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Many of the recent advances in enhancing the thermoelectric figure of - G O
merit are linked to nanoscale phenomena found both in bulk samples o Q 00

containing nanoscale constituents and in nanoscale samples themselves.

Prior theoretical and experimental proof-of-principle studies on quantum-well superlattice and
quantum-wire samples have now evolved into studies on bulk samples containing nanostruc-
tured constituents prepared by chemical or physical approaches. In this Review, nanostructural
composites are shown to exhibit nanostructures and properties that show promise for thermo-
electric applications, thus bringing together low-dimensional and bulk materials for thermoelec-
tric applications. Particular emphasis is given in this Review to the ability to achieve 1) a simul-
taneous increase in the power factor and a decrease in the thermal conductivity in the same
nanocomposite sample and for transport in the same direction and 2) lower values of the ther-
mal conductivity in these nanocomposites as compared to alloy samples of the same chemical
composition. The outlook for future research directions for nanocomposite thermoelectric

materials is also discussed.

1. Introduction

Providing a sustainable supply of energy to the world’s
population will become a major societal problem for the 21st
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century as fossil fuel supplies decrease and world demand in-
creases. Thermoelectric phenomena, which involve the con-
version between thermal and electrical energy, and provide a
method for heating and cooling materials, are expected to
play an increasingly important role in meeting the energy
challenge of the future. Therefore we can expect an increasing
emphasis on the development of advanced thermoelectric ma-
terials as promising approaches are demonstrated, both at the
proof-of-principle level and at the scale-up level. In this arti-
cle, we review the present status of the newly emerging field
of low-dimensional thermoelectricity, enabled by materials
nanoscience and nanotechnology.

The field of thermoelectrics advanced rapidly in the 1950s
when the basic science of thermoelectric materials became
well established, the important role of heavily doped semicon-
ductors as good thermoelectric materials became accepted,
and the thermoelectric material Bi,Te; was developed for
commercialization, thus launching the thermoelectrics indus-
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try. By that time it was already established that the effective-
ness of a thermoelectric material could be linked in an ap-
proximate way to the dimensionless thermoelectric figure of
merit, ZT = §%¢ T/, where S, o, T, and « are, respectively, the
Seebeck coefficient, electrical conductivity, temperature, and
thermal conductivity.[l] Over the following 3 decades, 1960-
1990, only incremental gains were achieved in increasing Z7,
with the (Bi;_,Sb,)»(Se;_,Te,); alloy family remaining the best
commercial material with ZT= 1. During this 1960-1990 peri-
od, the thermoelectrics field received little attention from the
worldwide scientific research community. Nevertheless, the
thermoelectrics industry grew slowly and steadily, by finding
niche applications for space missions, laboratory equipment,
and medical applications, where cost and energy efficiency
were not as important as energy availability, reliability, pre-
dictability, and the quiet operation of equipment.

In the early 1990s, the US Department of Defense (DoD)
became interested in the potential of thermoelectrics for new
types of applications, and as a result the DoD encouraged the
research community to re-examine research opportunities for
advancing thermoelectric materials to the point that they
could be used more competitively for cooling and power-con-
version applications from a performance standpoint. This
DoD initiative was successful in stimulating the research com-
munity to once again become active in this field and to find
new research directions that would lead to thermoelectric ma-
terials with better performance. As a result of this stimulation,
two different research approaches were taken for developing
the next generation of new thermoelectric materials: one
using new families of advanced bulk thermoelectric materi-
als,”™ and the other using low-dimensional materials sys-
tems.> !

The advanced bulk-materials approach focused on new ca-
tegories of materials that contained heavy-ion species with
large vibrational amplitudes (rattlers) at partially filled struc-
tural sites, thereby providing effective phonon-scattering cen-
ters. The most prominent of these advanced bulk materials
are the so-called phonon-glass/electron-crystal (PGEC) mate-
rials®! (such as the partially filled skutterudites based on al-
loys of CoSb3)!'”! Regarding the low-dimensional materials
approach, two ideas were dominant. Firstly, that the introduc-
tion of nanoscale constituents would introduce quantum-con-
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finement effects to enhance the power factor S%. Secondly,
the many internal interfaces found in nanostructures would be
designed so that the thermal conductivity would be reduced
more than the electrical conductivity, based on differences in
their respective scattering lengths.[“]

During the 1990s these two approaches developed indepen-
dently and mostly in different directions. More recently, the
two approaches seem to be coming together again. Firstly, the
most successful new bulk thermoelectric materials are host
materials containing nanoscale inclusions that are prepared
by using chemical approaches.m] Secondly, low-dimensional
materials systems are now being assembled as nanocompos-
ites containing a coupled assembly of nanoclusters showing
short-range low dimensionality embedded in a host materi-
al,31 thereby producing a bulk material with nanostructures
and many interfaces that scatter phonons more effectively
than electrons. In this review article, recent advances in the
field of low-dimensional thermoelectrics are summarized with
emphasis given to new families of bulk thermoelectric materi-
als that incorporate nanoscale building blocks and show po-
tential for scale-up.

2. Proof-of-Principle Studies

There are several concepts behind using low-dimensional
materials for enhancing thermoelectric performance. The first
phase of the investigation of low-dimensional thermoelectric
materials was focused on the development of these concepts
and on their experimental proof-of-principle verification. This
approach has proved to be of great value to present research
directions where composite materials are being specially de-
signed and synthesized for superior thermoelectric perfor-
mance. The quantities S, g, and x for conventional 3D crystal-
line systems are interrelated in such a way that it is very
difficult to control these variables independently so that ZT
could be increased. This is because an increase in S usually re-
sults in a decrease in g, and a decrease in ¢ produces a de-
crease in the electronic contribution to x, following the Wie-
demann-Franz law!"®!. However, if the dimensionality of the
material is decreased, the new variable of length scale be-
comes available for the control of materials properties. Then
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as the system size decreases and approaches nanometer length
scales, it is possible to cause dramatic differences in the den-
sity of electronic states (see Fig. 1), allowing new opportu-
nities to vary S, g, and x quasi-independently when the length
scale is small enough to give rise to quantum-confinement
effects as the number of atoms in any direction (x, y, or z)
becomes small (e.g., less than ca. 10?). In addition, as the
dimensionality is decreased from 3D crystalline solids to 2D
(quantum wells) to 1D (quantum wires) and finally to 0D
(quantum dots), new physical phenomena are also introduced
and these phenomena may also create new opportunities to
vary S, o, and x independently. These phenomena are dis-
cussed below. Furthermore, the introduction of many inter-
faces, which scatter phonons more effectively than electrons,
or serve to filter out the low-energy electrons at the interfacial
energy barriers, allows the development of nanostructured
materials with enhanced Z7, suitable for thermoelectric appli-
cations.

The field of low-dimensional thermoelectricity started with
the introduction of two strategies: the use of quantum-con-
finement phenomena to enhance S and to control S and ¢
somewhat independently, and the use of numerous interfaces
to scatter phonons more effectively than electrons and to scat-
ter preferentially those phonons that contribute most strongly
to the thermal conductivity. Early work was focused on estab-
lishing the validity of these concepts/strategies, which were
first tested in model periodic 2D quantum-well systems!® and
later in 1D quantum wire systems[5‘16] both from a theoretical
standpoint and by experimental demonstration of the proof-
of-principle of these concepts.!*!”) Three additional concepts,
including carrier-pocket engineering,[&”’lgl energy filter-
ing,"*? and the semimetal-semiconductor transition®! have
further advanced the potential for using low-dimensional ma-
terials to enhance thermoelectric performance. The first dem-
onstration of proof-of-principle that a low-dimensional mate-
rials system could enhance thermoelectric performance was
for a 2D superlattice consisting of PbTe quantum wells and
Pb,_Eu,Te barriers.”! Here it was demonstrated first for n-
type PbTe!®! and soon thereafter for p-type PbTel? that §%n
(where n is the carrier density) within a quantum well with a
width below 4 nm could be increased relative to bulk PbTe.
Good agreement was obtained between experiment and theo-
retical predictions on the dependence of $%: on the quantum-
well thickness. The reason for emphasizing $°x rather than S,

3D E 2D 1D E

Bulk Semiconductor Quantum Well Quantum Wire

Figure 1. Electronic density of states for a) a bulk 3D crystalline semiconductor, b) a 2D quantum
well, ¢) a 1D nanowire or nanotube, and d) a 0D quantum dot. Materials systems with low dimen-
sionality also exhibit physical phenomena, other than a high density of electronic states (DOS),

that may be useful for enhancing thermoelectric performance (see text).
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is that n and ¢ are related by o = neu, where e is the charge on
the electron, and the carrier mobility x is highly sensitive to
extrinsic factors such as defects, whereas S’ is more closely
related to intrinsic materials parameters. Not only were PbTe
semiconductor superlattices effective for enhancing $%1, but
the enhancement was also demonstrated in Si quantum wells
in the Si/SiGe system[”] where good agreement between ex-
periment and theory was also achieved. Experiments on
cross-plane transport in Bi,Tes;/Sb,Tes superlattices demon-
strated that the scattering of phonons by the interfaces re-
duced the thermal conductivity more than the electrical con-
ductivity,? thereby establishing proof-of-principle of this
second concept, which has since been shown in practice to
yield a greater enhancement to Z7 than does the enhance-
ment produced by an increase in $*n. Following the experi-
mental demonstration of enhanced thermoelectric perfor-
mance in 2D superlattices, research moved forward in two
different directions. In one direction, advances in superlattice
design and growth were pursued, which we summarize next,
while in the second research direction ordered structures of
lower dimensionality (1D quantum wires and 0D quantum
dots) were investigated, as described subsequently.

Because of the lattice mismatch between PbTe and PbSe,
efforts to grow a heterostructure of a very thin layer of PbSe
between two layers of PbTe, resulted in an ordered array of
PbSe quantum-dot structures sandwiched between PbTe
layers, following the Volmer-Weber island growth pro-
cess.>2°l Here the quantum dots are in regular arrays of poly-
gonal structures, of constant size, orientation, and spacing.
Harman et al.””?! were able to grow superlattices of such
sandwich structures over thousands of periods to produce a
quantum-dot superlattice (QDSL) of composition PbTe/
PbSeqosTeg 2 on top of a BaF, substrate followed by a rela-
tively thin PbTe buffer layer. Using Bi as an n-type dopant for
this QDSL, values of ZT~1.6 and 3.5 were achieved at 300 K
and ca. 570 K, respectively, as shown in Figure 221 Encour-
aging results were also reported for a p-type QDSL based on
using Na as the dopant. The very large Z7 values obtained by
using this approach show that in QDSLs it is possible to both
increase the power factor S’ and to decrease the thermal
conductivity at the same time, with the reduction in x being
most important for enhancing Z7. This model system!?’! estab-
lishes a baseline to which other work can be subsequently
compared from a performance standpoint, as scale-up and

lower-cost processes are developed for
the practical commercialization of
advanced thermoelectric technologies.

g Thin-film thermoelectric cooling de-
A vices based on this model system may
someday be utilized for these high-per-

0D E formance characteristics.
Quantum Dot Now following the second research

direction of going to lower dimensions,
the study of quantum wires for thermo-
electric applications was pursued.””)
One material with very high potential
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Figure 2. a) Schematic drawing of a QDSL [28,29] and b) TE figure of merit vs. temperature for an n-type PbSeq 9gTeg 02/PbTe QDSL sample [27]. Copy-

right 2005, Minerals, Metals and Materials Society.

for thermoelectric applications has for many years
been Bi and Bi-related materials, because of the
high S of the Bi L-point®®!! electron carriers. But
unfortunately, Bi is a semimetal with both electron
and hole carriers, and electrons and holes therefore
contribute with opposite signs to its total S. To take
advantage of the excellent electronic properties of
the electron carriers in Bi materials, they would

Semimetal

\J

/\ /\ Semiconductor
o>

Decreasing wire diameter

have to be prepared as an n-type semiconductor.
This is possible with the use of either low-dimen-
sional Bi structures or by alloying with Sb, as dis-
cussed below. The development of Bi-based quan-

Figure 3. Schematic diagram of the Bi nanowire semimetal-semiconductor electronic
transition as the lowest conduction sub-band at the L-point moves up in energy, and
the highest valence sub-band at the T point [35] (Copyright 1968, American Physical
Society) moves down in energy, as the nanowire diameter dy, decreases.
a) dy>>50 nm, b) dw=50 nm, c) dy < 50 nm, the values being appropriate to pure
Bi [5]. Copyright 2003, Massachusetts Institute of Technology.

tum-well superlattices was, however, impeded by

the difficulty in finding a suitable barrier material

for Bi quantum wells in preparing 2D quantum-well superlat-
tices. Therefore, the development of Bi and Bi;_,Sb, alloys as
low-dimensional materials took the form of preparing ordered
arrays of 1D quantum wires inside the pores of anodic Al tem-
plates: Al is a well-behaved barrier material.l*”

The mechanism by which Bi can be converted into a semi-
conductor is the size-dependent semimetal-semiconductor
transition.®>>* When the size of a semimetal nanowire de-
creases so that there are relatively few quantum states for the
direction normal to the axis of the nanowire, then the energy
bands split into discrete sub-bands. In this quantum regime, as
the wire diameter decreases, the lowest conduction sub-band
edge moves up in energy while the highest valence sub-band
edge moves down in energy until these energy levels cross as
the material makes a transition from a semimetal (with over-
lapping energy states for the lowest conduction band and the
highest valence band) to a semiconductor with a bandgap be-
tween the valence and conduction bands (see Fig. 3). In the
semiconducting phase, the material can be doped to have one
strongly dominant carrier type. Such a semimetal-semicon-
ductor transition was predicted,”!) and subsequently observed
experimentally.”*! As alloying Bi with Sb changes the elec-
tronic structure of the bulk alloy,*”! calculations can be used
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to show the dependence of the semimetal-semiconductor
transition for a Bi-Sb nanowire, on both wire diameter and Sb
concentration.’®*") These phenomena have also been con-
firmed experimentally®® by changing both the wire diameter
and Sb composition, thereby providing two variables for con-
trolling and optimizing nanomaterials for enhanced thermo-
electric performance.

Superlattices of quantum dots along nanowires have been
synthesized experimentally!*>*! and calculations have been
carried out* indicating the parameters that should be con-
trolled for enhancing the performance of this type of quan-
tum-dot superlattice along nanowires for thermoelectric ap-
plications. However, no proof of principle has yet been
demonstrated experimentally for this approach.

Another previously known materials-related concept that
has been introduced to enhance the thermoelectric power fac-
tor $% is the concept of energy filtering!!”*%! of carriers by
the introduction of appropriate barriers in the form of inter-
faces that restrict the energy of carriers entering a material.
At an interface, those carriers with a mean energy substan-
tially above the Fermi level Eg will pass through the interface
preferentially, thereby enhancing the thermopower, which de-
pends of the excess energy (E-Ep) of carriers in the sam-

Adv. Mater. 2007, 19, 1043-1053
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ple.'’#! Using the energy-filtering approach, barriers have
been introduced in such a way that the reduction in the elec-
trical conductivity ¢ is more than compensated for by the in-
crease in S through the energy-filtering process, thereby re-
sulting in an increase in power factor $25.19%1 A1l of these
concepts and strategies are currently being exploited in im-
proving the performance of nanostructured materials for ther-
moelectric applications. Both fundamental and applications-
oriented studies are now currently being pursued to advance
the field.

The concept of carrier-pocket engineering!*’! has been in-
troduced to design a superlattice structure so that one type of
carrier is quantum confined in the quantum-well region and
another type of carrier of the same sign is quantum confined
in the barrier region. This concept of carrier-pocket engineer-
ing was introduced for the case of I-point electrons?®!! for
GaAs quantum wells and X-point electrons®!! in the AlAs
barriers in GaAs/AlAs quantum-well superlattices.*”) This
concept has also been applied to Si/SiGe 2D superlattices,*®!
and in some sense is widely used in self-assembled nanostruc-
tured composites where all components could be expected to
contribute to the enhancement of ZT.

Up until now, the main gains in increasing Z7 for low-di-
mensional systems are based on strategies to reduce the ther-
mal conductivity,*’ whether by increasing the effect of
rattlers in the cages of skutteruditelike materials,” or by in-
creasing the number of interfaces that scatter phonons more
effectively than electrons.[*’) But to increase ZT sufficiently to
lead to commercialization of low-dimensional thermoelectric
materials, it may not be enough to only decrease the thermal
conductivity, but it may also be necessary to increase the
power factor % at the same time. It has already been demon-
strated that this approach is possible in QDSL systems and in
nanocomposite thermoelectric materials as described below.

3. Nanocomposite Thermoelectric Materials

As thermal conductivity reduction is a major mechanism
behind the enhanced figure of merit in superlattices, and past
studies on the heat-conduction mechanisms in superlattices
conclude that periodic structures are not necessary for ther-
mal-conductivity reduction, nanocomposites then become a
natural step for extending the success in superlattices to more
scalable materials.[*"!

At the present time a number of research groups are devel-
oping nanocomposite materials with a potential for scale-up
and practical applications. The goals for designing materials
for such applications are to introduce many interfaces that are
specially chosen to: 1) reduce the thermal conductivity more
than the electrical conductivity by interface scattering, and
2) to increase S (for example, by carrier-energy filtering or by
quantum confinement) more than decreasing the electrical
conductivity, thereby yielding an increase in power factor,
with both goals helping to increase ZT. Nanocomposite ther-
moelectric materials offer a promising approach for the prep-
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aration of bulk samples with nanostructured constituents.
Such nanocomposite materials are easily handled from a
properties-measurement/materials-characterization point of
view; they can be assembled into a variety of desired shapes
for device applications, and they can be scaled up for commer-
cial applications. In this report we show preliminary results to
verify that: 1) a random assemblage of two kinds of nanopar-
ticles in a heterogeneous composite or of nanoparticles in a
host material (see Fig. 4 for this conceptualization of a nano-
composite) of bulk length scale (several millimeters in size)

°og°°ogoo
o° 006’°
20 ocp
°°°°°<9°35>
om%O o0

Figure 4. Conceptualization of a nanocomposite material with nanoparti-
cles embedded in a host material, as for example Si nanoparticles (melt-
ing point 1687 K) in a Ge host material (melting point 1211 K) [13].
Copyright 2005, Materials Research Society. Similarly, nanocomposite
materials of rather similar properties can be prepared from hot-pressing
two different nanoparticle constituents, such as Si and Ge nanoparticles.

can yield enhanced thermoelectric performance relative to
the alloy with the same composition of constituents, 2) a ther-
mal conductivity reduction can be realized over a wide tem-
perature range, 3) the power factor can be increased at the
same time by increasing S more than ¢ is decreased and,
4) that the nanostructures of the constituent materials can be
preserved during the processing steps used to prepare the
nanocomposite material. Conceptual advances are here pre-
sented for designing effective nanocomposite materials with
enhanced thermoelectric performance along with explicit ex-
perimental results shown for Si-Ge nanocomposite materials.
A variety of materials synthesis processes and approaches
have been suggested by various research groups,[51’53] involv-
ing different materials systems and processing methods, utiliz-
ing a number of common fundamental concepts, but differing
in detail in their execution. We also report here briefly on
some of these advances.

Model calculations provide an important guide for the de-
sign and choice of processing parameters in the preparation of
nanocomposite structures. As the reduction of the thermal
conductivity x is the most important strategy for enhancing
the thermoelectric figure of merit for nanocomposites,'* cal-
culations to demonstrate how nanocomposites might be de-
signed to have a x value lower than that for alloys of the same
nominal composition of constituents are of great interest.
Such calculations suggest the choice of processing parameters
and approaches to be taken for doping and other process-sen-
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sitive considerations in the actual preparation of nanocompos-
ite materials. Two approaches for carrying out such model cal-
culations have been: 1) Solution of the Boltzmann transport
equation for a unit cell containing aligned nanoparticles with
periodic boundary conditions imposed on the heat-flow direc-
tion, with a fixed temperature difference across each unit cell
in the model nanocomposite, and with the interface reflectiv-
ity and the relaxation time used as input parameters.”" 2) A
Monte Carlo method has also been used for the modeling
calculations, particularly for the case of random particle size,
orientation, and distribution.® Checks between the two cal-
culational approaches have been carried out successfully, and
the types of particle distributions that have been considered
in the model calculations are shown in Figure 5.[55:56]

Sebe
=]
Y =

random

aligned staggered

Figure 5. Types of particle distributions that have been used in model cal-
culations [54,55]. Copyright 2005, Massachusetts Institute of Technology.

The model calculations show that the thermal conductivity
for nanocomposites can fall below that obtained for their par-
ent bulk samples for cases where the composites contain par-
ticle sizes in the 10 nm range for Si,Ge,_, alloy compositions
in the range of 0.2 <x <0.8. It is interesting to point out in Fig-
ure 6 the fundamental differences between bulk alloy samples
and nanostructured samples of the same composition. In this
figure the thermal conductivity along the wire direction is
plotted versus the volumetric fraction of Si for nanostructures

140 s
——BULK
<1-10nm Si ¥
120 | --o--50nm Si ]
==2==150nm Si
100 | ~¥--500nm Si ]

THERMAL CONDUCTIVITY (Wm™'k™)

60 F svwwenpppmpnanyn=n B
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Volumetric Fraction ¢Si

Figure 6. Calculated thermal conductivity vs. increasing Si fraction for Si
nanowires in a Ge host material to constitute a model for the thermal
conductivity of Si,Ge;_, nanocomposite samples. For comparison, re-
sults are shown (solid line) for a bulk alloy with the same chemical com-
position as the nanocomposite material [55,56]. Copyright 2005, Ameri-
can Physical Society. Transport here is along the wire direction.
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of different cross-sectional widths dw in comparison to the
bulk alloy of the same composition. For bulk alloys or nano-
structured composites based on nanostructures of large dw
size (ca. 500 nm), Figure 6 shows that the lattice thermal con-
ductivity increases with increasing Si concentration, reflecting
the higher bulk thermal conductivity and higher sound veloci-
ty of Si relative to Ge.P However, for nanostructural widths
of 50 nm or less, the mean free path is limited by the nano-
structural width dy, so that the thermal conductivity ¥ now
becomes more sensitive to the velocity of sound and specific
heat rather than to the bulk mean free path for scattering. In
this regime, x decreases with increasing volumetric fraction of
Si (see Fig. 6), in contrast to the behavior of the 3D alloy sam-
ples with similar chemical composition, because the effective
thermal conductivity of Si drops more from the interference
scattering than from other mechanisms. The calculations
plotted in Figure 7 further show that Si-Ge nanocomposites
with 10 nm or 50 nm Si wires can have lower thermal conduc-

0 ——rr
—=—50nm NANOWIRE COMP.
-0- 50nm SUPERLATTICE

25 _s—10nm NANOWIRE COMP. 1
-o- 10nm SUPERLATTICE
—SiGe ALLOY

8

10 -

THERMAL CONDUCTIVITY (Wm™'k™)
o

0 L
0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90

ATOMIC PERCENTAGE x (Si1_x - Gex)

Figure 7. Calculated thermal conductivity of a SiGe composite material
containing Si nanowires in a Ge host material. Transport is here normal
to the wire direction [55,57]. Copyright 2004, American Physical Society.

tivity than that of Si-Ge superlattices (multilayers) with the
same dimension of Si film thickness at the same Si,Ge;_, stoi-
chiometry (when x> 0.60). These results show the possibility
of fabricating cost-effective nanocomposites with a thermal
conductivity lower than that of expensive superlattices. Monte
Carlo simulations were carried out for many different mean
particle sizes, size distributions, and degrees of randomness,
and the results show that the thermal conductivity depends
sensitively on the interface density (interface area per unit
volume), following a universal curve as shown in Figure 8.
Provided that the interface area per unit volume is above
0.08 nm™, the thermal conductivity of the nanocomposite is
lower than that of the bulk alloy for these kinds of samples.
These results strongly indicate that ordered structures are not
necessary to achieve a low thermal conductivity, thus validat-
ing the use of self-assembled nanocomposite materials, such

Adv. Mater. 2007, 19, 1043-1053
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Figure 8. Universal curve for the thermal conductivity of Si nanoparticles
and nanowires in a SiGe host material showing that nanoparticle and
nanowire composites can give rise to very low thermal conductivity val-
ues, much lower than the minimum thermal conductivity value of a SiGe
alloy [54,55]. Copyright 2005, Massachusetts Institute of Technology. The
value of the minimum thermal conductivity is taken from the work of
Abeles [58]. Copyright 1963, American Physical Society.

as in Figures 4 and 5 for enhancing thermoelectric perfor-
mance. In fact, it was early modeling and measurement work,
showing that it is not necessary to have coherent interface
structures to reduce the thermal conductivity, that led to the
proposal of self-assembled nanocomposites (Fig. 4) for ther-
moelectric applications in the first place.*!

To synthesize nanostructured composite materials, nanopar-
ticles of the constituent materials Si, Ge, and Si,Ge;_, alloys
were prepared using either wet-chemistry, ball-milling, or by
inert-gas condensation methods."*! Nanoparticles of both Si
and Ge were prepared using either nanometer- or microme-
ter-sized particles. These particles were then either hot-
pressed (HP) using a plasma pressure compaction (P?C)
method or HP in argon at 1333 K, yielding dense, mechani-
cally strong, bulk nanocomposites of near theoretical density.
Disks a half inch in diameter (1 inch=2.54 cm) and samples
of other shapes were thus prepared. Many different conditions
of compaction and levels of n- and p-type doping were used to
study the dependence of the nanocomposite materials on the
processing conditions and materials parameters. Different
sample shapes were used for different materials characteriza-
tion measurements. Some optimization of the processing con-
ditions was carried out for maximizing the figure of merit
along with providing improved in-service properties. Each set
of samples, grown with deliberately chosen processing param-
eters, was then characterized by using X-ray, scanning
electron microscopy (SEM), and transmission electron mi-
croscopy (TEM) techniques to verify and characterize the
nanoparticle integrity, meaning that nanoparticle inclusions
remained in the nanocomposite after all the processing steps
were completed. The X-ray and TEM characterization results
show that small nanoparticles of 5-10 nm size were retained
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after our nanoparticle P>C procedures were carried out in the
1050-1100 °C range. Materials science studies of the effect of
porosity on the transport properties show that the electrical
conductivity of the nanocomposite changes by orders of mag-
nitude when the sample density changes by only a few per-
cent. Our measurements highlight what we think is a general
result, that it is of great importance to achieve close to theo-
retical materials density for thermoelectric nanocomposite
materials, especially for the compaction of nanometer-sized
particles relative to the compaction of micrometer-sized parti-
cles.

A comparison between preliminary experimental results for
two samples and modeling calculations based on Si,Ge;_,
nanocomposite materials is shown in Figure 9. The results
show a low value for the experimental thermal conductivity

—

ot ——w/ 10 nm particles \
——w/ 50 nm particles ]
—+—SGMAO05

=O==3run2 HTB A

Thermal Conductivity (W/mK)

200 400 600 800 1000
Temperature (K)

1200 1400

Figure 9. Comparison between experimental measurements on two
nanocomposite samples and model calculations for the temperature de-
pendence of the thermal conductivity for nanocomposites containing 10
and 50 nm Si nanoparticles in a Ge host. The mean particle sizes for the
experimental samples are indicated (see text) [13]. Copyright 2005, Mate-
rials Research Society.

over a wide temperature range for a p-type Siypg0Geo20Bo.016
sample containing nanoparticles that had been ball-milled for
96 h. The calculated curve shown for comparison is based on
the modeling results for 10 nm Si nanoparticles embedded in
a Ge host material. Preliminary results on a sample prepared
by using the P’C method, and measured only up to 500 K,
show a higher thermal conductivity than that for the ball-
milled sample, but nevertheless with an interesting reduction
in thermal conductivity through the sample-processing and
preparation steps.

Experimental transport results given in Figure 10 for an ex-
perimental sample (SGMAO04), similar to the one used in Fig-
ure 9 (SGMADOS), show that, due to strong interface scatter-
ing, nanocomposite materials can have a higher resistivity and
a higher S than bulk thermoelectric materials. As the increase
in S for the nanostructured material prepared at the Jet Pro-
pulsion Laboratory (JPL) by ball-milling (likely because of
energy-filtering effects) is substantially larger than the de-
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and similar otherwise, showed the sec-
ond best thermoelectric performance.
] Although the measurements on the
. nanocomposites prepared by using the
] P>C method have only been measured
up to about 500 K, they also seem
promising. As the nanocomposite ther-
moelectric materials are still at an early
stage of development, especially related
to optimizing their processing condi-
tions and doping levels and doping
species, further improvements in ZT are

6 ——T T T T 250
[ saMaoa, | &€
5¢ 1=z
I 1 E200
g I 15
~ 4 | . _ E
= 1 W
S I 1 0150 d
= [ 1 O
o L 1 X
w = -
%] ST 19
i r J o
ol 1 &
[ ] w100 ]
2 ]
1:‘w\u‘\”‘\”‘\‘”\‘”: BO b b b b b L
200 400 600 800 1000 1200 1400 200 400 600 800 1000 1200 1400
TEMPERATURE (K) TEMPERATURE (K)

Figure 10. Comparison between the temperature-dependent resistivity and S of a p-type sample of
a Sio 80Ge0.20Bo.016 Nanocomposite material, of the indicated nominal composition, obtained by
ball-milling the starting material for 96 h (SGMAO04) in comparison to a bulk/advanced SiGe alloy
material (P-JIMO) developed for thermoelectric applications, showing that the power factor can be
increased and the thermal conductivity can be reduced at the same time in these nanocomposite

material samples [13,59]. Copyright 2005, Materials Research Society.

crease in o, the power factor is shown to increase in actual ex-
perimental nanocomposites samples over most of the temper-
ature range (see Fig. 11), consistent with predictions from
model calculations.”>>! Also shown in Figure 11 is a compari-
son between the thermal conductivity for a nanocomposite
and an advanced bulk thermoelectric material, showing that it
is possible for a nanocomposite material to increase its power
factor and to decrease its thermal conductivity at the same
time. Such behavior only occurs for nanostructured systems.
Figure 12 shows the temperature dependence of ZT (be-
tween 300 and 1300 K) for several SiGe samples, showing that
the best thermoelectric performance is achieved in the
Sip.80Ge0.20Bo.01s sample doped with 1.6 % boron and ball-
milled for 96 h and that the sample with 2.0 % boron doping,

expected for self-assembled nanocom-
posite materials based on the concept
presented in Figure 11 showing that it is
possible to increase S*¢ and to reduce «
at the same time.

Experimental measurements and de-
tailed theoretical analysis of two model
systems (PbTe with metal nanoparticle
inclusions and Ing 53Gag 47As with ErAs
nanoparticles) shed much light on a
strategy for embedding nanoparticles into a host material to
enhance its thermoelectric performance. In the case of the
PbTe system, metallic nanoparticles are embedded in a PbTe
host material and the mechanism responsible for the increase
in S was studied in some detail.®*®!! For the Ings;Gag4,As
system, nanometer-sized semimetallic ErAs particles were
embedded in the host material and the mechanism responsi-
ble for the measured reduction in the thermal conductivity
was determined.”! In both cases insights into scattering
mechanisms associated with nanosystems were shown to be
beneficial to thermoelectric performance, as described below
in more detail. New insights about novel scattering mecha-
nisms associated with metallic nanoparticles (Pb or Ag) em-
bedded in a PbTe host material were obtained from detailed
temperature-dependent measurements
of four transport properties: the electri-

TEMPERATURE (K)

Figure 11. Comparison between the temperature-dependent power factor and the thermal conduc-
tivity for a p-type Sio.30Ge0.20Bo.016 Nanocomposite material produced by ball-milling the starting
materials for 96 h and a bulk SiGe alloy material developed for thermoelectric applications, show-
ing that the power factor can be increased and the thermal conductivity reduced at the same time
in the nanocomposite material [13,59]. Copyright 2005, Materials Research Society.
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is the isothermal transverse Nernst-Et-
tingshausen coefficient N that is most
sensitive to 4, and it is the scattering pa-
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Figure 12. Plot of ZT versus temperature for a Sip g0Geo20Bo.016 sample prepared by ball-milling (mechanical alloy) as compared to the radioisotope
thermoelectric generators (RTGs) SiGe bulk materials now used in NASA (National Aeronautics and Space Administration) flights and to both a vari-
ety of JIMO (Jupiter Icy Moons Orbiter) test samples (labeled JIMO) and a few of the nanocomposites obtained by hot-pressing (using the P’C meth-
od) nanoparticles prepared by using the wet-chemistry method [13]. Copyright 2005, Materials Research Society.

rameter A that is most sensitively modified by the inclusion of
nanoscale metallic particles in the PbTe host material. For
bulk PbTe, 4 is found to be in the range 0.2 <1<0.7, whereas
for the metallic nanoparticles A is found to be greater than 3.
No known scattering mechanism has such a large A value. The
larger the value of /, the larger the energy-filtering effect, and
the larger the enhancement of the Seebeck effect. Analysis of
the published results on the carrier-concentration dependence
of S of the quantum-dot superlattices of PbTe with PbSe
nanoparticle inclusions®®! shows consistent behavior to that of
the Pb and Ag metallic inclusions.”! Similar behavior was
also reported for a nanocomposite composed of sintered pow-
ders of nanometer-sized grains.®) When taken together, it is
concluded that nanoparticles exhibit an energy-filtering ef-
fect,l®) which strongly lengthens the relaxation time of the
high-energy electrons relative to their behavior in the corre-
sponding bulk material. These studies teach us that nanoparti-
cle inclusions through a size-dependent energy-filtering effect
can enhance S significantly. The studies on the Si,Ge;_, nano-
composite yield results consistent with these findings, showing
further that the increase in S is sufficiently larger than the de-
crease in the electrical conductivity so that the power factor is
increased.””!

Study of the mechanism responsible for the large reduction
in the thermal conductivity of Ings3Gags;As containing
semimetallic ErAs nanoparticles provides a different set of
important insights about large changes in the behavior of ther-
moelectric materials when they contain nanoparticles inclu-
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sions.[””! Using ErAs nanoparticles with a size of about
1-4 nm, two types of samples were prepared by using molecu-
lar-beam epitaxy, such that the ErAs nanoparticles were ar-
ranged in either: 1) a superlattice structure or 2) a random
distribution within the bulk material. The analysis of the ther-
mal-conductivity measurements was carried out on the basis
of Mathiessen’s rule, whereby the effective scattering rate is
the sum of the scattering rates due to the various phonon-scat-
tering processes, including boundary scattering, umklapp scat-
tering, defect or alloy scattering, electron—phonon scattering,
and ErAs nanoparticle scattering. Analysis of the experimen-
tal temperature-dependent thermal-conductivity results from
50 to 800 K shows that the phonon scattering by ErAs nano-
particles is the dominant additional factor contributing to
phonon scattering for both types of samples. The analysis
further shows that both types of samples achieve lower ther-
mal conductivities than the minimal thermal conductivity for
bulk materials proposed by Slack,” in agreement with the re-
sults presented above on Si,Ge,_, nanocomposite thermoelec-
tric materials.!"*!

Theoretical analysis of the phonon scattering by a nanopar-
ticle showed that mid- to long-wavelength phonons were scat-
tered more effectively, whereas atomic-scale defects in the
Ing 53Gag 47As host material scattered the Brillouin-zone-edge
phonons more effectively. For this reason the ErAs nanoparti-
cles were especially effective in scattering those phonons that
contribute strongly to the thermal conductivity. However, the
size distribution of the nanoparticles in the samples served to
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scatter phonons over a wide range of phonon wavelengths.
The effect of the nanoparticles was to increase ZT by more
than a factor of two, with most of the enhancement coming
from the thermal-conductivity effect. Thin film samples of the
Ing53Gag47As host material in which ErAs nanoparticles are
embedded might be useful for the cooling of on-chip electron-
ics.

This work teaches us that nanoparticles also perform an en-
ergy-filtering effect that preferentially scatters those phonons
that contribute strongly to the thermal conductivity. The work
further confirms, what was shown in the studies of Si,Ge;_,
nanocomposites, that ordering of the nanoparticles in the host
matrix is not important for reducing the thermal conductivity.

4. Conclusions and Outlook

In summary, these studies on nanocomposite thermoelec-
trics show that randomly distributed nanostructures in SiGe
nanocomposite materials can lead to a reduction in the ther-
mal conductivity below that of an alloy of the same overall
chemical stoichiometry. Even though the electrical resistivity
may increase as a result of the introduction of nanoparticles,
the increase in S can be significantly larger, so that the power
factor can increase as a result of nanostructuring. Further-
more, both an increase in the power factor and a decrease in
the thermal conductivity relative to an alloy sample of the
same composition can occur in a given sample at the same
time, thereby resulting in an increase in Z7T from both pro-
cesses. These findings identify promising research directions
for nanocomposite materials produced either by materials
processing strategies as in this work or by chemical means as
shown for other materials systems.

This review leaves us with several take-home messages for
future research directions for advanced thermoelectric mate-
rials based on nanostructures. Proper choice of materials pro-
cessing conditions is essential for achieving the desired en-
hancement in Z7 for a given materials system and for making
the process suitable for scale-up applications. The processing
conditions must first be optimized so that the desired micro-
structure, mean particle size (nanoscale), particle size distri-
bution, materials densification, and grain-boundary properties
will be maintained both through the processing steps and
through the service time of the thermoelectric devices as they
are used, thus giving a long-term stability to the desired nano-
structure at high temperature and under required service
conditions. One approach to overcome these challenges is to
create a nanocomposite with at least two different phases to
prevent grain growth during processing and a second ap-
proach involves the use of nanometer-sized dopant particles
to provide a more homogeneously doped material for device
fabrication. Modeling is expected to play a major role in sug-
gesting strategies for the optimization of processes for materi-
als selection, for selection of the particle-size distribution, and
for the design of interfaces to maximize phonon scattering rel-
ative to charge-carrier scattering. As every materials system
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has different detailed properties and constraints, the study of
several materials systems as a basis for preparing high-perfor-
mance nanostructured composites is recommended. The
knowledge gained from one system would give ideas useful
for the advance of the preparation of other materials systems.
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