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Nano Bulk Thermoelectrics: Concepts,

Techniques, and Modeling

Nikhil Satyala, Payam Norouzzadeh, and Daryoosh Vashaee

Abstract The beneficial effects of nanostructured material systems have provided a

significant momentum to accomplish high-efficiency thermoelectric materials for

power generation and cooling applications. The quantum size effects have been

widely explored in order to shrink the contribution of lattice thermal conductivity of

the thermoelectric systems, thereby enhancing the overall figure-of-merit. Modifying

the nanoscale level structural features and the creation of additional phonon scattering

sites in the form of grain boundary interfaces became the basis for fabrication of

nanostructured materials. The requirement of specific physical features in nanostruc-

tured thermoelectrics also brought a variety of changes to the fabrication processes. In

this chapter, we review some of the prominent techniques for fabrication of such

nanostructured material systems. An overview of the concepts and techniques for

theoretical modeling of the charge carrier and phonon transport mechanisms in the

interfacial regions is presented. Further, the constructive effects of nanostructuring in

thermoelectric materials are discussed based on a theoretical approach via Boltzmann

transport equation under the relaxation time approximation. The calculations are used

to demonstrate the advantages and disadvantages of nanoscale effects in the well-

known material systems of SixGe1�x and Mg2Si.

4.1 Introduction

The unique technique of harvesting waste heat energy for power generation by

means of thermoelectric (TE) materials was originally discovered by T. J. Seebeck

in 1821 [1]. This effect was later enriched by J. C. A. Peltier and Lord Kelvin via
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their discoveries of the Peltier and Thomson effects, respectively [2, 3]. The Seebeck

effect promoted the power generation characteristics of the thermoelectric materials

whereas the Peltier effect stimulated the development of the materials and devices

for cooling applications. The Thomson effect introduced a comprehensive interre-

lationship between the Seebeck and the Peltier effects via thermodynamically

related coefficients [3]. The thermocouple may have been the most widely used

thermoelectric device where a voltage difference generated across the terminals of

an open circuit made of two dissimilar metals is used to measure the temperature.

A quantitative characterization of the Seebeck coefficient and the electrical

conductivity also paved a path for the identification of many suitable materials

for thermoelectric device fabrication [4]. Material systems such as Bi2Te3, PbTe,

Si1�xGex, etc. were originally found to have favorable characteristics for develop-

ing high-efficiency thermoelectric materials. However, the initially identified mate-

rial systems were not adequately efficient for major application areas such as heat

engines and refrigeration systems. The pursuit of developing high-efficiency ther-

moelectric materials was boosted greatly by the emergence of the concept of

the dimensionless figure-of-merit (ZT), introduced by A. F. Ioffe in 1949 [5, 6].

The figure-of-merit mathematically relates the fundamental properties such as the

electrical conductivity (σ), Seebeck coefficient (S), the thermal conductivity due to

carriers (κe) and the lattice (κl) of the TE material, and is defined as [5],

ZT ¼ σS2

κe þ κl
T (4.1)

The introduction of the figure-of-merit led to the design and development of

numerous optimization techniques for thermoelectric materials that primarily

focused on maximizing the (σ/k) ratio while maintaining a substantial Seebeck

coefficient. Figure 4.1 illustrates the recently reported ZT versus corresponding

temperature ranges for various high-performance bulk TE materials [6, 7]. The

state-of-the-art bulk TE material systems include many compounds that are suitable

for low and medium temperature ranges. However, as indicated by the vertical

line in Fig. 4.1, a dearth of high-performance TE materials systems is markedly

observed at high temperatures.

4.1.1 Methods to Enhance Efficiency of Thermoelectric
Materials

Material systems based on alloys were largely promoted to reduce the lattice thermal

conductivity (κl) via enhanced scattering of phonons at point defects [5, 8, 9].

Therefore, alloying was employed as the initial technique for thermoelectric mate-

rial optimization. Later, Slack and Mahan independently defined that in the optimal

form the chemical characteristics of a good thermoelectric material essentially
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include phonon–glass/electron–crystal type features [10, 11]. These features include

optimum band gap, high mobility, multiple valleys near the Fermi surface, and low

thermal conductivity. Such discoveries led to the evolvement of numerous other

techniques for optimization of thermoelectric material systems.

The technique of alloying for reducing thermal conductivity was originally

proposed in the 1950s [8]. Alloying of compounds with similar band structure was

found to reduce the thermal conductivity significantly without disrupting the elec-

trical properties of the compounds. Other methods of introducing point defects

through nanoinclusions were also found to have a significantly positive impact on

the thermoelectric figure-of-merit. In addition to alloying, further optimization

techniques based on material characteristics were also instigated. Techniques such

as microstructure modifications [12], bulk nanostructuring [13, 14], energy filtering

techniques [15, 16], resonant energy levels [15], quantum wells and superlattices

[17], complex material systems [18], etc. have been subsequently introduced.

The nanostructured systems primarily rely on the reduction of lattice and elec-

tronic thermal conductivity by enhanced scattering of phonons at the grain bound-

aries of the same material system. Nanocomposites fundamentally implement the

same principle of scattering of phonons; however, the scattering locations are

created by nano-sized grains of more than one material compacted to the locations

next to each other. Well-known material systems like nanostructured SixGe1�x and

BixSb2�xTe3 were reported to benefit from very low thermal conductivities ensuing

in high figure-of-merit over a wide range of temperatures [13, 19, 20]. However,

recent theoretical estimations also revealed that the same nanostructuring techniques

could prove to be detrimental to the thermoelectric characteristics of some materials

systems such as Mg2Si owing to the losses incurred in electrical conductivity

[21–23].

The techniques of nanostructuremodificationswere also successfully implemented

in material systems like p-type Bi0.52Sb1.48Te3 by means of embedding nanocrystal-

line domains in an amorphous matrix of the host material [13]. The nanostructure,
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also comprised nanocrystals with fine and coherent grain boundaries, and resulted

in enhanced electrical conductivity via promoting of selective phonon scattering.

The unique structural properties lead to a figure-of-merit of 1.56 at 300 K [13].

Energy filtering methods were also found to enhance the Seebeck coefficient by

means of increasing the average energy of the carriers as a result of scattering of low

energy carriers at grain boundaries. This type of preferential low energy carrier

scattering via energy filtering techniques was employed on materials systems like

InGaAs/InGaAlAs superlattices and bulk nanostructured PbTe [16, 24]. A significant

enhancement in the power factor (S2σ) of the superlattices was attained; however,

nanostructured PbTe suffered loss in mobility due to scattering of carriers at grain

boundaries.

Modifications in electronic properties such as band structure and density of states

(DOS) for optimization of the thermoelectric properties were also reported. It was

theoretically demonstrated that sharp features in the DOS close to the Fermi energy

result in superior thermoelectric power factor [17]. An impurity-activated resonant

level in the DOS is an analogous technique by which additional energy states

are generated near to the conduction or valence band edges. The additional states

are expected to contribute to the carrier transport and boost the magnitude of the

Seebeck coefficient when the Fermi level is considerably close to these states. The

enhancement in the Seebeck coefficient by means of impurity-activated resonant

levels was reported by Heremans et al. for Tl-doped PbTe [25]. A figure-of-merit of

twice that of the undoped bulk PbTewas achieved in Tl-doped PbTe as a direct result

of the enhancement of the Seebeck coefficient due to the resonant states created by

Tl near to the valence band. Combining the two concepts of bulk nanostructuring and

resonant levels can potentially result in both low thermal conductivity and enhanced

power factor to make more promising TE materials systems.

Quantum confinement techniques were also explored in the form of

low-dimensional quantum wells and superlattices. The methods predominantly

aimed at dramatically improving the figure-of-merit by means of controlling the

electron and phonon energy spectra via structural alterations. Significant reduction

in thermal conductivity and a subsequent enhancement in the figure-of-merit were

reported in superlattice structures such as Bi2Te3/Sb2Se3 and PbTe/PbTeSe

quantum-dot superlattices [26, 27]. Other complex material systems such as quan-

tum wires, clathrates, and skutterudites have also been reported to help achieve

better thermoelectric properties.

In the recent years, the nanoscale effects in techniques such as nanostructuring

and quantum confinement have significantly contributed to the advancement of

thermoelectric material systems. Therefore, a thorough understanding of the nano-

scale effects pertaining to the structural modifications is required. The emphasis of

this chapter is to provide a methodical insight into the nanoscale effects in state-of-

the-art thermoelectric materials. In this chapter, the bulk nanostructured material

systems will be referred with a new terminology, namely, Nano Bulk.
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4.2 Comparison of Bulk and Thin Film Thermoelectrics

With the new stimuli of the research community in the thermoelectric (TE) area, TE

research has continued in two general directions: (1) theoretical models that predict

TE properties and offer superior materials and structural designs and (2) experi-

mental efforts in finding new materials or structures that show enhanced TE

properties. The follow-ups to these efforts have been in two main directions. One

direction has been in finding new bulk materials and their advanced engineering to

achieve a higher ZT [28, 29]. Complex crystal structures that yield low lattice

thermal conductivity such as FeCo3Sb12 [30], Yb14MnSb11 [31], Ba8Ga16Ge30 [32],

Zn4Sb3 [33], or Ag9TlTe5 [34] are several examples of this direction. Other

examples of this direction include engineered energy band structures with increased

number of energy band minima close to the Fermi surface such as PbTe0.85Se0.15:

Na or with sharp features in the density of states close to the band edge such as

Tl0.02Pb0.98Te [25] that result in the enhancement of the TE power factor [35].

The second direction has been in the use of nanostructures to reduce the thermal

conductivity more than the electrical conductivity through the scattering of phonons

at interfaces [26, 36]. It has also been possible to maintain or improve the TE power

factor through quantum size effects [27, 36, 37] or interface energy filtering [38, 39]

while the thermal conductivity was reduced. Some examples of this group are

Bi2Te3/Sb2Te3 superlattices (SL) [27], and PbTe/PbSeTe quantum dot superlattices

(QDSL) [26]. The main reason for the improvement in ZT in these structures comes

from the reduction of the phonon thermal conductivity. For some other cases such

as ErAs:InGaAs/InGaAlAs SLs [40], the enhancement in ZT was due to the

increase of the Seebeck coefficient due to the hot carrier energy filtering [16, 39]

and the reduction of the thermal conductivity. Bulk nanostructured Bi0.5Sb1.5Te3
[41], Si0.8Ge0.2 [42, 43], and PbTe-SrTe [44] materials have also shown high ZT
resulting from the reduction of the thermal conductivity due to the increase of the

phonon interface scattering.

With the rising demand on new applications of TE materials both for power

generation and cooling functions, there is an increasing interest in material struc-

tures that are synthesized with cost effective approaches from earth-abundant and

environmentally friendly elements. For this reason, superlattice structures made

with thin film deposition techniques are usually too expensive for large scale

applications and their use is limited to niche applications such as thermal manage-

ment of telecommunication lasers or micro-power generators for medical or military

applications. However, nano bulk materials made with the powder processing and

sintering approaches are potentially inexpensive to synthesize and are appropriate

for batch processing [20, 39]. They increase the figure-of-merit of the bulk materials

typically based on the same principle as in superlattices, that the scattering of

phonons should be enhanced relative to electrons. Hence, prior investigations of

low-dimensional superlattices have now evolved into research and development

of bulk materials containing nanostructured features.
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Furthermore, the irreversible losses due to the electrical and thermal contact

resistances become predominant factors when the thickness of the TE device is

usually less than 100 μm. Thin film superlattices grown by vacuum deposition

techniques are typically 5–20 μm thick, versus 200 μm for the thinnest thermoelec-

tric devices based on bulk materials [45]. As a result, TE devices made from bulk

materials, even when sliced to a few hundred microns, have shown larger efficiency

than the ones made by thin film deposition.

The fabrication of TE modules from thin films also still suffers from a low yield

due to the sensitivity to the height variation for making the electrical contacts [46].

Nevertheless, thin film TE devices can address certain thermal management prob-

lems in microelectronics that are not often possible through bulk devices. Thermal

stabilization of laser diodes, infra-red detectors, charge-coupled devices (CCD),

light-emitting diodes (LED), and other optoelectronic devices are among applica-

tions that can benefit from a faster response time and cooling power density of

on-chip micro-thermoelectric refrigerators.

4.2.1 Significance of the Nano Bulk TE Materials

Bulk material systems such as Bi2Te3, Sb3Te3, PbTe, Si1�xGex, etc. profited

majorly in their nano bulk structured forms. For the case of Bi0.5Sb1.5Te, the

improvement in TE performance was possible owing to the significantly beneficial

effect of nanostructuring in this material as shown in Fig. 4.2 [14]. It can be

observed from Fig. 4.2a that nano bulk Bi0.5Sb1.5Te demonstrates an approximate

50 % drop in lattice thermal conductivity compared to the bulk crystalline form

over a wide range of temperature.

Nano Bulk SixGe1�x is also well known for its superior TE properties compared

to its bulk crystalline form [47, 48]. The ZT of p-type bulk alloy of Si0.8Ge0.2 was

enhanced from 0.65 (bulk) to 0.95 at 800 �C with the help of nanostructuring.

A significant drop in thermal conductivity was demonstrated by nano bulk

phosphorous-doped n-type Si0.8Ge0.2 resulting in a ZT of 1.5 at 900 �C [48]. The

thermal and electrical performance of nano bulk Si0.8Ge0.2 was recently reported to

show significant dependence on the average crystallite size [42]. Theoretical cal-

culations performed on bulk and nano bulk Si0.8Ge0.2 demonstrated that the lattice

part of the thermal conductivity makes up for 80 % of the total thermal conductivity

as shown in Fig. 4.2b. Images from the scanning electron microscopy of the

fractured surface of the as-pressed sample and the transmission electron micros-

copy of the powder are shown in Fig. 4.3a, b, respectively, depicting the crystallite

sizes in the nano bulk Si0.8Ge0.2 which lead to the low thermal conductivities of less

than 3.0 W/mK. Similarly, other highly efficient techniques such as nanoparticle-

in-alloy were explored theoretically and a figure-of-merit that is nearly 2.5 times the

value of the bulk system of SiGe alloys was predicted [49]. The nanoscale effects

owing to the crystallite sizes have been theoretically and experimentally substan-

tiated in many recent reports [19, 42].
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For a superior synopsis of the recent advances in TE materials through

nanostructuring, the readers could refer to the CRC Handbook of Thermoelectrics
[50] and published review articles [6, 15]. However, within the scope of this chapter,

the primary focus will be on the effects of bulk nanostructuring comprehended by

means of a theoretical approach as will be discussed in further sections. In order

to thoroughly provide insight into the effects of bulk nanostructuring on the TE

properties of materials, a simulation based assessment of the TE characteristics of

SixGe1�x and Mg2Si follows. In the upcoming sub-sections of this chapter a sys-

tematic discussion of the experimental methods for making nano bulk materials,

electronic properties of these materials, theoretical approaches to nanostructuring

mechanisms, modeling strategies, carrier transport properties, phonon scattering

mechanisms and the effect of grain sizes on the TE properties in SixGe1�x and

Mg2Si is presented. As the end, the simulation results are critically discussed in order

to conclusively show that in certain material systems detrimental effects due to

nanostructuring may diminish the overall benefits.

Fig. 4.2 (a) Thermal conductivity versus temperature of Bi0.5Sb1.5Te3—state-of-the-art (SOA)

bulk ingot compared to nanocrystalline sample [14]; (b) Effect of bulk nanostructuring on thermal

conductivity of Si0.80Ge0.2 [42]

Fig. 4.3 (a) Scanning Electron Microscopy (SEM) and (b) Transmission Electron Microscopy

(TEM) images of nanostructured Si0.8Ge0.2 [42]
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4.3 Fabrication of Nano Bulk Thermoelectrics

Fabrication of nanostructured materials through a bulk process is challenging, but

modification of bulk process conditions so that the ZT is enhanced is even more

difficult. The modification process does not always lead to improved thermoelectric

efficiency. Thermal stability of the devices made by nanostructured materials at high

temperatures is another influencing factor as the nanoscale features may be removed

due to the diffusion and energies of the interfaces. There are two major approaches

via top-down and bottom-up methods to fabricate nano bulk thermoelectrics and

each of them can be divided in to several branches. These methods are introduced in

the following sections and their advantages and disadvantages are briefly discussed.

4.3.1 Top-Down Approach

The top-down methods start from a bulk material and the corresponding nanostruc-

tured features are obtained by structural deformations. There are two commonly

used techniques which are based on sever plastic deformation (SPD) or thermal

processing.

4.3.1.1 Sever Plastic Deformation (SPD)

The basis of the SPD method is to increase the free energy of the polycrystals and

generate many more defects and grain boundaries in various nonequilibrium pro-

cesses so that the microstructure is transformed into nano-sized crystallites while

the structure of the coarse-grained material remains unchanged without any asso-

ciated changes in the cross sectional dimensions of the samples [51]. Key principles

of SPD are increasing dislocation density by heavily deforming materials, forming

dislocation walls, and making transformation of dislocation walls into grain bound-

aries. Some known methods in this category are listed below:

• High pressure torsion: A small thin disk is placed between two massive anvils

under high pressure and intense shear strain is introduced by rotating the two

anvils with respect to each other. In this method, the applied hydrostatic pressure

is high; therefore, the fracture is suppressed and thus the method is applicable to

hard and less ductile materials.

• Equal channel angular pressing (extrusion) [52, 53]: In equal channel angular

pressing (ECAP) the billet is placed in a die and a high pressure is exerted to it

through a punch. It is one of the SPD methods for producing ultra-fine grain

structures in nanoscale which applies a large amount of shear strain into the

materials without changing the shape or dimensions of the billets.

• Accumulated roll bonding [54, 55]: This is another SPD process to produce

ultra-fine grain structures in nanoscale which is applicable for continuous
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production of the nanostructured materials. In this method 50 % rolled material

is cut in two, stacked to make the initial dimension, and then rolled again. By

repeating the deformation and bonding processes, the nanostructured materials

can be produced.

4.3.1.2 Thermal Processing

Thermal processing techniques have widely been applied to induce nanoscale

precipitates [56–58]. In order to fabricate such nanostructures in a metastable

solid-solution the starting material is subjected to a thermal processing procedure

like spinodal decomposition, nucleation, or the growth mechanism [56]. In the

thermal process of matrix encapsulation the liquid mixture is cooled rapidly so that

the insoluble minority phase is precipitated, and the embedded nanoparticles in the

host material are created [57]. This technique has been applied for n-type AgPbTe2/

PbTe [58] and Pb1�xSnxTe/PbS [56] and p-type Na1�xPbmSbyTem+2 [59] and

NaPbTe-SrTe [60].

4.3.2 Bottom-Up Processes

This type of method starts from atoms and molecules as building blocks and the

bulk materials are subsequently assembled from elemental constituents. Bottom-up

methods are used to assemble nanoparticles into dense solid phases to attain a

nanostructured material. The main technique frequently applied for thermoelectric

materials consists of powder processing and subsequent consolidation.

4.3.2.1 Powder Processing

The powder characteristics facilitate low temperature sintering, which is a prereq-

uisite for mitigating grain coarsening during the sintering process. The power can be

synthesized by a chemical or physics method. The nanoparticles should be prefer-

ably non-agglomerating and uniform in size and shape or preferably monodispersed

to result in a dense nano bulk material after consolidation. Non-agglomerated

nanoparticles are made by wet chemical methods which are usually expensive

procedures. The physical method is mainly based on mechanical milling which

often results in agglomerated nanoparticles of different sizes in an inexpensive way.

• Chemical methods: Several chemical methods have been developed to fabricate

metal nanostructuredmaterials with different shapes such as silver (Ag) nanoplates

[61], silver nanodisks [62, 63], gold(Au) nanoplates [64], and gold nanodisks [65].

It has been shown that a high-temperature organic solution approach and a

hydrothermal process can be used to prepare hexagonal nanoplates of Bi2Te3
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and Bi2Se3 respectively [66]. High-yield two-dimensional micrometer-sized

hexagonal nanoplates of Sb2Te3 using a solution-based synthesis method have

been also produced [67].

• Mechanical milling: In this process the powder is milled with different techniques

during which the particles are cold welded and fractured many times resulting in

ultimate fineness. The most commonly used milling method has been ball milling

where the powdermixture is placed in the ball mill and is subjected to high energy

collision from the balls. Among these, vibratory ball mills, planetary ball mills,

and attritor mills have been common equipment for ball milling.

4.3.2.2 Consolidation

• Hot pressing [41, 47, 68, 69]: It is a pressure assisted method for compacting

nanopowders to obtain bulk nanostructured materials, which is usually accom-

panied by sintering at various times, temperatures, and atmospheres. The method

of ball milling and hot pressing is cost effective, applicable for many material

systems, and can produce nano bulkmaterials which are thermally stable. Several

research groups have reported the implementation of this technique for n-type

and p-type Si0.8Ge0.2 and some types of BixSb2�xTe3 [41, 42, 70]. Spark plasma

sintering [71–73] is a newer technique compared with conventional sintering

approach where the heat is provided by an external source. In this method the heat

is generated by passing a pulsedDC current through a die and conductive powder.

This method creates a very high heating rate (100–1,000 K/min) which leads to a

fast sintering process. In a similar approach, a DC current is used for heating the

material [41]. The high heating rate allows sintering the material with reducing

the grain growth therefore attaining smaller gains in the bulk material.

4.3.3 Theory of Charge Carrier and Phonon Transport
at Interfaces

Theoretical studies of phonon transport in superlattices showed that reduction in

lattice thermal conductivity does not need a well-defined geometry or a perfect

interface at atomistic level [74]. The only requirement is having a high density of

interfaces which is present in nano bulk structures. To enhance the ZT, the phonons
have to be scattered more efficiently than charge carriers. Therefore, as a rule of

thumb, the size of nanostructures should be smaller than the phonon mean free path

and larger than the charge carrier mean free path. In practice, charge carriers have

narrower spectrum than that of phonons. The interface spacing below which the

electrical conductivity is reduced considerably can be estimated through the spec-

trum of the mean free path. If the interface size is larger than a single scattering

site, it will have deteriorative impact on charge transport and decreases the ZT.
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Continued reduction in characteristic lengths in nanostructures has led to increasing

importance of interfaces in transport properties of materials. In fact, a large portion

of the advances in enhancing ZT for nanostructured materials comes from the

beneficial effects of the interfaces.

4.3.3.1 Interface Definition and Types

The region in a crystalline or polycrystalline material that separates two crystallites

is called interphase boundary or simply interface. The interface represents a discon-

tinuity with a minimum thickness of two atoms. The neighboring grains may have

different orientations. A random connection of two different crystallites may lead to

dangling bonds, large crystallographic discrepancies, or voids in the interface region.

If the crystallites’ chemical composition and lattice parameters are the same, the

interface is called phase boundary; and if the crystallites belong to differentmaterials,

the interface is called heterophase boundary. In an interface, the atoms are shifted

from their regular positions as compared to a perfect crystal and introduce defects into

crystal structure. Interfaces play an important role in determining the properties of

the nano bulk structure due to the large relative fraction of atoms that are present in

the interphase boundary. Interfaces decrease the electrical and thermal conductivities

of the material and provide preferred places for the precipitation of the new phases

from the solid.

To get a sense of the atomic arrangement of the neighboring crystals at an

interface, the interfaces can be divided into four classes:

1. Coherent interface: There is a perfect match between two nanocrystals across the

interface.

2. Strained coherent interface: Imperfect matching between two nanocrystals causes

some strain at the interface, which increases with the size of the crystallites.

3. Semi-coherent interface: Although dislocations contribute to the energy of the

system, they reduce the strain energy. The coherent interface with strain is likely

to be transformed to a semi-coherent interface with dislocations.

4. Incoherent interface: There is no lattice match between the crystallites across the

interface.

As the matching between the crystallites improves, the interfacial free energy

becomes smaller. In incoherent interfaces atoms that have more freedom to move

are considered mobile, so they have higher energy. Liu et al. [75] established that

the coherent interfaces generally exist in nanocrystalline composites, and according

to the experimental results, they are largely unaffected by the fabrication process.

It is rational that the coherent interfaces play a key role in assembling the composite

nanostructures because the coherent interfaces require that the crystal planes from

the two adjacent crystallites to have similar basal spacing and that the crystallites

bind tightly to form interfaces which are thermodynamically stable. There is

currently very little known about the effect of nanoscale coherent interface on

energy transport. Nonetheless, some researchers have reported excellent ZT for
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Ag1 � xPbmSbTe2 + m with m ¼ 10 and 18 (2.1 at 800 K) which consist coherent

interfaces [58]. The observation of coherent nanointerface in a PbTe/GeTe

nanocomposite was also reported at the atomic level and atomistic modeling was

applied to characterize the local chemical composition and crystalline structure and

the coherency of interfaces was confirmed [76]. It was found that the large value of

ZT was attributed to the nanoscale coherent interfaces that improved phonon

scattering while having minimal effect on the charge carrier transport [76]. The

coherent nanointerfaces between the matrix and nanoscale inclusions offer three

advantages in thermal design for ZT improvement:

(a) The nanoscale inclusions significantly reduce the mean free path of the pho-

nons, thereby reducing the lattice thermal conductivity.

(b) The strain at the coherent interface considerably enhances phonon scattering

and causes a large thermal resistance at the interface, which helps to further

reduce the overall thermal conductivity.

(c) Electron scattering remains largely unaffected by the coherent interfacial struc-

ture, which leads to a very little decrease in the electrical conductivity. Such a

combined effect is very favorable for enhancing ZT.

Charge carriers and phonons encounter different resistances across an interfacial

region. The charge carrier boundary resistance originates from the impact of the

charge carriers to a coulomb potential at the interface. This potential depends on the

band structure and doping concentration of the interfacial materials. Both a poten-

tial barrier and a well can scatter charge carriers due to the disruption of the periodic

potential. Charge carriers can tunnel through the barrier or be thermally excited

over it depending on the width and height of the barrier [77]. Phonons lose their

memory after encountering the interface. The reflectivity or transmission of pho-

nons is determined by density of states and phonon velocities of different modes.

The reflected phonons form the phonon boundary resistance which depends on the

available energy states at both sides of the interface [78]. The charge carrier and

phonon resistances at interfaces lead to nonequilibrium transport properties near the

interface and at a distance from the interface, named energy relaxation length, they

reach to a new thermal equilibrium.

4.3.3.2 Nano Bulk Structures

In a nano bulk material, grains and interfacial structures may have three distinct

types as depicted in Fig. 4.4. Type 1 (Fig. 4.4a) is a nanocrystalline structure made

of a single material composition. Type 2 (Fig. 4.4b) consists of embedded

nanoparticles inside the lattice. Figure 4.4c is a nanocrystalline structure made

from mixture of two or more of different materials or phases. In this structure the

grains and/or the grain boundary regions are made from different materials. Exper-

imentally, a nano bulk thermoelectric material may have a structure similar to any

of these types or a combination of them. For example, a peak ZT of 1.4 at 100 �C
was achieved in a p-type nanocrystalline Bi0.5Sb1.5Te3 bulk alloy using the type
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1 interface, which separates single phase crystallites [41]. Also, the p-type PbTe

nanostructured bulk with SrTe precipitates, which demonstrated a ZT value of 2.2 at

615 �C, took advantage of the combination of Type 1 and 2 structures to more

effectively scatter heat carrying phonons across the integrated length scales [44]. A

combination of Type 3 with 1 and/or 2 can make various other structures such as

core–shell nanoparticle doped structures, or nanocrystalline structures with embed-

ded nanoparticles. There is yet no report of enhanced ZT through Type 3 nano bulk

structure.

4.3.3.3 Interfacial Effects on Charge and Phonon Transport

The interface in a nano bulk material is characterized by mismatch in bulk properties

and irregularities in the region near the interface. Different carriers of charge and heat

encounter different resistances across this interfacial region. Charge carriers encoun-

ter a coulomb potential at the interface resulting in the carrier boundary resistance,

and phonons hit the interface and lose their memory. The probability of phonon being

scattered to one side of the interface or the other is related to the density of states and

the phonon group velocity of each vibrational mode. These interfacial resistances at

an interface region result in electron and phonon thermal nonequilibrium near the

interface, which can affect the thermoelectric properties significantly. The schematic

diagram of Fig. 4.5 lists the interfacial effects on charge and heat carriers transport

parameters and their connections with the thermoelectric properties.

4.3.3.4 Charge Transport at Interface

There are three major challenges in analyzing the charge transport in nano bulk

materials. First, the characteristic lengths in a nano bulk material can become

smaller than the charge carrier wavelength as the grains become too small. This

will reduce the accuracy of the Boltzmann Transport Equation results as the BTE is

valid only if the charge carrier mean free path is much larger than the wavelength

[79, 80]. The second difficulty arises from the unknown properties and the compo-

sition of the interfaces. As the density of the interfaces increases in the nano bulk

a b c

Fig. 4.4 Three types of nano bulk structures: (a) single component nanocrystalline material,

(b) bulk material with embedded nanoparticles, (c) multicomponent nanocrystalline material
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material, their volume fractions become comparable with that of the host material;

therefore, the transport properties of the material should be derived not just from the

scattering processes, but from a new phase of charge and phonon transport making

the determination of the interface properties a cumbersome problem.

Interfaces can influence the Seebeck coefficient, electrical conductivity, and the

electronic thermal conductivity. In fact, interfaces have negative and positive

effects on carrier transport. Although the interface scattering reduces the charge

mobility, it can be exploited to improve the Seebeck coefficient through energy

filtering and reduce the ambipolar thermal diffusion through preferential scattering

of the minority carriers. The following is a brief description of how different

concepts and quantities can change the contributions of the interfaces in charge

transport properties.

Seebeck Coefficient

As can be seen from the Mott’s relation,

S ¼ π2k2BT

3eσ

∂σ
∂E

� �
Ef ¼ π2k2BT

3e

∂ln g Eð Þ
∂E

þ ∂ln τ Eð Þv Eð Þ2
∂E

 !
Ef (4.2)

in which g(E) is the electronic density of states and v is the charge group velocity,

the interfaces can be beneficial to Seebeck coefficient by three effects as listed

below.

• Quantum size effects can cause sharp changes in the density of states g(E) which
in turn improves S and enhances ZT [37].

• Interfaces can introduce potential barriers that can scatter carriers and affect the

thermoelectric efficiency. In the presence of such potential barriers, carriers that

are passed over the barriers have higher average energy than carriers far from the

barriers. Carrier energy distribution function becomes that of the bulk material in

a length equal to the energy relaxation length lE from the barrier. If the grain sizes

does not exceed lE, the carrier distribution function does not return to that of the
bulk between GBs, and thus the effective Seebeck coefficient of the nano bulk

material is higher than that of the parent single crystalline bulk material. Also, if

the momentum relaxation length is much shorter than the distance between the

GBs, the behavior of the carriers with energies greater than that of the barrier may

be similar to that of carriers in the bulk. In other words, for carriers with energies

above those of barriers, the differential conductivity σ(ε) of a material with

potential barriers can be approximated by that of the material without potential

barriers if lm << l. Therefore, under the condition of lm << l < lE, the energy
filtering mechanism can increase the effective material Seebeck coefficient. It is

also understood that since such defects can reduce the electron mobility, the

overall effect appears in the power factor S2σ.
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Figure 4.6a shows the asymmetric contribution of electrons with different

energies around the Fermi energy to the conduction process (differential conduc-

tivity). A more asymmetric differential conductivity would result in higher Seebeck

coefficient. While the Seebeck coefficient is relatively high, the number of con-

duction electrons is small as the Fermi energy is close to the band edge. Figure 4.6b

shows that when the Fermi energy is deep inside the conduction band, the differ-

ential conductivity is more symmetric with respect to the Fermi energy resulting in

a small Seebeck coefficient. Removing low energy carriers by a potential barrier

can lead to an improvement in Seebeck coefficient as shown in Fig. 4.6c. The new

scattering mechanism introduced by the interface potential scatters low energy

carriers and reduces their contribution to the transport properties so the Seebeck

coefficient is increased. The successful implementation of this strategy has been

reported for InGaAs/InGaAlAs superlattice [17] and PbTe-based nanostructured

materials [18, 81].

Energy filtering improves the Seebeck coefficient through the reduction of

bipolar effect too. To this end, the minority carriers which have lower energy are

affected by fabricating a nanostructure which scatters them more strongly than the

majority carriers. Such a reduced bipolar effect has been reported for nanostruc-

tured Bi0.5Sb1.5Te3 [41].

• Any change in the dielectric constant caused by the strain or the change of the

lattice constant at the interface can appear in ionized impurity, polar optical-

mode phonon, and nonpolar optical-mode phonon scattering times [82]. Changes

in these scattering times directly affect the Seebeck coefficient according to the

Mott’s relation.

Fig. 4.6 Schematic representation of electron filtering. (a) Low doped (b) highly doped (c) energy

filtered highly doped
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Electrical Conductivity

Interfaces form two-dimensional networks or line charges in juxtaposition. Inter-

faces change the electrical conductivity through several possibilities such as:

• Interface roughness scattering at the interface decreases the electron mobility in

the material [83]. However, the roughness scattering can lead to a significant

increase in the thermionic current. A rough interface scattering conserves the

energy but not the transverse momentum of the charge carriers. Therefore, the

scattering at a rough interface mixes the planar motion of the charge carriers with

the longitudinal motion perpendicular to the interface. In this case, the transmis-

sion probability depends on the total kinetic energy of the electrons rather than

only the perpendicular component to the barrier. This will increase the number of

electrons that are transmitted over the barrier, which can significantly increase the

electrical conductivity. Non-conservation of transverse momentum does not

significantly change the Seebeck coefficient; therefore, optimizing the material

parameters (such as doping and barrier height) to gain an overall benefit from the

interface roughness scattering is possible. For an accurate treatment of the

interface scattering, one needs to develop a comprehensive model that includes

all the important effects on the charge mobility and the transmission probability

at the interface.

• There are several mechanisms for the existence of an interfacial potential. One is

the accumulation of charges at the interface, namely, the space charge electric

potential. The broken bounds at the interfaces attract free carriers and form a

space charge. The high density of states at interfaces and a space charge on either

side of the interface represents a double Schottky barrier at the boundary thereby

a high resistance to the lateral current flow. Early works on modeling of the

interfaces in polycrystalline materials used a double diode or a two back-to-back

diodemodel [84]. Since then there have beenmany different models for the effect

of the interface space charge on electrical conductivity [85].

• Another mechanism is due to the different orientations of the adjacent grains or

simply crystallite rotation. Apart from the space charge potential barrier, electrons

may experience a potential barrier (or well) due to the rotation of the adjacent

grains. For example, an electron moving in L valley in one grain has to enter the Σ
valley in the next grain. In a nano bulk material, the grains are randomly distrib-

uted with a random orientation. Electrons with sufficiently large energies can pass

over the barrier and enter a different valley in the adjacent grain. Electrons with

smaller energies may encounter an intervalley scattering and enter an equivalent

valley in the adjacent grain (Fig. 4.7). This can happen through electron scattering

by phonons or the interface roughness potential. Such scatterings reduce the

boundary resistance as they provide alternatemeans for electron transport between

the grains.

• Dielectric constant can be changed due to the permanent dipoles which are

induced by the electric field in the interfacial regions. The change in the dielectric
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constant leads to the change in polar optical-mode phonon and nonpolar optical-

mode phonon scattering times which in turn alters the electrical conductivity [82].

• Deformation potential theory is a band model to describe the charge transport

and works well if the electron–phonon coupling is weak [86]. Deformation

potential impacts on the electrical conductivity as well as the total phonon

relaxation time. Local deformations in the crystal lattice caused by the interfaces

can form an effective electric potential due to the strain and its effects on the

band structure. Therefore, the changes in the lattice constant in the interfacial

region can also affect the electrical conductivity through the change in the

deformation potential [87].

Electronic Thermal Conductivity

The charge carriers also transport heat and add to the thermal conductivity. At first

glance it seems that reducing the thermal conductivity through the reduction in the

charge mobility or concentration is not favorable as it would adversely affect the ZT
through electrical conductivity. However, the key is the different value of the Lorenz

number inmany thermoelectrics.Moreover, the ambipolar diffusionmechanisms can

favorably behave differently at the presence of the interfaces.Wiedemann–Franz law
states that the electronic thermal conductivity ke and electrical conductivity σ in a

metal or degenerate semiconductor are directly proportional as:

ke ¼ LσT (4.3)

where L is the Lorenz number with the value L ¼ 2.45 � 10� 8 WΩ/K2,

σ is the electrical conductivity, and T is the absolute temperature. Therefore,

Wiedemann–Franz law affects the electronic thermal conductivity in two ways.

First, ke is decreased due to the deteriorative effect of the interfaces on the charge

Fig. 4.7 Pictorial depiction of the grain boundary interfaces and intervalley transitions. L–L and

X–X lines demonstrate the equivalent intervalley scattering between adjacent grains. L–X line

shows transition to a different valley that would disturb the energy spectra of the charge carrier
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carrier mobility. Second, ke is a function of the Lorenz number which itself is a

function of the relaxation time. Therefore, it is possible to reduce the contribution of

carriers in thermal conductivity by reducing the Lorenz number.

If a temperature difference is maintained across a thermoelectric material,

a positive concentration gradient of thermally excited electron–hole pair in the

direction of the temperature increment occurs. Diffusion causes a net flux of these

electron–hole pairs towards the cold side of the material and their subsequent

recombination that would heat up the lattice. This process is known as ambipolar

thermal diffusion whose strength depends on the band gap and the balance of the

electron and hole conductivities. Interfaces can preferentially scatter minority

carriers more than majority ones due to the difference in their energy. For example,

since the minority carriers have less energy than the majority ones in a bulk

material, the former ones are scattered more strongly by the interface potential

barriers resulting in an imbalance between the electron and hole electrical conduc-

tivities; hence, reducing the ambipolar diffusion.

4.3.3.5 Phonon Transport at Interface

According to the following relation, which is derived from a simple kinetic theory

and neglects the normal phonon–phonon interactions, the lattice thermal conduc-

tivity can be calculated from [88, 89]:

klatt ¼ 1

3

ðωc

0

C ωð Þvg ωð Þ2τ ωð Þdω (4.4)

where C is the heat capacity, vg is the phonon group velocity, τ is the total relaxation
time, and ωc is the cutoff frequency. It is expected that the interfacial resistance of

the grains in a nano bulk material should reduce the lattice thermal conductivity

either through the reduction of the group velocity of the phonons or the reduction of

the relaxation time. The reduction in relaxation time corresponds to the reduction

in phonon mean free path. In nano bulk materials, the reduction of the phonon

relaxation time can be achieved through point defects and/or grain boundary

scatterings. Due to the complicated interplay of phonon scattering, group velocity,

and heat capacity, a frequency dependent analysis of klatt is crucial to design low

thermal conductivity thermoelectrics. Some of the main mechanisms affecting the

lattice thermal conductivity are introduced briefly in the following.

Group Velocity

The one-dimensional Born–von Karman model, as a chain of atoms connected by

springs with linear restoring forces to investigate the effect of the reduction in

phonon group velocity on the spectral lattice thermal conductivity, indicates that

the decrease in vg which decreases the klatt(ω) occurs in three ways: [90]
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• As the mass contrast increases, the optical mode flattens, and if Umklapp

scattering dominates, klatt(ω) is proportional to vg(ω)
2; therefore, the klatt(ω) is

reduced significantly [91].

• As the number of atoms in the primitive unit cell increases, due to their low

velocity of optical modes, the vg(ω)
2 is decreased considerably; hence, the

klatt(ω) is decreased [92, 93].

• In open framework compounds (such as clathrates and skutterudites) the avoided

crossing effect in the vicinity of the guest atom vibrational modes reduces vg(ω)
2

through the reduction of the acoustic contribution to klatt(ω); hence, klatt(ω) is
decreased [94, 95].

Relaxation Time

Interfaces can scatter phonons via several different possibilities:

• Regular reflection and refraction, arising from the difference of the phonon

group velocities in the adjacent grains.

• Diffusive scattering due to the corrugation of the interface, caused by impurities

or interface roughness.

• Diffraction of waveswhen the wavelength is comparable to the particle size. If the

interface region is much smaller than the wavelengths of the excited phonons, the

problem should be treated as a diffraction process (Rayleigh scattering).
• Anharmonic effects are also able to extremely decrease the lattice thermal

conductivity as reported by Morelli et al. [96]. Anharmonic bands are character-

ized by Grüneisen parameter γ. Good thermoelectric materials require large γ.
Hopkins et al. [97] suggested a newmodel for thermal conductivity that takes into

account the anharmonic coupling, or inelastic scattering events, at the interface of

two grains. This is achieved by considering specific ranges of phonon frequency

interactions and the conservation of the phonon number density. Their suggested

model considered the contributions of the inelastically scattered phonons to the

thermal conductivity and provided a good agreement with the experimental

results at the Pb–diamond and Au–diamond interfaces.

• Strain can be caused by the change of the lattice constant at the interface. The

strain affects the vibrational modes and changes the relaxation time [98].

• Deformation potential: This potential represents the interaction of charge car-

riers with phonons. The deformation potential theory has been developed and

applied by many researchers [87, 99, 100]. Lattice mismatch at the interfaces can

cause a lattice strain that would alter the deformation potential. Therefore,

interfaces can affect the lattice thermal (and electrical) conductivity indirectly

through the deformation potential.

Figure 4.8 depicts the schematic representation of the scattering mechanisms for

phonons. For regular reflection and refraction, the relaxation time has no depen-

dency on angular frequency. If the wavelength is comparable with the particle or
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the interface size, the relaxation time will be a function of ω2(λ ~ d, τ(ω2)) and if

the wavelength is much larger than the particle or the interface size, the relaxation

time will be proportional to ω4 (λ � d, τ(ω4)).

As the characteristic lengths of the nano bulk materials approach the phonon

mean free paths, the effect of scattering mechanisms at interfaces becomes much

more important than inside the bulk material. Phonon reflection at a boundary leads

to the Kapitza resistance, a phenomenon that has been known for a long time but has

escaped quantitative description except at very low temperatures when the phonon

wavelength is long so that the reflection can be treated based on acoustic wave

theory. At room temperature, it is difficult to calculate the phonon reflectivity

mainly because of the diffuse phonon reflection as well as the phonon spectrum

mismatch between the two sides of the interface.

Phonons have a large range of frequency and relaxation time. Phonons with

different frequencies have different effects. Phonons may behave like a plane wave

if the interfacial roughness is small compared with the phonon wavelength. They

may behave like a particle if their wavelengths are much smaller than the interfacial

roughness. Microstructural obstacles like inclusions and precipitates have great

effect on the lattice thermal conductivity. Until now, no model has been able to

predict the interface thermal conductance except at very low temperatures. The

Fourier heat conduction theory, as a common approach to model the effect of

interfaces in thermal conductivity, underpredicts the effect of the interfacial scat-

tering. This is mainly because this approach is based on the diffusion picture while

the phonon mean free path is longer than the characteristic lengths of the interface

region. Phonon transmission and reflectivity are crucial parameters to model the

heat conduction in thermoelectric materials. In the case of the nano bulk materials,

two major theoretical problems are known for understanding of the phonon trans-

port. First, nano bulks show a lattice thermal conductivity lower than that of their

alloy limit. Second, it is not clearly understood how the interface affects the phonon

transport. The first problem can be explained by determining the amount of

contribution of each wavelength of the phonons to the thermal conductivity.

Phonons with short wavelength are strongly scattered by point defects but phonons

with long wavelength have a long mean free path. Nevertheless, the contribution of

the long wavelength phonons in thermal conductivity is small [101]. If the involved

structures have larger characteristic length than that of alloy point defects, inter-

faces scatter long wavelength phonons that would further reduce the lattice thermal

conductivity beyond the alloy limit. Moreover, some researchers believe that the

τ(ω2)

τ(ω4)

τ

Fig. 4.8 Schematic

representation of the

scattering mechanisms for

phonons from interfaces
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low limit of thermal conductivity in nano bulk materials is smaller than that of bulk

materials modeled by isotropic scattering mechanisms due to the highly anisotropic

interfacial scattering in the nanostructures.

Nanoparticles in a host material have multiple interfaces and knowing the

amount of the reflected or transmitted phonons from a single interface is crucial

for designing nano bulks with reduced thermal conductivity. Available theories do

not predict phonon reflectivity and transmission at an interface accurately as they

do not clarify the contribution of the phonon scattering inside a nanoparticle or the

role of the interface roughness.

4.4 Methods for Modeling Charge Carrier and Phonon

Transport at Interfaces

4.4.1 Modeling by BTE

The BTE has been used extensively to model the thermoelectric properties of bulk

materials. As long as all the scattering mechanisms are elastic and the relaxation

time approximation is valid, electrical and thermal properties can be expressed as

integrals of the relaxation times [79, 80]. To model the effect of interfaces, one can

add an interface scattering time to the scattering times existent in the bulk material

using Matthiessen’s rule. Therefore, the only thing that one needs is an expression

for the interface or the grain boundary scattering, and the general algorithm to solve

the BTE is unchanged. Modeling of the interface scattering, however, is not

accurate at this stage.

A particular implementation of the BTE is the acoustic mismatch model (AMM)

which can be considered as the most simplified and widely used method to treat the

phonon transport at the interfaces. AMM compares the impedance ratios at an

interface of two crystals. Since this model has been designed for specular elastic

scattering of phonons at abrupt interfaces, it is proper for low temperature. The

AMM, like other BTE-based models, does not account for the wave nature of the

phonon transport that is driven by the underlying lattice dispersion and the boundary

conditions on either side. Moreover, it does not take into account the nonequilibrium

status of the region between the two thermal reservoirs. In addition, extending this

model to cover multiple scattering phenomena in nanostructured materials has not

been formulated yet.

4.4.2 Modeling by Molecular Dynamics (MD)

MD simulation can provide a deep insight of the mechanisms responsible for

phonon transport in nanostructured materials. This method has been extensively

developed and has found applications in research on thermal transport in nanoscale
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interfaces [102, 103]. After the pioneering work of Maiti et al. [104] using the

nonequilibrium molecular dynamics (NEMD) for studying the Kapitza resistance

across an interphase boundary, several studies on the interfaces between different

phases [105] and nanostructures [106] have been performed. Additionally some

researchers have used MD to calculate the thermal conductivity of some thermo-

electric materials such as Bi2Te3 [107], Pb1�xSnxTe [108], Pb1�xGexTe [108], and

Si/Ge nanocomposites [109]. Although MD provides some atomistic details, since

it is mainly based on empirical potentials, it gives poor estimates of the thermal

transport properties.

4.4.3 Modeling by Nonequilibrium Green’s Functions
(NEGF)

The Nonequilibrium Green’s Functions (NEGF) formalism has been extensively

used to study the electron transport in nanostructured materials [110–112]. It has

been used mainly for structures where characteristic wavelengths of the charge

carriers become comparable to, or larger than, the sample size. The method can be

readily developed to include the incoherent scattering and the electron–phonon

correlation effects. In this method, a two probe system is defined and divided into

three regions, left electrode, central region, and right electrode. It is assumed that the

electrodes have bulk properties. First, the properties of the electrodes using standard

density functional theory (DFT) techniques for periodic systems are calculated. The

solution for the electrodes determines boundary conditions for the central region,

and then in the second step, DFT equations for the central region are solved self-

consistently. The charge carrier transport properties are calculated by using the

Kohn–Sham Hamiltonian for propagating each electron.

The NEGF method has been also applied to treat phonon transport across the

interfaces in nanostructures. First, some ab initio methods like tight binding, DFT,

or MD are used to relax the crystal structures across the interface and to determine

the interatomic force constants between the atoms. The computational unit cell

should be large enough to get a sufficient number of nearest neighbor interactions.

Then the phonon Green’s function is computed based on the extracted force

constants. Moreover, the converged semiclassical Poisson electrostatic potential

is used to calculate the transport properties. For example, the method has been

applied to investigate the phonon transport in carbon nanotubes with defects and

isotope scattering in carbon and boron-nitride nanotubes [113–115]. It is notable

that the strength of the NEGF is its ability to include more complicated incoherent

scatterings such as anharmonic phonon mechanisms.
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4.5 Nanostructuring in SixGe1�x and Mg2Si

As discussed earlier in Sect. 4.1, nanostructuring techniques have steered the

performance of many thermoelectric (TE) compounds towards attaining a ZT > 1

in the room to medium temperature ranges. Optimization of device performance

was widely achieved through additional scattering mechanisms in the form of grain

boundaries and interfaces created via nanostructuring techniques. Nanostructuring

techniques were principally designed to scatter mid to long wavelength phonons, a

feat that could not be effectively achieved through alloy or point-defect scattering

[116]. Consequently, the alloy limit to the reduction of thermal conductivity was

overcome by means of restricting the grain sizes to those comparable with the

characteristic lengths of phonons.

4.5.1 Properties and Modeling of Silicon Germanium
and Magnesium Silicide Nano Bulks

The binary compounds of SixGe1�x and Mg2Si hold favorable thermoelectric

(TE) properties for power generation in the high (900–1,100 K) and medium

temperature ranges (500–800 K), respectively [43, 117–120]. In addition to being

cost efficient and allowing for scalable synthesis methods, both compounds were

characterized for having high mobilities, electrical conductivities, Seebeck coeffi-

cients, and low lattice thermal conductivities [43, 50, 120]. Table 4.1 shows the

important electronic and material properties of silicon germanium (SixGe1�x) and

magnesium silicide (Mg2Si).

A favorable feature of Si1�xGex is its ability to facilitate band structure engi-

neering through variation in the alloy composition (x) of the elements. The alloy

Table 4.1 Properties of SixGe1�x and Mg2Si [43, 50, 120]

Property SixGe1�x Mg2Si

Energy gap (eV) 1.12 � 0.41x + 0.008x2 0.77

Lattice constant (Å) at 300 K 5.43(1�x) + 5.66x 6.34

Dielectric constant 11.7 + 4.5x 20

Density (g/cm3) 2.329 + 3.493x � 0.499x2 1.880

Debye temp. (K) 640 � 266x 417

Melting point (K) 1,685 � 738x + 263x2 1,375

Thermal conductivity (W/m/K) at 300 K 4.6 + 8.4x 7.9

Specific heat (J mol/K) 19.6 + 2.9x 68

Effective mass: ml*/mt*(me), x ¼ 0.8 X: 0.92/0.19
L: 1.59/0.08

X1: 0.86

X3: 0.14

Mobility (cm2/V/s) at 300 K μn: 1,396–4,315x
μp: 450–865x

μn: 405
μp: 65

Semiconductors onNSM, http://www.ioffe.rssi.ru/SVA/NSM/Semicond/SiGe/index.html, Accessed

21st March 2012
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composition and the temperature affect both the electrical and thermal properties.

Additionally, the similarities between the chemical and the physical properties of Si

and Ge make the processing of Si1�xGex relatively simple. Si1�xGex crystallizes

with a diamond lattice structure under atmospheric pressure. The type of the

conduction and the carrier concentration in Si1�xGex could be controlled by doping

with phosphorous (n-type) or boron (p-type). Si1�xGex is an indirect band-gap

material with the primary conduction energy gap between the X and L valleys

being ~0.8 eV [43, 50].

Among the materials suitable for thermoelectric power generation in the

medium temperature range, Mg2Si stands apart due to the distinctive features of

its elemental constituents. The elements of Mg and Si are nontoxic, widely avail-

able in nature, and are suitable for making light-weight and recyclable compounds.

Additional related intermetallic compounds such as Mg2Ge and Mg2Sn are also

suitable for thermoelectric power generation in the medium temperature range.

Mg2Ge and Mg2Si possess semiconducting properties due to the valence electrons

in these compounds being equal to the number of states in the Brillouin zone [120].

Mg2Sn has a very low energy gap and is considered as a semimetal.

Similar to Si1�xGex, the bulk crystalline form of Mg2Si possesses a high melting

point, low thermal conductivity, and high electrical conductivity as shown in

Table 4.1. Numerous experimental techniques such as mechanical alloying,

hot-pressing, and spark plasma sintering have been reported for the preparation

and synthesis of Mg2Si-based thermoelectric materials [121–125]. Recent reports

also demonstrate novel methods such as microwave processing to fabricate nano

bulk structures of SixGe1�x and Mg2Si [126, 127].

Elements such as antimony, aluminum, and bismuth are typical dopants for

synthesis of n-type Mg2Si. However, the synthesis of p-type Mg2Si requires

dopants such as silver or copper [125, 128]. As cited in the previous subsections,

well-known techniques such as mechanical alloying, hot-pressing, and spark

plasma sintering have been used to fabricate nano bulk compounds of SixGe1�x

and Mg2Si. In some cases, the thermal processing methods such as solid-state

reactions were also implemented. Methods to fabricate nano bulk compounds of

Mg2Si were also widely implemented recently [129–132]. In these TE compounds,

although a reduction in the thermal conductivity was obtained as a result of

nanostructuring, the ZT remained lower than one. Unlike compounds such as

Si1�xGex, the performance trend of nano bulk Mg2Si illustrated only meager

enhancements. In order to understand the physical reasoning behind this unex-

pected trend, a detailed examination of the electron and phonon transport in these

nanostructures is necessary. The primary parameters that are affected by bulk

nanostructuring are the phonon mean free path (PMFP) and charge carrier mean

free path (CMFP). The mean free path is defined as the distance travelled by the

phonon or charge carrier between consecutive scattering events. The PMFP effec-

tively determines the maximum distance of heat transport for each phonon. It is

mathematically represented as the product of the phonon relaxation time (τ) and

4 Nano Bulk Thermoelectrics: Concepts, Techniques, and Modeling 165



group velocity (vg). On the other hand, the lattice thermal conductivity (κl) is the
magnitude of thermal transport that occurs via the crystal lattice vibrations of the

TE material and depends on τ, vg, and the phonon wavelength. The lattice thermal

conductivity is affected by various physical characteristics of the material such as

point defects in the lattice, ionized impurity sites, grain boundaries, etc. In particular,

as the crystallite size reduces to feature sizes of the electrons and phonons in the

nanocrystalline materials, interfacial sites and barrier potentials at the grain bound-

aries modify the typical behavior of the transport mechanisms by affecting the

phonon and electron mean free paths. It should also be noted that the electrical

transport properties are also a function of the defect density, impurity concentration,

and the size of the crystallite in the TE material systems. Therefore, the effects of

nanostructuring could be perceived by a reduction in both the electrical and the lattice

thermal conductivities due to enhanced interface scatterings. Additional effects of

nanostructuring may include selective carrier filtering which increases the Seebeck

coefficient. In order to quantitatively comprehend the electrical and thermal transport

properties of the nanostructured TE materials, semiclassical theoretical models have

been implemented under the relaxation time approximation [43].

An effective calculation methodology to describe the nano bulk effects in Mg2Si

and Si1�xGex is based on solving the Boltzmann transport equation coupled with the

relaxation time approximation [21, 22]. The Debye model can further be applied

simultaneously in order to determine the thermal conduction properties of the two

materials being discussed. Such a rigorously simulation-tested modeling method-

ology was presented in detail in [22] and [43] for Mg2Si and Si1�xGex, respectively.

4.5.2 Modeling Methodology

For the material systems in discussion, a multiband transport mechanism is taken

into account in order to efficiently estimate the thermoelectric properties [22, 120].

The sequence of the steps included in the modeling and simulation strategy are

shown in Fig. 4.9. Under the assumption that the band structure-related and

electronic properties of the material are supplied, the calculation methodology

primarily includes the following stages:

1. Under the assumption of the charge conservation, calculation of the Fermi level,

EF, based on (4.5a and 4.5b).

2. Calculation of the charge carrier and phonon relaxation times based on scatter-

ing mechanisms.

3. Estimation of the charge carrier mobility, Seebeck coefficient, and electrical

conductivity.

4. Estimation of the electronic and bipolar thermal conductivities.

5. Determination of the lattice thermal conductivity based on the Debye model.
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no ¼
ð1
0

f o E;Efð ÞD Eð ÞdE (4.5a)

f o ¼ exp
E� Ef

kBT

� �
þ 1

� ��1

(4.5b)

Where no is the charge carrier concentration. For a given temperature and doping

concentration, the Fermi level is determined by solving (4.5a and 4.5b). The

Matthiessen’s rule shown in (4.6) determines the total relaxation times for phonon

and carriers where i in represents the type of scattering mechanism [120].

1

τ
¼
X

i

1

τi
(4.6)

The model is strongly established on the material parameters related to the

physical properties such as the lattice properties and the band structure parameters.

Mg2X-based compounds, where X ¼ Si, Ge, or Sn, are known to have face

centered cubic lattice structure. The forbidden energy gap for Mg2Si is indirect

(Г15–X3) with E
in
g ¼ 0.77 eV and forms the primary energy gap [133]. Themultiband

assumption for Mg2Si is justified from the fact that Mg2Si has three conduction band

minima located atX3,X1, and L1 points [80]. However, there is only one valence band
maximumwhich is located at Г15. The inter-band distances such as the X1 and X3 gap

(0.4 eV) and the X3–L1 separation of 0.5 eV are also provided as the input based on

the band structure [133]. Band structural features such as the non-parabolicity

are considered for all bands and are implemented under a modified E(k) relation
shown in (4.7) [43],

Solve for Fermi level, Ef

Estimate phonon and charge
carrier relaxation times (τ)

Calculate charge carrier mobility
(μ), electrical conductivity (σ),

and Seebeck coefficient (S)

Calculate the electronic and
bipolar thermal conductivities

Calculate the lattice thermal
conductivity

Fig. 4.9 Flow diagram of

the methodology of

modeling of TE properties
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E 1þ αEð Þ ¼ ħ2

2

kl
2

ml
� þ 2

kh
2

mh
�

� �
(4.7)

where kl and kt are the longitudinal and transverse components of the electron

wavevector, respectively; ml and mt are the longitudinal and transverse components

of the effective mass of each valley, and α is the non-parabolicity coefficient.

Analogous to the parameters for Mg2Si, the calculation model for Si0.8Ge0.2 was

built based on the band structure properties, physical and structural characteristics,

and electronic and lattice parameters [43]. The simulation parameters for both

materials are summarized in Table 4.2.

4.5.2.1 Scattering Mechanisms

The doped compound of bulk Si0.8Ge0.2 is known to accommodate phonon scatter-

ings due to acoustic phonon, intravalley phonon, ionized impurities, and point

defects. In the nano bulk structures, the calculations account for an additional

scattering mechanism in the form of grain boundary scattering. Similarly, in the

crystalline form of doped bulk Mg2Si, scattering mechanisms are dominated by

acoustic phonons and ionized impurities in the lattice. The energy dependent

relaxation times can be estimated based on the Brooks–Herring formula via

Thomas–Fermi approximation defined in (4.8) [80],

1

τIIS Eð Þ ¼
z2e4nI

16πε2
ffiffiffiffiffiffiffiffi
2m�p E�3

2 log 1þ 8m�λ2sE
ħ2

� �
� 8m�λ2sE=ħ

2

1þ 8m�λ2sE=ħ
2

" #
(4.8)

where λs is the Debye screening length and is defined as,

Table 4.2 Parameters for simulation of TE properties of Si0.8Ge0.2 and Mg2Si [21, 22]

Parameter Mg2Si Si0.8Ge0.2

Energy gap Eg (eV) 0.77 0.8

Temp. dependence of Eg, (eV/K) α ¼ �3.5 � 10�4

β ¼ 0

α ¼ 4.7 � 10�4

β ¼ 636(Si), 235(Ge)

Conduction band effective mass mt ¼ 0.86, ml ¼ 0.14

(X1 and X3)

X: ml ¼ 0.92, mt ¼ 0.19

L: ml ¼ 1.59, mt ¼ 0.082

Conduction band non-parabolicity (e/V) X1: 1.0, X3: 1.0 X: 1.2

Valence band effective mass mlh ¼ 1.00, mlh ¼ 2.00 mlh ¼ 1.20, mlh ¼ 1.55

Valence band non-parabolicity 0 1.25

Debye temp. (K) 417 640

Acoustic phonon deformation potential (eV) Dc ¼ 12, Dv ¼ 4.5 Dc ¼ 10.5, Dv ¼ 4.8

Strain parameter 7 39

Grüneisen parameter 1.4 0.9

Higher order phonon scattering 1.5 1.4

GB potential, Pg (meV) 100 100
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λ�2
s ¼ 4πe2z

ε1

ð1
0

�∂f o
∂E

� �
D Eð ÞdE (4.9)

where nI is the number of ions, E is the energy relative to the band edge, z is

ionization number, m* is the effective mass, e is the charge of electron, fo is the
Fermi–Dirac distribution obtained from (4.5b), ε is the low frequency dielectric

constant, ε1 is the high frequency dielectric constant, and ħ is the Planck’s constant.
Likewise, the intravalley acoustic and optical phonon deformation potential scatter-

ing rates can be estimated using the equations [80],

τ�1
DP ¼ τ�1

o 1� αE

1þ 2αE
1� Dv

DA

� �� �2

� 8

3

αE 1þ αEð ÞDv

1þ αEð Þ2DA

( )
(4.10)

τ�1
o ¼ πkBTD

2
A

ρv2sħ
D Eð Þ (4.11)

where E is the energy relative to the band edge, DA and Dv are acoustic phonon

deformation potentials for the scattering of electrons and holes, respectively. T is

the temperature, α is the non-parabolicity parameter, D(E) is the density of states,

ρ is the density, and vs is the speed of sound.

For the calculations of TE properties of nano bulk systems, a potential barrier due

to the presence of the grain boundary (GB) locations and/or due to the presence of the

nanoparticles can be considered as shown in Fig. 4.10. The shaded circles schemat-

ically indicate the situations where nanoparticle doping such as nanoparticles dis-

persed in the host matrix is applicable. The randomly oriented lines in Fig. 4.10

specify the additional interfaces created due to the crystallite boundaries. These

boundaries act as scattering regions for phonons and charge carriers. The potential

barrier in these two cases can be modeled as shown in Fig. 4.10. The grain boundary

Fig. 4.10 The schematic of the potential barriers due to the grain boundaries (cylindrical) and
nanoparticle (circular) scattering zones
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region can be modeled as a location consisting of a space charge region with a

cylindrical symmetry and width indicated by the height of the cylinder (z-axis).
The barrier potential can be modeled to be exponentially decaying towards the

edges of the space charge region. Themathematical functions that define the variation

of the potential barriers in the direction perpendicular to the grain boundary and/or

the nanoparticle are shown in (4.12) and (4.13), respectively. In (4.12) and (4.13),Uc

andUs is the heights of the grain boundary potential and ro is a constant in the order of
the screening length. The Fermi’s Golden rule can be applied in order to estimate the

effective scattering rate for a chosen grain boundary potential. The grain boundary

potentials typically vary in the range of tens of meV to eV. As shown in Table 4.2,

a constant value of 100 meV was assumed in these calculations for both material

systems to emulate the effect of nanostructuring.

U r; zð Þ ¼ Uce
� zj j

zcθ r � rcð Þ (4.12)

U rð Þ ¼ Use
� r

rs (4.13)

An effective implementation of this model accounts for the assumption of

coherent carrier scattering at the grain boundaries. It is known that in typical nano

bulk TE material systems, the crystallite sizes vary in a wide range. In order to

estimate the TE characteristics efficiently, a Gaussian distribution of grain sizes with

a certain average crystallite size can be considered. In the calculation results to be

discussed in the next sub-sections, a Gaussian distribution of grain sizes with an

average size of 20 nm was implemented.

4.5.2.2 Relaxation Time

In order to account for the effect of phonon and carrier energies in conjunction to

the type of scattering mechanisms, the energy dependent scattering rates for each

scattering mechanism were individually estimated. The scattering rates were then

combined using the Matthiessen’s rule. Figure 4.11 shows the variation of the

relaxation times for various scattering mechanisms in Mg2Si. As indicated by

Fig. 4.11, the acoustic phonons dominate in the scattering of electrons with energies

higher than 0.1 eV. The ionized impurity scattering (IIS) is only dominant at lower

energy levels.

It is indicative from Fig. 4.11 that the grain boundary scattering mechanism

introduces additional scattering and is relatively dominant for carriers with lower

(<0.1 eV) energies. Analogous to this situation, for carriers with energies greater

than 0.1 eV, the ionized impurity and acoustic phonon scattering are dominant.

It can also be inferred from Fig. 4.11 that in highly doped systems the mechanism of

grain boundary scattering may be ineffective for a majority of carriers due to their

high energy ranges.
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4.5.2.3 Estimation of Lattice Thermal Conductivity

The thermal conductivity characteristics for both Mg2Si and Si0.8Ge0.2 can be

calculated accurately under the contributions of the phonon scattering mechanisms

such as 3-phonon, phonon–electron, alloy scattering, and grain boundary scattering.

The relaxation times can be estimated for each scattering mechanism and the lattice

thermal conductivity, κl, the electronic contribution to thermal conductivity, κe, and
bipolar thermal conductivity can be estimated using (4.14)–(4.19) [21, 22, 43, 120]

kl ¼ kB
2π2vs

kBθD
ħ

� �3

I1 þ I22
I3

� �
(4.14)

I1 ¼
ð1
0

τx2
v2x2evx

exp vxð Þ � 1ð Þ2 dx (4.15)

I2 ¼ β

ð1
0

τ

τU
x2

v2x2evx

exp vxð Þ � 1ð Þ2 dx (4.16)

I3 ¼ β

ð1
0

1

τU
1� βτ

τU

� �
x2

v2x2evx

exp vxð Þ � 1ð Þ2 dx (4.17)

kc ¼ kB
e

� �2

T
X

i
Liσi (4.18)

kb ¼ T
X

i, j
σiσj Si � Sj
� �2

(4.19)
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Fig. 4.11 Calculated

relaxation time versus

energy for various

scattering mechanisms in

n-type Mg2Si [21]
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in which x ¼ ω/ωD, where ωD is the Debye frequency, v ¼ (θD/T )
η, θD is the

Debye temperature, η is a fitting parameter to incorporate the effect of higher

order phonon scattering (see Table 4.2), β is the ratio of Umklapp to normal-

mode scattering, τ and τU are the total and Umklapp relaxation times, respectively,

T is absolute temperature, i, j are the valleys indices, σ is the conductivity, and S is

the Seebeck coefficient. L is the carrier concentration dependent Lorentz number

that can be numerically calculated to estimate the electronic part of the thermal

conductivity as discussed earlier via (4.3). Lastly, the total thermal conductivity

ktotal can be estimated as the sum of all three components κtotal ¼ κl + κc + κb.
Figure 4.12 shows the variation of the calculated phonon mean free path (PMFP)

in n-type Mg2Si plotted versus the inverse of the phonon wavelength that is propor-

tional to the phonon energy. It is indicative from the plot that the slope of PMFP

varies with phonon energy. It is also known that PMFP is a function of the scattering

type [21]. At very low energies of phonons, it is known that electron–phonon (e–p)

scattering is dominant and PMFP has a frequency dependency of 1/ω. With the

increasing energy of phonons, the slope sharply increases with 1/ω2 dependency as

the 3-phonon (3-p) scattering dominates. At higher energies, the PMFP has a 1/ω4

dependency due to the dominancy of the point defect scattering [21]. Figure 4.12

also shows the dependency of the accumulated lattice thermal conductivity, κl, on
the phonon energy. The κl remains at a very low magnitude for low energy phonons,

but increases rapidly with phonon energy after a certain energy. The effect of

nanostructuring on the PMFP and κl is comprehensively shown in Fig. 4.12. The

calculations were performed after assuming an average crystallite size of 20 nm.

It can be observed in Fig. 4.12 that at very low phonon energies, the PMFP saturates

to approximately the chosen size of the grains. The line labeled GB PMFP also

suggests the dominance of the grain boundary scattering resulting in such saturation.

The resultant drop in κl in the nano bulk Mg2Si is also presented in comparison with

the bulk crystalline system.
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4.5.2.4 Estimation of the Electrical Conductivity and the Seebeck

Coefficient

In the multiband transport model for both Mg2Si and Si0.8Ge0.2, the electrical

conductivity and Seebeck coefficient assume the forms shown in (4.20–4.22).

σtot ¼
X

i
σi (4.20)

σ ¼ q
X

i
μniniþ

X
j
μpjpj

	 

(4.21)

Stot ¼
X

i
σiSiX
i
σi

(4.22)

In Equations (4.20–4.22), i and j represent the valleys; q is the charge of the

carrier; μn and μp are the carrier mobilities for electrons and holes, respectively;

n and p indicate the electron and hole concentrations, respectively.

4.5.3 The Effect of the Grain Size on the TE Properties
of Mg2Si and Si0.8Ge0.2

To better understand the benefits and secondary effects of nanostructuring, the

thermoelectric characteristics of bulk (solid lines) and nano bulk (dashed lines)

n-type Si0.8Ge0.2 and n-type Mg2Si are calculated with the best fitting models

shown in Table 4.2. The predicted accumulated electrical conductivity (σ) and

lattice thermal conductivity (κl) plotted as a function of wavelength in n-type

Si0.8Ge0.2 (calculated at T ¼ 1,300 K) and n-type Mg2Si (calculated at 850 K) are

shown in Fig. 4.13a, b. A grain size of 20 nm and a GB potential of 100 meV were

assumed for both the material systems.

Figure 4.13a, b shows a comparison of the effects of nanostructuring in both the

material systems. As can be observed from Fig. 4.13a, the electrical conductivity

(σ) in Mg2Si suffers significantly with a drop of nearly 40 % in the nano bulk system

as compared to the bulk crystalline system. Such an unfavorable effect in nano bulk

Mg2Si is a result of the loss in carrier mobility as will be discussed later in this

section. In the corresponding calculations for Si0.8Ge0.2 the deterioration in electri-

cal conductivity (σ) is a mere ~10 % of the bulk crystalline system.

The lattice thermal conductivity depicted in Fig. 4.13b shows that the short

wavelength phonons carry most of the heat. It can be observed that phonons with

wavelengths in the range of 0.5–10 nm contribute significantly to κl in both

Si0.8Ge0.2 and Mg2Si. The thermal conductivity increases rapidly with cumulative

contribution from the short wavelength phonons and remains almost unchanged

with adding the contribution of the long wavelength phonons. However, the limi-

tation of grain size to 20 nm leads to ~60 % reduction in κl of Si0.8Ge0.2, whereas the
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same in Mg2Si is only ~35 %. Considering the loss in σ for the same range of grain

size in Mg2Si, the corresponding loss in power factor could nearly cancel out the

effect of the reduction in κl, eventually leading to little or no improvement in the ZT.
The detrimental effect of the nanostructuring in Mg2Si is primarily due to the

reduction of charge carrier mobility due to the enhanced scattering at the grain

boundaries. Such an effect is the result of the PMFP and CMFP falling in the same

range for Mg2Si [21]. In order to carefully perceive this effect, the differential

electrical conductivity and differential lattice thermal conductivity plotted versus

energy for both the material systems are shown in Fig. 4.14a, b. The area under each

curve is indicative of the corresponding total contribution of each component.

It can be observed from Fig. 4.14a that more than 50 % drop in differential

electrical conductivity is resulted from restricting the grain size to 20 nm. This

magnitude of drop is less than that of Si0.8Ge0.2 shown in Fig. 4.14b. Similarly, the

magnitude of the reduction in differential thermal conductivity is not comparable to

Si0.8Ge0.2 as indicted by the green lines in Fig. 4.14a, b.

Carrier filtering effects, which result in the increase of the average energy of the

carriers, were seen from the predicted electrical conductivity plots. A slight

increase in the Seebeck coefficient was estimated using (4.23) where ΔE is the

change in the energy of the carrier and T is the temperature. The estimated increase

of the Seebeck coefficients was 15 μV/K and 13 μV/K for Mg2Si and Si0.8Ge0.2,

respectively [22].

ΔS ¼ ΔE eVð Þ
T Kð Þ (4.23)

Figure 4.15a, b shows a comparison of the calculated Hall mobility versus

temperature in bulk and nano bulk Mg2Si and Si0.8Ge0.2 at selected optimum
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doping concentrations for n-type and p-type systems, respectively. The carrier

mobility linearly decreases with temperature pertaining to the carrier scattering

by acoustic phonons which increases with temperature. The introduction of the

grain boundaries worsens the magnitude of the mobility, particularly in both n-type

and p-type Mg2Si. In comparison, the n-type and p-type Si0.8Ge0.2 suffer a lower

magnitude loss in mobility and the loss is much lower at high temperatures where

the acoustic phonons are dominant carrier scatterers. Subsequently, an Mg2Si

system gets adversely affected over the entire temperature range.
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850 K [22]
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Figure 4.16 shows the electrical and thermal conductivity of Mg2Si plotted

against the grain size. It is estimated from Fig. 4.16 by means of a sudden descent

at grain sizes less than 20 nm that the electrical conductivity is affected more

severely compared to the reduction in thermal conductivity in nano bulk Mg2Si. An

unfavorable 35 % drop in electrical conductivity was predicted as a result of the

decrease in the grain size from 20 to 5 nm. Such deterioration in the electrical

conductivity is expected to affect the power factor negatively given the fact that the

carrier filtering effect also leads to a very slight increase in the Seebeck coefficient

as discussed earlier via Fig. 4.14.
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Figure 4.17a, b depicts the predicted ZT versus doping concentration for bulk

and nano bulk systems in n-type and p-type Mg2Si. The results are shown in

comparison to n-type and p-type Si0.8Ge0.2. It is evident from Fig. 4.17a that the

nanostructuring does not show any significant effect on the maximum attainable ZT
of Mg2Si over the chosen doping concentration range. Similar calculation for the

p-type materials shows that nanostructuring of p-type Mg2Si enhances the ZT to a

maximum value of 0.9 at an optimum carrier concentration of 4.3 � 1020 cm�3.

4.6 Future Directions

A fundamental understanding of the transport properties of the charge carriers and

phonons in nanoscale can lead to more practical developments and better material

designs. A proper theory should be able to explain how the nanoscale structure or

structural dependencies at atomistic level such as the crystallite size, crystallite

orientation, energy band discontinuity, and the randomness associated with these

parameters in nanocrystalline structures affect the bulk properties. Moreover, the

calculations of the dispersion curves, momentum, and energy relaxation times are

necessary. The enhancement of ZT in nano bulk materials has been achieved through

the reduction in thermal conductivity below that of the bulk material, so the next

improved materials will feature both the reduction in thermal conductivity and

improvement in power factor. It is also necessary to quantify the contribution of

different geometries of the nanostructures in the reduction of the lattice thermal

conductivity and the improvement of the power factor. This effort should address the

role of nanostructures, grain and nanoparticle sizes, grain and nanoparticle size

distributions, and finally grain and nanoparticle orientations.

It is expected that the theoretical calculations have a major role in providing

techniques for the design and optimization of the new materials and their synthesis
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processing parameters. Material synthesis parameters should allow for prevention

of the grain growth during processing andmaintaining the properties of the materials

at their working temperature or other required working conditions.
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