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Abstract: This paper reports about a new four-step analy-
sis method for thermoelectric (TE) materials. While the
Seebeck coefficient is usually measured under small tem-
perature gradient, we report here the measurement of TE
materials under large temperature gradient. The examined
materials were Ag- and Bi-doped Mg,Si, SigoGe,o, the cera-
mic composite NaTaOs-Fe,05, the half-Heusler alloy (TiZr)
NiSn, and the clathrates BagCu,Si,g., with x=38, 12. The
results show that the latter two metallic-like material
groups have a low internal resistance. Hence, their output
power is achieved at large electric currents with high car-
rier concentrations, while ceramic and silicides show the
maximum output power at lower carrier concentration,
which is considered to be a result of their large effective
masses. The Arrhenius plot of the output energy yielded
isosbestic-like points for ceramic-like materials, while the
metal-like specimens show constant activation energies in
the order of less than 0.1 eV. While all compared materials
have reported ZT values around 0.4, the output energy was
similar and measured as around 0.01 mW. Advantages of
the metallic TE materials are their high carrier concentra-
tion and easy processing, disadvantages are their sensitiv-
ity to impurities and oxidation.
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Introduction

After the discovery of the thermoelectric (TE) material
Bi,Tes it has been utilized since the early 1960s for refrig-
eration (Goldschmid and Douglas 1954) and later for
energy harvesting. Thermoelectric generators (TEGs) con-
vert waste heat into electricity in the middle temperature
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range and are considered as a promising renewable
energy source (Vining 1991; Bulusu and Walker 2008;
Goupil et al. 2011; Feldhoff and Geppert 2014; Whitney
2014). The figure-of-merit ZT is defined as

ZT = S’0T/x (1)

with § = USee/AT = USee/(Thot - TO) (2)

where S is the Seebeck coefficient, o the electric conduc-
tivity, k the thermal conductivity, Use. the Seebeck voltage,
AT the temperature gradient, Ty, and T, the temperatures
at the hot and cold sides of the specimen, respectively. TE
materials can be roughly divided into two groups. Those
with metallic-like behavior have large carrier concentra-
tion n and hence large electric conductivity and small S.
On the other hand, ceramic-like materials have low carrier
concentrations with low electric conductivity and a large S.
Hence, we approach the maximum of highest ZT in TE
development from the left side with ceramic-like materials
and from the right side for metal-like materials, when
drawing ZT as a function of n.

The Seebeck coefficient is theoretically defined as
small temperature gradient AT < 10 K, but in practical
applications AT can be large (Wunderlich 2009; Min 2010)
and recently theoretical explanation has made progress
(Muto et al. 2009; De Marchi and Giaretto 2011; Sandoz-
Rosado, Weinstein, and Stevens 2013). Examining this
issue further is the objective of this paper. Recent studies
(Goupil et al. 2011; Feldhoff and Geppert 2014) emphasized
that the transformation of the heat flow into a flow of
charged particles is combined with an increase in entropy.
As the TE material is the power source, the achieved energy
can be estimated by closing the electric circuit by load
resistors Rjo.q (Feldhoff and Geppert 2014; Wunderlich
2013a). An electric current I is flowing according to Ohm’s
law and the electric output power Pq, can be estimated as

I= USee /RLoad (3)

POut = USee *1 (4)
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As in any electric circuit, the maximum current is
achieved when R;,,q is minimal, and it is determined
by the internal resistance of the power source. When
increasing the resistance Rj,,q in the closed circuit, a
characteristic linear I-U diagram is usually obtained,
while deviations give valuable information of material
properties. Circuit theory for the system in Figure 1 gives

U/Rload =I= - U/Rintemal + SAT/Rintemal (5)

where the left-hand side is for the load, the right-hand
side is for the TE material, with Rjnternar the internal
resistance of the power source. The equality is due to
current continuity according to Kirchhoff laws. Then sim-
ple algebra gives

U = SAT Rload/(Rload + Rintemal) (6)
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Figure 1: (a) Device for measuring of Seebeck voltage and current
under applied load resistor under large temperature gradient, (b—d)
Energy flow at a windmill as mechanical analogue for the conversion
of an energy flow under resistance: (b) at low resistance energy flow
goes through without transformation, (c) middle resistance means
maximal transformation ratio, (d) while a large resistor is an
obstacle for the energy flow.
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which means the power output is

Pout = (SAT)ZRload/(Rload + Rin’(ernal)2 (7)

This function vanishes for both small R,,q and large Ryg.q,
but it has its maximum, when Rjy,q is equal t0 Rjntemal
With this method the internal resistance was estimated
and displayed in Table 1.

This method has been suggested as an alternative to
the above-mentioned measurement of ZT and it is a
challenge for theoreticians to evaluate the corresponding
equations by using the Drude equation for electric con-
ductivity o:

0 = e(Ne * fte + Np * 1y ) (8)

where n, and ny, are electron and hole concentration and
Ue and uy, are their mobilities, respectively. For heat-to-
electricity conversion a large electron—phonon interaction
(Wunderlich 2013a) is beneficial, while at the same time it
decreases 0. Many papers attempt to understand and even
calculate Seebeck coefficients, for example (Vining 1991;
Yan et al. 2012), while predictions of new materials by
calculations are still a challenge. For practical applications
like in electronic devices thin films of TE are gaining
interest (Wunderlich 2014c). In this paper we blend our
experience on TE materials over the last decade with
newly modified measurements using the load resistance
method to examine the following materials.

TE materials are found within either of the groups of
semiconductors, metals, or ceramics. Silicides have advan-
tages over other TE materials that they are considered as
environmental-friendly materials since its constituent ele-
ments are abundant in the earth’s crust and nontoxic. The
SigoGeyo alloy (Vining 1990) is known for a long time and is
already in use for many TEGs. With proper doping magne-
sium silicides can reach ZT=1.4 with S=0.4 mV/K, but
their processing is difficult and they are sensitive to impu-
rities (Liu et al. 2013; Gelbstein et al. 2014; Wunderlich et al.
2014b). They have a typical value of ZT=0.4. Another
example of silicides are the promising BagCu,Sisg., clath-
rates with reported maximal ZT=0.3 (Yan et al. 2012),
while other clathrates can reach up to ZT = 1.4 (Sootsman,
Chung, and Kanatzidis 2009; Paschen et al. 2001). The

Table 1: Maximum power and internal resistance obtained by current theory analysis.

NTF055=NaTa0s + Sigo Ge;o Mg,Si+ Mg,Si+ TiZrgNigSny, TisZr,NigSny; BagCugSig  BagCuy,Size

55%Fe,05 3%Bi 3%Ag
Max power [pW] 12 8 8 3 12 14 14 3
Internal resistance [Q] 1,620 180 47 270 26 32 17 76
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doped half-Heusler alloy (Ti,Zr)NiSn can reach ZT=0.8
(Culp, Poon, and Tritt 2006; Muta et al. 2006; Wunderlich
2009) or even larger than ZT=1.4 (Sakurada and Sutoh
2005). Co-based ceramics have been reported as useful TE
(Feldhoff and Geppert 2014; Wunderlich 2013a). More pop-
ular are perovskite such as Nb-doped SrTiO; (Ohta et al.
2005) as they show ZT=0.4. ZT = 2.4 has been reached at
such interfaces (Ohta et al. 2007), but its realization in a
device for applications is very challenging. The NaTaOs-55
mol% Fe,0; composite, in the following called NTF055,
shows a high electric current at the percolation composition
(Wunderlich 2009). At such a composition interfaces
between p- and n-type materials show highest conductivity
(Clerc et al. 1990).

In this paper we report a new experimental method for
characterizing TE properties. After describing the experi-
mental method, we describe the finding that the two classes
of TEs can be clearly distinguished in these measurements.
At least, we described another aim of this paper, the
comparison of these material classes concerning their pro-
cessing and practical handling, and describe their
advantages.

Experimental

The specimens were prepared by weighing raw powders
of Mg, Si, Ba, Cu, Si, Ti, Ni, Sn, NaTOs, or Fe (all high
purity, >99%, Fine Chemical Ltd., Japan). Pellets 15 mm
in diameter were cold pressed by a pressure of 80 MPa.
The metallic (TiZr)NiSn, BaCuSi, and SiGe alloys were
produced by conventional arc-melting (Wunderlich and
Motoyama 2009). Mg,Si was produced by spark plasma
sintering (SPS), for details see Wunderlich et al. (2014b).
Ceramics were produced by conventional sintering at
1,000°C and 1,300°C in several steps. Experiences gained
during these experiments are described in the discussion
section. The home-made experimental measuring device
as sketched in Figure 1(a) is used for characterization as
described previously (Wunderlich 2009, 2013a) and a
similar device is used by Feldhoff and Geppert (2014).
In our device the specimen lies on one side on the heater,
on the other side is a cold heat sink. Voltage, current, and
temperatures Ty and Ty, are measured by electric multi-
meters (Sanwa PC510), recorded simultaneously in a
computer and thereafter analyzed.

The idea of the newly introduced measurement proce-
dure can be compared with the mechanical analogue of a
windmill, which converts an air flow into rotational energy
of rotor blades as shown in Figure 1(b)—(d). When the rotor
blades are open as sketched in Figure 1(b), there is almost
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no resistance, but also the conversion ratio into mechanical
energy is low. In Figure 1(c) the conversion ratio is highest;
that mean output energy is highest. In Figure 1(d) the
resistances of the tilted rotor blades are high, causing an
obstacle for the wind flow rather than a smooth current.
Similarly, the heat-into-electricity conversion at TE devices
behaves like this mechanical model, when the electric
circuit is closed with different resistor loads (10 Q, 100 Q,
1kQ, 100 kQ, 1 MQ). When the electric resistor is small, the
Seebeck voltage drops, while heat is almost completely
converted into an electric current (Figure 1(d)), causing at
the same time an obstacle to the incoming heat current.
Middle size resistors result in highest power output as in
Figure 1(c). A large electric resistor means almost no
change in the heat flow, similarly as the unchanged wind
flow in Figure 1(b). This phenomenon allows us to control
the carrier concentration during measurement as described
in the discussion section. When displaying the I-U char-
acteristics in the computer, almost all materials show
straight lines according to their internal resistance. The
lines were fitted and the output power was calculated
according to eqs (3) and (4).

The time dependence scheme of the measurement is
displayed in Figure 2. Typically, four different tempera-
tures Ty (red line) during heating and one during cool-
ing were adjusted by the heater, while cold temperature
T, (light blue line) and AT (purple) are determined by the
specimen’s thermal conductivity and the environment.
The Seebeck voltage was recorded all the times and
shown as light green line in Figure 2. When heat flow
was in equilibrium, the switch to the load resistance was
closed and the occurring electric current (dark green
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Figure 2: Typical measurement scheme for changing the hot tempera-
ture in five steps as displayed in red as a function of time, while
temperature difference in purple, cold temperature in blue, Seebeck
voltage in light green, and electric current in dark green is recorded. The
vertical lines describe the transition points for color display in Figure 3.
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Figure 3: Seebeck voltages as a function of the temperature difference for (a) Bag Cug Sisg, (b) Bag Cus, Siz¢ specimens. The slope drawn in
hatched line marks the Seebeck coefficient S. Orange color is used for heating up, red for constant temperature, and blue for cooling.

lines) recorded. Typical measurements of the Seebeck
voltage are shown in Figure 3 without closing the circuit.
In most cases straight lines were observed, which indi-
cate the temperature-independent Seebeck coefficients.
Some materials show deviations, which are discussed
later in the following section.

The data were further processed by drawing the
dependence on the load resistance as discussed later.
Also the dependence on the five temperature steps was
analyzed. The fit of the Arrhenius behavior was found by
experience to be best, when a median temperature Ty
was used as defined by the following equation:

Ty =To+1/2-AT (9)

As the cold temperature Ty was always maintained under
the same conditions, Ty is proportional to the tempera-
ture difference AT. The data of the output power as a
function of reciprocal temperature were drawn in a dou-
ble-logarithmic plot. They can be fitted with activated
charge carriers n,, depending on an initial charge carrier
concentration ny and the term with exaction energy E4
and Boltzmann constant kg according to the following
equation:

E4
na =ngp - exp| — 10
A =N p(kBT> (10)
This measuring procedure consisting of four steps was
applied to eight specimens, as shown in the following
section.

Results and discussion

As a first step, we measured the Seebeck voltage caused
by the temperature difference. Such measurements have
been published in previous papers for most of the

specimens  (Wunderlich 2009; Wunderlich and
Motoyama 2009; Wunderlich 2013a; Wunderlich and
Ohsato 2013b; Wunderlich et al. 2014b; Wunderlich
2014c). We show in Figure 3 new results for the (a) Bag
Cug Sizg, (b) Bag Cuy, Size clathrates. The first one has
p-type, the second n-type behavior. Even at a tempera-
ture difference of AT=700 K the Seebeck voltage does
not reach 40 mV, leading to a Seebeck coefficient
of +0.06 and —0.06 mV/K, respectively.

The next step is the measurement of the electric
current, as shown in Figure 4 for all specimens, and as
explained in the following. Figure 4(a) shows that the
NaTaOs-55 mol% Fe,0; (NTF055) specimen reached
Usee =—-300 mV and I=-180 pA with P=10 pW. When
this specimen was produced several years ago and later
published in Wunderlich and Motoyama (2009), it
showed somewhat higher values, Usee =-300 mV and
I=-300 pA, and reached an output power of 20 pW
(Wunderlich and Ohsato 2013b). This outstanding mate-
rial showed highest performance among all tested ones
and reaches its maximum output power at the composi-
tion of the percolation. The reason for the slight degrada-
tion in current is apparently long-term oxidation;
similarly Nb-doped SrTiO; only shows high Seebeck coef-
ficient, when produced under reduced atmosphere (Ohta
et al. 2005). Also the measurement on the next specimen,
the p-type Sigo Ge,o, is shown here for the first time in
Figure 4(b). Next, Figure 4(c) shows the Mg,Si specimen
doped with 3% Bi (in the following called Mg,Si-Bi K),
which refers to SPS sintered from purchased Mg,Si pow-
der (Wunderlich et al. 2014b), and (d) p-type Mg,Si doped
with 3% Ag (called Mg,Si-AgS, Wunderlich et al. 2014b).
All measurements could confirm a straight line in the I-U
plot. The hatched line was fitted to the measured data
points at maximum temperature difference (red line) and
matched perfectly. Also the corresponding data points for
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Figure 4: Electric current and output power as a function of Seebeck voltage for different temperature gradients and materials as marked.

Three of the applied load resistors are marked with labels.
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the power match perfectly. Feldhoff and Geppert (2014)
and Wunderlich (2013a) found this behavior for Co-based
ceramics as well.

In contrary, the metallic-like half-Heusler and clath-
rate specimens show different behavior. As mentioned
before (Figure 3) the maximum Seebeck voltages are
much lower and are in the range of 30 mV, while the
electric current reaches or even exceeds I=-300 pA. In
the I-U plot the lines are almost vertical, indicating a very
low internal resistance. Wunderlich, Amano, and
Matsumura (2014a) reported similar behavior, when the
dependence on the composition of (Ti,Zr)NiSn specimens
was examined. The only exception was specimens with
low Seebeck coefficients, especially Tig ,ZrogNiSn. In this
case, the I-U lines are tilted in a similar way as the above-
mentioned semiconductors indicating such a behavior.
The envelope of the maximum current for all temperatures
lies on a straight line through the origin. Apparently, there
occurs a phenomenon which limits the maximum current.
The fit was performed in such a way that a compromise
between a middle value of the current and the power was
achieved. As a consequence, the measured data points of
the power lie on the side of the high absolute voltage
values (left for n-type, right for p-type).

The third step in the measurement analysis is shown
in Figure 5. For each specimen the whole data set of the
electric output power was drawn in a double-logarithmic
plot against the load resistance. As mentioned in the
introduction, a large resistor decreases the mobility of
charge carriers yo or un. When mobility is reduced, the
recombination of exited carriers is likely to occur. We can
also express it in this way: When charge carriers are
already present, the excitation of new ones is suppressed,
because it is well known that semiconductor devices have
best performance, when they contain a p/n junction, in
which the different types of carriers are accelerated and
separated. Examples are devices such as light emitting
diodes, solar cells, or photocatalyst materials, where this
effect is known as antenna effect (Wang et al. 2006). Such
a regime corresponds to the right side of the plot, while
the left side indicates a regime of a large number of
carriers. Many papers have emphasized such an optimal
carrier concentration for maximum ZT, as a large n, or ny
increases the electric conductivity, while a low n, or ny, is
responsible for a high Seebeck coefficient. Under these
considerations the metallic specimens (Figure 5(e)—(h))
lie all in the regime of the high load resistors and show
the power maximum at the lowest load resistance, which
means highest carrier concentration.

The curves for low temperature are always lower in
output power and parallel to those for high temperature.

DE GRUYTER

P- and n-type TEs show equivalent behavior. The ceramic
and semiconducting specimens, however, show a
remarkable decrease in power in the high carrier regime.
In other words, in the area where a potentially high
power could be achieved, a certain phenomenon causes
a drop in the output power. This phenomenon is appar-
ently related to interactions between carriers, as it occurs
in the high carrier regime. One explanation could be the
large effective mass of ceramics caused by a cloud of
polarization with a certain spatial diameter. Experience
from interface observations showed that the interaction
of electromagnetic waves from one material can exceed
more than two unit cells (Wunderlich 2014c), and we
assumed that the diameter of polarization is in the same
order of magnitude. When the carrier concentration,
which is actually a carrier density, becomes higher and
higher, at a certain turning point there is simply not
enough space left for the movement of carriers without
interaction and hence, their large value of the effective
mass breaks down. With increasing temperature the max-
imum of the output power shifts from the high resistance
regime, which means low mobility and hence low carrier
concentration per time unit, toward the regime of high
carrier density. All curves seem to have the same shape,
while small deviations are considered as lack of measure-
ment accuracy. During cooling the reverse direction of
the heat flow causes in some specimens a decrease in
output power as AT is significantly lowered. As a conclu-
sion of this section we can state that in such ceramic-like
materials, which are based on large effective masses, an
increase of charge carrier concentration by large electric
currents is ineffective. The spatial extension of the polar-
ization clouds is considered as a natural barrier which
limits the effect of further increase in carrier flux.

The final step in our measurement analysis is the
Arrhenius plot as shown in Figure 6. As we have mea-
sured the Seebeck voltage at five different temperature
differences, we are able to plot the output power as a
function of the inverse temperature Ty. The metallic-like
materials show parallel lines in Figure 6(e)-(h) with the
same activation energies 0.1 eV as displayed in red for
the large carrier concentration regime and in blue for the
low one. In this case the drop of output power with
increasing load resistance is suggested to be caused by
the Thomson effect (Min 2010). The Tig 5 Zry; Nigo Sn;;
specimen, which has the highest output, shows the low-
est activation energy of 0.06 eV. For ceramic-like materi-
als Mg,Si such low activation energies of 0.08 are also
found (Figure 6(c),(d)), but only in the regime of low
carrier concentration. For the NaTaOs-Fe,0; composite
and SiGe they are higher (0.15 eV in Figure 6(a),(b)).
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Figure 5: Electric output power as a function of load resistance for different temperature gradients and materials as marked.
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Figure 6: Electric output power as a function of the inverse temperature Ty, for the materials as marked. The fitted activation energies in [eV]
are given in red for the low load resistance of 10 Q and in blue for the high resistance of 1 MQ.
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The activation energies in the regime of high carrier con-
centration are significantly higher, ranging from 0.2 to
0.45 eV. We call the intersection point between both
graphs isosbestic point according to a similar phenom-
enon in optical spectroscopy. For metallic-like specimens
the isosbestic points would be far in the low-temperature
region. The more the materials become ceramic-like in
their character, the more the isosbestic point shifts to
higher temperatures. At the same time the activation
energy for the high carrier concentration regime
increases. This analysis can explain why metallic- and
ceramic-like TEs behave so different. For prediction of
new materials we need to find correlations between
these activation energies and the element properties.

The analysis according to circuit theory yields the
values for maximum power and internal resistances as
summarized in Table 1. It can be concluded that max-
imum output power depends not only on the Seebeck
coefficient, but also strongly on the internal resistance.
The metallic-like specimens based on TiNiSn and BaCuSi
show the highest values of output power and the lowest
resistance, while their Seebeck coefficient is only moder-
ate. An additional information not shown in Table 1 is the
fact that the internal resistance increases with tempera-
ture Ty, in the same manner as expected from thermal
vibrations.

We summarize now all findings from the viewpoint of
experimental experience. Comparing all specimens, the
maximum output power is around 8 to 10 pW, with the
only exception being the Bi-doped Mg,Si, because micro-
structure is not optimized or oxygen impurity level is too
high. As mentioned in the introduction the literature
reported for all of these specimens at figure-of-merit
around ZT=0.4. The TisZr;NigSn;; specimen has the
highest output power of 12 pW. The NaTaOs;-55 mol%
Fe,0; composite showed the highest value of 20 pw,
achieved only under certain processing conditions
(Wunderlich 2009) similar to the reduced atmosphere
required for Nb-doped SrTiO; (Ohta et al. 2005). New
results showed that impurities of C, V, and Co deteriorate
the Seebeck coefficient, and other co-doping studies are
in progress. Zn- and Co-oxide ceramics are easy to sinter,
but we have not yet found a composition with sufficiently
high Seebeck coefficient or current (Wunderlich 2013a).
Silicides are also difficult to process and require SPS
(Wunderlich et al. 2014b), because the high Mg vapor
pressure prevents conventional arc-melting. Another
such difficult to process element is Sh, due to its high
vapor pressure. Similarly, Cr, and Mo are difficult,
because they possess slow diffusion coefficients and
high melting points. Pure Zr, Ba, and other rare earth
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elements are delivered in oil, because they easily oxidize
making their handling difficult. We could not avoid that
specimens contained traces of oil, which caused pores in
the arc-melted specimens. Nevertheless, the BaCuSi
clathrates can be produced by conventional arc-melting
and seem to be less sensitive to deviations from stoichio-
metry; only traces of O and to a less extent C, deteriorate
the Seebeck coefficient. This is the crucial point in pro-
cessing of any intermetallics. Surface oxidation starts
above 600°C in BaCuSi, (Ti,Zr)NiSn, Mg,Si and the con-
tacting Ni wires, but have not been found to have large
influence on the Seebeck voltage.

Hence, the result of this overall judgment is that
(TiZr)NiSn specimens show performance with cheapest
manufacturing expenses. Their thin films are 1 pm thick-
ness; however, they have not yet reached the perfor-
mance of bulk specimens, mainly because the sputter
ratios of the four elements Ti, Zr, Ni, Sn are so different.
On the other hand, we could confirm another finding that
Cu substrates are beneficial compared to others
(Wunderlich 2014c), because the carrier concentration is
enlarged. Thus, TE integration into microchips is possible
and will have a large impact in the field of TE and
functional metals in the near future (Wunderlich 2014c).

Conclusion

We report here for the first time a four-step measuring

method for characterizing TEs. This method is based on

the closing of the electric circuit with load resistors and
the resulting change in carrier concentrations. The results
are summarized as:

1) Asseen in the I-U plot, the output power of 0.01 mW at
AT =650 K was achieved for most tested specimens,
which corresponds to the reported ZT values of 0.4.

2) In the plot of output power as a function of load resis-
tance metallic-like specimens show highest power in
the region of high carrier concentration, while cera-
mic-like specimens get exhausted above a certain con-
centration, which strongly depends on the temperature.

3) In the power-versus- temperature plot metallic-like
specimens have almost the same activation energies
for all carrier concentrations and their low internal
resistance can be confirmed by circuit theory analy-
sis. Ceramic-like specimens show a strong depen-
dence on carrier concentration with different
activation energies. The isosbestic-like intersection
points can explain the maximum reachable power
output, which is explained by their large effective
mass.
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