
amount of the cubic phase increases with decreasing
particle size [12-14]. On the other hand, Asiaie et al.
[15] investigated the grain structure of fine BaTiO4
particles prepared by hydrothermal method using
Raman spectroscopy and transmission electron
microscopy (TEM) observations plus X-ray diffrac-
tion (XRD) measurements, and suggested the surface
layer to be of tetragonal phase in which the long-range
alignment of dipole moments was destructed by sur-
face charge. We are aware of the possibility that the
grain and crystal structures of fine BaTiO; particles
depend on the preparation method, and also aware of
the necessity of the sample characterization by com-
bining TEM, scanning electron microscopy (SEM),
XRD, infrared (i.r.) and Raman techniques.

In the present work, we have employed a method of
a decomposition of an organometallic crystal
(sol-crystal method) [16] to prepare ultrafine
BaTiO;. This method has an important advantage as
follows. Single crystals of metal alkoxides with
Ba/Ti =1 are synthesized from homogeneous mixing
of both cations at temperatures <50°C and then
converted directly to the corresponding metal oxides
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at room temperature. We believe that the organo-
metallic crystal is one of the best precursor materials
to prepare ultrafine BaTiO; particles, because
the cation stoichiometry could be remained in the
converted BaTiO3 and the particle size is controllable
by only post-heat treatment of the as-prepared
BaTiOj;. Such well-defined stoichiometry is seldom
achieved for ultrafine particles prepared by solid-state
reaction and sol-gel method [17]. The BaTiO;
sample prepared by the sol—crystal method is suitable
for investigating the particle size dependencies of both
the crystal structure and dielectric property. We have
tried to establish these relationships using fine BaTiO;
particles obtained by the sol-crystal method.

2. Experimental procedure

BaTiO; particles were prepared by a sol—crystal
method [16]. Guaranteed-reagent-grade barium
metal (99.9% pure) was reacted with isopropyl alcohol
(reagent grade) in a mixed solution of isopropyl alco-
hol and benzene (reagent grade) in which titanium
tetraisopropoxide (TifOCH(CHs),]4; reagent grade)
was dissolved. All the solvents were dried with CaH,
and distilled in vacuo prior to use. The reaction was
conducted at 40 °C under an argon atmosphere with
stirring until the barium metal was completely dis-
solved. The reaction vessel was stoppered and left at
5°C, which led to crystal growth in the solution. The
crystals were separated from the solution and dried in
an argon atmosphere, which led to decomposition to
a white powder (hereafter called the as-prepared
sample). The as-prepared powder was fired at 650-,
800-, 1000- and 1200 °C for 4 h. The samples obtained
were characterized by powder XRD (Rigaku RU-B),
TEM (Hitachi H-300), SEM (Jeol JSM-T20), i.r.
(Horiba FT-200) spectroscopy, Raman spectroscopy
(Jobin Yvon T64000), thermogravimetry (TG; Rigaku
TAS200), differential scanning calorimetry (DSC;
Rigaku TAS200) and dielectric measurements (NF
Electronic Instruments 2340-LCZ meter).

For electrical measurements, each powder was
pressed into a pellet under a pressure of 30 MPa and
was subsequently sintered in air for 2h at the fired
temperature. Gold paste was painted on both sides of
the pellets, and they were fired at 600 °C for 20 min to
form ohmic contact electrodes. Permittivity values at
1kHz were measured using a three-probe method
from 25 to 250°C after moisture in the pellets was
purged by N, flow at 300 °C.

3. Results and discussion
3.1. Sample morphology and content
The organometallic single crystals obtained were
square, platelike in shape, and a few millimetres to 1 cm
in size, as described elsewhere [ 16]. During exposure to
air, the crystals converted to white powders with aver-
age particle diameters of 7 nm (as-prepared sample).
The powder XRD patterns (CuK, radiation) of the
as-prepared, 800- and 1200 °C-fired samples are shown
in Fig. 1. The main product is BaTiO5. Some amounts
of BaCOj appear in the as-prepared sample and is
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produced by reaction of the crystal with atmospheric
carbon dioxide during the powder conversion process.
BaCOs; is also detected in ir. spectra for the as-pre-
pared and low-temperature-fired samples, as described
below. This BaCO; would react with remaining
amorphous TiO, to form BaTiOj; after firing at high
temperatures. With increasing firing temperatures, the
intensity and sharpness of the BaTiO; peaks increase,
indicating an increase in crystallinity and/or particle
size. In fact, the crystallite size estimated from the full
width at half maximum of the (11 1) and (22 2) peaks
using Hall’s method [18, 19] increases from 69 + 7 to
180 + 15 nm with increase in the firing temperature
from 650 to 1200 °C. Also with increase in the firing
temperature, peak splittings of the diffraction lines,
such as (002) and (200), become clear, signifying the
decrease in crystal symmetry of BaTiO; (i.e. a struc-
tural change from the cubic to tetragonal form). De-
tailed powder XRD analysis for each sample using
CoK,, radiation will be discussed later.

TEM micrographs of the as-prepared, 800 and
1200 °C-fired BaTiO3 samples are shown in Fig. 2. In
the as-prepared sample, primary particles with several
nanometres cluster into agglomerates. These agglom-
erates grow into individual particles after firing at high
temperatures (230 + 50 nm for the sample fired at
1200 °C). This is consistent with the increase in crystal-
lite size with increasing the firing temperature, as
described above. Also SEM micrographs (Fig. 3) show
the grain growth in the sintered BaTiO; samples. As
seen in Fig. 3, the grain growth is almost suppressed
by sintering below 800 °C, but steep increase in grain
size is apparent above 1000 °C. Several authors have
reported the decomposition and/or desorption of re-
sidual organic compounds and occluded water during
the heating of BaTiOj; prepared by wet-chemical pro-
cesses [17,20-22]. On the basis of these reports, we
have characterized these species by ir. and TG
measurements.

Infrared spectra of the as-prepared and fired sam-
ples are shown in Fig. 4. The spectrum of the 1200 °C
fired sample between 400 and 4000 cm ~ ! exhibits only
one absorption band around 550 cm ™. We assigned
this band as normal vibrations of TiO4 octahedron at

Intensity (arbitrary units)

20 degrees, CuK,

Figure I Powder X-ray diffraction patterns (CuK, radiation) for (a)
as-prepared, (b) 800- and (c) 1200 °C-fired BaTiO; samples prepared
by the sol-crystal method. Asterisk denotes peaks assigned to
BaCOs;.
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540 and 630cm™ ', based on previous reports of
BaTiO; powder [23,24]. No detection of other
absorption bands originating from impurities such as
BaCO; and organic compounds reveals that the
1200 °C-fired sample consists of BaTiO3 only. This is
consistent with the result of XRD shown in Fig. 1. On
the other hand, we found some additional absorption
bands in ir. spectra of the as-prepared sample and
that fired below 1000 °C. We assigned these bands as
vibrating and rotating modes originating from four
different functional groups, that is, OH ™ (stretching at

Figure 2 TEM micrographs for (a) as-prepared, (b)800- and (c)
1200 °C-fired BaTiO3 samples prepared by the sol-crystal method.
Magnification is the same for each micrograph.

3400 cm '), H, O (stretching at 3400 cm ~ !, bending at
1600 cm ™', rotatory mode at 1050 cm™!'), CO3~
(stretching at 1430 cm ~ !, out-of-plane deformation at
856 cm ') and CH groups (stretching at 2970 cm ™ ?,
deformation at 1350 cm ™ '). This assignment leads to
the coexistence of BaCOj;, some organic compounds
and hydrated amorphous titania or occluded water
with BaTiO; in the as-prepared sample, because the
XRD pattern for the as-prepared sample shows the
coexistence of BaCO; with BaTiO5, which was for-
med by the decomposition of organometallic crystal
with Ba/Ti = 1. All these additional bands decrease
their intensities with increasing firing temperature,
indicating that these by-products were decomposed
and/or desorbed up to 1200 °C. This tendency is shown
in Fig. 5a, in which the intensity of each representative
band, that is, deformation of CH at 1350 cm !,
stretching of OH~ and H,O at 3400cm™ !, and
stretching of CO at 1430 cm ™!, was normalized by
normal vibration of the TiOg4 octahedron. This result
is supported by TG measurements, as shown in
Fig. 5b. A continuous weight loss of about 9% was
observed up to 1000 °C. Fig. 5a also shows the crystal-
lite size (D,,;;) described above as a function of firing
temperature; Dy, increases with firing temperature.
Decomposition and/or desorption of residual organic
compounds, water and BaCQOj5 by firing therefore en-
hances the growth of both crystallites and particles of
BaTiOs, especially above 900 °C, as visible in Fig. 3.

DSC measurements demonstrated the effect of re-
sidual organic compounds, water and BaCOj; on the
phase transition of BaTiO;. Fig. 6 presents DSC
curves on heating around the Curie temperature for
each sample. A phase transition between 124 and
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Figure 3 SEM micrographs for (a) 650-, (b) 800-, (c) 1000- and (d) 1200 °C-fired BaTiO; samples prepared by the sol-crystal method.

TiO,

Absorbance (arbitrary units) ————
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Wavenumber (cm™)

Figure 4 Infrared absorption spectra for (a) as-prepared, (b) 650-, (c)
800-, (d) 1000- and (e) 1200 °C-fired BaTiO; samples prepared by
the sol-crystal method. The band at 3400 cm ™! is assigned as
stretching of OH ™ (voy), at 2970 cm ™~ ! as stretching of CH groups
(Ven), at 1600 cm ™! as bending of H,O (3y,0), at 1430 cm ™' as
stretching of CO3~ (ve=o), at 1350 cm ™! as deformation of CH
groups (8cy), at 1050 cm ™! as rotatory mode of H,O (Ry,0), at
856 cm ™! as out-of-plane deformation of CO3~ (8p,co,) and at
550 cm ! as normal vibration of TiOs.
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Figure 5 (a) Infrared peak intensity ratios of 1350 cm ™~ ! (deforma-
tion of CH; Q), 3400 cm ! (stretching of OH; A) and 1430 cm ™!
(stretching of CO; [J) to that of 540 cm ™! (vibration of TiOg) as
a function of firing temperature. Each ratio is normalized to the
as-prepared sample. Corresponding crystallite size (D) is also
shown (H; see text). (b) Thermogravimetry of the BaTiO; sample
prepared by the sol-crystal method.
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Figure 6 DSC traces for the 650-, 800-, 1000- and 1200°C fired

samples prepared by the sol-crystal method on heating. Heating

rate is 10°Cmin~ L.

127°C is observed in the 1200°C-fired sample. The
enthalpy of this transition (AH), which was calibrated
by that of BaTiO; powder prepared by conventional
solid-state reaction, is 200 J mol ~!. This is consistent
with previously reported values (209 J mol ™! [25]) for
completely tetragonal BaTiO5. In the 1000 °C-fired
sample, the transition temperature lowers, and the
corresponding AH decreases. The 800- and 650 °C-
fired samples showed a more diffuse and weaker en-
dothermic peak around 123 °C. These results indicate
that the relative amount of well-defined tetragonal
phase increases with firing temperature, which is con-
sistent with the change in crystal structure shown in
Fig. 1. As described above, low-temperature fired sam-
ples contain some organic compounds, water and
BaCOs;. Therefore, the decomposition and/or desorp-
tion of these species are related to the formation of
well-defined tetragonal phase.

Thus we demonstrated that both particle and crys-
tallite sizes of BaTiOj; prepared by the sol-crystal
method could be controlled by firing condition. Si-
multaneously, the change in the crystal structure
(pseudocubic to tetragonal unit cell) was observed by
XRD measurements for samples fired at various tem-
peratures, as shown in Fig. 1, which was supported by
DSC measurements, as shown in Fig. 6. We expected
that the change in the crystal symmetry and crystallite
size of the samples would cause a dependence of the
dielectric properties on the firing temperature. In the
next section, the tetragonal content and the dielectric
properties of the samples fired at different temper-
atures are examined in detail.

3.2. Relative amounts of tetragonal phase

For identification of both cubic and tetragonal phases
and for determination of the relative amounts of
tetragonal phase in the present BaTiO;, we have ana-
lysed XRD peak profiles obtained by CoK, radiation.

The wavelength of CoK, (0.17890 nm for K,,) is
longer than CuK, (0.15406 nm), and provides higher
resolution against 20 in the diffraction profiles with
relatively high intensities. For instance, the (0 02) peak
of the tetragonal phase is located at 20 = 52.594°,
whereas for the cubic phase it is located at
20 = 52.833°, on the basis of the lattice parameters
previously described [1] and diffraction data [26].
The high resolution makes it possible to separate these
two peaks, even considering line broadening in the
small crystallite size region.

Fig. 7b, ¢ and d show diffraction line profiles of the
800-, 1000 and 1200 °C-fired BaTiO;3 samples around
20 ~ 53°. The observed diffraction profile was ex-
pressed by closed circles, and the calculated one was
represented by solid lines corresponding to the super-
position of each diffraction line consisting of CoK,,
and CoK,, peaks. The diffraction profile of the as-
prepared sample was more diffuse and less intensive
(about 40 c.p.s.) than those of other three samples fired
above 800°C. Although we observed no apparent
tetragonal distortion in the XRD profile for the as-
prepared sample, we could not conclude whether the
as-prepared sample is a single phase of cubic BaTiO;
or a mixture of cubic + tetragonal one because of the
diffuse line profile. The peak profile of the 800 °C-fired
sample exhibited asymmetry, which does not enable
us to fit this profile by only one component. In addi-
tion, we observed obvious peak splittings for two
samples fired above 1000 °C, suggesting the increase in
tetragonal content with firing temperature. This is
consistent with the increase of the enthalpy of
transition with firing temperature, as described above
(see Fig. 6). Then we analysed these peak profiles as
consisting of three components; cubic (200) with
lattice spacing of a = 0.4012 nm (+ 0.0006 nm), and
tetragonal (200) and (002) with lattice spacing of
a=0.3997nm (£0.0006nm) and c¢ = 0.4038 nm
(4 0.0006 nm). The tetragonal lattice spacings agree
with those reported previously (a = 0.3994 nm,
¢ =0.4038 nm) [26], and the cubic lattice spacing
agrees with a cube root of the tetragonal unit volume
(a = 0.4009 nm) [1]. Other peak profiles from 26 = 10
to 90° are also analysed in the same way. The tetrag-
onal content is defined as the ratio of the integrated
intensities of the tetragonal peaks to those of the total
profile for each sample. The estimated tetragonal con-
tent increases with firing temperature. The formation
of the tetragonal BaTiOj; in the 1200 °C-fired sample
was also observed by Raman spectroscopy (Fig. 8).

The Raman spectrum indicates a distinct tetragonal
structure in the 1200 °C-fired sample, as shown in
Fig. 8a. This spectrum agrees well with that of the
tetragonal BaTiO; reported for single crystal and
powder in the literature [27-317; the bands around
515 and 260 cm ! are assigned to the transverse op-
tical (TO) modes of A; symmetry, whereas the sharp
peak at 305 cm ~ !, which is characteristic of the tetrag-
onal phase [27], is assigned to the B; mode. The
305cm ™! peak reduces its sharpness and becomes
indistinct in the as-prepared sample (Fig. 8b). This
may indicate that the well-defined tetragonal structure
is not remained in the as-prepared sample. As a refer-
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Figure 7 Powder X-ray diffraction line profiles (CoK , radiation) of (00 2) and (2 0 0) peaks (@ measured) for (a) as-prepared, (b) 800-, (c) 1000-
and (d) 1200 °C-fired BaTiO3 samples prepared by the sol-crystal method. Dashed lines are superpositions of each profile consisting of
K,, and K,, peaks obtained by the best fit to a mixed Gaussian—Lorentzian distribution. (——) calculated line.

ence, the spectrum of cubic BaTiOj;, which was
prepared by conventional solid-state reaction and
measured at 150°C, is shown in Fig. 8c. Several
authors reported that the 305 cm ~ ! peak was detected
even for fine particles and for thin films in their Raman
spectra [15,32-34], although their XRD profiles
showed cubic symmetry. This discrepancy came from
the difference of the sensitivity of both measurements;
the structural information from the Raman spectra
refers to single TiO¢ octahedra, whereas the symmetry
found by XRD is due to an ensemble of unit cells of
more than 10 nm?® [32]. Asiaie et al. [15] proposed
a possible model for fine BaTiO5 particles that small
domains with tetragonal structure distribute dis-
orderly. In our as-prepared sample, the apparence of
the 305 cm ~! peak is not so obvious as to identify the
crystallographic structure. The species such as organic
compounds, occluded water and BaCO3; may inter-
rupt the ordering of the tetragonal domains to lead to
a pseudocubic phase in the as prepared sample, or
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small domain size may force the unit cells to have
pseudocubic symmetry.

The estimated fractions of the tetragonal compon-
ent ([t]/%) are 30 + 9, 64 + 10, 86 + 12 and 95 + 10
for the 650-, 800-, 1000- and 1200 °C fired samples,
respectively. This tendency is consistent with the re-
sults of the enthalpy of transition (AH) described
above. Fig. 9 shows AH as a function of tetragonal
content ([t]), clearly indicating an increase in AH with
[t]. Again calorimetric measurement is demonstrated
to give well-agreed results with XRD measurements.
Fig. 10a shows [t] as a function of the crystallite size
(Dpnn)- The fraction of tetragonal component increases
with crystallite size, indicating that the development of
crystallite size probably accomplishes the transition
from cubic to tetragonal phase or that disordered
small domains in the pseudocubic phase probably
align to form large tetragonal domains. As described
above, thermal decomposition and/or desorption of
impurities relates to the growth of the crystallite size
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Figure 8 Raman spectra of (a) 1200°C-fired and (b) as-prepared
BaTiOj; samples prepared by the sol-crystal method. The spectrum
of (¢) cubic BaTiOj3, which was prepared by conventional solid-state
reaction and measured at 150 °C, is also shown for reference.
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Figure 9 Enthalpy of transition (AH) at Curie temperature as
a function of tetragonal content ([t]/%).

(see Fig. 5). Therefore, these impurities may suppress
the phase transition from the cubic to tetragonal poly-
morph or may interrupt the ordering of the tetragonal
domains in fine particles. Thus, by employing the
sol—crystal method and CoK, XRD measurements, we
were able to estimate the relative amounts of tetrag-
onal and cubic phases for crystallite size below
200 nm.

Fig. 11 represents the variation of dielectric con-
stant in the vicinity of the Curie temperature (T¢), for
samples fired above 800 °C and that prepared by con-
ventional solid-state reaction [12]. Relatively high
dielectric constant at room temperature (more than
five times) is achieved in the small particles (3700 for
crystallite size D;,;,;, = 180 nm) as compared with our
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Figure 10 (a)Fraction of tetragonal content ([¢]/%) as a function of
crystallite size (Dy;,). (b) The measured dielectric constants at room
temperature (g,) as a function of D, (@). Data for BaTiO5 pre-
pared by conventional solid-state reaction [12] is also shown
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Figure 11 Measured dielectric constants as a function of temper-
ature for BaTiO; prepared by the sol-crystal method. Data for
BaTiO; prepared by conventional solid-state reaction [12] is also
shown as a reference (———). (ll) 1200 °C-fired, D;,;,;, = 180 nm; (A)
1000 °C-fired, Dy, = 120 nm; (———) Dy = 210 nm; (@) 800 °C-
fired, Dyp;, = 94 nm.

previous samples prepared by conventional solid-state
reaction (630 for Dy, =210 nm) [12]. This may be
due to the high homogeneity of the Ba®?* and Ti**
cations in the precursor crystals accomplished by the
sol-crystal method [16], as compared with that by
solid-state reaction, because the BaTiO; prepared by
solid-state reaction often shows heterogeneity of
Ba/Ti ratio [17]. The low dielectric loss (tand =
0.02 ~ 0.03) in the present samples suggests low oxy-
gen defect concentrations. Fig. 11 reveals that the
dielectric constant decreases and becomes nearly
temperature independent with decreasing firing
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temperature and crystallite size. For clarity, the rela-
tionship between dielectric constant at room temper-
ature (g,) and crystallite size (D) is plotted in Fig.
10b. For reference, the value for BaTiO5 prepared by
conventional solid-state reaction [12] is also plotted
as an open circle. With increasing the firing temper-
ature (i.e. with increasing crystallite size, and simulta-
neously tetragonal content) the dielectric constant
increases. This tendency agrees with the increase in the
enthalpy of transition (AH) with firing temperature
shown in Fig. 9; well-crystallized tetragonal domains
are formed by high-temperature firing, leading to rela-
tively high dielectric constant. Thus the results of
dielectric measurements are consistent with the above
relationships between tetragonal content and crystal-
lite size and between enthalpy of transition and tetrag-
onal content. The phase transition from the tetragonal
to cubic polymorph or the alignment of the tetragonal
domains would increase the dielectric constant with
increasing the crystallite size. In the latter case, the
dielectric bahaviour for small grains resemble that of
relaxors such as Pb(Mg;,3Nb,,3)O3, which have also
randomly distributed domains and show a diffuse
phase transition [35,36].

Here we demonstrate the possibility to prepare
sufficiently small-sized BaTiO; with high dielectric
constant using the sol-crystal method, which will be
applicable to a capacitor in a highly integrated circuit.

4. Conclusions

We have investigated the crystallographic phases and
dielectric properties of BaTiO; depending on the
grain size, as prepared by decomposition of an
organometallic crystals (sol-crystal method). The tet-
ragonal content estimated increases from 30 + 9 to
95 + 10% with increasing the crystallite size (D).
The thermal decomposition of remaining organic
compounds, water and BaCOj; relates to the growth of
the crystallites, which causes an increase in the dielec-
tric constant. The measured dielectric constant at room
temperature is relatively high: 3700 for D;;,;, = 180 nm
sample, compared with that prepared by conventional
solid-state reaction (630 for Dy, = 210 nm sample),
which is probably due to the stoichiometry at the
atomic level in the precursor crystal.
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