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1. Introduction

The emerging global need for energy production, con-
servation, and management has intensified interest in more
effective means of power generation. Enhancements to the
existing energy supply must come from a variety of renewable
sources including solar, wind, biomass, and others. Another
potential source of power is electricity from heat sources
through the use of thermoelectric materials. The heat can
come from the combustion of fossil fuels, from sunlight, or as
a byproduct of various processes (e.g. combustion, chemical
reactions, nuclear decay). Therefore, thermoelectric materials
can play a role in both primary power generation and energy
conservation (i.e. waste-heat harvesting). A hot topic of
discussion is how big this role is likely to be and the answer to
this question depends solely on how efficient these materials
are.[1] By no means should it be expected that thermoelectric
energy conversion will solve the world�s energy problems. It is
hoped and expected however that it will play a more
increasing role than it has in the past and will be one of
several technologies working together to address energy
efficiency issues. Thermoelectric modules are solid-state
devices that directly convert thermal energy into electrical
energy. This process is based on the “Seebeck effect”, which is
the appearance of an electrical voltage cause by a temper-
ature gradient across a material. The inverse of this, that is,
the appearance of a temperature gradient upon the applica-
tion of voltage is known as the “Peltier effect”.

Thermoelectric (TE) device performance relies directly
on the temperature gradient (DT) and an intrinsic material
parameter, the thermoelectric figure of merit (ZT). For power
generation, the thermoelectric efficiency is defined by
combining the Carnot efficiency (DT/Thot) and the figure of
merit ZT as shown in Equation (1),

h ¼ DT
Thot
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where Thot and Tcold are the temper-
ature of the hot and cold ends in a
thermoelectric module and DT their
difference. The term (1 + ZTavg)

1/2

varies with the average temperature
Tavg. This equation indicates that increasing efficiency
requires both high ZT values and a large temperature
gradient across the thermoelectric materials. Thermoelectric
devices currently available have a ZT of 0.8 and operate at an
efficiency of only around 5–6 %. By increasing ZT a factor of
4, and depending on DT, the predicted efficiency increases to
30%, a highly attractive prospect.

The challenge to create high ZT thermoelectric materials
lies in achieving simultaneously high electronic conductivi-
ty (s), high thermoelectric power (S) and low thermal con-
ductivity (k) in the same solid.[2–11] These properties define the
dimensionless thermoelectric figure of merit ZT= (S2 s/k)T
where T is the temperature. These parameters are determined
by the details of the electronic structure and scattering of
charge carriers (electrons or holes), and thus are not
independently controllable. The quantity S2 s is called the
power factor (PF) and is the key to achieving high perfor-
mance. A large PF means that a large voltage and a high
current are generated. The thermal conductivity k has a
contribution from lattice vibrations, klatt, called the lattice
thermal conductivity. Thus, k= kel +klatt, where kel is the
carrier thermal conductivity. Intuitively, the thermal conduc-
tivity must be low as a large DT must be maintained; a large
thermal conductivity will short the thermal circuit.

It is possible to envision two approaches aimed at
increasing ZT: either the power factor is maximized and/or
the thermal conductivity is minimized. Attempts at max-
imizing the power factor include the development of new
classes of materials, optimization of existing materials
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through doping, and the exploration of nanoscale materials.
The minimization of thermal conductivity can come through
solid-solution alloying, the development of materials with
intrinsically low thermal conductivity, and the relatively
recent realization that significantly reduced thermal conduc-
tivity can be achieved through nanostructuring. Each of these
approaches and developments will be described in the
following sections.

The field of thermoelectrics presents an important
challenge to synthetic chemists, physicists, as well as materials
scientists. The discovery of new promising materials requires
a combination of theoretical guidance, keen chemical intu-
ition, synthetic chemistry expertise, materials processing, and
good measurement skills. This powerful combination can be
effectively achieved by reaching across scientific disciplines.

The purpose of this Review is to highlight some of the
most promising thermoelectric materials and research results
to date. It is not intended to be an exhaustive review, for
example, although thin-film superlattices and nanowires are a
significant part of thermoelectric research, they are not the
focus of this Review. These systems have been reviewed
extensively previously.[12–15] Also, it is not our intent to cover
every report of measurements of thermoelectric properties if
those compounds do not appear to be promising at this time.
Instead, the weight of this Review lies in describing the most
promising bulk materials with particular emphasis on results
from the last decade.

2. Searching for the Best Thermoelectric Materials

2.1. Reducing Thermal Conductivity

Despite the linear dependence of the power factor (PF)
on electrical conductivity it is not always advantageous to
have a very high conductivity because this increases the
electronic contribution of k according to the Wiedeman–
Franz (WF) law (kel = L s T, where L is the Lorenz number).
Typically the Lorenz number is taken to be 2.45 �
10�8 WWK�2 for metals and degenerate semiconductors,
however it can vary depending on temperature and mate-
rial.[16] Based on the WF law the electrical conductivity scales
linearly with the carrier thermal conductivity kel and thus very

high electronic conductivities (> 2000–3000 Scm�1 at room
temperature) may not be appropriate. For the purposes of
illustration, let us consider the total thermal conductivity of
the best thermoelectrics used for power-generation applica-
tions, for example, for n-type PbTe the total thermal
conductivity is 1.3 Wm�1 K�1 at 700 K. For optimized samples,
about 0.15 W m�1 K�1 of this value is due to kel which arises
from an electronic conductivity of approximately 200 Scm�1

at 700 K. Therefore, for every 200 S cm�1 increase in con-
ductivity, the thermal conductivity is burdened with an
additional 0.15 W m�1 K�1 (at 700 K). This places severe
constraints on the magnitude of the lattice thermal conduc-
tivity to achieve high ZT.

An effective way to maximize the figure of merit (ZT) is
to manipulate the lattice thermal conductivity, which is the
only parameter not determined by the electronic structure.
All other material parameters, such as electrical conductivity
and thermoelectric power, are correlated with the electronic
structure of the material and thus, in most cases, cannot be
optimized independently.

The classical kinetic theory provides a good approxima-
tion for the lattice thermal conductivity [Eq. (2)]

klatt ¼ 1=3Cvlvs ð2Þ

where Cv is the specific heat at constant volume, l is mean free
phonon path, and ns is the average velocity of sound.[17] At
very low temperatures (under 40 K), the behavior of klatt is
dominated by the Debye T3 law for Cv. Phonon scattering is
insignificant in this temperature range, because of the low
number of excited phonons and their very long wavelength.
However, at high temperatures, that is, above the Debye
temperature, Cv approaches the classical value of 3R, making
klatt primarily depend on l which is determined by phonon–
phonon scattering. According to the Keyes� expression[18] the
lattice thermal conductivity is dominated primarily by
phonon–phonon scattering [Eq. (3)]

klattT ¼
R3=2

3g2e3N1=3
0

T3=2
m 12=3

A7=6 ð3Þ

where Tm is the melting point, A is the mean atomic weight, g

is the Gr�neisen constant, e is the fractional amplitude of
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interatomic thermal vibration, R is the ideal gas constant, No

is Avogadro�s number, and 1 is the density. This equation
allows some useful insight into thermal conductivity: 1) in the
high temperature range klatt follows a 1/T law, 2) a low melting
point can lead to a low thermal conductivity, 3) klatt decreases
with increasing atomic mass, and 4) the proportionality to 12/3

makes klatt low for crystals with large interatomic distances.
Historically, a successful strategy to increase the ZT value

has been to modify an already promising compound by
introducing point defects through the synthesis of isostruc-
tural solid solutions. The solid solutions provide an environ-
ment of atomic mass fluctuation throughout the crystal lattice
(i.e. disorder) which induces strong phonon scattering and
generally can lead to significantly lower thermal conductivity
and a larger ZT value. The canonical example of this is the
Bi2Te3 system for which the Bi2�xSbxTe3, Bi2Te3�xSex solid
solutions are superior to the parent compound. The benefit
results mainly from a lower thermal conductivity
(1.5 W m�1 K�1 versus 2.4 W m�1 K�1 in the parent compound)
and leads to a room temperature ZT� 1 (compared with ZT
� 0.6 for the parent Bi2Te3.

An intriguing idea to achieve maximum ZT was proposed
by Slack and is referred as the “phonon glass electron crystal”
(PGEC) approach.[19] A PGEC material features cages or
tunnels in its crystal structure inside which reside massive
atoms that are small enough relative to the cage to “rattle”.
This situation produces a phonon damping effect that can
result in dramatic reduction of the lattice thermal conductiv-
ity. In the PGEC picture a glass-like thermal conductivity can
in principle coexist with charge carriers of high mobility. An
indication for a “rattling” atom is a highly elevated thermal
atomic displacement parameter,[20, 21] although this phenom-
enon by itself is not adequate as proof of PGEC. The PGEC
approach has stimulated a significant amount of new research
and has led to significant increases in ZT for several
compounds such as the clathrates (see Section 3.1.2).

The thermal conductivity can also be decreased by
increasing the lattice period (i.e. large unit cell parameters)
thus providing short mean path lengths (by providing a longer
more “tortuous” path through the unit cell) for the heat
carrying phonons. This effect was observed in ternary and
quaternary bismuth chalcogenides which form complex
structures with large unit cells.

Additional highly successful strategies utilize boundary
scattering as a route for reducing the lattice thermal
conductivity to impressively low levels.[22, 23] One such
approach is grinding a material and subsequently pressing it
into a pellet using hot pressing or spark plasma sintering
techniques. In several cases the effect on phonon scattering
was shown to be stronger than the effect on electron
scattering. Another approach is to grow superlattices with a
nanostructured phase within a matrix material. Finally, major
reductions in the thermal conductivity have come through
nanostructuring bulk materials through top down approaches.
Several synthetic techniques have been applied to prepare
nanostructured PbTe, for example, with exceptional reduc-
tions in the thermal conductivity. Specific examples involving
these techniques for reducing thermal conductivity are
presented in Section 3.3.

2.2. Increasing the Power Factor

The least understood problems in current research are
how to increase the thermoelectric power of a material
without depressing the electrical conductivity and to predict
precisely which materials will have a high power factor.
Generally, the thermoelectric power and electrical conduc-
tivity change in opposite directions with doping and thus there
is a compromised set of values that must be achieved. Thus, in
semiconductors there is a certain optimum carrier concen-
tration. This behavior is normal and well understood with
standard charge-transport theory. However there have been
examples of a substantial increase of one quantity while the
other remains constant, or a simultaneous increase of both
quantities. Such effects occurred in doped polycrystalline
Ca3Co2O6 as a result of increased carrier density, mobility, and
improved microstructure,[24] in ErAs/InGaAs[25] through elec-
tron filtering,[26] in nanostructured PbTe with Pb and Sb[27]

through a modified carrier-scattering mechanism, in sodium-
doped V2O5 thin film through a lowered activation energy of
small polaron hoping,[28] in gold-doped Ge-Sb film through
increased grain size and carrier concentration,[29] and in mixed
oxides In2O3-SnO2 and In2O3-ZnO through hoping conduc-
tion of electron and large carrier mobility.[30] These results
raise hope that substantial progress can be made if these
effects are better understood and controlled.

Currently, bulk materials with exceedingly large power
factors in the temperatures of interest (e.g. 300–1200 K)
remain elusive partly because we do not really know how a
large electrical conductivity and thermoelectric power can
coexist in a single compound. The development of charge-
transport theory addressing how the conventional interde-
pendence of the electrical conductivity and thermoelectric
power can be bypassed is in its infancy.

As mentioned above the greatest challenge now is how to
increase the thermopower of a material without depressing
the electronic conductivity. Moreover, it is not clear whether
this can be achieved with the already known materials or if it
would require completely new systems. The details of the
electronic structure are intimately tied to this question. There
are two formulae that capture some of the essential physical
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parameters relevant to the power factor which give a small
degree of guidance, albeit generic.

Boltzmann transport theory describes both electronic and
thermal transport in the vast majority of solids. This theory
provides a general understanding of the thermopower that is
expressed in the Mott equation [Eq. (4)][31] and the maximum

S ¼ p2

3
k2T

e
d ln sðEÞ

dE

�

�

�

�

E¼Ef

ð4Þ

attainable figure of merit (Zmax) of Equation (5).

Zmax / g
T3=2tz

ffiffiffiffiffiffiffiffi

mxmy

mz

q

klatt
e rþ1=2ð Þ ð5Þ

s(E) is the electronic conductivity determined as a function of
the band filling or Fermi energy, EF. If electronic scattering is
independent of energy, then s(E) is just proportional to the
density of states (DOS) at E. Figure 1 shows two hypothetical

electronic DOS diagrams. One in which the DOS varies
rapidly near EF, and one in which it does not. Based on
Equation (4), the system in Figure 1 a with rapidly changing
DOS is expected to have a larger thermoelectric power.

Another very useful expression is Equation (5) where g is
the degeneracy of band extrema, mi is the effective mass of
the carriers (electrons or holes) in the i-th direction, tz is the
relaxation time of the carriers moving along the transport (z)
direction, r is the scattering parameter, and klatt is the lattice
contribution to the thermal conductivity.

What insights can be gleaned from these equations that
would guide the synthetic chemist and materials scientist
design or improve a thermoelectric material? In the general
case, the S in the Mott equation is a measure of the variation
in s(E) above and below the Fermi surface, specifically
through the logarithmic derivative of s with E. The thermo-
power of a material is a measure of the asymmetry in
electronic structure and scattering rates near the Fermi level.
Thus the aim should be to produce complexities in either or
both the electronic structure and scattering rates within a
small energy interval (a few k T) near EF. The Mott equation
does not imply anything about the magnitude of the electrical
conductivity. Intuitively we could expect compounds with
complex structures and compositions to have a good chance
of possessing complex electronic structures. In addition, we

expect composite materials, especially those with nanoscale
features to produce emergent electronic structures with
considerable complexity.

Examples of two semiconductors, one with a simple and
one with a complex electronic structure are shown schemati-
cally in Figure 2. The band structure in Figure 2a is simple

with only one band extremum in the valence band and one in
the conduction band, while that in Figure 2b is complex with
multiple extrema in both the valence and conduction bands.
Simply, it can be expected that the complex structure
produces a large power factor than the simple one of similar
carrier concentration (p-type or n-type).

The Zmax of Equation (5) is insightful and has several
materials implications. The degeneracy of band extrema (g) is
the number of valleys in the conduction band (relevant to n-
type materials) or peaks in the valence band (relevant to p-
type materials) and according to Equation (5) it needs to be
high. This assumption is reasonable because each band
extremum, if occupied by carriers, contributes a certain
thermopower and electrical conductivity (i.e. a certain power
factor).[32] The presence of a large number of such valleys in
the band structure could lead to increased ZT because the
total power factor for the material derives from the summa-
tion of contributions from all extrema.[33, 34] Implicit in all of
this is that only one type of carrier must be present in the
system (electrons or holes). Mixed carrier systems have low
Seebeck coefficients because of cancellation of thermal
currents, (S = Sn + Sp). Finally, for high band degeneracy
high crystal symmetry of the materials is implied (e.g.
hexagonal, tetragonal, or cubic). A detailed analysis of the
electronic structure of a semiconducting compound (obtained
through appropriate quantum mechanical calculations) can
give information about the gap, the degeneracy of the
conduction and valence band extrema (i.e. g), and even the
effective mass parameters.

The Zmax expression in Equation (5) also involves the ratio
of effective masses with respect to carrier flow. If transport is
along the z-direction, the equation implies that a small

Figure 2. Hypothetical electronic band structure with a) single
extremum and b) multiple extrema in the valence and conduction
bands. When these systems are n-doped (see Ef’ level), more extrema
(electron “pockets”) are populated in system (b) than in system (a).
The power factor depends upon the number of populated extrema and
therefore system (b) will have a higher power factor.

Figure 1. Hypothetical density of state (DOS) with a) a large slope
(d lns(E)/dE) and b) a small slope near Ef.
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effective mass (mz) coupled with very large masses along the x
and y directions (mx and my) should lead to a high ZT. For a
high (mx my/mz) ratio a high anisotropy in the electronic
structure could be expected, implying high anisotropy in the
crystal structure. This implication seems contradictory to the
above suggestion of the benefits of high crystal symmetry and
herein lies part of the challenge in this research. There are
multiple ways to approach the problem as both isotropic and
anisotropic materials can be of interest. Therefore, different,
possibly divergent, strategies are required to discover high-
ZT systems.

From the above discussion, important parameters to
consider when selecting or designing material systems are
the band-gap size, the shape and width of the bands near the
Fermi level (EF), and the carrier effective masses and
mobilities. The band gap is important because, in general,
the temperature at which the ZT maximizes scales with band-
gap size. This is because for a given band gap energy (Eg)
there is a temperature at which thermally induced cross-gap
carrier excitations occur to generate carriers of opposite sign
which decrease the thermopower. It has been shown that
semiconductors with a band gap of approximately 10kB T best
satisfy this criterion.[35] Thus, for cooling applications lower
band-gap materials are best whereas for high-temperature
power generation larger gaps are necessary. Qualitatively, the
higher the Eg the higher the temperature at which the
maximum in ZT will be reached before it declines.

The transport theory associated with Equation (4) and
Equation (5) was developed for homogeneous single-phase
compounds; however, they probably apply to nanocomposites
as well. Corresponding theory for inhomogeneous materials is
still developing. Bulk nanocomposites have emerged recently
and offer additional physical effects that promise to overcome
some of the aforementioned challenges. Already, some
inhomogeneous systems have led to important breakthroughs
in ZT as will be described in Section 3.3.

3. Materials Research and Solid-State Chemistry

Numerous thermoelectric materials systems have been
developed and reviewed previously.[3, 36–39] Our goal herein is
to give an overview and most recent progress in thermo-
electric materials. First, single-phase bulk materials will be
discussed with particular attention to the chemistry, crystal
structure, physical properties, and optimization of thermo-
electric performance. These systems will be described in
sequence based on materials class. Second, bulk nanostruc-
tured composite materials will be examined. The opportuni-
ties for enhanced performance in nanostructured materials
will be discussed as well as our current understanding of this
class of materials.

3.1. Single-Phase Materials
3.1.1. Skutterudites

Skutterudites are a highly promising and deeply
researched class of compounds. They crystallize in the

CoAs3-type structure with the cubic space group Im�33. The
structure is composed of eight corner-shared XY6 (X = Co,
Rh, Ir; Y= P, As, Sb) octahedra. In fact, the CoAs3-structure
type is a severely distorted version of the perovskite AB3 type
structure. Figure 3a and b show that the linked octahedra

produce a void at the center of the (XY6)8 cluster, where the
void space occupies a body-centered position of the cubic
lattice. This void is large enough to accommodate large metal
atoms to form filled skutterudites. A notable characteristic of
this structure is the square anionic rings of the pnicogen atoms
(e.g. [P4]

4�, [As4]
4�, etc) which link the transition-metal ions to

form the cubic structure. Therefore, the composition can be
written as &2X8Y24 as illustrated in Figure 3a or &2X2[Y4]6 as
illustrated in Figure 3b. Jeitschko and co-workers[40–43] did
some of the pioneering work on the synthesis of filled
Skutterudites.

ZT values approaching 1.4 at 1000 K from 0.3 at 300 K
have been predicted by a simple semiconductor transport
model[44] which has helped motivate much of the work in this
system. The original thermoelectric skutterudite CoSb3 has a
very high power factor but its lattice thermal conductivity (ca.
10 W m�1 K�1 at room temperature) is too high to result in a
good thermoelectric material. One successful chemical
approach for optimizing these materials turned out to be
void-filling in the structure with many different elements
including lanthanide, actinide, alkaline-earth, alkali, thallium,
and Group IV elements.[45–47] Skutterudite antimonides pos-
sess the largest voids and are thus of particular interest for
thermoelectric applications.

Since the void-filling atoms can act as electron donors or
acceptors, partially filling the void space of skutterudites
could lead to an optimum electron concentration. At the same
time, these atoms can also act as strong phonon-scattering
centers to greatly reduce the lattice thermal conductivity. The
“rattling” effect of these void-filling atoms has resulted in
improvements in the thermoelectric properties of skutteru-
dites.[45,47] The smaller and heavier the ion in the voids, the
larger the disorder that is produced and, therefore, the larger
the reduction in the lattice thermal conductivity. Although the
hypothesis for the thermal conductivity reducing effect of the
void-filling atoms has been based on the “rattling” property

Figure 3. Two model structures of the skutterudite, CoSb3; the void
cages are filled with blue spheres for clarity. a) The unit cell of
skutterudite structure. The transition metals (Co) are at the center of
octahedra formed by pnicogen atoms (Sb). b) The model shifted by
the fractional coordinates 1=4, 1=4, 1=4 from the unit cell. The Co atoms
are connected for clarity. The only chemical bonds in this model are
those of the Sb squares.
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according to the PGEC concept, “rattling” induced phonon
scattering in filled skutterudites has not been proven. This is
currently the subject of debate since there are additional
factors, such as lattice disorder and point defects, which
cannot be decoupled from any “rattling” effects. Results from
Sales et al. ,[44, 46,48] Nolas et al. ,[49] and Tang et al.[50] reported
high ZT values at elevated temperatures in La0.9Fe3CoSb12,
Ce0.9Fe3CoSb12, YbxCo4Sb12, and CeyFexCo4�xSb12 for both p-
and n-type species (Figure 4).

Interestingly, only a small concentration of La or Ce[51] in
the voids of CoSb3 results in a significant thermal conductivity
reduction, and in some cases, have shown high power
factors.[49, 52] One example (Yb0.19Co4Sb12, ZT� 1 at
600 K)[10, 49] in Figure 4 shows how partial filling can result in
higher ZT values than full filling. Recently, higher ZT values
of partially filled skutterudites with a small amount of Ni
doping for Co, Ba0.30Ni0.05Co3.95Sb12 (ZT� 1.25 at 900 K)[53]

and Ca0.18Ni0.03Co3.97Sb12.4 (ZT� 1 at 800 K)[54] were reported,
compared with those of BaxCo4Sb12

[55] (ZT� 0.8 at 800 K) and
CaxCo4Sb12

[47,56] (ZT� 0.45 at 800 K).
Research into skutterudite compounds has led to further

understanding of thermal-transport processes and phonon-
scattering mechanisms, resulting in new efforts to seek other
materials with similar properties. Although it is still an open
question whether the various partially filled skutterudite
derivatives are in fact PGEC materials, the conceptual appeal
of Slack and Tsoukala�s[57] “rattling” atom approach to
skutterudite thermoelectric research has produced ZT
values over 1.

3.1.2. Clathrates

The clathrates are generally low-thermal conductivity
compounds with open frameworks composed of tetrahedrally
coordinate Al, Ga, Si, Ge, or Sn. The framework has cages
that can incorporate large electropositive atoms. There are
two main types of structure the so-called Type I and Type II
with the former being more common. The Type I structure
can be represented by the general formula X2Y6E46 (Fig-

ure 5a, Na8Si46 for example), where X and Y are “guest”
atoms encapsulated in two different polyhedral cages E20 and
E24, while E represents tetrahedrally coordinate framework
atoms. The Type II structure is composed of E20 and E28 cages.

In these cages, the guest atoms are thought to effectively
“rattle” and scatter lattice phonons, suppressing the lattice
thermal conductivity.[58] It has been observed that not only are
the “rattling” atoms important, but that the open nature of
the framework also results in low thermal conductivity.[59] A
recent review[60] of this class of compounds provides a more
detailed discussion of their synthesis and properties.

In the last decade research in this relatively large class of
materials has accelerated. Electronic band structure calcu-
lations using density function theory (DFT)[61] on Type I
clathrates suggested that ZT values of optimized composi-
tions of Sr8Ga16Ge30

[62] and Ba8In16Sn30 could reach 0.5 at
room temperature and 1.7 at 800 K. Seebeck coefficient and
resistivity measurements on polycrystalline samples[63] of
Ba8Ga16Ge30, Ba8Ga16Si30, Ba8Ga16Sn30, Sr8Ga16Ge30, and
Ba8Ga16Ge30 above room temperature, combined with esti-
mated high-temperature thermal conductivity from published
results on Ba8Ga16Ge30 and Ba8Ga16Si30 were reported to yield
ZT= 0.7 at 700 K and ZT= 0.87 at 870 K respectively.

Recent research for optimizing the thermoelectric proper-
ties of Type I clathrates above room temperature yielded
promising results. A Czochralski grown Ba8Ga16Ge30 crystal-
line ingot showed a Seebeck coefficient of �45 to
�150 mV K�1 and electrical conductivity 1500 to 600 S/cm at
300 to 900 K. The thermal conductivity of this sample
decreased from 1.8 W m�1 K�1 at 300 K to 1.25 Wm�1 K�1 at
900 K, which gave rise to ZT of 1.35 at 900 K without passing
through a maximum[64] (Figure 6 and 7). A repeated experi-
ment reported a maximum giving ZT� 0.9 at 1000 K,[65]

indicating the Czochralski prepared Ba8Ga16Ge30 is a promis-
ing candidate for high-temperature thermoelectric applica-
tions. The high cost of gallium and germanium, however, will
limit and actual commercial applications of this material.

The Type III clathrate structure formulated as X24E100 is
composed of three kinds of cages namely E20 pentagonal
dodecahedra, open dodecahedra, and distorted cubes. The n-

Figure 4. Figure of merit (ZT) as a function of temperature for
skutterudites as thermoelectric materials: a) Yb0.19Co4Sb12,
b) Ca0.18Ni0.03Co3.97Sb12.4, c) Ba0.30Ni0.05Co3.95Sb12, and d) Ce0.9Fe3CoSb12.
The ZT of e) Co4Sb12 is shown for comparison.

Figure 5. a) Crystal structure of the Type I clathrate, Na8Si46. Frame-
work composed of Si atoms (blue) and two different cages with guest
Na atoms, the tetrakaidecahedral cage ([51262]; blue) and the pentago-
nal dodecahedral cage ([512] ; green). b) Crystal structure of the Type
VIII clathrate, Eu8Ga16Ge30. The framework ([334359]; violet) is com-
posed of Ge and Ga atoms. ([Ax]: A = number of vertices, x = number
of faces).
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type optimized clathrate Ba24GaxGe100�x (x = 15) was
reported to reach ZT= 1.25 at 670 8C with a power factor of
1.15 � 10�3 W m�1 K�2 and a temperature-independent ther-
mal conductivity of approximately 0.85 Wm�1 K�1.[66]

Future studies should also focus on other clathrate
structure types, for example, Type VIII clathrate
Eu8Ga16Ge30 (Figure 5b). The Type I structure Eu8Ga16Ge30

showed ZT� 0.4 both in n- and p-type doped state at 400 K.[67]

The Type VIII analogue of Eu8Ga16Ge30 also showed ZT� 0.3
at 400 K when n-type doped.[68] Interestingly, a ZT� 1.2 at the
same temperature was estimated by theoretical predictions
for this Type VIII material when optimally p-type doped.[69]

3.1.3. Half-Heusler Intermetallic Compounds

Another class of compounds of considerable interest as
potential thermoelectric materials for high-temperature ap-
plications are the half-Heusler (HH) intermetallic com-
pounds formulated as MNiSn (M = Ti, Hf, Zr). HH phases
have the MgAgAs[70] crystal structure which consists of three
filled interpenetrating fcc sublattices and one vacant sub-
lattice. The general formula is XYZ, where X and Y are
transition metals and Z is a main-group element.[71] They are

relatively easily synthesized. Another advantage of these
compounds is their high melting points of 1100–1300 8C as
well as their chemical stability with essentially zero sublima-
tion at temperatures near 1000 8C. Figure 8 shows the unit cell

of TiNiSn, in which Ti and Sn occupy a NaCl lattice and Ni
occupies an fcc sublattice. The Heusler intermetallic com-
pounds with fully filled sublattices are metals (full-Heusler
alloys),whereas the vacant Ni atom sites in half-Heusler
compounds give rise to narrow bands resulting in d-orbital
hybridization and substantial semiconducting character of the
compounds.[71–74] The rather narrow bands give rise to a large
effective mass in these compounds and a large thermo-
power.[75]

The three filled sublattices are independently subject to
chemical manipulation to optimize the thermoelectric proper-
ties of the compounds. For example, doping on the Sn site
provides the charge carriers, while doping the Ti and Ni sites
causes mass fluctuation disorder that can lead to the reduction
of thermal conductivity. The most attractive feature of half-
Heusler alloys as promising thermoelectric materials is the
large room-temperature Seebeck coefficient of approxi-
mately 100 mVK�1 and high electrical conductivities of
around 1000–10000 Scm�1.[75–79]

Several half-Heusler alloys[75–78, 80,81] have been investi-
gated to improve their thermoelectric properties and ZnNiSn
is the most intensively investigated member. Sb-doped
TiNiSn alloys have power factors as high as 70 mWcm�1 K�2

at 650 K.[77] Despite the large power factor, a thermal
conductivity of approximately 10 Wm�1 K�1 is too high and
results in a ZT of only 0.45 at 650 K.

Notable progress was reported with ZT� 0.7 at 800 K for
n-type Zr0.5Hf0.5Ni0.8Pd0.2Sn0.99Sb0.01.

[81] Sakurada and Shutoh
reported a ZT value near 1.4 at 700 K for n-type
(Zr0.5Hf0.5)0.5Ti0.5NiSn1�ySby.

[80] Attempts to reproduce this
result failed, but this report has drawn considerable interest
to half-Heusler compounds as promising thermoelectric
materials. Recently, approximately 30 half-Heusler com-
pounds obeying the 18 valence-electron count were studied
theoretically to predict thermoelectric performance through
electronic structure and ab intio calculations.[82] It was pre-
dicted that several Co-, Rh-, and Fe-based half-Heusler
compounds may be promising p-type materials whereas

Figure 6. Comparison of total thermal conductivity as a function of
temperature for a) Ba0.3Ni0.05Co3.95Sb12, b) Ba8Ga16Ge30,
c) Hf0.75Zr0.25NiSn0.975Sb0.025, d) b-Zn4Sb3, e) Yb14MnSb11, f) Bi2Te3, and
g) PbTe.

Figure 7. Variable temperature figure of merit (ZT) of a) Ba8Ga16Ge30,
b) Hf0.75Zr0.25NiSn0.975Sb0.025, c) b-Zn4Sb3, d) Yb11MnSb14, e) TAGS,
f) Si1�xGex, and g) PbTe.

Figure 8. Crystal structure of the half-Heusler, TiNiSn, in a unit cell of
cubic structure (a = 5.9210 �). For clarity the void space is filled with
void atoms in yellow.
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LaPdBi and several others may be n-type with large power
factors.

Increased atomic disorder at the transition-metal sites in
half-Heusler alloys with different elements reduces the lattice
thermal conductivity through induced mass fluctuations and
strain field effects.[81, 83] The room-temperature thermal con-
ductivity (k� 7.1 Wm�1 K�1) for Hf0.75Zr0.25NiSn0.975Sb0.025,
Figure 6c, is reduced from the 11.14 W m�1 K�1 of ZrNiSn. If
Ti is also added to the transition-metal site
(Hf0.60Zr0.25Ti0.15NiSn0.975Sb0.025), a further reduction to
6.4 Wm�1 K�1 was observed. With Pd substitution at the Ni
site (Hf0.75Zr0.25Ni0.9Pd0.1Sn0.975Sb0.025) a value of 6.1 Wm�1 K�1

was reported.[84] However, at temperatures over 1000 K the
thermal conductivity is increased through the onset of ionic
thermal conduction within the open crystal structure.

For MNiSn half-Heusler alloys, Sb doping at the Sn site
also increased the ZT value. For example, the ZT value of
Hf0.75Zr0.25NiSn0.975Sb0.025 reached 0.81 at 1025 K and 0.78 at
1070 K, Figure 7b. This is because higher Sb content shifts the
Seebeck coefficient maximum to higher temperature and
leads to a larger power factor. Other members of the half-
Heusler family with semiconducting properties include the
(RE)MSb[79, 85] (M = transition metal, RE = rare-earth metal)
which are less-well studied but interest in these is increasing.

3.1.4. b-Zn4Sb3

b-Zn4Sb3 is a promising p-type compound at moderate
temperatures which exhibits exceptionally low thermal con-
ductivity.[86] The crystal structure of b-Zn4Sb3 is hwon in
Figure 9, and has one Zn site and two independent Sb sites

(the Sb1 and Sb2 sites are Sb3� and Sb2
4� dimers). One site is

disordered with Zn and has lead to controversy in determin-
ing the true stoichiometry of the compound. The most recent
structural analysis by X-ray single-crystal diffraction and
powder synchrotron radiation diffraction reported that the
structure includes three different interstitial sites in addition
to the Zn site which is only 90% occupied and the final
refined composition is Zn12.8Sb10.

[87, 88] Electronic structure and
transport calculations using the crystal structure most recently
identified have proposed the compound as a p-type semi-
conductor,[88] which was experimentally confirmed. It was also
proposed by the calculation results that the Zn interstitial
atoms play a dual role as electron donors and thermopower
enhancers.

The highest ZT value reported for b-Zn4Sb3 is 1.3 at
670 K,[89] see Figure 7 c, but apparently a critical drawback of
b-Zn4Sb3 for a good thermoelectric material is that decom-
position into ZnSb and Zn occurs before reaching its melting
temperature of 841 K. The power factor of b-Zn4Sb3 is only
moderate (13 mWcm�1 K�1 at 400 8C) for a high-ZT mate-
rial,[89] compared with that (70 mWcm�1 K�2 near 400 8C)[77] of
half-Heusler alloys. Therefore, the high ZT value of b-Zn4Sb3

is apparently associated with its “phonon-glass” behavior
which gives rise to an unusually low thermal conductivity of
approximately 0.9 W m�1 K�1 at room temperature,[87] see
Figure 6d. The interstitial atoms mentioned above are
probably responsible for the glass-like phonon damping that
suppresses the lattice thermal conductivity.

Doping in b-Zn4Sb3 leads to a further decrease in thermal
conductivity[87,90] but the doping concentrations are limited.
Even with the isostructural compound Cd4Sb3, the solid-
solution of (Zn,Cd)4Sb3 forms below 6 mol% Cd4Sb3 at
400 8C.[91] No significant improvement in ZT of 1.3 at 670 K
has been achieved for the doped samples.

3.1.5. The Zintl Phase Yb14MnSb11

Yb14MnSb11 has emerged recently as a promising inter-
metallic thermoelectric material for very high temperatures.
The compound belongs to the Zintl family, A14MPn11, where
A is an alkaline-earth or rare-earth metal, M is a transition or
main-group metal, and Pn is a pnicogen, several members of
which have been extensively studied for their magnetic
properties.[92] The Yb analogue appears to be an excellent p-
type thermoelectric material. Figure 10 shows the cubic
structure of Yb14MnSb11 which crystallizes in the complex
structure of Ca14AlSb11. It consists of one [AlSb4]

9� tetrahe-
dron, one [Sb3]

7� polyatomic anion, four Sb3� anions situated
between [AlSb4]

9� and [Sb3]
7� units, and 14Ca2+ per formula.

Yb14MnSb11 is considered to be a valence precise semi-
conductor based on the classical Zintl concept in which the
strongly electropositive Yb atoms donate electrons to Sb
atoms in the structure. In reality, the material exhibits weakly
metallic or semimetallic behavior as a function of temper-
ature.Figure 9. The crystal structure of b-Zn4Sb3 consists of a) three-dimen-

sional corner-sharing tetrahedra of [ZnSb4] units and b) Sb2 dimers
which form in the octahedral holes within the distorted hexagonal Sb1
channels (view down to the c axis).

Figure 10. The cubic crystal structure of Yb14MnSb11 consists of one
[MnSb4]

9� tetrahedral unit (yellow), one [Sb3]
7� ion (centers linked by

black lines), four Sb3� ions situated between the [MnSb4]
9� and [Sb3]

7�

units, and 14 Yb2+ ions per formula.
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Hot-pressed pellets of Yb14MnSb11 showed electrical
conductivity and Seebeck coefficient of 185 S cm�1 and
180 mV K�1, respectively, at 1200 K. Despite the low power
factor of approximately 6 mWcm�1 K�2 for this material, the
significantly low thermal conductivity in the rang 0.7–
0.9 Wm�1 K�1 in temperatures between 200–1275 K gives
rise to the remarkable ZT of approximately 1.0 at 1200 K,[93]

see Figure 6e and 7d. The low thermal conductivity is
primarily attributed to the large lattice constant, the struc-
tural complexity, and to the ionic character bonding in the
lattice. Yb14MnSb11 has nearly twice the ZT at high temper-
atures (975–1275 K) as a p-type SiGe based material (max-
imum ZT� 0.6 at 873 K).[94,95] The only other material system
that has any appreciable ZT at 1200 K is the Si-Ge alloy in the
radioisotope thermoelectric generator (RTG) for deep-space
probes. So it is possible that Yb14MnSb11 and its alloys may
replace p-type Si-Ge alloys in future missions.

A variety of substitutions in Yb14MnSb11 with other
alkaline-earth and rare-earth metals as well as transition/
main-group metals has been achieved for further optimization
of the thermoelectric performance.[96, 97] Studies of the charge-
transport properties of Yb14MnSb11 under pressure showed
that the conductivity decreased and thermopower increased
with increasing pressure.[98] The room-temperature ambient-
pressure conductivity and Seebeck coefficient, 689 Scm�1 and
47 mV K�1, of single-crystal samples increased to 645 Scm�1

and 55 mV K�1 under 2.3 GPa.

3.1.6. Metal Oxides

An intriguing newcomer to the field of thermoelectrics is
the class of metal oxides. Although many metal oxides had
been screened for high power factor, the results were
discouraging. However, the ternary and quaternary cobaltates
have generated much excitement because of their high
thermopower and related high power factor coupled with a
low thermal conductivity.

The appeal of oxides for high-temperature thermoelectric
power generation derives from their presumed high thermal
and chemical stability in air. In general, most oxides are
known to be poor conductors with low charge-carrier
mobility. The layered NaCo2O4 has a large enough thermo-
power and metal-like conductivity to place it on par with
many other interesting candidates discussed herein.[99] The
proposed origin of the unusually large thermopower of
NaCo2O4 is a large entropy of kB ln6, which is equivalent to
150 mV/K at the high-temperature limit, and is caused by the
low-spin state Co4+.[100, 101] The thermopower and conductivity
of NaCo2O4 single crystals reach 100 mV K�1 and 5000 Scm�1

at 300 K, consequently the power factor is 50 mWcm�1 K�2.
ZT� 0.8 at 1000 K from a polycrystalline sample[102, 103] and
ZT> 1 at 800 K from a single-crystal sample[104] have been
reported.

The structure of NaCo2O4 is shown in Figure 11, the CdI2-
type CoO2 layer is formed by edge-sharing distorted octahe-
dra and Na+ ions randomly occupy 50 % of the interlayer sites.
The [CoO2]

0.5� sheets are a strongly correlated electron
system. The sheets serve as electronic-transport layers and
the intercalated Na+ ions serve as the phonon-scattering

region to give low thermal conductivity (approximately
3 Wm�1 K�1 at room temperature).[105, 106]

Several derivatives including bismuth-doped Ca3Co4O9

(ZT> 1 at 1000 K),[107] (Bi,Pb)2Sr2Co2O8,
[108–110]

TlSr2Co2Oy,
[111] and (Hg,Pb)Sr2Co2Oy

[112] showed good p-
type thermoelectric performance. All these materials have a
common structural feature which is the CoO2 layer. This layer
seems to be a key ingredient for their good thermoelectric
performance. Thus, the transport properties of these oxides
are proposed to be associated with a block layer concept
which is often applied in high-temperature superconductors.
The best ZT values reported for p-type oxides are given in
Figure 12.[113]

Corresponding oxides with good n-type thermoelectric
properties have not yet been discovered. The best n-type
oxides to date are SrTiO3, heavily doped with Nb and La,
which show ZT� 0.37 and 0.26 at 1000 K,[114] respectively.
These materials have high power factors near 20 mWcm�1 K�2

but a very high thermal conductivity of 10 W m�1 K�1 at 300 K.
Al-doped ZnO (Al0.02Zn0.98O) has been reported with com-
parable a ZT value (ZT� 0.3 at 1000 K).[115,116] From room
temperature to 1000 K this material shows n-type metallic

Figure 11. The crystal structure of NaCo2O4 is composed of [CoO2]
�

ionic layers and Na+ ions which occupy half of the interlayer atomic
sites. The Co ions [CoO2]

� in the layers have an octahedral coordina-
tion environment and adopt the CdI2 structure type.

Figure 12. The figure of merit (ZT) for promising oxides as a function
of temperature, a) NaxCoO2 (crystal), b) NaxCoO2 (ceramic),
c) Ca3Co4O9 (crystal), and d) Bi2Sr2Co2Oy (crystal) compared with con-
ventional materials, e) PbTe and f) Si1�xGex.
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behavior with considerably higher power factor of approx-
imately 8–15 mWcm�1 K�2 and high thermal conductivity of
40–5 Wm�1 K�1. Another form of Al-doped ZnO was
reported with the enhanced ZT of 0.4 at 500 8C which was
achieved by applying a void forming agent (VFA), such as
nanoscale particles of carbon or organic polymer.[117] An n-
type composite phase, Ca-doped (ZnO)3(In2O3), fabricated
by the reactive templated grain growth (RTGG) method was
reported with ZT� 0.31 at 1053 K.[118]

Serious drawbacks currently in constructing modules with
oxide materials are the high contact resistance at the junction
of oxide/metal electrode and cracking/exfoliation during
operation cycles. The cracking/exfoliation comes from a
significant difference in thermal expansion between them.[119]

3.1.7. FeSb2

FeSb2 is of interest because of its record high Seebeck
coefficient (�45000 mV K�1) at low temperatures (ca. 10 K)
resulting in the largest power factor ever reported (ca.
2300 mW cm K�2).[120] This power factor is 65-times larger
than that of Bi2Te3. FeSb2 is one of two phases in the Fe-Sb
system and crystallizes in the marcasite crystal structure.
According to magnetic susceptibility, M�ssbauer effect,
resistivity, and Seebeck coefficient measurements FeSb2 is
described as a strongly correlated electron system. Band-
structure calculations show localized Fe d-states in the
valence band of the compound[121] that are expected to
contribute to the large experimental Seebeck coefficient
because S is dependent on the variation of the DOS near the
Fermi energy. The drawback of FeSb2 is its large lattice
thermal conductivity which prevents a significant figure of
merit ZT. At 12 K the resulting ZT is only 0.005.[120] Attempts
to substitute Sb with Sn were unsuccessful in increasing
ZT.[121] The possible existence of a very narrow band, formed
by Fe 3d states weakly hybridized with Sb 5p states was
suggested, and that the coherence of this band begins to
deteriorate as the temperature increases above 10 K. The
appearance of a colossal Seebeck coefficient within the “very
narrow band” scenario is worthy of further exploration as any
new insights obtained in this regard would help identify other
more promising colossal power-factor materials with Seebeck
maxima at higher temperatures. This phenomenon offers a
challenge for future theoretical work.

3.2. Chalcogenide Compounds

Chalcogenide compounds comprise a large class of
materials that are predominantly semiconductors. Generally,
they are air stable, melt congruently, and have high melting
points. The compounds have many of the desirable attributes
for promising thermoelectric materials. Because of their
versatility in combination with other elements and the small
variation in electronegativity between sulfur, selenium, and
tellurium, it is possible to obtain semiconductors with energy
gaps appropriate for thermoelectric applications (e.g. 0.1–
0.8 eV) over a wide range of temperature. The class of
chalcogenide materials has had a prominent position in the

field of thermoelectricity going back to its early stages. The
cornerstone of today�s thermoelectric cooling technology, for
example, has been Bi2Te3 and its solid solutions Bi2�xSbxTe3

(p-type) and Bi2Te3�xSex (n-type).[122] For over forty years this
system has been responsible for the continued interest and
development of this field. Another important chalcogenide is
PbTe which has a maximum ZT� 0.8 at approximately 770 K,
and has been suitable for power generation at intermediate
temperatures. The germanium-based TAGS (Te-Ag-Ge-Sb)
are more efficient than PbTe but have found little use due to
their high sublimation rate, high cost, and the presence of a
low-temperature phase transition.[123]

3.2.1. Anisotropic Materials
3.2.1.1. Tl9BiTe6, Ag9TlTe5, and Tl2SnTe5

Thallium chalcogenides have very low thermal conduc-
tivity and high Seebeck coefficients but relatively low
electrical conductivity. It was predicted that the carrier
concentration could be controlled by using doping to improve
the power factor,[124] but attempts to do this have not been
reported. Nevertheless, Tl9BiTe6, Tl2SnTe5, and Ag9TlTe5 are
noteworthy phases as promising thermoelectric materials.

Tl9BiTe6 is a derivative of the isostructural compound
Tl5Te3 formed by replacing Tl3+ with Bi3+ in 2 [Tl5Te3] =

[Tl+
8(Tl+Tl3+)Te2�

3]. As shown in the coordination polyhedra
in Figure 13 a, the nearest neighbors of the Te atoms are

exclusively Tl atoms and the central position surrounded by
Te atoms in the octahedral pocket is equally occupied by Tl
and Bi. Tl9BiTe6 was reported to exhibit a thermoelectric
figure of merit of ZT� 1.2 at 500 K, mainly arising from the
remarkably low lattice thermal conductivity of Tl9BiTe6 of
approximately 0.39 W m�1 K�1 at 300 K (Figure 14a).[125]

Tl2SnTe5 is a tetragonal phase with infinite chains of
[SnTe5]

2� running parallel to each other and eightfold
coordinate Tl+ ions between the channels (Figure 13b). One
of the main reasons for the very low lattice thermal
conductivity (0.5 Wm�1 K�1) of this compound is relatively
long Tl�Te bonds which produce very low frequency phonons.
This compound could be optimized to ZT� 1 at 500 K.[126]

Ag9TlTe5 is isostructural to Ag2Te, which has an even
lower lattice thermal conductivity than Tl2SnTe5.

[127, 128]

Figure 13. a) The crystal structure of Tl9BiTe6; the heavy-atom site
disordered being occupied by Bi and Tl. There are two alternating
cages of Tl atoms (yellow and blue). b) The crystal structure of
Tl2SnTe5 is composed of tetrahedral [SnTe4] units bridged by Te atoms
in square-planar geometry.
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Ag9TlTe5 combines extremely low thermal conductivity of
0.22 W m�1 K�1 and relatively low electrical resistivity to give
ZT= 1.23 at 700 K (Figure 14b).

Another interesting thallium-containing compound is
TlIn1�xYbxTe2. The solid solutions of TlInTe2-TlYbTe2 are p-
type and have a notably high ZT value at 500–700 K. For a
single crystal of TlIn0.94Yb0.06Te2 grown by float-zone melting,
physical properties at 700 K of Z = 2.61 � 10�3 K�1, thermo-
power of approximately 630 mV K�1, electrical conductivity of
approximately 39.5 Scm�1, and lattice thermal conductivity of
approximately 0.61 W m�1 K�1 were reported.[129] Despite the
apparently promising thermoelectric properties of this class of
materials, no further report has followed.

Because of significant toxicity and environmental issues,
thallium-containing compounds are unlikely to be accepted
for practical use. Despite this, studies on this class of
compounds are important from a scientific point of view
because they could provide a great deal of insights on how to
reduce thermal conductivity and optimize the ZT values of
materials.

3.2.1.2. Alkali-Metal Bismuth Chalcogenides

During the last decade much interest has developed in the
chemistry of bismuth chalcogenides owing to their potential
as thermoelectric materials as well as the abundance of new
compounds discovered in this area. Some of the new
compounds include KBi3S5,

[130] KBi6.33S10,
[131, 132]

K2Bi8S13,
[131, 133, 134] a-,b-K2Bi8Se13,

[135, 136] K2.5Bi8.5Se14,
[136]

AxBi4Se7
[137] (x = 1, 2), BaBiTe3,

[138] CsBi4Te6,
[139]

ALn1�xBi4�xS8
[140] (A = K, Rb; Ln = La, Ce, Pr, Nd), BaLa-

Bi2Q6
[141] (Q = S, Se), a-,b-APbBi3Se6

[142] (A = K, Rb, Cs),
K1�xSn5�xBi11+xSe22,

[143] A1+xM’4�2xBi7+xSe15
[144] (A = K, Rb;

M’= Sn, Pb), Sn4Bi2Se7,
[145] SnBi4Se7,

[146] CdBi2S4,
[147]

CdBi4S7,
[147] Cd2.8Bi8.1S15,

[147] Cd2Bi6S11,
[147] Ba3Bi6.67Se13,

[148]

and Ba3MBi6Se13
[148] (M = Sn, Pb). These types of compounds

have shown low thermal conductivity, high thermopower, and
often high electrical conductivity,[133,134, 149, 150] reaching, in the
case of CsBi4Te6, a ZT value of 0.8 at 225 K (see Sec-
tion 3.2.1.4).

The common feature of these materials is their high
structural anisotropy. The bismuth chalcogenide frameworks

derive from condensing Bi-Q octahedra through the sharing
of edges to form blocks that consist of the NaCl-, Bi2Te3-,
CdI2- and Sb2Se3-type structure. These octahedral blocks
come in different shapes and sizes and are usually connected
either directly with each other or through metal atoms of high
(> 6) coordination number. Many of the compounds are
members of large homologous series which are defined by
these adjustable blocks while following the same assembly
principle. These characteristics point to a seemingly countless
number of novel phases that can potentially form. The
features mentioned above can generate chemical and struc-
tural complexity, diversity, and disorder that can be desirable
in good thermoelectric materials.[2, 19, 151]

3.2.1.3. b-K2Bi8Se13

One of the most noteworthy phases is b-K2Bi8Se13 which
shows promising thermoelectric properties by virtue of its
very low thermal conductivity and relatively high power
factor.[136] Doping studies on this system have shown that its
ZT value can be substantially improved.[136,152]

b-K2Bi8Se13 has a low-symmetry monoclinic structure[136]

that includes two different interconnected Bi/Se building
blocks (the so-called NaCl(100)- and NaCl(111)-type) and K+

ions in the channels (Figure 15). These two Bi/Se blocks are
infinitely extended along the crystallographic b-axis and
connected to each other at special mixed-occupancy K/Bi
sites. Its highly anisotropic structure is reflected by the
formation of needle-shaped crystals.

Charge-transport and thermal-conductivity measure-
ments on b-K2Bi8Se13 single crystals showed low thermal
conductivity (ca. 1.3 Wm�1 K�1) and a relatively high power
factor (S2 s� 10 mW cm�1 K�2) at room temperature, giving
ZT= 0.22, (Figure 16).[136] The Seebeck coefficient is negative
indicating n-type character. The material is typically obtained
as a highly degenerate semiconductor. Based on b-K2Bi8Se13,
solid solutions with the isostructural compounds K2Sb8Se13,
Rb2Sb8Se13, and K2Bi8S13 have been studied.[153–158] A sub-
stantial improvement (by a factor of 2.5) of the power factor

Figure 14. Variable temperature figure of merit (ZT; solid symbols) and
thermal conductivity (open symbols) for Tl9BiTe6 (circle) and
Ag9TlTe5 (square).

Figure 15. Crystal structure of b-K2Bi8Se13 viewed down to the b axis.
The structure consists of two Bi/Se building blocks (NaCl type and
Bi2Se3 type) connected at the K/Bi mixed site (blue), the K atoms are
in the channels.
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at high temperature with slightly reduced thermal conductiv-
ity (k� 1.08 W m�1 K�1) was reported for polycrystalline
samples of 0.2% Sn doped K2Bi8�xSbxSe13 (x = 1.6).[153] A
ZT of approximately 1 at 700–800 K is possible in these
systems. The charge-transport properties have also been
studied under pressure, where a significant increase in the
power factor as well as a peak in the Seebeck coefficient was
observed, suggesting electronic topological transition upon
compression.[159]

A mixed-occupancy K/Bi disorder at the sites bridging
two different structural units is a very common feature in the
alkali-metal bismuth selenide system. Electron-diffraction
and charge-transport properties in conjunction with Hall
coefficient measurements on a series of solid solutions,
K2Bi8�xSbxSe13 and K2�xRbxBi8Se13, suggest that the degree
of disorder at the mixed occupancy K(Rb)/Bi(Sb) sites is very
important affecting the thermoelectric properties.[154] This
idea is supported by the results of ab initio density functional
theory band-structure calculations on this compound.[160]

Therefore, gaining control of these sites could hold the key
in further optimizing the thermoelectric properties in these
systems.

3.2.1.4. CsBi4Te6

CsBi4Te6 is a promising material for low-temperature
thermoelectric applications. This compound features a strong
anisotropic structure that contains both formally Bi3+ and Bi2+

centers. The unusual reduced Bi2+ centers form Bi�Bi bonds
of 3.238 �. The compound has a lamellar structure with slabs
of [Bi4Te6]

� alternating with layers of Cs+ ions (Figure 17).
Extensive studies showed that CsBi4Te6 was very responsive
to the type and level of doping agents and could produce both
p- and n-type materials.[161] The presence of Bi�Bi bonds in
the structure is responsible for the very narrow energy gap
(ca. 0.08 eV),[161–163] nearly half of that of Bi2Te3. The narrower
band gap is responsible for the maximum ZT value in
CsBi4Te6 being at lower temperatures than in Bi2Te3. Differ-
ent dopings of the p-type CsBi4Te6 give high values of power
factor (> 30 mW cm�1 K�2) between 100 and 220 K. Materials
doped with Sb, Bi, SbI3, and BiI3 have highest power factors of
40–60 mWcm�1 K�2 at 150–180 K. A ZT value of 0.8 at 225 K

was obtained for 0.06% SbI3-doped CsBi4Te6 (Figure 16).[139]

For n-materials generated by In2Te3- and Sn-doping, power
factors of near 25 mWcm�1 K�2 were obtained at 100–150 K.

Band calculations[164] for CsBi4Te6 suggest that this
material has electronic structural features that are highly
advantageous for good thermoelectric properties. The pro-
posed key feature leading to the high ZT value of CsBi4Te6 is
a large anisotropy in the effective mass. This proposal is
supported by angle-resolved photoelectron spectroscopy
studies (ARPES) for p-type CsBi4Te6.

[162] Another report[163]

on the band structure of CsBi4Te6 suggests that the carrier
concentration of the best p-type CsBi4Te6 material (ZT� 0.8)
is close to the optimal value achievable, but the thermo-
electric properties of n-type CsBi4Te6, when optimally doped,
may exceed those of the p-type doped materials. It would be
interesting to experimentally investigate these predictions.

3.2.1.5. Bi2Te3

The scientific literature on this prototypical system is vast
and it is not our intent to cover it.[6] Only the most recent
developments will be mentioned. Bi2Te3 is a narrow-gap
semiconductor with an indirect gap of approximately 0.15 eV.
It crystallizes in the rhombohedral space group R�33m the
structure comprises plates, made up of five atomic layers
(Te1-Bi-Te2-Bi-Te1), stacked by van der Waals interactions
along the c-axis in the unit cell (Figure 18). The state-of-the-
art Bi2Te3 materials with ZT� 1 are synthesized by alloying
with Sb for p-type and Se for n-type materials. In actual

Figure 16. Temperature-dependant figure of merit (ZT) for a) b-
K2Bi8Se13, b) CsBi4Te6, and for comparison c) Bi2Te3 and d) BiSb alloy.

Figure 17. Crystal structure of CsBi4Te6 viewed down to the b axis. Cs
atoms are located between NaCl-type Bi/Te layers which are composed
of [Bi4Te6]

� building units interconnected by Bi�Bi bonds (red).

Figure 18. Crystal structure of rhombohedral Bi2Te3 with five atomic
layers stacked along the c axis by van der Waals interactions. The Bi
atoms are coordinated with six Te atoms in octahedral geometry.
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devices the p-type “legs” are generally hot-pressed and
annealed pellets of Bi2�xSbxTe3 (x� 1.5) which have good
mechanical properties. The n-type counterpart is typically an
ingot form of Bi2Te3�ySey (y� 0.3) grown by zone melting
techniques.

Superlattice systems with low dimensionality have been
proposed as a means to greatly enhance the thermoelectric
ZT value as a result of the confinement effects on the
electronic density of states. A ZT of 2.4 at room temper-
ature[165] was claimed for a p-type Bi2Te3/Sb2Te3 superlattice
grown by chemical-vapor deposition, a value which purport-
edly broke through the long-standing ZT� 1 record for Bi2Te3

alloys. It was proposed that the extraordinarily high ZT value
of 2.4 (in the direction perpendicular to the layers of Bi2Te3) in
these artificially constructed systems originates from two
factors: a) exceedingly low lattice thermal conductivity (ca.
0.24 W m�1 K�1) and b) a cross-plane electron mobility which
is equal to the in-plane electron mobility. This idea is very
surprising because in pure Bi2Te3 the cross-plane mobility is
less than half that of the in-plane mobility. It was proposed
that the first factor derives from phonon back reflection at
Bi2Te3/Sb2Te3 interfaces. The suggested reasons for the second
factor involve the very small band offsets between the Bi2Te3

and Sb2Te3 slabs, but this argument leads to the conclusion
that in pure Bi2Te3 the cross-plane mobility should also be
equal to that of in-plane mobility since the valence-band
offsets between Bi2Te3 slabs is zero. Validation of these
extraordinary high ZT value results has not been reported.
Detailed reviews of thin-film thermoelectric materials can be
found elsewhere.[12,13, 15]

Significant improvements in the ZT value of Bi2Te3-based
bulk materials have been reported recently (Figure 19).[166–169]

A quasi-layered nanotube n-type Bi2Te3 with a holey one-
dimensional structure was prepared by hydrothermal syn-
thesis and has ZT� 1.0 at 450 K.[166] Utilizing this technique,
nanotubes embedded in a Bi2Te3 matrix, grown by the zone
melting technique, was reported with a ZT value of 1.25 at
420 K and n-type properties.[167] Melt spinning followed by
spark plasma sintering (SPS) gave p-type Bi2Te3 ingots with a

ZT value of 1.35 at 300 K.[168] The material features 25 nm
wide ribbons composed of nanostructured layers of Bi2Te3

crystals with 1 nm interplanar distance.
The highest ZT value for a bulk p-type Bi2Te3 material

was reported recently. The material with ZT� 1.4 at 100 8C
was prepared by ball milling followed by direct-current hot
pressing.[169] The ZT-value enhancement for this system
appears arise from reducing the phonon thermal conductivity
while maintaining a comparable power factor to that of the
bulk p-type Bi2�xSbxTe3. This material is called “nanobulk”
Bi2�xSbxTe3 and it is a single-phase material made of nano-
grains and macrograins mixed together. One issue that arises
in a material such as this is the long-term stability of the
nanograins against growth by grain–grain fusion at elevated
temperatures.

3.2.2. Isotropic Materials
3.2.2.1. PbTe

PbTe is the premiere thermoelectric material for mid-
range temperature (600–800 K) applications. It crystallizes in
the NaCl crystal structure with Pb atoms occupying the cation
sites and Te forming the anionic lattice. A band gap of 0.32 eV
allows it to be optimized for power-generation applications
and can be doped either n- or p-type with appropriate
dopants. The maximum ZT value for PbTe has been reported
to be 0.8–1.0 at approximately 650 K. The thermoelectric
properties of PbTe are reasonably well understood and have
been reviewed previously.[170, 171] The lattice thermal conduc-
tivity of PbTe is approximately 2.2 Wm�1 K�1 at room
temperature and falls at higher temperature with a 1/T
dependence. Significant recent work has focused on improv-
ing the thermoelectric properties of PbTe by nanostructuring,
as will be discussed in the following section, and more
recently modification of the density of states to create
resonance states in the conduction band thereby increasing
the Seebeck coefficient. Additionally, recent work has also
focused on understanding the mechanical properties of PbTe
for device fabrication.[172–174]

Dopant atoms in a semiconductor can introduce elec-
tronic states that can resonate with the semiconductor
matrix.[175–178] Based on a theoretical study of the effect of
Group 13 dopants on the electronic structure of PbTe,[178]

several different impurities were substituted in PbTe and
Pb1�xSnxTe. When Pb1�xSnxTe was doped with In, the
resonance level of In was not appropriately located in the
conduction or valence band and no enhancement in thermo-
electric properties was observed.[179] However, when Tl was
substituted in PbTe the resonant state was properly located in
the valence band and the semiconductor could be p-type
doped. This phenomenon was recently utilized effectively in
the PbTe:Tl system where a large ZT value (1.5 at 773 K) was
attributed to an increase in the Seebeck coefficient compared
to that of PbTe.[180] The increase in the density of states was
confirmed experimentally via optical spectroscopic measure-
ments and low-temperature specific heat measurements.
Additionally, the thermal conductivity in this system was
not reduced compared to pristine PbTe. Thus if the resonant-
state improvement could be coupled with a reduced thermal

Figure 19. Figure of merit (ZT) as a function of temperature for bulk
Bi2Te3 materials prepared by a) ball milling and hot pressing, b) zone
melting, c) melt spinning and SPS, and d) hydrothermal synthesis, and
for comparison e) the state-of-the-art Bi2Te3. The nanotube prepared
by (d) is n-type and the others are p-type material.
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conductivity, exceptional increases in ZT value may be
obtained. Nanostructured versions of PbTe have very differ-
ent thermal and charge-transport properties and are discussed
in Section 3.3.5. Although nanostructuring has become a hot
topic in PbTe-based materials, solid-solution alloying still
remains an active area of research.[181, 182]

3.2.2.2. AgSbTe2

AgSbTe2 is a p-type material with a high ZT value with
reports claiming it to be as high as 1.3 at 720 K.[11] This
material is the only ternary phase in the Ag-Sb-Te ternary
phase diagram. The simple ternary stoichiometry is deceptive
and hides an exceedingly complex structure that only recently
has begun to be investigated in detail. The phase diagram of
the Ag-Sb-Te system indicates that this compound is meta-
stable at low temperatures and can be prone to decomposition
to Ag2Te and Sb2Te3.

[183–185] Therefore most samples of
AgSbTe2 may actually be three-phase mixtures of AgSbTe2/
Ag2Te/Sb2Te3. Indeed, structural studies indicate a compli-
cated microstructure.[186]

AgSbTe2 crystallizes in the rock salt structure. This implies
that the Ag and Sb atoms are randomly distributed in the Na
sites of rock salt structure, but recent studies showed evidence
of Ag and Sb atom ordering in the structure. The existence of
ordering is reasonable (in fact, it should be expected) because
random occupation of the Na sites would create too many
Ag+–Ag+ and Sb3+–Sb3+ second-neighbor contacts in the
lattice which are energetically unfavorable when compared to
Ag+-Sb3+ contacts. Because of the very similar scattering
lengths of Ag, Sb, and Te atoms, ordering in AgSbTe2 is
difficult to detect with X-ray, neutron, or electron diffraction.
Thus, although evidence of ordering has been detected, a
unique ordering model based on structure refinement could
not be found. Based on the available evidence to date, it is
likely that the domains of AgSbTe2 contain regions of ordered
and disordered Ag and Sb atoms.

From the above it is evident that there are significant
complications in the chemistry of AgSbTe2 and this has been
the root of considerable confusion as to the true nature of the
structure, composition, and even whether it is a semiconduc-
tor or a semimetal.[187,188] For example, analysis of the
temperature dependence of the resistivity suggests energy-
gap values ranging from 0.6 to 0.2 eV. Galvanomagnetic and
thermoelectric studies showed that some samples can have
positive and others negative Hall coefficients while maintain-
ing a positive Seebeck coefficient, which suggests strong
sample to sample variability.[189] Given the thermodynamic
instability of AgSbTe2 suggested by its phase diagram it is
clear that the synthesis and crystal-growth conditions strongly
affect the nature of these samples.

First-principles calculations of the electronic, optical, and
lattice vibrational properties of AgSbTe2 performed with the
generalized gradient approximation (GGA) show a negative
band gap[190] (i.e. semimetal) but when the screened-exchange
local-density approximation (sx-LDA) method is applied, it
successfully corrects the band-gap problem found with GGA.
sx-LDA suggests a vanishing density of states at the Fermi
level, which is consistent with semiconducting behavior for

AgSbTe2.
[191] Various optical properties, including the dielec-

tric function, absorption coefficient, and refractive index, as
functions of the photon energy are also calculated with the sx-
LDA and are found to be in good agreement with experi-
ments. The calculated phonon spectra show that the optical
modes of AgSbTe2 are very low in frequency and should
scatter strongly with acoustic modes during heat transport.
The scattering of acoustic phonons by optic modes and the
possible Ag/Sb disorder may explain the extremely low lattice
thermal conductivity of AgSbTe2. This conclusion is not a
clean one because the effect of the Ag2Te and Sb2Te3

inclusions in the matrix of AgSbTe2 mentioned above is not
taken into account by these studies.

Recent experimental studies on AgSbTe2 suggest it is a
semiconductor with a very narrow energy gap of 7 meV, with
highly mobile electrons that dominate the Hall measure-
ments, and holes in a heavy band that dominate the thermo-
electric power.[192, 193] Since this gap energy is comparable to
the thermal energy, kB T, for temperatures above 100 K, it was
suggested that AgSbTe2 can in practice be considered as an
indirect zero-gap material above that temperature. The
synthetic details for the preparation of these samples were
not reported.

3.2.2.3. AgSbTe2/GeTe

The reaction of GeTe with AgSbTe2 gives alloys of the
form (AgSbTe2)1�x(GeTe)x. These materials have been stud-
ied for several decades and they are commonly referred to by
the acronym “TAGS-m”, where m represents mole percent
GeTe.[194] They are intrinsically p-type materials and are
typically combined with a PbTe n-type leg in a thermoelectric
device. The discovery of a high ZT value of approximately 1.4
and 1.5 at 750 K for m = 80 and 85, respectively,[195] motivated
subsequent studies on the (GeTe)-rich compositions.[196] This
was one of the first materials to exhibit ZT> 1 at high
temperature and suggested that ZT� 1 was not necessarily a
physical barrier of some sort as many had feared. TAGS-85 in
fact has been used in NASA missions since the early 1970s.
The TAGS system undergoes a polymorphic transformation
at 510 K, from a low-temperature polar rhombohedral (R3m)
to a high-temperature NaCl-type cubic (Fm�33m) structure.[197]

The transition temperature depends primarily on the ratio of
GeTe to AgSbTe2 and the Sb:Ag ratio. Although twinning is
pervasive in the rhombohedral structure, high-temperature
X-ray diffraction and TEM analysis showed no evidence for
any second phases, coherent or incoherent, in this composi-
tion.[197, 198] In other words, the (GeTe):(AgSbTe2) system
appears to be a proper solid solution although a recent report
seems to indicate nanostructuring.[199]

As the composition is varied from AgSbTe2 to GeTe in the
solid solution, the transport properties vary smoothly, except
for the double minimum observed in thermal conductivity at
80% and 85% GeTe. These minima result in an extremely
low lattice thermal conductivity (0.3–1.0 W m�1 K�1) while at
the same time the materials exhibit a large carrier mobility, m,
of 100–200 cm2 V�1 s�1. ZT values as high as 1.7 were reported
for the TAGS-80 composition.[200]
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3.3. Inhomogeneous Nanostructured Materials

Theoretical work on reports of vastly improved ZT values
in nanoscale materials grown by thin-film deposition techni-
ques showed that these increases arose from reducing the
thermal conductivity. However, the synthesis of large
amounts of material through solid-state methods is desirable
for widespread application. This situation prompted the
exploration of new approaches and concepts for the prepa-
ration of nanostructured materials. The AgPbmSbTem+2

(LAST-m) family of compounds and its p-type analogue
NaPbmSbTe2+m (SALT-m) for example, are inhomogeneous
on the nanoscale and achieve large ZT values that can be
attributed to substantial decreases in the thermal conductivity
compared to PbTe. Additional methods to prepare nano-
structured PbTe include precipitation and growth, spinodal
decomposition, matrix encapsulation, and the preparation of
nanoscale polycrystalline materials. Each of these materials
and methods will be described in the following sections.

3.3.1. AgPbmSbTe2+m

PbTe has a number of derivatives that have shown some of
the most promising results to date among bulk materials. The
first system, AgPbmSbTe2+m (LAST-m : lead antimony silver
telluride), reported to achieve ZT> 1, derives from the
combination of PbTe and AgSbTe2. Early studies of this
system reported it to be a solid solution between PbTe and
AgSbTe2 (both rock salt NaCl type structures) with p-type
properties and an unusually low lattice thermal conductivity.
The belief that the system is a solid solution came from the
fact that the LAST-m series do follow Vegard�s law when it
comes to the dependence of the lattice constant with
composition. The average solid solution structure is shown
in Figure 20. Recent studies, however found that n-type
samples could be made by introducing a Ag deficiency, which
could then act as a way to control the carrier concentration.
The LAST materials are thermally stable up to their melting
point (> 1200 K), and doping is generally controlled by non-
stoichiometry of the Ag, Pb, or Sb fractions in the form of
Ag1�xPbm+ySb1+zTe2+m. The LAST-m (m� 18–22) system

showed a high power factor and rather low lattice thermal
conductivity giving ZT� 1.7 at approximately 700 K.[201]

The LAST-m system is an interesting bulk-grown material
that spontaneously forms nanostructures during cooling from
the melt. High ZT values and nano-inclusions in the n-type
AgPbmSbTe2+m system were subsequently confirmed by addi-
tional reports.[202,203] Because of the complex nature of the
phase diagram, the thermoelectric properties of these materi-
als are extremely sensitive to the synthesis conditions.[204, 205]

As mentioned already in Section 3.2.2.2, even AgSbTe2, one
of the end members of the pseudobinary mixture, is prone to
decompose into binary phases depending on synthetic con-
ditions. It is necessary to keep these phenomena in mind when
determining the appropriate synthesis.

Another approach to prepare the LAST-m composite is
based on mechanical alloying and spark plasma sintering.
Good thermoelectric performance was also obtained for
LAST-m materials using this nanocomposite approach.[203]

Polycrystalline Ag0.8Pb18+xSbTe20 materials (very similar to
LAST) formed by mechanical alloying of elemental powders
followed by densification through spark plasma sintering
achieved a ZT value of 1.5 at 673 K.[202] This is only 20%
lower than the value reported by Hsu et al.[201, 206] for the
material grown from the melt. The average grain size of the
nanocomposite was approximately 1 mm, with a compacted
density of approximately 95% of the theoretical value. The
observed approximately 20 nm-sized precipitates in the grains
are believed to play an important role in lattice thermal-
conductivity reduction, in similar way to the melt grown
materials. The presence of Sb in these compositions is crucial
to obtaining high ZT values as replacement with Bi results in
lower power factors and higher lattice thermal conductivity
(despite the presence of nanostructuring).[207] This result
confirms that nanostructuring alone is not sufficient to reduce
the thermal conductivity; it must enable enhanced phonon
scattering (for example, through proper mass contrast or the
presence of strain at the interface).

The highest power factor reported to date in this system,
though relatively high, is still lower than that of optimized
PbTe itself, indicating that electron scattering is somewhat
increased. However, the lattice thermal conductivity is
estimated to be only about 30 % of that of PbTe and lower
than what might be expected from a conventional solid-
solution compound. Thus, the overall impact of the nano-
inclusions in LAST-18 is a net enhancement of the ZT value
compared to PbTe.

The nanoscale inclusions of minor phases in
AgPbmSbTe2+m exhibit coherent or semicoherent interfaces
with the matrix. Cross-sectional transmission electron micro-
scopy (TEM) shown in Figure 21 illustrates this relationship
where coherence between the two regions is visible. This
nanostructuring involves the endotaxial embedding of regions
of one composition inside a matrix of another composition.[208]

The inclusions in the LAST-m materials are believed to
form via thermodynamic spinodal decomposition or nuclea-
tion and growth events during cooling. These solid-state
phenomena are nearly ideal mechanisms for the formation of
phonon-scattering inclusions because, by its nature, the
precipitate phase undergoes a series of coarsening steps

Figure 20. Lattice parameter values showing the LAST-m family follows
Vegard’s law, even though the system shows nanoscale phase segrega-
tion. In the NaCl-type lattice the cation sites are occupied by Ag, Sb,
and Pb and the anion sites are occupied by Te.

Thermoelectric Materials
Angewandte

Chemie

8631Angew. Chem. Int. Ed. 2009, 48, 8616 – 8639 � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://www.angewandte.org


with coherent or semicoherent interfaces during the early
stages.[209] Consequently, their composition, structure, as well
as size and distribution can be controlled through judicious
selection of cooling rate and post-synthesis heat treatment.

3.3.2. AgPbmSnnSbTe2+m+n (LASTT)

LASTT is a p-type analogue of the LAST-m family of
materials based on the Pb1�xSnxTe solid solution.[210] ZT val-
ues for certain m and n values can reach 1.4 near 700 K.
Presumably, the matrix in these nanocomposites is comprised
of Pb1�xSnxTe solid solution and the nanoprecipitates are rich
in Ag and Sb as was observed in LAST. However, in these
materials the transport properties were not tuned as easily by
varying the Ag or Sb concentrations as in the case of the Sn-
free n-type material. However, the transport behavior in
LASTT is more easily tuned through the Pb/Sn ratio with the
9/9 composition giving the optimum values of thermopower
and electrical conductivity. Additional tuning, optimization,
and scale up is currently underway and may give rise to a
large-scale synthesis of high-ZT value p-type materials and
devices.[211] In other compositions in the same family of
compounds, novel properties emerge, such as in the case of
AgSnSbTe3, where a large Seebeck coefficient (160 mV K�1) is
measured even with nearly metallic carrier concentrations
(ca. 5 � 1021 cm�3).[212] Although other high-ZT value p-type
materials have also been discovered and will be discussed in

the following sections, LASTT may still be preferred as it is
easy to prepare and does not contain thallium or sodium.

3.3.3. NaPbmSbTe2+m

The sodium-substituted system NaPbmSbTe2+m (SALT-m :
sodium antimony lead telluride) is also a high-performance
system (ZT� 1.6 at 675 K for m� 20)[213] but has p-type
behavior. Again, the impressive ZT value is attributed to the
very low thermal conductivity of the material which is as low
as 0.85 W m�1 K�1, of which approximately 0.5 W m�1 K�1

corresponds to the lattice contribution. In this case too,
HRTEM images show a broad-based nano-segregated system
with features similar to those exhibited by the LAST samples
(Figure 22). The NaPbmSbTem+2 system should be naturally

prone to create Na-Sb-rich clusters in the lattice. The
distribution of Na+ and Sb3+ ions in the Pb2+ sublattice
cannot be random as would be demanded by a solid solution,
because coulombic forces alone tend to drive the system into
clustering at the nanoscale thereby lowering the overall
energy.[214] The ZT value of Na0.95Pb20SbTe22 rises strongly
with temperature and reaches 1 near 475 K and approxi-
mately 1.7 at 650 K. This is one of the widest temperature
ranges in which a single material exhibits a ZT value above 1.
Corresponding studies of NaPbmSnnSbTem+n+2 materials indi-
cated that their thermoelectric performance did not exceed
those of the SALT-m systems.[215]

3.3.4. PbTe-PbS

The discovery of nanodots in the LAST-m and SALT-m
systems, coupled with the results observed for superlattice
and endotaxially embedded nanocrystalline thin films, points
to a new approach in thermoelectric materials exploration.
This approach involves nanostructuring PbTe with a variety of
inclusions. Spinodal decomposition occurs in the PbTe-PbS
system where precipitates of PbS can be embedded in the
PbTe matrix. Through investigation of the PbTe-PbS system
for thermoelectric applications it was determined that the
material actually has three scales of inhomogeneity simulta-
neously (Figure 23). The system (PbTe)1�x(PbS)x does not
form a solid solution, but rather phase separates into PbTe-
rich and PbS-rich regions to produce coherent nanoscale
heterogeneities.[216] For x> 0.03, the materials are ordered on

Figure 21. An assortment of images taken by HRTEM at various
magnifications from LAST samples showing the complexity of the
system on the atomic and nanoscale.

Figure 22. High-resolution TEM images of SALT-based composite
materials clearly showing nanoscale precipitates.
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three submicron length scales. The coherent nanoinclusions in
a close relative, (Pb0.95Sn0.05Te)1�x(PbS)x, do not lead to
excessive electron scattering, and high electron mobilities of
over 100 cm2 V�1 s are observed at 700 K. At x� 0.08 the
material achieves a very low room-temperature lattice
thermal conductivity (ca. 30 % that of PbTe), and ZT� 1.5
at 650 K is possible (Figure 24).[216]

An important question to ask is how much of the observed
reduction in thermal conductivity in these systems is explicitly
a result of the nanodots, because the systems typically have
other co-existing defects—including solid–solution behav-
ior—that are known to inhibit heat flow. Figure 25 shows the
lattice thermal conductivities for five PbTe-based materials
systems plus pure PbTe. It is clear that while solid–solution
point-defect scattering alone is effective in lowering the klatt of
PbTe by approximately 30–40%, nanostructuring contributes
additional scattering to give an overall reduction of 75%.

3.3.5. Nanostructured PbTe

Precipitation and growth as well as matrix encapsulation
can also be used to prepare nanocomposite materials based
on a PbTe matrix. Similar reductions in lattice thermal
conductivity to those found in the PbTe-PbS system have been
observed in PbTe samples containing less than 3% of Sb
nanoparticles (Figure 26 a).[217] In contrast, similar fractions of

Figure 23. Transmission electron microscope images of PbTe-PbS
(16%) showing various precipitates and compositional fluctuations
formed in the sample through precipitation and growth and spinodal
decomposition.

Figure 24. Measured ZT values for a series of PbTe-PbS composite
materials doped with PbI2 showing the improvements in ZT value that
are possible by reducing the thermal conductivity through nanostruc-
turing.

Figure 25. Lattice thermal conductivity as a function of temperature for
various PbTe-based alloys and nanostructured samples.

Figure 26. a) Lattice thermal conductivity of several PbTe based nano-
composite materials showing that Sb greatly reduces the thermal
conductivity and Pb or Bi do not. b) Temperature-dependent power
factor for PbTe nanostructured with Pb and Sb showing a clear
enhancement (ca. 71%) over PbTe with the same carrier concentra-
tion.
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nanoparticles of Bi or Pb (two elements that have the same
atomic mass as the Pb ions in the rock salt lattice) were found
to have no such effect.[217, 218] It was however, determined that
Pb nanoinclusions, not Sb, can be effective in increasing the
Seebeck coefficient in PbTe albeit with concomitant reduc-
tion of the mobility and reduced ZT values.

Recently, PbTe co-nanostructured with both Pb and Sb
precipitates has shown novel temperature-dependent behav-
ior of the electron mobility and enhancements at high
temperature result in an increase in ZT value to 1.4 at
673 K.[27] This nanostructured material may also present a
method for increasing the power factor of thermoelectric
materials as both an increased power factor and reduced
thermal conductivity were observed in one material. For a
given carrier concentration it is clear that the increased
electrical conductivity at high temperatures is responsible for
the increased power factor (Figure 26 b). This increased
electrical conductivity is a result of higher than expected
mobility at high temperatures. The temperature dependence
of the mobility in PbTe typically follows a power law (m�
T�2.5); however, in PbTe nanostructured with Pb and Sb the
temperature dependence can be tuned by the Pb/Sb ratio.
This change leads to larger mobilities at high temperature
because the mobility decreases more slowly than in PbTe
itself. This behavior was not observed in PbTe with Pb or Sb
precipitates alone. Instead it can be inferred that a synergy
between the two precipitates may be the cause of this unique
behavior. Additionally, for the PbTe-Pb(0.5 %)-Sb(2%) com-
position a substantial decrease in the lattice thermal con-
ductivity was also observed. The exact mechanism and further
understanding in this composite may shed light on mecha-
nisms that could be applied generally to other thermoelectrics
as well.

3.3.6. InGaAs:ErAs

This material system is in fact a thin-film system, but is
covered herein because its lattice thermal conductivity
behavior is very similar to the PbTe systems and reinforces
the conclusion that nanoinclusions in a matrix can profoundly
affect thermal transport in three-dimensional systems. The
size distribution of ErAs nanoparticles in the matrix of
InGaAs is not strongly linked to the growth parameters and
the nanoparticles are typically 2–4 nm in diameter.[219] The
volume fraction of the embedded nanoparticles can be easily
changed from 0.01–6% without introducing defects or
dislocations. Thermal-conductivity measurements show a
reduction by as much as a factor of 3 compared to the bulk
alloy. Detailed calculation of the phonon transport in
ErAs:InGaAs for various nanoparticle sizes and distributions
has shown that the significant reduction in lattice thermal
conductivity is due to the scattering of mid- and long-
wavelength phonons by the nanoparticles. These phonons are
not effectively scattered by the point defects in a bulk alloy,
which are more effective at scattering short-wavelength
phonons. Calculations show that a wide size distribution of
nanoparticles can effectively scatter different phonon modes
and reduce thermal conductivity.

3.4. Nanocomposite Polycrystalline Materials

Recent approaches to achieve nanostructuring have been
through the formation of polycrystalline nanosized samples
(grain size ca. 5 nm–10 mm). Typically these are created by hot
pressing or spark plasma sintering of fine powders that are
formed by grinding and milling or wet-chemistry processing.
The nanosized particles of the thermoelectric material are
then hot pressed into monoliths. Instead of the nanoparticles-
in-a-matrix model described above, this approach creates
extensive interfacing between the compacted nanoparticles
which can lower the thermal conductivity. The resulting
sample can exhibit certain benefits over samples prepared by
techniques that create very large-grain or single crystal
material. These advantages include reduced thermal conduc-
tivity (through phonon scattering at grain boundaries),
increased power factor (through to electron filtering at
grain boundaries), better mechanical properties, and
improved isotropy. Compacting nanocrystalline samples can
be a relatively low-cost method to provide the large volume of
material necessary for a more wide-spread use thermoelectric
technology.[220] However, a major challenge with this
approach is obtaining complete removal of any binder or
organics used in the grinding, milling, or wet-chemistry
processes, and obtaining as close to 100 % of theoretical
density during compaction as possible. If this is not successful,
the carrier mobility will be substantially reduced (one order of
magnitude or greater reduction for just a few percent
decrease in density),[221] resulting in a lower ZT value. In
addition to the examples described in detail below, this
technique has been applied to several different classes of
materials including PbTe[222–225] and skutterudite materi-
als.[226–228]

Some promising results have recently been reported. An
approach involving n-type nano/polycrystalline Bi2Te3 mate-
rial resulted in a higher ZT value of 1.25 at 420 K compared to
that of bulk Bi2Te3.

[8] This material was prepared by hot
pressing of a mix of nanometer-sized n-type Bi2Te3 and
micron-sized powders together. The improvement in
ZT value was attributed to a slight increase in electrical
conductivity and a reduction (ca. 25%) in thermal conduc-
tivity. Additionally, Poudel et al.[220] obtained a ZT value of
1.2 at room temperature and 1.4 at 373 K from a ball-milled
and hot-pressed p-type BiSbTe alloy. These values are about
20 and 40% higher, respectively, than the comparable state-
of-the-art ingot BiSbTe alloy results they reported, with even
greater improvement observed at higher temperatures. Inter-
estingly, the observed electrical conductivity for the nano-
structured material was also higher than the ingot material, an
effect similar to that previously reported for the nanograined
n-type material. The Seebeck coefficient was higher or lower
depending on the temperature, yielding a slightly enhanced
power factor for the nanostructured material. (It should be
noted that it is unclear whether the carrier concentration was
identical in the nanostructured and ingot materials.) The big
improvement in the ZT value was attributed to a strongly
reduced thermal conductivity and slightly increased power
factor for the nanostructured material compared to the ingot,
particularly at elevated temperatures. Using this nanostruc-

M. G. Kanatzidis et al.Reviews

8634 www.angewandte.org � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2009, 48, 8616 – 8639

http://www.angewandte.org


tured p-type material and a commercial n-type leg an
approximately 20 K greater cooling capacity was reported
compared to using commercial material for both the p- and n-
legs. Nanocomposite boron-doped Si/Ge materials formed by
ball milling and hot pressing were reported[221] to exhibit
increased Seebeck coefficients and only slightly reduced
electrical conductivities compared to bulk SiGe alloys
(JIMO), resulting in a higher power factor for the nano-
composite material over the temperature range of 300–
1000 K. The increased power factor for the nanocomposite is
consistent with what was observed for the BiSbTe alloy, and as
predicted based on electron-filtering effects at the grain
boundaries. In addition, the thermal conductivity of the Si/Ge
nanocomposite was significantly reduced over the entire
temperature range, resulting in a peak ZT value of approx-
imately 0.72 at 1000 K compared to a value of approximately
0.6 for the bulk SiGe alloy.

4. Conclusions and Outlook

For over four decades the established approach to
thermoelectric materials research has been to study crystal-
line single-phase materials with narrow band gaps, heavy
elements, loaded with point defects created by the prepara-
tion of solid solutions (e.g. Bi2�xSbxTe3). The solid solutions
are the key to achieve low thermal conductivity. In the current
decade the discovery of stable nanostructures in LAST-m and
related materials and the achievement of lower thermal
conductivity than is possible with solid solutions alone has
changed how we think about this research field. While
studying new compounds to discover high ZT value materials
is still a viable and attractive method, the nanostructured
multiphase systems offer very promising, and more rational
ways in this pursuit. In this context they define a new
approach.

A common theme among many emerging thermoelectric
materials is the concept of nanostructuring to improve the
thermoelectric performance. In these systems the enhanced
thermoelectric performance is attributable to a strong
decrease in lattice thermal conductivity, rather than an
increase in the electrical power factor. Thus, in certain cases
nanodots clearly play a very significant role in reducing lattice
thermal conductivity, probably by effectively scattering
phonons that otherwise would have relatively long mean
free paths. In many of these cases it has been clearly
demonstrated that the reduction in thermal conductivity far
exceeds any concomitant reduction in the power factor
caused by electronic carrier scattering, thus resulting in
enhanced ZT values. The ZT values of the current state of
the art thermoelectric materials are shown in Figure 27.

Nanostructuring of thermoelectric materials for enhanced
ZT values is thus gaining popularity, and it is a general
approach that is broadly applicable to other bulk materials as
well.[221, 229] For example, recent reports on skutterudites[230]

and half-Heusler alloys seem to confirm that real enhance-
ments in ZT value by a thermal conductivity reduction are
possible by introducing nanoinclusions.

Other mechanisms, guided by theoretical prediction, hold
promise if they could be coupled with the reductions in
thermal conductivity mentioned above. On example is the
PbTe:Tl system where resonance states can be used to
increase the Seebeck coefficient. Even further, changes in
carrier mobility brought about by complex nanostructures, as
in the co-nanostructured PbTe-Pb-Sb system, could also be
applied to numerous other systems provided a better a
theoretical understanding can be formulated.

The development of new materials and complex compo-
sites over the last 5–10 years has greatly increased the
ZT values. It was through greater theoretical understanding,
new synthesis techniques, and state-of-the-art measurements
that the field has progressed so far and promises to advance
further. For a long time it was thought that there was a
practical barrier at ZT= 1, however new mechanisms for
increasing both the power factor and reducing the thermal
conductivity in thermoelectric materials continue to emerge
and increase the ZT value. Today, the latest generation of
bulk materials have ZT� 1.6–1.7 at approximately 700–
800 K. We hope that this new record will be broken and ZT
� 3 will soon be achieved. Future efforts in understanding and
manipulating these mechanisms promise to increase the
ZT value further and enable more practical application. It is
apparent that the discovery of advanced thermoelectrics is a
challenge well suitable for synthetic chemists to undertake. It
is with innovative synthesis and creative thinking in materials
design that new candidates will be identified and chemists are
well trained in such endeavors. Therefore, we believe there
are golden opportunities for synthesis in this field. Chemistry
alone however is not enough to produce robust materials and
functional thermoelectric modules and this requires close
collaboration and reaching across scientific disciplines to
ensure progress in the field.

Further reductions in the thermal conductivity alone may
be sufficient to raise ZT values to 2, however to reach values
of 3 or greater we also need dramatic enhancements in the
power factor. Unless this is achieved with a welcome
discovery of some new and unexpected single-phase material,

Figure 27. Plot of state-of-the-art thermoelectric materials highlighting
recent advancements increasing ZT above 1.
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what is needed are new physical concepts on how the power
factor can be enhanced 2–4-fold in the existing leading
materials. In fact, such enhancements must come mainly from
increases in the thermopower as opposed to increases in the
electrical conductivity. How to do this is not currently clear
and this is an open challenge to theorists and experimentalists
alike to dream up new concepts that point to dramatic
increases in the power factor.

We wish to add a note of caution. In several cases over
optimism has hyped the potential of thermoelectrics for very
large-scale energy-conversion applications and unnecessarily
raised expectations beyond a point that is justified even by the
prospects for achieving really high ZT values. The reality is
more likely to be that even with significant increases in ZT
(� 1.6 or higher) the applications will not be in very large-
scale power generation because even then they will not be
competitive with steam turbines (i.e. MW or GW scale).
Because steam turbines do not scale down well, it is realistic
to expect that applications will be unique (i.e. those not
served by other technologies) or will be limited to “distrib-
uted” modest-scale power production (several tens or hun-
dreds of kW at a time).[1] This does not mean, however, that
such applications will not be exciting or revolutionary.
Nevertheless, despite the challenges mentioned above, in
our opinion, the scientific and technological importance of
thermoelectrics in meeting appropriate energy needs is
evident and the prospects for it look promising.
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