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Thermoelectric materials can be used for solid state power generation and heating/cooling applications.

The figure of merit of thermoelectric materials, ZT, which determines their efficiency in a thermoelectric

device, remains low for most conventional bulk materials. Nanoscale and nanostructured

thermoelectric materials are promising for increasing ZT relative to the bulk. This review introduces the

theory behind thermoelectric materials and details the predicted and demonstrated enhancements of

ZT in nanoscale and nanostructured thermoelectric materials. We discuss thin films and superlattices,

nanowires and nanotubes, and nanocomposites, providing a ZT comparison among various families of

nanocomposite materials. We provide some perspectives regarding the origin of enhanced ZT in

nanoscale and nanostructured materials and suggest some promising and fruitful research directions

for achieving high ZT materials for practical applications.
1. Thermoelectricity: background and theory

The demand for energy is projected to grow by 44% from 2006 to

2030 as both world population and per capita energy consump-

tion continue to increase.1 Concern over the negative impact of

increasing anthropogenic carbon load on global climate reveals

the need for technologies that increase the net power output of

our fuels and the exploration of technologies for renewable

energy generation.

Energy generation and utilization efficiency can be improved

by recovering waste heat from industrial processes or auto-

mobiles using the thermoelectric process known as the Seebeck

effect.2–5 The direct conversion of thermal energy to electrical

energy that occurs when a temperature gradient is applied across

a material is given by DV ¼ SDT, where DV is the generated

voltage, S is the Seebeck coefficient or thermopower, and DT is
Department of Chemistry, University of Wisconsin–Madison, 1101
University Avenue, Madison, Wisconsin, 53706, USA. E-mail: jin@chem.
wisc.edu

Jeannine R: Szczech

Jeannine Szczech studied chem-

istry at the University of WI–

Madison, graduating with a B.S.

degree in 2005. She remained at

the UW–Madison to continue

her studies in the Song Jin

research group, earning a Ph.D.

in Materials Chemistry in 2010.

Her research interests include

nanoscale materials with appli-

cations in thermoelectric and

electrochemical devices.

This journal is ª The Royal Society of Chemistry 2011
the magnitude of the temperature difference. The Seebeck

voltage arises from the perturbation of the equilibrium distri-

bution of charge carriers, described by the Fermi–Dirac distri-

bution. When a temperature gradient is established, charge

carriers diffuse from high temperature to low temperature

regions to achieve a new equilibrium distribution. When two

chemically dissimilar materials in a thermal gradient are

connected, a circuit is formed in which the induced voltage drives

the migration of charge carriers (i.e. a current) that can be used to

perform useful work (Fig. 1a).

Degenerately doped semiconductors that have Seebeck volt-

ages typically on the order of a few tens or hundreds of microvolts

per degree are the most commonly-used materials in thermo-

electric applications. Carrier diffusion dominates the Seebeck

voltage in degenerate semiconductors; however, in samples with

low carrier concentrations an enhanced thermoelectric voltage

can arise from the significant phonon-electron scattering of the

Seebeck voltage-induced drift current. This scattering, called

phonon drag, decreases with increasing carrier concentration.2

Radioisotope thermoelectric generators (RTGs) using the
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Seebeck effect have been used to power unmanned space flights,

and thermoelectric power generators have been used in terrestrial

applications to provide power in remote locations.4

The Peltier effect allows thermoelectricity to be utilized for

solid state heating or cooling. In such applications, an electric

current applied to a thermocouple causes heat to be emitted from

or absorbed at the junction between the two materials (Fig. 1b),

with the heat flow given as Q ¼PI, where Q is the heat absorbed

or emitted, P is the Peltier coefficient, and I is the applied

current. By changing the direction of the applied current, the

operation of the junction can be switched from heating to cool-

ing. The Seebeck and Peltier coefficients can be related to one

another by the Kelvin relation, P ¼ ST. Consumer products

using the Peltier effect, such as portable picnic coolers and

temperature-controlled automobile seats, are becoming increas-

ingly common. The Peltier effect has also been used to provide

solid state cooling for scientific instruments. There is a third

thermoelectric effect, the Thomson effect, but this will not be

discussed in this review.2,3
Fig. 1 Schematic drawing of thermoelectric devices used for (a) power

generation and (b) heating and cooling applications.
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The efficiency of a thermoelectric material is described by its

dimensionless figure of merit, ZT, which ties the material pro-

perties to its conversion efficiency. The figure of merit is defined

as:

ZT ¼ S2sT

klattice þ kelectronic

(1)

where s is the electrical conductivity, and klattice and kelectronic are

the lattice and electronic contributions to the thermal conduc-

tivity, respectively. The maximum power is proportional to S2s,

referred to as the power factor. To maximize ZT, high thermo-

power, high electrical conductivity, and low thermal conductivity

are required, but the interdependence of these material properties

makes manipulation difficult. The Seebeck coefficient is most

generally calculated using Fermi–Dirac statistics,2 however, for

a highly degenerate electron gas (i.e. metals and highly degen-

erate semiconductors) the Mott–Jones relation applied to simple

transport models6 (parabolic band model in the energy inde-

pendent scattering approximation) is illustrative:

S ¼ 8p2k2
B

3eh2
m*T

� p

3n

�2
3

(2)

where kB is the Boltzmann constant, e is the carrier charge, h is

Planck’s constant, m* is the effective mass of the charge carrier,

and n is the carrier concentration. As an example, an increase in

carrier concentration decreases the thermopower, but the elec-

trical conductivity increases with the carrier concentration:

s ¼ nem (3)

where e is the carrier charge, and m is the carrier mobility. This

converse behavior constrains our ability to maximize the power

factor through doping alone.6 While universally accepted in

metallic systems, the Wiedemann–Franz law can also be used to

estimate the electronic contribution to the thermal conductivity

for degenerate semiconductors, revealing that materials with

high electrical conductivity also have high thermal conductivi-

ties:

kelectronic ¼ sLT (4)

where L is the Lorentz number, typically taken as 2.4 �
10�8 J2/K2$C2 in materials having a highly degenerate electron

gas. Therefore, efforts to improve ZT by increasing the electrical

conductivity are potentially detrimental due to increases in the

thermal conductivity. The interdependence of the thermopower,

electrical conductivity, and thermal conductivity can be seen

clearly in Fig. 2, which is calculated for Bi2Te3.6

The best bulk thermoelectric materials are typically degenerate

semiconductors that have high carrier mobilities and a low

electronic contribution to the thermal conductivity. Although

metals have high electrical conductivity and exhibit the ther-

moelectric effect, their thermopowers are usually too low and

thermal conductivity too high to generate sufficient power to be

used in practical devices. Thermal conductivity in semi-

conductors is due primarily to lattice heat transport and can be

approximated by:

klattice ¼
1

3

�
Cvnslph

�
(5)
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Fig. 2 Interdependence of the thermopower (S), electrical conductivity

(s), and thermal conductivity (k). Reproduced from ref. 6, Nature

Publishing Group.

Fig. 3 State-of-the-art comparison of ZT in conventional bulk materials

and nanostructured composite materials. Courtesy of Prof. Li Shi

(University of Texas–Austin).
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where Cv is the heat capacity (specific heat of the lattice), ys is the

sound velocity, and lph is the phonon mean free path (mfp).7

Semiconducting materials possessing low sound velocities and

short phonon mfps will have favorably low thermal conductivi-

ties, making them good candidates for high ZT thermoelectric

applications. While no theoretical limit for the maximum

attainable ZT exists, research on thermoelectric materials, such

as Bi2Te3, Sb2Te3, and Si1�xGex, during the last four decades has

revealed a practical ceiling of ZT z 1 for simple crystalline bulk

materials originating from the interdependence of the transport

properties and thermopower.8 For thermoelectrics to be

competitive with current technologies, ZT must be enhanced to

above 1.5 for power generation4 and 2–4 for cooling5,8 applica-

tions, respectively.

The ZT of conventional bulk materials remained near unity

for many decades. However, in the last decade research in the

discovery of new bulk materials with better thermoelectric

performance and the development of nanoscale and nano-

structured materials have independently achieved ZT above 1.5

with further increases anticipated. A state-of-the-art comparison

of ZT in some conventional bulk thermoelectric materials and

more recent nanoscale and nanostructured thermoelectric

materials is shown in Fig. 3. The ZT enhancement in these

nanomaterials has resulted primarily from decreased thermal

conductivity,9–16 although enhancements resulting from

increased thermopower are also believed to be possible.17–19

This review seeks to provide a broad overview of the effect of

nanoscale morphology on enhancement of the thermoelectric

properties of nanostructured or nanoscale materials. We will

critically discuss thin films and superlattices, nanowires and

nanotubes, and nanocomposites, but will not attempt to provide

an exhaustive review of all works in each of these areas. For

a more detailed look at the enhancements for each of the

different nanomorphologies, the reader is referred to recent

reviews with more narrow focus on nanoscale (thin films,

superlattices, and nanowires)20 or bulk nanostructured6,21–24

morphologies. Reviews highlighting the classical approaches to

maximizing ZT are also available.6,23,25 We first provide

a description of the classical approaches used for achieving high
This journal is ª The Royal Society of Chemistry 2011
ZT in bulk materials. A brief review of the theory underlying

potential thermoelectric enhancements which may result from

exploiting both quantum size and interface effects will then be

presented, followed by a survey of the thermoelectric perfor-

mance of materials with various nanoscale morphologies.

Finally, we will conclude with a comparison of the families of

nanocomposite materials.
2. Classical approaches to enhance bulk
thermoelectric materials

The classical approaches to achieving high values of ZT rely on

strategies aimed at either increasing the power factor or

decreasing the thermal conductivity. These strategies include the

use of materials composed of elements having large atomic

masses; the design of alloys to create point defects that scatter

heat carrying phonons; the use of materials with complex crystal

structures or crystals containing constituents which do not have

well-defined lattice positions; and the use of dopants with

energy levels nearly resonant with a material’s Fermi level. The

theory behind each of these approaches will be briefly discussed

here.
2.1 Heavy element compound semiconductors

Materials composed of heavy elements have low sound velo-

cities and correspondingly low thermal conductivities. Many

commonly used thermoelectric materials such as Bi2Te3, PbTe

and BiSb can be classified as heavy element compound semi-

conductors. The thermal conductivities of these materials are

quite low, typically ranging from 2–3 W/m$K for Bi2Te3 and 2–

10 W/m$K for PbTe.26 Conventionally, samples of these

materials are either very pure single crystals or polycrystalline,

but not nanocrystalline, samples prepared using various

metallurgical methods.2,27 Despite many decades of research

into these thermoelectric materials, maximum ZT values

remained near unity, perhaps suggesting a practical maximum

ZT possible for simple binary and ternary compounds using

this approach.
J. Mater. Chem., 2011, 21, 4037–4055 | 4039
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2.2 Alloy point defect scattering

To obtain high values of ZT, it is necessary to reduce the phonon

mfp to be as close as possible to the minimum (amorphous)

phonon mfp. This can be done through alloying, which creates

point defects due to mass fluctuations in the crystal lattice.28

Through judicious choice of the elements used in the alloy, for

example by substituting host atoms with an element from the

same group in the periodic table, carrier scattering at these

defects can be minimized.29 The quintessential example of an

alloy-based thermoelectric material is Si1�xGex. Because

elemental silicon and germanium have the same crystal structure,

lattice order is preserved during alloying. However, charge

carrier mobility is reduced in alloy crystals when the host and

guest elements have moderately different electronegativities, due

to the fluctuations in electric potential felt by charge carriers as

they move through the crystal.30 The electronegativity difference

between silicon and germanium is large enough to generate

electric potential fluctuations, which reduces the carrier mobility

of Si1�xGex alloys as germanium content increases.31 Despite its

effects on other important material parameters, such as the

electrical conductivity, alloy point defect scattering can result in

significantly decreased thermal conductivity giving rise to a net

increase in ZT. For example, the thermal conductivity of undo-

ped Si1�xGex crystalline alloy was reported to decrease by an

order of magnitude compared to undoped Si over a wide range of

x.32 This approach has been successfully used to produce the

state-of-the-art thermoelectric materials used in commercial

applications for many decades.33
2.3 Complex crystal structures

A more modern strategy in the search for high ZT thermoelectric

materials is to seek out materials that have high electronic

conductivity due to their highly periodic crystal structure but low

thermal conductivity resulting from the complex structural

features of the crystal lattice. This approach has been termed the

phonon-glass electron-crystal (PGEC) approach.30 The partially-

filled clathrates35 and skutterudites36 are two heavily studied

families of materials believed to be PGECs. These structures

contain large voids which can be filled with loosely-bound atoms

that ‘rattle’ within the structure, leading to decreased phonon

lifetimes and the name of ‘‘rattler’’ compounds. ZTs near 1.35

have been reported for the skutterudite BarInsCo4Sb12
34 and the

clathrate Ba8Ga16Ge13.35

Materials with complex crystal structures and large unit cell

constants are also being pursued in hopes of discovering effective

PGECs. Zintl compounds,6,25 such as Yb14MnSb11 (Fig. 4a), are

a promising example of such a system. They contain a valence-

balanced combination of cations and covalently bonded anionic

units. The combination of covalent and ionic bonding leads to

higher charge mobilities than purely ionic compounds and large,

complex unit cells with intrinsically low thermal conductivity.

Yb14MnSb11 is an excellent material for high temperature

thermoelectrics having reported ZT of 1.0 at 1223 K36 and up to

1.3 with optimized alloying.37 Nowotny chimney ladder38–40

(NCL) compounds (Fig. 4b) are another class of complex crystal

structure materials promising as PGECs. They have a variable-

length, columnar sublattice of non-metal atoms (ladders)
4040 | J. Mater. Chem., 2011, 21, 4037–4055
residing in the channels (chimneys) of a metal atom sublattice,

forming homologous families of complex structures with variable

unit cell length or incommensurate crystal structures. Such

materials approach the borderline between crystalline solids and

amorphous materials. While most NCL compounds are metallic,

some have narrow bandgap ground states which in conjunction

with their structure-derived low thermal conductivity results in

respectable ZT.38 For example, MnSi1.7, also known as higher

manganese silicides (HMS), has reported ZT up to 0.7–0.8 when

appropriately doped.38,40,41 The lattice contribution of the

thermal conductivity is expected to be quite low in these

promising thermoelectric materials, leading to high values of ZT.
2.4 Resonant energy level doping

Optimization of carrier concentration is always required to

maximize ZT regardless of the thermoelectric material, as clearly

shown in Fig. 2. When a dopant has energy levels near the Fermi

level, ZT may be further enhanced by increasing the density of

states (DOS) near the Fermi level and improving the thermo-

power. For example, ZT ¼ 1.5 at 773 K was recently reported in

Tl-doped PbTe,42 a doubling of ZT compared to the state-of-the-

art bulk PbTe (� 0.7).6 It is believed that the thermopower was

enhanced by a distortion of the DOS near the Fermi level,

resulting from resonant energy levels introduced by the Tl

dopant. When a donor or acceptor level lies near the Fermi level

(Fig. 5a), the local DOS is increased leading to a net increase in

the carrier effective mass without a significant change in the

carrier concentration. This increased effective mass should lead

directly to an increase in thermopower, potentially overcoming

the detrimental effects such doping is expected to have on carrier

mobility. For the case of Tl-doped PbTe, the effective mass was

observed to increase by a factor of 3, while the mobility was

observed decrease by a factor between 3 and 5. The thermal

conductivity was similar to bulk PbTe. The net effect was

a significant increase in ZT (Fig. 5b) as compared to using

a dopant which does not have a suitably located energy level.
2.5 The challenge of thermoelectric commercialization

A number of bulk thermoelectric materials with ZT z 1 have

found limited commercial use in applications where the

reliability, compact size, and low noise of a solid-state device is

more important than efficiency, such as remote power generation

and space exploration, and in niche applications, including

electric picnic coolers, temperature-controlled automobile seats,

and cooling devices for scientific instruments. However, the ZT

of these materials must be improved to above 1.5 for waste heat

recovery power generation4 or up to 2–4 for cooling5,8 and other

applications (depending on the specific application), before they

will become competitive with current widely-used technologies,

such as power generation from the combustion of fossil fuels and

Freon-based refrigeration.4,5,8 In addition, thermoelectric mate-

rials also need to be inexpensive, robust, viable for integration

into practical devices, and ideally use nontoxic and earth abun-

dant materials, especially for large scale applications, such as

automobile waste heat recovery.5 This is a formidable challenge.

Due to the aforementioned interdependence of materials pro-

perties, it is difficult to engineer bulk materials with high figures
This journal is ª The Royal Society of Chemistry 2011
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Fig. 4 (a) The crystal structure of the skutterudite compound CoSb3, showing the formation of large void spaces (blue polygon) formed by the

arrangement of tilted octahedra of Co (green) and Sb (dark blue). (b) The crystal structure of the Zintl compound Yb14MnSb11, consisting of [Sb3]7�

trimers (dark blue), [MnSb4]2� tetrahedral (turquoise), isolated Sb atoms (dark blue), and the Yb2+ sublattice (yellow). Reproduced from ref. 6, Nature

Publishing Group. (c) A model of Nowotny chimney ladder structures, using Mn4Si7 as an example, showing the formation of the complex crystal

structure from Mn and Si sublattices. Reproduced from ref. 39, the American Chemical Society.

Fig. 5 (a) Schematic illustration of the density of states (g(E))

enhancement that can be achieved when the Fermi level (EF) lies within

the energy range ER from the distortion caused by the resonant energy

level. The dashed line corresponds to pure PbTe, and the solid line

corresponds to Tl-PbTe (with resonant energy levels from Tl). (b) ZT

corresponding to Tl0.02Pb0.98Te (black circles), Tl0.01Pb0.99Te (turquoise

squares), and conventional Na-PbTe (purple diamonds). Reproduced

from ref. 42, Science/AAAS Publications.
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of merit. We therefore look to nanostructures to improve the

overall efficiency of thermoelectric materials for their unique

ability to tune material properties by reducing their size and

dimensionality.

3. The nanoscale approach to enhancing
thermoelectric performance

Reduced dimensionality has been considered for many years43 as

an approach to improve low cost bulk materials with poor

thermoelectric properties, such as semimetallic bismuth,44

metallic zinc,45 and semiconducting silicon,13,14,46 by decoupling

the interdependence of S, s, and k. Promising demonstrations

of these materials have renewed motivation for research into

thermoelectric nanomaterials. Two distinct strategies for

enhancing the thermoelectrics properties of a material using

nanoscale or nanostructured morphologies are now being

developed: (1) enhancement of the DOS near the Fermi level via

quantum confinement to increase the thermopower, and (2)

increasing the presence of interfaces and surfaces to enhance

phonon scattering.

The quantum confinement approach seeks to increase the

thermoelectric power factor through an increase of the electronic
This journal is ª The Royal Society of Chemistry 2011
DOS near the Fermi level. This is accomplished by making the

size scale of the material comparable to the spatial extent of the

electronic wavefunction confining the electrons in one or more

dimension. If electron scattering is assumed to be energy inde-

pendent (i.e. m(E) ¼ m), then the electrical conductivity is directly

proportional to the DOS.23 According to the Mott–Jones

relation, which is only strictly valid in the case of metals and

highly degenerate semiconductors, this would result in

enhancement of the thermopower by increasing the slope of the

DOS at the Fermi level:47

S ¼ p2

3

k2T

e

�
v log sðEÞ

vE

�
E¼EF

(6)

A sharply changing DOS implies the increased influence of

carriers having relatively flat dispersion behavior, thus the origin

of the increase in thermopower could alternatively be thought of

as increase in the carrier effective mass (see eqn (2)). It is well

known that low-dimensional, quantum-confined systems exhibit

sharp, nearly dispersionless bands (Fig. 6), and appropriate size

tuning to place these bands near the Fermi level could enable

a marked increase in thermopower. Although this approach

appears promising for enhancing ZT, quantum confinement can

be difficult to achieve due to the small confinement length

requirements in many materials, potentially limiting the ability of

this route to enhance ZT. However, as mentioned above, similar

approaches in bulk materials involving the introduction of

dopants having appropriate resonant levels appear to have been

more successful.

Classical size effects,48 such as enhanced phonon scattering on

surfaces and at interfaces in nanomaterials, can also be exploited

through the incorporation of nanostructures to scatter heat-

conducting phonons without reducing electronic conduction.

For many years, the lowest thermal conductivities were measured

in alloy materials, which effectively scatter high energy phonons

whose wavelengths are on the same length scale as the inter-

atomic distances in the alloy. Consequently, the concept of the

‘alloy limit’ was developed, which until recently was believed to

represent the lowest achievable thermal conductivity in crystal-

line materials.49 However, the use of nanoscale morphologies has

allowed the alloy limit to be surpassed. Phonons are comprised of

an approximately even distribution of wavelengths, hence, the

incorporation of defects and structures covering a range of length
J. Mater. Chem., 2011, 21, 4037–4055 | 4041
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Fig. 6 Schematic illustration of the density of states (DOS) as a function of energy for: (a) a bulk material (3-D), (b) a quantum well (2-D), (c)

a nanowire (1-D), and (d) a quantum dot (0-D). The DOS at the band edge increases with decreasing dimension.
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scales can effectively scatter phonons of short, medium, and long

wavelengths, without decreasing the electron mean free path.

Nanoscale thermoelectric enhancement due to quantum

and/or classical size effects has been predicted or experimentally

demonstrated for quantum dot and thin film superlattices,

nanowires and nanotubes, and nanocomposites. In most cases,

classical size effects derived from increased interface density

appear to be responsible for the enhancements, which will be

detailed in the next section. Before that, we first provide a brief

overview of the various synthetic routes to nanoscale and

nanostructured materials and the challenges associated with their

property characterization.
3.1 Synthesis of nanostructured and nanoscale thermoelectric

materials

The synthetic conditions and processing methods used to make

thermoelectric materials directly affect the micro- and nano-

structure, defect and impurity concentrations, and surface

morphologies greatly influencing their resultant thermoelectric

properties. The high surface-to-volume ratios of nanomaterials

make such materials more dependent upon surface properties

than bulk materials. A clear understanding of how nanostructure

affects the thermoelectric properties of a material is essential for

the rational design of high ZT thermoelectrics.

High quality thin films, thin film superlattices, and self-

assembled quantum dot (QD) superlattices are frequently grown

using molecular beam epitaxy (MBE) or electron beam evapo-

ration of high purity source materials, giving precise control of

film thickness with low levels of impurities. Nanowires can be

synthesized using a variety of solution or vapor growth methods,

via vapor–liquid–solid (VLS),50 vapor–solid–solid (VSS),51 or

screw dislocation-driven52 growth mechanisms or via template-

directed53 nanowire growth. For thermoelectric applications,

epitaxially-aligned arrays of nanowires could provide direct

contact with the growth substrate and facilitate nanowire tip

contact during device fabrication. Non-aligned vapor grown or

solution grown nanowires are less easily integrated into nano-

wire-based thermoelectric devices, but may be incorporated into

nanocomposites using densification techniques. A variety of

nanoparticle morphologies composed of many classes of semi-

conductor materials54 can be chemically synthesized out of

colloidal solutions and used as precursors for preparing nano-

composites.

Various methods have been employed for the synthesis of bulk

nanocomposites21 including spontaneous nanophase formation

during quenching of eutectic melts and compaction of ball-milled
4042 | J. Mater. Chem., 2011, 21, 4037–4055
nanopowders or melt spun materials. They have also been

prepared using chemically synthesized nanoparticles, nanowires,

nanotubes, or various other nanomorphologies. A densification

step such as hot-pressing or spark plasma sintering (SPS) is used

to achieve high density and improve electrical conductivity

between particles. These common bulk metallurgical methods

make nanocomposites highly scalable and inexpensive to

manufacture, although precise control over structure is limited.

Well-ordered nanocomposites with endotaxial quantum dots can

be obtained via spontaneous nanophase segregation during MBE

growth of thin films, but these have limited commercial potential

because of the high costs and small scale of MBE synthesized

thermoelectrics. While high ZT has been demonstrated with

multiple nanoscale morphologies, the cost and scale of manu-

facture will ultimately determine which morphologies are

practically feasible for each type of thermoelectric application.
3.2 Property characterization of nanostructured and nanoscale

thermoelectric materials

Great care must be taken during the design and implementation

of thermoelectric measurements to ensure the accuracy of the

property characterization results. Furthermore, the interdepen-

dence of the thermoelectric properties means that it is important

to measure the transport properties used to calculate ZT on

a single sample. Calculation of ZT from the ‘best’ measurements

taken from different samples can lead to overestimation of ZT.

Further, good measurement practices include verification of

results on multiple samples and different regions of a sample

when possible. Electrical and thermal transport measurement of

nanomaterials is quite challenging due mainly to unusual sample

morphologies and small size scales. Ideally, electrical conduc-

tivity measurements are carried out using standard four-probe or

van der Pauw configurations, while Seebeck coefficient

measurements are carried out using the standard two-probe

measurement, taking into account any thermoelectric voltage

developed across sample leads.55 Electrical contact can be diffi-

cult to achieve for some nanoscale morphologies,56 and sub-

micron lengthscales dictate that temperature gradients must also

be quite small. Despite such difficulties, these standard tech-

niques can be readily adapted to measuring the electrical trans-

port properties of most nanomorphologies.

Measurements of the thermal conductivity are perhaps the

most difficult for nanomaterials. In bulk materials, the common

method of measuring the thermal conductivity is the laser flash

method,57 wherein a disc-shaped sample is locally heated with

a laser pulse on one face while the temperature is monitored as
This journal is ª The Royal Society of Chemistry 2011
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Fig. 7 (a) An electron microscope image of a MEMS device used for the

measurement of nanowire thermal conductivity and other transport

properties. (b) Enlarged view of (a), showing a CrSi2 nanowire suspended

across the device. Reproduced from ref. 62, the American Chemical

Society.
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a function of time on the opposite face. The thermal diffusivity,

and thus the thermal conductivity, can be obtained from the

time-dependent temperature profile. This technique is also

applicable to thin films with a few modifications. The 3u

method58 is often the measurement of choice for the thermal

conductivity of thin films. In this technique, a line of metallic

material is evaporated onto the surface of the specimen to serve

as both a line heater and a resistance thermometer. An AC

current of frequency u is applied to the heater line, resulting in

Joule heating of the material below the heater line and generating

a measureable resistance change in the thermometer, both at

a frequency of 2u. The thermal conductivity of the material can

then be determined from the third harmonic of the AC voltage

signal, 3u, hence the name of the technique. Between these two

techniques, most forms of nanostructured and nanoscale mate-

rials can be measured, but neither is readily applicable to the

measurement of thermal conductivity in one-dimensional nano-

wire materials.

Measurements of the properties of single nanowires,59–62

nanoribbons,63 nanotubes,64,65 and other free-standing nano-

structures66 are difficult. They can suffer from low statistical

precision and reproducibility if not carried out properly.

However, recently a four-probe method that allows complete

transport and crystallographic measurement to be obtained from

a single nanostructure has been developed.65,67 This new method

improves upon the classical thermal potentiometer setup57 to

remove the thermal contact resistance from thermal conductivity

measurements and enable the complete characterization of

individual nanostructures. In this technique, a nanostructure is

suspended across a micro electromechanical (MEMS) device

(Fig. 7) prefabricated with Pt serpentine heating coils which also

act as resistance thermometers.62 The randomly dropcast nano-

structures are usually ‘‘glued’’ in place via electron beam assisted

decomposition of cyclopentadienyl trimethyl platinum, ensuring

better electrical and thermal contact. Probes allow the transport

properties and thermopower to be measured, and a small hole in

the center of the device allows high resolution electron micro-

scopy and electron diffraction to be performed on the same

nanostructure. Due to the anisotropic properties of many

thermoelectric materials, knowledge of the crystallographic

orientation during transport measurements is essential but has

been lacking in many measurements of nanostructures. A

significant advantage of the measurement setup above is that it

can allow the measurement of all transport properties used to

calculate ZT and the simultaneous determination of the crystal

structure on a single nanostructure object.

The incorporation of many independent but effectively

thermally isolated nanostructures into a composite material,

such as a nanowire array embedded in a SiO2 or Al2O3 dielectric

matrix, produces a class of materials which are particularly

difficult to characterize. This morphology only allows for two

contacts on the device, thus electrical and thermal contact

resistances are unavoidable in such systems. With careful device

fabrication, these resistances may not dominate device

behavior.68 Further, it is impossible to know how many of the

nanowires in the array one has properly made contact with,69,70

thus error in the total nanowire cross-section involved in con-

ducting heat or electrons is inevitable. The ZT derived from such

measurements are quite susceptible to error.
This journal is ª The Royal Society of Chemistry 2011
4. ZT enhancement in thin films and thin film
superlattices

4.1 Thin films—theory

Bismuth telluride, a well-studied material with good bulk ZT,

has served as the model for many of the calculations examining

how quantum confinement affects the thermoelectric figure of

merit. In 1993, Dresselhaus et al. suggested that ZT could be

increased in two-dimensional (2-D) Bi2Te3 quantum well struc-

tures due to confinement of electronic wavefunction in the

interlayer direction, enhancing the thermopower through an

increase in the DOS near the Fermi level.17,18 Compared to the

bulk three-dimensional (3-D) case, in which the chemical

potential could be optimized by chemical doping only, their

calculations also suggested that the chemical potential and ZT in

the 2-D system could be tuned by varying the Bi2Te3 layer

thickness (Fig. 8). They further proposed that the interfaces

between layers would scatter phonons strongly, provided the

Bi2Te3 layer thickness was less than the phonon mean free path,

thus reducing the thermal conductivity as well. Work by other

theorists examining phonon confinement confirmed increased

interface scattering could enhance thermoelectric performance,

with calculations suggesting a three- to four-fold reduction in the

phonon group velocity and an increased phonon scattering rate

could be achieved in Bi2Te3 quantum well structures.71 Sofo and
J. Mater. Chem., 2011, 21, 4037–4055 | 4043
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Mahan extended this model to account for the finite probability

of electron tunneling between quantum wells in Bi2Te3 super-

lattice structures.72 They found that the critical parameter for

increasing ZT was the superlattice period, rather than the

thickness of the quantum well layer, predicting enhanced ZT for

superlattice periodicities down to 50 �A. Below this periodicity

a reduction in ZT due to energy level mixing from electron

tunneling between Be2Te3 layers was predicted. Therefore, the

thickness of the barrier layer in superlattices must be optimized

to reduce parasitic heat transfer while preventing electron

tunneling across the barrier. Such complications not with-

standing, theoretical studies have predicted ZT improvements

upwards of a factor of 6 purely by using a thin film geometry.18
4.2 Thin films—experiment

There have been many reports of enhanced thermoelectric

properties in 2-D thin films and quantum well structures.9,73–75

Multiple quantum well/barrier PbTe/Pb1�xEuxTe structures

demonstrated experimentally that the factor S2n could be

increased by up to a factor of three relative to bulk as the PbTe

layer thickness decreased, in agreement with earlier calcul-

ations.76 The factor S2n was introduced in this work as a more

suitable measure of performance than the power factor, since

both the thermopower and carrier concentration better reflect

intrinsic materials parameters. The power factor is altered by

both intrinsic and extrinsic parameters, as the electrical

conductivity is related to the carrier mobility, and carrier

mobility is determined in part by material defects. Enhanced

thermopower was also seen in a n-PbTe/p-SnTe/n-PbTe quantum

well.77 An oscillatory dependence of the carrier concentration,

electrical conductivity, and thermopower were observed in both

n-PbTe/p-SnTe/n-PbTe quantum wells and thin PbS films.77,78 It

was proposed that the oscillations in the PbS films (which ranged

from 2 to 200 nm in thickness) arose from quantum confinement,

which would be expected when film thickness approaches the

exciton Bohr radius (20 nm for PbS).79 Two explanations for the

oscillations of the transport properties (Fig. 9)74 have been

proposed. The phonon scattering cross-section can be defined for

both the classical and quantum regimes. For sizes in between

these regimes, the scattering cross-section is not well defined and

an oscillation of the scattering cross-section is seen, which can

manifest itself in the transport measurements.80 Alternatively, it
Fig. 8 Calculated ZT as a function of layer thickness (a) in a quantum

well structure for layers parallel to the a-b plane (1) and layers parallel to

the a-c plane (2). The dashed line corresponds to the optimized ZT for

bulk Bi2Te3. Reproduced from ref. 17, the American Physical Society.

4044 | J. Mater. Chem., 2011, 21, 4037–4055
has been suggested that the presence of minigaps in the DOS may

account for the oscillatory behavior of the thermopower and

electrical conductivity.74,81,82

The thermal conductivity of Bi2Te3/Sb2Te3 superlattices, with

sufficiently small periods ranging from 50–60 �A, achieved values

below the alloy limit in superlattice thin films.83 The reduction

was independent of the individual layer thickness, provided the

superlattice period was less than 60 �A. Sharp interfaces between

superlattice layers are necessary to maximize ZT, since compo-

sitional grading at the alloy-like interfaces results in more modest

ZT enhancement.73

The promising increases in ZT shown in thin films and thin

film superlattices suggest that exploitation of quantum and

classical size effects may allow high thermoelectric efficiency to

be realized. These demonstrated improvements combined with

thin film processing techniques already used in the manufacture

of computer chips make it likely that thin film devices will find

use in small scale applications, such as on-chip cooling.84
Fig. 9 Oscillation of the (a) carrier concentration (n), (b) thermopower

(S), and (c) electrical conductivity (s) as a function of quantum well layer

thickness for PbS (stars) and PbSe (circles). Reproduced from ref. 74,

Elsevier.

This journal is ª The Royal Society of Chemistry 2011
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However, the high cost and low scalability of thin films limit their

use in large-scale power generation and heating/cooling appli-

cations.

The efficiency of quantum well devices could suffer due to the

parasitic heat loss from thermal conduction in the electrically

insulating layers, which do not contribute to the power factor.

Even if barrier layers with very low thermal conductivity could

be found, interface modes between the layers, which run parallel

to the temperature gradient, are expected to play an important

role in parasitic thermal conduction.85 The effect of material

strain on the thermoelectric performance of thin film lattices

presents an additional challenge. It is known that the presence of

strain can reduce the degeneracy of conduction bands via an

increase (or reduction) of the energy in different crystallographic

directions, changing the mobility and conductivity of charge

carriers.86 The presence of strain can additionally change the

barrier height of quantum well structures, enhancing quantum

confinement and affecting the rate of electron tunneling between

layers.
5. ZT enhancement in one-dimensional
nanomaterials

5.1 One-dimensional nanomaterials—theory

Following the prediction of enhanced ZT in 2-D thin films, Hicks

and Dresselhaus extended their model to describe one-

dimensional (1-D) nanowire systems, suggesting even greater

increases in the thermoelectric performance could be attained in

1-D systems due to stronger confinement and increased phonon

scattering as the surface-to-volume ratio is increased.19 For

example, a four- and six-fold ZT enhancement in 5 nm diameter

PbSe/PbS and PbTe/PbSe superlattice nanowires, respectively,

was predicted.81 An oscillatory behavior of the thermopower and

electrical conductivity as a function of the Fermi levels arising

from energy sub-bands in the quantum confined nanowires for

very small superlattice segment length was also predicted. Both

positive and negative values of the thermopower were predicted

for both p-type and n-type nanowires depending on superlattice

segment length. Optimal superlattice nanowire diameter and

segment lengths were found, with ZT increasing as segment

length decreased, until the ZT expected for the alloy limit was

reached at very small segment lengths. The incorporation of

unequal superlattice segment lengths for the constituent

materials was predicted to enhance ZT further.

More recently, it has been proposed that the electric field

effect87 (EFE) could be used to enhance thermoelectric properties

of nanowires by inducing carrier quantum confinement to

modify the DOS at the Fermi level.88 Calculations based on this

non-chemical method to change the carrier concentration of

Bi2Te3 nanowires predict that a room temperature ZT as high as

3.4 is possible when an external electric field is applied perpen-

dicular to the nanowires. Although the calculations neglected

any negative impact the nanowire surface roughness may have

on carrier transport and might be an overestimation, this may

present a new approach for ZT enhancement which deserves

further investigation.

A very recent theoretical work89 highlights potential practical

limits of power factor enhancement in large scale thermoelectric
This journal is ª The Royal Society of Chemistry 2011
devices based on nanowire composites. These calculations, based

on the Landauer formalism, focus on the effect of dimensionality

on the power factor and agree with previous assertions that

quantum confined nanowires are more efficient thermoelectric

elements than their thin film and bulk counterparts. The authors

also point out the importance of the interaction between

quantum wires and calculate the fill factor requirements to

observe improved device behavior. Their results indicate that

quantum confinement certainly produces significant (�50%)

improvement in the power factor due to more efficient use of

conduction channels, but the need to incorporate many such

quantum wire elements into an insulating matrix will require

filling factors near unity to see a gain on bulk size scales. Since

filling factors between 0.25 and 0.33 are required to prevent

significant coupling between individual nanowires, any power

factors gains expected from quantum confinement are effectively

eliminated by practical fabrication requirements.

After two recent reports (detailed later) of silicon nanowires

exhibiting greatly enhanced ZT relative to bulk silicon,13,14

modeling of ZT in silicon nanowires with a rough surface

suggested ZT > 3 might be possible for nanowires with growth in

the <111> direction.90 Smooth nanowires were also predicted to

exhibit enhanced ZT with decreasing diameter, due to strong

surface scattering of phonons. Growth direction was seen to

influence ZT via anisotropic phonon dispersion, with lattice heat

conduction in the <110> direction projected to be twice that in

either the <100> or <111> directions.91
5.2 One-dimensional nanomaterials—experiment

Bi nanowires have been intensely investigated due to the semi-

metal-to-semiconductor transition that is predicted to occur

when the radial dimension is confined.92 Long, single-crystal Bi

nanowires are difficult to fabricate, hence, they are often

synthesized in the pores of anodic aluminium oxide (AAO) or

quartz (SiO2) templates.69 It has been reported that Bi nanowire

arrays with diameters between 9 and 15 nm synthesized in porous

SiO2 or Al2O3 showed an increase in the thermopower by two to

three orders of magnitude in the 100–300 K temperature range.93

The ZT could not be calculated for this sample because the exact

volume fraction of Bi in the templates could not be determined. It

is likely that parasitic heat transfer in the electrically insulating

templates could offset any enhancement of the thermopower

resulting in little or no improvement in ZT. However, if parasitic

heat transfer could be overcome, ZT enhancement would be

expected due to the S2 dependence of ZT on the thermopower.

Low thermal conductivity matrixes have been investigated as

a solution to parasitic thermal conductivity. The thermal

conductance of an InAs nanowire array embedded in PMMA

was measured using time domain thermoreflectance (TDTR).94

Using the measured thermal conductivity of PMMA (z 0.2 W/

m$K) and the InAs/PMMA composite conductance, the thermal

conductivity of the InAs nanowires was extracted from the finite-

element method (FEM) model. The InAs nanowire thermal

conductivity (5.3 W/m$K) was smaller than in bulk InAs by

almost a factor of five, and was in agreement with the previous

measurement of a single InAs nanowire.95

Measurement of the transport properties of nanowires with

diameters larger than the Bohr exciton radius, which would not
J. Mater. Chem., 2011, 21, 4037–4055 | 4045
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be expected to show transport enhancement due to quantum

confinement effects, have been successfully performed on CrSi2
nanowires with the measurements in good agreement with the

bulk values.62 However, the thermoelectric properties of some

nanowires composed of materials that have decent ZT in bulk,

such as Bi2Te3 or InSb, are unexpectedly lower than the corres-

ponding bulk materials.59,61,94,96 The reason for this is not fully

understood, but may be due to the limited ability to control

dopant and impurity concentrations in nanowires,59,96 and

unintentional doping resulting from surface oxidation.61 High

quality nanowires of these materials are generally quite chal-

lenging to synthesize.97 It has been suggested that nanotubes may

have lower thermal conductivity than nanowires due to addi-

tional phonon scattering on the inner and outer nanotube

surfaces, based on measurements of Bi2Te3 nanowires and

nanotubes.98,99

Likely the most impressive demonstrations of ZT enhance-

ment in nanostructure systems have come from studies of silicon

nanowires which showed that the thermoelectric performance

could be increased by up to two orders of magnitude.13,14 These

results are remarkable because bulk silicon, which has a very high

thermal conductivity (142.2 W/m$K at 300 K),100 is an rather

poor thermoelectric material with the ZT of degenerately doped

bulk silicon calculated to be approximately 0.01 at 300 K.101 If

similar improvement in thermoelectric performance can be

demonstrated for materials that already have good bulk

thermoelectric performance, ZT large enough to compete with

conventional power generation and refrigeration technologies

might be realized.

Hochbaum et al. reported ZT ¼ 0.60 at room temperature for

50 nm diameter silicon nanowires with rough surfaces synthe-

sized via electroless etching (EE), representing a sixty-fold

increase in ZT compared to bulk Si.14 It is believed that the high

surface roughness inherent to nanowires synthesized by EE

contributed to the enhanced ZT by scattering phonons on the

nanowire surface, with an additional contribution to phonon

scattering by point defects. To verify that the surface roughness

was responsible for the thermal conductivity reduction, smoother

silicon nanowires of similar diameter were grown via VLS growth

for comparison. The thermal conductivity of the EE-grown

nanowires of a given diameter was reduced by an order of

magnitude compared to VLS-grown nanowires, supporting

a connection between surface roughness and lower thermal

conductivity.

Boukai13 et al. reported values of ZT as high as 1 at 200 K for

silicon nanowires fabricated via the superlattice nanowire pattern

(SNAP)102 transfer process. The enhancement in ZT was

reported to be the result of a marked reduction in the thermal

conductivity coupled with an enhanced phonon drag contribu-

tion to the thermopower. Although the surfaces of these nano-

wires did not exhibit a high degree of surface roughness, the high

surface-to-volume ratio of these 20 nm diameter nanowires

appeared to scatter phonons efficiently, as evidenced by lower

thermal conductivity with decreasing wire diameter.

Recent advances in the synthesis of nanowires of metal sili-

cides,103 have opened up the possibility of combining nanowire

morphology with a complex crystal structure. Single-crystal

nanowires of Mn19Si33, a commensurate Nowotny chimney

ladder structure (see section 2.3), have been successfully
4046 | J. Mater. Chem., 2011, 21, 4037–4055
synthesized.39 Phonon confinement could occur more readily in

these silicide nanowires with a level of structure complexity rarely

observed in common semiconductors (unit cells parameters

above 10 nm and higher), which together with surface roughness

could result in pronounced reduction of the lattice thermal

conductivity. Preliminary electrical transport characterization

reveals bulk-like resistivity but more thorough transport studies

are underway. In some sense, these unique silicide nanostructures

combine the complex structure approach in bulk materials and

the nanomaterials approach and could open up new opportuni-

ties to enhancing thermoelectric properties.

At this time, large-scale synthesis of bulk quantities of nano-

wires at low cost and the techniques to easily integrate nanowire

arrays into thermoelectric devices still need to be developed.

Advancements in these areas will be required if large-scale high

efficiency nanowire thermoelectric devices are to be realized.
6. ZT enhancements in nanostructured composite
materials

6.1 Nanostructured composites—theory

Both heterogeneous and homogeneous nanostructured

composites have been proposed to increase ZT by scattering

phonons more than electrons. Preferential scattering is possible

because the mfps of phonons typically range from the single

nanometers up to a few hundred nanometers, whereas the carrier

mfp is typically only a few nanometers.104 Incorporation of

nanostructures covering a variety of length scales is, therefore,

expected to reduce the lifetime of a broad distribution of

phonons while leaving charge transport largely unchanged.

While nanostructures are efficient scattering centers for low to

moderate energy phonons with wavelengths on the length scale

of typical nanostructures, they are less effective at scattering high

energy phonons (< 1 nm wavelength). Since phonon scattering is

proportional to y4,105 nanocomposites based on an alloy matrix

may be most effective at reducing phonon lifetimes.15,105

Impressive reductions of the phonon mfp have been demon-

strated in nanostructured silicon, a material with high bulk

thermal conductivity.15,46 Values as low as 6.2 W/m$K at 300 K

(compared to 142.2 W/m$K at room temperature) have been

observed in homogeneous nanocomposites doped with phos-

phorus and gallium phosphide, to enable a maximum ZT of 0.7

to be achieved at 1275 K.46 In addition to classical scattering

effects, quantum size effects may play a role in the high ZT

demonstrated by enhancing the thermopower due to carrier

energy filtering.106 Heterogeneous nanocomposites may have an

advantage over homogeneous nanocomposites. High surface

area nanoscale morphologies are not thermodynamically stable,

due to their high surface energies, and may be prone to grain

sintering and chemical diffusion during operation at elevated

temperatures, although the thermal conductivity of nano-

structured Si1�xGex has been shown to be stable when samples

are aged at 1275 K for longer than one year.21 Heterogeneous

nanocomposites with isolated precipitates may prove more

resistant to structural changes, and hence able to maintain

enhanced thermoelectric performance over time.

Modeling has proven useful for predicting the effects of

reduced dimensionality in 1-D and 2-D systems. However,
This journal is ª The Royal Society of Chemistry 2011
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nanocomposites can be quite complex making accurate modeling

difficult. Even though some models have been developed, it is not

always easy to fabricate nanocomposites with the predicted

optimum structures using current synthesis techniques. Theo-

retical investigations of phonon heat transport have been carried

out for nanostructured PbTe,107 Si1�xGex,108 metal silicide/

Si1�xGex,109 Mg2SixGeySn1�x-y,110 and 2-D periodic silicon

nanowires or nanotubes in a germanium matrix.111 High inter-

face densities appear to be the key factor for enhancing ZT, with

lower thermal conductivity predicted for periodically-aligned or

randomly-ordered nanocomposites (Fig. 10a) compared to 1-D

superlattice systems or bulk alloys of the same nominal compo-

sition.108,109 Si1�xGex nanocomposites have lower thermal

conductivity than the Si1�xGex alloy of the same composition

(Fig. 10b), with the staggered fcc distribution most effective at

reducing phonon transport. Smaller nanoparticle size (increased

interface density) similarly enhances phonon scattering

(Fig. 10c). The reduction of thermal transport is predicted to be

independent of precipitate morphology, with thermal conduc-

tivity decreasing as particle diameter decreases.108–111 Indeed,

thermal conductivities lower than the alloy of the same chemical

composition are predicted for interface densities greater than

approximately 0.10 nm�1.108

The possibility of enhanced ZT in aligned homogeneous

porous structures (Fig. 11a) has also been predicted.111,112 For

a composite with a given porosity, the thermal conductivity is

expected to decrease as the pore radius decreases and interface

density increases (Fig. 11b).111 Confinement of charge carriers in

two directions imposed by porous structures flattens the
Fig. 10 (a) Schematic drawing of nanoparticle distributions in a nanocom

distribution of size and position, (b) calculated thermal conductivity as a funct

Si1�xGex alloy, and (c) calculated thermal conductivity as a function of i

Reproduced from ref. 108, ASME Publications.

This journal is ª The Royal Society of Chemistry 2011
dispersion bands, increasing the carrier effective mass and

enhancing the power factor.112 For optimum pore wall thickness

and pore periodicity, a seven-fold enhancement of the power

factor is predicted, with more modest enhancements expected as

the pore radius and periodicity deviate from their optimum

values.

Although it is hoped that carrier transport will not be reduced

in nanocomposites, in many cases the reported electrical

conductivity has been lower in nanocomposites than in bulk

crystals of the same nominal composition. It is well known that

carrier transport is lower in polycrystalline materials than in

single crystals. Therefore, a reduction of carrier transport in

nanocomposites should not be surprising, and ought to be

expected to be similar in magnitude to those seen in poly-

crystalline materials. The porosity of nanocomposites has also

been shown to affect the transport properties of these materials.113

The thermal conductivity of a variety of metal silicides

embedded in a Si1�xGex matrix was calculated to determine

which metal silicides could reduce the thermal conductivity

without impacting the electron mfp.109 Nanoparticle inclusions

accounting for as little as 3.4% of the total composite are pre-

dicted to decrease the thermal conductivity by as much as 4–8

times below the value of the Si1�xGex alloy, with the thermal

conductivity decreasing as nanoparticle percentage increased

(Fig. 12). A silicide-dependent optimum nanoparticle radius of

less than 10 nm was found, and almost all silicide/Si1�xGex

composites with nanoparticles ranging in radius from 5 to 20 nm,

including those containing MnSix, Mg2Si, b-FeSi2, and CrSi2,

have calculated thermal conductivities below 2 W/m$K (Fig. 12).
posite, including aligned pattern, staggered fcc pattern, and random

ion of atomic percentage x for various alignment patterns and for the bulk

nterfacial area for different size nanoparticles and alignment patterns.
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Fig. 11 (a) Nanoporous silicon with aligned cylindrical pores, with heat transport in the direction of the pore axis. (b) Effective thermal conductivity as

a function of porosity for pores with different radii. From ref. 111, the American Physical Society.

Fig. 12 Calculated room temperature thermal conductivity as a function

of nanoparticle radius for nanocomposites with a fixed 3.8% silicide

nanoparticle concentration in a Si0.5Ge0.5 matrix. (a) Metallic silicides,

and (b) semiconducting silicides. The calculated thermal conductivity of

the Si0.5Ge0.5 alloy without nanoparticles is shown as the horizontal line

at the top of each graph. Reproduced from ref. 109, the American

Chemical Society.
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The greatly lowered thermal conductivity results in calculated

ZTs greater than 0.5 at room temperature, with ZTs as high as

1.7 when extrapolated to 900 K. Similar calculations examining

Mg2SixGeySn1�x-y nanoparticle-in-alloy materials have pre-

dicted ZT of approximately 1.9 at 800 K for Mg2Si or Mg2Ge

nanoparticles embedded in a Mg2Si0.4Sn0.6 matrix.110
6.2 Nanostructured composites—experiment

There has been an explosion of recent reports on the use of

nanostructured composite materials to enhance ZT relative to

the related bulk materials. Many reports concerning the

thermoelectric performance of nanocomposites focus on mate-

rials that have a high bulk ZT, such as the (Bi,Sb)2(Te,Se)3 and

Si1�xGex alloys, with the hope that the anticipated enhancement

due to the nanostructures might yield ZTs sufficiently high to

compete with traditional power generation and cooling tech-

nologies. Bi2Te3 and its alloys, which are considered the best
4048 | J. Mater. Chem., 2011, 21, 4037–4055
room temperature thermoelectric materials, have a ZT of

approximately unity.8 The key idea is that by properly designing

the nanostructures, phonons are effectively scattered but

electrons are not; therefore, thermal conductivity is suppressed

with the hope of preserving the electrical properties.

The nanoscale morphology of nanostructured composites

appears to be dictated primarily by interface energy minimi-

zation and material stress relief.114 To date, no clear consensus

has arisen regarding which types of precipitates may be most

beneficial or detrimental to thermoelectric performance. Quanti-

tative analysis is difficult to perform due to the wide variety of

precipitate and inclusion types present in nanocomposites, thus

only qualitative analysis with respect to how nanostructure may

alter thermoelectric performance has been reported. As nano-

structure greatly influences the transport properties, under-

standing how grain size, morphology, and composition influence

transport is a prerequisite for the rational design of high ZT

nanocomposites. For example, nanocomposites comprised of

randomly oriented grains should demonstrate isotropic proper-

ties even when the bulk material properties are anisotropic,

whereas layered or laminated structures would likely possess

anisotropic thermal and electrical conductivity, with scattering

enhanced or minimized based upon whether transport is

orthogonal or parallel to the layers. Layered composites could

perhaps behave as PGECs for transport in the direction parallel

to the layers, while increased carrier scattering would be expected

for transport in the cross-layer direction.

Of the variety of nanostructures seen, nanoprecipitates can be

categorized based on two aspects: (1) the type of interface (sharp

or diffuse) between the nanoprecipitates and the surrounding

material, and (2) whether the composition of the grain and

surrounding matrix are identical or differ in chemical composi-

tion. The interface type will influence the transport properties

and thermoelectric performance of nanocomposites. Coherent

lattices, such as that seen in Fig. 13a, are desirable to minimize

electron scattering. Coherent interfaces are typically seen in

MBE grown nanocomposites (due to the slow layer-by-layer

crystal growth inherent to this technique) and occasionally in

nanocomposites obtained via metallurgical methods. Phonons

are strongly scattered at the interface, particularly when their

wavelengths are matched to the size of the precipitates, reducing
This journal is ª The Royal Society of Chemistry 2011
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thermal transport. The thermal conductivity of a MBE grown

ErAs/In0.53Ga0.47As nanocomposite was reduced by almost

a factor of two, while the power factor improved modestly,

demonstrating the ability of coherent nanoparticle interfaces to

shorten phonon lifetimes without affecting the electron mfp.115

Low angle (Fig. 13b and 13c) and high angle grain boundaries

(Fig. 13d) should enhance phonon scattering further, due to

more pronounced breaking of the lattice symmetry at the inter-

face. When the matrix and nanoprecipitate compositions are

similar, carrier scattering rates should resemble those in a poly-

crystalline material. Nanograins with diffuse interfaces, which

have short range disorder, would be expected to destroy phonon

coherence and reduce both the phonon and carrier mfps.

Compositional inhomogeneities also affect carrier transport at

the interfaces.116 The mass fluctuations and different electronic

environments make these interfaces efficient scattering centers

for both phonons and charge carriers, which is undesirable.

Although researchers typically seek to minimize charge carrier

scattering in the interest of maintaining high electrical conduc-

tivity and large power factor, preferential scattering of carriers at

element rich/deficient regions could be beneficial for thermo-

electric performance in materials displaying bipolar conductivity.

For example, the enhanced ZT seen in a BixSb2�xTe3 nano-

composite containing Bi-poor nanograins surrounded by a Bi-

rich interface region a few nanometers in thickness may have

been achieved in part by a reduction of the electron conduc-

tivity.10 The presence of Bi-rich and Bi-poor regions may have

created potential inhomogeneities in the interface region to

scatter electrons preferentially, thus reducing bipolar conduc-

tion.117 Bipolar conduction decreases the magnitude of the
Fig. 13 High resolution TEM images of precipitates in a BixSb2�xTe3

nanocomposite. (a) Coherent Sb-rich precipitate, (b) precipitate with

a low-angle grain boundary and same composition as the matrix, (c) Sb-

rich precipitate with a low-angle grain boundary, and (d) pure Te

precipitate with a high-angle grain boundary. Reproduced from ref. 117

the American Chemical Society.

This journal is ª The Royal Society of Chemistry 2011
thermopower, thus preferential interfacial carrier scattering

could enhance the power factor of this and similar nano-

composites.

Nanocomposites containing nanodots of pure elements have

been reported in alloys of Bi2Te3 and in PbTe/Si eutectic

composites, in which pure Te and pure Pb nanodots were

present, respectively.10,117–119 The mass difference and indepen-

dent lattice of elemental precipitates may scatter phonons

strongly, while electrons can also be scattered at the interface due

to the extremely different matrix and precipitate electronic band

structures. Incorporation of an alloy into eutectic composites has

been reported to enhance ZT even further; for example, an n-

type PbTe-Si(8%) eutectic demonstrated ZT ¼ 0.9 at 675 K, and

the eutectic PbTe-Ge0.8Si0.2(5%) showed ZT as high as 1.3 at

778 K.118,119

Nanocomposites comprised of an amorphous matrix con-

taining nanocrystalline precipitates have also been infrequently

reported.120,121 The electrical conductivity of amorphous/

crystalline composites was found to be two orders of magnitude

lower than polycrystalline materials of the same chemical

composition; however, the power factors are only modestly

lower, suggesting an enhancement of the thermopower must

occur. If the thermal conductivity can be sufficiently reduced,

enhanced ZT may be possible for amorphous/nanocrystalline

composites.

The most likely new thermoelectric nanomaterials to be

commercially viable in the near future are nanocomposites.

These materials have already shown significant improvements in

thermoelectric performance over their bulk counterparts, and

many can be produced via relatively inexpensive processing

techniques. In the following section, we will survey the reported

thermoelectric properties of nanostructured composites,

focusing on material families.
6.3 Nanocomposite material families

It is worth noting that many nanocomposites share similar

nanomorphology and reduced thermal conductivity, even when

synthesized using different methods (for example, ball milling

versus eutectic quenching, or MBE quantum dot superlattice

versus chemically synthesized nanocomposites). If we assume

that the carrier concentrations of these nanocomposites have

been optimized, then notable variations in ZT within a material

family should be due to differences in the nanostructures.

6.3.1 Bismuth chalcogenide based nanocomposites. The most

notable study of nanostructure morphology examined a poly-

crystalline p-type Bi0.5Sb1.5Te3 bulk alloy synthesized by hot

pressing of ball-milled nanopowders. This material exhibited an

ZT ¼ 1.2 at room temperature and impressive ZTmax of 1.4 at

373 K.10 The isotropic ZT resulted from the random grain

orientation of the sample. Although the electrical conductivity

was reduced somewhat, the thermal conductivity was reduced

more significantly from the bulk ingot of the same material, with

kmin z 1.0 W/m$K and z 1.3 W/m$K in the nanocrystalline and

ingot samples, respectively. Hence the maximum ZT demon-

strated in the nanocomposite was almost 30% higher than the

bulk ingot. A thorough investigation of the nanostructure of this

material revealed a complex polygonal grain structure (Fig. 13),
J. Mater. Chem., 2011, 21, 4037–4055 | 4049
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with diameters ranging from a few microns down to a few

nanometers, which likely resulted in efficient scattering of

a broad distribution of phonon wavelengths. In addition to the

primary nanocrystalline grains often having well defined grain

boundaries, Sb-rich nanodots ranging from 2 to 10 nm in

diameter with diffuse boundaries and pure Te precipitates with

diameters between 5 to 30 nm were also observed.10,117 Signifi-

cantly, the authors compared the thermoelectric performance of

this nanocomposite against a bulk Bi2Te3-based commercial

thermoelectric element by fabricating two thermoelectric cooling

devices, each with a commercial n-type Bi2Te3 leg and with the

p-type leg made of either the nanocomposite or a commercial

p-type Bi2Te3 leg (Fig. 14a). The nanocomposite device produced

temperature differences up to 20 degrees greater than the device

with a commercial p-type leg (Fig. 14b), definitively demon-

strating the improved efficiency of this nanocomposite material.

Other Bi2Te3 based nanocomposites have shown performance

similar to bulk Bi2Te3,98,119 while still others have performed

poorly in comparison.122 Reduction of grain size and incorpo-

ration of nanostructures have increased the thermoelectric

performance for some Bi2Te3 based nanocomposites,10,117 but

there exists a wide variation in the magnitude of ZT (ranging
Fig. 14 (a) Photograph of a thermoelectric device using a bismuth

antimony telluride nanocomposite p-type leg and a commercial n-type

leg. (b) Measured temperature difference as a function of current for the

device pictured in (a), and comparison of the measured maximum

temperature difference of two separate devices (inset), having commercial

n-type legs and either the nanocomposite p-type leg (closed squares) or

a commercial p-type leg (open squares). Reproduced from ref. 10,

Science/AAAS.

4050 | J. Mater. Chem., 2011, 21, 4037–4055
from approximately 0.4 to 1.7) reported for composites having

similar nominal compositions. It is clear that the details of the

nanostructures and the preparation must have a large impact on

nanocomposite thermoelectric performance.

ZT ¼ 1.47 was reported for nanocomposite synthesized by hot

pressing of a 1 : 1 mixture of Bi2Te3 and Sb2Te3 nanopowders

with diameters below 20 nm.123,124 The laminated structure of this

nanocomposite after hot pressing was composed of nanolayers

with thicknesses ranging from 5 to 50 nm, with both Bi2Te3 and

Sb2Te3 layers identified using X-ray diffraction. Because the

nanocomposite was not intentionally doped, it may be assumed

that optimization of carrier concentration could allow even

higher ZT to be achieved. Bulk amorphous p-type Bi0.52Sb1.48Te3

with 5 to 15 nm diameter nanocrystalline precipitates produced

via melt spinning (MS) and spark plasma sintering (SPS)

exhibited ZT ¼ 1.56 at 300 K, with the enhancement primarily

resulting from increased phonon scattering, which reduced the

thermal conductivity to approximately 0.7 W/m$K.121 The

unusual coexistence of both amorphous and nanocrystalline

phases is believed to result from the large temperature gradient

between the contact and free surfaces. A similarly synthesized

Pb-doped (Bi,Sb)2Te3 nanocrystalline composite with grains

typically less than 10 nm in diameter demonstrated a thermal

conductivity of approximately 1.2 W/m$K and ZT > 1 at about

435 K, similar to bulk Bi2Te3 alloys.125 The lack of thermoelectric

enhancement suggests that this nanocomposite, which did not

contain an amorphous matrix, was less effective at reducing

phonon lifetimes.

6.3.2 Lead chalcogenide based nanocomposites. The highest

reported ZT for a lead chalcogenide based nanocomposite was

observed in a Bi-doped n-type PbSeTe/PbTe quantum dot

superlattices (QDSL) comprised of PbSe nanodots in a PbTe

matrix fabricated by MBE, with claimed ZT ¼ 3 at 550 K and

ZT ¼ 1.6 at 300 K, yielding a cooling power 40% higher than

bulk (Bi,Sb)2(Se,Te)3.126,127 Another series of QDSLs based on

the PbSeTe/PbTe system with reported ZTs ranging from

approximately 1.15 to 1.7 for various dopant levels and growth

conditions.127 Although these reported ZTs are quite impressive,

the MBE fabrication process is not easily scaled up. The growth

time required to fabricate each approximately 100 mm thick

QDSL at the reported rate of 1.0 to 2.0 mm/h is two days per

device,126 much too slow and expensive for large-scale thermo-

electric devices. The relatively large increases in ZT reported for

QDSL compared to metallurgical methods likely results from

low defect densities, as the slow growth of MBE allows surface

diffusion of atoms and typically yields high quality films with

coherent inclusions, but at a cost of reduced throughput and

higher production costs.

An attempt to use Cd-substitution to introduce resonant levels

into PbTe to enhance the DOS near the Fermi level was

unsuccessful, however, nanostructuring resulting from the low

solubility of Cd in PbTe decreased the thermal conductivity

markedly to approximately 0.5 W/m$K to give ZT z 1.2 near

720 K.128 Enhanced thermopower was also reported when both

Pb and Sb nanoprecipitates were present in a PbTe matrix (but

not when only Pb or Sb nanoprecipitates were present), resulting

in an apparent increase in the carrier mobility to give ZT ¼ 1.4

between 650–700 K.129
This journal is ª The Royal Society of Chemistry 2011
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Recently, a series of complex nanostructured materials that

undergo nanophase segregation to form nanoparticle-in-an-alloy

materials based on PbTe, Bi2Te3, and PbSb alloys have been

extensively investigated as enhanced ZT materials.24 A high ZT

of about 2.2 was reported for a complex PbTe-based alloy

Ag1�xPb18SbTe20 (lead antimony silver telluride, LAST) melt-

grown sample.12 Although precipitates had been seen in the

LAST compounds even 40 years ago and deviations between the

measured thermal conductivity and theoretical calculations were

observed, these precipitates had been seen as defects in the crystal

and the low thermal conductivity had been explained in terms of

alloy point defect scattering.130 Evidence suggests that the LAST

alloys are not true solid solutions, but in fact are complex

nanostructured composites containing Ag-Sb-rich inclusions,

particularly when deviations from the ideal stoichiometry are

seen.12,131 The compounds spontaneously phase segregate to

form nanoscale domains within the solid matrix. Nanodots

embedded within the bulk alloy were found with TEM analysis,

suggesting that nanostructuring as well as simple alloy behavior

played a role in reducing the thermal conductivity to about

2.3 W/m$K at room temperature to enhance ZT. Lower ZT

(approximately 1) was reported for a hot pressed ball milled

LAST nanocomposite (Ag1�xPb18SbTe20), suggesting that stoi-

chiometry, processing conditions, relative density, and lattice

strain may play important roles in the thermoelectric perfor-

mance.113,132 A number of other complex nanostructured alloys,

including the tellurium-antimony-germanium-silver (TAGS) and

potassium-lead-antimony-tellurium (PLAT) alloys have also

exhibit reduced thermal conductivity and high ZT with reported

maximum ZT of approximately 2.2 and 1.6, respectively.133

6.3.3 Silicon-germanium alloy based nanocomposites. Bulk

Si1�xGex alloys already have fairly high ZT, having a maximum

reported for p- and n-type ZT of approximately 0.7 and 1,

respectively, for germanium contents between 20–30%.32,134 The

use of nanostructuring to enhance phonon scattering has allowed

ZT as high as 0.95 to be obtained near 1100 K in p-type alloys.11

It was reported that prolonged annealing of the Si1�xGex

nanocomposite at 1373 K for 7 days did not lead to noticeable

grain sintering, suggesting that the nanocomposite may be stable

in the operating temperature region. Further, the thermal

conductivity of Si1�xGex nanocomposite was stable when

annealed at 1275 K for over a year.21 An alloy containing only

5% germanium (Si95Ge5) demonstrated thermal conductivity as

low as 6 W/m$K, achieving a maximum ZT > 0.9 at 900 K.15

Despite the higher Si concentration in this nanostructured alloy,

the thermal conductivity is on the same order as bulk Si80Ge20.32

6.3.4 Metal silicide based nanocomposites. Metal silicides,135

a class of refractory intermetallic compounds formed between

the metals and silicon, are particularly attractive as thermo-

electric materials due to their relative low cost and the high

abundance of their constituent elements in the Earth’s crust

compared to other commonly-used thermoelectric materials.

They are not as well studied for thermoelectric applications as the

more popular chalcogenide materials, but studies on bulk

Mg2Si,136 MnSi1.7,38,40,137 CrSi2,138 and b-FeSi2
139,140 have shown

admirable ZTs of 1.1, 0.7, (Fig. 3) 0.25, and 0.6, respectively.

Their lower toxicity, robustness, low cost, and elemental
This journal is ª The Royal Society of Chemistry 2011
abundance, compared to Bi2Te3 and PbTe based materials, make

the use of semiconducting silicides very attractive for large scale

thermoelectric applications.141

Mg2Si and its nanocomposites with other group IV elements

have shown ZT as high as 1.1 for the Mg2Si0.4Sn0.6 solid solu-

tion.136 Although an investigation of possible nanostructures was

not reported, a recent report suggests that the addition of

a small amount of impurities (as little as x ¼ 0.0075 in

Mg2Si0.4�xSn0.6Sbx) results in the formation of a nano-

composite.142 The embedded nanodots reportedly reduced the

lattice thermal conductivity by almost half compared to the Sb-

free sample, giving ZT z 1.1 at 773 K. Nanostructured Bi-doped

Mg2Si has shown enhanced thermopower and reduction of the

thermal conductivity to as low as 2.5 W/m$K with increasing

grain density.143 Consistent with increased grain boundary

scattering, the electrical conductivity was seen to decrease as the

average crystalline grain size decreased. The changes in transport

properties overall served to enhance ZT, achieving a maximum

ZT ¼ 0.8 at 800 K. Nanocomposites with approximately 30 nm

diameter Mg2Si grains interdispersed with MgO was also

prepared as a possible thermoelectric material.144 This composite

was synthesized in a solid state gas displacement reaction using

magnesium vapor to convert nanostructured SiO2 in the form of

diatomaceous earth. This method could potentially be expanded

to synthesize other thermoelectric silicide nanocomposites with

small grain sizes and high interface density.

The higher manganese silicides (HMS), which naturally form

bulk composites with MnSi when synthesized via bulk crystalli-

zation due to the peritectic nature of the HMS phase,38 have also

been investigated in nanocomposites with Ag2Te or PbTe.145

Although the thermal conductivity was decreased and thermo-

power increased in these nanocomposites, observed ZT was

lower due to severely decreased electrical conductivity. It is likely

that the simple method used in the preparation of this composite

(hand-milling the bulk powders followed by hot-pressing) and

high porosity of the pressed samples contributed to the poor

performance. HMS nanowires were recently synthesized for the

first time39 and may be a model system to study the how

convergence of complex crystal structure and nanomorphology

impact thermoelectric properties. The chemistry already

developed for nanowire synthesis103 could also be useful for

preparing nanoparticles of silicides, both of which are useful

materials for preparing nanocomposites.

Sputtered films of silicon-rich CrxSi1�x showed increasing

thermopower as the chromium content decreased.146 The films,

which were amorphous during sputtering, crystallized into

a nanocomposite containing CrSi2 and Si crystallites. Full

thermoelectric characterization was not reported, so it is

unknown if the presence of Si crystallites will ultimately enhance

ZT in this case.

It has been suggested that incorporation of insulating

inclusions within nanocomposites could also lead to an increase

in ZT, provided that the inclusions are contained within the

grains, as opposed to along the grain boundaries, to maintain

efficient electrical conduction.147 The results of integrating inert

oxides into thermoelectric nanocomposites have been mixed. The

thermal conductivity has been reduced in nanocomposites con-

taining inert oxide phases;147,148 however, negative impacts on

carrier transport have also been reported.147 A b-FeSi2/SiO2
J. Mater. Chem., 2011, 21, 4037–4055 | 4051
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nanocomposite with 4 wt% SiO2 showed enhanced thermopower

in the 400–800 K range, as well as a depressed thermal conduc-

tivity, with kmin z 3.5 W/m$K.140 Although the electrical

conductivity was modestly decreased, the ZT reached

a maximum ZT z 1.2 near 625 K. A similar nanocomposite

containing 2 wt% of the conducting oxide TiO showed a ZTmax

slightly above 1, higher than the ZTmax z 0.6 found for b-FeSi2
alone.

6.3.5 Summary of trends in nanostructure composite mate-

rials. As can be seen in the above examples, the enhancement of

thermoelectric properties in nanocomposites varies greatly

between samples, i.e. sample preparation appears to strongly

affect thermoelectric performance. While QDSL nano-

composites consistently show significantly enhanced ZT, no

one bulk processing method shows a clear and consistent

advantage over another in terms of achieving enhanced

thermoelectric performance. The resistivity of nanocomposite

samples usually increases as nanoparticle content increases,

indicating that increased interface density in nanocomposites

leads to additional electron scattering.122,149 However, the

marked decrease in the thermal conductivity and increased

thermopower often result in a net enhancement of ZT. It has

been suggested that low relative density nanocomposites should

have poor electrical conductivity and power factors due to

strong carrier scattering,113 but a consistent trend correlating

the relative density with the magnitude of ZT has not emerged

due in part to the fact that few researchers report the relative

density of their sample. In some cases, nanocomposites with

low relative density have shown enhanced ZT; for example,

a layered Bi2Te3/Sb2Te3 nanocomposite with a relative density

ranging between 92.8 and 94.7% was reported to have

a ZTmax ¼ 1.47 at 440 K.124 Clearly, a greater understanding of

the effects of synthesis conditions and nanomorphology on

material properties is still required to allow more rational

design of thermoelectric nanocomposites.
7. Summary and perspectives

Reducing the size and dimensionality of thermoelectric materials

has been demonstrated to increase the thermoelectric figure of

merit, ZT, in nanoscale and nanostructured materials relative to

their corresponding bulk materials, confirming the predicted ZT

enhancement due to classical and quantum size effects. These

increases result primarily from lowered thermal conductivity as

interface density increases, as well as from possible quantum size

effects including improved thermopower resulting from the

increased electronic DOS at the Fermi level in low-dimensional

systems. Although many of the highest reported ZT are for thin

film and nanowire materials, the high costs and limited scal-

ability of these methods will likely limit their practical large-scale

applications. However, careful investigation of well-controlled

nanowire and thin film nanomaterials will continue to provide

the fundamental insights necessary to understand the effect of

nanostructures on ZT enhancement. Inexpensive bulk nano-

composites have also demonstrated impressive ZT relative to

bulk crystals and are expected to find use in many applications

currently filled by conventional power generation and cooling

technologies.
4052 | J. Mater. Chem., 2011, 21, 4037–4055
Thermoelectric performance appears to depend sensitively on

both the nanostructure and synthesis conditions. At this time,

there exists only a qualitative understanding of how nano-

structure affects the transport properties and thermoelectric

performance of these complex materials. The quality and

composition of surfaces and interfaces, which can greatly

influence transport properties in high surface area nanoscale

materials, can be difficult to control, and may account for some

of the variation between reports for a given material family and

nanoscale morphology. Continued research to gain a more

quantitative understanding is required to allow the rational

design and preparation of nanocomposites and accelerate the

wide adoption of thermoelectric technologies in power gener-

ation and cooling applications.
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