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Thermoelectric generators have a great potential in waste heat recovery and
energy harvesting due to their principle of directly converting thermal into
20 April 2016 electrical energy. Despite a long history in space travel and a broad range of

potential applications, TEGs are rarely found in terrestrial applications. Reasons
© Springer Science+Business are manufacturing problems and limited durability in dynamic operation con-
Media New York 2016 ditions due to deficient mechanical properties of the thermoelectric materials,
which often suffer from low strength and high brittleness. We present a concept
for the basically independent tailoring of mechanical and thermoelectric prop-
erties. This can be achieved by the alloying of TE materials with additional
elements having preferably no or only little influence on the TE properties. We
demonstrate a route of improving the mechanical properties of PbTe by alloying
with calcium. It is shown that calcium has minor effects on the thermoelectric
properties of PbTe while significantly increasing hardness and fracture strength.
As proof of concept, mechanically more stable sodium and calcium co-doped
Pby 966Cag 02Nag g14Te with ZT exceeding 1.2 above 650 K is demonstrated.

Introduction 5]. Durability issues are partly due to mechanical and
thermomechanical stresses arising from external
mechanical loads like vibrations as well as fast

Thermoelectric generators (TEG) have attracted great changing thermal conditions on the hot and cold side

attention in recent years due to their potential in and mismatches in the coefficients of thermal

energy harvesting and waste heat recovery applica-  expansion [5, 6]. Besides failure of the contact

tions providing direct conversion of thermal into between thermoelectric material and metal bridge a

electrical energy. The durability of TEGs in terrestrial fracture of the thermoelectric leg itself is a major

applications such as automotive exhaust waste heat concern. Being highly doped semiconductors, ther-
recovery is still a major issue, whereas in space mis-  moelectric materials are often very brittle and may
sion applications thermoelectric generators have  show low fracture strengths. As a consequence, there
proven their reliability over decades of operation [1- have been some attempts in recent years to improve

Address correspondence to E-mail: a.schmitz@dlr.de

DOI 10.1007 /s10853-016-9980-x @ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10853-016-9980-x&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10853-016-9980-x&amp;domain=pdf

6934

these mechanical properties in different classes of
thermoelectric materials [7-10].

Lead telluride (PbTe) has been used as thermo-
electric material in an intermediate temperature
range up to 450 °C for decades [2, 3, 11, 12]. Its
advantages are the good availability of p- and n-type
material and thermoelectric figures of merit ZT
around 2.0 which is among the highest of all know
thermoelectric materials [13-19]. Still the mechanical
properties of PbTe are a major drawback: PbTe has a
very high coefficient of thermal expansion around
2 x 10°° K [5, 20, 21], increasing the issue of ther-
mal expansion-related stresses. Furthermore, lead
telluride is rather soft and brittle with low fracture
strength compared to for example skutterudites [22—
28]. This is particularly true for p-type lead telluride
as at a charge carrier concentration around
3 x 10" em ™ the brittleness increases even further
[23].

In this context, an improvement of the mechanical
properties of thermoelectric materials is of great
importance for their potential use in a broad range of
applications. In this study, lead telluride is chosen as
a model system due to its good thermoelectric
properties, availability, and rather simple structure.

Earlier attempts to improve the mechanical prop-
erties of PbTe relied on introducing inert particles or
fibres into the PbTe matrix to form a composite
material. Especially molybdenum, tungsten or Al,Os
were used, leading to increased fracture toughness
[29]. Furthermore, composites of PbTe were pro-
duced by mixing with PbS or PbSe or by adding sil-
icon [30, 31]. In all the cases, increased hardness
values were obtained and attributed to the formation
of nano and micro composites with precipitations of
the added components.

In this work, the idea is to improve the mechanical
properties of lead telluride by alloying instead of
using microstructural effects. It is well known that
alloying or doping PbTe with other elements may
have a strong influence on its mechanical properties
[23, 25-27, 32]. While these influences on the
mechanical properties have so far been an
inevitable side effect of doping for optimal thermo-
electric properties, the approach in this study is dif-
ferent. The idea is to alloy PbTe with additional,
virtually non-doping elements with the goal of pur-
posefully changing the mechanical properties while
trying to keep the thermoelectric properties unchan-
ged as far as possible. Within this work, the described
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concept is being tested on undoped stoichiometric
PbTe. Calcium is chosen as element for altering the
mechanical properties. Calcium is a good candidate
as it is bivalent just as lead to substitute the latter
within the PbTe Ilattice. Furthermore, calcium is
completely mixable with PbTe above 200 K [33].
Additionally, a sample of sodium-doped p-type PbTe
is co-doped with calcium as first proof of concept in
doped material.

Material preparation and measurements

Pre-alloyed PbTe of purity 5 N was sealed in evacu-
ated quartz ampoules together with elemental cal-
cium and/or sodium  with  stoichiometry
Pb;_(x4,CaNa,Te. The ampoules were then heated
to 1323 K in a rocking furnace. Two different routes
were chosen for the further treatment: First (batch 1),
ampoules were kept at this temperature for 10 h and
cooled down slowly within 48 h to 973 K and then
down to room temperature in another 12 h, similar to
the route described by Ahn et al. [34].

The alternative second route utilizes water-
quenching after 2 h of rocking at 1323 K. In this
route, the ingots are subsequently annealed at 973 K
for 140 h to ensure phase homogeneity (batch 2 and
3).

The material was ground by hand to obtain pow-
ders with average particle sizes of 120 um (batch 1)
and 60 um (batch 2 and 3), measured with a Beckman
Coulter LS 13320 particle analyser. Bulk samples of
12.7 mm in diameter and about 2 mm in thickness
were sintered at 673-723 °C and 40 MPa in a short-
term sintering process. This sintering technique is
similar to common spark plasma sintering (SPS)
except for the use of continuous instead of pulsed DC
heating current. All sintered samples within this
work have densities above 98 % of the theoretical
density. For the calcium containing samples, the
theoretical density was calculated as a linear inter-
polation between pure PbTe and CaTe.

The phase composition of the powders was inves-
tigated prior to sintering using a Siemens Bruker
D5000 powder diffractometer. To determine the lat-
tice constant, LaBs was mixed into the powder as
reference material. Recorded data was analysed by
Rietveld refinement using the FullProf software [35,
36]. Additionally SEM with EDX was used to analyse
the sintered samples’ microstructure. Sample
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homogeneity was checked employing the Potential &
Seebeck Microprobe (PSM), with which the spatial
distribution of the Seebeck coefficient on ingots as
well as on sintered samples was measured [37].

The thermal diffusivity was measured with a
Netzsch LFA 427. For calculation of the thermal
conductivity, the theoretical heat capacity
cp = 0.149 J /(g K) calculated according to Dulong-
Petit’s law was used as the temperatures investigated
here are far above the Debye temperature of PbTe [21,
38]. This theoretical value matches very well with
experimental c, data by other authors [12, 39].

Temperature-dependent Seebeck coefficient and
electrical conductivity were measured concurrently
using a custom-built facility [40]. In both measure-
ments—LFA and Seebeck/sigma—the samples’
properties were measured during the heating and
cooling cycle to obtain information on the thermal
stability of the material. Experimental errors are
assumed to be 10, 5 and 7 % for thermal conductivity,
electrical conductivity and Seebeck coefficient,
respectively [41].

For the mechanical characterization, hardness
measurements as well as uniaxial compression tests
were performed at room temperature. The hardness
measurements were done using a Vickers indenter
and an indentation force of 0.49 N. Results were
averaged over in total 100 indentations on both sides
of the sintered pellets. Error bars in the hardness
figures indicate the standard deviation of the mea-
sured values. Compression tests were performed on
two to three cubes of 4 x 4 x 4 mm?® for each com-
position and at a compression speed of 0.5 mm/min.

Results and discussion
Calcium in pure PbTe

To gain insight into the influence of calcium on PbTe,
especially on how much it influences the electronic
and thus thermoelectric properties, alloys of calcium
and pure, undoped PbTe were synthesized so that
effects of calcium are not superimposed by effects of
other dopants. For batch 1, calcium concentrations of
x = 0.004, 0.02, 0.04 and 0.06 were chosen. No sec-
ondary phases were detected in the XRD measure-
ments in all samples after annealing. Furthermore the
XRD measurements show no changes in the lattice
constant  (6.4604 & 0.0008 A) due to calcium.
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According to Vegard’s law, a decrease of the lattice
constant would be expected upon doping with cal-
cium due to the smaller lattice constant of CaTe
(6.358 A) compared to PbTe (6.460 A) [34]. As
described by Biswas et al.,, the unchanged lattice
constant might be an indication that only a fraction of
the calcium is dissolved in the PbTe matrix while the
rest forms precipitates of CaTe [42]. This might be a
consequence of the chosen heat treatment during
preparation or otherwise indicate that a solubility
limit exists around x = 0.02 in contrast to the calcu-
lations by Sifi et al. [33].

To further investigate the microstructure of the
sintered samples and possible precipitation SEM was
employed. This revealed a broad distribution of grain
sizes between 5 and 200 pm with small grains filling
the voids between large ones. The grain size distri-
bution corresponds well to the particle size distribu-
tion found in the powder indicating that the powder
consisted mainly of single crystalline particles. No
preferred orientation is visible in EBSD images. No
CaTe precipitates could be detected by SEM although
a large area of the sample surface was investigated at
varying magnification. Thus the assumed CaTe pre-
cipitates might be too small in size to be observed in
SEM.

PSM measurements reveal positive Seebeck coeffi-
cients at room temperature in all samples, indicating
relative excess of tellurium within the matrix [43-45].
While no macroscopic gradient is visible in the PSM
measurements, the measurements yield a broad dis-
tribution of Seebeck coefficient values with random
local variations on a millimetre scale which is typical
for such measurements of undoped PbTe (see Sup-
plementary Fig. S1). SEM/EDX measurements con-
firmed tellurium excess in the matrix also revealing
few, isolated, tellurium-rich precipitates within the
PbTe matrix (see Supplementary Fig. S2).

Based on the results obtained with batch 1, a sec-
ond batch of samples with x = 0.002, 0.004, 0.01, 0.02
and 0.03 (batch 2) was synthesized. An alternative
heat treatment as described above was chosen to
further reduce any precipitation. As the difference in
material preparation between batches 1 and 2 may
have an influence on the resulting functional prop-
erties, results of both batches are displayed in sepa-
rate figures. A detailed analysis of the influence of
heat treatment and powder particle size is beyond the
scope of this work. Results of a detailed study on this
topic will be published elsewhere. Calcium

@ Springer



6936

concentrations in batch 2 were chosen to refine the
concentration steps at lower concentrations as well as
to allow a comparison between samples of the same
composition but prepared by the two different routes.

As shown in Fig. 1 above roughly 600 K, the See-
beck coefficient S changes to negative values due
dominance of intrinsic charge carriers at high tem-
peratures, which is confirmed by the increasing
electrical conductivity ¢ at high temperatures (see
Fig. 2). In both batches, calcium addition leads to
higher Seebeck values at low temperatures and lower
absolute values in the intrinsic region at high tem-
peratures. Furthermore calcium reduces the electrical
conductivity especially in the low temperature
regime, whereas its influence at high temperatures is
much lower.

Both Seebeck coefficient and electrical conductivity
suggest a reduction of the charge carrier concentra-
tion due to calcium at low temperatures. The
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Pisarenko relation can be employed to calculate the
charge carrier concentration n based on the room
temperature Seebeck values [34, 46—48]. Here acoustic
phonon scattering is assumed and the hole effective
mass is taken as 0.3 times the free electron mass [44].
Results of this calculation are shown in Fig. 3. An
additional argument for the reduction of the room
temperature charge carrier concentration due to cal-
cium is the shift of the minimum of o(T) to lower
temperatures (see esp. Fig.2b). A comparison of
n with the electrical conductivity ¢ = enu furthermore
indicates a reduction of the charge carrier mobility u
with increasing calcium content (Fig. 3b) in accor-
dance with measurements in other publications [49,
501.

At high temperatures, Seebeck coefficient and
electrical conductivity are dominated by intrinsic
carriers. In this temperature region, the electrical
conductivity ¢ can be written as
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Figure 1 Temperature-dependent Seebeck coefficients of sintered samples of batch 1 (a) and 2 (b) with varying calcium content. Calcium
leads to an increase of the Seebeck coefficient at low temperatures and a decrease at higher temperatures.
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Figure 2 Temperature-dependent electrical conductivity of batch
1 (a) and 2 (b) samples with varying calcium content. An
increasing calcium content leads to a reduction of the electrical
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conductivity which is most dominant at low temperatures. This
also shifts the position of the electrical conductivity minimum to
lower temperatures.
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Figure 3 Charge carrier concentration (a) and mobility (b) at
room temperature decrease with increasing calcium content.
Values were calculated from Seebeck coefficient and electrical

E
o = ep(T)cne T (1)

with material specific constant cn. Here u(T) does not
follow an exponential law. Thus the band gap E; can
be determined from the temperature dependence of
the electrical conductivity as the slope of a linear fit of
In o(T) over 1/T (see also Supplementary Fig. S3). As
shown in Fig. 4, the band gap slightly increases from
around 0.38 eV without calcium to 0.43 eV at calcium
contents above x = 0.03. This is expected as CaTe has
a bandgap ~4 eV and is attributed to the more ionic
character of the Ca-Te binding compared to Pb-Te
[34]. The band gap’s increase follows Vegard’'s law
only up to x = 0.01 and is less steep for higher cal-
cium concentrations in both batches. This supports
the assumption that at higher concentrations a part of
the calcium forms CaTe precipitates [42].
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Figure 4 Electronic band gap of PbTe as a function of calcium

content calculated from the electrical conductivity’s temperature
dependence in the intrinsic temperature range.
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conductivity using Pisarenko’s relation [26]. Dashed lines in
(a) correspond to carrier concentrations calculated based on the
band gap E,.

An increased band gap alone would shift the
minimum of the electrical conductivity to higher
temperatures which is in contrast to our observations
shown in Fig. 2. We assume that the reduction in hole
mobility and hole concentration at room tempera-
ture—which both shift the minimum of ¢ to lower
temperatures—overcompensate the effect caused by
the change of band gap.

To check whether the reduction of the room tem-
perature carrier concentration shown in Fig. 3a) is a
consequence of the increased band gap, carrier con-
centrations can be calculated based on the band gap
values shown in Fig. 4 as

_ L
n = Noe ZsT (2)

with N fitted to be 3.7 x 10*! and 4.1 x 10*! cm™
for batches 1 and 2, respectively. These results—
indicated as dashed lines in Fig. 3—resemble well the
change of charge carrier concentration as function of
calcium concentration and thus support the
assumption that the reduction of the charge carrier
concentration is caused by the increased band gap.
The increased band gap and thus reduced carrier
concentration leads to a reduction of the electrical
conductivity. The fact that the values of N; are
slightly different for both batches might be an indi-
cation of different defect state concentrations or tel-
lurium content in both batches as a consequence of
the different preparation routes.

The thermal conductivity of all batch 2 samples is
slightly lower than that of batch 1 samples, which is
attributed to microstructural differences as a result of
the different preparation routes (Fig. 5): Slow cooling
from the melt of batch 1 may have led to slightly
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Figure 5 Temperature-dependent thermal conductivity of batch 1 (a) and 2 (b) sintered samples with varying calcium content.

larger grain sizes than quenching and annealing of
batch 2. Additionally, the powder particle size of
batch 2 is smaller than that of batch 1 by a factor of
two.

The thermal conductivity is slightly reduced with
increasing calcium content for the samples of batch 1,
whereas no clear trend is visible in batch 2—probably
due to smaller amounts of calcium and limitations
given by measurement accuracy (see Fig. 5). The
drop of thermal conductivity in batch 1 cannot solely
be explained by the reduced electrical conductivity,
as the total electronic contribution calculated by the
Wiedemann-Franz law is lower than 0.1 W/(m-K)
even at its maximum for all samples and tempera-
tures investigated. As no difference in grain size and
microstructure between the samples was observed,
the reduction in lattice thermal conductivity at high
calcium concentrations is due to increased phonon
scattering. This could be caused lattice strain due to
the calcium atoms and by the possible formation of
nano-scale CaTe precipitates in accordance with our
findings in lattice constant and electronic band gap
[42]. Thus, at high calcium concentrations effects of
precipitation act in addition to the effects caused by
homogeneous alloying. Pure alloying effects were the
primary goal of this study but obviously some pre-
cipitation could not be prevented.

Micro hardness measurements reveal an increase
of the materials hardness with increasing calcium
concentration by up to 35 % compared to pure PbTe
(Fig. 6). The increased hardness is most probably a
result of the more ionic and thus stronger binding of
calcium dissolved within the PbTe lattice.
Microstructural sources for hardening can be exclu-
ded as neither a change of grain size nor precipita-
tions were observed. We believe that CaTe nano
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precipitates cannot be the reason for the observed
hardening: As described above, precipitation of CaTe
is assumed to happen mainly in the samples with
high calcium concentration, whereas at low concen-
trations most of the calcium is dissolved in the PbTe
matrix. Thus, if precipitation was the reason for the
observed hardening, only a small increase would be
expected at low calcium concentrations and a steeper
increase at high concentrations.

The fracture toughness determined in compression
tests increases from 75 to 120 MPa. The observed
trend is clear and supported by all samples investi-
gated. Still the absolute values have to be handled
with care as sample preparation and invisible cracks
within the samples have great influence on the
compression test results typically leading to a
reduction of the measured values. The compression
tests’ stress—strain curves (Fig. 6b) qualitatively
reveal that the addition of calcium does not lead to
increased brittleness despite of increasing hardness
and fracture strength. This is in contrast to the effects
observed when doping for example with sodium,
where the increased fracture strength is accompanied
by a strong increase of brittleness [23]. The behaviour
of sodium-doped PbTe is associated to the filling of
the heavy hole band [23, 25]. As calcium is isoelec-
tronic compared to tellurium, it is assumed to not
have a big influence on the filling of the electronic
bands and thus does not lead to increased brittleness.

Proof of concept in Na-doped PbTe

As first proof of concept of the calcium approach in
doped PbTe as it would be needed for a thermo-
electric module, sodium-doped PbTe (y = 0.014) with
a calcium content of x=0.02 was prepared.
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Figure 6 Vickers hardness increases with increasing calcium content (a). Stress—strain curves of batch 1 samples determined on cubic
samples in uniaxial compression tests showing increased fracture strength due to calcium addition (b).

Additionally PbTe samples with varying sodium
concentration but without calcium were prepared as
reference. All powders and samples prepared appear
phase pure in XRD measurements ((Fig. 5S4 a) in
supporting material), fully dense and homogeneous.
XRD measurements reveal a decrease of the PbTe
lattice constant from 6.460 to 6.457 A with increasing
sodium content in agreement with literature data [48,
51]. A very small reduction of the lattice constant due
to additional calcium is indicated but falls within the
range of measurement uncertainty ((see Fig. S4b) in
supporting material). A stronger reduction of the
lattice constant would be expected according to
Vegard’'s law. As discussed earlier this indicates that
at least part of the calcium is not dissolved in the
matrix but might form precipitates [42].

As expected increasing, the Na concentration

increases the electrical conductivity and thus
decreases the Seebeck coefficient (Fig. 7). The
(a) 3000 T T
E&v Na doping y: 1
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Figure 7 Temperature-dependant electrical conductivity (a) and
Seebeck coefficient (b) of samples doped with sodium and
sodium—calcium. Sodium leads to an increase in electrical

addition of calcium here slightly reduces the electri-
cal conductivity especially at lower temperatures and
increases the Seebeck coefficient, indicating a reduc-
tion of free charge carriers and potentially a reduced
mobility. A calculation of the charge carrier concen-
tration using Pisarenko’s relation would not give
valid results in these highly doped samples [48].
Biswas et al. observed increased electrical conduc-
tivity and decreased Seebeck coefficients in 1 %
Na,Te-doped samples with >3 % CaTe. This is
accompanied by an increased carrier concentration
and decreased mobility. At lower CaTe concentra-
tions, they observed no influence on the carrier con-
centration but a slight decrease of the carrier mobility
[42]. Their findings are explained as increased dis-
solution of Na atoms in the PbTe matrix enabled by
the addition of calcium. These dissolution effects are
not visible in our samples due to the lower Ca and Na
concentrations.
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conductivity and decreasing Seebeck coefficient, whereas the co-
doped sample indicates an opposite shift due to calcium.
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Figure 8 Temperature-dependant thermal conductivity of samples
doped with sodium and sodium—calcium. The conductivity
increases with increasing sodium content, whereas no effect of
calcium addition is observed.

The increase of the thermal conductivity with
increasing sodium doping depicted in Fig. 9 can be
attributed to an increase of the electronic contribu-
tion. The thermal conductivity of the calcium-added
sample is expected to be lower than that of the cor-
responding sample without calcium due to the
above-mentioned effects of calcium. Nevertheless
measurements illustrated in Fig. 8 show nearly
identical thermal conductivities for the samples with
y =0.01 and 0.014 as well as the calcium-added
sample probably due to measurement uncertainty.
This is supported by the observation that at high
temperatures the co-doped sample’s thermal con-
ductivity appears higher than the purely sodium
doped one with equal sodium concentration, which
cannot be explained in accordance to all findings
described above. It is assumed that the thermal con-
ductivity of the y = 0.014 sodium sample is in fact
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slightly higher than the measured values. Assuming
equal lattice thermal conductivity calculations using
Wiedemann-Franz law suggest that the thermal
conductivity of the y = 0.014 sample should be
roughly 0.4-0.1 W/(m-K) (at 300 and 700 K, respec-
tively) higher than that of the y = 0.01 sample. Still
this deviation is within the expected measurement
uncertainty of 10 %.

As can be seen in Fig. 9a, b, samples with high
power factors and ZT values up to 1.5 at 700 K were
achieved, which compare well to literature data [15,
48]. Sample co-doped with calcium has a slightly
reduced ZT value mainly due to the reduced elec-
trical conductivity, but still reaches competitively
high values exceeding 1.2.

Hardness measurements (Fig. 10a) confirm the
already well-known increase of PbTe’s hardness with
increasing sodium doping [23, 25] and reveal addi-
tional hardening due to Calcium. As there is no dif-
ference in the microstructure between the Na-/co-
doped samples and the samples containing calcium
only, it is assumed that again the increased hardness
in the co-doped sample is a consequence of the
alloying rather than possible formation of nano-scale
CaTe precipitates.

Similarly, in compression tests one observes
increased fracture toughness and brittleness due to
sodium indicated by the drop of the stress—strain
curves after reaching the maximum elastic strain
(Fig. 10b). In contrast, undoped PbTe is governed by
slow crack growth indicated by a smooth stress—strain
curve with positive slope in the plastic deformation
region (compare Fig. 6b). This change of brittleness is
well known for sodium-doped PbTe and attributed to
the filling of the heavy hole band [23, 25]. The co-

(b) N I
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—-+=0.02
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~
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Androulakis et al. [39]
Pei et al. [10]
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Figure 9 Power factor (a) and thermoelectric figure of merit ZT (b) of sodium and sodium—calcium doped samples. Calcium addition has
only minor influence on both values. Literature data of sodium-doped PbTe is shown for comparison.
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Figure 10 Increasing Vickers hardness with increasing sodium doping and further hardening due to calcium (a). Compression tests at
room temperature indicate increased fracture toughness in the co-doped sample (b).

doped sample indicates an increase in fracture
toughness due to calcium, whereas an influence on
the brittleness cannot be clearly identified. As men-
tioned above, changes in Young’s modulus or maxi-
mum elastic strain cannot be deduced from this data.

Conclusions

Intrinsic and sodium-doped PbTe alloyed with cal-
cium have been prepared. The obtained functional
properties in both batches 1 and 2 are very similar
although preparation route 2 reduces the content of
tellurium-rich phases. An optimized preparation
route might improve material properties but an in-
depth study of the influence of different parameters
during material preparation is beyond the scope of
this article and will be published elsewhere.

In intrinsic PbTe, the addition of calcium improves
the material’s mechanical properties by increasing
hardness and fracture strength without increased
brittleness. Calcium addition slightly increases the
band gap leading to a reduction of the charge carrier
concentration and thus electrical conductivity. At
higher concentrations, it additionally reduces the car-
rier mobility and thermal conductivity probably due to
the formation of nanoprecipitates. Thus compositions
with moderate calcium content as Pbj 9sCag g, Te seem
like a good compromise with significantly improved
mechanical properties and only slightly impacted
thermoelectric performance. The true solubility of
calcium in PbTe and the nature of possible precipitates
might be of interest for future in depth studies.

In sodium-doped PbggesCapoNaggiaTe material
taken as a proof of concept, the negative effects of

calcium are much less dominant. The observed reduc-
tion in electrical conductivity is nearly fully compen-
sated by an increased Seebeck coefficient and reduced
thermal conductivity resulting in a maximum ZT above
1.2 around 700 K. The co-doped sample indicates that
also in this system calcium increases hardness and
fracture strength, whereas no increase in brittleness is
observed. Such material properties are most important
for production and reliability of TE modules in mass
markets and for dynamic operation conditions.

Yet, the co-doped material investigated here is only
a first proof of concept and doping levels of co-doped
material need to be varied and optimized in a future
study. Additionally, the described concept of alloying
with electrically non-doping elements to indepen-
dently tailor mechanical and thermoelectric proper-
ties of TE materials might be adapted to other
thermoelectric materials and dopants as well.
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