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To improve the performance of thermoelectric materials, a highly effective and widely implemented
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 thermoelec-
tric semiconductors. In 1999, Bergman and Fel [J. Appl. Phys. 85(12), 8205-8216 (1999)] reported
that also the electronic properties, specifically the power factor S%o, can be significantly enhanced in
two-phase composites consisting of a highly-conducting, simple metal and a high-performance ther-
moelectric arranged in an optimal manner, sparking great experimental interest. In this work, we
challenge the theoretical results of Bergman and Fel and the conclusions drawn therein by utilizing
a simple serial model. We show that, while the improvement of the power factor is indeed extraordi-
nary, the results lead to a misleading interpretation of the overall thermoelectric 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 27T must be used instead. Nonetheless,
we demonstrate that the best thermoelectric composite consists of a highly conductive metal and a

high-performance thermoelectric.

I. INTRODUCTION

In times of rising energy consumption, there is an in-
creasing demand to use energy more efficiently. One
promising solution are thermoelectric materials, which
can convert waste heat to electrical energy by making
use of the Seebeck effect. The efficiency of such a ma-
terial is determined by the dimensionless figure of merit
2T = (S?0/A)T, which is composed of the Seebeck co-
efficient S, 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 BiyTeg
[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 thermoelectric materials, more
sophisticated 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]. For composites comprising different materials or
structures, effects like a reduction of the lattice thermal
conductivity from increased phonon scattering at defects
on various length scales [25-27] and an increase of the
Seebeck coefficient due to energy filtering at boundaries
[26, 28-30] can significantly increase the thermoelectric
performance. However, for these multi-phase materials,
a more fundamental question arises: How and to what
extent do the thermoelectric properties of the individual
constituents contribute towards the overall properties of
the composite?
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In the 1990s, Bergman et al. claimed in two studies
that a ,high-performance thermoelectric and a ,,benign
metal®“, i.e. a metal with high electrical and thermal
conductivity, combined in a favourable spatial configura-
tion, can drastically boost the power factor PF = S%¢
[31] but not the figure of merit 27" [32]. In absence of
intrinsic property changes, such as interface effects, this
would restrict the potential of composites to a high PF.
Numerous studies have supported the occurrence of a
largely enhanced power factor either theoretically or ex-
perimentally [33-41]. On the other hand, to the best
of our knowledge a debate about the merit of a boosted
power factor due to incorporation of a simple metal is
still missing.

Here, we inspect the relevant physical processes in
composites and elucidate, based on a simple model, why
the power factor is seemingly enhanced in such a sys-
tem, in accord with the calculations by Bergman and
Fel [31]. The model largely disregards influences of in-
terfaces on electrical and thermal transport, which are
usually present in composites and modify the measured
properties. Nevertheless, our results demonstrate that
the power factor is misinterpreted in these cases and over-
estimates the performance of such composite materials.
Ultimately, we show in a straightforward manner that
the PF is an ill-defined quantity and performance indi-
cator for the real power output of a material consisting
of at least two phases. This will shine a new light on
the research of composites and raise the awareness of the
ambivalent properties. Lastly, we highlight that, against
common intuition, a two-phase heterostructure consist-
ing of a thermoelectric with high 27" and a perfect metal
with high electrical and thermal conductivity is nonethe-
less the optimal thermoelectric composite.
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Figure 1. a) Schematic sketch of a serial connection of a ther-
moelectric material with the length [;e 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 Tu, 11 and Tc, respectively.
b) Sketch of the microstructure for a fictious thermoelectric
composite material with a serial slab configuration.

II. THERMOELECTRIC PROPERTIES OF A
SERIAL THERMOELECTRIC-METAL
COMPOSITE

Bergman and Fel calculated the overall thermoelectric
properties of thermoelectric-metal composites for several
different spatial configurations [31]. They reported 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 the present study, we will focus
on the slab configuration since it is easier to model and
provides a better understanding about the origin of the
apparent performance changes. Nonetheless, the qualita-
tive similarity between the two configurations [31] allows
to extend our results to composites in general.

Fig. la shows the model with the respective quanti-
ties of the thermoelectric and the metal used to calculate
the overall properties. It is similar to the one used by
Bergman and Fel, but with only one interface instead
of alternating slabs. When ignoring interface effects, as
done in both studies, these two models are equivalent.
Fig. 1b provides a realistic example for the application
of the model in a two-phase composite material.

A. Power factor

For a better understanding, we will first calculate the
total power factor of a serial connection of a thermo-
electric material with large S and an ideal metal with

pm — 0, therefore A\, — oo due to the Wiedemann-Franz
law. In the following, the total thermoelectric proper-
ties of the composite are written without index. From
Am — oo of the metal follows that the temperature at
the interface 171 = T and the whole temperature drop
occurs in the thermoelectric material, yielding the ther-
movoltage

U = Ste (Ti — Tc) = Sie AT . (1)

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

S = Ste . (2)

The total resistance is only comprised of pie due to p, =
0 in the ideal metal, which gives

lte
lte + lm

p = Rie = pPte = Pte e (3)

lte + lm
with the volume fraction of the thermoelectric material
Ote- While the Seebeck coefficient is not affected by the
metal, the resistivity - obtained by averaging the total
resistance over the volume of the entire composite - seem-
ingly decreases due to dte < 1, resulting in an increase of
the total power factor:

2 2
5 Se _pp L (4)

PF =
P Pte Ote Ote

Before discussing the physical meaning of Eq. 4, let
us examining a more realistic scenario with finite re-
sistivity and Seebeck coefficient (Sy, << St) in the
metal. The temperature differences across the thermo-
electric material and the metal, AT, = Ty — 11 and

AT, = Ty — Ty, can be calculated from the thermal con-
ductance C; = \;A/l; of both materials:
C(m lte)\m
AT, = AT = AT, 5
‘ Cte + Cm lm>\te + lte/\m ( )
Cte lm)\te
AT, = AT = AT . 6
Cte + C1m lm/\te + lte/\m ( )

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
— Ste lte/\m + Sm lm)‘te AT . ( )
lm>\te + lte>\m

This leads to

S o Ste lte>\m + Sm lm)\te
B lm)\te + lte)\m ’

(8)

The total Seebeck coefficient can be written using a
material-related quantity ey, following the notation of



our previous work about the thermoelectric properties of
a film-substrate setup [42]:
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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 resistivity further leads to a contribution of
the metal to the total electrical resistance

lte lm
R—Rte'i_Rm—pteZ—*'me (10)

and thus the electrical resistivity becomes
A m
p:RT = Pte (6te+5(1_6te)) 5 (11)
te

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

Ry lnpm
€ = = , 12
Rte ltepte ( )
Eq. 11 can be further simplified to
P = predie(l + o) - (13)

Combining Eq. 9 and Eq. 11 leads to the total power
factor of the system:

SQ
o

_ <Stc+5ASm>2 1 (14)
1+ EX pteéte<1 + 50) '

The different ;. dependence of the Seebeck coefficient
and electrical resistivity allows for extreme values of the
power factor if a well-conducting metal is incorporated
into the thermoelectric material. The total power fac-
tor can also be written in terms of the individual power
factors and the volume fraction of the thermoelectric ma-
terial:

PF(b) =
(\/m + E/\(éte)\/%sgn <ng) \/W)Q (15)

e

Ste (14 ex(010))” (1 + 24 (51e))

PF

with the Ji.-dependent notation of the material-related
quantities

(16)

A comparison between Eq. 15 and the results of Bergman
and Fel can be observed in Appendix A for three se-

lected systems calculated by the authors. The remark-
able agreement between the models validates our assump-
tions and underscores the significance of the results pre-
sented here.

Within the above framework, 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 conse-
quences and relevance of the resulting PF' enhancement
will be discussed later. A comparison between the predic-
tion of Eq. 15 and a Feo VAl 5-Cu composite is presented
in Appendix B.

B. Figure of merit

Next, we will calculate the figure of merit 27T of a bi-
nary composite, starting from an ideal metal with infinite
conductivities. The total thermal conductance C' can be
calculated, in accordance to the electrical conductance,
as

1 1 lte lte + lm
_——= = = 1
C Cie M4 AA (17)
and thus
1
)\ - )\tei . (18)
5te

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

zT:ET: Pl

A Ate

T = ZTte . (19)

The total thermal conductivity is modified, when the
thermal conductivity of the metal is no longer infinite. It
then becomes

T T e
11,1 _ 9
O C 0 T A TaA T A (20)
>\te
N e 21
Ote (1 + EA) ( )

From that a convenient relation of the total figure of
merit can by derived:

PF
7=t
i )

(VaTe + vexes sen (8) viTw)
(14+ex)(1+e,) '

(22)

As example we calculated the thermoelectric power fac-
tor PF and figure of merit zT of a composite consist-
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Figure 2. Total figure of merit 2T (solid lines) and power

factor (dashed lines) of a serial connection of Na-doped poly-
crystalline SnSe and Ag (red line) and Se-doped PbTe (or-
ange line) at 780K in dependence of the volume fraction dte
of SnSe, calculated from Eq. 15 and Eq. 22. The values of the
material properties were taken from literature [4, 10, 43-45].

ing of Na-doped polycrystalline SnSe [10] as a high-
performance thermoelectric material mixed with elemen-
tal Ag as well as another thermoelectric material, Se-
doped PbTe [4] (see Fig. 2). While PF reaches =~
250 PF;, in Ag with 0.1 % SnSe, the figure of merit in
composites differs from the power factor in that a lo-
cal maximum is absent. Hence, the zT of the composite
always ranges between the values obtained for the pris-
tine material, 7.e. it is always smaller than the 2T of
the thermoelectric. A striking feature in Fig. 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 excep-
tionally large difference in the electrical and thermal con-
ductivity of both materials. This can be explained by the
fact that in a serial configuration most of the tempera-
ture difference occurs across the thermoelectric material,
preserving the thermovoltage, while the balance between
increased electrical and thermal conductivity maintains
zT. Deviation from ideal conduction in the metal is the
only factor that decreases the overall 2T (see Eq. 19).
In contrast to that, both PF and 2T of a thermoelectric-
thermoelectric composite show a more linear behavior as
a function of the volume fraction, revealing the limitation
of such systems and necessity of additional effects that
truly change the microscopic properties, such as interface
scattering or diffusion.

The derivations of the thermoelectric properties pre-
sented here neglect interfaces between the constituents
of the composite. Interfaces can lead to scattering of
charge carriers and phonons and cause a modification of
all thermoelectric quantities. Their influence is propor-
tional to the electrical and thermal resistance as well as

the number of interfaces. In Appendix C, a qualitative
description of the effect of interfaces is provided. Never-
theless, the statements concluded from the ideal system
are still valid if interface scattering is not the dominant
mechanism determining the composite’s performance.

III. CLEARING UP THE DELUSION -
MICROSCOPIC VS MACROSCOPIC
PERFORMANCE

We point out that resistivity, thermal conductivity and
other quantities are material-specific intrinsic properties.
In an electrical circuit consisting of several components
with different properties - like the composites discussed
here - the microscopic definition of the resistivity be-
comes ill-defined due to spatial inhomogeneity. Like-
wise, the PF becomes meaningless, as it does not reflect
the total power output any more, as shown below. In-
stead, the proper quantities to compare the performance
of such networks are total power output, heat conduc-
tance and resistance. Such macroscopic quantities are
generally more robust and less prone to mistakes and
misinterpretations since they are measured directly and
don’t require considerations about the dimensions and
microstructure of the system.

To further elucidate the meaning of the power factor of
composites, we will compare PF, 2T and the power out-
put for the three different systems comprised of the state-
of-the-art thermoelectric material SnSe and elemental
Ag, as depicted in Fig. 3a. These include a pure ther-
moelectric (I), a thermoelectric-metal composite (II) as
well as the pure thermoelectric with reduced length (III).
Again, interfaces will be neglected, which will yield differ-
ent results than would be obtained experimentally. How-
ever, the informative value of the distinct difference be-
tween the setups is still assured.

It is well known that the maximum power transfer to
a load connected to a thermoelectric generator occurs for
equal resistances [46], thus

U2

me:77
4R

(23)
with U and R being the total generated thermovoltage
and resistance of the composite, respectively. Utilizing
the definitions U = SAT, PF = S%¢ and R =1/ (cA),
which equals a transformation of the composite into a
single ,,average“ material, Eq. 23 can be rewritten as

A
Poox = —PF2AT .

1 (24)

In Fig. 3b, the temperature profile of system II is
sketched. Unlike in system I and III, where the tem-
perature decreases linearly between the electrodes, the
temperature drops mainly along the thermoelectric com-
ponent (compare Eq. 5 and Eq. 6). The total power
factor, figure of merit and power output are shown in
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Figure 3. a) Sketch of the three systems compared in
the text with respect to their thermoelectric performance. I:
(Na-doped polycrystalline) SnSe, II: SnSe-Ag composite with
0te = 0.1, III: SnSe with reduced length similar to system II.
b) Temperature profile of system II. ¢) Power factor, figure
of merit and maximum power output for all three systems.
The power output was calculated using I = 1cm, A = 1 mm?,
T = 300K and AT = 100K. For the sake of simplicity, all
thermoelectric properties were taken at 780K [10, 43—45].

Fig. 3c.

On first glance, the SnSe-Ag composite (IT) seems to
perform better than pure SnSe (I) in terms of power fac-
tor and power output, while reducing the figure of merit
only moderately. Incorporating metal components into
the thermoelectric material improves the power gener-
ated by reducing the total resistivity while the Seebeck
coefficient S remains almost unaffected, thereby seem-
ingly decoupling S and o, two transport properties which
are usually difficult to enhance simultaneously [47]. How-
ever, it is not the metal per se that improves the perfor-
mance but rather the length reduction of the thermoelec-
tric while the temperature drop across the thermoelectric
remains the same - an approximation that cannot always
be realized in applications. Indeed, a comparison be-
tween systems II and ITI shows that for the same volume
of the active thermoelectric component, the power output
is marginally higher without the metal despite the fact
that the metal composite has a a ten times higher power
factor. Thus, the enhancement of the power factor found

by several studies and also in the present work merely
results from a nonsensical comparison of two materials
with different volume fractions of the active thermoelec-
tric component. Therefore, the power factor is no longer
a valid indicator for thermoelectric performance in com-
posite materials. Since a large PF neither indicates a
higher 27T nor a higher power output in such compos-
ites, the power factor becomes a meaningless parameter
for evaluating composite materials or devices. 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 volume fraction of the ther-
moelectric material and lowering the resistance - given
that the same temperature drop can be realized across
the thermoelectric material with reduced length, i.e. a
significantly enhanced temperature gradient d7'/dl.

The showcase presented above nicely illustrates the ne-
cessity to consider the dimensions of the material if inho-
mogeneities are present, as is the case in composites. Ac-
cordingly, the use of macroscopic quantities is inevitable.

Another potential application for thermoelectric mate-
rials with high power factors is the so-called active cool-
ing, which combines traditional heat conduction with the
Peltier effect to enhance cooling capabilities [48]. In this
context, a large thermal conductivity and power factor
are desired to maximize the effective thermal conductiv-
ity Aefr:

2
- ZERY
with the temperature of the hot side Ty. Active cool-
ing does indeed look like a promising application when
composites are compared to conventional materials (see
Appendix D).

However, it is important to examine the macroscopic
quantity - 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 . A 5272
= A AT = <C+ spar ) AT (26)

expressed with the macroscopic quantities C = )\% and
S—RQ = PF%, reveals the inferiority of composites to pure
thermoelectrics. While the resistance can be decreased
by substituting part of the thermoelectric material with
a metal, thus enhancing the cooling power, the perfor-
mance is always worse compared to the pure thermoelec-
tric with reduced length. Similar to Eq. 24, the metal-
incorporated material appears better due to a compari-
son of different amount of thermoelectric material.

IV. THE BEST COMPOSITE

Before exploring the potential applications of compos-
ites, it is important to acknowledge that the formulas
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Figure 4. Figure of merit 27T 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, Area = A/[1 + adie(1 — te)],
with a chosen such that the reduction equals 5%, 10 % and
20 % for dte = 0.5.

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. That be-
ing said, realistic composites with arbitrarily arranged
microstructure can be approximated by a model where
one component adopts a spherical shape enclosed by the
other, which shows the same thermoelectric tendency as
the parallel slab model [31]. Thus, the following state-
ments should be valid in most cases.

As we have shown in this work, an enhancement of the
thermoelectric properties due to a 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 com-
posite, such as interface effects. When considering the
significant impact of these secondary effects on the prop-
erties of real composite materials, and the frequent 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 Fig. 2 the total figure of merit
ZT stays almost constant down to a few percent of the
volume fraction of the thermoelectric material when a
well-conducting metal is used as the second material.
This opens a gigantic playground to reduce the lattice
thermal conductivity of the thermoelectric material via
increased boundary scattering, as sketched in Fig. 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 or
reduce the amount of the thermoelectric material.

V. CONCLUSION

We recalculated the results of Bergman and Fel [31]
from a simple model while avoiding any approximations.
In alignment to their model, we neglected boundary ef-
fects, such as interface electrical and thermal resistances.
Despite this indisputable simple view on the matter, our
results shed new light on the origin of the extreme power
factor values derived for composites, which are caused by
a drastic reduction of the resistance while the thermovolt-
age only changes moderately due to the nonuniform tem-
perature gradient. We further elucidated the misleading
meaning of the power factor 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 z7" when com-
paring the performance of composites; similar to electri-
cal resistivity and thermal conductivity, the power factor
remains a well-defined quantity only for microscopically
homogeneous systems. 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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Appendix A: Comparison with the Bergman model

Fig. 5 compares our model with the results of Bergman
and Fel [31]. The models show excellent agreement de-
spite the different mathematical approaches. As dis-
cussed in the main article, the total power factor shows
a local maximum if the incorporation of a metal into
the main phase decreases the resistivity faster than the
square of Seebeck coefficient. Here, this is only the case
in (BigTes)o.2(ShaTes)o.s-Al, where a sufficient ratio of
the electrical conductivities (oy,/ot. = 270) and thermal
conductivities (A /Ate = 67.2) is given. In CoSbs-Ni, the
thermal conductivities are too similar (Ap/Ate = 1.8),
which causes a significant temperature drop inside the
Ni phase and makes an enhancement impossible. The
BiyTes-PbTe composite instructively shows that a com-
bination of two thermoelectrics only worsens the overall
performance if not for additional scattering, diffusion or



10}
- - --Bergman and Fel
—— Model
CoSh, - Ni
&
£
B o5 :
= Bi,Te; - PoTe
LL
o
0'0 _I 1 1 1 1 1

0.0 0.2 0.4 0.6 0.8 1.0

Figure 5. Comparison of the total power factor PF between
the model of Bergman and Fel [31] and our model, applied on
three different systems. The reference line of the CoSbs-Ni
system is not visible due to its excellent alignment with our
model. The values of the individual thermoelectric properties
were taken from Ref. [31].

other interrelated effects. The extremely low power fac-
tor in CoSbg-Ni for §y = 0.08 is due to the opposite signs
of the Seebeck coefficients, which leads to a cancellation
of the opposing thermovoltages.

Appendix B: Experimental validation

To validate the results from our model, we compared
the experimental power factor of a serial Fes VAl 5-Cu
composite with the predicted values in Fig. 6. The power
factor reaches 4.5 mW/mK? at 350K for a volume frac-
tion of Fea VAl 5 of d;c = 0.25 £ 0.1, a value being more
than 4 times larger than that of the pristine thermo-
electric. The composite was made using Spark plasma
sintering with a pressure of 50 MPa and a temperature
of 1100°C.

Appendix C: Consideration of small interface
resistances

In a composite, the interactions at the interfaces be-
tween different constituents can alter its thermoelectric
performance. These interfaces can cause scattering of
charge carriers, resulting in locally reduced electrical and
thermal conductivity. More importantly, phonon scat-
tering on interface structures hampers heat conduction,
lowering the overall thermal conductivity but also caus-
ing a discontinuity of the temperature at the interface.
Such a scenario is illustrated in Fig. 7. Similar to the
derivation in the main text, the temperature drop across
both the thermoelectric material and the metal can be

20
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Figure 6. Comparison of the power factor of a Fea VAl; 5-Cu
composite and the values predicted by the model presented
in the main article. The composite was measured for 25 %,
70% and 100% volume fraction of the thermoelectric material.
Because of the irregular interface and uncertainty in the de-
termination of the volume fraction due to the finite thickness
of the thermocouple, an error of +10% was assumed for the
volume fraction. The inset shows the experimental setup for
the measurement of the system with dte = 0.7. The thermo-
electric properties of Fea VAl 5 and Cu were taken from Ref.
[49] and Ref. [43, 44], respectively.

Figure 7. Schematic sketch of a serial connection of a ther-
moelectric material (length li.) and a metal (length l.,), in-
corporating an interface thermal resistance. Both materials
possess individual Seebeck coefficients S and thermal con-
ductances C' = 1/6, while the interface is characterized by an
additional thermal conductance. The temperature differences
across the thermoelectric material and the metal are denoted
as ATie and ATy, respectively. The solid line sketches the
temperature profile.

derived:
C.C,
AT, = m AT, C1
7 CiCre + CiCm + CroCrn (C1)
ATy GiCte AT,  (C2)

" CiCre + CiCrp + CroCrm



with the thermal conductances C; = X\jA/l; and j =
{te, m, i} denoting the thermoelectric, metal and inter-
face, respectively.

Using the thermal resistance 6; = 1/Cj, these equa-
tions can be written more conveniently as

A= g AT
o 1 (C3)
= <1 + m) AT
and
o\
AT, = (1 + M) AT (C4)

Here, AT/? and AT represent the temperature drops
in the ideal system without interface resistances.
The measured thermopower is given by

U = SioATho + SuAT

0, -t (C5)
=1+ — id
< * ate + 9m> U

As expected, the measured voltage is smaller than that
of the ideal system U'd without interface. For a larger
number N of interfaces, the Seebeck coefficient can be
written as

Nei -t id
= 1 _ 1
S ( + o +9m> S, (Co6)

Furthermore, an equivalent trend can be observed for
the overall thermal conductivity of the system. Taking
into account the influence of the interface, the thermal
resistance becomes

N
9=0te+6m+N0i=0te(1+aA+ 99) - Q)
te

This leads to the following expression for the thermal
conductivity:

A similar impact of the interface can be found for the
electrical resistivity:

Np; id
=1+ < C9
P ( pteﬂ)m) P (C9)

with p; being the electrical resistance of the interface.

In summary, the interfaces between the constituents of
a composite can influence all thermoelectric properties,
namely causing a reduction of the Seebeck coefficient as
well as the electrical and thermal conductivity. The ex-
tent of this influence depends on the electrical and ther-
mal resistance of the interface compared to the values
of the constituents, as well as the number of interfaces,
reflecting the structure of the composite.

Appendix D: Active cooling

Fig. 8a shows the effective thermal conductivity Aeg
of a BiyTez-Al composite for different volume fractions
of the thermoelectric and compares it with Cobalt and
CePds [48]. Aeg is significantly enhanced in metal-
dominated composites. This might cause a false in-
terpretation of measurement results. A comparison of
the macroscopic quantity, the cooling power dQ/dt, re-
veals the inferiority of composites compared to single-
phase materials (see Fig. 8b). For all volume fractions,
the composite has a lower cooling efficiency despite the
higher effective thermal conductivity. This shows, simi-
lar to the thermoelectric efficiency described in the main
article, that a comparison of the macroscopic quantities
is necessary to obtain an unbiased insight on a material’s
quality.
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