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Thermoelectric performance on cobaltite ceramics can be increased raising the electrical conductivity. This can be performed
by increasing grain size and aligning them along a preferential direction by the Laser Floating Zone (LFZ) method. In this
work, Bi,Ca,Co, O ceramics have been directionally grown at three different speeds, 15, 30 and 50 mm/h. It has been
found a small influence of the growth conditions on the thermoelectric properties. In all the cases, the microstructure shows
alternated cobaltite layers with small CoO inclusions. In despite, the thermopower is higher than usual in misfit cobaltites
obtained by conventional solid state routes. This preliminary result originates probably from oxygen vacancies.
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Ceramicas termoeléctricas Bi,Ca,Co, O _texturadas mediante fusion zonal flotante inducida por laser

Las prestaciones termoeléctricas de las cerdmicas basadas en 6xidos de cobalto pueden ser aumentadas por la disminucién de
la resistividad eléctrica. Esto puede realizarse aumentando el tamafio de grano y alinedndolo en una direccién preferencial,
utilizando el método de zona flotante inducida por ldser (LFZ). En este trabajo, se han crecido cerdmicas termoeléctricas
de composicién Bi,Ca,Co, O, a tres velocidades diferentes, 15, 30 y 50 mm/h. Se ha encontrado que las condiciones de
crecimiento tienen poca influencia en las propiedades termoeléctricas. En todos los casos, la microestructura estd formada
por capas alternadas de cobaltitas, con pequefias inclusiones de CoO. A pesar de ello, el poder termoeléctrico medido es
mayor de lo habitual para este tipo de materiales preparados por métodos convencionales en estado sélido. Este resultado
preliminar estd originado, probablemente, por la formacién de vacantes de oxigeno.

Palabras clave: Propiedades eléctricas, cobaltitas, poder termoeléctrico.

1. INTRODUCTION

Thermoelectric materials can be used to transform thermal
to electrical energy owing to the well-known Seebeck effect.
This physical property allows producing electrical power
from a thermal gradient between the cold and the hot side of
a thermoelectric system. The performance of such materials is
quantified by the figure of merit Z, which is defined as S?/px,
where S is the Seebeck coefficient, p the electrical resistivity, and
K the thermal conductivity. As all these parameters are linked
and tend to vary on inverse ways, it is difficult to improve the
Z value. The improvement of the conversion efficiency of the
thermoelectric system is then carried out by increasing the
temperature difference between the hot and the cold side of the
system. This is possible when the thermoelectric system can
operate at high temperature for long-term use, usually under
air. This application can be achieved using thermoelectric
oxide ceramics. This is the main reason of the intense research
work performed, after the discovery of large thermoelectricity
in Na CoO, (1), to explore new Co oxides exhibiting high
thermoelectric performances. Some layered cobaltites, such as
[Ca,CoO,][CoQ,], , and [Bi, SrO,],[CoO,], ., were also found to
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exhibit good thermoelectric (TE) propertiés (2-5).
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The crystal structure of these layered cobaltites is composed
of an alternate stacking of a common conductive CdI-type
CoO, layer with a two-dimensional triangular lattice and a
block layer, composed of insulating rock-salt-type (RS) layers
(6-8). The two RS and CoO, layers have common a and c¢
axes, while the b-axis lengths of the two layers are different.
Due to their high structural anisotropy, the alignment of
plate-like grains by mechanical and/or chemical processes
is necessary to attain macroscopic properties comparable to
those obtained on single crystals. It has been established that
the Laser Floating Zone (LFZ) technique is adequate to obtain
a good grain orientation in several oxide ceramic systems
(9-11). With the LFZ processing, a reduction of the electrical
resistivity is expected. In this paper, we report the processing
of long textured Bi,Ca,Co, O, ceramics by the LFZ technique
using different growth rates. The microstructural and phase
compositions analyses of the textured ceramics have been
performed by scanning electron microscopy (SEM-EDS)
and powder X-ray diffraction (XRD). Their thermoelectric
properties were also measured as a function of temperature
and correlated with the microstructure.
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2. EXPERIMENTAL

Polycrystalline ceramics with initial composition
Bi,Ca,Co, O, were prepared using the conventional solid-state
synthesis technique from commercial Bi,O, (Panreac, 98 + %),
CaCO, (Panreac, 98 + %) and Co,0, (Aldrich, 98 + %) powders.
They were weighed in the adequate proportions, mixed, milled
and thermally treated twice at 750 and 800°C for 12h under air,
with an intermediate milling, to assure the total elimination of
the CO, from the metallic carbonates, which could decompose
in the LFZ process, leading to bubble formation inside the
melt, disturbing the directional ceramic crystallization. The
resulting mixture was then cold isostatically pressed at 200
MPa in order to obtain green ceramic cylinders which were
subsequently used as feed in a LFZ device (12) equipped with
a continuous power Nd:YAG laser (1.06 um). The growth
processes were performed downwards at three different
growth rates (15, 30 and 50 mm/h), with no rotation of the
seed. To assure compositional homogeneity of the melt, a
feed rotation of 15 rpm has been performed. Finally, after the
texturing process, long (more than 20 cm) and geometrically
homogeneous textured cylindrical rods were obtained.

In order to identify the present phases in the textured
materials, powder X-ray diffraction diagrams of the final
products were recorded at room temperature using a
Siemens Kristalloflex diffractometer, working with Cu Ka
radiation, and 20 between 10 and 60 degrees. SEM was
performed on transversal and longitudinal polished surfaces,
the micrographs were recorded in a JEOL 6000 microscope
provided with an energy dispersive spectroscopy (EDS) device.
Electrical resistivity measurements were performed using the
standard dc four-probe technique at temperatures between
5 and 400K, with no applied external field, in a Physical
Properties Measurement System (PPMS) from Quantum
Design. Thermopower measurements were performed at
temperatures between 5 and 300K in an experimental setup
described elsewhere (13).

3. RESULTS AND DISCUSSION

In order to determine the phases in the samples, powder
X-ray diffraction of the final textured bars has been recorded.
The XRD plots for each growth speed are displayed in figure
1. It can be clearly seen that all the obtained RXD diagrams
show the same pattern. Major peaks correspond to the misfit
cobaltite Bi,Ca,Co, O (14).

Figure 2 shows the polished transversal surface of the
textured bars. In figure 2a, using backscattered electrons, it
can be easily observed the very homogeneous microstructure
with a small radial segregation observed in form of a very
narrow outer ring (20-30 ym). This zone shows the presence
of very small Bi-free secondary phases (dark contrast). The
rest of the section is mainly composed by the Bi,Ca,Co,,O,
phase (light grey contrast) and CoO dendrites homogeneously
dispersed into the thermoelectric matrix, as secondary phase.
All the studied samples show the absence of residual porosity
at this magnification level, as can be seen in figure 2b,
using secondary electrons. The absence of porosity will be
reflected in a good grains connectivity, which leads to low
resistivity values, when compared with samples prepared
by the conventional solid state route. Figure 2c shows a close
view of the outer ring, where it can be observed the presence
of the Bi-free secondary phases (with an stoichiometry close
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to the well known Ca,Co,O, phase), easily identified by their
growth habit, perpendicular to the outer surface of the as
grown bar.

10 15 20 25 30 35 40
20 (degrees)
Fig. 1- Powder XRD patterns of the final textured as grown materials

at a) 15, b) 30, and c¢) 50 mm/h. Peaks marked with an * correspond to
the misfit cobaltite Bi,Ca,Co,,O..

Fig. 2- SEM micrographs of transversal polished sections of a sample
growth at 15 mm/h. a) General view, showing the distribution of the
secondary phases (dark contrast); b) General view (secondary elec-
trons image), showing the absence of porosity; c) Close view of the
external region, showing the outer ring where the Bi-free secondary
phases are found (darkest grey contrast).
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In figure 3 the polished longitudinal section of the textured
bars is displayed. Figure 3a shows the presence of dendritic
secondary phases (black contrast), which grow from the outer
surface to the inner part of the cylinder. This is indicative of a
non-totally plain solidification front. Even in these conditions,
a good texture is developed, with the thermoelectric phases
well oriented in the growth direction in all the studied
samples (see figure 3b). Furthermore, this microstructure
pattern has been found independently of the chosen growth
speed, which slightly changes the size of the main phases. In
figure 3b, three different contrasts are found. The black one
has been previously identified as CoO, which shows a very
small particle size when compared with the main platelet-
like phases (grey contrasts). Furthermore, the cobaltite phase
identified by XRD is observed as two different grey contrasts.
EDS analyses show that the dark grey grains are Co-rich, while
the light ones have a smaller Co content. As it is displayed in
figure 3b, these two cobaltite grains appear as alternate layers
in the structure.

20 um

Fig. 3- SEM micrographs of longitudinal polished sections of a sample
growth at an intermediate rate of 30 mm/h. a) General view, showing
the misorientation and distribution of the CoO secondary phases (black
contrast); b) Close view of the bar, showing the multilayer formation
by the alternating cobaltite layers (dark and light grey contrasts).

The temperature (T) dependence of the resistivity (p)
according to the growth rate of the textured materials is
shown in figure 4. As it can be easily seen, the p(T) curve
exhibits a semiconducting behavior from high (400 K) to low
temperature (5 K) independently of the growth rate. This
semiconducting behavior is in agreement with earlier reports
on this cobaltite system (8, 14). The resistivity values decrease
when lower growth speeds are used, as a consequence of
the better grain alignment and the larger grain sizes. The
minimum value at room temperature, for the samples grown
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Fig. 4- Temperature dependence of the electrical resistivity, p accord-
ing to the growth rate.
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Fig. 5- Temperature dependence of the thermopower according to the
growth rate.
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at 15 mm/h, is about 60 mQ.cm, which is lower than the
resistivities reported for the sintered specimens (6,8), which
show resistivities around 80-100 mQ.cm.

Figure 5 shows the variation of the thermopower with the
temperature, of the as-processed rods. It can be clearly seen
that the sign of the thermopower is positive for the entire
measured temperature range, which confirms a mechanism
involving hole conduction. The values of the thermopower
increase with the temperature, with the same behavior for all
the samples. It involves an increase from low temperature (5
K) to about 150 K, where a maximum of about 225 uV/K is
reached for samples grown at 50 mm /h, which is much higher
than those reported for solid state sintered materials (usually
around 150 pV/K). From 200 K to room temperature, the
thermopower value maintains practically constant. The high
value of the thermopower (50% higher than those obtained for
materials prepared by a conventional solid state reaction) is
not common in this system but we can give two explanations
to this phenomena: 1) the high thermopower can be associated
to the presence of alternate layers with different Co contents as
it was previously introduced by microstructure observations,
2) the LEZ growth can probably generate oxygen vacancies in
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larger content than in bulk samples synthesized in a classic
solid state reaction. The hole concentration is consequently
decreased due to the reduction of the cobalt. It has already
been evidenced that, at reduced conditions, the misfit phase
[Ca,Co0,][Co0,], , is not oxygen stoichiometric but contains
considerable amounts of oxygen vacancies (15). The decrease
of the upper limit value of the thermopower according to the
decrease of the growth speed tends to confirm our hypotheses,
since the “stoichiometric” cobaltite phase is probably better
stabilized and the oxygen vacancies are probably reduced
with the decrease of the growth speed. In any cases, we
strongly believe that the non stoichiometry is the origin of
such an effect and strongly modifies the carrier concentration
in the system. Other characterizations have to be performed to
confirm these results.

In order to evaluate the thermoelectric performance of
these materials, the power factor $*/ p has been calculated. The
temperature dependence of the power factor (PF), estimated
from the data represented in figures 4 and 5 is plotted in figure
6. It can be clearly seen a reduction in the PF when the growth
speed increases. The maximum value of, approximately, 0.05
mW/mK? at 300 K for the 15 mm/h sample is reduced to
about 0.03 mW/mK? at 300 K, when high growth speed is
used (50 mm/h).
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Fig.6- Temperature dependence of the Power factor, S/ p, according to
the growth rate.

4. CONCLUSIONS

It has been shown that Bi,Ca,Co O,  thermoelectric
materials can be directionally grown by the laser floating
zone method for the first time, in our knowledge. This growth
process leads to a multilayer cobaltite with small compositional
differences between layers, mainly in Co content. In despite of
this effect, the measured thermoelectric properties show a
decrease on the resistivity values, compared with solid state
sintered samples but, more important, a spectacular increase
on the thermopower (or Seebeck coefficient) is found. The
physical properties measured are in agreement with the
literature, resistivity values are decreasing when Seebeck
coefficient increases.
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