On the thermoelectric power factor of composites
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To improve the performance of thermoelectric (TE) materials, a highly effective and widely im-
plemented approach is to create multi-phase composites. These composites are designed to impede
phononic heat transport, which accounts for the majority of thermal conductivity in conventional TE
semiconductors. In 1999, Bergman and Fel reported that also the electronic properties, specifically
the power factor, can be significantly enhanced in two-phase composites consisting of a highly-
conducting, simple metal and a high-performance thermoelectric arranged in an optimal manner,
sparking great experimental interest. In this work, we challenge the theoretical results of Bergman
et al. and the conclusions drawn by them by using a simple and comprehensive model. We show
that, while the improvement of the power factor is indeed extraordinary, the results lead to a mis-
leading interpretation of the overall TE performance of the material. As a result, we argue that
the power factor is not a suitable metric for evaluating multi-phase materials and composites and
that the figure of merit 27" should be used instead. Finally, we demonstrate that, nonetheless, the
best TE composite always consists of a highly conductive metal and a high-performance thermoelec-
tric in a serial configuration. This study presents an unintuitive yet auspicious approach to design

high-performance TE composites with a large volume fraction of the metal component.

INTRODUCTION

In times of the steadily increasing energy consumption
and prices, there is an increasing demand to use energy
more efficiently. One promising solution are thermoelec-
tric (TE) materials, which can convert waste heat to elec-
trical energy by making use of the Seebeck effect. The
efficiency of such a material is determined by the dimen-
sionless figure of merit 27 = (S?0/A)T, which is com-
posed of the Seebeck coefficient S (voltage per tempera-
ture gradient), the electrical conductivity o and the ther-
mal conductivity A. Single-phase bulk compounds have
been intensively studied over the past decades, result-
ing in very efficient state-of-the-art materials like BisTes
[1, 2], PbTe [3-5], SiGe [6, 7], SnSe [8-10], Skutterudites
[11-13] or Half-Heusler alloys [14-16] with large figures
of merit. Driven by the requirement to decouple thermal
and electrical transport in TE materials, more sophisti-
cated strategies have been employed such as the synthesis
of nano-wires [17, 18], thin films [19, 20] as well as nano-
structured materials and multi-phase composites [21-24].
Apart from intrinsic property changes, such as a reduc-
tion of the lattice thermal conductivity from increased
phonon scattering at the nano-, micro- and mesoscale
defects and interfaces, a fundamental question arises for
multi-phase composites: How and to what extent do the
TE properties of the individual materials contribute to-
wards the overall properties measured for the composite?

In the 1990s Bergman et al. theoretically showed
that a ,,high-performance thermoelectric and a ,,benign
metal®, i.e. a metal with high electrical and thermal con-
ductivity, combined in a favourable spatial configuration,
can boost the power factor PF = S§%¢ but not the figure

of merit 27" [25, 26], which restricts the potential of com-
posites to a high power factor, when neglecting intrinsic
property changes such as interface effects.

In this work, we elucidate the ongoing physics and con-
clude from a simplified model why the power factor is
seemingly enhanced in such a system, in agreement with
the calculations by Bergman and Fel [26]. Continuing
the analysis of our results, we will show that the power
factor enhancement is misinterpreted in these cases and
distorts the performance of such composite materials. Ul-
timately, it can be shown by simple arguments that the
power factor is not a good quantity and performance in-
dicator when measuring a material consisting of at least
two phases. This will hopefully shine a new light on the
research of composites and rise the awareness of the am-
bivalent properties. Lastly, we highlight that, against
common intuition, a two-phase heterostructure consist-
ing of a thermoelectric with high 27T and a perfect metal
with high electrical and thermal conductivity is nonethe-
less the optimal thermoelectric composite.

THERMOELECTRIC PROPERTIES OF A
SERIAL THERMOELECTRIC-METAL
COMPOSITE

Bergman et al. calculated the overall thermoelectric
properties of thermoelectric-metal composites for several
different spatial configurations. They found that the
power factor can be improved through either alternat-
ing serial slabs or a spherical structure where the metal
is coated by the thermoelectric material. The latter is of-
ten a good approximation to more realistic structures, as
stated by the authors. In this study, we will focus on the
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Figure 1: a) Schematic sketch of a serial connection of a
thermoelectric material with the length /. and a metal
with the length [,,. Both materials have individual
Seebeck coefficients S, electrical resistivities p and
thermal conductivities A\. The hot temperature at the
end of the thermoelectric material, the temperature at
the interface and the cold temperature at the end of the
metal are denoted as Ty, 71 and T, respectively. b)
Sketch of the microstructure for a fictious thermoelectric
composite material with a serial slab configuration.

slab configuration since it is simpler to model and pro-
vides more understanding about the origin of the changes
in the performance.

Figure la illustrates the model used to calculate the
properties. It is similar to the one used by Bergman et al.,
but with only one interface instead of alternating slabs.
When ignoring interface effects, as done in both studies,
these two models are equivalent. Figure 1b provides a
realistic example for the application of the model in a
two-phase composite material.

Power factor

For a better understanding, we will first calculate the
total power factor of a serial connection of a thermoelec-
tric material and an ideal metal with p,, — 0 and there-
fore A\, — oo. From the benignity of the metal follows
that the temperature at the interface 71 = T¢ and the
whole temperature drops along the thermoelectric mate-
rial. This leads to the thermovoltage U

U - Ste (TH - TC) - Ste AT . (1)

The total Seebeck coefficient S; is calculated as S; =
U/AT, so

St = Ste . (2)

The total resistance is only comprised of the resistance of
the thermoelectric material due to the ideal conductivity
of the metal. Thus, when calculating the resistivity, one
obtains
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with the volume fraction of the thermoelectric material
Ote-

While the Seebeck coefficient is not affected by the
metal, the resistivity decreases due to de < 1, resulting
in an increase of the total power factor:
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Pt Pte Ote Ote

When examining a more realistic scenario with finite
conductivities, the temperature differences across the
thermoelectric material and the metal, AT, = Ty — 11
and ATy, = T1 — Ty, can be calculated from the thermal
conductance C; = \;A/l; of both materials:
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Unlike the previous case, the measured thermovoltage
now has contributions from both the thermoelectric and
the metal and is

U - Ste ATte + Sm ATm
7
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This leads to
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The total Seebeck coefficient can be written using a
material-related quantity e, following the notation of
our previous work about the thermoelectric properties of
a film-substrate setup [27]:
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St (9)
Depending on the ratio between the individual thermal
conductances, the total Seebeck coefficient lies between
those of the thermoelectric material and the metal.

The finite conductivity further leads to a contribution
of the metal to the total electrical resistivity. The mea-
sured resistance of the setup is
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and thus the electrical resistivity becomes

A m
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which is a linear function depending on the volume frac-
tion of the thermoelectric material. By introducing an-
other quantity,

Rm ltepm
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Equation 11 can be further simplified to
Pt = prede(l+5) - (13)

Combining Equation 9 and Equation 11 leads to the
total power factor of the system:
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The total power factor can also be written in terms of
the individual power factors and the volume fraction of
the thermoelectric material:

PF;(6te) =
(VPP + ex(0e) /22 sem (8) VPE) (15)
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with the Ji.-dependent notation of the material-related
quantities

(16)

A comparison between Equation 15 and the results of
Bergman et al. can be observed in the Supplemental
Material for three selected systems calculated by the au-
thors. The remarkable agreement between the models
validates our assumptions and underscores the informa-
tive value of the results presented here.

The presence of a local maximum in PF; depends on
whether the decrease in thermovoltage caused by the
metal is overcompensated by the increase in electrical
conductivity. The consequences of an enhanced power
factor will be discussed later.

Figure of merit

Next, we will calculate the figure of merit 2T, starting
from an ideal metal.
The total thermal conductance C; can be calculated,

in accordance to the electrical conductance, as

1 1 lie

. lte + lm
TMA

Ci Cre  MeA

(17)

and thus

1
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The thermal conductivity increases with decreasing vol-
ume fraction of the thermoelectric material, similar to
the electrical conductivity (see Equation 3). Combining
Equation 18 and Equation 4 yields the total figure of

merit
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The total thermal conductivity is modified, when the
thermal conductivity of the metal is no longer infinite. It
then becomes
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From that a convenient relation of the total figure of
merit can by derived:
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As as example we calculated the thermoelectric power
factor PF; and the figure of merit 27} for a composite
consisting of a high-performance thermoelectric material,
SnSe, mixed with elemental Ag as well as another ther-
moelectric material, PbTe (see Figure 2). The figure of
merit in composites differs from the power factor in that
there is never a local maximum when forming a compos-
ite, i.e. 2T} of the composite always ranges between the
values obtained for the pristine materials. A striking fea-
ture in Figure 2 is that in case of a thermoelectric-metal
composite the figure of merit remains nearly constant
even at very low volume fractions of the thermoelectric
material due to the exceptional electrical and thermal
conductivity of the metal. This can be explained by the
fact that in a serial configuration most of the temperature
difference occurs across the thermoelectric material, pre-
serving the thermovoltage, while the balance between in-
creased electrical and thermal conductivity maintains z7'.
Deviation from ideal conduction in the metal is the only
factor that decreases the overall 2T} (see Equation 19).
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Figure 2: Total figure of merit 27} (solid lines) and
power factor (dashed lines) of a serial connection of
polycrystalline SnSe and Ag (red line) and PbTe
(orange line) in dependence of the volume fraction &t of
SnSe, calculated from Equation 15 and Equation 22.
The values of all materials’ properties were taken from
literature [4, 10, 28-30].

In contrast to that, for a thermoelectric-thermoelectric
composite both PF; and zT; show a more linear behavior
as a function of the volume fraction, revealing the inferi-
ority of such systems compared to single thermoelectric
materials.

COMPARISON BETWEEN POWER FACTOR
AND POWER OUTPUT

To further elucidate the meaning of the power factor
of composites, we will compare PF}, z1; and the power
output for the three different systems comprised of the
archetypical thermoelectric material BisTes and elemen-
tal Al, as depicted in Figure 3a. These include a pure
thermoelectric (I), a thermoelectric-metal composite (I1)
as well as the thermoelectric with reduced length (III).
The maximum possible power output for a given given
temperature difference is [32]

PEAAT?

Ptmax — 4l

(23)

The total power factor, figure of merit and power out-
put are shown in Figure 3b.

The BiyTez-Al composite (IT) outperforms pure BisTeg
(I) in terms of power factor and power output. Incorpo-
rating metal components into the thermoelectric material
improves the power generated by reducing the total resis-
tance while the Seebeck coefficient S is almost unaffected,
thereby seemingly decoupling S and o, two transport
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Figure 3: a) Sketch of the three systems compared in
the text with respect to their thermoelectric
performance. I: (I-doped) BisTes, II: BiyTes-Al
composite with di, = 0.1, III: BisTes with reduced
length similar to system II. b) Power factor, figure of
merit and maximum power output for all three systems.
The power output was calculated using [ = 1 cm,
A=1mm? T =300K and AT = 100K. For the sake
of simplicity, all thermoelectric properties were taken at
300K [2, 28, 29, 31].

properties which are usually difficult to enhance simulta-
neously [33]. However, a comparison between systems 11
and III shows that when comparing both systems at the
same volume fraction of the active TE component, the
power output is higher without the metal despite the fact
that the metal-composite has a seemingly much higher
power factor. Thus, the enhancement of the power fac-
tor as described by Bergman and Fel and also the present
study merely results from a favourable yet nonsensical
comparison of two materials with different volume frac-
tions of the active TE component. We emphasize that
this illustrates that the power factor is no longer a valid



indicator for TE device performance in composite ma-
terials. Since a large PF neither indicates a higher 2T
nor a higher power output in such composites, the power
factor becomes a meaningless parameter for evaluating
materials. Only in fixed-length setups, if power output
is more critical than efficiency, the use of composites can
significantly increase power output by reducing the vol-
ume fraction of the thermoelectric material and lowering
the resistance.

Another potential application for thermoelectric mate-
rials with high power factors is the so-called active Peltier
cooling, which combines traditional heat conduction with
the Peltier effect to enhance cooling capabilities [34]. In
this context, a large thermal conductivity and power fac-
tor are desired to maximize the effective thermal conduc-
tivity Aegr:

2
e (3 2E3EY, o
with the temperature of the hot side Ty. Active cool-
ing does indeed looks like a promising application when
composites are compared to conventional materials (see
Supplemental Materials).

However, it is important to examine the macroscopic
quantity of the actual cooling power, as the high power
factor can be misleading and give a false impression of

the performance. A closer look at the cooling power,

aQ
dt

A S272
= A AT = (L + 2RAT> AT,  (25)

reveals the inferiority of composites to pure thermo-
electrics. Adding a simple metal to the thermoelectric
material slightly decreases the thermal conductance and
increases the resistance, thus reducing the cooling power.
Conversely, substituting part of the thermoelectric mate-
rial with a metal increases the thermal conductance and
reduces the resistance, enhancing the cooling power — but
then again, removing the entire metal further increases
the efficiency.

THE BEST COMPOSITE

Before exploring the potential applications of compos-
ites, it is important to acknowledge that the formulas
used to predict the thermoelectric performance are sub-
ject to ideal conditions and may not accurately reflect
real-world scenarios. This is because they do not account
for the impact of external factors such as contact resis-
tances and inter-phase scattering. As a result, the actual
performance may differ from predicted values. On the
other hand, more realistic, disordered composites can of-
ten be approximated by spherical structures, which show
the same tendency as parallel slabs [26]. Thus, the fol-
lowing statements should be valid in many cases.
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Figure 4: Figure of merit 27} of a SnSe-Ag composite
for different reductions of lambda due to increased
scattering on the metallic structures. The reduction was
calculated from a simple d.-dependent relation,
Ared = X /[1 + adie(1 — dte)], With a chosen such that
the reduction equals 5%, 10 % and 20 % for ¢, = 0.5.

As we have shown in this work, an enhancement of the
thermoelectric properties due to a smart combination of
a high-performance thermoelectric and a simple metal
in a serial configuration is not possible without intrinsic
property changes of the individual materials comprising
the composite, such as interface effects. When consider-
ing the significant impact of these secondary effects on
the properties of real composite materials, and the fre-
quent use of composites to improve the figure of merit, it
prompts the question of which materials are best suited
for making composites.

As can be seen in Figure 2 the total figure of merit
zT; stays almost constant down to a few percent of the
volume fraction of the TE material when a simple metal
is used as the second material. This opens a gigantic
playground to reduce the lattice thermal conductivity via
increased boundary scattering, as sketched in Figure 4.
Although the reduction of the thermal conductivity is
shown for an oversimplified d; relation, it is clearly visi-
ble that scattering of phonons with long mean free paths
on mesoscale-sized metallic structures will have a pos-
itive effect on the performance [23]. Hence, adding a
non-soluble and highly conducting metal is a cheap and
profitable strategy to achieve a larger figure of merit.

CONCLUSION

We recalculated the results of Bergman et Fel [26]
from a simple model while avoiding any approximations.
Our results shed a new light on the origin of the ex-



treme power factor values derived for composites, which
are caused by a drastic reduction of the resistance while
the thermovoltage only changes moderately. We further
elucidated the misleading meaning of the power factor
in such multi-phase systems by comparing measurable
macroscopic quantities such as the power output to pure
thermoelectric materials. We strongly advise using the
robust and error-resistant figure of merit z7T" when com-
paring the performance of composite systems to single-
phase thermoelectric materials. Lastly, we showed that,
in theory, the best thermoelectric composite consists of a
high-zT" thermoelectric and a simple metal with maximal
thermal and electrical conductivity.
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