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Abstract
In order to improve the thermoelectric conversion efficiency and figure of merit, ZT, composite materials of organic
or inorganic constituents often are considered. The limitation of this approach is set by the effective medium
theory, which states that the ZT in a composite material cannot exceed the greatest value of any single constituent,
if the constituents do not interact. Here, we describe a method that circumvents this limit, based on the
introduction of interfacial doping. An electrically and thermally insulating medium is distributed into a conventional
thermoelectric host material but is coated with an aliovalent acceptor that is allowed to diffuse locally into the host
matrix, thereby doping it locally. The thermal conductivity decreases when the insulating material is added, but the
more electrically conducting region around the insulator prevents an equally large increase in electrical resistivity.
Employing this method in p-type (Bi1-xSbx)2Te3 compounds results in a maximum figure of merit zT = 1.3, an over
10% improvement compared to the host material alone. We report synthesis and measurement techniques in
addition to thermoelectric transport properties. While we report on one material system, the concept is not specific
to that system and may be used to provide functionality in other thermoelectric composites.
Keywords: Effective medium, Locally doped, Microscopic inclusions, Thermoelectric, Figure of merit

Introduction
Due to their all-solid-state operation, thermoelectric
coolers based on the Peltier effect have many positive attributes: they require no regular maintenance, produce
no vibrations, emit no greenhouse gasses, offer a high
specific cooling capacity, and scale well to low power
and small size. However, their efficiency is competitive
only in low-power applications [1], which prevents their
large-scale adoption. Thus, their use is restricted to cases
where reliability and quiet operation are prioritized over
energy efficiency.
Assuming optimal heat exchangers, the cooling performance of Peltier modules is limited only by the quality
of the thermoelectric materials used to make them. This
quality is quantified by a dimensionless figure of merit
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ZT = α2σT/κ, with thermal conductivity κ, electrical conductivity σ, and thermopower α. Conventional Peltier
modules are made of tetradymite [2] materials (alloys of
general formula (Bi,Sb)2(Te,Se)3 that crystallize in the 3m
crystallographic point group) with thermal conductivity ~
1(W/m/K) and ZT of order 1.
In order to improve the ZT of the materials, research
in tetradymites has focused on reducing the lattice contributions to thermal conductivity by introducing nanostructures. Nanocomposites based on tetradymite alloys
result in large ZT improvements, which is credited to
phonon scattering [3]. Similar approaches based on phonon scattering have been effective in other materials,
resulting in maximum ZT ~ 1.2 in n-type materials [4]
and ZT ~ 1.4 in p-type materials [5]. The various mechanisms that lead to the remarkable thermoelectric performance of these alloys are reviewed in Ref. [2].
In this work, we take a different approach: we instead
consider composites with micro-scale inclusions that
interact with the host matrix as a general method to
improve functionality of conventional materials. Some
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previous work has provided empirical evidence of improvements in the thermoelectric performance of composites over uniform materials [6]. However, we are not
aware of any that provide a physical mechanism for the
improvement, as we do here. Instead, the work has simply recounted the observation of a reduction in thermal
conductivity that is not accompanied by an equivalent
reduction in electrical conductivity, but they do not
hypothesize or prove why that observation holds. Here,
we make the explicit diagnostic: the reduction in thermal
conductivity absent an equivalent reduction in electrical
conductivity results from local doping of the matrix
around an inserted phase (here, beads). We prove mathematically, using the effective medium theory, that this
is possible. Then we proceed to prove it experimentally
by contrasting the behavior of the composite with Agcoated beads, which dope the sample uniformly, with
that of the composite with Pb-doped beads, which dope
it locally. We apply this new approach to p-type tetradymite alloys already optimized as described above, and
show how this new approach yields an increase in ZT
greater than 10%.
Composites of non-interacting thermoelectric materials with high electrical conductivity and low thermal
conductivity have been tried, but have not produced increases in ZT. By non-interacting composites, we mean

composites that contain inclusions of a component B in
a matrix A where the physical properties (electrical and
thermal conductivity, thermopower) of A are not modified by the presence of B, or vice-versa. The effective
medium theory explains this result. A formal mathematical demonstration by D. Bergman and collaborators
shows that for any combination of non-interacting materials, ZT cannot exceed the greatest value of any single
constituent [7]. While the power factor α2σ can be enhanced, an accompanying increase in thermal conductivity
will always limit the figure of merit [8]. The demonstration assumes that transport coefficients describing a composite are equal to the mean transport coefficients of each
constituent weighted by their volume fraction φ. For
example, Fig. 1 shows the application of this effective
medium theory to three hypothetical cases based on a host
material (A) that is a p-type tetradymite host with a thermopower α = 240 μV/K, an electrical conductivity σ = 60,
000 S/m and a thermal conductivity κ = 1.2 W/m K. In
case (a), perfectly electrically and thermally insulating
spherical inclusions (component B) are added (Fig. 1a).
The calculated relative change of the effective α,σ, and κ
of the mixture as a function of φ are shown: at values of
φ < 0.3, below the percolation threshold, α(φ) barely
changes, while the thermal and electrical conductivity decrease in such a way that they offset each other and ZT is

Fig. 1 Results of the effective medium theory (a) the case of a spherical inclusion of a void, i.e. a material with no electrical (σ) or thermal (κ)
conductivity in a thermoelectric host (gray); (b) the case of a metallic inclusion with an electrical and thermal conductivity 1200 times that of the
host, but no thermopower (α); (c) the case of a void surrounded by a doped layer of thermoelectric with a 100 times higher σ and κ than the
host. At filling fractions Φ below the percolation threshold, the thermopower α(Φ) of the effective medium is unchanged. In cases (a) and (b), the
effective medium κ(Φ) and σ(Φ) (shown normalized to those of the host) vary with Φ in complementary ways, and the ZT of the composite is
unchanged from that of the host. However, in case (c) an increase of ZT can be obtained
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unaffected. Similarly, Fig. 1b shows how adding inclusions
of a metal (component B in this case) with α = 0 μV/K and
100 times higher electrical and thermal conductivity than
the host material results in values for the effective medium
α(φ) that also barely changes, and once again, σ(φ) and
κ(φ) that compensate each other. In this case the model
predicts that the power factor will rise, but the thermal
conductivity will rise congruently, again resulting in a ZT
that is unaffected.
The only cases where the limits of the effective
medium theory are exceeded are those where a guest
material B alters the properties of the host A, e.g., by
introducing new scattering mechanisms [9]. This is what
we call interacting composites. Here, we experimentally
explore the theoretical solution offered in Fig. 1c, describing the results of the effective medium theory applied to a composite based on insulating beads, but with
a variation of the electrical conductivity at interfaces.
The model is based on the same formulas but considers
three constituents: a thermoelectric host, insulating inclusions, and narrow, electrically conductive channels
where they meet. Assuming voids that are much more
thermally and electrically insulating than the host but
surrounded by channels that are much more electrically
conductive than the host, the model in Fig. 1c predicts
an increase in the figure of merit. The result in Fig. 1c
shows how the power factor is expected to decrease
slightly, but that effect is accompanied by an even larger
loss in thermal conductivity.

beads and (Bi0.25Sb0.25)2Te3 is expected to replicate the results of Fig. 1a and is not expected to increase ZT.
As noted above, Pb-coated hollow silica beads in the
(Bi0.25Sb0.25)2Te3 host created composites that agree with
Fig. 1c. The Pb coating did not diffuse through the bulk
of the host material at sintering temperatures, as illustrated by the electronic properties in Fig. 2. The carrierdensity measurements by Hall effect on the composite
samples showed that the average carrier concentration
changed little when compared to the case of the samples
without beads. As predicted by the model, there was
little effect on the thermopower, and the power factor
decreased monotonically. The thermal conductivity and
figure of merit are reported in Fig. 3. As predicted, the
decrease in thermal conductivity was greater than any
decrease in power factor, resulting in a maximum zT of
1.3. Unlike the model predictions, the ZT did not
increase monotonically with volume fraction of beads,
indicating that there is an optimal value within this
range.
We selected Ag as a second coating because it is known
to have large diffusion coefficient in bismuth telluride
[10]; thus, these samples act as a control to observe the
effects of bulk doping in the composite. Electronic properties are shown in Fig. 4. The Hall carrier density was ten
times larger in the composite samples than in the host
material, indicating bulk diffusion of Ag. There was a large
decrease in thermopower and resistivity when silvercoated beads were present, even for small volume fractions. This is consistent with the model in which the
increase in power factor in the case of the Pb-coated beads
is due to composite effective medium effects, and not to
accidental doping of the host material.
In summary, composites based on the effective medium
theory can add functionality to existing thermoelectric
materials by ensuring that the inclusions introduced
locally change the properties of the host. To maximize
performance, inclusions should be selected that minimize
thermal conductivity. A coating can be selected that is
stable during sintering and diffuses locally into the host,
changing only the local electrical conduction. Due to
diffusion at high temperatures, this type of composite is
unlikely to perform well in power generation. The most
likely application is cryogenic refrigeration, where operating temperature is much less than synthesis temperature.

Discussion and results
In our experiment, we used sintered p-type (Bi0.25Sb0.25)2Te3
(see Methods) as a host material. We deployed silica beads
with a coating made from an elemental metal known to be
an aliovalent acceptor in (Bi0.25Sb0.25)2Te3 into the host. The
coating element was then made to diffuse into the host
(Bi0.25Sb0.25)2Te3 by spark plasma sintering and dope it to
form the third, electrically conductive layer at the interfaces.
Two coatings were used: Pb, which has a low diffusion coefficient in (Bi0.25Sb0.25)2Te3, and Ag, which has a very high
diffusion coefficient. In other words, the diffusion of Ag is
much faster than that of Pb, so that for a similar heat treatment, the Ag atoms will distribute throughout the
matrix, while the Pb atoms remain in the neighborhood
of the beads. The coated beads were introduced in the
(Bi0.25Sb0.25)2Te3 host matrix at various concentrations,
and the elements (Pb or Ag) subsequently were allowed
to diffuse (see Methods). Based on their diffusion coefficients, the dopants are expected to behave as follows:
Pb diffuses only locally and also dopes the host material
only locally: its structure replicates the results of the
simulation in Fig. 1c. Ag is used to prove the null result: it diffuses throughout the host matrix material and
dopes it uniformly. Therefore, a composite of Ag-coated

Materials and methods
P-type (Bi0.25Sb0.75)2Te3 was selected as the composite
host material. High purity bismuth (99.999%), antimony
(99.999%), and tellurium (99.999%) were weighed to desired stoichiometry in an argon atmosphere, vacuum
sealed in a quartz ampoule, melted at 800 °C, and cooled
at 1 °C/min. The resulting ingots were ground into powder in a planetary ball mill at 350 rpm for 12 h.
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Fig. 2 Transport properties of a composite made of Pb-coated glass beads in a (Bi0.25Sb0.75)2Te3 host matrix. The thermopower, resistivity, power
factor (α2σ), and Hall carrier concentration are shown as functions of temperature for the various volumetric filling fractions indicated

Fig. 3 Thermal conductivity and ZT of a composite made of Pb-coated glass beads in a (Bi0.25Sb0.75)2Te3 host matrix. The temperature
dependence of κ and ZT are shown. ZT clearly is enhanced in the 5% composite over the values of the bulk host
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Fig. 4 Transport properties of a composite made of Ag-coated glass beads in a (Bi0.25Sb0.75)2Te3 host matrix. The thermopower, resistivity, power
factor (α2σ), and Hall carrier concentration are shown as functions of temperature for the various volumetric filling fractions indicated. The
presence of Ag-coated beads results in a strong increase in carrier concentration due to diffusion of Ag in the bulk of the host

Silica beads (Cospheric) of diameter 30 μm were selected to act as insulating voids in the composite. The
beads were coated with silver or lead by vapor deposition.
This was done by sealing beads and metal to be evaporated in a quartz ampoule, with a separation in between.
The ampoule was put in a furnace with a temperature gradient, so that metal vapor was transported to the area with
the beads. The ampoule was rotated to ensure uniform
evaporation. The presence of a metal coating on the beads
was verified by x-ray fluorescence (XRF). After coating,
the beads were stored in an argon atmosphere. All composite samples that are compared directly were prepared
from the same batch of beads.
The (Bi0.25Sb0.75)2Te3 powder and coated beads were
mixed by hand in an argon atmosphere in varying volume fractions given in Fig. 2, namely 5, 10, and 20
vol%. Multiple compositions were prepared in a die,
separated by carbon foil, to sinter multiple samples in
one batch. Each batch of samples was prepared by
spark plasma sintering (Dr. Sinter, Fuji SPS). As samples were sintered, bead coatings diffused into the sample at a rate proportional to absolute temperature,
forming conductive channels.

Samples were cut into parallelepipeds (approx. 1 × 2 ×
6 mm) perpendicular to the direction of sintering pressure for measurement in a cryostat. The in-plane thermopower and thermal conductivity were measured using
the classical heater-and-sink method as described in Ref.
[11]. A copper heat spreader under the resistive heating
element, and a hexagonal boron nitride heat sink, both
with a thermal conductivity one to two orders of magnitude larger than the sample, assured uniform heat flow
in the samples. Two copper-constantan thermocouples
were attached to the top and bottom of the sample next
to the heater to measure the voltage and temperature
gradient. The thermocouples were placed next to the
heater to minimize error. Temperature gradients were
on the order of 0.3 to 1% of the absolute temperature of
the experiment. The amount of heater power divided by
the temperature drop gives the thermal conductance,
which is converted into a conductivity given the sample
dimensions. Longitudinal and Hall resistivity were measured by the 4-probe method, and thermopower was
measured by the static heater-and-sink method. Current
wires were placed on the top and bottom of the sample
for resistance measurements. Thermal conductivity was
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determined above room temperature as the product of
thermal diffusivity, specific heat, and density. Thermal
diffusivity was measured in the same direction as other
transport properties, perpendicular to the axis of sinter
pressure. Specific heat was measured using a heat capacity puck with a Quantum Design PPMS. Density was
measured via Archimedes method.
Two distinct types of measurement errors must be
considered, sample-to-sample reproducibility and actual
measurement errors. The measurement errors are
mostly induced by noise in the thermometry and voltage
measurements; the noise of the nanovoltmeter used
(Keihthely 2182) is 50 nV, and the thermometry signals
typically exceed 10 μ for a measurement error below
0.5% per measurement. Each thermopower takes 4 measurements (heater on and off, hot side and cold side
temperature), as does each thermal and electrical conductivity measurement, for a total error of ~ 2% (12
measurements with 0.5% error each). The sample-tosample reproducibility depends on measurements of the
sample geometry, cross-section, and length between
contacts. While individual values for the conductivities
can have variations of as much as 10%, in the ZT, the
geometrical errors in thermal and electrical conductivity
cancel each other out. The sample-to-sample reproducibility in the ZT data reported in Fig. 3 are helped further
by the fact that all samples were pressed together in the
SPS. Consequently, the difference in ZT in the data in
Fig. 3 (10%) exceeds the error bar (< 3%).
Abbreviation
XRF: X-ray Fluorescence
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