Eur. Phys. J. B (2014) 87: 42
DOI: 10.1140/epjb/e2014-40989-3

Colloquium

THE EUROPEAN
PHYSICAL JOURNAL B

New promising bulk thermoelectrics: intermetallics, pnictides

and chalcogenides

Antonio P. Gongalves!* and Claude Godart?

1 Campus Tecnolégico e Nuclear, Instituto Superior Técnico, Universidade de Lisboa/CFMC-UL, Estrada Nacional 10,

2695-066 Bobadela LRS, Portugal

2 Institut de Chimie et des Matériaux de Paris Est (ICMPE), UMR 7182 CNRS, CMTR, 94320 Thiais, France

Received 7 November 2013 / Received in final form 16 December 2013
Published online 19 February 2014 — (© EDP Sciences, Societa Italiana di Fisica, Springer-Verlag 2014

Abstract. The need of alternative “green” energy sources has recently renewed the interest in thermo-
electric (TE) materials, which can directly convert heat to electricity or, conversely, electric current to
cooling. The thermoelectric performance of a material can be estimated by the so-called figure of merit,
2T = O’OLQT/)\ (a the Seebeck coefficient, oo’ the power factor, o and A the electrical and thermal con-
ductivity, respectively), that depends only on the material. In the middle 1990s the “phonon glass and
electron crystal” concept was developed, which, together with a better understanding of the parameters
that affect 27" and the use of new synthesis methods and characterization techniques, has led to the dis-
covery of improved bulk thermoelectric materials that start being implemented in applications. During
last decades, special focus has been made on skutterudites, clathrates, half-Heusler alloys, Sii—.Geg-,
BizTes- and PbTe-based materials. However, many other materials, in particular based on intermetallics,
pnictides, chalcogenides, oxides, etc. are now emerging as potential advanced bulk thermoelectrics. Herein
we discuss the current understanding in this field, with special emphasis on the strategies to reduce the
lattice part of the thermal conductivity and maximize the power factor, and review those new potential
thermoelectric bulk materials, in particular based on intermetallics, pnictides and chalcogenides. A final
chapter, discussing different shaping techniques leading to bulk materials (eventually from nanostructured

TE materials), is also included.

1 Introduction

The increase of energy system’s efficiency and the discov-
ery of new sources of clean energy have become major is-
sues in today’s society, especially after the Kyoto protocol.
In fact, the majority of the energy actually produced by
man is lost, mainly as waste heat. Just to mention two
examples, in a vehicle only ~10% of the energy produced
in the internal combustion engine is converted to useful
work [1] and 30% of the primary energy generated in
the European Union is lost, mostly as heat (EER 2008).
Thermoelectric (TE) effects allow the direct conversion of
heat into electrical energy (Seebeck effect) and, reversibly,
use electricity to extract heat (Peltier effect). Therefore,
applications include two components: generating electric-
ity from (waste) heat sources and (micro-) cooling. This
is why the power generation from waste heat via thermo-
electric modules appears these days as one way to improve
the global energy efficiency. Besides the aspect of power
generation, thermoelectric materials can be used for fine
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local cooling, particularly important in the case of remov-
ing heat from microelectronic components. However, the
low efficiency of TE systems has long limited their interest.

By 1960, most of the TE materials currently used (see
Tab. 1) were known and their performance linked to a
stagnant 2T value of 1, staying undeveloped until 1990
(except in TAGS, compounds of Te-Ag-Ge-Sb, where the
role of microstructures seems important). The only main
application was based on BiyTes for cooling (in suitcase
picnic, hotel mini-fridge for the absence of noise, etc.).

A niche application of thermoelectric devices con-
cerned the electricity supply in spacecrafts (like Voyager 1
and 2) with “Radioisotope Thermoelectric Generator”,
RTG, in which heat is produced by radioactive decay and
used in Si-Ge modules. The lifetime of such systems, fa-
vored by the absence of mechanical movements and low
maintenance needs, exceeds 30 years.

Either in electricity generation or local cooling, new
concepts, including the need to have a good electrical con-
ductivity and poor thermal conduction, lead since 1995 to
a quite remarkable progress in thermoelectricity. Two ma-
jor approaches have been explored together [2]: the search
for new solid materials with complex architecture and/or
open structure, and the use of nano-structures (quanturn
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Table 1. 2T of conventional materials in 1960 at their optimum operating temperature To, ((H): this value of 2T is obtained

only in a magnetic field H).

Bi-Sb  BizTes-SboTes  (Bi,Sb)2(Te,Se)s PbTe Te-Ag-Ge-Sb Si-Ge

Type n n, p n,p n p n,p
Ty 200 <300 ~300-400 700 750 1000
2T at T, 1.1 (H) 0.8 0.9 0.9 1.1 0.6

wells, nanowires, nanograins, thin films, superlattices).
These two channels have recently joined in the study of
nano-composite solid materials. Among the new materials,
many have interesting thermoelectric properties in wider
temperature ranges (=50 °C ~ 800 °C), on one hand, and,
on the other, higher potential efficiencies. The most stud-
ied families of new materials were subject of many reviews
in the last decades.

Various groups of oxides were studied: ACoOgs per-
ovskites [3], AMnOj; manganites, delafossite CuFeOs,
YBCO (YBayCu3Ogyy), ZnO, ruthenates ARuOs3
AsRuOy, IngOs, ete. (for a review, see [4,5]). The best
2T values reach 0.3-0.4 in p-type and n-type conven-
tional oxides, and 0.56 in oxides with detuned structure
(“misfits”), the role of texture on these materials being
reviewed [6]. An interesting result concerns IngOs: for
insertion of Ge exceeding the solubility limit (0.5 at.%),
the material forms composite inclusions InyO3 4+ “micron”
size (~100 microns) of InyGezO7, the thermal conductiv-
ity is significantly lowered and the 27" = 0.45 at 1243 K,
the best currently observed in n-type oxides [7].

BisTes-type telluride compounds and their alloys are
actually mainly devoted to Peltier (cooling) applications.
These materials were the topic of several reviews, from
many years, on bulk [8] or on nanostructured materi-
als [9]. A 50 years review has been given [10] and, more
recently, as part of some TE materials or nanocomposites
review [11-16].

A review on PbTe has been given [17] and thermo-
electric power generation using it has been discussed [18].
New research directions in low dimensional systems [19]
and composites have also been reviewed recently [14].

Si-Ge based efficient thermoelectric materials have
been discussed for space applications [20] and new
directions of research [14,19].

Review of half-Heusler TE materials has been incor-
porated in more general TE reviews [11,14,21].

Huge literature exists on skutterudites, which have
been reviewed time to time from the early years [22-24].
Specific reviews on skutterudites also appear [25,26], these
compounds being also discussed as part of a cage like
materials review [27].

Clathrates, as new TE materials, have as well been
reviewed [21], and their structure, chemical and physical
properties discussed [28]. More recent reviews are [11,29].

The role of structures on the thermal conductivity in
many TE materials has also been lately discussed [30].

Albeit the large number of review articles dedicated
to TE materials in the last decades, main focus has been
made on skutterudites, clathrates, half-Heusler alloys,
and Si;_,Ge,-, BisTes- and PbTe-based materials. How-

ever, many other materials are now emerging as potential
advanced bulk thermoelectrics. Herein we discuss the cur-
rent understanding in this field, with special emphasis on
the strategies to reduce the lattice part of the thermal con-
ductivity and maximize the power factor, and review those
new potential thermoelectric bulk materials, in particu-
lar based on intermetallics, pnictides and chalcogenides
(oxides are not discussed in this review). A final chap-
ter, discussing different shaping techniques leading to bulk
materials, is also included.

2 Basic background

The thermoelectric (TE) conversion heat < electricity ap-
peal to both transport properties in solids, as it is related
to the electrical, o, and thermal, A, conductivities. In an
isotropic and isothermal material the passage of an electric
current with a density j is associated to an electric field,
E, by the local Ohm'’s law E = pf, with p the electrical
resistivity (p = 1/0 = 1/nqpuq), which depends on the
carrier concentration, n, and mobility, pg, of the charge
carriers ¢ (electrons e~ or holes h™). If a temperature dif-
ference is applied to this material in open circuit (; = 6),
a heat flow, ¢, will flow along the temperature gradient
vT according to Fourier’s law, ¢ = —AﬁT, the — sign
indicating an opposite direction. Several principal mecha-
nisms contribute to the transport of heat. In metals these
are electrons, and the Wiedemann-Franz law relates the
“electronic” thermal conductivity, A., to the resistivity,
Ae = LT /p, with L the number of Lorentz

w2 (kg 2 _ _
L= ( ) =245x 107 V2 K2
3 e

In insulating materials the heat is mainly transported by
the atomic lattice vibrations, or phonons, and thermal
conductivity, Az, may be given, in a first approximation,
by the Debye relationship, Ay = 1/3 Cplv, with C, the
specific heat per unit volume, [ the mean free path of the
phonons and v the speed of sound. In semiconductors, heat
is transported by the two mechanisms and A = A\, + Ap.
The simultaneous flow of heat and charge in a material
leads to the thermoelectric effects.

2.1 The thermoelectric (TE) effects

The first TE effect was discovered by Seebeck [31]: an elec-
trical potential difference, AV, appears at the junction of
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two materials, a and b, subjected to a temperature differ-
ence, AT. The Seebeck coefficient of such circuit, aqp, is
defined by:

Qgh = limAT‘}()AV/AT (1)
and reflects the formation of an electrical potential gradi-
ent in each of the materials when submitted to a thermal
gradient. For a particular material, a, and temperature,
T, the Seebeck coefficient is given by:

ao(T) = dVo(T)/dT (2)

and we have

aab(T) = Qq (T) - Oéb(T) (3)
aq(T) being the measure of the transport entropy, S,, per
charge carrier, ¢, for such material (o, = S./q).

A few years later Peltier [32] discovered the second TE
effect: a temperature difference appears at the junction of
two materials, a and b, subjected to an electric current, I,
with heat release, @, to a junction and heat absorption in
the other junction. The Peltier coefficient IT,,(T") is then

defined by:
II,(T) = Q/I. (4)

Similarly to the Seebeck coefficient, the Peltier coefficient
of a junction reflects the presence a Peltier coefficient for
each material

() = Hu(T) — I,(T). (5)
The third TE effect, the Thomson effect [33], is highlighted
when a temperature gradient and electric current are si-
multaneously present: a certain material subjected to a
temperature gradient and through which pass an electric
current exchange heat with the outside environment. Con-
versely, an electrical current is generated by a material
subjected to a temperature gradient and traversed by a
heat flux. Then, in a circuit there is generation or absorp-
tion of heat in each individual segment. The flow thermal
gradient in the material is given by:

dQ/dx = TIdT/dx (6)
where x is the spatial coordinate and 7 is the Thomson
coefficient of the material. Thomson (Lord Kelvin) also
showed that the Seebeck and Peltier effects are related,
II=aoT =Q/I.

For the refrigeration or generation of electricity by TE
effect, a module consists of couples electrically connected
(see Fig. 1).

Each couple consists of a p-type material (o« > 0)
and an n-type material (o < 0), having a conduction by
electrons and holes, respectively. These two materials are
joined by a conductive material whose TE power is as-
sumed to be zero. The two branches (p and n) of the
couple, and all the other couples realizing the module are
connected electrically in series and thermally in parallel.

For cooling, the electric current is applied in such a
way that the charge carriers move from the cold source
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Fig. 1. TE module for electricity generation (right) or cooling
(left).

to the hot source in the two branches of the couple. In
doing so, they contribute to the transfer entropy from the
cold source to the hot spring. For electricity generation,
thermal agitation repels charge carriers (n and p) from
the hot zone and creates an electrical current.

2.2 Efficiencies, figure of merit

The efficiency of a thermoelectric device depends on many
factors, as electrical connections, type of solder, laterals
heat losses, etc., which must be optimized in order to max-
imize it. However, one of the most critical factors are the
TE characteristics of the n-type and p-type constituent
materials. The performance of a certain material for TE
applications is determined by its figure of merit

2T = *To/\ = T/ p), (7)
where T' represents the absolute temperature, « is the
Seebeck coefficient, p is the electrical resistivity, and o
and A\ are the electrical and thermal conductivities, re-
spectively. A good TE material should have high o and o,
and small \. This is easily understandable: for instance, in-
sulators usually have high «, but their low o prevents the
current flow, making them unsuitable for TE applications;
similarly, materials with high A are also not suitable, as
it is difficult to establish the large temperature gradients
needed to have high efficiencies (see below). It is interest-
ing to notice that 2T depends only on the physical prop-
erties of the materials, their TE performance increasing
with the increase of the figure of merit.

For a TE cooling system the efficiency is given by its
coefficient of performance, COP, which, if optimized, has
a maximum value of

1+ 201, —T),

COPmax: 1/2
(T. —Th) (1+(1+ZT) /)

(®)

Ty and T, being the hot and cold temperatures, respec-
tively, and Z7T the figure of merit of the thermoelectric
couple, with

(ap — O‘n)2

= 2 (9)
(\/)‘ppp + \/Anpn)
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Fig. 2. Theoretical maximum efficiency in electricity

generation (cold source assumed at 300 K).

and

7Th+TC
2

T (10)
(notice that the figure of merit of the TE couple is repre-
sented by ZT, in contrast to the figure of merit of the ma-
terials, which is represented by 27"). The maximum value
of the conversion efficiency for electricity generation can
also be determined, being given by:

(T~ T) ((1+ 21)* ~ 1)

(11)
T.+ (1+ Z2T)"*T,

Tmax =

This expression is used to evaluate the maximum effi-
ciency that can be expected for a TE generator (Fig. 2)
depending on the temperature of the heat source (the cold
temperature is room temperature, 300 K, indicated by a
vertical bar).

The horizontal double arrow shows that for a ZT of 1
and a gradient of 100 °C, the maximum efficiency is 5%.
We observe that the efficiency can be increased with the
hot temperature (AT) for the same ZT and at a given
temperature increases with Z7T. In both cases, this leads
to a problem of materials: to increase their z7" and to make
materials more stable at high temperatures.

We can see that in both cases (cooling or electricity
generation) (i) the Seebeck coefficients of the TE materi-
als must be high and have opposite sign, (ii) their electrical
resistivities must be low and (iii) their thermal conductiv-
ities must be low. In other words, the figures of merit of
both materials must be high in order to maximize the de-
vices coefficient of performance or efficiency. However, this
is not easy, as low electrical resistivity is characteristic of
metals while high Seebeck coefficients exist on insulators.

Whatever the dimensionality of the system on a basic
way, the relative error

AZT/ZT = 2Aa)a + Ao /o + AN X (+AT/T)

is high (>10%) and announcement effects should be
viewed with caution. Generally, we will retain the values
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Fig. 3. Influence of the concentration of charge carriers in the
thermoelectric power, electrical conductivity and power factor.

quoted by the authors, being aware that values to 2 deci-
mals, or a record between 1.47 and 1.52 for example, are
not significant.

2.3 Factors controlling zT: power factor, thermal
conductivity, phonon scattering

The previous preliminary calculation assumes that 27T is
constant with temperature, which is obviously wrong (see
its change in the 2T'(T) curves).

The expression of zT' epitomizes the difficulty to op-
timize the transport properties of a TE material. Indeed,
the material must have good electrical conductivity, char-
acteristic of metals, and poor thermal conductivity, char-
acteristic of the insulating materials, simultaneously. The
numerator of the figure of merit 27", oo is called power
factor, PF.

Figure 3 shows the evolution of the thermoelectric
power, electrical conductivity and power factor, PF, ver-
sus the logarithm of the concentration of charge carriers
in the system. The best values of PF are observed in the
range of concentration of charge carriers from 10'® cm=3
to 102! cm ™3, i.e. for a semiconductor with low gap (the
ideal value of the gap is a few kT [34,35]). Looking for
good thermoelectric materials should, according to this
model, be limited to degenerate or heavily doped semi-
conductors. The different approaches adopted to increase
the PF were reviewed in reference [2].

The second important factor in the expression of the
figure of merit, 27, (in addition to PF) is the thermal
conductivity, A: a material will have optimal TE prop-
erties with a low A. Indeed, high A\ tends to oppose the
establishment of the thermal gradient.

In a solid A is mainly composed by two contributions,
electronic, A\, due to the movement of carriers, and lattice,
via the phonons, A, (A = A\ + Ar). The electronic part
of the thermal conductivity is related to the electronic
conductivity via the Wiedemann-Franz law (A, = LoT).
By replacing its two components A, and A\r, and applying
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the Wiedemann-Franz law, we have:

a*To a? A\

T = ither 27T = .
T rre+an, Y T T Lo+

Given this expression, it is clear that the optimization of
2T requires the minimization of the phonon contribution
to the thermal conductivity. If it is made negligible com-
pared to the electronic contribution, a 27" = 3 could be
obtained for o = 270 pV K= (2T = 3 corresponds to a
coefficient of performance refrigeration 1.1, close to that
of a compression refrigerator). However, this minimization
must not be at the expenses of the electrical conductivity,
since the above equation clearly shows that z7T increases
with Ac/Ap and therefore with o/Ar. This leads to the
proposal of Slack to check for materials that conduct elec-
tricity like a crystal and heat like a glass “phonon glass
and electron crystal” [36]. It is therefore necessary to find
selective diffusion processes having a stronger influence on
the propagation of phonons than on the charge carriers.

The physical processes responsible for a large phonon
scattering most commonly used in TE bulk materials are
many, and include:

— materials with complex crystal structure, thereby in-
creasing the number of optical phonon modes, heat
being transmitted primarily by the 3 acoustic modes;

— inclusion of heavy atoms in the cages of the crystalline
structure that may vibrate independently of the net-
work (“rattling”) and thus create new phonon modes
(very low dispersive optical modes);

— formation of solid solutions between different mate-
rials of the same type or existence of vacancies, for
which the increase of the disorder induced a significant
phonon scattering by a phenomenon of mass fluctua-
tions on one or more crystallographic sites [37]; this
may also be obtained by the presence of gaps;

— the phonon scattering by impurities or point de-
fects [38-40], which lead to study the formation of
“composite” materials, mixing a good thermoelectric
material and another neutral for the point of view of
TE, nanocomposites or synthetic techniques (or de-
velopment of techniques) for “exotic” forms, inducing
significant concentrations of point defects.

A final mechanism concerns the importance of scattering
by grain boundaries, which leads also to study nanocrys-
talline materials in order to reduce the mean free path of
phonons [41], but also to modify the band structure.

Note that these processes are not exclusive and that
many of them can exist simultaneously in the same ma-
terial. These different mechanisms have been used in the
search for new bulk TE materials, and have already lead
to significant progresses but currently inconclusive: zT is
always up to ~2.0.

2.4 State of the art of bulk TE materials

The use of the different previously described processes to
optimize the TE figure of merit (maximize the PF and/or
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minimize the thermal conductivity) leaded to a significant
increase in 27T values. From ~1995 several new families of
high-performance TE compounds were identified [35,42].

In addition, the discovery of new families also extended
the temperature ranges where thermoelectricity can be
used. The maximum value of 2T in several families reached
>1.4. The best value reported in a bulk material is cur-
rently ~2 (see tellurides section) [44], but has not been
confirmed. The curves of some of the best values of 2T(T)
currently obtained in bulk materials are shown in Fig-
ures 4 and 5 for p- and n-types, respectively. A detailed
description of the different families and structures can be
found in reference [43] and internal references.

3 New promising bulk thermoelectrics

During the last decades special focus has been made on TE
materials like skutterudites, clathrates, half-Heusler al-
loys, Si;_,Ge,-, BisTes- and PbTe-based. However, many
others are now emerging as potential advanced bulk TEs.
In particular, those materials based on intermetallics (such
as metal silicides, borides, borocarbides and gallides),
pnictides (like antimonides and bismuthides), chalco-
genides (as tellurides, selenides and sulfides), conducting
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organics (such conducting polymers), etc., have recently
seen an increasing interest.

Due to their actual and potential importance, individ-
ual sections on silicides, antimonides, tellurides, sulfides
and selenides are presented below. The other interesting
systems are compiled in one part, except those for use
at low and cryogenic temperatures, which were separated
due to their specificity.

3.1 Silicides

Silicide-based materials were proposed for TE applications
already a long time ago [45]. However, a renewed inter-
est in these materials has recently emerged, due to their
cheapness, low toxicity, and structural, chemical and ther-
mal stability. Nevertheless, only a few review articles were
dedicated to silicides for TE until now [46-48].

The normal requirement to obtain a semiconducting
behavior is that all bands should be completely empty
or completely filled, in order to have a gap. Many silicon
semiconducting compounds that can be used as thermo-
electrics have complex structure of conduction or valence
band. They usually are Si-rich silicides, except for the case
of compounds with alkali and alkaline earth elements. This
can be easily understood, as a high concentration of tran-
sition metals would result in a metallic behavior (due to
the contribution of metal-metal bonds), and alkali and al-
kaline earth elements have only one and two valence elec-
trons (and, consequently, a higher concentration of these
elements is needed to fill the bands).

MgsSi-based materials are one of the most studied
families of silicides for TE, the good properties arising
from the multi-valey character of the conduction band.
The effect of doping on MgsSi can be very diverse. In
Bi-doped Mg»Si (MgySi:Bi = 1:z) fabricated by SPS, the
electrical resistivity, Seebeck coefficient, and thermal con-
ductivity are strongly affected by the Bi concentration,
the sample of z = 0.02 showing a maximum value of
2T of 0.86 at 862 K [49] or 0.74 at 840 K [50]. 2% Bi
doped Mg,Si with single wall carbon nanohorns (horn-
shaped sheath aggregates of graphene sheets) added have
a 2T value of 0.39 at 873 K [51]. MgsSi crystals, grown by
the vertical Bridgman method and doped with Bi, show a
2T of 0.65 at 840 K [52]. P-doped MgsSi (MgoSi:P = 1:x
(0.0005 < x < 0.03)) fabricated by SPS are n-type. The
resistivity and Seebeck coefficient are strongly affected
by x, but not the thermal conductivity, and 27" = 0.33 at
865 K is obtained [53]. With Sb doping, 2T reaches 0.56 at
862 K, as the thermal conductivity is also affected [54,55],
or 0.46 at 810 K [56].

Adding Al to MgsSi leads to n-type behavior with
improved z7. On a ball milled and SPS treated
(MgsSi):Algg1 sample a 2T = 0.5 at 870 K is
observed [57].

Doping with Al, Bi, Sb, La, Li, Ag, In, and Y into
MgsSi was achieved by a reduction reaction of Mg, Si,

and a small amount of metal oxide, carbonate, or hydrox-
ide additive (A1203, BigOg,, SbgOg, La(OH)g,, LiQCO3,
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Ags0, CuO, Gaz03, Iny O3, NagCO3, or Y203). The max-
imum values of 271" for the MgsSi composites using Al O3,
Bi» O3, and SbyO3 were found to be 0.58, 0.68, and 0.63
at ~865 K, respectively [58].

N-type Sc- and Y-doped MgySi prepared by field-
activated and pressure-assisted reactive sintering (~SPS)
creates an average grain size of ~2 pum (in the Y-doped
alloy), which is smaller than that of the sintered pure ma-
terial. Doping increases the PF and reduces the thermal
conductivity, improving 27" to 0.23 at 600 K [59].

The alloying with Ca in MgsSi decreases the PF,
2T reaching 0.41 and 0.34 at 660 K for MgsSi and
Mg1.99Cag 0151, respectively [60].

The study of MgeSi-MgoSn solid solutions was
also performed. z7T values of 0.5 were obtained for
MgsSig.4Sngg and MgoSigsSng4 due to the relatively
low-charge carrier concentrations of the samples [62].
MgoSiy—,Sn, solid solutions prepared by microwave ir-
radiation show a maximum z7 = 0.26 at 500 K for
MgsSip.4Sng ¢ [63]. The optimization of electron energy
spectrum in the MgsSi-MgoSn solid solutions allowed to
develop very efficient thermoelectrics with zTax ~ 1.1
at 700-800 K when x = 0.6 in MgoSi;_,Sn, [61,64] (see
Fig. 6). It is interesting to observe that 27 maximum
occurs when the mass difference is maximum, i.e., for
x ~ 0.5. Moreover, recent calculations point to even higher
figures of merit for these solid solutions [65].

Doping of solid solutions was also attempted with
the objective to improve the TE performance of MgsSi-
based materials. N-type Al-doped MgsSig9Sng; shows
a maximum value of zT of 0.68 at 864 K, which is
6 times larger than that of undoped MgySig 9Sng.1 [66].
MgoSig 58Sn0 42— Bi; (0 < 2 < 0.015) are composites of
magnesium silicide solution phase and (a minor) magne-
sium stannide solution phase, with a maximum 27 = 0.65
at 700 K for « = 0.015 [67]. The effect of GaSb ad-
dition on the MgsSip5Sng5 TE properties has been in-
vestigated, and a maximum z7 = 0.47 was obtained at
660 K for MgsSig.55n(.5-0.08GaSh, mainly due to its high


http://www.epj.org

Eur. Phys. J. B (2014) 87: 42

electrical conductivity [68]. The highest figures of merit
for n-type materials were recently identified on inhomoge-
neous MgsSig.55510.4Geg .05 alloys doped with Bi and Sb,
with values of ~1.4 and ~1.2 at high temperatures for Bi
and Sb members, respectively [69].

The TE properties of MgsSi-based p-type ma-
terials were also improved by doping and/or sub-
stitutions, but with much poor results. MgsSi:Ga,
and MgsSig sGeg.q:Ga, alloys exhibit p-type conduc-
tivity and a maximum value of zI' ~ 0.36 was
reached for MgsSig.Geg.4:Ga(0.8%) [70]. Similar val-
ues were observed in Mgy (14 2)(Sio.3Sn0.7)1-,Ga, mate-
rials [71]. Slightly higher 2T values were obtained in
Mgz (Ge,Sn) compounds doped with Ag (27 ~ 0.38 for
Mg1.98G60_4Sn0_6Ag0_02 at 675 K) [72]

In CoSi, a n-type material, porosity affects the ther-
mal conductivity, the highest value of the figure of merit
being obtained in samples prepared from micron-size pow-
der (0.23 at 925 K) [73]. Ge doping in CoSip.9Geg.; leads
to a zT = 0.11 at 350 K [74]. Pt is immiscible with CoSi,
while Ni and Pd are effective n-type dopants, a 27" = 0.13
being obtained for Cog.g9Pt0.0151 at 300 K [75].

In the orthorhombic compound RusSiz, due prin-
cipally to the larger Seebeck coefficient along the
[010] direction, zT is anisotropic (0.2 at 900 K along
[010]; 27°[010]/2T[100] >4 at 900 K), whereas thermal
conductivity is not affected by orientations [76].

MnSiy 7-1.75 higher manganese silicides (HMS) con-
cern a series of compounds with general formula
MnnSign,m (as Mn4Si7, Mn118119 and Mn158126) that
have closely-related tetragonal crystal structures, with al-
most equal a and unusually long c lattice parameters,
which simultaneously exhibit high positive Seebeck coef-
ficients and low thermal conductivities, putting them as
promising p-type TE materials. Some of the highest re-
ported zT values were observed in the series of phases
Ru;_,Mn,Si, (0.14 < 2 < 0.97, 1.584 < y < 1.741), the
alloy with z = 0.90 exhibiting 27 = 0.76 at 874 K [77,78].
SiGe-additions in polycrystalline HMS affects the resistiv-
ity and thermal conductivity but not the Seebeck coeffi-
cient, and a maximum 27 of 0.5 was achieved in MnSi; 733-
2%SiGe at 823 K [79]. Melt spinning and SPS on MnSi; 75
creates in-situ nano-phase of MnSi, increasing the electri-
cal conductivity and decreasing the thermal conductivity,
and, consequently, 27" reaches 0.62 at 800 K [80]. Poly-
crystalline Al-doped HMS prepared by melt-spinning com-
bined with SPS have increased electrical conductivity and
decreased thermal conductivity, the maximum 27 = 0.65
being obtained at 850 K for MH(A10.0015810_9985)1.80 [81]
In Si-rich HMS materials, prepared by using simple solid-
ification and SPS, a maximal zT' = 0.63 at 723 K, was
obtained [82,83]. MnSi, (x =1.73, 1.75 and 1.77) synthe-
sized via mechanical ball milling and hot-press sintering
showed that increasing Si contents yields a decrease in
electrical conductivity and increase in Seebeck coefficient,
MnSi; 75 showing a maximum 27" = 0.55 at 873 K [84]. Di-
rect reaction Mn + Si in SPS leads to composite of tetrag-
onal MnSi, (1.71 < z < 1.74) and cubic MnSi with a 2T
of 0.34 at 870 K [85].
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Thermoelectric properties of HMS prepared by MA
and hot pressing seem to strongly depend on the prepara-
tion parameters: zT = 0.28 at 823 K [86] or 27" = 0.1 at
723 K [83].

Orthorhombic (-FeSis is an inexpensive semiconduct-
ing material where TE performance increase has been
achieved. In the set of Fe;_,Co,Sizy, samples (z =
0—0.08; z = —0.08—0.10) prepared by hot uniaxial press-
ing the zT optimum (~0.20 at ~625 K) was found for
x = 0.06—0.07 and z = —0.04 [87]. The effect of P sub-
stitution for Si, as an n-type dopant, on the TE prop-
erties of hot-pressed (3-FeSiy leads to a zT almost the
same as that of the conventional Feg ggsCog 02512 [88]. In
Cr doped p-type and Co doped n-type (-FeSis alloys a
maximum z7 of 1.1 at 845 K has been obtained by dou-
ble dOpiIlg in F60_95CO0.05Sil.g5gGeo.042 [89] ﬁ—FeSiQ—TiBQ
composites with various amounts of TiBs, from 0 up to
30 vol.%, were prepared by hot pressing and had a low
2T (at 750 K) = 0.15 [90], similar to Al- and Co-doped
(-FeSis fabricated by hot pressing technology (27" = 0.182
for F€0_95COO_05812 at 900 K) [91]

The hexagonal CrSis silicide has poorer reported TE
properties than §-FeSiy. Ball milled and hot pressed CrSis
samples, despite Fe contamination, have a 27" = 0.2 at
600 K [92]. Cri_,Mn,Sis_,Al, solid solutions exhibit
2T =0.13 at 625 K for = 0.10 [93].

3.2 Antimonides

Antimonides have been regarded as potential TE materi-
als since more than fifty years. In the Bi-Sb binary system
a Bij_;Sb, solid solution is formed in all concentration
range. Bi;_,Sb, (0.03 < < 0.16) has been considered
one of the best n-type TE materials at 70-100 K tempera-
tures, with 2T > 0.40 measured on single crystals [94,95].
However, studies on polycrystalline samples show smaller
2T values [96] and an influence of grain size and com-
position [97]. BigsSbys alloys prepared by melt spinning
and SPS show higher homogeneity, when compared with
cast samples, and a 2T = 0.33 at 120 K [98]. Nb and
Ho doped Bij_;Sb, samples show n-type behavior, with
increased TE properties [99,100]. Sn-doped Bi-Sb alloys
are p-type semiconductors, with maximum 27 = 0.08
at 200 K in Bio_gg5Sb0_075Sn0.04 [101] and 2T = 0.13 at
240 K in (Big5Sb15)0_975SHO_025 [102] Pb% increase on
Big5Sb15-.Pb, leads also to p-type [103], the alloys syn-
thesized by MA followed by pressure-less sintering having
a maximum z7 = 0.11 for BigsSb14Pb; at 210 K [104].

N-type Bij_,Sb, single crystals show large magneto-
thermoelectric figure of merit, which increases almost
3 times, to zT = 1.28 at ~220 K in BiggSbis, under a
transverse field of 1.7 T [105]. A 2T = 0.41 at 100 K is
obtained in BiggSbh; in a field of 0.75 T [106].

M/T/M (M = Cuor Niand T :Bio_ggsbo_lg) com-
posite materials have 2T = 0.44 at 300 K, better than
0.26 in Bio.ggsb0_12 [107] In Bi-Sb based TE 2T StI‘OIlgly
decreases as the temperature increases, being interesting
materials mainly for low temperature applications (see
Sect. 3.6).
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Strongly correlated semiconductors and Kondo insula-
tors have been considered as potential TE materials for
long time. Such materials have large d- or f-character of
the electronic band structure close to the Fermi level that
theoretically can lead to Seebeck coefficients (S) with large
magnitudes. The strongly correlated semiconductor FeSbs
exhibits a colossal Seebeck coefficient of ~~45000 pV K—!
at 10 K (see Sect. 3.6), but, due to a large thermal con-
ductivity, 27 is only 0.005 at 12 K [108].

Mn substituted CrSbe samples (with 0, 0.01, 0.03,
0.05Mn) are semiconductors with lower resistivity, slightly
decrease of the Seebeck and strong decrease of the thermal
conductivity, when compared with the undoped material,
and 27T = 0.0125 in CI‘O.951V1H0.05Sb2 at 313 K [109] With
Sb substitution of Sb, zT" decreases [110].

MgsBis and MgsShs, belonging to the zinc blend crys-
tal structure family, were examined for the feasibility as
medium temperature range thermoelectric elements [111].
They present medium PF, the last one showing relatively
low thermal conductivity, which results in 27" = 0.55 at
660 K [111]. Hot pressed samples of MgsSbe with 2T =
0.21 at 875 K were found to contain oxygen at the grain
boundaries and to lose Mg and oxidize at temperatures
above 900 K [112].

Thermoelectric ~ properties  of  nanocrystalline
(Mg1_5Zn,)3Sbs alloys measured only up to 350 K [113]
leads to low zT'. Alloying with Bi decreases the thermal
conductivity but keeps the PF low, the highest 2T = 0.4
being realized for Mgz BiSbh at 825 K [114]. Preparation by
SPS results in a substantial increase in Mg3Shs_,Bi,,to
2T = 0.6 at 750 K [115].

(-ZnySbs is a p-type material with a very low thermal
conductivity and 27 = 1.3 at 670 K, stable under argon
up to 400 °C and under vacuum up to 250 °C [116,117].

Several methods have been used to prepare good TE
B-Zn4Sbg materials (27" of 0.8-1.2 at ~600 K), as vacuum
melting [118], mechanical alloying [119] or direct synthe-
sis by hot pressing [120]. Hot-pressed samples based on
(-ZnySbs with different amounts of ZnSb or Zn have lower
2T, as both insertions have detrimental effect on PF and
thermal conductivity [121]. Compacted samples of ZnySbs
have been prepared from the same synthesis batch by SPS
and an apparent correlation of TE properties with sam-
ple density was found (27 from 0.08-0.32 at 300 K by
changing the pressing conditions) [122]. ZnSb impurities
cannot explain this variation, which may be caused by
changes in Zn content and can have a larger effect on 2T
than doping [122]. The dimensionless figure of merit 2T
in the @-phase is found to be larger in the ingots pre-
pared with Zn-rich starting composition than the Zn-poor
one (2T = 0.15 at 300 K) [123]. A strong dependence
of TE properties on Zn composition was confirmed, with
a maximum 27 = 0.35 at 340 K for the 56.52 at.% Zn
material [124].

The high -ZnsSbs TE efficiency results from the con-
junction of a low thermal conductivity and the electronic
structure of a heavily doped semiconductor. Interstitial
Zn atoms and a partially occupied main Zn site, together
with possible Sb disorder along the c-axis, are the main

Eur. Phys. J. B (2014) 87: 42

Zn interstitials

Fig. 7. Zn interstitials and Sb dimers in ZnsSbs (Ref. [125]).

reasons for the low value of thermal conductivity [125,126]
(see Fig. 7). The ideal composition of the (-ZnsSbs is
Zn13Sbyg (56.52 at.% Zn) and this compound can be seen
as a Zintl phase [126].

(-ZnySbs doping can lead to different behaviors.
Zn4Sbs was doped with 1 at.% Hg, but no zT change was
observed up to 400 K [127]. In Te-doped ZnySbs_.Te,
prepared by hot-pressing z7T' values of 0.8 and 1.0 were
obtained at 673 K for ZnggsSbs and ZnygSbs gsTeq o8,
respectively [128]. Ag doping in samples synthesized by
melting and hot-pressing 27 reaches 0.11 at 300 K
in (ZD0.995Ag0A005)4Sb3 [129], but in Zn4Sb3 bulk al-
loys with Ag, Pb or In prepared by induction melt-
ing and post-annealing only doping with Pb optimizes
the TE performance (highest 27" = 1.12 at 605 K for
Pbg.02Zn4Shs) [130]. Sn seems not to enter the 5-ZnySbg
structure, but a z7T decrease is observed, most proba-
bly due to point defect phonon scattering induced by Sn
inclusions [131]. Small iodine doping in Zng(Sby_.I.)s3
(0 < z < 0.015) reduces the thermal conductivity and
increases the Seebeck coefficient, the 27" reaching 0.1 at
300 K in Zng(Sbg.99510.005)3 [132]. High In concentrations
(5,10 and 15 at.%) lead to complex phase mixtures, which
consist of §-ZnySbs as the main phase and ZnSb, InSb and
In as secondary phases. The maximum 27 is 0.35 for the
(ZH4Sb3)O.QIHO_1 at 680 K [133}

(B-ZnySbs 4+ CusZng bulk materials sintered by SPS
with ZnSb and CusZng impurities show highest 27" = 0.84
for mCusZns - nZnySbz (m/n = 1/200) at 631 K [134].

MosSb; has a rather complex Ir3Ger-type structure,
displaying metallic and poor TE properties, but the par-
tial Sb/Te substitution leads to a semiconducting behavior
and a dramatic enhancement in the thermopower [135].
Mo3Sbs.4Te; ¢ is a heavily doped semiconductor, with
the high figure of merit of 27" = 0.80 at 1050 K [136].
Mos3Sbs.4Te; ¢ TE properties improvement has been made
by 3d-metal doping, with Feg g5 Mo3Sbs 4Tej ¢ having the
highest zI' = 0.31 at 673 K and Ni0.06N103Sb5.4T61_6
achieving a zT" = 0.93 at 1023 K [137,138]. Partial substi-
tution of Mo by Ru significantly improves 21" to 0.45 at
1000 K in Moz 2Rug.sSb7 [139].

The cubic p-type Ybi4MnSbi; was the first complex
Zintl phase (Fig. 8) with large figure of merit at high
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Fig. 8. Body centered crystal structure of Yb14MnSbi;
(Ref. [140]).

temperatures (27" 0.8-1.0 at 1200 K), which in mainly
due to the remarkably low thermal conductivity [140,141].
Substitutions with alkaline- and rare-earth elements,
d-metals, and p-elements have been made to optimize
the TE properties and good results were obtained for
Ybis—Ca,MnSby; (z = 1,2, 2T ~ 0.92, 1.0, respec-
tively, at 1200 K) [142,143], Yb14Mn0_4A10,GSb11 (ZT =
1.1 at 1223 K) [141], Yb14Mng.¢Zng.4Sb11 (ZT > 1 at
1275 K) [144] and Yb14MnSb10_93T60_07 (ZT > 1.1 at
1240 K) [145).

Another family of Zintl antimonides that has good TE
properties is CazMaShg(M = Al, Ga, In). CazAlsShg is
a charge-balanced semiconductor with an extremely low
lattice thermal conductivity [146]. Calcium substitution
with sodium leads to the formation of free holes and to a
transition from insulating to metallic behavior, the carrier
concentration optimization giving a maximum z7' > 0.6
at 1000 K for Ca4,75Na0,25A128b6 [146] Ca5Ga28b6 and
CasInyShg have reduced phonon velocities and improved
carrier mobility relative to CasAlySbg, which could give
better 2T [147]. In Zn-doped Ca;GazSbg no improve-
ment was observed due to the decreased band gap [148]
but a modest zT increase relative to optimally doped
CasAlyShg exists for Zn-doped CasInaShg (0.7 at 1000 K
for Ca5ID1'9ZHO_1Sb6) [149]

Sr3GaSbs has a structure closely related to the
CasGagShg-type. Zn-doped Sr3GaSbs samples synthe-
sized by ball milling followed by hot pressing show im-
proved TE properties, with a maximum 27" = 0.9 at
1000 K for SrsGaj—_,Zn,Sbs (x = 0.0 to 0.1) [150].

3.3 Tellurides

Tellurides contain several of the best TE materials discov-
ered until now. BisTes- and PbTe-based ones show some
of the highest values of figure of merit for bulk materi-
als [151,152] and have been included in most of the review
articles dedicated to TE, not being assessed here. How-
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ever, many other tellurides with interesting TE properties
exist.

AgsTe exists in three structural modifications: the
monoclinic a-phase is stable below 418 K, the cubic
[-phase is stable from 418 to 1075 K, and the ~-phase is
stable from 1075 to 1233 K, the of a-AgsTe having higher
TE performance than that of 3-AgsTe, with a maximum
2T = 0.27 at 370 K [153].

The properties of the AgSbTes are characterized by a
larger thermoelectric power and lower Hall mobility than
those of the Pby_,Sn,Te. Early results pointed to 2T =
1.3 at 720 K [154], but most probably in inhomogeneous
samples (Widmanstatten precipitates of SbyTes) [155]. By
using available thermal conductivity data, the estimated
2T for plasma assisted sintering (PAS) AgSbTe, at 300 K
was 0.29, larger than that of PAS-Pb;_,Sn, Te at the same
temperature [156]. Near single phase AgSbTes has been
prepared by high-pressure and high-temperature tech-
nique, with a large 2T = 1.07 at 513 K [157,158]. Detailed
studies on the precipitation of AgsTe in AgSbTe, have
been made [159], the double-phased samples with AgyTe
nanodots and nanoscale lamellar structures having a max-
imum 27T = 1.53 at 500 K for Ag0_84Sb1_16T€2.16 [160]
(AgaTe),(SbaTes)100—, nanostructured bulk materials
prepared by a sonochemical method and SPS show simi-
lar results [161]. TE properties of AgShTe,; were modified
by doping, reaching 1.2 when doped with NaSe, and 1.05
with T1Te, at 400 K [162]. An enhancement of TE perfor-
mance in Na-doped nonstoichiometric AgSbTe; samples,
prepared by melt-quenching and SPS, was also observed
(ZT = 1.50 at 570 K for Ago_ggNao_lebTeg_og) [163] Se
doping as well increases the AgSbTe; TE performance, but
to a lesser extent [164,165]. Pure AgSbTe, porous samples
prepared by melt-spinning and SPS have a zT' = 1.65 at
570 K, which is much higher than in those prepared by
traditional melting and slow-cooling [166].

The p-type ternary chalcopyrite semiconductor
AgGaTey shows a good TE performance that can be
related to a heavy band-light band structure near the
valence-band maximum, aided by the nearly isotropic
transport. A zT' > 0.8 at 850 K is observed [167], higher
than 2T = 0.77 at the same temperature in Ag deficient
Ag0_95GaTe2 [168]

Studies on the (CusTe);—,(GagTes), series show that
the nominally defect free phase CuGaTes possesses the
highest 27" ~ 1 at 840 K and seems to continuously in-
crease above this temperature [169].

GagTes is a p-type semiconducting compound with a
defect zinc blend structure where one-third metal sub-
lattice positions are unoccupied, the Ga ions and the
structural vacancies being randomly distributed within
the cation sub-lattice. It exhibits a low thermal conductiv-
ity, but the TE figure of merit is small due to its low carrier
concentration [170]. CuyGayTe7 has the same defect zinc-
blende crystal structure as GasTes, but a higher carrier
concentration, the maximum 27" being 0.64 at 940 K [171].
Cu and Sb co-substitutions for Te in GasTes also in-
crease zT (0.5 at 700 K), mainly due to the reduction
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of thermal conductivity and improvement of electrical
conductivity [172].

Materials formed by alloying silver antimony telluride,
AgSbTey, with germanium telluride, GeTe, (TAGS)
are known to have high 2T values since the early
1960s [173], being reviewed in the middle 1990s [174] and
early 2000s [175]. A p-type alloy (AgSbTes)1_»(GeTe),
with  ~ 0.8-0.85, called TAGS80, TAGS85, has
a better zT (1.4-1.5), than for other a values,
which is related to a minimum of thermal conductiv-
ity [176]. By partial substitution of AgsTe by SboTes
in (GeTe)O,g[(AgQTe)OA(SbgTeg)O,G]O,Q a new p—type ma-
terial with a 27" ~ 1.47 at 700 K in a range of 200 K
has been reported [177]. Rather similar properties have
been observed by hot pressing of AgBiTes-GeTe, with a
2T =1.32 at 700 K for 3 mole% AgBiTes [178], but with
a smaller temperature range. The presence of nanoscale
domains in TAGS may be one reason for the low lattice
thermal conductivity and high 27" values [179]. Studies on
(GeTe), (AgSbTes)100— nanocomposites corroborate this
possibility, with maximal 27" > 1.5 at 720 K for 0.75 <
x < 85 [180]. The effect of atmosphere and doping on
TE properties of TAGS was also analyzed. Studies made
on TAGS-85 prepared by ball-milling in different atmo-
spheres and sintered by SPS indicate better results for the
Ar milled sample [181]. Doping TAGS-85 with magnetic
rare earths form a dilute magnetic semiconductor, the
localized moments contributing to increase the Seebeck
coefficient and 2T reaching a value higher than 1.5 at
730 K [182,183]. Hot pressed TAGS-80 and TAGS-85 were
recently reported to show maximal 2T values of ~1.75 and
~1.4 at 773 K, respectively [184]. TAGS85 has been used
as p-leg in Radioisotope TE generators (RTG) for space
applications.

The (PbTe),-(AgSbTes);_,materials (known as
LAST) are n-type high-2T systems with complex
structure based on the NaCl lattice, where nanoinclu-
sions exist. Albeit these materials were known since
the late 1950’s, their nanocomposite nature and high
TE performance was only identified this century, in
AgPb,,,SbTes,,,, samples prepared by melting followed
by slow cooling, where nanoscale inhomogeneities were
observed and a 2T = 2.2 at 800 K for m = 18 was
obtained [185]. Several studies were then performed in
order to confirm the inhomogeneity character of the
samples and identify the different domains [186-188].
However, later reports on the same (or closely related)
materials show conflicting results, which reflect their
complex nature and extreme sensitivity to composition
and preparation conditions. As examples, we have the
Agi_.PbigSbTesq prepared by solid-state reaction, which
has a 2T = 0.33 at 673 K with z = 0.3 [189], but
zI' = 1.07 at 673 K for Ago_GPblgstego [190] and
Ago sPbysgy,SbTegy fabricated by MA + SPS present a
2T = 1.37 (673 K) [191], but if annealed for long time
increases 2T to 1.5 at 700 K [192]. Recent works on
LAST prepared by different methods were reported to
give similar high 2T values [193]. The performance and
nanoprecipitates formation in LAST were also subject
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of several theoretical investigations [194-198]. Sb addi-
tion was observed to tune the carrier concentration of
AgPbi1gSby 4, Tegg alloys, with a maximum 27 = 1.33
at 723 K for x = 0.2 [199,200], whereas Bi substantially
reduces the Seebeck coefficient and lower 21" values were
obtained [199]. A general view of the high 2T reached in
nano-structured material versus temperature can be seen
in Figure 9.

Ag(Pb1_,Sn,)mSbTeay,, (also known as LASTT)
are the p-type analogues of LAST materials. Simi-
larly to LAST, they are also nanocomposites with
high figures of merit. 277 = 1.4 (625 K) was ob-
served for AgosPbgSnaSbgaTerg [201], and 2T =
1.1 at 650-700 K was obtained in (AgSbTes),
(Pbo_5SD0_5T€)1_;E (w = 0.05, 0.09, 02) [202] and Agl—w
(Pb1—ySny)mSbi_.Tep 2 [203], mainly due to the very
low thermal conductivity.

In the p-type Naj_,Pb,,Sb, Te,, 12, silver-free sodium-
substituted system (known as SALT) high zT" values are
also achieved. Natural nano-segregation of Na-Sb clus-
ters is observed, leading to nanocomposites with very
low thermal conductivity and a z7° = 1.7 at 650 K for
Nao_95Pbgost622 [204]

In-doped SnTe showed very large Seebeck coefficients
and 2T > 1.0 (700-800 K), which has been initially at-
tributed to two In valence states [205] and recently to
resonant levels created by In impurities inside the valence
band [206].

Pbo.5Sng.5Te doped with In (few 10'?/cm?®) sintered
at a high pressure and high temperature (4.0 GPa and
800 or 900 °C), have a zT = 0.75 at 470 K for 0.07%
In [207]. Sintering at the highest temperature improves
the stability of the material.

P-type Ge(Sn,Pb,Te)Te alloys can have very low ther-
mal conductivities, which arise from an ordered periodic
nanostructure that results from a spinodal decomposition
reaction, and the high 27" = 1.2 at 723 K was obtained
for Geg.5Sn0.25Pbg 25 Te [208]. Later works indicate that in
Geg.5Pbg 25510 05 Te the spinodal decomposition gives rise
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to two Pb- and Ge-rich phases that leads to a significant
decrease of the thermal conductivity, which is counter-
balanced by a parallel drop on the electrical resistivity,
resulting in a stable 27" (0.95 at 673 K) [209].

The pseudo-binary alloys PbTe;_,-SnTe, (0 < = <
0.4) doped with 0.02 mole% Ag concentration were pre-
pared by SPS. The temperature at which the figures of
merit reach a maximum increases with the mole fraction x.
The property of the FGM (Functionally Graded Material)
prepared by SPS is significantly improved as compared
with those of any monolithic materials PbTe;_,-SnTe,,
concerned [210].

The optimization of the carrier concentration of GeTe
can be made by alloying with PbTe and/or BisTes doping,
and 27T 1.6-1.8 at 773 K were obtained in Pbg.13Geqg g7 Te
with 3 mole% BisTes [211]. Phase separation reactions,
by means of SPS consolidation and subsequently con-
trolled heat treatments, enhance the TE properties of
Geg.g7Pbg.13Te and very high 2T's ~ 2 are obtained [44].

GeTe TE properties can be also optimized by alloy-
ing with other compounds, and 27 = 1.54 (700 K)
and 1.15 (673 K) were obtained in (GeTe)g.s2
(Mng6Sng.4Te)o.15  (BizTez)o.os  and  (GeTe)q.s9
(AgsGeTeg)o.11, respectively [212,213].

The properties of (Sn,Pb)(Bi,Sb)sTe7 hot press poly-
crystalline samples vary widely, from semiconducting to
semi-metallic, with both n- and p-type conduction. They
all have low thermal conductivity, the best 27" value being
observed for SnBis 5Sby 5Ter (0.55 at 400 K) [214].

Pressure has been used to explore the interaction
parameters that determine the properties of the p-type
BaBiTes compound. Both thermoelectric power and elec-
trical conductivity of BaBiTes increase upon compression
and, consequently, 2T passes from ~0.1 to ~0.8 [215].

Several tellurides containing thallium show very low
thermal conductivities, having potential as TE materials.
Cu doping resulted in a net increase of the hole concen-
tration of AgTITe, improving the PF while keeping the
thermal conductivity extremely low, and leading to an en-
hancement of the TE figure of merit (27" = 0.6 at 550 K
for Agy.sCug 4T1Te) [216]. First principles calculations on
AgTl1Te point to 27" = 0.5 at 300 K for both holes and
electrons [217].

A systematic investigation of TE properties of TIMTe,
(M = Ga, In, T1) showed that the low thermal conductiv-
ity in many thallium tellurides cannot be explained solely
by the presence of T1: very low thermal conductivities were
observed in the Ga and In compounds (and consequently,
reasonable zT' ~ 0.45 at 850 K), while T1Te exhibits an ex-
tremely high value [218]. In p-type TIMTes (M = Sb, Bi)
polycrystalline samples, TISbTes has a higher 27" (0.87 at
715 K) than with Bi [219].

Both p-type compounds TloMTe; (M = Ge, Sn) have
very low thermal conductivity (complex structure) and
high 2T (0.6 at 300 K, 0.85 at 400 K) [220]. TlgBiTes has
a 2T ~ 1.2 at 500 K, which is mainly due to the extremely
low thermal conductivity [221]. AggT1Te, (5 < x < 6) has
also an extremely low thermal conductivity and high 27T
for x > 5 (2T =1.23 at 700 K in AggTITeg) [222].
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Fig. 10. Effect of Yb doping on 27T of LaTe and comparison
with SiGe (Ref. [228]).

However environmental constraints limit the interest of
such Tl-based compounds. A review on the TE properties
of thallium-based compounds and tellurides of other group
13 elements was presented [223].

Studies made on Ing(Se;_,Te,)s alloys prepared by
melt quenched + SPS indicate that Te substitution can
effectively reduce the thermal conductivity down to that
of InyTes, while maintaining the PF, and a zT = 0.25 at
600 K was observed for InsTes [224].

Early studies on the La-Te system indicated that the
composition of interest for TE materials is Las_,Teq,
where  is the number of lanthanum vacancies per formula
unit and is restricted to 0 < x < 1/3 [225]. The electron
concentration is coupled to the lanthanum vacancy con-
centration and when = = 1/3 the stoichiometric can be
written as LasTes. Controlling the Te to La stoichiometry
is thus vital to achieving the optimum self-doping level for
the highest dimensionless 27" value.

N-type LaTe; 46 has been the subject of numerous
studies due to the high value of 2T (2T = 0.96 at
1200 K) [226]. LagTes—, prepared by MA and hot press
has a zT = 1.1 at 1275 K [227], the value increasing by
YD doping (2T = 1.2 at 1200 K) [228] (Fig. 10).

SboTes has a low Seebeck coefficient arising from
the high hole concentration generated by Sb antisite
defects, but alloying and/or doping can compensate or
suppress them. Cu,BigsSb1s-,Tes (z = 0-0.4) al-
loys prepared by cold pressing show strong influence
of TE properties on the Cu concentration, the max-
imum figure of merit, zI" = 0.74 at 442 K, corre-
sponding to = 0.05—0.1 [229]. Studies on (CuyTes),-
(Big.5Sby 5Tes)1—, materials fabricated by SPS, reveal
very high electrical conductivity, low lattice thermal con-
ductivity, the Seebeck coefficient linearly increasing with
temperature and a maximum 27 = 1.26 at 474 K for
x = 0.025 [230]. Silver alloys also have good TE prop-
erties, (Ago.3655b0.558T€)0.025-(Bio.5Sb1.5Tes)o.975 reach-
ing 2T = 1.1 at 478 K [231]. GagTes substitution for
Big.5Sby 5Tes leads to a performance similar to that of
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Fig. 11. Structure and high 27 value in the oxy-telluride BiO-
CuTe (Ref. [239]).

Agg.3655b0.558Te and to a 2T = 1.0 at 336 K for the
x = 0.1 molar fraction [232].

The p-type nanostructured Ge-doped Sbh1goGeTey5¢ al-
loy has zT = 0.84 at 492 K [233], whereas in the nanos-
tructured series Ga,,SbpTey 5(m4pn) a maximum 2T =
0.98 at 482 K is observed for the alloy with m:n =
1:10 [234], which is mainly due to the substantial reduc-
tion in the lattice thermal conductivity.

Subatomic percent S doping is very effective in sup-
pressing antisite defect formation and 27" = 0.95 at 423 K
was reached for 0.1-0.5 at.% S doped SbyTes [235].

Nb3SbyTes crystallizes in a noncentrosymmetric vari-
ant of the Ir3Ge; type, the forty atoms per unit cell and
its varied mixture of atoms yielding a complicated struc-
ture, suggesting that compounds with this structure type
may exhibit low thermal conductivity and hence high 27T
values. Various compositions of NbsSb,Te7_, have been
studied, but TE properties are compromised by compen-
sating n-type and p-type carriers [236].

Properties of hot press polycrystalline samples of
(Sn,Pb)(Bi,Sb)4Te; vary widely from semiconducting to
semi-metallic, with both n- and p-type conduction, all
have low thermal conductivity. The best 21" value obtained
was 0.55 at 400 K for SnBiy 5Sby 5Ter [214]). SuBiyTer ex-
hibits both n-type conductivity (Te deficiency and Sn or
Bi excess) and p-type conductivity (Te excess and Sn or
Bi deficiency), whereas only n-type conductivity samples
were obtained for PbBisTe; [237].

Oxytellurides have recently emerged as potential TE
materials. Electron doping into CdsTeOg single crystals
was carried out by either the introduction of oxygen vacan-
cies, or the atomic substitution of In for Cd, with 27" = 0.3
at 300 K [238]. Much higher values were lately obtained
in BiOCuTe, with a 27" = 0.66 at 673 K, the maximum
temperature investigated, due to an extremely low lattice
thermal conductivity of 0.5 W m~! K=! [239] (Fig. 11).

3.4 Sulfides, selenides

The PF of TE oxides is generally too low, so increasing the
covalency by replacing O by the S or Se chalcogenide is
one way to improve it [240,241]. Indeed, PbS has been con-
sidered for a long time a good material for thermoelectric
energy conversion [242,243] and other selenides and sul-
fides have been studied and optimized in the last century
for thermoelectrics.

Eur. Phys. J. B (2014) 87: 42
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Fig. 12. Temperature dependance of 2T for p-type PbTe-PbSe
alloys, the curve for PbTe is shown for comparison (Ref. [245]).

Dilute alloys PbTe-GeTe are n-type materials with fig-
ures of merit 35 to 40 times greater than PbTe in the
300-800 K temperature range [244]. In order to produce
p-type with high 2T, PbSe-PbTe alloys have been stud-
ied. A maximum 27" was observed for alloys containing 5
to 15 mole% PbSe, doped with at least 0.7 at.% Na [245].
Conversely to the case of PbTe-GeTe, the increase of zT
(to ~1.4 at ~700 K, see Fig. 12) is mainly due to an en-
hancement of PF and not to the decrease of the thermal
conductivity.

Single crystals of n-type PbSe Cl-doped via PbCl,
show a maximum 27 = 0.8 at 700 K for a carrier concen-
tration of ~1.5 x 107 em™2 (0.20 mole% PbCls). The
involvement of optical phonons in conducting heat at high
temperatures implies that in PbSe the lattice thermal con-
ductivity at 700-900 K is higher, in relative terms, than
in PbTe, where optical phonons are less important [246].

Thermoelectric properties of PbSe doped with Ga, In,
and excess Pb, maintaining the n-type, have been recently
reported as a function of carrier density and temperature.
There is a general perception in the literature that n-type
PbTe is a better thermoelectric material than PbSe at
all temperatures, but this work shows that at 900 K the
doped PbSe (2T = 0.9) outperforms PbTe [247].

Digenite, Cuy S, is a semiconductor with high elec-
trical conductivity, but with low Seebeck coefficient
(~10 pVK™!) and high thermal conductivity, not be-
ing directly suitable for thermoelectric applications [248].
However, the Cuy.gS sample with a second Cuj 9S phase
and micro pores shows its maximum 27" value 0.5 at
673 K, which is a high value for p-type sulfide thermo-
electric materials [249]. The closely related copper (I) se-
lenide, CusSe, is a mixed ion-electron conductor that was
considered in the 1960-70’s to be a competitive thermo-
electric material (Ref. [250] and references therein). This
material has a low thermal conductivity and 27T = 1.2
was found for Cuj g7Agp.o3Se at 1000 K, due to trans-
verse phonon modes being suppressed by fast relaxation
time [250]. More recently, CuaSe was reported to have a
high figure of merit, 27" > 1 at 400 K, which was connected
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Fig. 13. Crystal structure of AgCrSes with Cdlz-type lay-
ers (CrSes octahedra) and disordered Ag cations over 2 sites
(Ref. [253]).

to a second-order structural phase transition that leads to
a super-ionic conducting phase [251,252]. Despite its 2T,
the poor stability and chemical reactivity with contacts of
these compounds prevent their use in devices [250].

Other superionic phases that have also been consid-
ered as potential thermoelectric materials are the layered
compounds CuCrSe; and AgCrSes. Their structure can be
described as Cdls-type layers of CrSey in which the Cr are
in a distorted octahedral coordination by Se anions, the
interlayer spaces being filled by Cu or Ag cations. A crys-
tallographic transition occurs at 400-475 K above which
the cations are disordered, which leads to low thermal con-
ductivities [253]. This description resembles that of many
good TE materials that show a clear separation between
the region of electronic conduction and the zone of phonon
scattering. Recent electrical transport and thermal con-
ductivity measurements on CuCrSe, show strong proper-
ties dependence on the preparation conditions and point
to the possibility of very high figures of merit (27 = 2
at 300 K in a textured sample) [254]. The sensitivity on
the preparation history and composition as been reflected
on later works, where 2T values between 0.11 and 1 have
been reported [255-258]. The isostructural silver selenide,
AgCrSes, also presents large values of 2T (up to 0.8 at
700 K) [253,259] (Fig. 13).

The PF is very much influenced by the Seebeck
behavior [259] (Fig. 14).

TiS, and TiSe; are layered compounds that crystal-
lize in the Cdls-type structure and where intercalated
species between the layers can also be inserted. Tij;,So
has been studied for TE properties and 2T = 0.34 at 663 K
in Tiy g0sS2 was found for a textured sample [260]. The
TiS,Ses_, solid solutions were explored and a maximum
zT =~ 0.4 at 673 K was reached for TiS; 55ep.5, mainly
due to the decrease of the thermal conductivity [261]. Af-
ter Co doping the 2T of TiSs is very low (0.03 at 310 K
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Fig. 14. Power factor versus temperature for AgCrSes.

for Cog.3Tip.7S2 [262]), but intercalation of Cu ions using
SPS leads to a much better value (27" = 0.45 at 800 K)
in Cug,02TiS2 [263], as it decreases both the electrical re-
sistivity and the thermal conductivity. The influence of
Cu intercalation on the electrical and thermal transport
properties of TiSes; has been studied and a significant
raise of the PF and reduction of the thermal conduc-
tivity with increasing cation content was observed, but
a low 2T = 0.104 at 300 K was still obtained [264,265].
Similar results were found for co-intercalated Nig Ti1,Ses
samples sintered by SPS, with an estimated zT ~ 0.1 at
550 K [266].

Wet-chemistry Li intercalation process in layered
ZrSey single crystals induced additional charge carriers
and structural disorder that favorably affected the ther-
moelectric properties of the material and 27" reached 0.26
at 300 K [267].

Misfit layered compounds based on TiSs have also at-
tracted considerable interest as potential TE materials
(Fig. 15). Here the TiSy layer can provide high PF, while
the intercalated layer forms with TiSs a modulated struc-
ture which can suppress the transport of phonons. The
properties of a single-crystalline [SnaSs],TiSe misfit lay-
ered material were first investigated and PF as high as
12x10~* W/K? m were found at room temperature [268].
Later studies on (SnS);.2(TiSs)s indicated 2T exceeding
0.35 at 670 K [269], but lower values were also reported
for the same material (27 ~ 0.2 at 673 K) [270]. A series
of misfit layer compounds of composition (MS)144(TiS2)2
(M = Pb, Bi, Sn) were investigated, being promising ther-
moelectric materials (27" values of 0.28 ~ 0.37 at 700 K),
but with too high carrier concentrations [271].

Attempts to decrease the carrier concentration by dop-
ing electron acceptors were made by substituting Mg?*
for Ti** in the host layers ((BiS);.2(Mg,Ti;_.S2)2) or by
substituting Ca?* and Sr?* for Bi** in the phonon barrier
((Bij—4(Ca,Sr);S)1.2(TiS2)2), but with no significant suc-
cess [272]. Although the chromium substitution did not
result in higher power factor, its low total thermal con-
ductivity contributed to some increase in 27 [273]. In the
misfit-layered sulfides [LngS3],NbSy (Ln = lanthanides),
zT only reaches 0.11 at 300 K, which is mainly due to
their small Seebeck coefficient [274].
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sulfide.

LnS,(1.33 < a2 < 1.5) rare earth sulfides have been
studied from the 60’s for thermoelectrics, with figures of
merit as high as 27 = 0.75 [275-278]. In the high tem-
perature range, the y-phase Lag_,S; behaves as an ex-
trinsic semiconductor, whose degenerate carrier concen-
tration is controlled by the stoichiometric ratio of La to
S, and a 2T of 0.7 at 1400 K was obtained [277]. Sm, Eu
and Yb additives, as well as Ca, Sr and Hg, did not im-
prove zT'. Thermal conductivity measurements for GdSe,
(x = 1.49—-1.495) were a factor of two or three lower
than those measured on LaS,, and resulting figures-of-
merit greater than one (1.17 in GdSe; 49 at 1173 K) were
reported, indicating GdSe ~ 1.49 as an excellent thermo-
electric material [226]. A 2T close to 1.0 (21 = 0.93) was
also reported in NdS; 59 at 1073 K. In LnaS; (Ln = Gd
and Tb) the PF increases with the density and 2T with
the decreasing S content [279).

The synthesis and pressure assisted sintering of the
ternary rare-earth sulfides LnGdSz (Ln: Pr, Nd) give the
highest figure of merit (277 = 0.51) for NdGd; ¢2Ss3 at
950 K [280], much lower than in NdS; 9. Compounds
of the type Las_,M,S,, where M is Ca, Sr or Hg and
x ranges from 0.1 to 0.9, were prepared by the pres-
sure assisted reaction sintering. Samples are n-type and
have good PF [278]. Las 2Cag sS4 has a maximum value
of zI' = 1.6 at 973 K and the substitution stabilizes the
structure at high temperature [281]. The cubic SmEuGdS,
is a p-type compound but with a high resistivity, not being
suitable for TE [280].

Sulfides and selenides containing alkaline or transi-
tion metals have as well been considered as potential high
performance TE materials. The KBig 33510 and K2BigS13
ternary bismuth sulfides were originally found to have
small thermal conductivities, but too low thermoelectric
power for practical applications [282]. Considerable better
performance was obtained for the isostructural selenide,

Eur. Phys. J. B (2014) 87: 42

[3-K2BigSey3, where a 2T = 0.22 at 300 K was found [283].
By alloying with S and optimizing the composition and
preparation conditions was possible to increase even more
the figure of merit, up to 0.58 at 623 K [284].

The thermoelectric properties of sulfides and selenides
with structures derived from the zinc blende type have
also been recently studied.

Chalcopyrite CuFeSs nanocrystals with a diameter
of 6.4 nm were synthesized using a facile solution-phase
method. The nanograin size leads to small thermal con-
ductivities and the quantum confinement to large PF,
giving a maximum 27" value of 0.264 at 500 K, strongly
improved as compared to the bulk material [285]. Carrier-
doping of chalcopyrite with Fe and Zn (Cuj_,Fe144,S2
(0 < x £0.3) and Zng 03Cug.97FeSy) increases the PF and
decreases the thermal conductivity, giving a 21" ~ 0.07 at
400 K but still increasing with the T rise [286,287]. The
decreasing S content in CuFeS,_, results in an electri-
cal resistivity and thermal conductivity decrease, with a
maximum 27 = 0.21 at 573 K for CuFeS; 5o [288].

Type p-diamond like CuyGeiq,Ses and CuzSnSes
(nanocrystals) consolidated by SPS have low ther-
mal conductivity, high mobility and a zT' = 0.3 at
~700 K [289,290], which could probably be improved by
doping. Pellets made from CusGeSes nanoparticles, with
a mixture of wurtzite and zinc blende structures, present
maximum z71 = 0.27 at 723 K [291] CU.QGao_lGeo_gSeg
also has a quite small power factor that leads to values of
zT = 0.5 at 750 K, due to a very low thermal conductiv-
ity [292]. AD initio calculations on CusSnXs (X = Se, S)
pointed to the possibility of obtaining 2T ~ 1 [293]. In-
deed, higher values were obtained for CusSng g9lng.10Ses,
with 27 = 1.14 at 850 K [294].

CuzAsSes and CuzSbSe; have been reported to be
good candidate TE materials with anomalously low ther-
mal conductivities [295] and high carrier mobility at room
temperature.

Similar  characteristics in quaternary chalco-
genides of Cusg.10Cdg.9oSnSey, Cus1ZnggSnSey and
CusZnSng glng 1Seq, with a distorted diamond like
structure and large gap, leads to high 2T, respectively
0.65 at 700 K [296], 0.9 at 860 K [297] and 0.95 at
850 K [298] Pellets made from CUQ_15Cd0.85SH863.9
nanoparticles reached 2T = 0.71 at 685 K [299]. By
doping Sn in the Sb site 27T reaches 0.75 at 673 K
(CusShg.9755n0.0255€4) [300], while Bi-doping gives 0.7 at
600 K (CU3Sb0_93Bio_OQS€4) [301]

Compounds of the form CuzSb;_,Ge,Ses_, S, have
ZT in excess of 0.8 at 650 K, with a maximum value of 0.89
for x = 1.2, y = 0.03 due to additional phonon scattering
by the disordered arrangement of Se and S [302].

Preliminary works on polycrystalline CuygTraSbsSis
(Tr = Mn, Fe, Co, Ni, Cu, Zn) tetrahedrite samples re-
vealed rather high z7 = 0.15 at 340 K for the Ni ma-
terial [303] CU11_5ZDO.5Sb4813 exhibits a 2T = 0.95 at
720 K, highlighting the potential of tetrahedrites as a high-
temperature TE material [304]. A dimensionless thermo-
electric figure of merit of 0.7 at 665 K was obtained
for Cuyg.5Nij.55bsS13, which is a considerably high value
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among p-type Pb-free sulfides [305]. The direct use of the
tetrahedrite natural mineral provided a low cost mean of
producing high conversion efficiency TE materials with 27T
close to unity at 723 K [306].

The Co-Sb-S ternary system has been explored and
CoSbS was found to exist [307]. Its electrical transport
properties characterization indicates a potential TE ma-
terial [307]. Polycrystalline samples of nominal composi-
tion Coj_,Ni,SbS with = 0, 0.01, 0.03, 0.06 densified by
pressure assisted sintering are n-type with a rather large
2T of 0.35 at 772 K, even though the thermal conductivity
is large (7-8 W/m K at 300 K), which opens opportuni-
ties for improvements by appropriate doping [308]. From
calculated band structure Fe-based sample is also semi-
conducting and could be of interest for TE but Ni-based
is metallic.

Thermoelectric ~ properties of  CuSbSes  and
CHM0.0QSbo_ggseg (M = Tl, Pb) have been studied
showing small 27" values at 300 K but strong reduction
of the thermal conductivity and 27T improvement by Ti
substitution, whereas with Pb the Seebeck coefficient
decreases [309]. The structural and transport properties
in AgSbTes-AgSbSe; system were investigated and a
high value of zT" = 0.65 at 520 K was observed for the
AgSbSeq 25 Tey 75 sample [164]. The 2T increases to 0.51
at 550 K in AgBiy 5Sbg.5Ses by the formation of solid
solution, and then further increases to 1.07 at 550 K by
the formation of solid-solutioned homojunction [310]. In
AgBiSes a phase transition occurs at ~580 K and the
high 2T value of 1.5 was obtained around 700 K [311].
The value of 27" =1 at 773 K has been recently observed
iIl Ago_gﬁNb0.0leiseQ [312]

In Pb-filled Chevrel-phase sulfides PbMogS7.s a low
lattice thermal conductivity is induced by the complex
cristallographic structure, but 27T stays low (0.08 at
850 K) [313]. In Cu,MogSs the increase in Cu content
increases the Seebeck coefficient and electrical resistivity,
whereas the thermal conductivity decreases, leading to the
highest 2T (0.4) for CuysMogSs, at 950 K [314].

In selenide Chevrel phases, small inserted atoms in the
cavities of the MogSeg structure usually show large ther-
mal parameters, which indicate that they move around
and can significantly scatter the phonons. zT° = 0.6
(1150 K) has been obtained in the M;MogSes (M =
Cu, Cu/Fe, Ti) series for CuziMogSes [315] and of
0.22 at 800 K in TiMogSes [316]. No improvement of
2T in (CuyMogSes)1—(MosRusSes),, as compared to
Cus.1MogSeg was observed [317].

Mo clusters with a nuclearity higher than six can also
be obtained and derive from the one-dimensional trans-
face sharing of Mog octahedra. Ag,MogSe;1 (2 ~ 3.6—3.8)
show p-type conduction and very low lattice thermal con-
ductivity that give rise to 27" = 0.65 at 800 K, making this
family of materials promising for TE applications [318].

The IngSes_5(6 = 0.65) single crystalline n-type mate-
rial achieves 2T = 1.48 at 705 K [319]. Slightly higher val-
ues (2T = 1.53 at 698 K) were obtained for InsSes 67Clg.03
chlorine-doped single crystals, but with a larger 27" in
a wide temperature range [320], while iodine-substituted
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InySes 301,03 crystals exhibits z7T' = 0.33 at 300 K and
2T = 1.0 at 660 K [321]. However, measurements made
on polycrystalline materials resulted in lower 2T values
due to the anisotropic structure [322,323]. The maxi-
mum 27 of polycrystalline IngSes 7Cly g3 reaches ~0.67
at 673 K, which is an improvement when compared with
the undoped compound [324]. Cationic substitution on
Ing—,M,Ses 95 (M = Na, Ca, Zn, Ga, Sn, Pb; z = 0.1)
decreases the 2T values, probably due to a weakening of
the Peierls distortion effect on the thermal properties of
IngSes_, [325]. Incorporation of Cu into the InsSes lat-
tice results in a change in morphology from amorphous-
like structure (InsSes) to a visible polycrystalline form,
which enhances the lattice thermal conductivity, but also
reduces the bandgap and higher 27" values are obtained
(0.55 for Iny gCug.2Ses at 846 K) [326]. The textured com-
posite with elemental In embedded in the IngSes matrix
has maximum figure of merit 27" = 0.9 at 700 K [327].

The measured band-gap of AglnsSes is 1.25 eV,
smaller than that of InsSes, hence it is a more appli-
cable TE material than In,Ses. A gradual microstruc-
ture change was observed from twinning to nanoparticle-
dominated structure as the annealing time increases to
100 days at 180 °C and zT reaches 0.72 at 863 K in
AglnsSes with this microstructure modulation [328].

The low dimensional structure TI,CrsSeg pseudo-
hollandite has a large Seebeck coefficient at 800 K in spite
of the relatively low resistivity values. Moreover, the ther-
mal conductivity is also small, leading to 27" = 0.5 at
800 K [329].

P-type Bi;_,Sr,CuSeO, a layered oxyselenide, evi-
dence high electrical conductivity and Seebeck coefficient,
which, combined with the low thermal conductivity, leads
to 2T = 0.76 at 873 K for Bio_925SI‘0.075CuS€O [330] The
pure BiCuSeO is also a promising TE material: MA pow-
ders consolidated by SPS show a 2T ~ 0.7 at 773 K,
mainly due to the decrease of the thermal conductiv-
ity [331]. Bi** substitution by alkali metals (Mg, Ca, Sr
and Ba) leads to the optimization of the charge carrier
concentration and a slight decrease of the lattice ther-
mal conductivity (through point-defect scattering of the
phonons), resulting in a maximum 27" = 1.1 at 923 K for
Bio_875Bao_125CuSeO [332*336]

3.5 Other promising materials

Several other materials have been considered promising for
TE applications. Boron-based ones have been considered
for a long time to be of interest for TE ([337] and ref-
erences therein). Divalent hexaborides (CaBg, SrBg and
YbBg) have large and negative Seebeck coefficients (—~100
to —270 pV/K at 1073 K), giving 27 = 0.3 at 1073 K
for SrBg, while those of trivalent and intermediate-valent
hexaborides (CeBg and SmBg) are small [338].
Investigation of the thermoelectric properties was
carried out for the homologous series of LnB;7;CN,
LHBQQCQN, and LHB28.5C4 (LH = lanthanide). SPS was
found to be effective in the densification of samples, when
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compared to conventional hot press and cold press tech-
niques, but PF and 2T stay very low [339,340]. 2T is also
low at 1000 K in ThBy4Sia, ErB4sSia, YbB44Sis [341]. In
B-rich silicon borides (B content range 90.0 to 97.0 at.%)
prepared by arc-melting and SPS, the largest 2T value,
reached 0.2 at 1100 K [342].

In composite B4C 4 SiB,, (n = 4, 6, 14) heat treatment
modifies the microstructure and TE properties, and a zT
of 0.29 at 1100 K has been obtained [343].

Using magnetron sputtering to produce large quanti-
ties of Si/Sip.gGep.2 and B4C/BgyC superlattices, quantum
well films with up to 1000 layers were deposited with high
expected zT at low cost [344]. A zT > 4 has been re-
ported for systems of such multilayered Si/SiGe n-legs and
B4C/ByC p-legs [345].

The TE properties of FeGag polycrystalline samples
have been evaluated above room temperature and a
semiconductor-like behavior has been observed, but the
maximum z7' reaches only 0.04 at 973 K [346]. FeGag
later studies indicated a metallic-like behavior and p-type
dominated TE transport, which has been ascribed to off-
stoichiometric effects [347]. Measurements on single crys-
tals confirm the semiconducting character of FeGas above
300 K and a minimum in thermopower (—350 uV/K at
300 K) [348]. Hot press synthesis of Co-doped FeGag leads
to a n-type material with z7° = 0.21 at 680 K [349].
RuGas is also a small gap semiconductor, with 300 K
large negative thermopower, and a maximum 27 = 0.18
at 940 K [346].

RuGay is another narrowband-gap semiconductor.
Gagr—,Russ4, samples prepared by a combination of arc-
melting and SPS were show a maximum 27 = 0.50
at 773 K for Gagg.¢Russ.4 [350]. Ir substitution for Ru
on RuGas do not significantly improve TE properties,
a maximum 27 = 0.31 at 573 K being observed in
Ir3 oRuso.4Gage.6 [351].

IIT-V compounds with the zinc blende structure have
good power factors due to their high carrier mobility.
In GaSb, Zn-doping slightly improves zT to 0.23 at
873 K [352], but the thermal conductivity is still very
high, which opens the possibility of 21" enhancement by
reducing it. A successful thermal conductivity decrease
has been obtained in the undoped material by nanostruc-
turing, substituting Te for Sb and generating vacancies at
the Ga site, but the high electrical resistivity prevented
large 2T values [353].

Initial report on CaZnySby with high electrical con-
ductivity, comparable to (-ZnsSbs, and a zT _— 0.52
at 773 K [354] drives interest in the 122 composition.
BaMnyShy is a poor n-type TE [355], but in the Zintl
phase Zn-doped YbZns_,Mn,Sbs has a zT higher than
0.6 at 725 K [356]. The highest zT values have been re-
ported in Yb;_,Ca,CdaSbs (0.96 at 650 K) [357] and in
YbCds_ ,Zn,Shy (27 = 1.2 at 700 K) [358].

Polycristalline LnMgoBis (Ln = Ca, Eu, Yb) are
p-type materials with a high mobility but low carrier den-
sity that leads to relatively low zT (0.4 at 625 K with
Yb) [359]. The role of minority carriers and defects, re-
sponsible for the extrinsic carriers, has been pointed out.
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Recent zT first-principles predictions for organic mate-
rials pointed them as potential excellent TEs [360]. How-
ever, due to their decomposition at high temperatures,
organic-based TEs are limited to applications near room
temperature.

Conducting polymers might be capable of meeting the
TE material characteristics and high PF have been known
for a long time in the unstable and difficult to process
iodine-doped polyacetylene [361]. The accurate control
of the oxidation level in poly(3,4-ethylenedioxythiophene)
(PEDOT), combined with its low intrinsic thermal con-
ductivity, yields a 27" = 0.25 at 300 K [362]. Low thermal
conductivities and electrical resistivities, and reasonable
Seebeck coefficients were reported for n-type poly[Nax(Ni-
ett)], n-type poly[Kz(Ni-ett)] and p-type poly[Cuz(Cu-
ett)], with 27" values of 0.1-0.2 at 400 K [363]. With
the optimization of poly(styrenesulphonate) doping in
poly(3,4-ethylenedioxythiophene) a very high zT of 0.42
has been recently achieved at 300 K [364].

In the case of composites made from polymers and
high 2T inorganic materials, the contact resistance be-
tween them is generally the limiting factor for further
thermoelectric property improvement.

Several reviews on recent progress on organic-based
TEs have been already published [15,365-367].

Quasicrystals (QC), with their very peculiar proper-
ties, seem to meet the requirements of a good TE material:
low thermal conductivity, and high electrical conductivity
and thermopower. Preliminary examination of Al-Pd-Mn
properties (21 ~ 0.1—0.2) leads to the initial proposi-
tion of studying QC for TE potential applications [368].
A 2T ~ 0.1 at 600-700 K has been found in AIPdRe,
but, interestingly, it is strongly dependent of the compo-
sition [369]. Replacing Al by Ga increases 27" from 0.18 in
Al71Pd20Mn9 to 0.26 in AlﬁgGagpdgoMng [370]

A different approach from the one conventionally used
during the last ten years and which consists in reduc-
ing subsequently the thermal conductivity from existing
materials with high PF, is to start from materials with
very poor thermal conductivity, characteristic of chalco-
genide glasses, and try to improve their transport proper-
ties through addition of metallic elements (Cu, Ag, etc.)
and the creation of nano-crystals inside the glass (glass-
ceramics).

Initial proposition came from [371] and conducting
glass in the Cu-Ge-Te system leads to small but promising
2T ~ 0.2 at 300 K [372] (Fig. 16).

Melt spinning on Cu-As-Te system leads to a PF twice
of that in Cu-Ge-Te, but no zT improvement was observed
due to its higher thermal conductivity [373].

Varying the conditions of the SPS process enables the
synthesis of composite glassy-crystalline CujsAszgTess
samples with different crystal/glass ratios (due to the
partial crystallization of the amorphous matrix), leads to
complex structure, and is an efficient tool to tune the elec-
trical resistivity over several orders of magnitude, while
maintaining low thermal conductivity values [374].
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Fig. 16. Variation in the room temperature PF of

Cug4yGego—z Teso—y glasses as a function of composition [372].

3.6 Low temperature thermoelectrics

Most of the recent work on the development of thermo-
electric materials has been devoted to room temperature
and high temperature applications. However, albeit in less
extension, the search of effective thermoelectric materials
to be used on Peltier coolers to attend low and cryogenic
temperatures has also been done.

Research has been mainly made on strongly corre-
lated electron systems (SCES), particularly on Kondo in-
sulators, as strong electron correlations frequently result
in large values of Seebeck coefficient. The hybridization
of localized d or f states with the conduction electron
states may lead to the formation of a narrow (pseudo-)
gap at low temperatures and a huge resonant density of
states at the Fermi level can appear. As the Seebeck co-
efficient is function of the density of states slope near
the Fermi level, large thermopower can emerge. The big
Seebeck coefficient, conjugated with the relatively high
electrical conductivity, lead to high PF at low tempera-
tures. Good examples are the intermediate valence com-
pounds CePds and YbAl3, which have Seebeck coefficients
of 100-120 puV/K (T ~ 150 K) [375] and 80-90 pV/K
(T ~ 250 K) [376], respectively. Other SCES are 3d semi-
conductors like FeSi [377], FeGas [348] and FeSby [378],
with Seebeck coefficients >500 ¢V /K at 10-50 K. A short
review of the thermoelectric power of correlated com-
pounds was written by Oeschler et al. [379]. Although pre-
senting large power factors, these materials also have high
thermal conductivities (mainly due to the lattice contribu-
tion) and, consequently, small figures of merit. Attempts
to decrease the thermal conductivity of known materials
or to discover better ones have been recently reported.

Both CePds and YbAls crystallize in the cage like
cubic AuCugs-type structure, where an octahedral empty
space in the 1b position exists. Their thermal con-
ductivity was successfully decreased by introducing B
atoms [380,381], but better 27" values were only obtained
for YbAl; (27 = 0.33 at T = 323 K), as a degrada-
tion of the electrical transport properties of CePds was
observed. Recently, the introduction of other interstitial
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atoms in the CePdj3 structure has been attempted, but no
significant increase of zT was obtained [382]. Again, bet-
ter performance on YbAl3 + Mn was obtained, the Mn
doping lowering the lattice thermal conductivity without
substantially affecting the PF and, consequently, increas-
ing the figure of merit, to 27" = 0.4 at ~300 K [383].
Alloying of CePds, either in the Ce and Pd sites, was also
tried [384-386], which resulted for CePd2Pt in an increase
to 2T = 0.3 at T = 250 K [385], the highest value ever re-
ported for any CePds-based material at low temperatures.
The partial substitution of Yb in YbAl3 by other rare
earths resulted in better materials, with a 27 increase of
~30% at 250 K [387,388]. The thermoelectric properties
of the Kondo lattice system Ce(Ni;_,Cu,)2Als were also
investigated, the optimization of the composition leading
to a maximum z7 = 0.125 (T = 100 K) [389], which
is comparable to values previously obtained in Kondo
systems like Nd,Ces_,Pt3Sby [390].

A large effort has been made to decrease the ther-
mal conductivity of the FeSby strongly correlated semi-
conductor, as its colossal power factor at low tempera-
tures (~2300 pW K2 em~! at 12 K [391]) has made it
a highly promising low temperature thermoelectric mate-
rial. The effect of different chemical substitutions at the
Fe and Sb sites has been investigated [378,392-394], be-
ing observed a decrease of the thermal conductivity with
alloying. However, the decrease was not enough and/or
the electrical properties were affected and no high 27" val-
ues were achieved (a maximum z7 = 0.05 at 7' = 100 K
was observed for Fe(SbgoTep.1)2 [394]). The decrease of
the grain size leads to a drastic reduction of the thermal
conductivity, but the Seebeck coefficient is also strongly
degraded at low temperatures [395-397] and no signif-
icant 2T improvement was obtained. The origin of the
colossal Seebeck coefficient in FeSbs is still controversial,
with some authors defending strong electron-electron cor-
relations as the cause [391,392,398] and others suggesting
as being due to the phonon drag effect [397,399,400].

Various transition-metal dopants on Fe;_,M,Si alloys
(M = Co, Ir, Os) improved 2T from 0.007 at 60 K for pure
FeSi to 2T = 0.08 at 100 K for 4% Ir doping. The grain
size decrease, on Feg.9sMo.0451 alloys, reduces the thermal
conductivity and zT became 0.125 at 100 K [401].

A new promising thermoelectric material for low-
temperature applications, CsBisTeg, has been re-
ported [402,403]. N- and p-type behavior can be achieved
by doping and a maximum zT of 0.8 at 225 K was ob-
tained. This value is much higher than those obtained
for BigsSbis-based solid solutions, where zT values of
0.33-0.10 at 120-210 K have been found [98,101,104].
Solid solutions of CsBisTeg with Sb and Se, with general
formulas CsBis,;Sb;Teg and CsBisTegy,Se, were recently
synthesized and were also considered as potential TE
materials [404], but the optimization of the composition
and/or doping is still needed to obtain good properties.

Oxides have recently emerged as potential materials
for low temperature thermoelectric cooling. The low tem-
perature thermoelectric properties of LaFeAsO;_, and
LaFeAsOq_,F, have been studied, and zT = 0.06 at
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T = 125 K and 27 = 0.08 at T' = 110 K, respectively,
have been determined [309,405]. A SrTig.99Nbg.01 O3 per-
ovskite single crystal was reported as having 27" = 0.07 at
T = 40 K [406], which is one of the largest among those
previously reported below 50 K.

4 Shaping techniques for thermoelectrics

Apart from low-dimensional structures, such as thin films
or nanowires, which can be used mainly in micro-systems,
high 2T thermoelectric (TE) nano-materials, made bulk,
offer much greater prospects as applications for more ef-
fective TE modules.

Various techniques are available to synthesize nanos-
tructured powders (easily transform in bulk), such as
rapid solidification [407], spraying [408], solution chem-
istry [409] and the high energy milling [410,411].

The simple technique of mechanical alloying (MA) can
produce significant amounts of Si-Ge alloy, BisTes, skut-
terudites, clathrates etc., depending on the type of attri-
tion mills, planetary swing (or vibrating) in periods of a
few hours to a few hundred hours. The materials produced
are often nanometric powders or amorphous, which can be
a positive contribution to the TE by reducing the materi-
als thermal conductivity. The technique is suitable for the
inclusion of dopants, but may in turn induce various con-
taminations. Finally, getting out of thermodynamic equi-
librium phases can also be positive (new phases, peritectic
phases without long time annealing. .. ). The technique of
fast quenching, which produces amorphous glasses of very
low thermal conductivity, has recently been proposed for
glasses with TE properties [371].

The solid material is then obtained using various con-
solidation techniques, some being described below. Using
modern techniques of fast sintering, such as spark plasma
sintering (SPS) [342,412,413], it is possible to obtain bukk
nanostructured materials from nanopowders without sig-
nificant grain size growth, this by reducing the time and
temperature required for densification. These two tech-
niques, MA and SPS, are increasingly used for formatting
TE nano-materials.

Different extrusion techniques were used on TE mate-
rials, mainly on BisTes-derived ones [414,415], oxide type
CazCos0yg [273] and “misfits”, in order to emphasize the
grain orientation and optimize both mechanical and TE
properties. Many references can be found in review [416].
To our knowledge, the technique has not yet been used
on pre-sintered nano-powders, with preservation of a
nano-structure.

The fast quenching (FQ) is a technique which leads
to nanograined, glasses or amorphous. Chalcogenide
glasses in the Cu-Ge-Te system, which are small gap
semiconductors [372,417], and amorphous chalcogenides
GegoTegg_Se, [418] have recently been studied for their
potential TE.

In Na-doped AgSbTey samples, melt quench + SPS
improves 2T to 1.5 (570 K). The TE performance of melt
spinning (MS) + SPS AgSbTe, samples with nanopores
improves even more, and a z71 of 1.65 is achieved at 570 K,
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which increases 35% and 200% when compared with sam-
ples prepared by melt-quench-SPS and traditional melting
and slow-cooling methods [163,166].

FQ of layered compounds from the Ge-Sb-Te system,
followed by hot pressing, has increased the PF in the nano-
structured materials [419], the FQ technique being of gen-
eral interest in TE.

MS and SPS of MnSi; 75 materials increases 271 to 0.62
at 600 K by in-situ forming nano-phase of MnSi [80].

Ing(Sej—,Te,)s synthesized by melt quenching and
SPS post treatment show that the Te substitution re-
duces the thermal conductivity, InyTes having the lowest
one [224].

MS and SPS were used to prepare high-performance
p-type BisTes materials with layered nanostructure, the
electrical conductivity increasing and thermal conductiv-
ity decreasing with the increase of the linear speed, which
leads to a maximum 27" = 1.35 at 300 K [420].

BigsSby5 alloys were prepared by MS and subsequent
SPS, and increasing the cooling rate in the MS process
optimizes the PF and reduces the thermal conductivity,
leading to a 2T of 0.99 at 700 K [98].

The addition of a uniaxial pressure, pressure sinter-
ing, promotes welding of grains but also the orientation of
the powder particles, especially if no lateral blocking lim-
its the lateral deformation of the assembly. This proves
interesting for TE anisotropic materials in order to pro-
mote best conductors plans (electric) than others. The
reached density should be the highest possible (=95%) to
avoid an increase in the electrical resistivity intergranu-
lar effect. However, in many systems of hot uniaxial press
(HUP) the powdered material is initially contained in a
crucible and the side effects of the crucible edge on the
orientation are not negligible. The comparison with the
hot isotropic pressing (HIP) performed on the Si-Ge sys-
tem TE (p-doped or GaP) proved inconclusive [421] and
experimental constraints and cost of HIP make that the
TE materials are rather treated by HUP. When certain
elements are volatile, as in PbS or PbSe, it is possible to
use the HIP with sealed capsules [422].

The HUP was used to compact nanopowders of various
TE materials fabricated by different methods, with good
final 27" values.

Thallium doped PbTe samples, prepared either by
melting, slow cooling, long time annealing, post-crushing
and hot pressing or by MA and hot pressing, show a high
2T = 1.3 at 673 K [423,424].

By MA alloying Bi,Sby_,Tes bulk crystalline ingots or
Bi, Sb and Te elemental chunks, followed by hot pressing,
high 2T = 1.3 were obtained at ~700 K [425,426].

MA and hot press lead to 27" = 0.2 at 600 K in CrSiy,
despite the Fe contamination due to MA [92].

In MgsShy derivatives, 2T stays very low (0.01)
in (Mg0_7Cd0_25Ago_05)3Sb2 [427], but the 2zT of
(Mg1_,Zn,)3Sby with = 0.32 has been found to be over
80 times larger than that of MgsSbs at 300 K [113]. In
order to improve zT of MgsSi derivatives, MA and hot
pressing of MgsSi,,Sn;_,, has been tried and values as high
as 0.9 at 773 K were obtained [428].
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Polycrystalline samples of composition Gai4,Ge;_,Te
(z = —0.03 to 0.07) and GaGeTe;_, (y = —0.02 to 0.02)
prepared by hot pressing are p-type materials, but with
low PF [429)].

By MA and hot press a zT of 0.28 at 820 K has been
reached in MnSi; 73 [86].

High 2T values were also obtained in TAGS: 2T = 1.75
(773 K) in TAGS80, 2T = 1.4 (773 K) in TAGS85 and
2T =1.6 (773 K) in B12T€3 doped Geo_87Pbo_13T€ [184]

High 2T values (>1) at high temperature (>1200 K)
can be obtained in n- and p- type Si-Ge alloys with the
help of nanostructuring, the decreasing of Ge content low-
ering their cost [430,431].

Shaping by HUP significant amount of LAST ingots
can be used for producing modules [432].

Since the 2000s, the densification of thermoelectric
materials often uses techniques under pressure sinter-
ing assisted by electric current (ECAS “Electric Cur-
rent Assisted (Activated) Sintering”), various names can
be found depending on specific characteristics. In the
case of pulsed current, the name of SPS “Spark Plasma
Sintering” becomes popular, although probably without
“plasma” [433]. The time savings (temperature rises to
~1000 °C/min) for an equivalent densification to that ob-
tained by HUP (>95%, essential in TE), is also advanta-
geous from an economic point of view and easily transfer-
able to an industrial scale. This fast process limits the time
available for grain growth and thus make easier to obtain
nano-structured materials “perfectly” densified. A com-
prehensive review on the subject ECAS was completed in
2009 [434].

Note that, in the one hand, some unconventional TE
materials, such as SiBg, can be densified by SPS (unlike
the HUP), and, in the other, although the current “must”
cross the sample, sintering oxides (even AlsO3) is possible,
as the initial heating of the graphite crucible leads to an
increase of the sample temperature and a more conductive
oxide. The manufacture of semiconducting TE materials
is often done by hot pressing techniques [435] because the
doping levels of TE are often strong enough and the prop-
erties are not too affected by contamination induced by
powder technology (induced at the MA or graphite at the
SPS).

In the case of TE nano-materials and nano-composites
it is obviously that SPS has a distinct advantage within
the maintenance of a nanostructure. This point is well
illustrated by the sintering of CoSbs nano-powders (pre-
pared by solvothermal method (S)) by hot pressure (HP)
at 823 K under 50 MPa in 30 min and by SPS at 853 K
under 40 MPa in 5 min, and by compare them to the ma-
terial obtained by melting and HP (M-HP). Although the
densities obtained are not very high (<94%) the best 2T is
obtained for the SPS material (Fig. 17), probably because
its final grain size of 150 nm instead of 250 for the HP
material.

Surprisingly, one of the first articles on the use of SPS
on TE nanomaterials concerns a difficult case to make: the
functionally graded materials from powders prepared by
MA of MgsSi + FeSiy consolidated by SPS [413].
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Fig. 17. Figure of merit CoSbs (7T) sintered under various
conditions (Ref. [436]).

The discovery of a 2I'" > 2 in the n-type
Ag,,Pb,,SbTe,, 12, (LAST-m) has attracted the interest
of its simplified preparation by MA + SPS. However pre-
pared material is then p-type (Pb loss?) and has lower 2T
(<1.4 at 673 K) [191]. Annealing for 30 days enhances zT'
(1.5 to 700 K) [192]. The study of sintering SSP (sintering
in solid phase), HIP and SPS lead to a Seebeck coefficient
inhomogeneous in the HIP phase [437] (Fig. 18).

Substitution Te — Se in nanopowders (~35 nm)
of AgPb,,SbSe;,+2 (LASS-m, m = 10, 12, 16, 18),
AgbelgsbSeQO (I = 08, 085) and AnglngSeQO,yTey
(y =1, 3), sintered either by SSP or SPS, leads to p-type
materials having a microstructure or nano/micro mixture
(composite), respectively [438].

Bulk AgPb,SbTeq (z = 20, 21 and 22.5) compounds
were fabricated by the combination of melting, milling
and SPS, and the same compositional bulk samples were
fabricated by MA-SPS for comparison. Both methods
lead to 2T in the range 0.9-1.2 at 725 K with a max-
imum in AgPbyoSbTesy [193]. MA-SPS method is then
advantageous because of the simplicity of MA as a low-
temperature process.

Nanostructuring the well-known B-doped Si-Ge TE
material and densifying using a hot press with DC current
increases the value of zT', in p-type, to 0.95 at ~1050 K.
This value, in a material that has local characteristics of
a nanocomposite, offers 50% improvement over the best
p-material [439].

In many cases, the consolidation by SPS concerns
nanocomposites of various materials with improved PF
and/or 27T.

The insertion of micro-grains of Bi with FeaVAl
nanoparticles facilitates densification of the composite (Bi
liquid) during SPS sintering and reduces the resistivity,
in addition to the thermal conductivity, of the composite
FeaVAlj 9Sip.1/Bi and 2T increases [440]. The dominant
effect on the thermal conductivity also slightly improves
2T of the Fea VAl 9Sip.1 Heusler alloy [441].
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Fig. 18. Room temperature Seebeck coefficient scanning
image of the polished surface of LAST-10 sample [437].

The same effect on TE properties of mixing grain size
(known in skutterudites) at constant chemical composi-
tion was observed in PbTe [442,443] and BisTez [444].

N-type composites of PbTe and PbS with Bi-doping in
Pbo_gggTeo_ggSo_lgBio_O()l prepared by MA and SPS leads
to a 2T of 1.2 at 570 K [445], the same zT value being
obtained in Pbo.ggﬁTeo_ggso_128b0.004 by Sb doping, but
at 770 K [446].

A zT of 0.74 in SbyTes has been increased to 0.84 by
Ge doping and SPS treatment in SbigoGeTei50 [233].

Higher manganese silicides MnSi,, made of non-toxic
and abundant elements, could replace PbTe for TE ap-
plications in middle-high temperatures (~800 K), as after
SPS handling 2T values approaches 0.7 [83,85].

Al-MgsSi processed by MA and SPS leads to a 2T of
0.5 at 800 K [57]. In the same way, Sn-Sb [447] does not
improve the zT of 1.1 reported for MgsSi;_,Sn, [61].

In MgsoSi composites with AlsO3, BizO3, or SbyOs,
2T were found to be also smaller, 0.58, 0.68, and 0.63 at
865 K, respectively [58].

The previous examples show that the pressure sinter-
ing has led to an improvement of the characteristics of
the vast majority of TE materials, when nano-structured.
This seems to be even more efficient when two TE ma-
terials are used to make a nano-composite [180]. With
the same CoSbg skutterudite, the TE properties are im-
proved if there is no chemical reaction with ZnO [448],
with CeOg [449] or if there is no substitution of Sb for Te
on PbTe/CoSbs composites [450].

HIP has been used to make the branches (p and n) of
a module based on Si-Ge with their electrodes [451].

Although the technique for making contacts on
nanowires was studied [452,453], techniques of sintering
under pressure are more likely to be applied to massive
nano-structured samples, not only for the shaping but also
to achieve contact.
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A set powder CoSbhsz/Ti leaf inserted/Mo-Cu electrode
can be assembled in a single operation by SPS, forming
a good electrical contact [454]. During accelerated aging
tests, intermetallic layers CoSbs/TiCoSb/TiSby/TiSb/Ti
form, whose evolution lead to a period of several years
for operation of CoSbs at 500 °C [455]. The W-Cu elec-
trode (one step SPS process) has good stability at high
temperatures [454,456].

The microwave sintering is well-established and is in-
creasingly used for the treatment of materials. The speci-
ficity of this heating technique is characterized, as the SPS
method, by very short treatment times, typically of the
order of a few minutes. The microwave sintering can also
lead to specific microstructures, which can be useful for
TE materials. This technique starts to be used for different
TE systems: skutterudites [457], PbTe and BisTes [458].
A comparative study on one batch of Bi;Te3 nanopowder
treated by microwave sintering, HIP and SPS has recently
appeared, and best z7T for the studied composition being
obtained with microwave and SPS (0.75) [459].

5 Summary

Significant advances to improve the transport properties
of bulk TE materials have been made in the last years.
The adoption of new strategies, in particular those based
on the “phonon glass and electron crystal”, PGEC, con-
cept, leaded to the discovery of novel materials with figures
of merit as high as 2, in particular based on the classical
BisTes and PbTe materials. However, their use with mass
production depends not only on the materials TE effi-
ciency, but also on other aspects, as cost, availability, envi-
ronmental, etc. The study of materials other than the TE
classical ones is therefore essential. Herein, an overview of
the actual knowledge on the new potential TE bulk mate-
rials based on intermetallics, pnictides and chalcogenides
was given. Albeit not being exhaustive (the number of
published articles on TE per year is approaching 1000),
the most promising of these bulk systems were reviewed,
with special emphasis on silicides, antimonides, tellurides,
sulfides and selenides. Due to its importance for applica-
tions and development of new materials, many of them
based on nano-structrured material, a brief description of
the shaping techniques for thermoelectrics was also given.

The authors would like to thank the French National Agency
(ANR) in the frame of its programme “PROGELEC” (Verre
Thermo-Générateur “VTG”).

Glossary

COP: coefficient of performance

Cp: specific heat per unit volume

e : electron

E: electric field

ECAS: electric current assisted (activated) sintering
FQ: fast quenching
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h™: hole

HIP: hot isotropic pressing

HMS: higher manganese silicides

HP: hot pressure

HUP: hot uniaxial press

I: electric current

j+ electric current density

[: mean free path of phonons

L: Lorentz number

LAST: (PbTe),—(AgSbTes);_, materials

LASTT: Ag(Pb;_,Sn,).,,,SbTes ,,, materials

MA: mechanical alloying

MS: melt spinning

n: carrier concentration

PAS: plasma assisted sintering

PF: power factor

PGEC: phonon glass and electron crystal

q: charge of a carrier

q: heat flow

Q@: heat quantity

S: solvothermal method

S,: transport entropy per charge carrier

SALT: Naj_,Pb,,Sb,Te,, 12 materials

SCES: strongly correlated electron systems

SPS: Spark plasma sintering

SSP: sintering in solid phase

T': absolute temperature

T} hot temperature

T.: cold temperature

TAGS: silver antimony germanium telluride alloys

TE: thermoelectric

ZT" figure of merit of a material

ZT': figure of merit of a thermoelectric couple

a: Seebeck coefficient

aqp: Seebeck coefficient of a two materials (a and b)
circuit

AT': temperature difference

AV electrical potential difference

VT: temperature gradient

Tmax: Maximum conversion efficiency for electricity
generation

A: thermal conductivity

Ae: electronic contribution to the thermal conductivity

Ar: lattice (phonon) contribution to the thermal

conductivity

ftq: mobility

II: Peltier coefficient

I1,;: Peltier coefficient of a two materials (a and b)
circuit

p: electrical resistivity

o: electrical conductivity

oa?: power factor

7: Thomson coefficient

v: speed of sound
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