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This review discusses recent developments and current research in bulk thermoelectric materials in
which nanostructuring is a key aspect affecting thermoelectric performance. Systems based on PbTe,
AgPb,, SbTe,_,,, NaPb,,SbTe, ,,,, Bi»Tes, and Si are given particular emphasis. To date the dramatic
enhancements in figure of merit in bulk nanostructured materials come from very large reductions in
lattice thermal conductivity rather than improvement in power factors. A discussion of future
possible strategies is aimed at enhancing the thermoelectric figure of merit of these materials.

Introduction

When it comes to thermoelectric (TE) devices it is all
about increasing the figure of merit ZT = (S°0/«)T where
T is the temperature, S is the Seebeck coefficient, o is the
electronic conductivity, and « is the thermal conductivity.
ZT determines the fraction of the Carnot efficiency that
can be theoretically attained by a thermoelectric materi-
al.! The quantity S”c s called the power factor (PF) and is
the key to achieving high performance. A large PF means
that a large voltage and a high current are generated
during power generation. The thermal conductivity x =
Kel + Klat, Where ke and kg are the lattice and carrier
thermal conductivity, respectively. The first generation of
bulk thermoelectrics was developed over four decades
ago with ZT of ~0.8—1.0, and devices made of them can
operate at ~5—6% conversion efficiency. Out of a wide
variety of research approaches to increase ZT, one has
emerged recently which has led to nearly doubling of the
ZT at high temperatures and has now given rise to the
second generation of bulk thermoelectric materials with
ZT ranging from 1.3 to 1.7. This approach is the optimi-
zation of existing materials using nanoscale inclusions
and compositional inhomogeneities, which can dramati-
cally suppress the lattice thermal conductivity. The new
materials are expected to produce power generation
devices with conversion efficiencies of 11—15%. Contin-
ued progress is expected to raise the ZT by a factor of 2,
and depending on AT, the predicted efficiency increases
to over 20%, a highly exciting prospect which will surely
have a large impact in the energy production and con-
servation fields.

Thin film superlattice structures such as those of
PbTe—PbSe (grown with molecular beam epitaxy, MBE)
and Bi,Te;—Sb,Te; (grown with chemical vapor depos-
ition) with nanoscale features were the first to claim
extremely low lattice thermal conductivities.>® These
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reports motivated the investigation of additional systems
and particularly bulk materials because of the belief that
the application of the costly and delicate superlattice
structures in real world devices is unrealistic. It is inter-
esting to note that the extremely low lattice thermal
conductivities claimed for these materials were not ex-
perimentally measured but deduced indirectly from other
measurements. A recent report on actual lattice thermal
conductivity measurements of MBE grown PbTe—PbSe
superlattice structures found that this property is not as
low as originally claimed.* This new information casts
doubt on the very small magnitude of the thermal con-
ductivities of thin films and calls for a reinvestigation.
Despite this uncertainty, the investigations of bulk mate-
rials that followed the thin film reports did produce
systems with extremely low lattice thermal conductivities
and correspondingly high ZT.>°

Here we review recent progress in enhancing the per-
formance of bulk thermoelectric materials using the
nanostructuring approach. The power of this approach
is now more fully appreciated, and it is fair to consider it a
new paradigm in designing and optimizing thermoelectric
materials.

Reducing Thermal Conductivity

Historically, a successful strategy to increase ZT has
been to modify an already promising compound by
introducing point defects through the synthesis of
isostructural solid solution alloys. The solid solutions
feature atomic mass fluctuations in the crystal lattice
(i.e., disorder) which causes strong phonon scattering
and generally can lead to significantly lower thermal
conductivity. The canonical example of this is the Bi;Te;
system for which the Bi,_,Sb,Te; and Bi,Te;—,Se, solid
solutions are superior to the parent compound in thermo-
electric performance.”® The solid solution alloying bet-
ween two isostructural phases (e.g., A and B) results in a
minimum of thermal conductivity at some composition

©2009 American Chemical Society



Review

A;—.B, which is called the “alloy limit”. Often, however,
solid solution alloying can lead to deterioration in elec-
tronic performance (e.g., mobility), and an overall gain in
ZT cannot be realized. This is the case between the PbTe
and (PbTe),_,(PbSe), systems. In the past it was believed
that the “alloy limit” was the lowest that could be
achieved in a A—B material system.

Slack proposed the “phonon glass electron crystal”
(PGEC) idea as a means to achieve record low lattice
thermal conductivities without a deterioration in electro-
nic performance.” A PGEC material features cages or
tunnels in its crystal structure inside which reside massive
atoms that are small enough relative to the cage to
“rattle”. “Rattling” frequencies are low and produce
phonon damping that can result in dramatic reduction
of the lattice thermal conductivity. In the PGEC picture
a glass-like thermal conductivity can in principle coexist
with charge carriers of high mobility. The PGEC ap-
proach has stimulated significant new research and has
led to marked increases in ZT for several compounds such
as the clathrates.' 2! To date, it has not been proven that
a PGEC material exists. In most cases of purported
PGEC materials, other factors coexist which also account
for the observed reduction in thermal conductivity.

Finally, major reductions in the thermal conductivity
have come through nanostructuring of bulk materials
especially from “bottom up” approaches. It has now been
shown that thermal conductivity values well below the
“alloy limit” can be achieved. For example, several
synthetic techniques have been applied to prepare nanos-
tructured PbTe, with exceptional reductions in the ther-
mal conductivity. Specific examples of dramatic reduc-
tion in PbTe derivatives will be discussed below. At this
stage two major types of bulk nanostructured materials
are emerging, (a) materials with self-formed inhomogene-
ities on the nanoscale driven by phase segregation phe-
nomena such as spinodal decomposition and nucleation
and growth and (b) materials which have been processed
(e.g., ground) so they are broken up into nanocrystalline
pieces which then are sintered or pressed into bulk objects.
Enhanced thermoelectric performance compared to a cor-
responding non-nanostructured material has been achieved
in both types.

Bulk Nanostructured Thermoelectrics

Numerous thermoelectric materials systems have been
developed and reviewed previously.*** 3! Here we focus on
bulk thermoelectric materials and the new thinking regard-
ing the design and optimization of thermoelectric materials.
Nanostructuring in bulk materials was discovered first in
the system AgPb,,SbTe,,,,, (LAST-m). This is an inherent
property of this system and was subsequently predicted to
exist in related systems such as NaPb,,SbTe, . ,,, (SALT-m)
and KPb,, SbTe,,,,, (PLAT-m).

PbTe

Before we discuss the nanostructured PbTe materials
we will briefly review the neat PbTe system and its solid
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solutions which are believed to be homogeneous with no
reported evidence of nanostructuring. These systems are the
benchmarks against which to compare the nanostructured
materials. PbTe has been the premiere thermoelectric ma-
terial for midrange temperature (600—800 K) applications.
It crystallizes in the NaCl crystal structure with Pb atoms
occupying the cation and Te forming the anionic lattice.
A band gap of 0.32 eV allows the system to be optimized
for power generation applications and can be doped either
n- or p-type with appropriate dopants. The maximum ZT
for PbTe has been reported to be 0.8—1.0 at ~650 K. The
thermoelectric properties and electron transport of PbTe are
reasonably well understood and have been reviewed
previously.™?? The lattice thermal conductivity of PbTe
is ~2.2 W/(m-K) at room temperature and falls at higher
temperature with a 1/7" dependence.

Solid solutions of PbTe with PbSe and SnTe have been
extensively investigated, and below room temperature
they exhibit lower lattice thermal conductivities than
PbTe itself. Yet, they do not possess higher ZT primarily
because of the reduced power factor. At high tempera-
tures (e.g., ~600—800 K) the lattice thermal conductiv-
ities of Pb,_,Sn,Te** 7 and PbTe;_.Se.® * are
approximately the same as that of PbTe, and therefore
no ZT benefit is obtained.

Recently, modification of the density of states to create
resonance states near the conduction and valence bands to
increase the Seebeck coefficient have been proposed.*'~#*
When TI is substituted in PbTe a resonant state forms
that is located in the valence band and can give p-type
material *>*® This phenomenon was recently utilized
effectively in the PbTe: Tl system where a large ZT (1.5 at
773 K) was attributed to an increase in the Seebeck
coefficient compared to pure PbTe.*” The increase in the
density of states was supported experimentally with charge
transport measurements and low temperature specific heat
measurements. The thermal conductivity in this system,
however, was not reduced compared to pristine PbTe.
Extensive theoretical studies on the electronic structure
of PbTe and the important role of defects in modulating
the electronic structure and consequently the charge trans-
port properties have been published.*! 348732

AgPb,.SbTe, ., (LAST-m)

The reaction of AgSbTe, with PbTe results in the
AgPb,,SbTe,_ ., family of materials (LAST-m: lead anti-
mony silver telluride). Early studies of this system re-
ported it to be a solid solution between PbTe and
AgSbTe, (both rock salt NaCl type structures) with
p-type properties and an unusually low lattice thermal
conductivity.>>* The average solid solution structure is
shown in Figure 1. The belief that the system is a solid
solution came from the fact that the LAST-m series does
in fact follow Vegard’s law (an often used “diagnostic” for
solid solution behavior) when it comes to the dependence
of the lattice constant with composition, Figure 2a.

At values of m up to ~8, X-ray diffraction data clearly
show a phase-separated system with two sets of diffraction
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Figure 1. Average rock salt structure of the LAST-m system.
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Figure 2. (a) Smooth variation of lattice constant in the (AgSbTe;);— -
(PbTe), system. (b) X-ray diffraction pattern of a quenched LAST-m
sample consistent with single phase. (c) X-ray diffraction pattern of a slow
cooled (or annealed) LAST-m sample showing microscopic phase segre-
gation. The so-called “3rd phase” indicated in (c) is a minor impurity
phase.

patterns being observed. Quenching these samples from the
melt results in materials which appear to be single phase by
standard X-ray diffraction, Figure 2b, but when these are
annealed at ~400 °C phase separation occurs, Figure 2c.
The phase separation gives rise to large regions of the two
phases, and as a result the lattice thermal conductivity,
though considerably reduced from that of PbTe, is higher
than that of LAST-18.

When m > 10 the X-ray diffraction patterns indicate a
“single phase”; however, transmission electron micro-
scopy (TEM) shows extensive nanophase formation,
and this is accompanied with a very low lattice thermal
conductivity (see below). This seemingly single phase
character is not retained in samples with low m-value that
are cooled slowly below 500 °C, and massive phase
segregation occurs in the low m-value members of the
AgPb,, SbTe,,.» (m = 2,4, 6, 8) as observed by powder
X-ray diffraction in Figure 2. It is clear there is a
thermodynamic driving force for the phase segregation,
and within the range 2 < m < 10 the sample exhibits
definitive biphasic composition. Since the phase segrega-
tion is observable with X-ray diffraction the system is
not nanostructured but composed of large microscopic
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regions which do not provide any significant advantage in
reducing lattice thermal conductivity (values vary around
1 W/(m-K)). This phase segregation behavior was
not recorded in the published phase diagram; how-
ever, it is consistent with the recent calculation of the
phase diagram of this system which also predicts phase
segregation.>>>¢

We observed that n-type samples could be made by
introducing Ag deficiency, which could then act as a way
to control the carrier concentration. The LAST materials
are thermally stable up to their melting point at > 1200 K,
and doping is generally controlled via nonstoichiometry
on the Ag, Pb, or Sb fractions in the form of Ag, Pb,,, -
Sby..Tey,,,. The LAST-m (m ~ 18—22) system showed
high power factor and rather low lattice thermal conduc-
tivity giving a ZT ~ 1.7 at ~700 K.>’

The LAST-m system proved to be a bulk material that
spontancously forms nanostructures during cooling from
the melt. High figure of merit and nanoinclusions in the n-
type AgPb,,SbTe,,,, system were subsequently con-
firmed by follow up reports.”®>° Because of the complex
nature of the phase diagram, the thermoelectric proper-
ties of LAST are extremely sensitive to the synthesis
conditions.®° Even AgSbTe, itself, one of the end mem-
bers of the pseudobinary mixture, is prone to phase
segregation depending on composition and synthetic
conditions.®’ The material separates into a two-phase
mixture of a rock-salt phase, which is Ag,>SbogTes,
and Ag,Te. Ag,Te formation results either from
eutectic solidification (large lamellar structures) or by
solid-state precipitation (fine-scale particles). Thereis a
preferred crystallographic orientational relationship at
the interface between the matrix and the low-tempera-
ture monoclinic Ag,Te.

The lattice thermal conductivity of LAST-18 is esti-
mated to be much lower than what is expected from a
conventional solid solution compound. The power factor
reported so far in the LAST system, though relatively
high, is still lower than that of optimized PbTe itself,
indicating that electron scattering in LAST is somewhat
increased. Thus, the overall impact of the nanoinclusions
in LAST-18 is a net enhancement of ZT compared to
PbTe.

The nanoscale inclusions of minor phases in AgPb,,-
SbTe,,,, exhibit coherent or semicoherent interfaces with
the matrix. The inclusions form via nucleation and
growth events during cooling. Cross-sectional transmis-
sion electron microscopy (TEM) shown in Figure 3 illus-
trates this relationship where coherence between the two
regions is visible. This nanostructuring involves the en-
dotaxial embedding of regions of one composition inside
a matrix of another composition.®®> This seems to be a
consequence of nucleation and growth of a second phase
where coherent nanoscale inclusions form throughout the
material, which is believed to result in scattering of
acoustic phonons while causing only minimal scattering
of charge carriers.

Characterization of the nanosized inclusions in LAST
samples shows a strong tendency for crystallographic
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matrix

inclusion

Figure 3. (a) High resolution image of an inclusion in Ag 53Pb;sSb; »Te,q along the [001] zone axis. (b) and (c) TEM micrograph of nanoscale inclusions in
Agy 53PbgSb ;Tey. (d) EDS compositional profile of nanoinclusion shown in (c). Adapted with permission from ref 63.
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Figure 4. (a and b) High resolution transmission electron microscopy of a LAST-18 sample before and after annealing at 870 K, for a 3 month period in

vacuum. (c) Power factor of the sample before and after annealing.

orientation along the {001} planes, with a high degree of
lattice strain at the interface, consistent with a coherent
interfacial boundary. The inclusions seem to be enriched
in Ag relative to the matrix, Figure 3; however, consider-
ably more characterization is required to fully understand
what they are actually made of.%?

Ab initio electronic structure calculations based on
gradient corrected density-functional (DFT) theory per-
formed on AgPb,,SbTe,,,, materials indicated that the
electronic structure near the gap depends sensitively on
the microstructural arrangements of Ag—Sb atoms, sug-
gesting that large ZT values may originate from the
nature of these ordering arrangements. Such arrange-
ments are of course a strong function of the cooling rates
and annealing conditions of the samples, which is con-
sistent with experimental observations.®*

Are these nanostructures stable over long periods of
time? The above arguments regarding nucleation and
growth point to a thermodynamic and kinetic stability
of the nanoinclusions in these materials. Therefore, long-
term stability at high temperatures is expected, provided
the temperature is not high enough to favor thermody-
namic dissolution of the features. Such high temperatures
for the LAST system are believed to be around 900 K and
above. Below this, temperature stability of the features is
expected. Even if the temperature exceeds 850 K and the

features dissolve, they will reform as soon as the tempera-
ture drops below ~850 K. We tested the thermal stability
of the LAST material by annealing samples at 870 K, for
3 months in vacuum (sealed silica tube). The samples were
then examined to determine the presence of nanostruc-
tures and their thermoelectric properties. We found that
the nanostructures were still present in the samples and
the thermal conductivity and Seebeck remained
unchanged, while the electrical conductivity improved
by ~5—10%, Figure 4. This gave rise to a net increase
in ZT with annealing time and has positive implications
for the long-term operation of potential devices
assembled from these materials. In an in situ high-
temperature synchrotron radiation diffraction study we
observed that the inclusions remain thermally stable to at
least 800 K.%

Another approach to prepare LAST material is based
on mechanical alloying and spark plasma sintering (SPS).
Good thermoelectric performance was also obtained for
LAST-m materials using this nanocomposite approach.>®
Polycrystalline AggsPbg, SbTe,, materials formed by
mechanical alloying of elemental powders followed by
densification through spark plasma sintering achieved
a ZT of 1.5 at 673 K.* The average grain size of the
nanocomposite was ~1 um, with a compacted density of
~95% of the theoretical value. The observed ~20-nm-sized
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Figure 5. Temperature dependent electrical conductivity and thermo-
electric power for the LASTT composition Agy sPbsSn,Sby > Teyo.

precipitates in the grains are believed to play an important
role in lattice thermal conductivity reduction, similar to the
melt grown materials.

AgPb,,Sn,SbTe, . ,n.» (LASTT)

When Pb atoms in the LAST system are gradually
replaced with Sn atoms we obtain the Ag(Pb;_,Sn,),,-
SbTe,,,, series (LASTT: lead, antimony, silver, tin
tellurium). The introduction of Sn results in p-type
materials.®®> ZT values for certain m and n values can
reach 1.4 near 700 K. Presumably, the matrix in these
nanocomposites is comprised of the Pb;_,Sn,Te solid
solution, and the nanoprecipitates are rich in Ag and Sb
as was observed in LAST. In the LASTT materials the
transport properties are not as easily tunable by varying
the Ag or Sb concentrations as in the case of the Sn free n-
type material. The transport behavior in LASTT is more
easily tuned through the Pb/Sn ratio with the 9/9 com-
position giving the optimum values for power factor;
however, other ratios such as 6:2 also give high power
factor values. Electrical conductivity and Seebeck coeffi-
cient data from a typical optimized sample of LASTT are
shown in Figure 5. The high performance of LASTT
is linked to a very low lattice thermal conductivity
(~0.5 W/(m-K)) which again is linked with the embedded
coherent nanostructures found in these systems by
HRTEM. The nanostructures are in the order of 3—
20 nm and are generally coherent with the surrounding
crystal matrix.

The derived ki, for AgPb;,SnySbg 4Tes, AgPb 4Sng-
Sbg.4Tess, and AgPboSn;(Sby ¢7Tess, in comparison with
that of PbTe, is depicted in Figure 6. It can be readily
seen that the lattice thermal conductivity of the LASTT
system is only 40% that of PbTe at room temperature
and ~50% at 620 K. This indicates significant changes in
the lattice dynamics of this system at high temperatures
deviating from the Debye-Peierls theory that predicts a
scaling law, x1,¢ ~ 1/T. Since there is no observed scaling
in Ky, With m and/or y in the Ag(Pb;,Sn,),,SbTe,,,,
nor with the introduction of point defects, the strong
suppression of the intermediate frequency heat carrying
phonons seems to be achieved via the existing nano-
structuring.

NaPb,,SbTe; ., (SALT-m)

The sodium-substituted system NaPb,,SbTe,,,,
(SALT-m: sodium antimony lead telluride) is also a high
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Figure 6. Lattice thermal conductivity for three compounds of the Ag-
(Pb;-,Sn,),,SbTe,,,, series (open squares for AgPb;>Sn,Sby 4Te,o, open
triangles for AgPb,4,SngSby 4Te,4, and bullets for AgPb;(Sn;oSbg ¢7Te€22)
in comparison to that of PbTe. The solid line depicts the total « of
Ago.sPbeSnySby > Teyo.

Figure 7. TEM image of SALT-18 materials clearly showing nanoscale
precipitates. Inset: high resolution magnified image of a SALT-18 sample.

performance system (ZT ~ 1.6 at 675 K for m ~ 20)*° but
has p-type behavior. Again, the high ZT comes from the
very low thermal conductivity of the material which is as
low as 0.85 W/(m-K), of which ~0.5 W/(m-K) corre-
sponds to the lattice contribution. HRTEM images show
a broad-based nanosegregated system with features simi-
lar to those exhibited by the LAST samples, see Figure 7.
In similar fashion to LAST, the SALT system naturally
creates Na—Sb-rich clusters in the lattice. The distribu-
tion of Na™ and Sb** ions in the Pb*" sublattice cannot be
random as would be demanded by a solid solution,
because Coulombic forces alone tend to drive the system
into clustering at the nanoscale thereby lowering the
overall energy.®” High power factors can be obtained by
optimizing the Na/Sb ratio, Figure 8. As a result, the ZT
of Nag 9sPb,SbTe,, climbs sharply with temperature and
reaches 1 near 475 K and ~1.7 at 650 K. This is one of the
widest temperature ranges in which a single material
exhibits ZT above 1. The Bi analogue NaPb;gBiTe,
is also a promising material reaching a ZT ~ 1.3 at
670 K. Its lattice thermal conductivity is slightly higher
(0.7 W/(m-K)) than that of the NaPb,sSbTe,.*®
Corresponding studies of NaPb,,Sn,SbTe,,,,,,,» mate-
rials (SALTT) indicated that their TE performance did
not exceed those of the SALT-m systems.®® This is mainly
because of the inferior power factor properties. These
materials, however, also proved to be nanostructured and
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Figure 8. Power factors for SALT-19 and SALT-20 samples.

exhibit very low thermal conductivities. The NaPb;g_ -
Sn,MTe,, (M = Sb, Bi) series exhibits increasing total
thermal conductivity with Sn fraction with room tem-
perature values between 1.37 W/(m-K) for x = 3 and
3.9 W/(m-K) for x = 16. The lowest lattice thermal
conductivity, ~0.4 W/(m-K), was observed for the com-
position NaPb,Sn;sBiTe,; at 650 K. High-resolution
transmission electron microscopy on several members
of the NaPb;s_.Sn ,MTe,, series reveals that they are
inhomogeneous on the nanoscale with widely dispersed
nanocrystals embedded in a Pb,_,Sn,Te matrix. Also
observed are lamellar features in these materials asso-
ciated with compositional fluctuations and significant
strain at the nanocrystal/matrix interface, Figure 9a.

Image processing for strain field analysis was used to
investigate the variation in lattice parameters, and thus
the elastic strain, at and around these layers. Figure 9b
shows the power spectrum (from FFT) of the image in
Figure 9a with g; = 002 and g,= 220 chosen as the
Fourier vectors. The strain map profiles along the
001 direction (¢,,) and the shear direction (&y,) are shown
in Figure 9c—f. There is about 6% difference between
lamella A and B, inferred from the power spectrum,
indicating different lattice parameters. It is possible that
the lamellar features may be due to local ordering
between PbTe and SnTe phases, though definitive
proof would require additional EDS studies, which are
underway.

Notwithstanding the detailed chemical makeup of the
constituents, it is obvious that complex nanostructures
and concomitant interface-induced matrix perturbations
are ubiquitous in these systems. We have proposed that
such nanostructure and interface-induced matrix elastic
perturbations play a decisive role in mediating the
phonon propagation pathway and thus contribute to
enhanced phonon scattering resulting in reduced thermal
conductivity in these systems.®**”

KPb,,SbTe.,, (PLAT-m)

More recently we explored the K-based analogues of
the p-type Na, .Pb,Sb Te, , materials which have
the tendency to be n-type. The K,_Pb,,,sSb;,,Te, >
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Figure 9. (a) Different precipitate from NaPb;3SnsBiTe,q with different
contrast lamella structure labeled as ABAB... (b—f) are strain mapping for
this precipitate; (b) power spectrum image in (a) with g; = 002 and g, =
220. (c and d) [e and f] Strain map profile along the 001 direction (&,,) and
the shear direction (&), respectively.

materials system (PLAT-m for potassium—Ilead—
antimony—tellurium) exhibits the same low lattice thermal
conductivity as the SALT-m system and thus offers an
additional proof of the strong influence of the alkali metal
on the reduction of the lattice thermal conductivity of
PbTe-based materials. As a result, a maximum ZT of
~1.60 at 750 K was achieved for the composition
K .95PbyoSb; >, Te,,. Combined HRTEM and thermal con-
ductivity data on K, _Pb,,, sSb;, Te,,,, clearly show the
nanostructured nature of the PLAT-m system, Figure 10.
The primary reason for this nanostructuring is the strong
tendency of alkali metal and Sb to promote the forma-
tion of stable nanocrystals that are coherently embedded
in the PbTe-rich matrix and serve as additional pho-
nons scattering centers with less impact on the electron
flow. The stability of the thermoelectric properties of
K,-.Pb,,sSby,Te, »and Na,_Pb, SbTe,, > materials
upon small variation of the composition is a strong
indication of the potential for successful scale-up synthesis
(see full article elsewhere in this issue).”®

PbTe—PbS

The discovery of nanodots in the LAST-m and SALT-m
systems, coupled with the results observed in superlattice
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Figure 10. HRTEM images of K, Pb,y., sSb;, Tey, (m = 20) samples.
(a) Low magnification TEM image of K ¢sPbyoSbTey, showing nan-
ometer size crystalline K/Sb-rich particles inside PbTe-rich matrix.
(b) The corresponding high magnification image showed coherently
particles/matrix boundaries.

Figure 11. Transmission electron microscope images of (a) PbTe-PbS-
(8%) showing a PbS precipitate and (b) PbTe-PbS(30%) showing com-
positional fluctuations formed in the sample through phase segregation
and spinodal decomposition.

and endotaxially embedded nanocrystalline thin films,
points to a new paradigm in thermoelectric materials
exploration. This paradigm involves nanostructuring
PbTe and other promising materials with a variety of
inclusions to achieve record low lattice thermal conduc-
tivity for the particular system. Solid state phenomena
such as spinodal decomposition and nucleation and
growth constitute nearly ideal mechanisms for the
formation of phonon-scattering inclusions because by
its nature the precipitate phase undergoes a series of
coarsening steps with coherent or semicoherent interfaces
during the early stages. Consequently, their composition
and structure, as well as size and distribution, can be
controlled through judicious selection of cooling rate and
post synthesis heat treatment. Spinodal decomposition
is known to occur in the PbTe—PbS system, and we
have shown that precipitates of PbS are embedded in
the PbTe matrix. We found that the PbTe—PDbS system
actually exhibits three scales of inhomogeneity, Figure 11.
The system (PbTe),_(PbS), does not form a solid
solution, but rather phase separates into PbTe-rich and
PbS-rich regions to produce coherent nanoscale hetero-
geneities.”"’? For x > ~ 0.03, the materials are ordered
on three submicrometer length scales. The coherent nano-
inclusions in (Pbg 95Sng osTe);—(PbS), do not result in
excessive electron scattering, and high electron mobilities
of >100 cm?/(V-s) are observed at 700 K. At x ~ 0.08
the material achieves a very low room temperature
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Figure 13. Lattice thermal conductivity as a function of temperature for
various PbTe-based alloys and nanostructured samples.

lattice thermal conductivity (~30% that of PbTe), and
a ZT ~ 1.5 at 650 K is possible, Figure 12.7!

In addition to nanostructuring, the systems typically
have other coexisting defects, including solid solution
behavior. An important question to ponder then is how
much of the observed reduction in thermal conductivity
in these systems is explicitly from the nanodots and how
much from the point defects. Figure 13 shows a compar-
ison of lattice thermal conductivities for five PbTe-based
materials systems plus pure PbTe. It is clear that while
solid-solution point defect scattering alone is effective in
lowering the k1, of PbTe by ~30—40% the nanostructur-
ing contributes additional significant phonon scattering
mechanisms for an overall ~70—75% reduction.

Nanostructured PbTe by Liquid Encapsulation

In general, bulk crystals embedded with nanocrystals
in them represent a fascinating set of nanostructured
materials whose scope actually extends beyond the field
of thermoelectrics especially when the properties of
guest/matrix are chosen for specific functions. We have
proposed a convenient method on how to introduce
a variety of materials in PbTe and in related semicon-
ductors called “matrix encapsulation”.”® As we have
described earlier, to achieve nanoscale matrix encapsula-
tion of a minority phase A inside a majority phase B, the
former must have very low or no solubility in the solid
state but complete solubility in the liquid state. The major
phase B should have an equal or higher melting point than
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the minor phase (guest or inclusion) so that on rapid
cooling it will be first to solidify thereby precipitating and
simultaneously encapsulating nanocrystals of phase A.”?
These conditions are akin to what is known in conven-
tional solution chemistry as arrested precipitation.’*"”
This is a general method to prepare bulk nanostructured
materials of thermoelectric interest provided the matrix is
chosen to be an already promising thermoelectric. The
minor phase could be a nonreactive material capable of
altering the phonon scattering processes of the medium.

Strong reductions in lattice thermal conductivity have
been observed in PbTe samples containing < 3% nano-
particles of Sb, Figure 14.”* In contrast, similar fractions
of nanoparticles of Bi or Pb (two elements that have the
similar atomic mass as the Pb ions in the rock salt lattice)
were found to have no such effect.”*’® Mass contrast
between nanoparticles and matrix is apparently impor-
tant when considering which nanostructured materials to
investigate to achieve low thermal conductivity. The
presence of Pb and Bi nanodots, for example, does not
result in a significant reduction of the thermal conductiv-
ity even though the nanoparticle size distribution of these
phases is very similar to that of Sb (for similar con-
centrations). Of course, the mass of Pb and Bi atoms in
the nanoparticles is nearly identical to the mass of the
Pb atoms in the PbTe matrix, and the phonons may not
be able to sense the difference (acoustic mismatch),
Figure 14.

These results underscore the important role properly
chosen nanoparticles play in enhancing phonon scatter-
ing in PbTe. We learned that there is an optimum con-
centration of Sb nanoparticles (e.g., 1.5—2%) and not a
maximum concentration that maximizes the phonon
scattering. Thus, we have to conclude that the observed
reduction in lattice thermal conductivity is not simply due
to a disruption of the PbTe matrix caused by introducing
more and more of a second phase into it. In this case
we would expect either the opposite trend with nano-
inclusion concentration (i.e., higher nanoparticle con-
centration causing greater reduction in the thermal
conductivity) or a trend consistent with the “law of
mixtures” (i.e., the thermal conductivity would be an
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average of the two individual components). Presumably
the optimum concentration yields an optimum nano-
particle size distribution (~2—20 nm) with an overall
very high interface area between the Sb and the PbTe for
maximum phonon scattering to occur.”’ As the
concentration of Sb increases, the average particle size
increases (e.g., 4—50 nm) which probably results
in a decrease in the interface area and concomitant loss
of the full effect of phonon scattering. Presumably
then, if there was a way to keep the nanoparticle size
distribution small (e.g., 2—10 nm) and further increase
the concentration of the nanoparticles, we may expect
even further reductions in the lattice thermal conduc-
tivity.

The current insight that “particles in a matrix” nano-
structuring can lead to dramatic reductions in thermal
conductivity (well below the alloy limit) is supported by
several other studies that do not involve PbTe. One
example is the careful work on the InGaAs: ErAs thin
films. The InGaAs:ErAs system contains ErAs nanopar-
ticles endotaxially embedded in a InGaAs matrix. The
size distribution of ErAs nanoparticles in the matrix of
InGaAs is typically 2—4 nm in diameter.*® Thermal
conductivity measurements show a reduction by as much
as a factor of 3 compared to the bulk alloy. Detailed
calculation of the phonon transport in ErAs:InGaAs for
various nanoparticle sizes and distributions has shown
that the significant reduction in lattice thermal conduc-
tivity is due to the scattering of mid- and long-wavelength
phonons by the nanoparticles. These phonons are not
effectively scattered by the point defects in a bulk alloy,
which are more effective at scattering short-wavelength
phonons.

Recently, PbTe co-nanostructured with both Pb and Sb
precipitates has shown novel temperature dependent
behavior of the electron mobility, and enhancements at
high temperature result in increased ZT to 1.4 at 673 K.®!
Co-nanostructuring may also present a method for
increasing the power factor of thermoelectric materials
as both an increased power factor and reduced thermal
conductivity were observed in one material. For a given
carrier concentration we observe an increased electrical
conductivity at high temperatures which is responsible for
increasing the power factor, Figure 15a. This increased
electrical conductivity is a result of higher than expected
mobility at high temperatures. The temperature depen-
dence of the mobility in PbTe typically follows a power
law (u ~ T~ >%); however, in PbTe nanostructured with Pb
and Sb the temperature dependence can be tuned by the
Pb/Sb ratio. This leads to larger than expected mobilities
at high temperature because the mobility falls more
slowly than in PbTe itself. This behavior is not observed
in PbTe with Pb or Sb precipitates alone. It would appear
that a synergy between the two types of precipitates may
be the cause of this unique behavior. Additionally, for
the PbTe-Pb(0.5%)-Sb(2%) composition a substantial
decrease in the lattice thermal conductivity was also
observed leading to a ZT ~ 1.5 at 700 K, Figure 15b.
The exact mechanism and further understanding in this
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Figure 15. PbTe conanostructured with Pb and Sb: (a) Power factor for
showing a clear enhancement (~71%) over PbTe of the same carrier
concentration. (b) ZT comparison with optimized PbTe.

composite may shed light on mechanisms that could be
applied generally to many other thermoelectrics.

In related work we prepared thermoelectric materials
based on the eutectic phase relationship between PbTe
and Ge.®> When quenched, these eutectic mixtures exhibit
considerably stronger mechanical strength and reduced
brittleness compared to PbTe itself, while at the same time
they possess lower lattice thermal conductivity. Thermal
conductivity measurements show values lower than
expected based on the law of mixtures and multi-
phase composites. The thermoelectric performance in
these composites can be tuned through the use of
hypereutectic compositions and alloying of Ge with Si
and through carrier doping. ZT values approaching 1.3 at
778 K have been obtained in samples of PbTe-Ge gSig »-
(5%), which represent a 62% improvement over that
of PbTe.® In general, the mechanical properties of
thermoelectric materials such as those which are
PbTe based have not received adequate attention until
recently.®¥ %2

Nanocomposite Polycrystalline Materials

The nanostructuring modalities described above are
“nanoparticles in a matrix”. There are other approaches
to achieve nanostructuring and include the formation of
nanosized (grain size ~5 nm—10 um) polycrystalline sam-
ples formed by grinding and milling or wet chemistry
processing, followed by hot pressing or spark plasma
sintering of fine powders. Nanoparticles of the thermo-
electric material can also be prepared separately with “wet
chemical methods” which are then compacted into dense
samples by hot pressing or spark plasma sintering. Instead
of the nanoparticles in a matrix model described above, this
approach creates extensive interfacing between the com-
pacted nanoparticles which can lower the thermal conduc-
tivity. The resulting sample can exhibit certain benefits over
techniques that create very large-grain or single crystal
material, such as reduced thermal conductivity (due
to phonon scattering at grain boundaries), increased
power factor (due to electron filtering at grain boundaries),
better mechanical properties, and improved isotropy.
Compacting nanocrystalline samples can be a relatively
low-cost method to provide the large volume of material
necessary for more widespread adoption of thermoelec-
trics.”> However, a major challenge with this approach is
obtaining complete removal of the oxide layers and any
binder or organics used in the grinding, milling, or wet
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chemistry processes, as well as obtaining highly dense
samples during compaction. If this is not successful, the
carrier mobility will be low and the thermoelectric properties
poor.® This technique has been applied to several different
classes of materials including PbTe? % Bi,Te;,*** and
skutterudites.”” 1%

Promising results have been reported with n-type
nano/polycrystalline Bi, Te; material resulting in a high-
er ZT ~ 1.25 at 420 K compared to bulk Bi,Tes,
Figure 16.® This material was prepared via hot pressing
of nanometer sized n-type Bi,Te; and micrometer sized
powders mixed together. The improvement in ZT was
attributed to a slight increase in electrical conductivity
and a reduction (~25%) in thermal conductivity.
Additionally, Poudel et al.”* obtained ZT of 1.2 at room
temperature and 1.4 at 373 K from a ball-milled and
hot-pressed p-type BiSbTe alloy, Figure 16. These values
are about 20 and 40% higher, respectively, than the
comparable state-of-the-art ingot BiSbTe alloy results
they reported, with even greater improvement observed
at higher temperatures. Surprisingly, the observed elec-
trical conductivity for the nanostructured material was
also higher than the ingot material, similar to the nano-
grained n-type material previously reported.® The Seebeck
coefficient was higher or lower depending on the tem-
perature, yielding a slightly enhanced power factor for
the nanostructured material. The improvement in ZT
was attributed to a strongly reduced thermal conduc-
tivity and slightly increased power factor for the nano-
structured material compared to the ingot, particularly
at elevated temperatures. Using this nanostructured
p-type material and a commercial n-type leg, a ~20 °C
greater cooling capacity was reported compared to using
commercial material for both the p- and n-legs. The
thermal stability of these systems can be an issue because
at high temperatures grain growth and grain fusion will
result in permanent loss of the nanocrystallinity and in
reversion to the conventional BiSbTe alloy with conco-
mitant loss of the high ZT.'°! Therefore, it is possible
these systems may be limited in temperatures below those
that promote grain growth.

Recently, PbTe nanocomposites prepared by densifying
~100 nm PbTe nanocrystals (synthesized via a solution-
phase technique) within a dense Ag-doped PbTe matrix
were reported.'® These samples had a unique temperature
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Figure 17. Current state of the art in bulk thermoelectric materials.

dependence of mobility which was attributed to an addi-
tional scattering mechanism in combination with the
classical phonon-carrier scattering dominant in conven-
tional PbTe. The additional scattering mechanism was
proposed to arise from the metal oxide epilayer around
the nanoparticle which may result in energy barriers that
impede the conduction of carriers between grains. This
conduction can then be effectively described as dominated
by grain-boundary potential barrier scattering, coexisting
with phonon scattering.'*> These nanocomposites showed
an enhanced thermoelectric performance as compared to
bulk PbTe suggesting that interfacial energy barrier carrier
scattering is an effective method of ZT enhancement in bulk
nanocomposites.

Nanocomposite boron-doped Si/Ge materials formed
by ball milling and hot pressing were reported® to exhibit
increased Seebeck coefficients and only slightly reduced
electrical conductivities compared to bulk SiGe alloys,
resulting in a higher power factor for the nanocomposite
material over the temperature range of 300—1000 K. The
increased power factor for the nanocomposite is similar
to what was observed for the BiSbTe alloy above and as
predicted based on electron filtering effects at the grain
boundaries. In addition, the thermal conductivity of
the n-type Si/Ge alloy (SigoGe,oP,) nanocomposite was
significantly reduced over the entire temperature range,
resulting in a peak ZT of ~1.3 at 1200 K compared to a
value of ~0.9 for the bulk SiGe alloy.'%*:!%¢

Conclusions and Insights

The new idea in thermoelectric materials in the past
10 years or so is the concept of nanostructuring. In
nanostructured systems enhanced thermoelectric perfor-
mance can be produced from a strong decrease in the
lattice thermal conductivity.'® 1% The nanoinclusions
are believed to effectively scatter phonons that otherwise
would have relatively long mean free paths. The ZT
values of the current state of the art thermoelectric
materials are shown in Figure 17, although this “land-
scape” is now rapidly evolving because of continued
advances in the field. At this point in time all top
performing materials are nanostructured.
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Numerous results suggest that a wide size distribu-
tion of nanoparticles can effectively scatter different
phonon modes and reduce thermal conductivity. These
discoveries have changed the way we think about thermo-
electrics and opened new opportunities for designing
“built in” nanostructuring in semiconductors.

Nanostructuring of thermoelectric materials for
enhanced ZT is thus gaining momentum as the new
broadly applicable paradigm to many bulk materials.'®-®
Recent reports on skutterudites'® and half-Heusler
alloys containing nanoinclusions confirm real enhance-
mentsin ZT via a thermal conductivity reduction. Despite
this progress, the factors that control the nano-
structural evolution in solids and the detailed mechan-
isms by which the nanostructural features enhance the
thermoelectric performance need to be better understood.

How low can the thermal conductivity of PbTe-based
systems go? The lowest experimentally estimated value is
~0.5 W/(m-K) from 300 to 700 K (e.g., PbTe-PbS). The
0.33 W/(m-K) claimed for the molecular beam epitaxy
(MBE) grown thin film PbTe—PbSe superlattice systems
is now in doubt.* To assess the lower practical thermal
conductivity limits of these systems we grew nanoparti-
cles of LAST-m and PbTe using inverse micelle “wet”
chemistry methods with narrow size dispersity and an
average size of 9—12 nm. After complete characterization
these nanoparticles were processed into pellets by cold
pressing, and their thermal conductivity was measured.
The capping ligands used to stabilize these were either left
on the nanoparticles or removed with only a small effect
on the measurement results. Even though the pressed
pellets did not achieve theoretical density, the measured
total room temperature thermal conductivity values were
~0.40—0.50 W/(m- K). Since these pellets were essentially
electrically insulating, ~0.40—0.50 W/(m-K) represents
the lattice thermal conductivity and thus the lowest
possible achievable value for any PbTe-based material.
It is difficult to imagine how it can be reduced much
lower. Therefore, based on the above, future large ZT
enhancements, at least for PbTe, will not come from
further thermal conductivity reductions but from big
jumps in the power factor from current levels. This is
the main challenge going forward.

Therefore, mechanisms such as the exploitation of
resonance states in semiconductors®* hold promise
and can be better guided by theoretical prediction.*'**
One example is the PbTe:Tl system where resonance
states can increase the Seebeck coefficient and the overall
power factor at high temperature,*’ and if these proper-
ties could be coupled with the reductions in thermal
conductivity mentioned above, much higher ZTs would
result. Moreover, large increases in carrier mobility and
power factor brought about by complex nanostructures,
as in the conanostructured PbTe—Pb—Sb system.®! are
also promising and may also be applied to numerous
systems if additional theoretical understanding of this
phenomenon can be formulated.

Theoretical calculations on thermoelectric nanocom-
posite materials consisting of granular regions suggest
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that by changing the physical characteristics of the nano-
crystal, such as potential barrier height, width, and the
distance between them, it is possible to increase the mean
energy per carrier to obtain an enhanced power factor for
improved thermoelectric performance. The model is pro-
mising and can be generic because it can be applied to
other nanocomposites by incorporating the appropriate
electronic structure parameters.''°

Additionally, extensive work has also focused on
understanding the mechanical properties of PbTe-based
systems which is useful information when considering
device fabrication.''' '3

It is evident that the field of thermoelectrics now needs
new bold theoretical guidance on how the power factor
can be enhanced by 2—4-fold in the existing leading
materials, especially enhancements that derive from the
thermopower. Theorists in the field are urged to take
risks.
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