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A B S T R A C T   

Bi1.6Pb0.4Sr2Co2O8 samples have been textured by the Laser Floating Zone (LFZ) process using Nd:YAG, and CO2 
laser radiation. Using different wavelengths resulted in significant structural and microstructural modifications. 
Powder XRD patterns showed that the thermoelectric phase is the major one in both cases. Microstructural 
studies revealed that all samples presented the same phases but with much lower content of secondary ones in 
those processed with the CO2 laser. Electrical resistivity showed different behavior for the two types of samples, 
being in general, lower for the CO2 grown rods. Seebeck coefficient is lower for the CO2 grown samples up to 
300 ◦C, and higher in the high-temperature range, reaching 240 μV/K at 650 ◦C, which is one of the highest 
values obtained so far in these compounds. Moreover, thermal conductivity at 600 ◦C for these samples (0.93 W/ 
K m) is among the lowest reported in the literature. As a consequence, ZT values at 600 ◦C reached 0.42 in CO2 
textured materials, about two times higher than the obtained in Nd:YAG ones. This value is among the highest 
reported so far in the literature, and is comparable to the performance attained for the same composition con
taining nanoparticles addition. All these properties, combined with the fact that the processed materials can be 
directly integrated into thermoelectric modules, render them highly attractive for industrial production.   

1. Introduction 

Nowadays, thermoelectric heat harvesting is regarded as one of the 
most important technologies for co-generation by converting waste heat 
into useful electric power [1–3]. As it is well known, most of the pro
cesses using fossil fuels dissipate around 60 % of the initial energy into 
wasted heat. This is a huge problem, not only from the economic and 
resource consumption points of view, but also for the large amount of 
greenhouse gases emitted. Consequently, the use of these thermoelectric 
devices can help to reduce fossil fuel consumption by increasing the 
energy conversion efficiency, and thus helping to fight the global 
warming by decreasing the release of greenhouse gases. For these ap
plications, it is necessary, in a first stage, producing materials with high 
thermoelectric performances, which are evaluated through the dimen
sionless Figure of Merit, ZT. It is defined as: ZT = TS2/ρκ, where T is the 
absolute temperature, S, the Seebeck coefficient, ρ, the electric re
sistivity, and κ, the thermal conductivity [4]. Moreover, it should be 
noted that thermoelectric modules are typically built using two different 

types of thermoelectric materials, called legs, which are n-, and p-type 
conductors. Due to this structure, the power extracted from the ther
moelectric modules is associated not only to the ZT values of each type 
of leg forming the thermocouples [5], but also to the thermal and 
electrical resistance of their contacts [6]. 

Today, the most common commercial modules use intermetallic 
compounds as legs due to their high thermoelectric performances [7,8]. 
On the other hand, they are known for their tendency to oxidize at 
relatively high temperatures under air [9], their low abundance in the 
Earth’s crust, and high costs [10–12]. The discovery of promising 
thermoelectric properties in a ceramic oxide, NaxCoO2 [13], was one of 
the steps towards the development of stable materials and structures 
which can potentially avoid these inconveniences [14]. Moreover, it led 
to an increased interest in these oxides, and other compounds were 
found to have relatively good thermoelectric properties, such as 
Bi2Sr2Co2O8 [15], Ca3Co4O9 [16], or CaMnO3 [17] to be used in ther
moelectric modules. However, the oxide compounds still have relatively 
low ZT values, and many efforts are focused on enhancing their 
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properties through different approaches such as doping [18], entropy 
engineering [19], or grain alignment through hot uniaxial pressing [20], 
spark plasma sintering [21], or laser floating zone melting (LFZ) [22]. 
The grain alignment takes advantage of the crystal anisotropy of the 
cobalt oxide-based compounds, allowing orienting their ab-plane 
(which is also the conducting one) along the electrical conduction di
rection [23]. 

The melt grown techniques to produce highly textured materials 
have been applied for many years to different ceramic materials, as the 
image furnaces typically used to produce single crystals [24], or the laser 
melting zone [22]. The main differences between both techniques are 
related to the molten zone volume, much lower for the laser technique, 
together with the larger thermal gradient achieved in the solidification 
interface [25,26], allowing higher growth rates. On the other hand, the 
laser source in the LFZ process may play an important role in the growth 
conditions, especially in the thermal radial gradient which drastically 
influences the grain orientation as reported in similar systems [27]. In 
this work, different wavelength lasers, Nd:YAG (λ = 1064 nm), and CO2 
(λ = 10.6 μm) were used in the Laser Floating Zone (LFZ) method for 
melt-growing Bi1.6Pb0.4Sr2Co2O8 thermoelectric ceramics. The differ
ence between the two types of laser lies in the different penetration of 
the radiation, much greater in the case of the Nd-YAG laser, which 
should produce a molten zone with a more homogeneous temperature 
distribution. However, other factors, as the radial thermal gradient may 
vary depending on the laser wavelength. Consequently, the effect of the 
different lasers on the structure and microstructure of these samples has 
been studied and related to the thermoelectric performances of these 
bulk textured materials. 

2. Experimental 

The Bi1.6Pb0.4Sr2Co2O8 precursors were prepared using appropriate 
amounts of Bi2O3 (98 + %, Panreac), PbO (99.9 %, Aldrich), SrCO3 
(≥98%, Aldrich), and Co3O4 (99.5 %, Aldrich) powders. They were 
weighed in the appropriate proportions, mixed and ball milled at 300 
rpm for 30 min in water media. After drying the suspension, the 
resulting powder was calcined in two steps: 750 ◦C for 12 h, and 800 ◦C 
for 12 h, with an intermediate manual milling. The objective of this 
process was mainly to decompose alkaline earth carbonates to avoid this 
process during the LFZ growth. Otherwise, it would lead to CO2 bubbles 
formation in the molten zone, producing turbulences in the melt that can 
be reflected in grain misalignment [28], and various perturbations in the 
growth, leading to porosity and other undesirable defects. These pow
ders were cold isostatically pressed in the shape of cylinders (~100 mm 
length and 2–3 mm Ø) under 250 MPa, and further used as feed in a LFZ 
system previously described [27]. All samples were grown in the same 
conditions, 30 mm/h and relative rotation between feed and seed of 18 
rpm. For the sake of comparison, some samples were textured using Nd: 
YAG laser radiation, while for others CO2 laser radiation was used. After 
the LFZ processing of samples, the rods with very regular dimensions 
(~2 mm Ø) were produced. On the other hand, these melt-solidified 
materials present a large number and amount of secondary phases due 
to their incongruent melting [29–31] Consequently, they were further 
annealed at 800 ◦C for 24 h to reduce the amount of secondary phases 
and maximize the thermoelectric phase content. Afterwards, they were 
cut in the adequate dimensions for further characterization. 

The identification of phases in all samples has been performed using 
powder XRD diffraction (Rigaku Ru300) between 10 and 80◦. Micro
structural studies were performed, with backscattered electrons, on 
longitudinal polished sections of all samples in a FESEM microscope 
(Zeiss Merlin) equipped with an energy dispersive spectrometer (EDS) to 
evaluate the elemental composition. Simultaneous determination of 
Seebeck coefficient and electrical resistivity was performed in a LSR-3 
system (Linseis GmbH) in steady state mode between 50 and 650 ◦C. 
Thermal conductivity (κ) was calculated using the well-known expres
sion κ = α Cp d, where α is thermal diffusivity, Cp the specific heat, and 

d the sample density. The α parameter has been measured in a laser-flash 
system (Linseis LFA 1000) between 50 and 650 ◦C, along the same di
rection used for electrical characterization, while Cp has been deter
mined through Dulong-Petit law. Finally, using both the electrical and 
thermal data, the temperature dependence of ZT was calculated for both 
types of samples, and compared to those presented in the literature for 
this type of compounds. 

3. Results and discussion 

Fig. 1 displays the powder XRD patterns of both types of samples. As 
it can be observed in the plot, the highest peaks correspond to the 
thermoelectric phase (indicated by their diffraction planes) indexed as 
P2/m group, in agreement with previously published data [32,33]. 
Moreover, the (00l) peaks are the most intense ones, indicating a good 
grain alignment with their ab-planes parallel to the sample holder sur
face. This effect is due to the large surface/thickness ratio of the ther
moelectric grains, reflected in their preferential orientation during the 
powdered samples preparation for this analysis. This fact is very com
mon in these type of compounds, associated to their anisotropic growth, 
leading to plate-like grains with large dimensions along the ab planes. 
On the other hand, weak diffraction peaks (shown by *) are associated to 
the (Bi,Pb)3SrOx secondary phase with R3mH′ space group [34], which is 
present in minor amount. 

Fig. 2 presents representative SEM micrographs performed on lon
gitudinal polished surfaces of all samples. These images show that all 
samples present a laminar orientation along the growth direction 
(indicated by the arrow), and a very low amount of porosity. Moreover, 
they are composed by three contrasts (identified by numbers), which 
have been associated to different phases by EDS analysis. These are the 
major thermoelectric phase (grey contrast, #1), Bi–Pb–Sr–O solid solu
tion (light grey, #2), and Sr–Co–O solid solution (dark grey, #3). These 
phases appear due to the incongruent melting of this compound, and the 
presence of the thermoelectric phase has been produced by their 
recombination promoted by the thermal post-treatment. These observed 
phases agree well with the XRD data, even if phase #3 has not been 

Fig. 1. Powder XRD patterns of both types of samples. Diffraction peaks of 
thermoelectric phase are identified by their planes. * shows the peaks corre
sponding to the (Bi,Pb)3SrOx secondary phase. 
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detected, probably due to its low amount, and phase #2 is detected as 
minor one due to the overlapping of its main peaks with those of the 
thermoelectric phase. The differences between both types of samples are 
the lower amount of secondary phases, and the better grain orientation 
in samples grown using CO2 laser radiation. These facts are due to the 
different penetration of radiation into the melt, as previously demon
strated [35]. As it has been shown, Nd:YAG is more penetrating and 
leads to a more homogeneous heating of the melt, while CO2 heats more 
the rod surface. However, the solidification is more homogeneous in the 
second case, as it starts on the outer side of the rod, which is cooled by 
the surrounding atmosphere. This produces a large radial thermal 
gradient which leads to a separation of the secondary phases, as in the 
external part high melting point phases precipitate (in this case 
Sr–Co–O), while in the inner part, Bi(Pb)-rich phases appear. Further
more, this large radial thermal gradient results in lower grain orienta
tion, as previously reported for similar materials [36]. This effect is 
much less pronounced when CO2 radiation is used, as the external part 
reaches higher temperatures than the internal one, and the phases are 
more homogeneously distributed. As a consequence, annealing signifi
cantly reduces the amount and sizes of secondary phases. 

Fig. 3 illustrates the temperature dependence of the electrical re
sistivity for both types of samples. As it can be seen in the plot, samples 
grown with Nd:YAG laser radiation present semiconducting-like 
behavior (dρ/dT < 0) from room temperature to around 450 ◦C and 
metallic-like one (dρ/dT > 0) at higher temperatures. On the other hand, 

CO2 grown samples present metallic-like tendency in the whole 
measured temperature range. Previous works suggested that this alter
ation in the conductivity mechanism can be promoted by the changes in 
the average cobalt cation oxidation state [37], as well as microstructural 
and phase evolution [19]. Such a transition, also noted at significantly 
lower temperatures (50–150 K), was linked to strong electron correla
tions and Anderson localization [35] and single Anderson localization 
[38]. The behaviour of the Nd:YAG-grown sample, showing pronounced 
conductivity changes, is likely related to the lower phase purity as 
compared to CO2 grown samples, which exhibit a metallic-type behav
iour over the whole studied temperature range. Similar results were 
obtained in the work [19], where the non-annealed Bi2Sr2Co2Oy sample 
showed a pronounced semiconductor-metallic-type transition, while the 
samples of the same nominal composition after annealing and contain
ing a lesser amount of impurities, displayed a weak temperature 
dependence of the electrical resistivity. Secondary phase segregation 
promotes a deviation of the composition of the major thermoelectric 
phase from nominal, accompanied by the formation of various defects 
(e.g., Bi vacancies), with different potential effects on the average cobalt 
oxidation state and charge carrier transport mechanism. The CO2 grown 
samples display, in general, lower electrical resistivity values than those 
grown with the Nd:YAG laser. These facts can also be explained by the 
lower amount of secondary phases and the better grain orientation ob
tained by growing with the CO2 laser due to the lower radial thermal 
gradients previously discussed in the SEM-EDS section. The minimum 
values at 650 ◦C have been measured in CO2 grown samples (13.8 mΩ 
cm), which are lower than those reported in textured materials through 
hot-uniaxial-pressing (40 mΩ cm) [39], sintered (15–58 mΩ cm) 
[40–43] or processed through SPS (18 mΩ cm) [44]. Furthermore, they 
are quite close to the measured in single crystals (10 mΩ cm at 600 ◦C) 
[45]. 

The evolution of Seebeck coefficient with temperature for the sam
ples grown by each laser type is shown in Fig. 4. At a first sight, it is clear 
that S is positive in the whole measured temperature range, confirming 
that they are p-type, and their conduction mechanism involves holes as 
the majority charge carriers. At room temperature, Nd:YAG grown 
samples display higher S than the CO2 ones, in agreement with their 
higher electrical resistivity. Moreover, S is increased with temperature 
in all cases, with a higher slope for the CO2 grown samples, producing a 
crossover at around 300 ◦C. These differences can be associated to a 

Fig. 2. Representative SEM micrographs of longitudinal polished sections of 
samples textured using a) Nd:YAG; and b) CO2 laser radiation. The numbers 
show the different phases: #1 thermoelectric one; #2 Bi–Pb–Sr–O solid solu
tion; and #3 Sr–Co–O solid solution. 

Fig. 3. Temperature dependence of electrical resistivity of samples as a func
tion of the laser radiation. 
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higher amount of thermoelectric phase in these samples. The highest S at 
650 ◦C has been measured in CO2 grown samples (~240 μV/K), which is 
much higher than the best reported for hot-pressed materials (150 μV/K) 
[39], single crystals (160 μV/K) [45], SPS processed (165 μV/K) [44], or 
sintered materials (150–210 μV/K) [41–43,46]. These very high S values 
obtained in these samples can be explained by the high amount of ox
ygen vacancies formed in the material during the laser 
melt-solidification process, as previously reported [47]. Despite the 
tendency to fill those vacancies during the annealing process under air, 
the oxygen diffusion through the bulk material is very limited due to its 
large density, leading to unusually high S values. Furthermore, the 
higher S values at room temperature for the Nd:YAG samples can be 
explained by the fact that they have larger amount of secondary phases, 
which would need larger amount of oxygen to produce the thermo
electric phase than those grown with the CO2 laser. As a consequence, 
Nd:YAG samples have a higher amount of oxygen vacancies, reflected in 
lower charge carrier concentration, leading to higher S and ρ, than the 
measured in CO2 grown ones. 

Using the electrical resistivity and Seebeck coefficient values, power 
factor (PF––S2/ρ) has been calculated and displayed in Fig. 5 in order to 
compare the electrical performances of samples. PF is higher in the 
whole measured temperature range for samples grown using CO2 laser 
radiation, reaching 0.47 mW/K2m, which is about 2 times higher than 
the obtained for Nd:YAG grown ones. Moreover, this value is much 
higher than those reported for hot-pressed materials (0.06 mW/K2m) 
[39], SPS processed (0.06 mW/K2m) [44], sintered bodies (0.14–0.25 
mW/K2m) [41–43,46], or single crystals (0.26 mW/K2m) [45]. 

Fig. 6 presents the thermal conductivity evolution with temperature 
as a function of the laser radiation. As it can be observed in the plot, the 
thermal conductivity decreases with temperature, following the typical 
behavior previously reported [48,49]. Moreover, despite the higher 
thermal conductivity of samples textured using CO2 radiation at low 
temperature, its decrease is more pronounced, producing a crossover at 
about 450 ◦C. The minimum values at 600 ◦C obtained in these samples 
(0.93 W/K m) are around 15 % lower than the obtained in samples 
grown with Nd:YAG radiation, likely due to a lesser amount of 
micron-scale secondary phases with a simpler crystalline structure and 
weaker phonon scattering ability. Moreover, it is among the best re
ported values for this type of materials (0.6–2.1 W/K m) [29,39,41,44, 
48,49]. These low values of κ cannot be explained only through 

phonon-phonon interactions and Pb doping, as there are other mecha
nisms that may affect it, such as the misfit factor between the subcells 
that form the crystal, as previously reported [48]. 

The ZT variation with temperature for all samples is shown in Fig. 7. 
As it can be seen in the plot, at low temperatures both samples display 
the same values up to around 300 ◦C. At higher temperatures, CO2 
grown samples display larger ZT values than Nd:YAG ones. The highest 
value at 600 ◦C (0.42) is more than two times higher than the obtained in 
Nd:YAG samples (0.19). Furthermore, it is one of the best reported for 
this material (0.11–0.41) [29,39,41,44,48,49], and relatively close to 
those obtained by addition of nanoparticles to the pristine material 
(0.48) [49]. Therefore, these results confirm that the thermoelectric 
properties of these materials can be enhanced by combining cationic 
substitution and texturing through the LFZ technique using CO2 laser 
radiation. An additional advantage of this process is that the samples are 

Fig. 4. Temperature dependence of Seebeck coefficient of samples as a function 
of the laser radiation. 

Fig. 5. Temperature dependence of Power Factor of samples as a function of 
the laser radiation. 

Fig. 6. Temperature dependence of thermal conductivity of samples as a 
function of the laser radiation. 
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prepared in form of long cylinders, with homogeneous diameter, which 
can be easily cut in the adequate length to directly assemble them into 
thermoelectric modules, avoiding long and expensive machining 
processes. 

4. Conclusions 

In this work, Bi1.6Pb0.4Sr2Co2O8 samples have been prepared 
through the classical solid state method, and textured using the LFZ 
process using two different types of lasers, Nd:YAG, and CO2. The 
characteristic wavelength of each laser produces different solidification 
front profiles, in agreement with previously reported data. Powder XRD 
characterization showed that the thermoelectric phase is the major one 
in both cases, with nearly no secondary phases. Microstructural studies 
revealed that all samples present two minor secondary phases besides 
the thermoelectric one. The use of CO2 laser radiation drastically 
decreased the amount of secondary phases, when compared to those 
textured with the Nd:YAG one, and increased grain alignment. As a 
consequence, electrical resistivity was decreased, reaching 13.8 mΩ cm, 
and Seebeck coefficient increased up to 240 μV/K at 650 ◦C for the CO2 
grown rods. Moreover, thermal conductivity at 600 ◦C (0.93 W/K m) is 
also lower than the measured in Nd:YAG textured ones (1.09 W/K m). As 
a consequence, ZT values at 600 ◦C reached 0.42 in CO2 textured ma
terials, about two times higher than the obtained in Nd:YAG ones. All 
these characteristics, together with the possibility to avoid long and 
expensive machining processes to obtain thermoelectric legs for their 
integration in thermoelectric modules for power generation, make the 
LFZ process very attractive for industrial production of these materials. 
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