CHAPTER X

NANOCOMPOSITES AS HIGH EFFICIENCY
THERMOELECTRIC MATERIALS

Suraj Joottu Thiagarajan, Wei Wang, and Rongguigfan

Department of Mechanical Engineering, UniversityCaflorado, Boulder, CO
80309, USA; *EmailRongqui.Yang@colorado.edu

The phenomenon of thermoelectricity provides a raeah directly
converting electricity to a temperature gradiend ace versa, using
the electrical carriers, electrons and holes, engblid state devices as
the working fluids with no moving parts. This offermany
distinguished characteristics such as that they eareironmentally
friendly, quiet, compact and scalable. However thbeerent low
efficiency of thermoelectric devices based on cotieeal materials
has restricted their use only to niche applicatiosisch as power
generators for space exploration and temperaturgraiofor some
laboratory instruments. In the last 15 years, §icant progress has
been made in developing higher efficiency thernuele materials and
this has led to a renewed interest in the fieldhefmoelectric energy
conversion. Central to this advancement is the geition that
nanostructured materials make it possible to dffelst decouple the
Seebeck coefficient, electrical conductivity an@rthal conductivity,
all of which are intimately connected in convenibmaterials, and
vary each of these somewhat independently. Thigewewdescribes
some recent developments in the field with emphasis the
development of bulk nanostructured materials, nahocomposites.
After a brief review of the theoretical foundatiaf high efficiency
thermoelectric nanocomposites and the synthesishadst for
nanocomposites, we review the different classematerials recently
developed for various applications in different i@gimg temperature
ranges.
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1. Introduction to Thermoelectricity

With the rising demand for energy, the impendingrgy scarcity and
problems of global warming due to fossil fuelsisitncumbent on us to
develop new and more efficient ways of utilizingergy. This has
motivated the development of cleaner and renewatdegy technologies
such as solar photovoltaics, wind power, tidal ppwaeong others.

Thermoelectric phenomenon is the direct convershetween
electric and thermal energy, and offers a conveémesans for heating
and cooling materials and direct electricity getiera from thermal
sources. The most familiar example is a thermoauphere the open
circuit voltage of a junction between two dissimileonductors is
determined by the temperature of the junctionnstéad of open-circuit
operation, the thermocouple is allowed to do workoss an electrical
load, then the device operates as a thermoeleptriger generator
[Figure 1(a)]. Alternatively, if the load is repkd with an electrical
power source to reverse the current flow, thendince operates as a
refrigerator or heat pump [Figure 1(b)].

Compared to traditional refrigerators and heat megi
thermoelectric energy converters have the advastagesimplicity,
reliability, no vibrations, and scalability. Furtheore, because they use
no refrigerants or working fluids, thermoelectrievites may be
expected to have negligible direct emissions okghneuse gases over
their lifetime, likely reducing their contributiomo global warming
compared to conventional technologies. Due to tlumbination of
desirable qualities, they are ideal for applicati®uch as household
refrigeration and recovery of heat energy in autoileoand industrial
exhaust gas that is otherwise dumped to the atneospbr integrated
solar-thermoelectric systems for harnessing thenthkenergy in the
solar spectrum. Despite the possibility of suchiaative applications,
however, thermoelectric technology is not widesgraéae to the fact that
the efficiency of devices made of conventional ithaelectric materials
is very low. Thus, it has been limited to such eichpplications as
radioisotope thermoelectric power generators (RTi@s)space probes,
heating or cooling car seats in luxury cars, amdperature control of
some laboratory instruments.
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The efficiency of heat to electrical energy coni@rsin a
thermoelectric generator, as shown in Figure 1 dapends on many
parameters, including the material properties Sdebmefficient S,
electrical conductivitys and thermal conductivityk, the (absolute)
temperatures of the hot sidg and the cold sidd¢, and the load
resistance. The thermal conductivity of a typicalatenial has
contributions of both electrons and phonons, dehate k. and k,,
respectively. Joule heating and heat conductisidénthe device cause
irreversible energy losses, leading to lower eéficiy. The efficiency can
be calculated by considering it as a thermodynaneat engine, and
taking into account the different energy lossesdésnoptimized load
conditions, assuming that the material propertiescanstant within each
thermoelectric leg, and that the contact resistanaee negligible
compared to the total resistance in the arms, tiigemcy of power
generation is given by [1, 2]
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Figure 1. A thermoelectric couple with semicondugti- andp- type arms configured for
(a) power generation and (b) refrigeration.
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If the device is configured for refrigeration, thére coefficient of

performance (COP) can be obtained sirqjlarly as,

T ZT+1- 1
TC

(T, - T.) VZT+1+1

In both of the above equations which quantify thexmum
achievable performance of thermoelectric power gepes and
refrigerators, the materials properti€s s, and k& appear in the
combinationszs/k , making it convenient to define this quantity bs t
thermoelectric figure of meribf the material. This provides a means for
the assessment of a material for its suitability fbe use in a
thermoelectric device. The figure of merit can befied non-
dimensionally as

COP= (2

2
zT1=551, 3)
k

A good thermoelectric material is the one with ghhiSeebeck
coefficient, a high electrical conductivity, andbsv thermal conductivity.
As all the three properties are interconnectekad proved impossible to
raise the value of thET to much over 1 in bulk materials till recently.
The best thermoelectric materials are found in iheawdoped
semiconductors. Insulators have poor electricadoetivity and metals
have low Seebeck coefficient. In semiconductorsg thhonon
contribution to the thermal conductivity can beueed without much
reduction in electrical conductivity. A proven apach to reduce the
phonon thermal conductivity is through alloying posed in later 1950’s
[3]. The mass difference scattering in an alloyusss the lattice (phonon)
thermal conductivity significantly without much degdation to the
electrical conductivity. Figure 2 shows the figued merit vs.
temperature of some of the common bulk thermoeatechaterials, in
their respective operating temperatures. Usuallycaudd categorize the
thermoelectric materials according to the tempeeatange where their
peak ZT occurs as low temperature materials (200K-400Kgdiate
temperature materials (400K-800K), and high tempeea materials
(above 800K). For example, the commercially avédahermoelectric
materials for room temperature operation are from (Bi..Sh).(Se.
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,16,); alloy family that reactzT~1 around room temperature. This class
of materials currently dominates in temperature trmdnand thermal
management applications. High temperature matesiath as silicon
germanium alloys are heavily investigated and dsedpace exploration.
Medium temperature range thermoelectric materiataildc have
significant impacts on waste heat recovery and sb&amal utilization.
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Figure 2. Dimensionless figure of merAT at different temperature ranges of
conventional materials.

Figure 3 shows that the efficiency of thermoelectpower
generation witht,/ T.= 2.5 is about 13%T{»480 °C,Tc»30 °C). This
situation might apply to waste heat scavenging femtomobile exhaust.
However, to be able to achieve efficiencies th& emmpetitive with
conventional technologies for power generation egftigeration, and
thus to achieve widespread utilization of thermoties, we need to
develop materials witlT of about 3 or higher, that can be manufactured
in large quantities inexpensively. If thermoelectriaterials could have a
ZT=3, the efficiency of the same waste heat scavegngipplication
almost doubles to 24%. This vastly improved eéinciy could open up
many more potential applications for thermoelecamnergy conversion
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by lowering the operating cost, although the imgottissue of the
capital cost of the materials still needs to beresked.
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Figure 3. Efficiency of power generation vs. hadesitemperature using a thermoelectric
generator for materials of variod3s. The cold side is kept at room temperature.

Figure 4 shows the historic progress of high edficy
thermoelectric materials. The maximuih has stayed stagnant at around
1 for all temperature range over 50 years since ith@ortant
advancements using alloying approach. In the 19%@s, parallel
approaches were proposed for the enhancement of Ziheof
thermoelectric materials. We have witnessed heigitteinterests in
thermoelectrics due to the significa improvements published around
year 2000. The first of these approaches is basedew categories of
advanced bulk materials [4-6], with crystal struetuthat contain weakly
bound atoms or molecules with large vibrational Binges (called
ratters) at partially filled structural sites adtiras effective phonon
scatterers. The notion ofphonon glass-electron crysta(PGEC)
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enunciated by Glen Slack [7] has been useful imliggi the efforts in
this direction. Material systems, such as skuttiéeade.g., CoSP [8-
10], clathrates (e.g., B@asGesg) [11-13] and Zintl phases [14] belong
to this category.
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Figure 4. Dimensionless figure of merit of sometloé recent materials showing the
guantum size effects and low thermal conductivitg tb selective phonon scattering.

The second approach is using low-dimensional nase(such as
quantum well superlattices, quantum wires and gquantdots) [15, 16]
that would result in an enhancement of #ieby two mechanisms: (i)
nanoscale features that introduce quantum confinereffects in the
material lead to an enhancement of the power f&&tor and (ii) the use
of the numerous interfaces in the nanostructures $katter phonons
more than the electrons, based on the differencéhéir respective
scattering lengths, and thus reducing the therroabuctivity without
adversely affecting the electrical conductivitynaisch [17, 18].

The first phase of the investigation of low-dimemsil
thermoelectric materials was focused on the dewedmp of these
concepts and on their experimental proof-of-conaagptfication. This
approach has proved to be of great value to pressetrch directions
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where composite materials are being specially desicand synthesized
for superior thermoelectric performance. The quistS, , and & for
conventional bulk crystalline systems (3-dimensipage interrelated in
such a way that it is very difficult to control #e variables
independently so th&T could be increased. This is because an increase
in S(by lowering carrier concentration) usually resuit a decrease in
and an increase inproduces an increase in the electronic contributo
k, according to the Wiedemann—Franz law. However, tlife
dimensionality of the material is decreased, the mariable of length
scale becomes available for the control of matr@operties. It is
possible to induce dramatic change in the denditglectronic states,
allowing new opportunities to val§; , andk quasi-independently when
the length scale is small enough to give rise tantwm-confinement
effects as the number of atoms in any directioty(xr z) becomes small
(e.g., less than ~ 100). In addition, as the dinosdity is decreased
from 3D crystalline solids to 2D (quantum wells)D (quantum wires)
and finally to OD (quantum dots), new physical pireena, such as
metal-semiconductor transition (as demonstrated Bin nanowire
composites [19]), are also introduced and thesenghena may also
create new opportunities to vaBy , andk independentlyFurthermore,
the introduction of many interfaces, which scatmronons more
effectively than electrons, or serve to filter ¢lue low-energy electrons
at the interfacial energy barriers, allows the dmwment of
nanostructured materials with enhancg suitable for thermoelectric
applications [18].

Based on the theoretical study of how low-dimensiomaterials
such as quantum wells [15] and quantum wires [b&]ct be utilized to
enhance&T of a material, Harman et al. grew superlatticePlofe with
embedded nanodots of PbSe by molecular beam epitay these
materials exhibited a very highil of ~ 1.7 and 3.5 at 300 K and around
570 K respectively[20-25]. The lattice thermal conductivity in the
superlattices is as low as ~0.33 W/mK, which ister@s reduction from
that of bulk PbTe (~2.4 W/mK). Later experimentoowhd that the
increase in theZT is wholly due to the reduction of the thermal
conductivity and not by an enhancement of the Sgebeefficient [26].
Venkatasubramanian et al. [27] prepared p-type riaifiee of BpTes-
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Sh,Te; by molecular bean epitaxy. Compared with norméi materials,
the thin film materials with the superlattice sttue also showed very
low lattice thermal conductivity leading to hi@ values of up to 2.4 at
300 K. These early works have experimentally dermated that it is
possible to raise th&@T of materials much beyond 1 by the use of
nanostructures although the understanding of theporesible
mechanisms iZT enhancement has taken quite long time.

An additional effect that could be realized by thse of low
dimensional materials (like superlattices) ékectron filtering which
would result in a concomitant increase in the Seleloeefficient. It was
Moyzhes and Nemchinsky who first proposed thatdasing the power
factor using potential barrier scattering may befuisnot only for a film
material but also for a bulk material [28Jhey proposed that the
formation of a structure with potential barriersaifbulk material, such as
the grain-boundary structure of a film, can regulan effective filtering
of electrons of energy lower than the barrier hgigfus allowing only
the high energy electrons to contribute to eleatratirrent. This in turn,
will increase the Seebeck coefficient, thus leadngn enhancement of
the power factor. Their proposal has been the@bticupported by
calculations performed by other groups [29, 30]ldvang this, Zide et
al. demonstrated an increase in the Seebeck deetfiby means of
electron filtering in superlattice composite makrimade of
INg 53G & 47AS With Iny 538G a 207l 0.16AS barriers [31, 32].

Thus, in the past few years, numerous avenuesheae explored in
search of new physical phenomena that could lead bétter
thermoelectric performance, and novel materials ¢bald exhibit these
new phenomena have been developed. Some receewsewn the
different approaches include references [18, 33] woanoscale
thermoelectricity, reference [34] on thermoelectmcaterials with
complex unit cells and reference [35] on the chainiproblems
associated with the design of new thermoelectriderias. In the
following sections, we show why nanocomposite malerare a
promising new class of materials, describe theouarisynthesis routes
being explored and highlight some of the latestiea@ments in
developing higlZT nanocomposites materials.
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2. Nanocomposites as highly efficient thermoelectrimaterials

As described in the previous section, many stuldéeg& shown that it is
possible to enhance the thermoelectric performafficeaterials beyond
what is possible in bulk materials by the use dfiasdructures, either
through the quantum low-dimensional effects ond@nge of electronic
energy states, the selective filtering of low egegdectrons across a
barrier, or by interfacial scattering of phononsrémuce the thermal
conductivity. However, these are to be consideregofpof-concept

studies and significant challenges exist in apglyihese superlattices
thin films or nanowires to commercial applicatioas, they are far too
expensive to fabricate, can only be made in smadingties, and are
difficult to make high performance devices [36]. dchieve commercial
usage, new types of nanostructured materials thasepre the

advantages of the low-dimensional materials inclgdithermal

conductivity reduction and potentially power factocrease, while at the
same time be cost-effective and susceptible toelaogle batch
production need to be developed.

Chen and co-workers studied carefully the thermatdactivity
reduction mechanisms in the aforementioned highicieffcy
thermoelectric superlattices [37]. They found tlia¢ periodicity of
superlattices is not a necessary condition for ntlaérconductivity
reduction. The reduced thermal conductivity in slgteces comes from
the sequential interface scattering of phononserathan the coherent
superposition of phonon waves [38]. This concludieeds naturally to
the idea of using nanocomposites as potentiallyheajg alternative to
superlattices in the quest for highT materials [18, 39]. Such
nanocomposites can be in the form of nanopartieled nanowires
embedded in a host material, or mixtures of twded#t kinds of
nanoparticles [40]. Indeed nano-inclusions for rteglectric materials
have been attempted before [41]. For example, &aédition of BN and
B,C nanopatrticles into a Si-Ge alloy, it was foundedt the thermal
conductivity can be reduced appreciably. Unfortalyatthe inclusion
also reduces the electrical conductivity and thhesret gain irZT was
not large. This is because the added inert pastitkve a large bandgap
and thus introducing a high electric potential lmarrthat scatters
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electrons. This indicates that one should carefoligose the materials
with matched electronic properties. Recent expertaleesults [23, 27]
show no significant reduction in the electrical doativity was observed
for current flow perpendicular to the interface &i,Tes/ShTe;
superlattices and along the interface of PbTe/PbSqliantum-dot
superlattices. This demonstrates that by propdrgosing the mismatch
in electronic properties, the electron transporbpprties can be
maintained at a level comparable to bulk mater@alseven enhanced
using interfaces as energy filters or energy qaatitin barriersAt the
present time a number of research groups are dauglmanocomposite
materials with a potential for scale-up and prattapplications. Section
4 highlights some of recent achievements. The ogkireg goals for
designing these nanocomposites materials are twdinte many
interfaces that are specially chosen to: 1) redaeehermal conductivity
more than the electrical conductivity conductionibterface scattering,
and 2) to increase Seebeck coefficient (for examipyecarrier-energy
filtering or by quantum confinement) more than @asing the electrical
conductivity, thereby yielding an increase in powactor, with both
goals helping to increageT.

Nanocomposite materials offer a promising approdoh the
preparation of bulk samples with nanostructured stirents. As
reviewed in Section 3, a variety of materials sgsth processes and
approaches have been suggested by various resgangps,nvolving
different materials systems and processing methatilizing a number
of common fundamental concepts. Such nanocompositeshe easily
handled for both material property measurements cradlacterization;
they can also be assembled into a variety of shdpesdevice
applications, and can be scaled up for commergali@ations. The
guestion is can nanocomposites replicate the eehagts obtained in
samples made by atomically precise methods suamadscular beam
expitaxy grown superlattices? Based on an effectiedium theory they
developed, Bergman and Levy [42] showed that figofremerit of a
composite of two materials A and B can never exdiedhighest of
either A or B (though the power factor can [43]pvdrtheless, in view
of the fact that this theory was based on a phenotuogical description
without the details of the transport mechanismss itonceivable that
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composites made with nanoscale structures thateinfle the electron
and phonon transport in different ways than bulkposites will show

better thermoelectric performance. In the past, esaheoretical and
modeling studies have been attempted to investgataon and electron
transport in low dimensional structures such asedatiices and

nanocomposites. In the following, we describe saheéhe modeling

studies that have been performed in the recenttpattidy the effect of
nanostructures on thermal and electrical transpananocomposites. In
section 4, we will describe a selected number cémedevelopments that
have taken place in the recent past with emphasiadvances made
since the last review in the subject was writte].[1

2.1 Modeling of phonon transport

Considering that the phonon wavelength for dominghbnon heat
carriers is about 1 nm and the phonon mean frele gald be in the
order of 100 nm [44] and thermoelectric nanoconteesbften are made
of nanoparticles or nanowires with a characterificgth in tens of
nanometers, there would be significant challengemodeling phonon
transport using electron or phonon wave mechantugevthe effective

medium theory based on Fourier heat conductivityoisvalid. To study

the thermal conductivity of thermoelectric hanocosifes, Yang and
Chen heavily relied on statistical mechanics desion of thermal

transport and developed deterministic solution bbérpn Boltzmann

equation to study periodic two-dimensional nanowioemposites [45,

46], and Monte Carlo simulation of phonon transgort the thermal

conductivity in periodic and random (3D) nanopaeticomposites [47].
Following assumptions are made for their modelitgdies: (1) The

phonon wave effect can be excluded. (2) The frequeependent
scattering rate in the bulk medium is approximdtg@n average phonon
mean free path. (3) The interface scattering fsIsk.

It can be a daunting problem to model or to sineuliie transport
properties of nanocomposites since the distributbrthe nanoparticle
size and location can vary a lot. To accurately ehdde transport, the
simulation domain should be as large as possilbleyen the same size
as the sample. The memory and computational timainr@ments for
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such a multiscale problem are very demanding. Sitiar of the

properties of a periodic structure often gives ptals insights of

materials even in their random form. Instead ofatirey the whole

structure, Yang and Chen [40, 46, 47] simplified pgroblem by dealing
with periodic hanocomposites that can be constduisyea periodic stack
of a unit cell. A unit cell might consist of onenmgparticle/nanowire or
many nanoparticles and nanowires. If the unit celisists of only one
nanoparticle or one nanowire, the repeating stradgia simple stack of
a periodic nanocomposite. If the unit cell considtsnany nanoparticles
and nanowires inside and the distribution insideuhit cell (simulation

box) is random, the nanocomposite is then semogarj i.e, long range
periodic but random inside the unit cell.

The study shows that the prevailing approach to ehaldermal
conductivity of nanocomposites, which includes thterface thermal
resistance, or Kapitza resistance, with the Folméat conduction theory,
underpredicts the effect of interface for thermahductivity reduction
since the Fourier heat conduction theory is basethe diffusion picture
and is not applicable when the phonon mean free igdbnger than the
characteristic length of the nanocomposites sudhegparticle diameter
and/or interparticle separation distance.

Figure 5 shows the size effect on the thermal cotndty of Si; -
Ge, nanocomposites with Si nanoparticles embeddedeim@trix. First
of all, for fixed size of silicon nanoparticles, etHess the atomic
percentage of germanium, which has lower thermaldaotivity than
silicon, the lower is the effective thermal condwity of the
nanocomposites. This is very different from macabsacomposites, in
which the effective thermal conductivity increaseish the decreasing
volumetric fraction of the lower thermal conductywcomponent. This is
caused by the ballistic transport of phonons irlibé host material and
the nanoparticles, and the interface resistanogdaet the host material
and the nanowires.
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Figure 5. Size effects on the thermal conductivd§f nanocomposites with Si

nanoparticles embedded in Ge matrix. Reprinted wéimission from Ref. [47]: M. S.

Jeng, R. G. Yang, D. Song, and G. Chen, Journ&leait Transfer-Transactions of the
ASME 130 042410 (2008) Copyright @ American Society of Wetical Engineers.

The comparison of the thermal conductivity of trnocomposites
with 50 nm silicon particles and 10nm silicon pelas simply aligned in
germanium matrix shows that the thermal condugtidiétcreases as the
size of the nanoparticles decreases. The comparidorthermal
conductivity of nanocomposites with the correspogdilloy value also
demonstrates that nanocomposite can be an effegipach to reduce
the thermal conductivity and thus to develop hiffieiency
thermoelectric material. Jeng et al. [47] also cared the thermal
conductivity of periodic and random nanocomposéed found out that
the randomness either in particle size or in parfiecation distribution
causes only slight fluctuation but is not a domtnfaetor for thermal
conductivity reduction.

Based on the fact that the phonon-interface s@agtefominates the
thermal conductivity reduction for nanocompositéang et al proposed
to use interfacial area per unit volume (interfalemsity) as a unified
parameter to replace the nanoparticle/nanowire aizé the atomic
composition and to correlate the wide spreadingntié conductivity
data. Figure 6 shows that the thermal conductivilgta of
nanoparticle/nanowire composites falls nicely omioe curve as a
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function of interfacial area per unit volume. Thendomness either in
particle size or position distribution causes dlifjiactuation but is not a
dominant factor for thermal conductivity reductidrhe key for thermal
conductivity reduction is to have high interface nsiey where
nanoparticle composites can have much higher ateridensity than
simple 1-D stacks such as those expensive permgperlattices, thus
nanocomposites benefitZ T enhancement in terms of thermal
conductivity reduction.
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Figure 6. Thermal conductivity of nanocompositesadsinction of interfacial area per
unit volume (interface density). The thermal contlity data of nanoparticle composites
falls into one curve as a function of interfacieg¢@per unit volume. At sufficiently high
interface densities, the thermal conductivity af ttanocomposite reaches a value lower
than that of an alloy of the same composition. Reed with permission from Ref. [47]:
M. S. Jeng, R. G. Yang, D. Song, and G. Chen, dbwfnHeat Transfer-Transactions of
the ASME130, 042410 (2008) Copyright @ American Society of keeaical Engineers.

Figure 7 shows the temperature-dependent thermmaduotivity of
nanoparticle composites. Boundary scattering resultvery different
temperature dependence of the thermal conductbfityanocomposites
comparing to their bulk counterpart where at higimperature the
thermal conductivity is dominated by the Umklappopbn-phonon
scattering process. The thermal conductivity ofG8i-nanocomposites
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with 10 nm particles in the germanium matrix is asntemperature
independent.

Figure 7. Temperature-dependent thermal condugtdfiSi-Ge nanoparticle composites.
Reprinted with permission from Ref. [47]: M. S. deR. G. Yang, D. Song, and G.
Chen, Journal of Heat Transfer-Transactions oAB®E 130, 042410 (2008) Copyright

@ American Society of Mechanical Engineers.

To conclude, thermal conductivity of nanocompositesn be
effectively reduced which renders nanocompositeaagh as potentially
a cheap alternative to superlattices for higjh material development.
The challenge is to properly choose the mismataeaotronic properties
between the constituent materials so that therele¢tansport properties
can be maintained or even enhanced.

2.2 Modeling of electron transport

The modeling tool for electron transport in nanoposites is relatively
rare. In theory, electron transport in nanocompssitan be modeled
similarly to that of phonons, such as developirg Boltzmann equation
solver or Monte Carlo simulation for electron tpeod, as long as
guantum confinement is negligible, which is oftée tase for random
nanocomposites. However, Monte Carlo simulationtrermoelectric
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transport of electrons in nanocomposites is consiilg more

challenging because of the possibility of nonegilim between
electrons and phonons at the interfacial region thedrequirement of
solving concurrently the Poisson equation to detgenthe electrostatic
potential.

Simplified models where electron transport propsrtire calculated
using standard Boltzmann equation expressions enréfaxation time
approximation have previously been attempted [93, Mang and Chen
[50] extended this model to study the thermoeledtansport properties
of electrons in SiGe nanocomposites, where the caanposite is made
by compacted SiGe alloys nanoparticles. The fortiariaof the transport
properties are written similarly as that for bullaterials [49], which is
relatively easy to implement, with an inclusion inferface scattering
model.

The interface scattering can be viewed as eleanamgy filters [29,
51]. At the boundaries of two different grains r{oparticles), low
energy electrons are reflected and high energytreles pass through.
Thus the relaxation time due to boundary scattezargbe written as,

1 _v_6JV2E/m
—=—=————whenE<E,

t, d d

1

— =0 whenE > E, 4

b
whered is the size of nanoparticlds, is the energy barrier height.

Figure 8 shows the temperature dependent electrmadluctivity,
Seebeck coefficient, and power factor for compacteshoparticle
composites made of SiGe)» alloy as a function of energy barrier height.
The nanoparticle diameter is assumed to be 20 ndhthe doping
concentration is assumed to be 1.0%10n>. As shown in Figure 8(a),
the electrical conductivity decreases with energyribr height and the
Seebeck coefficient increases with energy barrggght due to the low
energy carrier filtering. Figure 8(b) shows thagrdh exists an optimum
barrier height for the power factor enhancement.er@V the
enhancement is effective at low temperature andrbes less effective
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at high temperature, which is very similar to expent observations [52,
53].

This simplified model could be a good tool to guithe material
synthesis since it predicts the dependence of theleutric transport
properties on carrier concentration, temperatui@ngnanopatrticle) size,
and energy barrier height after the input pararsesee optimized with
experimental data.

(a) (b)

Figure 8. The temperature dependent electrical weiivty and Seebeck coefficient (a)
and power factor (b) for $iG&), alloy compacted nanoparticle composites as a ifumct
of energy barrier height Eb. Reprinted with permissrom Ref. [50]: R. Yang and G.
Chen, inSAE World CongresSociety of Automotive Engineers, 2006), Articl@@06-
01-0289. Copyright @ Society of Automotive Engirseer

Faleev and Leonard [54] developed a model for ptedj the
Seebeck coefficient, electrical conductivity add of materials with
nanoscale metallic inclusions, using the idea eftiand bending at the
metal-semiconductor interface acting as energgrilt They found that
the Seebeck coefficient of the nanocomposite nadteis always
enhanced compared to the inclusion-free systemttaidhe smaller the
nanoinclusion, the greater the enhancement. Sinwlafang and Chen
[50], they also found that the power factor is woyitied for certain values
of the boundary potential. The enhancement ofAhés dominated by
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the reduction in the lattice thermal conductivity fow carrier density,
while at high carrier density the electronic cdmition becomes
important.

In summary, electrical and energy transport in stmeotures differs
significantly from macrostructures because of etaésand quantum size
effects on energy carriers. Both thermal condugtivéduction and the
possibility to maintain—and even enhance—the eb@dtr power factor
in nanocomposites render cost-effective random c@anposites as a
promising alternative to expensive superlattices Hgh ZT material
development. The key to thermal conductivity regucis to have high
interface density where nanocomposites can havén rhigher interface
density than simple 1D stacks such as superlattices nanocomposites
benefitsZT enhancement in terms of thermal conductivity réidac In
the meantime, the interfaces can be viewed as gfiéiegs for electrons
which allow only electrons having higher energypass through the
barrier, and thus enhance the Seebeck coeffidardrall there exists an
optimum barrier height and nanoparticle (grainkesiar the electronic
power factor enhancement due to the electrical ectndty reduction at
the same time.

3. Synthesis of thermoelectric nanocomposites

A thermoelectric nanocomposite is a composite coostd by
incorporating thermoelectric nanostructures in atrimaof a bulk
thermoelectric material or compacting various thehectric
nanostructures into bulk form. Several methodstlier preparation of
thermoelectric nanocomposites have been exercidegse methods to
obtaining bulk samples with nanoscale featuresbeahroadly classified
into two categories: (i) compaction of nanoscale constigient
(nanoparticles, nanowires, etc.) into bulk samplés) in situ
precipitation of nanoscale constituents by meanghake separation. In
the following, the two routes are briefly described



20 Thiagarajan et al.

3.1 Preparation of nanocomposites by compactiorhntéques

Several different compaction techniques have bééned in the recent
past to obtain bulk thermoelectric samples fromosaale constituents
that are synthesized by an array of physical aminétal methods. The
essence of all compaction techniques is to appgh tpressure for
densification, and often a rather high temperatarsoften the material
so that plastic deformation allows better fillingdamaterial flow by
diffusion to remove the remaining porosity. Thelldrgge is in achieving
high density (and low porosity) without losing theanoscale
microstructure and keeping the material chemiqatise.

3.1.1 Compaction methods

Cold compaction is a process in which powder maledre compressed
in a temperature range where high temperature metion mechanics
like dislocation or diffusional creep can be netgedc Cold compressing
is the most important compaction method in powdetatiurgy. Thus,
cold sintering offers the potential for retainirge tmetastable nanoscale
constituents. Despite this, the nanopowders mayhbooid very well,
leading to lower carrier mobility and therefore 1@W.

A more common way of consolidation of nanopowdesshbt
pressing, where, in addition to the high pressmederate to high
temperature is applied to the sample simultaneoudtys results in a
better particle-particle bonding, and higher carrebility in the final
sample. However, it is a challenge to retain theongeter-sized crystal
grains in the final sample because the grains camw gignificantly.
Figure 9 shows the TEM images of nanocompositeBigBh, Te;
prepared by ball milling and hot pressing [55]. dently, under the right
conditions hot pressing can preserve the nanosteicand lead to
enhanced thermoelectric performance.
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Figure 9. TEM images showing the microstructure dfot pressed nanocomposite bulk
sample of Bi-Sb-Te.A) Low magnification image showing the nanograir®) High
maghnification image showing the nanosize, high tefyisity, random orientation and
clean grain boundaries. The nanostructure is sebp preserved even after hot pressing.
Reprinted with permission from Ref. [55] B. Poudg@l,Hao, Y. Ma, Y. Lan, A. Minnich,
B. Yu, X. Yan, D. Wang, A. Muto, D. Vashaee, X. @hd. Liu, M. S. Dresselhaus, G.
Chen, and Z. Ren, Scien820, 634 (2008) Copyright @ American Association foe t
Advancement of Science.

Spark Plasma Sintering (SPS), also known as Fie$isted
Sintering Technique or Pulsed Electric Current &ing, is a novel
sintering technique which is gaining increasing ety for making
thermoelectric nanocomposites [56].

In the SPS technique, the sample is heated bygelsetric current
which flows through the punch-die-sample-assemhlyen a low voltage.
It is expected that due to the high current, atdbmparatively small
gaps between the powder particles, electrical digms will occur.
These discharges result in microscopic electrics,ateading to high
temperatures and pressures locally, forming a gmodact between the
particles. And additional advantage is that, gasekmoisture that have
been adsorbed on surfaces of the nanoparticlesliermated, and oxide
layers can be broken due to the arcs. Subsequdntife heating occurs
in the compact due to the current flow, especiatyspots of high
electrical resistance. This temporarily overhe&is sample while the
overall sintering temperature is relatively low. ke heat is generated
internally in the SPS, in contrast to the converdldhot pressing where
the heat is provided by external heating elememty, high heating rates
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(>300°C/min) and short sintering times in the ranfja few minutes can
be achieved resulting in a fast throughput. Ald® high speed of the
process ensures it has the potential of densifgimgders with nanosize
or nanostructure while avoiding coarsening whicboagpanies standard
densification routes. Densities very close to th#oal densities and
excellent thermoelectric performances have beemeaeth in samples
treated by SPS process. In view of these advantages the other

compaction methods, it is being increasingly utitizfor making

thermoelectric nanocomposites [57-59].

3.1.2 Synthesis of thermoelectric nanostructures

There are numerous techniques available to syazéhdabie nanoscale
constituents, such as nanoparticles, nanoplateswieges, nanobelts and
nanotubes etc. Some of the popular techniques fmthasizing
thermoelectric nanostructures are described below.

Mechanical attrition

Mechanical attrition is one of the most popular moefs for synthesis of
nanostructures from bulk raw materials, due noy ¢mlthe convenience
and minimal requirement for complex equipment, lalgo, to the
versatility in terms of the number of different ®ms of materials that
can be prepared this way. Mechanical attrition poed its
nanostructures by the structural decompositiorafge grains into finer
structures as a result of plastic deformation aaad lse carried out at
room temperature. The process can be performedgbnemergy mills,
centrifugal type mill and vibratory type mill, aidw energy tumbling
mill. Nanoparticles, of sizes ranging from 200 roras low as 5-10 nm,
can be prepared by the use of attritors, vibratoeitls and horizontal ball
mills [60]. As the process is sensitive to contaation from the milling
environment, tight atmospheric control is esserntiahaintain the purity
of the material, in particular to avoid oxidatidbonsequently, an argon
or nitrogen gas atmosphere is used for preparaifothermoelectric
materials. Contamination from wear debris of théingi media is also a
problem with mechanical attrition that may negdtivienpact the quality
of the alloy, requiring a judicious selection ofopessing time and
milling speed [2]. Mechanical attrition has beeedi$or the preparation
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of nanopowders of Fe-Si alloys [61], Si-Ge alloy8,[62], PbTe [63, 64]
and PbSbTe alloys[65], BiSbTe alloys [55, 66, M$SiSn[68], CoSk
[69], and materials such as Jde, [70] that are challenging to
synthesize using melt synthesis and other traditiorethods.

Wet chemistrgynthesis:

Wet chemistry method is the powerful tool to geteraarious
nanostructures in different shapes. For examplepermal (including
hydrothermal) method synthesizes the nanostructlesusing the
solubility in water (or a suitable solvent) of iganic precursors at
elevated temperatures (above the critical pointhefsolvent) and self-
formed pressures in an autoclave, and the subsequestallization of
the dissolved material from the fluid. Comparedhwitther synthesis
routes performed at atmospheric pressure, the dasetk reaction
temperature in the solvothermal technique may keadn accelerated
crystal growth accompanied by a narrow particle siistribution and
better crystallinity. Another advantage of this hwet is that
nanostructures of different morphologies such a®pawders, nanorods,
polygonal nanosheets, polyhedral nanoparticles srekt-rods can be
synthesized. Also, as most materials can be diedaiv the solvent by
heating and pressurizing close to the critical pothis approach is
suitable for synthesizing nanostructures of a wideiety of solid
materials Hydrothermal synthesis has been used to obtainstrarcbures
of Bi,Te; [71-73], ShTe; [74], PbX (X=S, Se, Te) [75], Cosk'6, 77],
etc. Figure 10 shows TEM images of, B nanotubes synthesized by
hydrothermal processs. On the other hand, ambiehttian phase
method can be operated in mild conditions to faltedifferent kinds of
nanostructures through an anisotropic growth pbgsadding different
surfactants or tuning reaction conditions, sucheasperature, pH value
etc. BikTe; nanoplates and nanorods have been successfuligdtaul
using this method [78, 79], and using a two stegeess, Te/Bile; core-
shell nanowires can be obtained [80]. Furthermaagh silicon
nanowires can be synthesized through a wet etghiogess and were
recently reported with enhanced thermoelectricquarance [81].
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Figure 10. TEM photos of hydrothermally synthesiBigle; nanotubes. Reprinted with
permission from Ref. [71] X. B. Zhao, X. H. Ji, M. Zhang, T. J. Zhu, J. P. Tu, and X.
B. Zhang, Applied Physics Lette@&6, 062111 (2005), Copyright @ American Physical
Society.

Electrochemical deposition:

Electrochemical deposition provides a facile anteative route to
fabricate various nanostructured metal alloys fdrertnoelectric
applications [82, 83]. Stacy’s group made a braaktgh by fabricating
high quality BiTe; nanowire arrays for the first time using the parou
anodic alumina (PAA) template assisted electrodépasprocessThis
technique has been quickly developed as a popuéhaod to obtain
various thermoelectric nanowire arrays, such asté3j ShhTe;, Bi-Sb-
Te, Bi-Te-Se, CoShPbTe etc. [84-89].

A high degree of control in the diameter and lergftthe nanowires
can be exercised in this method. The diameter -@bégined nanowires
ranges from 20 to 300 nm and is related to the l&epore size, while
the length depends on the electrodeposition .tilereover, the alloy
composition can be adjusted by changing the condéngelectrolyte
solution [90], and the orientation of the nanowareays can be changed
by tuning the deposition potential or using pulssdctrodeposition
process [91]. Uniformity of growth can also be asleid by
electroplating in low temperature [92Furthermore, in some special
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electrodeposition conditions, novel hollow thernsa#lic nanostructures
can be obtained. Li et al. reported the succesi&ftication of Bi
nanotube arrays [93], and Zhu's group was ableg/mthesize BiTe; and
relative compounds nanotube arrays [94]. On theerotand, even
without the assistance of templates, one-dimenkiohmelike Bi-Sb
nanostructure was fabricated through a templae-&lectrodeposition
process by Zhou et al. [959nd PbTe cubes can be directly deposited on
the polycrystalline gold substrate by Xiao et &6][ Using the cyclic
electrodeposition/stripping method, significant amis of long
polycrystalline Bi-Te nanowires were obtained orghty oriented
pyrolytic graphite (HOPG) surface [97].

Electrodeposition can also be used to synthesizeious
heterostructured nanomaterials. Using template staski pulsed
electrodeposition, different kinds of thermoelectraterials can be
deposited alternately and periodically, by applyditferent deposition
potentials [98, 99]. Wang et al. reported a detageudy of Bi-Sb-Te
system and successfully manipulated the growth ofTég/Sb
heterostructure nanowires with desired period, taedminimum period
of as-synthesized Bie;/Sb heterostructure nanowires to as low as 10
nm (Figure 11) [100]. They also fabricated ,Bk/Te heterostructured
nanowire arrays through a nanoconfined precipitapimcess [101].
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Figure 11. (a) and (b) show the TEM images of rayléred BjTey/Sb nanowires

deposited in different conditions labeled in thettm of each corresponding figure. (c)
and (d) are the corresponding high magnificationMTEmages. Reprinted with

persmission from Ref. [100WW. Wang G. Q. Zhangand X. G. Li, Journal of

Physical Chemistry @12, 15190(2008) Copyright @ American Chemical Society.

Inert gas condensation:

Inert gas condensation is a versatile processdnaday for synthesizing
experimental quantities of nanostructured metadiitd intermetallic
powders. A feature of the process is its ability generate non-
agglomerated nanopowders, which can be sinterecklatively low
temperatures. An evaporative source is used torgenehe powder
particles, which are convectively transported td anllected on a cold
substrate. The nanoparticles develop in a theringlizone just above
the evaporative source, due to interactions betweimot vapor species
and the much colder inert gas atoms (typically I¥far pressure) in the
chamber. Recently, this method has been utilizadnfieking Si-Ge
nanocomposites [102].
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Sonochemical synthesis:

The underlying mechanism of sonochemistry arisem fthe acoustic
cavitation phenomenon, that is the formation, ghownd implosive
collapse of bubbles in a liquid medium due to ifaéidn with ultrasonic
waves. Extremely high temperatures (>5000 K), pmess (>20 MPa),
and very high cooling rates (>1®/s) can be attained locally during
acoustic cavitation that lead to many unique priggeiin the irradiated
solution [103]. The remarkable advantages of thethmd include a rapid
reaction rate, the controllable reaction conditiond the ability to form
nanoparticles with uniform shapes, narrow sizerithistions and high
purities. Sonochemical synthesis method has beerd ue obtain
nanocrystals of BBe [104], BiTe; and intermediate compounds [105],
and other metal tellurides and selenides [106]ufiéidl2 shows a TEM
micrograph of BiSe nanocrystals made by sonochemical synthesis.

Figure 12. TEM image and a plot of the size distiitn of nanocrystals of Bbe
prepared by sonochemical synthesis. The scaleeoTEM image is 100 nm. Reprinted
with permission from Ref. [104] X. F. Qiu, J. J.&ZHh.. Pu, Y. Shi, Y. D. Zheng, and H.
Y. Chen, Inorganic Chemistry Communicatiahs819 (2004) Copyright @ Elsevier.

In addition to the above methods, chemical vapgodiion [107,
and sol-gel process [108] have also been explooedsynthesize
thermoelectric nanostructures.

3.2 Synthesis of nanocomposites by phase separation

The phase separation method of synthesizing narbstesin situin a
bulk sample is inspired by precipitation hardening§ aluminum.
Basically, in this process, different kinds of nietaill be heated up to
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the liquid phase, and then quenched to obtain aogerous solid
solution. According to the miscibility gap in théase diagram, the as-
obtained metastable solid solution will decompoge different phases
A and B (or phases rich in A and B during the spgalacdecomposition)
after a nucleation and growth process by annealingertain duration,
and thus forms the embedded precipitates in bulkixn&he size of the
precipitates increases as the duration and the ernpe of the
annealing process increase [109-114]. For examgieording to the
pseudo-binary PbTe-ghe; phase diagram (Figure 13), Ikeda et al. were
able to produce the self-assembled lamellae PbTke SpTe; with
epitaxy-like interfaces by annealing the metastablgShiTe;; alloy.
Such spontaneous formation of nanoscale featumdssisable because it
minimizes the possibility of oxidation and the oduction of other forms
of impurities, which would lead to degradation tefotrical performance.

Figure 13. Pseudo-binary phase diagram of PbT&ebwith the PbShsTe;; phases
shown as a metastable phase. The region near tietie.ccomposition is enlarged in (b).
Reprinted with permission from Ref. [114]T. lkeda, L. A. Collins, V. A. Ravi, F. S.
Gascoin, S. M. Haile, and G. J. Snyder, Chemistiyaterials19, 763 (2007) Copyright
@ American Chemical Society.
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The phase separation method has also been useltdim ¢&bTe
nanocomposites with Ag, Pb, and Sb nanoprecigit§td0, 115],
AgSbTein PbTe [111] and in PbSnTe [112], and PbS in PHIES].
Figure 14 (a) shows a TEM micrograph of LAST-18 phm
(AgPhisSbTeo) obtained by phase separation process. The sainples
nano-sized region of the crystal structure that Aig-Sb-rich in
composition. The surrounding structure is epitdyiaklated to this
feature, but is Ag-Sb—poor in composition, and eto® that of PbTe.
Figure 14 (b) shows the TEM image of the lamellanastructure
formed spontaneously by the separation of PbSbibeSipTe;-rich and
PbTe-rich phases.

(a) (b)
Figure 14. (a) TEM image of a AgRBbTe, sample showing a nano-sized region (a
“nanodot” shown in the enclosed area) of the clystaicture that is Ag-Sb-rich in
composition. The surrounding structure, which igaeqally related to this feature, is Ag-
Sb—poor in composition, and closer to that of PliR@printed with permission from Ref
[111] : K. F. Hsu, et al. Science 303, 818 (2004p@ight @ American Association for
the Advancement of Science. (b) Microstructure oétastable phase PBhxTe;
transformed into self-assembled lamellae ofT8pand PbTe regions by annealing. The
lighter regions are PbTe, and the darker regams ShTe. Reprinted with permission
from Ref [114]: T. Ikeda, L. A. Collins, V. A. Rg F. S. Gascoin, S. M. Haile, and G.
J. Snyder, Chemistry of Materiald, 763 (2007) Copyright @ American Chemical
Society.
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4. Recent achievements in thermoelectric nanocomptes

As the Seebeck coefficient, the electrical conditgtiand thermal
conductivity are strongly temperature dependent #Hrermoelectric
material is suitable for operation over a limiteemperature range.
Corresponding to the conventional bulk thermoelectaterials as
shown in Figure 2, nanostructured bulk thermoeieatnaterials with
enhanced?T have been developed over the past 5-10 yearsre-ithi
summarizes some nanostructured bulk thermoelecmaterials
appropriated for different temperature ranges.
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Figure 15. Plots showing the temperature dependefnite dimensionless figure of merit
ZT of several nanocomposite materials. In compangitim Figure 2, it may be noted that
that many of the nanocomposites show enha#d@sdsignificantly higher than.1

4.1 BbTes;-based nanocomposites for low temperature applicas

Thermoelectric materials that operate in the ra2@@ K to 400 K are
considered as low temperature materials. The pyinaguplication of
these materials is refrigeration and temperatunetrob of laboratory
instruments. Another application of materials thagterate at this
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temperature range lies in the recovery of low-dyaliaste heat from
automobile radiators (~400 K) or even from eledizatips.

Currently, most of the thermoelectric devices comuiadly available
and commonly used for applications around room teatpre are based
on BihTex-ShTe; alloys, due to the fact they have the high&Bt(~1)
among any bulk materials around room temperatureweyer, the
temperature range over which these devices caniegffiy operate is
rather small (-20°C to 100°C) due to the fast detation of
thermoelectric properties with variation of tempera. Recently, Poudel
et al. [55] made nanostructured samples QBBiTes by hot pressing
nanopowders obtained by ball milling of crystallingots of ByTe; and
ShTe; under inert conditions. Figure 9 shows the micapyr of a
sample obtained using TEM. Nanoscale crystallireufes, randomly
oriented with each other can be clearly seen. Asvehin Figure 15ZT
of about 1.2 has been reached at room temperatodeas high as 0.8 at
250°C. Comparing this data with tiZ& of bulk Bi,Sh.,Te; materials
shown in Figure 2, it can be seen that the nanoositgphas extended
the operational range of the material to a conallerextent, making it
useful for both cooling and power generation agians. The higizT
is the result of low lattice thermal conductivityue to the increased
phonon scattering with the interfaces of nanostmest and dislocations.
The nanocomposites also show a comparable or higbeer factor
throughout the temperature range than the bulkténgdese samples do
not suffer from cleavage problem that is commoingots prepared by
traditional zone-melting, which leads to easier idevfabrication and
integration.

Alternative to starting from the alloyed crystaflimgots of BiSh.

x 163 as in Poudel's work, nanocomposites could alsmbde by starting
from elemental chunks of Bi, Sb and Te, which aaél nilled to get
nanopowders [116]. These nanopowders are thenreesgd to obtain
samples that show similarly highl. The direct route from elements to
nanostructured  alloy-compounds is more cost-effecti and
environmentally friendly. Th&T obtained by this method are only about
10% lower than those obtained by using the compswidBiLTe; and
ShTe; as the starting materials, apparently due to somnceostructural
differences and absence of minority elements likeC.
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Hydrothermal method has also been used to syntheBizTe;
nanocomposites [73, 117-119]. Ni et al. synthesimadopowders of
Bi,Te; using this method, which were then hot pressetl mohe-melted
alloy in a 10:90 ratio [73]. It was found that thenosized powders
reduce the thermal conductivity much stronger thiae electrical
conductivity, which results in an enhanced thermcteic figure of merit
of a nanocompositeZT value of up to 0.83 has been obtained. Further
improvement on the figure of merit of the nanocosifes should be
possible by appropriate doping of the nanopowdedsaptimization the
composition of the base alloys. Cao et al. [117#itlsgsized nanosized
binary BrTe; and SbTe; powders by hydrothermal route, which were
then hot pressed in 1:1, 1:3 and 1:7 ratios. TEMges show that the
composites have a laminated structure composed,0keBand SkTe;
nanolayers with the thickness varying alternatedtwieen 5 and 50 nm.
The nanoscale laminated structure improves the mibelectric
performance in comparison with bulk samples of Eimcompositions,
reaching a highZT of 1.47 at 450 K for the nanocomposite of 1:1
composition. Tang et al. prepared bykype BhTe; materials with
layered nanostructures combining melt spinning wafark plasma
sintering [120]. The lattice thermal conductivityeasured was up to
60% lower than zone melt ingot, add is enhanced up to 70%. Figure
16 shows the lattice thermal conductivity and eieat conductivity of
these samples. While the lattice thermal condugtiaf all the SPS
samples was lower than that of the ingot, one efshmples showed a
higher electrical conductivity than the ingot, riéisg in the highesZT
of about 1.35 at 300 K.

Theoretical studies briefly reviewed in section Bow that
nanostructuring of a bulk material can lead to wpan order of
magnitude decrease in the lattice thermal condtictiss seen in Si-Ge
material system for instance. However, in 8% thin films, the lattice
thermal conductivity could only be reduced by adaof 2 with respect
to bulk at room temperature. The reason is likelg ¢tb the presence of
structural modulations (natural nanostructures) distbcations in bulk
Bi,Te; which already reduce the lattice thermal conditgtifd21], and
make the effect of further scattering of phonorss lgronounced.
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Figure 16. Electrical conductivity and thermal coativity of layered nanostructure of
Bi,Te; using melt spinning combined with spark plasméesing, in comparison with the

zone melt ingot. The numbers in the sample namieatel the speed of the roller during
the melt spin process in m/s. Reprinted with pesioisfrom Ref [120] X. Tang, W. Xie,

H. Li, W. Zhao, Q. Zhang and M. Niino, Appl. Phy=tt. 90, 012102, (2007) Copyright
@ American Physical Society.

4.2 Medium temperature materials

Several nanocomposites materials with higll in the medium
temperature range (400 K to 800 K) have been desemv These
materials could have significant impacts in wasattrecovery for both
transportation sectors and industrial exhaust HHa¢. most prominent
ones are based on alloys of PbTe,$gskutterudites, etc.

4.2.1 PbTe-based Nanocomposites

Heremans et al. [122] prepared PbTe nanopowdetsalymilling, and

then sintered the powders into bulk samples. Theocamposites
showed a slight increase in the Seebeck coefficeat bulk PbTe of the
same carrier concentration. It was also found tthe scattering
parameter showed a slight increase as well, imglytre possibility that
the nanostructure was responsible for electronggnéittering. In a

separate study [110], bulk PbTe samples were pedpam which

nanoparticles of excess Pb or Ag metal were priatgd within the PbTe
matrix by a tempering anneal process. These samghesved a
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remarkable enhancement (by up to 100 %) in the &eboefficient,
and a simultaneous increase in the scattering pesinfwhich went
from < 1 for bulk to about 3-4 in the nanopreciggasamples). Though
the origin of this increase in the scattering pa&mnis not clear, the
effect probably is energy filtering of the electspmesulting in the high
Seebeck coefficient. On the other hand, becausemibigility of the
electrons was too low, no increase in the powetofaand ZT was
obtained. More recently, Sootsman et al. [115] arep PbTe with
nanoprecipitates of both Pb and Sb simultaneo$iis resulted in large
enhancement in the power factor over that of bulKeé? Remarkably,
and rather inexplicably, when the concentratiorSbfwas 3% and Pb
was 2% in the nanocomposite, the electron mobédtually increased
with temperature (between 300 K and 450 K). Thoughic impurity
scattering can result in a rising mobility, it istrexpected to be dominant
at these temperatures. Moreover, simple nanostiogtwith either Pb
or Sb did not result in the enhancement. Thus,awstructuring seems
to result in a novel effect that could probably dédended to other
material systems.

Some of the highest values of the figure of maritthe medium
temperature range have been obtained in the AgSiPd e), (LAST-m)
family of thermoelectric materials [111]. These erals have NaCl
structure, with the tellurium occupying the Cl gmsis, and silver, lead
and antimony occupying the Na positions. Thus thiers carry a net
charge of -2, while each of the cations carriegtacharge of +2. (One
pair of Ag and SB" may be considered to iso-electronically substitute
for two PB" ions in the lattice). Originally, the LAST compalswere
considered to be solid solutions of AgSkTand PbTe. Although,
according to X-ray diffraction data such as showkigure 17, bulk Ag
«PnSbTe,.. specimens with m from 6 to 18 are single-phaserésults
of electron diffraction and HRTEM suggest that eliént microscopic
phases co-exist in these specimens [123], whidbrdifi composition. It
is always found that a minority phase rich in Agl&@b is endotaxially
embedded in the majority phase poor in Ag and 84 (&ch in Pb). Thus,
contrary to the previous understanding [124], Ag&EAbTe do not form
solid solutions but exhibit extensive nanostructureaused by
compositions fluctuations.
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High ZT in the order of 2 or more has been demonstratethen
LAST materials at high temperatures. This enhano¢mithe figure of
merit is the result of a very low lattice thermanductivity, without
much loss in the Seebeck coefficient and electrazadductivity. The
spontaneously developed nanoscale inhomogeneitiesisaembedded
nanoparticles that scatter phonons, thus redudeg lattice thermal
conductivity. The low lattice thermal conductiviig caused by the
increased phonon scattering due to the distributbrihree types of
atoms with different masses over the lattice pos#tiof one kind. For
different m, the compounds AgRBbTe,., demonstrated close values of
thermal conductivity, namely, below 0.5 W/mK at /0@nd 1.3 W/mK
at room temperature. All compounds of the LAST {gmeéxhibit
semiconductor properties with a narrow band gap- @.25 eV. The
electrical conductivity of compounds increases waithincrease in m (i.e.
the PbTe content), and reaches a maximum at m=h@ OAST
materials demonstrated are n-type. Electrons a@itedominant charge
carriers; hence, the Seebeck coefficient is negatidoweverp-type
materials can be obtained by use for Na in plackgf125], or by using
Sn in addition to the Ag, Pb, Sb and Te [112, 126].

Ab initio electronic structure calculations [127] show ttte high
power factor of the LAST compounds can be explairnsd the
appearance of resonance states in the lower paneafonduction band
and in the upper part of the valence band. Ag atortreduce new
electronic states near the top of the valence lmdrelbTe; isolated Sb
atoms introduce resonant electronic states neabdttem of the PbTe
conduction band. The Ag—Sb pairs result in an emeen the density of
states right around the band gap, compared todthptire PbTe. As a
result, the Seebeck coefficient and the power faei® increased.
However, it is also found that the increase in pbever factor is small
when compared with the values typical of pure ledldiride; hence, the
good thermoelectriZT values for the LAST compounds were largely
due to the nanostructure-induced thermal condtictieduction [128].
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Figure 17. Typical powder X-ray diffraction patteobtained for LAST-m samples
showing a single phase rock salt-like lattice stirez However, according to electron
diffraction and HRTEM, depending upon m and the cpssing conditions, both
nanophase separation and long-range atomic ordeithgn the nanophases exist. From
Ref. [123]: E. Quarez, K. F. Hsu, R. Pcionek, Narfgis, E. K. Polychroniadis, and M.
G. Kanatzidis, Journal of the American Chemicali&yc27, 9177 (2005).

The LAST materials were originally synthesized byxing the
constituent elements, melting them and then coofilugvly to room
temperature, leading to the formation of the naalesteatures by phase
separation. Later works have shown that it is fdsdio obtain similar
crystallographic structure and thermoelectric penfnces by using a
mechanical alloying and annealing [58, 129] or prém nanoparticles
by hydrothermal synthesis and then compacting wasgure-less
sintering, hot pressing and spark plasma sint¢fig].

As PbS is immiscible in PbTe, it is possible to asgmilar method
as used for the preparation of the LAST compoumdsktain phase
separated PbTe-PbS alloys. Androulakis et al. [J8pared (PbTe)
«(PbS) and (PBgsSmyesTe)«(PbS). These materails were found to
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contain nanoscale features rich in PbS, resultimglattice thermal
conductivity as low as ~0.4 W/mK at room temperatus the mobility
of the carriers stayed reasonably high (of the oafel00 cri/Vs), the
ZT reached 1.5 at 642 K for the sample with x=0.08.

Ikeda et al. performed extensive microstructuraldgs in the
immiscible PbTe-SfTe; system. It was found that rapid solidification of
off- and near-eutectic compositions yield a variefymicrostructures,
from dendritic to lamellar [131]. Starting with thenetastable
composition PiShTe; closeto the eutectic, they were able to obtain
nanometer lamellar structures that resemble thim $uperlattices [114,
132]. Figures 13 and 14 (b) show the pseudo-biphase diagram of the
PbTe-SbTe; system, and the naturally formed nanoscale mydilg
respectively. It was also shown that by adjustmgtemperature and rate
of the transformation process, it is possible totam the lamellar
spacing.

4.2.2 MgSi-based nanocomposites

An ideal thermoelectric material should not onlywéea highZT, but
should also be composed of elements that are abtngan-toxic and
light. That is why Mg(Si,Sn) based materials have attracted much
attention lately [133]. In fact, a reasonably high value of ~1.1 was
obtained at 800 K [134] in Mg&iSne solid solutions, which is
comparable to that of PbTe and filled skutterudiiisang et al. [135]
undertook a microstructure study of higil Mg,Siy.4xSh.eSh, alloys.
The lattice thermal conductivity of these samples about 1.5-2.1
W/mK at 300 K, as compared to 7.9 W/mK of }8gand 5.9 W/mK of
Mg.Sn. Interestingly, the samples showadsitu formed nanodots by
phase separation, similar to that observed in th&T.materials. These
naturally formed nanoscale compositional/structuraddulations are
believed to be responsible for the low value ofriited conductivity in
these samples.

4.3 High temperature materials

Thermoelectric devices that operate in the tempegatange of above
800 K are primarily of interest to power generatinodules in probes for
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deep space exploration. Silicon-germanium alloygehlbeen used for
making the space-exploration generators.

4.3.1 Si-Ge nanocomposites

Alloys of Si and Ge, which represent a solid solut5iGe, , are among
the very few thermoelectric materials that operateemperatures of
above 1000 K. Elemental silicon and germanium aystallized in the

diamond-like structure. As a result of the rigiddasymmetric crystal
structure, they exhibit thermal conductivity toagthito become good
thermoelectric materials (150 and 63 W/mK, respebi at room

temperature). However, their thermal conductivign cbe reduced to
approximately 5-10 W/mK by the formation of a sadidlution alloying

[136].

The chemical stability of gbe. solid solutions at high
temperatures, particularly, against oxidation, iredhigh figure of merit
(<~ 1) provide the prerequisites for the high-terapgre (1000-1200 K)
use of thermoelectric materials based on them. Rigomuch theoretical
and experimental effort has been devoted to imppthe rather modest
figure of merit of Si-Ge alloys, with some succeasth nanostructuring
by means of ball milling, the thermal conductiviitsts been lowered than
the bulk alloy, and th&T of both p-type andn-type Si-Ge alloys have
been shown to be enhanced [52, 53]. ThAE of n-type Si-Ge
nanocomposite, in particular, has exceeded 1 amndrd100 K, for the
first time in this system. Figure 18 shows the pofeetor and thermal
conductivity of the SyGey, nanocomposite samples prepared by ball
milling and hot pressing.

4.3.2 Lanthanum chalcogenides

Heavily doped lanthanum telluride and other ramtheahalcogenides
have been extensively studied in the past as palettiermoelectric

materials due to their excellent thermal stabiitd highZT [136]. They

were made by either solid-state diffusion or by tmsinthesis or a
combination of both. However, the high temperatared pressure
required for these synthesis processes led to ingeneities and a lack
of stoichiometric reproducibility. Recently, 1 e, alloys of specified

composition were made by May et al. [70] using naedtal alloying and
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hot pressing. By utilizing much lower temperaturebjle maintaining
high diffusion rate by the use of mechanically ylld starting elements
(La and Te), they were able to obtain pure and lyemeous alloys of
LagxTes,. With an average crystallite size of about 20-30 after hot
pressing, the resulting samples showddin excess of 1.1 at 1273 K,
which is comparable to the be&T achieved in n-SiGe alloy.

Figure 18. Temperature dependent power factor &edmial conductivity of p-type
SigosGey hanocomposites prepared by ball milling, hot gressand annealing, in
comparison with p-type bulk alloy used in RTGs &pace missions. Reprinted with
permission from Ref [52] G. Joshi, H. Lee, Y. Lah,Wang, G. Zhu, D. Wang, R. W.
Gould, D. C. Cuff, M. Y. Tang, M. S. Dresselhaus,Ghen, and Z. Ren, Nano Lett&s
4670 (2008) Copyright @ American Chemical Society.

5. Summary

Thermoelectricity has gained much from the recesmtetbpments in
nanotechnology. Thermoelectric figure of mefit has been doubled
over the past 15 years from the 50-years non-chgngnity to 2 and
beyond after the introduction of nano-thermoelestriThough still not
competitive with traditional mechanical energy cersion technologies,
thermoelectricity could have significant impactimergy sectors, such as
waste heat recovery for automobiles and solar-thkrrtilization where
thermal energy are free or very low cost, considethe rising demand
for energy and the global warming challenges.
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A few factors including quantum size effects anectbn filtering
for enhancing the power factor have been accouotedT enhancement
in nanostructures, while most experiments show tihat dominant
mechanisms come from thermal conductivity reductioe to phonon-
interface scattering. Careful study on thermal cmigity reduction
mechanisms in nanostructures has led to the hblfnanocomposites
will bring in a paradigm shift in low-cost high &fiency thermoelectric
materials search. These nanocomposites are expectwave very low
thermal conductivity but maintain or even enharoe thermoelectric
power factor.

Models and simulation tools for electron and photransport have
been developed to study thermoelectric performaataanocomposites,
primary on semiconductor nanocomposites. These Inadeld be used
to qualitatively explain and provide some guidedifer nanocomposite
materials design. A quantitative prediction modsehighly desirable, but
does not exist yet.

Various approaches have been practiced for thehegist of
nanocomposites and their constituent nanostructuitbssome success.
Some of these methods combine the state-of-thearbparticle and
nanowires synthesis techniques with traditionatl @id hot pressing and
the recently developed spark plasma sintering. d&2kaparation method
has also been used to synthesize thermoelectripasitas within situ
grown nanostructures.

For all the temperature ranges, from room temperata 1000K,
nanocomposites with enhanc&d, within a range of 1.2-2, have been
successfully synthesized. The major gain in tharBgof merit of these
nanocomposites came from a suppression of thecdatthermal
conductivity. However, most of these recent develepts in
nanostructured materials have focused on startingh fwell-known
thermoelectric materials. More revolutionary idemmsild be practiced
using nanocomposites approach and will be neededo¥o-cost high
efficiency thermoelectric materials.
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