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Spark-plasma-sintering of fine BaTiO3; powder
prepared by a sol-crystal method
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Spark-Plasma-Sintering (SPS) has been applied to fine BaTiOz; powder (several
nanometers) prepared by a sol-crystal method. The starting powder was densified to more
than 95% of the theoretical X-ray density, and the obtained SPS pellets had an average
grain size of less than 1 um, owning to the relatively low sintering temperature
(900-1000°C) and short sintering period of ca. 3 min. The room temperature permittivity at
1 kHz for SPS samples sintered at 1000°C is ca. 10,000. This high room temperature
permittivity value is attributed to electrical inhomogeneities within pellets; a resistive
surface layer covers the inner pellet core that consists of oxygen-deficient BaTiO3. The
reduced pellet core is characteristic of SPS pellets formed from powders that contain small
amounts of residual organic matter. © 2001 Kluwer Academic Publishers

1. Introduction sity) with submicron grains (0.2-0,6m) by hot iso-
Barium titanate (BaTi@) is a well known ferroelec- static pressing (HIP). They applied 500 MPa to the
tric material with a high room temperature permittiv- powders during sintering, which was sufficient to de-
ity value, ca.>1000, and will continue to be used in crease thec/a-ratio of the tetragonal unit cell, the
the manufacture of thermistors, multilayer capacitorsCurie temperature and permittivity of BaTiQrera-
electro-optic devices and DRAM (dynamic random ac-mics [14, 15].
cess memories) into the twenty first century [1]. Im- Spark-Plasma-Sintering (SPS) is a process which
proved performance, high permittivities and miniatur- makes use of microscopic electrical discharge between
ization of BaTiQ-based devices can be achieved byparticles under pressure (ca. 30 MPa) [16-18]. Al-
controlling the ceramic microstructure such as grainthough SPS is commonly used to produce dense metal
size and homogeneity, which depends on the propertieand engineering ceramics, there are relatively few
ofthe starting BaTi@powder and sintering method [2]. reports on the application of this technique to produce
In particular, grain size is one of the most important fac-dense oxide-based electroceramics. The SPS process
tors affecting the permittivity of BaTi@ceramics;ithas enables a compact powder to be sintered under uniform
been widely reported that the room temperature permitheating to high density at relatively lower temperatures
tivity at 1 kHz for BaTiQ; ceramics shows an apparent and in much shorter sintering periods, typically a
maximum at grain size of ca.Am [3—12]. Therefore, few minutes, compared with conventional sintering
controlling the grain size to ca./Am is advantageous of cold-isostatic pressed (CIP) pellets [16-18]. The
in the production of high permittivity BaTi@based short sintering periods carried out in the SPS process
devices. are advantageous in suppressing exaggerated grain
It is well known that BaTiQ undergoes exagger- growth. Recently, we applied this technique to fine
ated grain growth during conventional sintering in a(0.1-0.6um) BaTiO; powders prepared by hydrother-
muffle furnace at elevated temperatures and long sinmal/hydrolysis methods and obtained dens8%% of
tering periods [2]. Oonishet al. [13] prepared dense the theoretical X-ray density) ceramics with submicron
BaTiO; ceramics £ 98% of the theoretical X-ray den- grains [19, 20].
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In addition to the sintering method, electrical prop- (SPS-pellets). For the conventional heating process, as-
erties of BaTiQ-based devices depend on the homo-prepared BaTi@powder was pressed into pellets under
geneity, composition and particle size of the startinga pressure of 190 MPa and subsequently sintered in air
powder [2]. Recently, we have obtained fine BajiO for 2 h at1000, 1200, 1300 or 1400 (CS-pellets).
powder (several nanometers) by decomposition of or- Phase purity and composition of the pellets were
gananetallic crystals (sol-crystal method) [21]. Inamix- checked by X-ray diffractometry (Rigaku RINT-1500
ed barium titanium double isopropoxide solution, trans-using Cu K, radiation), infrared spectroscopy (Horiba
parent, square and plate-like single crystals ranging ifrT-200) and field emission scanning electron mi-
size from a few millimeters to 1 cm, whose compositioncroscopy (FE-SEM; Hitachi S-5000) with energy dis-
was presumed to be BaTi[OCH(GH]s-CsHg, grewat  persion X-ray (EDX) microanalysis (Horiba EMAX-
ca. 5C, and they were converted to fine Bagifow- 5770W). The Ba and Ti contents of the pellets
der in air at relatively lower temperature, ca. 100  were determined by inductively coupled plasma (ICP)
compared with that of similar single crystals of bar- emission spectroscopy. Thermogravimetry (Rigaku
ium titanium double alkoxide solution [21-23]. The TAS200) was employed to monitor any weight changes
present BaTi@prepared by a sol-crystal method showson re-oxidation of the pellets prepared from the
relatively high permittivity (3700 at room temperature SPS method. Pellet densities were determined using
at 1 kHz), due probably to homogeneous cation stoArchimedes method after the pellets were soaked in
ichiometry and fine grains [24]. Combining the sol- the boiling water fo 1 h to eliminate the influence of
crystal method to prepare stoichiometric fine pow-surface micropores. To determine the average grain size
der and spark-plasma-sintering to produce dense cddiameter), atleast 200 grains were chosen and the grain
ramics of small and uniform grain size may lead tosize distributions were measured using a computerized
the production of BaTi@based devices with much image analyzer (EXCEL, Nippon Avionics).
high/optimized permittivity characteristics. The electrical permittivity measurements were car-

In the present work, spark-plasma-sintering ofried out using Solartron 1260 instrumentation, cov-
BaTiO; powders (several nanometers) prepared by @ring the frequency range 19to 1¢° Hz. Prior to
sol-crystal method is reported. The density, grain sizeslectrical measurements, pellets were coated with Au
and electrical properties of the SPS BaJiillets are  paste electrodes (Engelhard A-3360) which were fired
compared to those obtained by conventional sinteringit 700C. All samples were measured over the tem-
of BaTiOz ceramics as well as to SPS Bagi€eramics  perature range 25-300, with equilibration periods
produced from powders prepared from hydrothermabf 15 min at each temperature. All electrical measure-
synthesis. ments were corrected for pellet geometry.

2. Experimental procedure 3. Results and discussion
BaTiOs powders were prepared by a sol-crystal methodX-ray diffraction patterns of as-sintered SPS pellets
[21]. Guaranteed-reagent-grade barium metal (99.9%howed the presence of graphite contamination from
pure) was reacted with isopropyl alcohol (reagentthe carbon die, but notin the post-annealed pellets. The
grade) in a mixed solution of isopropyl alcohol and ben-EDX results further confirm the removal of carbon con-
zene (reagent grade) in which titanium tetraisopropoxtamination by annealing; no carborxkpeak was de-
ide (TI[OCH(CH)2]4; reagent grade) was dissolved. tected after annealing in air. Thermogravimetry showed
All solvents were dried with Cajhind distillednvacuo  a weight loss of ca. 0.3 wt% on heating to 9Q0n air
prior to use. The reaction was conducted &@aon- and no weight loss from 900 to 120D, probably due
der an argon atmosphere with stirring until the bariumto the elimination of graphite in the form of gaseous
metal was completely dissolved. The reaction vesseCO and/or CQ. IR spectra showed the peaks origi-
was stoppered and left atG, which led to crystal nated from HO, BaCQ and organic compounds (e.g.,
growthinthe solution. The crystals were separated fronstretching and deformation modes for CH-groups) in
the solution and dried in an argon atmosphere, whiclthe as-prepared powder, as reported previously [24],
led to decomposition into a white powder (hereafterbut these impurities were not detected in the SPS and
called as-prepared powder). The as-prepared powd&sS pellets.
was subsequently sintered in the form of discs by SPS SPS pellet densities after annealing are plotted as a
using an SPS-2040 (Izumi Technology) [19, 20] or byfunction of sintering temperature in Fig. 1a.
conventional heating in a muffle furnace. Relatively dense pellets>@5% of the theoretical
For SPS sintering, BaTi§powder (ca. 2 g) was X-ray density) were obtained by the SPS process.
placed into a graphite die (15 mm in diameter) and arOn the contrary, CS pellets sintered at 1000—2800
electric current of ca. 1000 A was applied under a presshowed lower density (72—94% of the theoretical X-ray
sure of 39 MPa. During this procedure, the temperaturelensity) than those of the SPS pellets, and high den-
increased to 900 or 1000 at a rate of ca. 20C/min  sity (97%) can only be achieved at much higher sin-
(controlled by the applied current). After it was kept tering temperatures, for example, 1400 As com-
at the desired temperature for ca. 3 min, the applieghared with our previous SPS BaTiPellets (sintered at
electric current was switched off, the pressure released 1000 C) starting from submicrometer-sized powders
and the sample cooled to room temperature. Within(0.1-0.6um) prepared by hydrothermal and hydrolysis
1 min of the cooling cycle, the temperature dropped tomethods[19, 20], high density-05%) SPS pellets were
ca. 600C. The as-sintered pellets (15 mm in diameterobtained at relatively lower temperature (900—1TD)Q
and 2 mm thick) were annealed in air at 900for 2h  owing mainly to the fine BaTi@ powder (several
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100F P ' — g ples, as discussed later. Low permittivity values for CS

@) ol .0 pellets sintered above 1300 (typically 1000—-2000 at
room temperature, not shown) may be associated with
the decrease in surface area of the f0roelectric do-
main walls in large BaTi@grains [4, 8, 9].

Fig. 4 shows the frequency dependence of the room
temparature permittivities for SPS and CS pellets.
Data for CS (1200C) pellets show the presence
70k o @:SPS of a plateau above ca. A®z, whereas data for SPS

O:Cs |, (1000°C) pellets show a moderate slope in permittiv-

®) ’ ’ ity in the low frequency region, no well defined high
10} % 1 frequency plateau ($61P Hz) and a plausible begin-
sk 1 ning for a high frequency=10° Hz) plateau. Hirose

and West [25] have shown the high frequency permit-
f tivity plateau &ca. 1¢ Hz) is dominated mainly by

90+t

80

Relative density / %
(%]
Density / g cm™

| the permittivity of the grains and less from the permit-
tivities associated with grain boundaries and air gaps.
0.5F ) 1 Permittivity data at 1 kHz for SPS (1000) pellets lie
§§ in the intermediate (dispersion) region and are there-
fore an overestimation of the grain permittivity [20, 25],
0.1 1000 1200 1200 and explains the apparently high permittivity of (unpol-
L. o ished) SPS (100Q) pellets, Fig. 3. Closer inspection
Sintering temperature / °C of AC impedance data was undertaken in an attempt
Figure 1 (a) Relative density and (b) average grain size for SPS and Céo examine the, qu_gln of the unusual frequency depen-
dence of permittivity for SPS (100Q) pellets.
Representative combined (imaginary part of com-
nanometers) [21, 24] obtained from the sol-crystalplex impedanceZ*) and M” (imaginary part of com-
method. Ba and Ti contents estimated from ICP emisplex modulusM*) [26] spectroscopic plots for SPS
sion spectroscopy were 5791.7) and 19.5¢0.6) (1000°C) pellets at 300C are shown in Fig. 5a.
for SPS pellets sintered at 9@ and 57.2¢1.7) and The Z” plot shows a single Debye-like peak with a
19.2(0.6) for those sintered at 1000. These values frequency maximumfnay) value at 0.6 Hz. In contrast,
are in good agreement with the theoretical values otheM” plot shows two peaks witfi,axvalues of 1.3 and

Average grain size / ym
_

pellets as a function of sintering temperature.

58.9 and 20.5 for Ba and Ti, respectively. 730 Hz, respectively. Sinc8” spectra are dominated
Typical SEM micrographs of fracture surfaces of an-by components with large resistance avd spectra
nealed SPS pellets are shown in Fig. 2a. by those with small capacitance [26], Fig. 5a suggests

The SPS pellets consist of submicron (0.1h)  that SPS (100C) pellets consist of high and low re-
grains, and the grain size depends on the sintering tensistive components with similar capacitance values. In-
perature; average grain size increases with sinteringeed, resistances are calculated as 120 and @ 2l
temperature, as shown in Fig. 1b. SPS was also petapacitances as 1.6 and 1.4 nF for low and high fre-
formed at 1000C for 30 min, and exaggerated grain quency components at 30D, respectively, using the re-
growth with average grain sizes in excess of @  lationshipszZ;,. = R/2, M/}, =Co/2C, andwRC=1
were observed. These results show the necessity of shait peak maximum, whel@y is the vacuum capacitance
sintering period to obtain BaT#Xeramics with submi-  of the cell andw is angular frequency [26]. Since no
crongrainsvia SPS. For comparison, SEM micrographsmpurity phases were observed in XRD and IR and no
of typical CS pellets are shown in Fig. 2b. In contrastelements other than Ba, Ti and O were detected by EDX
to the SPS pellets, the average grain size of these pefler SPS (1000C) pellets, the high frequency compo-
lets increased to more thanudm due to much longer nent (low resistance) must be associated with oxygen
sintering period (2 h). deficient (slightly reduced) BaTiOwhereas the low

Typical fixed-frequency, 1 kHz, permittivity data for frequency component (high resistance) must be associ-
SPS and CS pellets over the temperature range 2%ted with BaTiQ which has very little (if any) oxygen
300°C are shown in Fig. 3. deficiency.

Both show a clear permittivity maximum atthe Curie  Two plausible models can be proposed for the co-
temperature, ca. 13G. SPS pellets sintered at 1000  existence of BaTi@and reduced BaTiQ(BaTiOs_;,
show higher permittivity values, particularly below the wheres is oxygen deficiency); (i) each grain in the SPS
Curie temperature, where their room temperature perpellets consists of outer BaTiQegions and inner re-
mittivity is ca. 10000, compared to ca. 4500 for CS pel-duced BaTiQ_; cores or (ii) pellets surfaces consist
lets. The higher permittivity values for SPS (100)  of BaTiO; whereas the interior of the pellets consist of
pellets may be associated with their higher density an@®aTiOs_; (see Fig. 6).
the restricted grain growth. However, dissipation fac- In an attempt to distinguish between these two mod-
tors (tans) at 1kHz for SPS (100@) pellets were els, SPS (100@) pellets were polished (ca. 0.2 mm
relatively high (16-21% at 25-300), suggesting the depth) and the electrical properties remeasured. Fig. 5b
presence of oxygen deficiency (reduction) in SPS samshows a typical combined”, M” spectroscopic plot
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(a) SPS 1000°C 3min
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Figure 2 SEM micrographs of fracture surfaces for (a) SPS and (b) CS pellets with different sintering conditions. Magnification is the same for both
micrographs.

at 300C for a polished SPS (1000) pellet. Thez”  tal electrical properties. This experimental result dis-
plot shows the peak to have shifted to higher frequencygrees with the model (i), in whicd” and M” plots
(fmax=560 Hz) and a drastic decrease in the peakshould not change largely after polishing the pellets.
height (Z..,= 160 k) has occurred, leading to a de- Therefore, SPS (100Q) pellets can be considered to
crease in total resistance of the pellet. The correspondse composed of a surface layer of re-oxidized BaTiO
ing M” plot shows a rather diffuse, broad peak with which covers the inner pellet core consisting of re-
fmax= 16 kHz withM// . similarin value tothatof non- duced BaTiQ_;. Permittivity values for the polished
polished pellets, Fig. 5a. The spectra clearly demonSPS (1000C) pellets are also shown in Figs 3 and 4.
strate that polishing SPS (100D) pellets reduces the The frequency dependence of the permittivity shows a

contribution from more resistive components to the to-plateau in high frequency regior10® Hz, including
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Figure 5 Combined—Z" and M’ spectroscopic plots at 300 for
16 (a) SPS pellet sintered at 10@for 3 min and (b) its polished pellet.
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Figure 4 Frequency dependence of permittivities at@%or SPS and
CS pellets with different sintering conditions.

oxygen deficient
1 kHz), suggesting almost no overestimation of grain BaTiO, 5
permittivity at 1 kHz [20, 25]. Indeed, room tempera- (i) N\

ture permittivity at 1 kHz of the SPS pellets decreases
after polishing, Fig. 3, but the value is still higher than
that of CS pellets, which may be due to the higher den-
sity of the SPS pellets.

BaTiOs_; mightbe formed during the SPS process by
elimination of organic compounds (which are present inFigure 6 Schematic representation of two plausible models for SPS
the starting powder) in the form of gaseous CO and/opaTiOs pell_ets prepared from poyv_ders that gon_tain re_siduallorganic
CO,. The dense peIIets are therefore not completely I,er_natter. White area represents OX|d|;e_d or sto!ch|ometr|c BaTand
oxidized by annea”ng at 90Q for 2 h after the SPS hatched area represents oxygen deficient BaTjCSee text.
process. Since AC impedance data for SPS (100
pellets annealed at 900 for 24 h showed similar spec- word, the present non-polished SPS pellets would be
troscopic plots to Fig. 5a, preparing fully re-oxidized stable on exposure to air for a long period. Thickness
pellets appears to be difficult, probably because of slovof the surface BaTi@layer of the SPS pellets seems
oxygen migration inside the dense pellets. In otherto be less than ca. 0.2 mm, since AC impedance data

2333



for further polished £ ca. 0.3 mm depth) SPS (10GD) 2.
pellets showed almost no changes from those of Fig. 5b.
Our previous SPS BaTi{pellets starting from pow- 2
ders without organic compounds did not show such
an unusual frequency dependent permittivity behav-
ior, Fig. 4, for non-polished pellets [19, 20]. Reduced s.
BaTiOs_; pellets are a characteristic of SPS process-
ing when starting from powders that contain residual
organic compounds. This layered pellet structure (fully
oxidized and reduced BaT#Dis similar to that of bar-

rier layer capacitors, where semiconducting (reduced)s.
barium and/or strontium titanate grains are surrounded
by thin oxidized surface layers, either as a skin on
the pellet or in the form of grain boundary/outer grain
regions [1]. Thus combining SPS with BaB@ow- g
ders containing residual organic matter may be a novel
method for manufacturing BaTizbased barrier layer 11.
capacitors.

5.

13.

4. Conclusions 14,
We have applied Spark-Plasma-Sintering method to
fine BaTiQ; powder (several nanometers) prepared by}
a sol-crystal method to obtain dense pellet9%% of
the theoretical X-ray density) with an average grain
size of less than ca. Am at relatively lower sintering
temperature (900-1000). The apparentroom temper-
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