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In the present study, Bi,Sr,.,KCo20, (x = 0.0, 0.050, 0.075, 0.100, and 0.15) ceramic precursors have been
produced using the classical ceramic route, followed by texturing through the laser floating zone technique. XRD
results show that the thermoelectric phase is the major one in all cases. Moreover, K-substitution decreases the
secondary phases content, when compared to the undoped sample. SEM observations indicate that grain or-
ientation is significantly enhanced when K-content is increased. K-doping decreases electrical resistivity from 32
10> Qm (in undoped samples) to 20-22 10~ > Q m at 300 K, while increasing Seebeck coefficient from 55 pV/K

to 100-117 pV/K at 300K. On the other hand, thermal conductivity is slightly lower in undoped samples
(0.93 W/K m, compared to 1.10-1.28 W/K m for doped ones at 300 K), due to their lower electrical conductivity.
Finally, ZT values are higher when the K-content increases up to x = 0.10, reaching 0.029 at around 400 K, and
slightly decreasing for higher doping levels.

1. Introduction

Thermoelectric energy conversion can be used to transform thermal
energy to electrical energy directly owing to the well-known Seebeck
effect [1-3]. This physical phenomenon permits producing electrical
energy from a thermal gradient between the cold and the hot side of a
thermoelectric system. The conversion efficiency of such materials is
usually characterized by the dimensionless thermoelectric figure of
merit, ZT, defined as TS?/pk, where S is the Seebeck coefficient, p the
electrical resistivity, x the thermal conductivity, and T, the absolute
temperature [4]. In general, high ZT materials require high S, low p,
low «k, and high working temperature. Since the discovery of large
thermoelectric properties in NaCo,0,4 [5], and other Co-based materials
[6-10], these layered cobalt oxides have become an alternative to the
classical TE materials like Bi,Tes, PbTe, Sb,Tes, etc [11-13]. These
oxide TE materials are neither toxic nor harmful to the environment,
and the raw materials are inexpensive. Their chemical and thermal
stability allows them operating at high temperatures under air without
degradation. On the other hand, they still show relatively low ther-
moelectric performances and, consequently, it is assumed that devel-
oping thermoelectric (TE) materials with high efficiency is necessary for
using them in electric power generation.

The crystal structure of these cobalt oxides can be described through
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a monoclinic system composed, in turn, by two different layers alter-
natively stacked. They are a common conductive CoO, layer with CdI,-
type structure, and an insulating block with rock-salt type structure.
Both sublattices have common a- and c-axis lattice parameters and
angles but different b-axis length, producing a misfit along the b-di-
rection [14,15]. The high anisotropy of this crystal structure is reflected
in a large electrical anisotropy, opening the possibility to tune up
electrical conductivity through grain alignment. Moreover, modifica-
tions of misfit factor, and/or oxidation states of cations in the rock-salt
substructure have been also shown to influence electrical resistivity and
Seebeck coefficient [16]. Furthermore, these modifications can be
performed through relatively simple procedures, as cation substitution
[17-23], or using different texturing techniques [22,24-28]. Among
them, the Laser Floating Zone (LFZ) technique [29] offers some ad-
vantages, compared to other processes, as high density, large grain sizes
and good grain orientation, together with a relatively high growth rate.

Bi,Sr,CaCu,0, and Bi,Sr,Co,0, materials are very similar from the
point of view of their melting behavior. Consequently, taking into ac-
count the effect of Na- and K- substitution in the former one [30,31],
previous works studied the effect of Na- or K- substitution on the high
temperature thermoelectric properties of BiSr,Co,0, materials
[18,20,22]. In this work, emphasis is put on the investigation on the
effect of K aliovalent substitution for Sr on the microstructure, and low
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temperature thermoelectric performances of laser floating zone (LFZ)
textured Bi,Sr,Co,0y materials.

2. Experimental

Polycrystalline Bi,Sr,.<K«C0,0, precursors (x =0, 0.05, 0.075,
0.10, and 0.15) were produced by the conventional solid state reaction
using appropriate amounts of Bi,Oz (99%, Panreac), SrCO3 (99%,
Panreac), K,CO3 (99%, Panreac), and CoO (99.99%, Aldrich). They
were mixed and ball milled 30 min at 300 rpm with distilled water,
which was evaporated from the slurries using infrared lamps. After
drying, the resulting powders were manually milled and subjected to
two step calcination procedure for 12 h at 750 and 800 °C, in order to
eliminate CO, from the metallic carbonates. These steps will avoid the
release of CO, in the melting process, which would cause instabilities in
the solidification interface [32]. Calcined powders were then iso-
statically pressed at "200MPa to produce cylindrical rods
(@ = 2-3mm, and length ~ 100 mm) which were directionally grown
using Nd:YAG laser radiation (A = 1064nm) in a LFZ system [33].
Growth conditions were fixed at 30 mm/h for all samples. Moreover,
during the growth process, the seed rotates at 3rpm to keep the cy-
lindrical geometry, while the feed was rotated in the opposite direction
at 15rpm to homogenize the molten zone. In these conditions, the
textured bars have a constant diameter of around 2.5 mm. On the other
hand, they show the presence of several secondary phases due to their
incongruent melting [34,35]. Consequently, it is necessary to perform
an annealing process (24 h at 810 °C, followed by furnace cooling to
room temperature) to form the TE phase.

The phases identification has been done on powdered samples by X-
ray diffraction (XRD) from 5 to 70° in a Rigaku D/max-B system. The
evolution of microstructure with K-content was performed on long-
itudinal polished sections of samples in a field emission scanning
electron microscope (FESEM, Zeiss Merlin), with an attached EDS
system. For these observations, samples were hot-embedded into con-
ducting resin, grinded to reach the center of the fibers, and finally
polished with diamond paste. Density of samples has also been de-
termined through Archimedes method, taking 6.8 g/cm?® as theoretical
density [35]. p, x and S have been simultaneously measured from
4.2-390K in a Quantum Design PPMS system. Figure of Merit, ZT (=
$2T/p), was calculated to establish the electrical performances of these
samples as a function of temperature and K-content.

3. Results and discussion

The powder XRD patterns of all samples are presented in Fig. 1. In
spite of the different K-content, all patterns are very similar and show

Fig. 1. Powder XRD patterns of Bi,Sr,.,K,Co20y textured samples. The peaks of
thermoelectric phase are shown by the diffraction planes. *, o, and # corre-
spond to Big 755r0.250y, C0C0,04, and CoO secondary phases, respectively.
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Fig. 2. Representative SEM micrographs of Bi»Sr,.K«Co20y textured samples,
for x= (a) x = 0; (b) 0.075; and (c) 0.15.

that the highest peaks (indicated by their diffraction planes) correspond
to the TE phase [36,37], appearing as the major one in all cases. In
addition, these peaks correspond to its ab-planes [38], which can be
explained by the large surface of grains in these planes, leading to their
preferential orientation in the samples preparation process. Further-
more, undoped samples present several secondary phases, identified
from the peaks identified by *(Big.75Sr0 250y [391), o(Sr-rich Bi-Sr-Co-O
[40]), and #(CoO [41]). The intensity of these peaks decreases when
K-doping is higher, pointing out to a decrease of secondary phases
content induced by K.

Fig. 2 presents representative SEM images of longitudinal sections of
samples. In these micrographs, it can be observed that all samples
present three different contrasts. Grey contrast (#1) is the major one
and has been associated, through EDS, to the Bi,Sr;..K<C0,0y thermo-
electric phase. White and dark grey contrasts correspond to
Big 75510.250y (#2) and Sr-rich Bi-Sr-Co-O (#3) secondary phases, re-
spectively, in minor amounts. Furthermore, the typical very low por-
osity produced in materials processed by LFZ [36], can also be seen in
these micrographs. It has been confirmed by density measurements,
which were around 97.3 *= 1.5% of the theoretical one in all samples,
in agreement with previous works [22]. On the other hand, K-doping
increases the grain alignment (compared to the undoped samples) up to
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Fig. 3. Temperature dependence of electrical resistivity for all samples. The
insert in the panel shows the room temperature resistivity.

0.10, slightly decreasing for further K-content. This behavior is due to
the decrease of melting point of samples induced by K,CO3, which is
reflected in a better grain alignment provided by a lower radial gradient
in the solidification front, as observed in similar systems [42].

The temperature dependence of resistivity, p(T), has been de-
termined under zero magnetic field between 4.2 and 400K, and the
results are presented in Fig. 3, together with their 4% uncertainty, in
agreement with previous works [43,44]. The measurements show
semiconducting behavior (dp/dT < 0) for all samples in the low tem-
perature range. When the temperature increases, a broad minimum
around Tmin, defined as the metal-insulator-transition-temperature
(MIT), appears in the resistivity curve, pointing out the existence of
incommensurate spin-density-wave (IC-SDW) ordering [45]. From this
temperature, the samples exhibit metallic behavior (dp/dT > 0) up to
so-called T* temperature, identifying the transition from a strongly
correlated Fermi liquid regime to incoherent metal regime [46]. Tmin,
T* and room temperature resistivity values are displayed in Table 1. As
it can be seen in the inset of Fig. 3, room temperature resistivity values
monotonically decrease when K-content increases, while Tmin and T*
values increase up to 0.10 K-substitution. This resistivity evolution can
be explained by the reduction of the oxidation state in the rock salt
layer provided by the substitution of Sr>* by K*. Consequently, in
order to keep electrical neutrality of the structure, some Co®* is pro-
moted to Co**, increasing the charge carrier concentration and de-
creasing resistivity. The minimum values at room temperature
(2010 > Q m) have been obtained in 0.10 K-doped samples, which are
higher than the obtained in sintered or hot-pressed materials (18, and
9*107° Q m, respectively) [47], but lower than the measured in LFZ
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Fig. 4. Plots of (a) Inp versus T~ /% between 10 and 37 K with the fitted lines for
the samples of Fig. 3; and (b) Inp versus T~ between 12 and 380K with the
fitted lines for all reported samples.

and temperature can be defined as
p(T) = p(0) exp (To/T)'? M

where p(0) is a constant and Ty = 8/[nkgN(ep)l,?] is the VRH char-
acteristic temperature associated to the density of localized states at
Fermi level N(¢F), with I, as the localization length and kg as the
Boltzmann constant [49]. This model provides the best fitting of re-
sistivity curves, as shown in Fig. 4a, where the linearity between Inp(T)
and T~*7 points out that all data below 37 K are well-fitted. The ob-
tained fitting parameter T, values are also given in Table 1.

According to thermally activated conduction (TAC) model [46,49],
at temperatures above 37 K, the variation of resistivity with respect to
temperature can be described as

1 E,
— =u(T -
p u(T)exp( kBT)

grown samples at 30 mm/h (25*107> Q m) [48]. 2
In order to deeply investigate the conduction mechanism at tem- This formula can be organized as
peratures below 37 K, the variable-range hopping (VRH) model [28] B
has been used. According to this model, the relation between resistivity Inp = k—OT‘1 —lnu=AT'+B 3)
B

Table 1

Electrical and thermal transport parameters for Bi,Sr,.K«Co,0, textured samples with x = 0.0, 0.050, 0.075, 0.100, and 0.15.
Sample x = 0.00 x = 0.05K x = 0.075K x =0.10K x =0.15K
To (K) 86 (¥0.1) 70 (70.2) 80 (¥0.2) 72 (¥0.3) 71 (¥0.3)
Eo (meV) 0.77 (0.05) 0.71 (%0.04) 0.84 (¥0.149) 0.93 (50.5) 1.06 (50.47)
Tmin(K) 49 (¥1) 83 (F1) 91 (¥2) 94 (¥2) 78 (¥2)
T 198 (¥3) 243 (¥3) 250 (¥3) 297 (¥3) 256 (+3)
Kensook (WK™ 1m™1) 0.02 (+0.001) 0.03 (+0.002) 0.03 (+0.003) 0.04 (+0.004) 0.04 (+0.002)
p3ook (MQ cm) 35.1 (¥0.07) 23.2 (¥0.02) 22.2 (¥0.01) 20.4 (0.02) 17.3 (¥0.01)
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Fig. 5. (a) Temperature dependence of Seebeck coefficient of all reported
samples. The insert shows the evolution of room temperature Seebeck coeffi-
cient; and (b) Temperature dependence of thermal conductivity «(T) samples.
The insert shows the evolution of room temperature thermal conductivity.

where p is the carrier mobility, E, is the energy gap arising from the
spin density wave (SDW) at the Fermi surface, and A = Ey/kg and B=-
Inp are the fitting parameters. The data obtained by applying Eq. (3) are
presented in Fig. 4b, together with their linear fitting. From the slope of
these lines, the activation energies of samples have been calculated and
the results are displayed in Table 1. As it can be seen in the table, they
increase when K-content is raised, pointing out to a positive effect on
the formation of spin density wave state when K substitutes Sr in the
structure.

The Seebeck coefficient variation with temperature is given in
Fig. 5a, for all samples together with their 4% uncertainty, in agree-
ment with previous works [43,44]. It exhibits a positive sign in the
whole measured temperature range, meaning that all samples have p-
type conduction mechanism, mainly governed by holes. K-substitution
increases to about two times the values obtained in undoped samples.
Moreover, as it can be seen in the inset of Fig. 5a, the Seebeck coeffi-
cient is raised until 0.10 K-substitution, slightly decreasing for further
K-content. The highest Seebeck coefficient is observed at room tem-
perature (117 puV/K), which is very close to that obtained in sintered
materials under oxygen atmosphere (125 pV/K) [50], single crystals
(115 pV/K) [511, or sinter-forged materials (110 pV/K) [19]. On the
other hand, it is lower than the obtained in undoped LFZ as-grown
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samples at the same rate (135 puV/K) [48]. These differences can be
explained by the different oxygen content in these samples, in agree-
ment with Koshibae’s equation [52].

Fig. 5b illustrates the temperature dependence of thermal con-
ductivity, and its 5% uncertainty [43,44], for all samples. As it can be
observed in the graph, all of them show very similar behavior in the
whole measured temperature range. On the other hand, K-doped sam-
ples present higher thermal conductivity than the undoped one, in
agreement with their lower electrical resistivity. However, the varia-
tions of thermal conductivity with changing K-content are not mono-
tonic, the highest values are found for the 0.05 K-doped samples (see
inset of Fig. 5b), probably due to two opposite contributions, as K-
substitution i) increases hole carrier concentration, and ii) has larger
ionic radius than Sr, and forms point defects which can widen the
phonon scattering spectrum. In general, thermal conductivity is defined
as the sum of the phonon thermal conductivity component «,, and the
carrier thermal conductivity component ., [53]

K = Kph + Kch “4)

where the value of the k4 can be deduced based on the
Wiedemann — Franz law, which relates ., to p as k., = LT/p, where L is
the Lorentz number (2.45 x 10~ 8 V2K ™2 for free electrons). Calculated
kcn values are presented in Table 1. As it can be seen in the table, room
temperature k., values of K-substituted samples are slightly higher than
those of the undoped ones. In this regard, this can be attributed to the
distortion of crystal structure due to the size difference between K and
Sr, strongly influencing the lattice vibrations in K-substituted samples.
The lowest thermal conductivity values at room temperature (1.0 W/K
m) are in the range of the best reported in the literature (0.60-2.81 W/K
m) [54-56].

The thermoelectric performances were evaluated through ZT and
presented, as a function of temperature, in Fig. 6, together with its 16%
uncertainty [43,44]. In the graph, it can be seen that ZT increases when
temperature is raised, in all cases. Moreover, all doped samples present
much higher values than the undoped ones. On the other hand, K-
content slightly modifies the ZT values, which are increased for higher
K-doping up to 0.10, decreasing for further content. As can be seen from
the inset in Fig. 6, the highest ZT values obtained in this work at room
temperature (0.018) are in the order of those obtained in spark plasma
textured materials or sintered from sol-gel prepared precursors
(0.017 —0.025) [54,55], but much higher than the obtained by melt
quenching (0.010) [56].

All these data show that the LFZ texturing process, together with K-

Fig. 6. Temperature dependence of dimensionless Figure of merit (ZT) of all
samples reported in this study. The insert in the panel shows the evolution of
room temperature figure of merit with K-content.
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substitution is very competitive to produce high-performances textured
thermoelectric materials.

4. Conclusion

In this research Bi,Sr,.KCo,0, textured samples with x = 0.0,
0.050, 0.075, 0.100, and 0.15 have been fabricated via LFZ. After an-
nealing, XRD results have shown that the major phase is the thermo-
electric one, and K-substitution decreases the amount of secondary
phases observed. SEM observations showed that grain orientation is
enhanced with K-content. Moreover, K-doping leads to a decrease of
room temperature resistivity from 32 107> Q m (in undoped samples)
to 20-22 107° Q m. A broad minimum around the metal-insulator-
temperature (MIT) labeled as Tmin was observed in the resistivity
curve, attributed to the existence of incommensurate spin-density-wave
ordering. Seebeck coefficient of all K-substituted samples was almost
two times larger than for the undoped one, reaching 117 pV/K in 0.10
K-doped samples. Thermal conductivities of K-substituted samples were
larger than in the undoped one (1.10-1.28 W/K m compared to 0.93 W/
K m, at 300 K). Finally, ZT values increased with the K-content up to
0.10, reaching 0.029 at around 400 K, decreasing for higher K-doping.
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