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Abstract 

The present work reports the first attempt of thermoelectric module design, 
based on oxide materials grown through the laser floating zone technique. Two 
modules with 4-legs thermoelectric were assembled using Bi2Ba2Co2Oy fibres 
as p-type legs, while Ca0.9La0.1MnO3 and CaMn0.95Nb0.05O3 fibres were used as 
n-type legs. Structural and electrical characterisation of the individual fibres was 
performed, and the results compared to the literature. The evolution of open-
circuit voltage on heating and cooling in the range up to 723 K, present the 
expected trends based on the Seebeck coefficient of the individual fibres, 
suggesting good reliability of the modules during temperature cycling. The 
power generation performance was evaluated for a temperature difference up to 
500 K under different electric loads. The maximum measured power was ~2.2 
mW for a module volume of ~ 39 mm3. Nevertheless, the module here studies 
possess better performance than those commercially available. 
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1. Introduction 

Thermoelectric materials present a unique power generation solution due to 
their capability to transform waste thermal energy into electricity without 
requiring moving components. Thermoelectric generators (TEG) are solid-state 
devices formed by the combination of different units, or legs/thermoelements. 
These legs involve n- and p-type semiconducting materials which have to be 
electrically connected in series and thermally in parallel. The advancements that 
have been made for these thermoelectric materials were mostly focused on 
their energy conversion efficiency envisaging their commercial production. To 
materialize their potential and, at the same time, improve TEG efficiency, the 
gap between thermoelectric materials development and generator systems 
design and engineering must be closed [1].  

Several methods for measuring the power-generation performance of 
thermoelectric modules are described in the literature [1-6]. Moreover, some of 
them are applied to specific fields such as industrial furnaces, automobile, solar 
thermal energy systems, and so on, as they have been actively promoted by 
private companies. The durability and efficiency of TEG systems in practical 
fields is the key to success at the next stage [3, 7, 8]. It is well-known that the 
characteristics of electronic and thermal transport in the legs are decisive for the 
overall system performance [3-8]. 

Skomedal et al. [9] presented the relationship between the characteristics of 
each leg of the TEG and the final parameters of the module, such as the 
internal resistance, open-circuit voltage, and maximum generated power. It is 
known that the figure of merit ZT= S2

σT/k is used to describe the performances 
of each TE material, depending on the properties: Seebeck coefficient (S), 
electrical conductivity (σ), thermal conductivity (k), and absolute temperature (T) 
[9]. 

The typical materials used in current commercial modules (Bi2Te3, PbTe, SiGe, 
etc.) usually contain toxic, expensive, heavy, and scarce elements. Moreover, 
most of them are limited to relatively low working temperatures due to 
decomposition, oxidation or sublimation, when working under air. On the other 
hand, oxide-based thermoelectric materials are capable of operating at high 
temperatures under air, maintaining their structural and electric stability. 
However, these materials have received much less attention than the current 
ones, due to their relatively low efficiency [9]. Another important issue deals with 
the difficulties in providing reliable electrical contacts between oxide-based legs 
and interconnecting metal stripes. For these reasons, some research groups 
are developing and improving thermoelectric materials and generators based on 
cheap and abundant oxide materials such as Bi2Ba2Co2Ox [10], Bi2AE2Co2Ox 
with AE = Ca, Sr, and Ba [11], Ca2.7Bi0.3Co4O9 and CaMn0.95Ta0.05O3 [12], 
CaMnO3–based materials [13] and CaMnO3 and Ca3Co4O9 [9]. Several 
examples of oxide-based thermoelectric modules can be found in the literature, 
such as: CaMnO3 - Ca3Co4O9 [9], Ca2.7Bi0.3Co4O9 - CaMn0.95Ta0.05O3 [12], Li-
doped NiO - Ba0.2Sr0.8PbO3 [14], Ca2.75Gd0.25Co4O9 - Ca0.92La0.08MnO3 [15], 
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Ca2.7Bi0.3Co4O9 - CaMn0.98Mo0.02O3 [16], Ca2.7Bi0.3Co4O9 - La0.9Bi0.1NiO3 [17, 
18], Ca3Co4O9 - (ZnO)7In2O3 [19] and Bi2Te3 – CMO [20]. Most of them were 
assembled using cobaltites as p-type material, while n-type one was mainly 
based on calcium manganites. So far, the best modules have reached 56 
mW/cm2 power density (=Pmax/ATE; Pmax is maximum power, and ATE is the total 
TE area) with 760 K temperature difference [9]. 

This work provides a perspective of thermoelectric generator development 
using materials obtained by laser processing. It represents the first attempt to 
generally assess the prospects for building thermoelectric generators based on 
the thermoelectric materials prepared by the laser floating zone technique. One 
of the main advantages of this technology is the possibility to produce fibre-like 
thermoelectric elements [21], which are suitable for assembling of the 
thermoelectric module, along with providing unique processing conditions for 
the material design. Moreover, these fibres present good thermoelectric 
properties, based on the results published in several works [10, 11, 13, 22-24]. 
Thus, the Laser Floating Zone (LFZ) technology shows excellent prospects for 
tailoring the thermoelectric performance, but until now nor attempts to test laser-
processed thermoelements in a module configuration were reported. On the 
other hand, the fibres produced by the LFZ are subjected to dimensional 
constraints (typical diameters < 2mm). This represents a limit of normally 
available equipment, but not the technology itself, which is pretty scalable. 
Consequently, in most cases, it is not possible to measure their thermal 
conductivity using most of the commercial devices. Moreover, when it is 
possible to perform these measurements, they are limited to a maximum 
temperature of 473 K. For this reason, most publications dealing with fibres 
produced by LFZ [10, 11, 13], report only PF (=S2σ) values. One solution could 
be the direct characterization of fibres in a TEG module. The underlying idea is 
understanding the relationships between the fibres performances and the 
thermoelectric generator system efficiency. Taking into account previously 
published works, the selected TE materials correspond to Bi2Ba2Co2Ox as p-
type [10, 11], and (Ca,La)MnO3 and Ca(Mn,Nb)O3 as n-type [13]. The use of 
these fibres allows producing textured materials with adequate dimensions in 
just one processing step. 
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2. Experimental procedure 

The selected sample preparation procedure is similar to that described 
elsewhere [11, 13]. Appropriate proportions of Bi2O3 (Aldrich, 99.9%), BaCO3 
(Aldrich, ≥ 99.98%), Co3O4 (Panreac, 99.5%), CaCO3 (Merck, 99%), MnO2 
(Aldrich, 99%), La2O3 (Aldrich, 99.99%) and Nb2O5 (Aldrich, 99%) were 
weighed to prepare: Bi2Ba2Co2Oy (BBCO), Ca0.9La0.1MnO3 (CLMO), and 
CaMn0.95Nb0.05O3 (CMNO). The Nb2O5, MnO2 and La2O3 oxides were thermally 
treated at 1073 K during 12h, to remove the absorbed humidity before weighing. 
The powders were mixed in a planetary mill during 2h, to obtain a 
homogeneous mixture. Polyvinyl alcohol (PVA) was then added to the powders 
to produce rods by cold extrusion, which were dried to be used as precursors in 
an LFZ system described in [13]. The growth conditions have been determined 
from previous works [10, 11, 13], and are summarized in table 1. 

Table 1 – Characteristics of the different samples, with their growth rates. 

TE 
type 

Sample 
Denomination  

Sample Composition  
Growth  

rate 
(mm/h) 

 n CMNO CaMn 0.95Nb0.05O3 100 

 n CLMO Ca 0.9La0.1MnO3 100 

 p BBCO Bi 2Ba2Co2Oy 30 

 

After the growing processes, dimensionally homogeneous samples with a 
diameter of 1.75 mm were obtained in all cases. Powder XRD patterns were 
determined for all as-grown fibres between 20 and 70 degrees using a 
Panalytical X'pert PRO3 diffractometer (CuKa1 radiation) to identify the phase 
composition of the samples. Microstructural observations were made on 
longitudinal polished sections of the samples in a Hitachi SU-70 FEG-SEM 
microscope equipped with a Bruker EDS system. Electrical conductivity (σ) and 
Seebeck coefficient (S) were simultaneously measured by the standard dc four-
probe technique in an LSR-3 system (Linseis GmbH) between 323 and 923 K 
under He atmosphere. Furthermore, from the electrical resistivity and Seebeck 
coefficient data, PF has been determined to establish the TE performances of 
fibres. Finally, dilatometric behaviour and thermal expansion coefficient of all 
fibres were measured on heating (3 K/min) up to 1073 K under air atmosphere, 
using a vertical alumina dilatometer Linseis L75V/1250. 

The process to produce the CLMO-BBCO, and CMNO-BBCO TEG modules are 
described in figure 1. The fibres were cut into 4 mm long pieces using a 
diamond wire cutting machine to produce parallel faces at both ends of the 
samples. AlN ceramic with a Cu layer from Curamik [25] has been used as 
faces of the module (top and bottom layer). Before using, the electrical contacts 
between the thermoelectric legs were designed on the Cu layer, and the 
unnecessary Cu was removed. A silver paste was used to join the legs to the 
upper and lower faces of the module in two steps. The silver past was dried at 
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room temperature and then cured at 593 K for 45 minutes. This process was 
performed for the upper part, and then for the lower part of the module. 

 
Figure 1 – Schematic steps followed to build a TEG module 

Finally, the wires were connected to the module and then assembled in the 
TEG measurement system (figure 2) as described in [6, 26]. The measurements 
were performed from room temperature up to 873 K on the hot side under 
vacuum. The temperatures (hot and cold side) were measured by four T-type 
thermocouples with a diameter of 0.05 mm [6]. The cold face of the TEG has 
been kept between 295-323 K, depending on the hot face temperature (top 
face). The electric measurements were made in open circuit to determine the 
voltage in these conditions (Voc), and in close circuit conditions to obtain the 
current and voltage under a load (external resistance), according to the 
maximum resistance of the module. All experimental data were collected by a 
Keysight LXI (34972A) data logger acquisition system, which allowed 
determining the power generated by the thermoelectric module [27]. The 
relative uncertainty of the equipment used was determined to be less than 2.5% 
[6, 28]. 

  

Figure 2 – Scheme of the module measuring system (left side) and a photograph of the real device (right 
side) 

3. Results and discussion 
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3.1. General characterisation of the legs materials 

Powder XRD patterns displayed in figure 3 show that all samples present the 
respective thermoelectric phase, in some cases accompanied by secondary 
phases, in agreement with the results of previous works [10, 11, 13, 23]. The 
presence of these secondary phases can be explained by the typical 
incongruent melting of these materials. Moreover, the samples processed by 
the LFZ technique in the air might be also oxygen-deficient and this could be an 
additional factor associated to the growth condition for the presence of the 
secondary phases, as reported in previous works [13, 29]. 

 

Figure 3 – Powder XRD patterns of the different as-grown materials 

Microstructural SEM observations, combined with the elemental chemical 
distribution obtained through EDS mapping, are displayed in figure 4. As it can 
be observed in the figure, the representative micrographs of the fibres clearly 
show a more uniform distribution of the elements in the CMNO samples, 
indicating a lower amount of secondary phases, when compared to the other 
ones (CLMO and BBCO), agreed with the reported in previous works [10, 13]. 
Moreover, the existence of secondary phases in the fibres confirms the XRD 
results, previously discussed. 
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Figure 4 – Representative SEM micrographs of the longitudinal section of different samples, with the 
elemental mappings. 

The electrical conductivity as a function of temperature for all samples is shown 
in figure 5a. In the graph, it can be observed that CLMO and BBCO samples 
present similar behaviour and values, while CMNO shows lower values in the 
whole measured temperature range. Moreover, all samples demonstrate 
semiconducting behaviour (dσ/dT > 0) in this temperature range, which is much 
more evident in CMNO samples. The maximum values at 923 K observed for 
the manganite samples (~ 10-100 S/cm) are in the same order of those 
obtained for similar CaMnO3-based materials [30-32]. BBCO samples also 
present similar conductivities to the ones reported in the literature (~ 100 S/cm) 
for laser processed samples [10, 23], and higher than for samples prepared by 
solid-state route (~10 – 80 S/cm) [33, 34, 35]. 

Figure 5b presents the evolution of Seebeck coefficient as a function of 
temperature, for all samples. The graph clearly illustrates the difference 
between the two types of TE materials: while BBCO samples present positive 
values, characteristic of p-type materials (predominating hole-conduction 
mechanism), manganite samples display negative Seebeck coefficient values, 
characteristic of n-type materials (main transport charge carriers are electrons). 
The values obtained for this n- and p-type fibres are similar to those previously 
reported in the literature and explained elsewhere [10, 11, 13, 23, 33]. 
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Figure 5 – Thermoelectric characterization of grown fibres: a) Electrical conductivity, b) Seebeck coefficient 
and c) Power Factor 

Using the electrical conductivity and Seebeck coefficient data presented 
previously, the thermoelectric performance of all fibres can be analysed using 
the power factor, the corresponding data are represented in figure 5c. BiBaCoO 
fibres have reached PF values close to 0.1 mW/K2m at 923 K, which are within 
the reported for these grown materials [10, 11, 23], but higher than for those 
prepared via solid-state route [33]. On the other hand, while CLMO fibres 
present similar PF values to the determined in BBCO fibres, the CMNO ones 
possess much lower values (0.03 mW/K2m at 923 K), due to their 
microstructural characteristics, such as the existence or not of trends in the 
grain orientation to the growth axis [13]. 

Since the thermoelectric fibres will be subjected to a thermal difference between 
the hot and cold side of the modules (∆T = Thot – Tcold), the thermal expansion 
behaviour is crucial for the module integrity. Consequently, the thermal 
expansion coefficients should be as close as possible to each other to avoid 
differential expansions which would be reflected in internal stresses, leading to 
a deterioration of modules. Hence, it is necessary to know these characteristics 
for the thermoelectric materials. The results obtained for all thermoelectric 
materials are presented in figure 6, while the mean thermal expansion 
coefficients are displayed in table 2. As it can be observed in the graph, at 
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relatively low temperatures (303 − 732K) all the fibres show quite linear 
behaviour, with a mean thermal expansion coefficient of around 12.5-14.0 x 
10−6/K for the cobaltite, and manganite fibres, respectively (see table 2). At 
higher temperatures, the expansion curves show deviations from linearity, 
which may be attributed to changes in phase composition, the concentration of 
point defects, or the rearrangement in the sublattices, possibly combined with 
oxidative decomposition from Mn4+ to larger Mn3+ [34], in the manganite fibres. 
Moreover, the values obtained for these manganites are within the reported in 
the literature (9-15 x 10-6/K) [33,36-38]. 

 

Figure 6 – Thermal expansion with the temperature of the fibres. 

 

In the case of cobaltite fibres, they present a lower thermal expansion 
coefficient, when compared to the manganite ones (see figure 6 and table 2). 
The obtained mean thermal expansion coefficient for the BBCO fibres (12.6–
13.4 x 10–6/K) are slightly higher than the reported for solid-state prepared 
samples (9.68–13.2 x 10–6/K) [33]. On the other hand, they are in the range of 
values reported in similar materials, which point out to the influence of 
composition and processing method on the mean thermal expansion coefficient 
values [33, 39]. 

 

Table 2 – Thermal expansion coefficient of the fibres 

Sample ∆∆∆∆T (K) αααα ± 0.01 
(106 K−1) 

BBCO 
423 - 723 12.58 

973 - 1073 13.44 

CMNO 
303 - 723 13.95 

873 - 1073 14.73 

CLMO 
303 - 723 13.96 

923 - 1073 14.57 
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3.2. Module characterisation 

At the first step, the open-circuit voltage (Voc) was measured for both CLMO-
BBCO and CMNO-BBCO modules on heating (figure 7) to determine their 
behaviour with temperature. Moreover, the CLMO-BBCO module was also 
characterized during cooling to observe if any voltage changes occur due to 
decomposition or oxidation of materials. The results show similar Voc values 
during heating and cooling cycles, illustrating the stability of these materials. 
This result agrees with dilatometry analysis since no change of the thermal 
expansion coefficient is observed below 723 K for these fibres, which might 
indicate the presence of oxygen exchange with the atmosphere and the 
corresponding impact on the electronic defects (figure 6 and table 2). However, 
more tests should be performed in future work to confirm the stability of the 
modules and reversibility of Voc during heating and cooling cycles at higher 
temperatures. The results presented in figure 7 show a linear increase of the 
voltage with the difference of temperature between hot and cold sides, in both 
modules. Furthermore, the BBCO-CMNO module presents higher Voc value 
(~0.16 V at ~673 K), than the BBCO-CLMO one (~0.07 V at ~ 673 K). It should 
be pointed out that the value of Voc is similar to the sum of Seebeck coefficients 
(figure 5b) of BBCO-CLMO fibres and BBCO-CMNO fibres in each module [9]. 

Based on these results, the performances of the BBCO-CMNO module have 
been determined under different loads to determine the maximum generated 
power. During heating, the internal resistance of (both) modules changes from 
10 Ω at room temperature to ~1kΩ at 623 K. Consequently, the external load 
resistances have been ranging between these values (6-1kΩ). However, it 
should be noticed that the high electrical resistance of the module is much 
higher than the obtained considering the resistivity of each fibre 0.01 – 0.1 Ω.cm 
(figure 5a). This effect can be attributed to the resistivity of the electrical contact 
[9], or to the distance between the legs, which should be optimized in the future 
modules. 
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Figure 7 – Results of Voc (voltage open-circuit) during heating up to a temperature difference of 450K for 
both modules, and also during cooling for the BiBaCoO – CaLaMnO module. 

 

 

Figure 8 –V-P-I curves obtained in the BBCO – CMNO module under different loads 6, 100 and 800 Ω.  
Dotted lines correspond to the V-I, while continuous lines to P-I. 

Corresponding results for BBCO-CMNO module measured at different 
temperatures and load resistances are presented in the V-P-I graph in figure 8. 
As it can be observed in the figure, the voltage shows a nearly linear increase 
with the current and decreases when the load is higher. The same behaviour is 
observed for the evolution of the generated power, reaching the highest power 
for the 6 Ω loads. On the other hand, when observing the behaviour and 
obtained values when using an 800 Ω load, it is clear that it is too high for the 
tested module. 

Another consideration which can be extracted from this graph is that it is slightly 
different of those reported in the literature [9,12] because the behaviour of the 
module has been performed as a function of temperature with each load, while 
in these works the measurements were performed as a function of the load at 
each temperature. On the other hand, apart from these small differences in the 
graphs, the general characteristics of the measured module are similar to those 
reported in the literature, showing an increase of the power and current with the 
load up to an optimal resistance value, decreasing for higher loads. 

The power generation improves with the temperature difference and when the 
external load is decreased, as it can be observed in figure 9, in agreement with 
the power equation (P = V2/R). The highest temperature difference was 500K ± 
3 K, achieved for 823 ± 1 K in the hot side temperature (Th). The maximum 
generated power (2.21 mW) has been obtained using a 6 Ω external load under 
a differential temperature of 500 K. 
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Figure 9 – Power generation evolution with the temperature difference and the external load for BBCO-
CMNO module. 

The characteristics of the module developed in this work can be compared with 
other modules reported in the literature, in table 3. In this table, some 
parameters, as the total volume of the module (Vtotal), maximum output power 
values (Pmax) and temperature difference (∆T=Thot-Tcold), are presented. With 
these parameters, Pmax/(Vtotal*∆T) has been calculated and presented in the last 
column of the table. When comparing the data, it can be observed that the 
module developed in this work possess an efficiency within the typical values of 
these oxide-based modules. On the other hand, it should be noted that modules 
with similar composition display a Pmax/(Vtotal*∆T) of 0.16 - 0.38 (µW/K.mm3), 
where the reported in this work (0.113 µW/K.mm3) is near to the best values. 
This difference can be associated with the external load magnitude, which can 
decrease the efficiency of the module (see figure 9). Consequently, further work 
should be performed in our modules to optimize the external load to maximize 
the power output. Nevertheless, it should be highlighted that the module 
presented in this work possess better performance than those commercially 
available. 
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Table 3 – Characteristics of modules reported in the literature. 

TEG material Vtotal 
(mm3) 

Pmax 

(mW) 
∆T 
(K) 

Pmax/(Vtotal*∆T) 
(µW/K.mm3) 

Ref 

p: Ca2.7Bi0.3Co4O9 900 340 975 0.3874 16 
n: CaMn0.98Mo0.02O3 
p: Ca2.7Bi0.3Co4O9 1183 150 551 0.2301 17 
n: La0.9Bi0.1NiO3 
p: Ca3Co4O 

118 15.6 800 0.1647 9 
n: Ca0.931MnO3 
p: Bi2Ba2Co2O 

39 2.21 500 0.113 Present work 
n: CaMn0.95Nb0.05O3 
p: Li-doped NiO 

960 34.4 539 0.0664 14 
n: Ba0.2Sr0.8PbO3 
p: Ca2.75Gd0.25Co4O9 3960 63.5 390 0.0411 15 
n: Ca0.92La0.08MnO3 
Commercial Bi–Te 
based TEGs 15680 30 52 0.0367 40 

p: Ca2.7Bi0.3Co4O9 12056 138 514 0.0222 12 
n: CaMn0.95Ta0.05O3 
p: La1.97Sr0.03CuO4 8280 26.3 360 0.0088 18 
n: Nd1.97Ce0.03CuO4 
p: Ca3Co4O9 445500 423 763 0.0012 19 
n: (ZnO)7In2O3 
p: Bi2Te3 35701 3.75 500 0.0002 20 
n: CMO 

 

Taking into account these results, further work on the optimization of distances 
between legs, as well as modules height, should be performed to maximize the 
power output of this kind of modules. Moreover, improving the characteristics of 
the fibres could also be considered to increase their thermoelectric efficiency. 

 

Conclusions 

In this study, a test set-up has been designed, constructed and used to 
investigate TEGs based on BiBaCoO (BBCO) as a p-type leg, and CaLaMnO 
(CLMO), or CaMnNbO (CMNO) as an n-type leg. Two thermoelectric modules 
combining these legs were successfully developed and tested. A maximum 
power output of 2.21 mW was achieved for the BBCO-CMNO module under a 
temperature difference of 500 K. The efficiency calculated for this module 
evidences the great potential of such approach, as compared to other 
considered modules from the literature. However, the relatively low power 
density obtained indicates the necessity of improving the design following the 
directions: (1) using the fibres after heat treatment, since their thermoelectric 
efficiency is improved; (2) testing other laser-grown materials as n- and p-type 
elements to obtain a higher thermoelectric efficiency; and (3) optimization of 
module fabrication to assess the optimal length, number of legs, area ratio, and 
improving the electrical contact. 
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