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ABSTRACT

Nanocomposites are composite materials which incorporate nanosized particles,
platelets or fibers. The addition of nanosized phases into the bulk matrix can lead
to significantly improved material properties compared to their macrocomposite
counterparts. Due to their extraordinary properties, nanocomposites promise new
applications in many fields such as ultra-high strength and ultra-light automotive
parts, mnonlinear optics, biomedical applications, sensors and actuators, and
thermoelectric devices. The design and fabrication of nanocomposite structures,
devices and systems can be accelerated by developing accurate and efficient
computational tools that can describe the properties and behavior of the
nanocomposites. However, the development of such tools is challenging due to the
multi-scale nature of the materials. In addition, many devices where
nanocomposites are employed are multi-physics systems with interactions of the
mechanical, thermal and electrical energy domains. In such systems, while
mechanical deformation is dependent on the temperature change, the thermal and
electrical transport properties are functions of mechanical strain. In this work, we
develop theoretical and computational models to address these issues and
investigate the strain effect on the thermal and electrical transport properties in

Si/Ge nanocomposites.

il



We model strain effect on the phonon thermal conductivities in the Si/Ge
nanocomposite materials by combining the strain dependent lattice dynamics and
the ballistic phonon Boltzmann transport equation (BTE). The Seebeck coefficient
and electrical conductivity of the Si/Ge nanocomposites are calculated by using an
analytical model derived from the BTE under the relaxation time approximation.
The effect of strain is incorporated into the analytical model through strain induced
energy shift and effective mass variation calculated from the deformation potential
theory and a degenerate k - p method at the zone-boundary X point. By using the
models, strain effect on the thermoelectric figure of merit is investigated for n-type
Si/Ge nanocomposite materials. Our calculations reveal that in the 300-800 K
temperature range, uniaxial tensile strain along (100) direction increases
dimensionless figure of merit parallel to the tension, and biaxial tensile strain along
[100] and [010] directions decreases it at low temperatures and increases it at high
temperatures in the tension directions. Shear strain and compressive uniaxial and
biaxial strains decrease the figure of merit. At 800 K with an electron concentration
of 101?/em?3, 1% uniaxial tensile strain can increase the figure of merit of SiggGeg.o

nanocomposites by as much as 14%.

In light of nanocomposites’ high electrical to thermal conductivity ratio, we
propose to use Si/Ge nanocomposite materials to improve the performance of micro
thermal actuators. The high electrical to thermal conductivity ratio of Si/Ge
nanocomposites is utilized to facilitate a rapid temperature change within a short
distance, enabling a high temperature increase in a large region of the actuator
beams. The total structural thermal expansion and consequently the actuation
distance can be increased significantly. A top-down quasicontinuum multi-scale

model is presented for computational analysis of the nanocomposite based thermal

il



actuators. Numerical results indicate that incorporating Si/Ge nanocomposites in
thermal actuators can significantly increase their energy efficiency and mechanical
performance. In addition, parametric studies show that the size of the
nanocomposite region and atomic percentage of the material components have

significant effects on the overall performance of the actuators.

v
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CHAPTER 1

INTRODUCTION

In the past decade, synthesis and processing techniques have been developed to
create nanostructured materials with highly controlled material composition,
structures and related physical properties [1, 2, 3, 4]. Examples of the engineered
nanostructures include nanotubes, quantum dots, superlattices, thin films and
nanocomposites. Nanocomposites are composite materials which incorporate
nanosized particles [5] or contain fibers with at least one dimension in the
nano-scale [6]. Figure 1.1 shows a diagram of the above two different
nanocomposites, of which (a) is the nanocomposite with nanoparticles embedded in
a host material and (b) is the nanocomposite with nanowires embedded in a host.
In general, a nanocomposite can be regarded as a solid combining a bulk matrix and
nano-scale phases. The phases can be nanoparticles, nanowires, nanoplatelets, fibers

and etc.

The addition of nanosized phases into the bulk matrix causes the exceptionally
high surface to volume ratio, leading to significantly different material properties

compared to their macrocomposite counterparts, which include mechanical
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Figure 1.1: A diagram of nanocomposite materials: (a) the nanocomposite
with nanoparticles embedded in a host material. (b) The nanocomposite with
nanowires embedded in a host.

strength [7, 8], toughness, optical properties, electrical conductivity and thermal
conductivity [9]. For example, Haque et al. showed that by dispersing 1% by weight
nanosilicates, S2-glass/epoxy-clay nanocomposites exhibit about 44%, 24% and 23%
improvement in interlaminar shear strength, flexural strength and fracture
toughness, respectively, in comparison to conventional S2-glass/epoxy composites.
These improvements of mechanical properties are attributed to increased interfacial
surface areas, improved bond characteristics and intercalated /exfoliated morphology
of the epoxyclay nanocomposites [10]. Kim and Jeong discovered that
polylactide/exfoliated graphite nanocomposites had enhanced thermal stability,
mechanical modulus, and electrical conductivity compared to microsized
polylactide/natural graphite [11]. Poudel et al. measured a p-type nanocrystalline
bismuth antimony telluride bulk alloy and found that it had a significantly lower
thermal conductivity than the state of the art p-type BiSbTe alloy ingot due to

increased phonon scattering by grain boundaries and defects [12].



Figure 1.2: Application of nanocomposites in automotive parts [13]: (a) M-Van step
Assist: 1st commercial launch. (b) Impala: 2nd nanocomposite application.

Because of these extraordinary properties, nanocomposites promise new
applications in many fields such as ultra-high strength and ultra-light automotive
parts [13], nonlinear optics, biomedical applications [14, 15], sensors and
actuators [16], and thermoelectric devices [17]. For example, Figure 1.2 shows an
application of nanocomposites in the construction of high-strength lightweight
automotive parts [13]. Figure 1.3 illustrates a schematic test configuration of a
multi-layered nanocomposite electrochemical actuator [18]. The ply actuator uses a
carbon nanotube epoxy composite material to enhance the elastic modulus and

strength of the actuator structure.

The design and fabrication of nanocomposite structures, devices and systems can
be accelerated by developing accurate and efficient computational tools. Such design
and analysis tools require theoretical and computational models that can describe
the properties and behavior of the nanocomposite materials. However, there are two

major challenges in the modeling and simulation of nanocomposites.

First, nanocomposites are inherently multi-scale systems. Figure 1.4 shows the
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Figure 1.3: A test configuration of a multi-layered nanocomposite actuator [18].

= :

hierarchy of key length scales in a polymer matrix nanocomposite [19]. Due to the
small size of the nanoparticles (a few to tens of nanometers), nano-scale effects, such
as size effects, material defects, surface effects and carrier transport scattering effects
become significant. Classical theories based on continuum assumptions may not be
directly applicable. On the other hand, although the characteristic length of the
nanoparticles is on the order of nanometers, the entire structure could still be on
the order of micrometers or larger and contain a huge number of atoms, as shown in
Fig. 1.4. In this case, molecular dynamics and ab initio calculations, which can be
employed for accurate analysis of systems comprising of several hundreds of atoms,

are computationally impractical for real nanocomposites.
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Second, many devices where nanocomposites can be employed are multi-physics
systems with interactions of the mechanical, thermal and electrical energy domains.
Taking thermal actuators as an example: actuator beams are heated by electric
current causing a thermal expansion induced mechanical deformation. While the
mechanical deformation is dependent on the temperature change, the beam’s
thermal conductivity and electrical conductivity are both functions of mechanical
strain and the temperature. Design and analysis of such multi-physics
nanocomposite material systems requires theoretical and computational models that

can describe the interactions between these different energy domains.

The objectives of this research are to: (1) model strain effect on thermal and
electrical transport properties in Si/Ge nanocomposite materials; (2) study strain
effect on the performance of Si/Ge nanocomposite materials, devices and systems
(in particular, Si/Ge nanocomposite thermoelectric materials); (3) perform
computational analysis and design of nanocomposite based multi-physics devices
and systems (in particular, nanocomposite-based thermal actuators). The research

work can be divided as the following four parts.

1. Modeling phonon thermal transport in Si/Ge nanocomposites under
deformation. In this part, we present a model that combines lattice dynamics
and the phonon Boltzmann transport equation to analyze strain effect on the
cross-plane phonon thermal conductivity of Si wire-Ge host nanocomposites.
For a given strain condition, mechanical strain is translated to crystal lattice
deformation by using the Cauchy-Born rule. Strain dependent phonon thermal
properties of Si and Ge obtained from lattice dynamics with Tersoff empirical
interatomic potential are then incorporated into the BTE, in which ballistic

transport within one material and diffuse scattering between Si-Ge interface



are employed. The strain dependent BTE is solved numerically on an
unstructured triangular mesh by using a finite volume method.

Nanocomposites with different Si nanowire cross-sections are also investigated.

. Modeling electrical transport properties in Si/Ge nanocomposites under
deformation. We again utilize the Cauchy-Born rule to calculate the variation
of the electronic band structure on deformed crystal lattices. The energy shift
and effective masses variation can be obtained as functions of externally
applied strains by the deformation potential theory and a degenerate k - p
method at the zone-boundary X point. By using the obtained energy gap and
effective masses, the electrical conductivity and Seebeck coefficient can be
calculated from an analytical formula based on the BTE under relaxation time
approximation. For doped bulk Si and Ge, ionized impurity and phonon
deformation potential scatterings have been included in the model. For Si/Ge
nanocomposites, in addition to ionized impurity and phonon deformation
potential scatterings, grain boundary scattering (interface scattering) is also
included. Matthiessen’s rule is used to obtain the total relaxation time

accounting for all the scattering mechanisms.

. Investigating the strain effect on the performance of nanocomposite
thermoelectric materials and devices based on previous results. Thermoelectric
materials and devices have promising applications in power generation, cooling
systems and waste heat recovery [22, 23, 24, 25, 26]. For example, as shown in
Fig. 1.5, the Cassini spacecraft of NASA carries 12 instruments powered by
three radioisotope thermoelectric generators and has run successfully for more
than 10 years. BMW tried to make use of wasted heat from cars to generate

electrical energy, as shown in Fig. 1.6. The efficiency of thermoelectric devices
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are determined by the dimensionless figure of merit ZT = S?¢T /k;, where T is
the temperature, S is the Seebeck coefficient, o is the electrical conductivity,
S?0 is called power factor and k; is the thermal conductivity, which includes
the contribution of phonon thermal conductivity k, and electron thermal
conductivity k. [27]. Increasing Z7T is the key but challenging point in
thermoelectrics research [28]. It has been shown recently that the phonon
thermal conductivity can be reduced significantly in nanocomposites due to
the increase of phonon interface scattering, while the electron performance can
be maintained or improved [29, 30]. Significant increases in Z7T values with
nanocomposites have been reported [31, 32]. In this part, we study the
influence of uniaxial strain, biaxial strain and shear strain on Z7T of

nanocomposite thermoelectric materials.

AMRAY

Figure 1.7: Thermal actuators: (a) U-shaped thermal actuator [33]. (b) V-shaped
thermal actuator [34]. (c) Contoured V-shaped thermal actuator [35].



4. In this part, we propose to use Si/Ge nanocomposite materials to improve the
performance of micro thermal actuators (TAs) as shown in Fig. 1.7. We show
that nanocomposites with a high electrical to thermal conductivity ratio can
facilitate a rapid temperature change within a short distance, enabling a high
temperature increase in a large region of the actuator beams. The total
structural thermal expansion and consequently the actuation distance can be
increased significantly. Combining the above multi-scale model for computing
the thermal conductivity of nanocomposites, the analytical model for
calculating the electrical conductivity of the material and the continuum
theory of thermomechanics, we perform computational analysis of this

multi-physics system.

The rest of this thesis is organized as follows: strain effect on the phonon thermal
conductivity of Si/Ge nanocomposites is investigated in Chap. 2. Chapter 3 discusses
the model studying strain effect on electron transport properties of nanocomposites
and explores strain effect on the figure of merit of nanocomposite thermoelectric
materials based on the above models. Chapter 4 describes the computational analysis

of nanocomposite-based thermal actuators. Chapter 5 summaries the whole work.
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CHAPTER 2

STRAIN EFFECT ANALYSIS ON
PHONON THERMAL
CONDUCTIVITY OF SI/GE
NANOCOMPOSITES

2.1 Introduction

Thermal conductivity measures a material’s ability to conduct heat. In macro
and micro-scale, thermal conductivity is usually used in Fourier’s Law to describe heat
conduction. However, nano-scale heat transfer may differ significantly from that in
macro and micro-scales. Mean free path and wavelength of heat carriers (electrons,
photons, phonons, and molecules) are usually on the order of tens or hundreds of
nano-meters. In nano-scale devices or structures, their characteristic length scales

are comparable to mean free path of heat carriers. Size effects become important and
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the classical Fourier law is no longer valid to predict the heat conduction process or
the effective thermal conductivity of nano-scale structures. In metals, freely moving
electrons are the main carrier for heat energy. However, in non-metals such as Si
and Ge, elastic vibrations of the lattice (phonons) play a major role in heat transfer

process.

Recently various models, such as molecular dynamics (MD), Monte Carlo (MC)
method, analytical formula and BTE, have been proposed to predict the phonon
thermal conductivity of nanocomposites [36, 9, 37, 38]. It has been shown that the
phonon thermal conductivity can be reduced significantly in nanocomposites due to
the increased phonon interface scattering [29, 30]. A few other applications utilizing
nanocomposites to enhance thermal conductivity have been reported, such as
packaging materials of microelectronic circuits and chips [39] and conducting
polymer nanocomposites [40]. While the size and volume fraction effects on the
thermal conductivity of nanocomposites have been extensively investigated using
computational analysis techniques, strain effect which falls in a broader category of
mechanical effects, has not attracted much attention in the design of nanocomposite
materials. Computational analysis of strain effect on the phonon thermal
conductivity could introduce additional dimensions to the design space of

nanocomposites for various applications.

Thermal conductivity of doped semiconductors under uniaxial stress at low
temperatures is relatively well understood [41, 42, 43, 44]. Recently, residual strain
in nanocomposite materials has been studied by several groups. Borca-Tasciuc et al.
measured thermal conductivity in the cross-plane direction of symmetrically
strained Si/Ge superlattices [45]. Abramson et al. studied interfacial strain on

phonon transport and thermal conductivity of heterostructures around Debye
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temperature by MD study [36]. Picu et al. have also employed MD to study the
residual strain effect on heat transport in nanostructures by using a Lennard-Jones
solid at low temperatures and concluded that tensile (or compressive) strain led to a
reduction (or enhancement) of the lattice thermal conductivity [46]. While these
studies have shown the significance of strain on the nano-scale thermal transport,
they are limited to single crystal materials or the residual strain effect at the
interface of two different materials. Thermal conductivity variation of
nanocomposite materials due to externally applied mechanical strain has not been
studied. In addition, either analytical or pure atomistic methods such as MD were
employed in previous studies of strain effect. In strained nanocomposites, it is
difficult to study the strain effect by using analytical approaches due to multiple
material phases and complex geometry of the inclusion phase. Although lattice
strain can be accommodated in MD calculations, the size of the system is limited
due to the computational cost. For nanocomposites with characteristic length larger
than a few nanometers, MD simulations would become very inefficient. Another
nano-scale thermal transport analysis approach is based on the BTE [47]. This
approach provides greater computational flexibility and efficiency. It has been
successfully applied to compute the effective thermal conductivity of complex
materials including nanocomposites [9]. However, this approach does not include

mechanical variables such as strain in the model.

In this chapter, we present an approach that enables the calculation of thermal
conductivity of strained nanocomposite materials. The main idea is combining the
lattice dynamics for phonon dispersion change (i.e. wave effects) due to strain with
the BTE for interface scattering of phonons (i.e. particle effects). Several strain

dependent phonon scattering properties of the materials are used to link the lattice
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dynamics and the BTE. In this approach, there is no fitting parameter in the
calculation. In addition, the finite volume solution of BTE over unstructured meshes
allows thermal transport analysis of nanocomposites with complex geometries. In
this work, we focus on the calculation of the cross-plane thermal conductivity of a
SigoGegg composite with Si wires embedded in Ge host under tensile and
compressive hydrostatic and uniaxial strain conditions, as depicted in Fig. 2.1. For
comparison, the thermal conductivity variation of Si/Ge composites corresponding

to square, circular and diamond-shaped Si wire cross-sections is also calculated.

Ge/host Si wires
R EEEEEEEATEEX :
47...{.............% unltcell
<« |0 0o 0000 06000000000
© 0 0000 00000000 00
-« ——
© 0 0000 00000000 00
<o 0 060600 00000000 00 >
« |00 06000 0000000000
Strain%""""""""g,
© 0 0000600000000 00
“ e e 00006060600 0000 00 >
<« |0 ® 0600000060 06000 00 . ‘
© 0 000000000000 00
- —>
© 0 000000000000 00
e e 00000000 0000 00 >
«  |®® 0000060000000 00 . .
© 0666606600 0e0ees square circular diamond

Figure 2.1: Sig2Geg g nanocomposite material with applied strain.

2.2 Theoretical Model and Computational

Procedure

Figure 2.2 illustrates the theoretical model of the analysis. In this approach,
atomic interactions are described by using interatomic potentials. Mechanical

strains are translated to crystal lattice deformation by applying the Cauchy-Born
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rule. For the deformed crystal lattice, we employ the lattice dynamics theory to
compute the strain dependent phonon scattering properties for both Si and Ge,
including the group velocity, specific heat and phonon mean free path. The strain
dependent phonon scattering properties are then incorporated into the BTE to
describe the thermal transport with interface scattering in the strained
nanocomposites. Along with the BTE, a diffuse mismatch model is adopted for the
Si-Ge interface. In the numerical solution of BTE, a unit cell of the nanocomposite
material is taken as the computational domain with a periodic boundary condition.
The unit cell is discretized into unstructured triangular volumes. The BTE is solved
over the unstructured mesh by using a finite volume formulation. Heat flux and
effective temperature are calculated for the volumes and faces from the intensity
solution of the BTE. The strain dependent effective thermal conductivity can then

be obtained.

Diffuse mismatch interface

Interatomic potential

Specific heat Boltzmann transport Thermal
Lattice dynamics Phonon group velocity equation conductivity
Phonon mean free path

Periodic boundary

Cauchy-Born rule

Strain

Figure 2.2: Theoretical model for the analysis of strain effect on the phonon thermal
conductivity of Si/Ge nanocomposites.

Several assumptions are implied in the theoretical model described above: (1)
Strain is assumed to be uniformly distributed throughout the nanocomposites, and

residual strain is not considered between Si-Ge interfaces; (2) the BTE model employs
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a “gray” assumption with a single group velocity and single relaxation time [48]; (3)
three phonon scattering dominates the thermal transport within each material, and
phonon scattering due to defects and/or impurities is neglected; (4) the scattering

between Si-Ge interface is assumed to be diffuse.

2.2.1 Strain dependent lattice dynamics

At the atomistic level, interaction between atoms in diamond crystal lattices
can be described by empirical interatomic potentials such as the Tersoff [49],
Brenner [50] and Stillinger-Weber [51] potentials. Tersoff empirical interatomic
potential is employed in this work for Si and Ge. Typically, the total potential

energy U of a N-atom system is given by

U:ZUa:%ZVaﬁ (2.1)

a#f

where o and 3 are the atoms of the system and V3 is the bond energy between atoms

a and [ given by

Vag = fo(ras) [aasfr(ras) + bapfa(ras)] (2.2)

where r,g is the distance between a and 3, fr and fs denote the repulsive and

attractive pair potentials defined as

fr(r) = Ae™™" (2.3)

fa(r) = —Be™r (2.4)
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respectively, and fo(rqps) is a smooth cutoff function going from 1 to 0 in a small range
around the cutoff distance R, which is chosen to include only the first-neighbor shell

for most structures of interest. fo(r) is defined as

1 r<R.—D
felr) = %—%sin(”(’;‘DRc)) R.—~D<r<R.+D (2.5)
0 r>R.+D

In Eq. (2.2), aqp is taken to be 1.0 for both Si and Ge, b,g is a measure of the bond

order given by

bap = (14 p¢s) ", (2.6)

Caﬁ = Z fC(ran)g(Haﬁfe)eXp (Ag(raﬁ - Ta/@)?)) s (27)
K#a,B

9(0apr) = 1+/d* =) [d* + (h — cosbagpy)?] (2.8)

where £ denotes an atom, and 0,4, is the bond angle between the bonds a3 and ax.
All remaining variables are constant parameters. For Si, the constants are summarized
in the 3rd column of Table I in Ref. [49]. For Ge, the constants are adopted from
Table I in Ref. [52].

In the classical lattice dynamics, by using the periodicity of the crystal structure,
the phonon frequency spectrum can be obtained by computing the eigenvalues of the

dynamical matrix D(k) for each wave vector k in the first Brillouin zone, i.e. [53],

2 ikl ML S ajia, e
D<k>:M ’ 21 ik (x4 —x9) 22 ik (x4 —x9)
> 0% (o, B)e e Zcbj,m,ﬁ)e X5~ Xa

B B
jk=1,2,3 (2.9)
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where o and 3 denote the atoms in the unit cell, M is the mass of atom, k is wave
vector, x% and X% are the equilibrium positions of atom « and (3, respectively, and

% (a, B) is force constant defined by

0*U
o (a, B) = U
) aXa]aXﬂk’ x:xo,aeB}mBqu
jk=1,23 pa=12 (210

where x,; and xg;, are the jth and the kth component of the position of atoms «
and 3, respectively. B, and B, are Bravais lattices p and g, respectively. Note that
we choose « to be the center atom and loop atom [ over all the atoms in the crystal
lattice. The phonon frequencies can be calculated by wg = v/Aq, where Ay are the

eigenvalues of the 6 x 6 dynamical matrix D(k) and s is the index of the polarization.

When there is an applied strain, to relate the continuum level description of
deformation to displacements of the atoms in the crystal lattice as shown in Fig. 2.3,
we employ the hypotheses of the Cauchy-Born rule [54] which states that the crystal
lattice is homogeneously distorted according to the deformation gradient. For Si/Ge
crystal, there exist additional inner displacements between the two Bravais lattices.

The Cauchy-Born rule gives
xp—xq=F (X —-X7)+¢ (2.11)

where F is the deformation gradient of the Bravais lattice, XJ, and Xj are the
equilibrium positions of atom « and 3 in the undeformed configuration, respectively,
and & is the inner displacement of the two FCC Bravais lattices. In the reciprocal
lattice of a Bravais lattice, from Eq. (2.11), it is easy to show that, a given wave

vector k” in the undeformed configuration of the lattice deforms to k in the
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Figure 2.3: Atom configuration and deformation for a diamond lattice.

deformed configuration with the relation
k=FTK" (2.12)

Substituting Eqgs. (2.11, 2.12) into Eq. (2.9), the strain dependent dynamical matrix

can then be written as [53]

D(k) = 7

M| S i, e U T8 S g o, g 00X

Z0 0_ %0 —12 iK9.(XO 0_p—1
Z e, Be K- (X9-X3) Z‘I’k(aﬁ)k(x -x0 3]
1 s
8

B

a=1, jk=123  (213)

where

02U (x)

8Xaj é?ng XZXO(XO,F,S),QGBP,,BGB(]

6?36(047 ﬂ) =

jk=1,23 pg=1,2 (2.14)
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and F~! is the inverse of F. The phonon frequencies of the strained bulk crystal
Si and Ge, wg(F, &), can be obtained by computing the eigenvalues of Eq. (2.13).
After the phonon frequency spectrum is obtained, the Helmholtz free energy A of the

system can be calculated by

S hoalFog

k s=1

T3 (1 m%?&) (2.15)

k s=1

A=UX"F,¢) +

N —

where U(X° F,£) is the total potential energy of the system at the deformed
equilibrium position, A is the reduced Planck’s constant, kg is the Boltzmann
constant and T is temperature. For a given deformation gradient F, the inner

displacement & can be determined by minimizing the Helmholtz free energy, i.e.,

0A

€ =0 (2.16)

In this work, we impose uniaxial strains from -2% (compressive) to 2% (tensile) in
the z-direction, which gives a maximum of 2% change of the crystal volume. This
range of the strain are achievable with moderate external loadings. In terms of the
deformation gradient, the uniaxial strains are corresponding to Fj; = [0.98,1.02],
Fy = F33 = 1.0 and Fj; = 0, ¢ # j. With the maximum strain in one direction
fixed, hydrostatic strains are applied. For the hydrostatic strains, F;; = [0.98,1.02],
i =1,2,3 and F;; =0, i # j. Note that, for hydrostatic and uniaxial deformations,

& = 0 due to the symmetry of the lattice deformation.
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2.2.2 Strain dependent thermodynamic and phonon

scattering properties

For a given deformation gradient F, we compute the phonon frequency spectrum
of Si and Ge lattices by sampling the k points in the first Brillouin zone. Once
the phonon frequency spectrum is obtained, the bulk thermodynamic and phonon
scattering properties of Si and Ge can be calculated. Of particular interest are the
specific heat, the average phonon group velocity and the average phonon mean free
path. As will be described in Chap. 2.2.3, they are the physical variables used in
the BTE for the analysis of thermal transport in the Si/Ge nanocomposites. To
compute these thermodynamic and phonon scattering properties, we first compute
the bulk thermal conductivity of Si and Ge as a function of F by using the Slack
relation [55, 56]. The Slack relation is suitable for calculating the thermal conductivity
of nonmetallic crystals at high temperatures (above 1/5 of the Debye temperature)
where heat is mainly carried by acoustic phonons and the scattering is mainly intrinsic

three phonon process. The bulk thermal conductivity is given by [55, 56]

3.1 x 107 (M) 6T%,

ky =
T{y2)NZ/*

(2.17)

where (M) is the average atomic mass of the crystal, ° is the average volume per
atom, N, is the number of atoms in a primitive cell and T is high temperature limit

of the Debye temperature defined by

5h2 [ 2D, (w)dw

T? =
Pk [ Dy(w)dw

(2.18)
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where h is Planck’s constant, w is the frequency and D,(w) is phonon density of

states. (y?) is mode averaged square of the Griineisen parameter given by

6
1
() = C Z Z(%k)QOsk (2.19)
k s=1
where the Griineisen parameter 4 for the s-th mode of a given wave vector k is

defined as

0In wgy

S - - 9 2.2
T T Y (2.20)
where V' is the volume per atom, C is the phonon specific heat given by
hw,
(o pe st
Ca = kg %Sk , (2.21)
(5 1)

and C' is the total specific heat given by

C = Zi@k' (2.22)

k s=1

Note that, since the phonon frequencies wg(F, &) depend on the applied strain,
thermodynamic properties such as Tp, v, C and k; are all functions of strain. For

the simplicity of notation, “(F,&)” is not shown explicitly for these quantities.
The acoustic phonon group velocity for sth polarization of wavevector k is

calculated by

aWsk
ok

Vo = (2.23)
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Then the average phonon group velocity can be obtained by

3
Z Z C’sk'Usk

v =X széa s € acoustic phonon branches, (2.24)

with C'* being the average acoustic phonon specific heat obtained by summing Ci

over the acoustic branches

3
c* = Z Z Csk s € acoustic phonon branches. (2.25)
k s=1

After the bulk thermal conductivity &y, the average acoustic specific heat C* and
the average phonon group velocity v are obtained, the average phonon mean free path

(MFP) can be calculated from approximated Kinetic theory by [57]

3k

A=~
Cawy’

(2.26)

Note that, in Eqs. (2.24), (2.25) and (2.26), only the acoustic branches of the
phonon dispersion are included. The optical phonons are excluded for a better
approximation of the average phonon MFP since they contribute little to the
thermal conductivity around room temperature for Si and Ge due to their small
group velocities. More detailed justification for this choice can be found in Refs.
[58, 57]. Again, the phonon scattering properties A, v and C* are all functions of

the strain.
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2.2.3 Boltzmann transport equation model for

nanocomposites

Once the strain dependent phonon thermal properties of the bulk Si and Ge are
obtained, the effective thermal conductivity of nanocomposites can then be
calculated by using a thermal transport model. Among various models that can be
used to predict the thermal conductivity of nanocomposites [36, 37, 38], BTE based
thermal modeling approaches have been developed and applied to thermal transport
analysis in various applications with demonstrated accuracy and efficiency (see [48]
for a review). Among the BTE models, the “gray” BTE approach, which assumes
all phonons have the same average group velocity and relaxation time, is adopted in
this work. Published work has shown that frequency independent group velocity
and relaxation time is a good approximation for the calculation of cross-plane
phonon thermal conductivity [57]. By applying strain dependent thermal properties

into BTE, the strain dependent thermal conductivity can be calculated.

I(r,s

Z

Figure 2.4: Directional phonon intensity.
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In this work, we adopt the “gray” BTE approach for the computational thermal
transport analysis of Si/Ge nanocomposites. The BTE model under “gray”

assumption can be expressed in terms of total phonon intensity as [59, 60]

V. (I(r,s) s) = —w (2.27)

where I(r,s) is the total phonon intensity at a spatial position r = {z,y, 2} over a

path length ds in the direction of unit vector s. As shown in Fig. 2.4, s is defined by
s = sinfcosge, + sinfsinge, + cosbe, (2.28)

where 6 € [0,7] and ¢ € [0, 2] represent polar and azimuthal angles, respectively,
and e,, e, and e, are the unit vectors in the x, y and z directions, respectively. Iy(r)

is the equivalent equilibrium phonon intensity which is given by
1 2m ™
Iy(r) = —/ / I(r,s)sinfdOd¢ (2.29)
A Jo  Jo

Assuming a uniform distribution of the Si nanowires, the BTE can be solved in
a 2-D unit cell of the nanocomposite material as shown in Fig. 2.5. The edge length
of the unit cell is denoted as L. The phonon intensities in the Si-Ge domains are
determined by the BTE. Periodic boundary conditions are employed on the outer
boundary of the unit cell. The phonon scattering at the Si-Ge interface is assumed to
be diffuse. In this work, the boundary and interface models developed by Yang and
Chen [9] for nanocomposites are adopted and implemented using the finite volume
method. The boundary and interface conditions are briefly summarized as follows.

For the top (y = L) and bottom (y = 0) edges, the periodic boundary condition can
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Figure 2.5: Unit cell of the Si/Ge nanocomposite
material.

be written as

I(z,L,s) = I(z,0,s), (2.30)

for all x and s, which implies that phonons coming in equal phonons going out for a
given z and s. For the right (z = 0) and left (z = L) edges, the periodic boundary
condition implies that the difference between the phonon intensities in any given
direction at the right and left edges is independent of y. This constant difference is
imposed by a temperature drop, AT, between the left and right edges. The magnitude

of AT, however, does not affect the result of the thermal conductivity. The periodic
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boundary condition is given by

vGngCAT

I(O,y,S>—I<L,y,S): A

(2.31)

where vge and C¢, denote the group velocity and acoustic specific heat of Ge,
respectively. The diffuse interface scattering is represented by a simple diffuse
mismatch model which assumes, at the interface, part of the phonons are
transmitted through and the rest are reflected back. The transmitted and reflected
phonons are evenly distributed across all angles on each side of the interface, as
shown in Fig. 2.5. From energy conservation, the relation of reflectivity R and

transmissivity 7' is given by
Tgs = Rse = 1 — Tsc, (2.32)

where the subscript GS denotes from Ge into Si and vise versa, and Tgg is given

by [57]

C;vsi
(Clv'evGe + Og'ivSi

Tas = (2.33)

By solving the BTE in both Si and Ge domains with the boundary and
interface conditions, the phonon intensity I(z,y,s) can be obtained. It is then
straightforward to calculate the effective temperature distribution, heat flux and
thermal conductivity. Note that, since the local thermal equilibrium condition

breaks down in nanostructures, an effective temperature is used to represent the
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local energy density, i.e.,

47‘{']0(1‘7 y)

T(z,y) = —Fuy (2.34)

The average temperature at each y-z plane along the x-direction is then obtained as

T(x) = Z/o T(x,y)dy (2.35)

The heat flux in the x-direction, q,, is computed by integrating the x-component of

the phonon intensity over the entire solid angle

2m ™
¢ (z,y) = / / I(x,y,s)sin*0cospdfde (2.36)
o Jo

The effective phonon thermal conductivity is then calculated by using Fourier’s law.

Y qu(z,y)dy
b= T0) - T(D) (237

Note that k, is guaranteed to be constant along the x-axis by the periodic boundary

conditions imposed by Eq. (2.30).

2.2.4 Finite volume solution of BTE

Due to the similarity between the thermal radiative transfer equation (RTE)
and the BTE, numerical methods for solving RTE are often applicable to BTE.
Among a variety of numerical methods that are used to solve the RTE, the discrete
ordinates method (DOM) and the finite volume method (FVM) are most popular.

The DOM is known for its simplicity and efficiency. However, like the finite
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difference method, the DOM typically requires a structured grid, which imposes a
major difficulty for problems involving complex geometries. In comparison, the
FVM can be easily applied to unstructured meshes. Thus it provides greater
flexibility in treating complex geometries. In addition, integration over the control
angles is calculated exactly and heat flux in control volumes is automatically
conserved in FVM [61]. Due to these attractive properties, the FVM has been
employed for radiative thermal transport analysis in various
applications [62, 63, 64, 65]. It has also been applied to obtain BTE solution for
heat transfer analysis of submicron structures [66]. In this work, as the Si/Ge
nanocomposites to be investigated contain Si nanowires with different shaped
cross-sections as shown in Fig. 2.1, the FVM is employed in the computational
analysis. One difficulty in the FVM solution of the BTE on an unstructured mesh is
that the control angles may overlap with the control volume boundaries. In such
cases, the overlapping control angle contains both the outgoing and incoming
phonons. Several authors have addressed this issue for radiative heat transfer
problems [63, 64, 67]. We employ an exact treatment proposed in Ref. [67]. This

treatment is found to be effective to resolve the problem for our calculations.

As shown in Fig. 2.6, the 2-D domain of the Si-Ge unit cell is discretized into
non-overlapping triangular volumes (or elements). The volume of a given triangular
element is denoted as AV. The length of the edges is denoted as AA;, i = 1,2, 3.
Within each triangular volume, the phonon intensity is defined on the center node of
the triangular volume. The total solid angle, 47, of the center node is discretized into
Ny x Ny control angles along 6 and ¢ directions. The control angles are denoted as
AQ™ (1 <m < Ny, 1 <n < Ngy) with the polar and azimuthal angles spanning from

O™ to 6™ and ¢" to ¢, respectively, as shown in Fig. 2.6. Within each control
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Figure 2.6: Spatial and angular discretization.

volume and control angle AQ2™", the phonon intensity is assumed to be constant and
denoted as I"™". For each control volume and control angle, the governing BTE, Eq.

(2.27), is integrated over AV and AQ™" to yield

/ V- (Is)dVdQ:/ / (—%)dVdQ (2.38)
AQ™mn JAV AQMmn JAV

Applying the divergence theorem, Eq. (2.38) can be rewritten as

/ /Is~ndAdQ:/ / (—%)dVdQ (2.39)
AQMmn JAA AQMmn JAV

For a given triangular control volume with a center node P, the phonon intensity in

the control angle AQ™" is denoted as I}7". Assuming that for a given control angle,
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facial intensities are constant on each boundary face of the volume, the following

finite volume formulation can be obtained from Eq. (2.39) as

mn 1
ZI AA; D" =<

i=1,2,3

(=T 4 (I p) AV AQ™, (2.40)

where I]™ is the facial intensity on AA;, ¢ = 1,2, 3, and the directional weight D&

is given by

9m+1

¢"+1
/ (s n;)sinfdl do, 1=1,2,3, (2.41)

= ).

where s is given by Eq. (2.28), n; is the outward normal of the i-th face of the control

volume. For 2-D problems, D" can be obtained as

i = {& 1L (5in20™*' — 5in20™) | x
[nm (sz’ngb"“ — smqb”) —ny (cos¢”+1 — cosgbn)} (2.42)

where n, and n, are the z- and y-components of n;. In Eq. (2.41), the sign of
(or equivalently, the sign of s - n;) determines whether the phonons are incoming or

outgoing across the faces of control volume.

The facial intensity I]™" is then related to the nodal intensity by a step scheme
assuming a downstream facial intensity is equal to the upstream nodal intensity. For
example, as shown in Fig. 2.7, for face 2 of the control volume of node P, if the
azimuthal angle of s is between ¢? and ¢, one obtains s - n, > 0, i.e., phonons are
outgoing and P is the upstream node. Therefore, ™% = I'"". If s is between ¢* and
¢°, then s - ny < 0 and the node I of the neighbor control volume is the upstream

node. Therefore, I/ = I7"". However, as shown in Fig. 2.7, the control angle from
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Figure 2.7: Step scheme for the facial
intensity.

¢3 to ¢4 overlaps with the face and contains both incoming and outgoing phonons.
It is more involved to determine the facial intensity in this situation. The solution to
this control angle overlap problem has been summarized in Ref. [63]. In this work, we
employ an exact treatment described in Ref. [67] which splits the control angle into
(3, ¢'] and [¢', ¢?] as shown in Fig. 2.7, and integrates the two resultant control angle
separately. The facial intensity can be expressed by the following general expression
as

ci O'LL ci zn

where, for a non-overlapping control angle, if s - n; > 0, then

C’z out — /

9m+1

¢n+1
/ (s n;)sinddd do, D¢, =0, (2.44)
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and if s - n; < 0, then

mn
DCz in /

For an overlapping control angle, without loss of generality, assuming s - n; > 0

9m+1

¢n+1
/ (s n;)sinddl de, Dt = 0. (2.45)

n [¢", ¢'] and s-n; <0 in [¢/, "], we have

mn
DCz out — /
9m+1
mn
DCz i /

When a control volume face is on the Si-Ge interface, the interface condition given in

9m+1

/ s - n;)sinfdido, (2.46)

¢"+1
/ (s n;)sinddo do. (2.47)

Eq. (2.32) is applied by replacing I7*" in Eq. (2.43) with
R T
[;rm = = ZIW”DCZ out = ZImnDCz n (248)

where Rp; is the reflectivity from medium of node P to the medium of node I, and
T7p is the transmissivity from medium of node I to the medium of node P. It should
be noted that the interface condition only modifies 17" in Eq. (2.43) and /3™ remains
the same. Otherwise, the transmission and reflection of the phonons would be double
counted and the energy conservation condition would be violated. Substituting Eq.
(2.43) into Eq. (2.40), the finite volume formulation of the BTE for each control

volume and control angle can be obtained as

AV mn AV mn mn
ZAA DCzout+ A AQ _47TA (AQ ) )IP
- - Y AADE, I+ AV ot pquen) agyee (2.49)
Ciyin 47TA e P
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For the global system, there are a total of Ny x Ny x Ny equations, where Ny is the
number of control volumes. This set of equations are solved iteratively by using the
Gauss-Seidel method. Note that, like the DOM, in Gauss-Seidel iterations, the nodal
intensities are calculated in each control volume and control angle by using the values
obtained from the last iteration. No global matrix storage is required. The iteration

stops when the following convergence condition is reached:
max(|Ip™ — (I™)$| JIp™) < 107°. (2.50)

Note that, while in this work we investigate the thermal conductivity of composite
materials with periodic nanostructures, the approach presented is not limited to
periodic systems. For non-periodic systems, the analysis procedure remains the
same with the periodic boundary conditions (Egs. (2.30, 2.31)) changing to

temperature [68], diffuse [69] or other appropriate boundary conditions.

2.3 Results and Discussion

2.3.1 Strain effect on thermodynamic properties of bulk Si

and Ge

In this section, we investigate the strain effect on thermodynamic properties of
bulk Si and Ge. From the lattice dynamics with Tersoff potential, various
thermodynamic properties of bulk Si and Ge can be calculated. A few
thermodynamic properties that are used in the calculation of the thermal
conductivity are first calculated under unstrained condition. These results are

compared with the experimental data and other theoretical results. Table 2.1 lists
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the specific heat (C), Debye temperature (7p), Griineisen parameter (),
longitudinal acoustic group velocity at I' point in the first Brillouin zone (vl ,),
transverse acoustic group velocity at I' point (v} ,), longitudinal acoustic group
velocity at X point (vy,), and the bulk thermal conductivity (k;) of Si. The
comparison shows that the Tersoff potential gives reasonable estimates to the

thermodynamic properties, including the bulk thermal conductivity.

Table 2.1: Room temperature thermodynamic properties of bulk Si

C(3x) Tp(K) g via(®)  vra(B) v k(Gg)

1.59 x 106 720 0.79 8705 5470 4540 167.6
1.65 x 1087l 645071 0.8[7 8480 58607 424073 156074

As mentioned in Chap. 2.2.1, we considered a maximum of 2% strain in every
direction caused by four types of strains: hydrostatic compressive, hydrostatic tensile,
uniaxial compressive and uniaxial tensile, as shown in Fig. 2.8. In the following
discussion, if not otherwise specified, the strains are corresponding to a 2% strain,
ie, F; = 098¢ = 1,2,3 and F;; = 0,7 # j for hydrostatic compressive strain,
Fii =1.02,i=1,2,3 and F;; = 0,7 # j for hydrostatic tensile strain, Fi; = 0.98, F5y =
F33 = 1.0 and F}; = 0,7 # j for uniaxial compressive strain, and Fi; = 1.02, Fyy =

F33 =1.0 and F;; = 0,7 # j for uniaxial tensile strain.

Figure 2.9 shows the dispersion relations of Si for different strain conditions
calculated from Eq. (2.13). Figure 2.9 (a) is for unstrained case and the dots in it
are experimental data from [75]. The phonon dispersion calculated from our lattice

dynamics model matches well with experimental data. Figure 2.9 (b) and (c)

35



——————————————————

1

() (d)

Figure 2.8: Strains considered: (1) hydrostatic compressive. (2) Hydrostatic
tensile. (3) Uniaxial compressive. (4) Uniaxial tensile.

respectively show dispersion relation of Si when 2% hydrostatic compressive and
hydrostatic tensile strains are applied. By comparison of Fig. 2.9 (a)-(c), we find
that compressive strain increases phonons frequencies while tensile strain decreases
them. Figure 2.9 (d) is the dispersion relation for 2% uniaxial tensile strain.
Comparing (c) and (d) we find that hydrostatic strains has a larger influence on
phonon frequencies than uniaxial strains. Strain effect on the dispersion relation of

Ge is observed to be similar.

After frequency spectrum is known, other scattering properties can be calculated.
Figure 2.10 shows the strain effect on the phonon density of states (PDOS) of Si under
hydrostatic compressive and tensile strains. A direct sampling method is used in the

calculation of PDOS, which generates 100 x 100 x 100 uniformly distributed k-points
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Figure 2.9: Dispersion relation of Si at 0 K for different strain conditions: (1)
unstrained (dots are experimental data). (2) Hydrostatic compressive strain. (3)
Hydrostatic tensile strain. (4) Uniaxial tensile strain.
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Figure 2.10: Strain dependent phonon density of state of Si at
300 K.

in the first Brillouin zone and approximates the PDOS by a normalized histogram.
It is shown that a shift of optical phonons to the left occurs when the tensile strain
is applied, while a shift to the right occurs for the compressive strain. In other
words, compared to the unstrained case, most optical phonons will be at a lower
(or higher) energy when tensile (or compressive) strain is applied. Note that there
are similar peak shifts for longitudinal acoustic (LA) phonons, indicating that the
hydrostatic strain has a significant effect on them as well. Variations of transverse
acoustic phonons are also observed, although not equally significant compared to the
LA and optical phonons. Similar behavior of the PDOS is observed for Ge under
strain (not shown). The different frequency shift direction of the PDOS is largely due
to the change of the stiffness of the atomic bonds which is represented by the force

constants given in Eq. (2.14), i.e., a compressive (tensile) strain increases (decreases)
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the force constants and consequently increases (decreases) the vibration frequencies
of the atoms. Figure 2.11 shows the overall Griineisen parameter under hydrostatic
strain at different temperatures. It’s shown that Griineisen parameter increases when
temperature increases and when tensile strain is applied. Again, similar behavior of

the Griineisen parameter of Ge is observed.

Gruneisen Parameter

0.6 , > = # = Hydrostatic compressive strain |
055 . ’ =—6— Unstrained
, ’ == Hydrostatic tensile strain
0.5" . . . . .
200 250 300 350 400 450 500

Temperature (K)

Figure 2.11: Strain dependent Griineisen parameter of Si with
respect to temperature.

Figure 2.12 shows the Debye temperature of bulk Si crystal under hydrostatic
compressive, uniaxial compressive, hydrostatic tensile and uniaxial tensile strains at
the temperature range 200-500 K comparing to the results of the unstrained case.
The Debye temperature is almost independent of temperature but shows a strong
dependence on strains. Debye temperature’s increase with compressive strains and
its decrease with the tensile strains can be explained from the PDOS variation shown
in Fig. 2.10. In addition, it’s shown in the figure that with the same 2% strain,

hydrostatic strains produce a larger effect on T than the uniaxial strains.
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Figure 2.12: Strain dependent Debye temperature of Si between
200-500 K.

With the decrease in Griineisen parameter and the increase in Debye
temperature for compressive strains, the Slack relation given in Eq. (2.17) predicts
a increase in bulk phonon thermal conductivity. Similarly, a reduction of thermal
conductivity is predicted for tensile strains. Same conclusions can be obtained for
Ge. Figure 2.13 shows the bulk thermal conductivity of Si with respect to
temperature and strain. In Ref. [55], Slack has qualitatively explored the strain
effect on bulk thermal conductivity of crystalline solids by assuming possible
changes in Debye temperature and Griineisen parameter due to strain. Our
calculations have confirmed his prediction quantitatively. Figure 2.13 shows that
hydrostatic strains have a stronger effect on bulk thermal conductivity than the
uniaxial strains. The stars in the figure show the experiment data of unstrained
bulk Si taken from Table I of Ref. [74]. The calculated unstrained bulk thermal

conductivities are higher than experiment results but in reasonable agreement.
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Figure 2.13: Strain dependent bulk thermal conductivity of Si
between 200-500 K.

Figure 2.14 shows the contribution of optical phonons to the overall specific heat.
It is shown that, at low temperatures (7" < 100K), acoustic phonons are the major
contributors to specific heat but at high temperatures (7" > 400K), optical phonons
contribute about half of the total specific heat. Similar results have been obtained
in Ref. [57]. Since the optical phonons contribute little to heat transfer due to their
small group velocities, it is justifiable to exclude the optical phonons in the calculation
of the phonon mean free path and average group velocity as shown in Eqgs. (2.26,
2.24). MD data taken from Fig. 10 of Ref. [53] and experiment data taken from Fig.
1 of Ref. [76] are also shown in Fig. 2.14. The strain and temperature dependence of
the acoustic specific heat is shown in Fig. 2.15, where a compressive strain decreases
the specific heat and a tensile strain increases it. Once again, the results for Ge are

similar. The results are not shown for the sake of brevity.
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Figure 2.16: Average group velocity of Si as a function of strain
in one direction (L is the undeformed length).

Figure 2.16 shows the variation of average group velocity with respect to strain.
For the small strains considered here, the group velocity shows a nearly linear
dependence on the strain, for both hydrostatic and uniaxial cases. For the same 2%
strain, hydrostatic strain leads to a larger variation than uniaxial strain. The group
velocities of unstrained Si and Ge at room temperature are calculated to be
3143 m/s and 2233 m/s, respectively. In Ref. [9], the group velocities of Si and Ge
were calculated by approximating the phonon dispersion using a simple sine
function. The results are 1804 m/s for Si and 1042 m/s for Ge. It should be noted
that this discrepancy is largely due to the differences in the phonon dispersion and

the PDOS given by the Tersoff potential and the sine function.

Figure 2.17 shows phonon mean free path of Si with respect to strain. Bulk

thermal conductivity of Si decreases with increasing temperature, further decreases
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Figure 2.17: Strain dependent phonon mean free path of Si
between 200-500 K.

with tensile strain applied. Acoustic specific heat increases with temperature and
further increases with tensile strain applied. Strain and temperatures shows limited
influence on average group velocity. Hence, from kinetic theory, phonon mean free
path of Si should show the same dependence on temperature and strain as bulk

thermal conductivity. Figure 2.17 confirms this prediction.

2.3.2 Strain dependent thermal conductivity of Sij:Gegsg
nanocomposites

Having calculated the thermal properties of bulk Si and Ge as functions of strain,

the effective thermal conductivity is computed for the Si/Ge nanocomposites on unit

cells as shown in Fig. 2.18 by using the FVM and solving the BTE over unstructured

triangle meshes as shown in Fig. 2.6. The atomic percentage of Si is fixed at 20%, i.e.,
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the nanocomposites are all SigoGepg. In all calculations, 6 is discretized uniformly

into 12 angles from 0 and 7 while ¢ is discretized into 24 angles from 0 and 2.

(a) square (b) circular (c) diamond

Figure 2.18: Unit cells with different cross-section shapes for SipsGegs
nanocomposites:  square, circular and diamond-shaped. Lg; is the
characteristic length of the Si nanowire.

Figure 2.19 shows the size and temperature effects on phonon thermal
conductivity of the Siy,Gegg nanocomposite with square-cross-section Si nanowires.
The z-coordinate is the characteristic length of the Si nanowire, denoted as Lg;,
which is the width of the square cross-section, as shown in Fig. 2.18 (a). Thermal
conductivity of the nanocomposite decreases when the temperature increases or
when size decreases. The large reduction of the thermal conductivity with the
decreasing characteristic length is due to the dominance of the interface scattering
over the ballistic transport in nanocomposites [9]. Figure 2.19 shows that this
interface scattering induced thermal conductivity reduction holds over a wide range

of temperatures while the effect is more significant at low temperatures.

The heat flux in the z-direction of the unstrained Siy,Gegg nanocomposite with
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Figure 2.19: Phonon thermal conductivity of SipsGegs
nanocomposites with respect to size and temperature (square
Si nanowire cross-section).

10 nm X 10 nm Si nanowire at 300 K is shown in Fig. 2.20. The low heat flux
along the path blocked by the Si wire is clearly due to the phonon scattering at
the Si-Ge interface. The effect of strain along with the size effect on the effective
thermal conductivity is shown in Figs. 2.21 and 2.22. It is shown that strain has a
significant effect on the thermal conductivity of the nanocomposite. Depending on the
characteristic length of the Si nanowire, with a strain of 2%, an applied hydrostatic
tensile or compressive strain can reduce or increase the thermal conductivity up to
15%, while uniaxial tensile or compressive strain can reduce or increase the thermal
conductivity by as much as 8%. More importantly, the strain effect on the thermal
conductivity of bulk materials is largely preserved in the composite configuration

over all the sizes. This result shows that the mechanical effect can be combined
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Figure 2.20: Heat flux profile of unstrained Sig2Gegg at 300 K
(Si nanowire with 10 nm x 10 nm square cross-section).

with structural effects such as size and composition effects to further manipulate and

control the thermal conductivity of nanomaterials and nanostructures.

If we fix the characteristic length of Si nanowire to be 10 nm but change the length
of the unit cell L, we can study the content effect on phonon thermal conductivity. At
300 K, with the increase of the atomic percentage of Si, L. decreases, which increases
interface scattering, leading to reduced phonon thermal conductivity , as shown in

Fig. 2.23.

Keeping the atomic percentage of the Si nanowire at 20%, we change the cross-
sectional shape of the Si nanowire to be circular and diamond-shaped. Note that, for
circular cross-sections, the characteristic length Lg; is the diameter and for diamond-

shaped cross-sections, the characteristic length Lg; is the length of the edges, as shown
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Figure 2.22: Phonon thermal conductivity of SigoGegg under uniaxial
strain at 300 K (square Si nanowire cross-section).
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Figure 2.23: Content effect on phonon thermal conductivity of Si,Ge;_,
at 300 K (square Si nanowire cross-section).

in Fig. 2.18 (b) and (c). Same set of calculations are performed to obtain the strain
and size effects on the effective thermal conductivity. The heat flux profiles for the
diamond-shaped and circular cross-sections are shown in Figs. 2.24 and 2.25. The
difference in the heat flux profiles is obvious, especially the shape of the low heat flux

regions (the light colored regions).

In order to better understand the influence of cross-section shapes, we plot the
effective temperature distribution for the three different unit cells, as shown in Fig.
2.26. Here effective temperature is a representative of local energy. We can clearly
see jumps at the interfaces, which means local energy is not continuous at interfaces.

Again, the shape of the local energy is related to their nanowire cross-section shapes.
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Figure 2.24: Heat flux profile of unstrained Sip,Gepg at
300 K (diamond-shaped Si nanowire cross-section with the
characteristic length of 10 nm).
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Figure 2.25: Heat flux profile of unstrained Sip2Gegg at 300 K

(circular Si nanowire cross-section with the characteristic length
of 10 nm).
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Figure 2.26: Effective temperature distribution of unstrained Sip.Gegg at 300 K
(Ls; = 10nm). From top to bottom: square cross-section, diamond-shaped cross-
section and circular cross-section for Si nanowire.
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Figure 2.27: Phonon thermal conductivity of SigoGegg with different
cross-section shapes of Si nanowire under hydrostatic strains at 300 K.

However, it is observed that the curves of the effective thermal conductivity are
very similar to those shown in Figs. 2.21 and 2.22, except at the lower limit of the
characteristic length. Figure 2.27 shows the thermal conductivities for the three
types of Si nanowires at the characteristic length of 10 nm under hydrostatic strains
at 300 K. The strain effect is almost the same for the three nanocomposites. The
circular and square cases have very close thermal conductivities, with or without
strain. The magnitude of the thermal conductivity for diamond-shaped cross-section
is appreciably lower (about 5%). Figure 2.28 shows the difference in thermal
conductivity for diamond-shaped and square cross-sections over the characteristic
length from 10 nm to 200 nm. The thermal conductivity difference between the two
nanocomposites drops exponentially. These results show that, with the same atomic

percentage of Si, the cross-sectional shape makes little difference when the

52



characteristic length increases. However, for very small systems (e.g., characteristic

length < 10nm), the cross-sectional shape starts to play a role.
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Figure 2.28: Difference in phonon thermal conductivity between
diamond-shaped and square cross-sections as a function of
characteristic length.

Compared with nanocomposites with square cross-section Si nanowire,
corresponding nanocomposites with diamond-shaped cross-section of Si nanowire
have lower phonon thermal conductivities. If we choose the diagonal length of the
diamond to be the characteristic length and use the same Lg; and L, as shown in
Fig. 2.29, another set of phonon thermal conductivities can be compared.
Figure 2.30 shows phonon thermal conductivities of the unit cells described in
Fig. 2.29 with Lg;/L to be the same as in SipsGegg nanocomposites with square
cross-section Si nanowire. No strain is applied and the temperature is 300 K. In this
case, phonon thermal conductivities of nanocomposites with diamond-shaped

cross-section nanowire are larger than corresponding values of nanocomposites with
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Figure 2.29: Unit cells with square and diamond cross-section
shapes of Si nanowires.
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Figure 2.30: Phonon thermal conductivity of unstrained SiGe
nanocomposites with square and diamond cross-section shapes
of Si nanowire at 300 K.
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square cross-section shape. This is because in the former one, the atomic percentage
of Si is much less than 20%, resulting in smaller interface scattering and larger

phonon thermal conductivity.

2.3.3 Strain dependent phonon thermal conductivity of

porous nanostructures

Figure 2.31: Mesh of the unit cell of a porous material.

Other than the Si/Ge nanocomposites, the BTE solver we developed can also
be used to calculate phonon thermal conductivity of other materials, such as nano-
porous materials. Figure 2.31 shows a mesh of the unit cell of a nano-porous material,
where the center region is a nano-sized cavity. For the sake of simplicity, we use L,

to represent the characteristic length of the cavity and L to stand for the length of
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the edge of the unit cell. On the boundary of the cavity, diffuse reflection of the
phonons is assumed, i.e., all phonons are reflected and evenly distributed across all
angles on the material side of the interface. Using the BTE solver, thermal transport
properties are calculated. Figure 2.32 shows the heat flux and effective temperature
distribution profiles for a nano-porous Ge material at 300 K with L, equal to 10 nm
and L,/L equal to Lg;/L in the Sip 2Gey s nanocomposite case. Comparing this figure
with Fig. 2.20, it is shown that the heat flux along the path is more heavily blocked
by the cavity. Compared with the Si/Ge nanocomposite with square nanowire cross-
section shown in Fig. 2.26, the temperature drop in x direction across the cavity is
slightly larger than that across the Si-Ge interfaces. The heat flux and temperature

results imply a lower phonon thermal conductivity in the nano-porous material.

Heat flux x10 Temperature distribution
6 0.6
20
5 0.4
15 0.2
4
> 3 > 10
-0.:
2
0.
5
1
-0.
o 0 -0.t
0 5 10 15 20 0 5 10 15 20
X (nm) X (hm)

Figure 2.32: Heat flux and effective temperature distribution profiles of unstrained
porous Ge at 300 K (square cross-section with the characteristic length of the cavity
being 10 nm).

Figure 2.33 shows the size and temperature dependent phonon thermal
conductivity of the nano-porous Ge material. Similar to Sig,Gegg nanocomposites,

phonon thermal conductivity increases with size and decreases with temperature.
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Figure 2.33: Phonon thermal conductivity of nano-porous Ge
with respect to size and temperature.

Compared to those of SigoGegg nanocomposites shown in Fig. 2.19, phonon thermal
conductivities of the nano-porous Ge materials are only about half of their
counterparts. Figure 2.34 shows the different phonon thermal conductivities of
porous Ge, porous Si and SipoGeys nanocomposites for different sizes at 300 K.
Porous Si have a much larger phonon thermal conductivity compared to porous Ge
with the same size. This is mostly attributed to the higher thermal conductivity of
Si than that of Ge. In addition, porous Si have larger phonon thermal conductivities
than corresponding SiyGegs nanocomposites at large sizes. This is because when
the size is small, scattering due to porous and interfaces dominant but when size

increases, Si’s larger bulk thermal conductivity than Ge makes their difference clear.
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Figure 2.34: Phonon thermal conductivity of nano-porous Si and
Ge compared to that of Si/Ge nanocomposites at 300 K.

2.4 Summary

A modeling and analysis approach to investigate the strain effect on the
thermal transport in 2-D Si/Ge nanocomposites has been developed. Strains are
incorporated into the lattice dynamics by using the Cauchy-Born rule. Thermal
properties calculated from strain dependent lattice dynamics are then used in the
phonon BTE for the thermal transport analysis of nanocomposites. A finite volume
method is employed to solve the BTE over unstructured meshes. Our results show
that the phonon thermal conductivity of the nanocomposites can be significantly
decreased (or increased) by a tensile (or compressive) strain. With the same strain

change, hydrostatic strain produces a larger variation in phonon thermal
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conductivity than uniaxial strain. Depending on the size and shape of the
embedded Si nanowire, a hydrostatic tensile strain of 2% can reduce the thermal
conductivity of SigsGegg by as much as 15%, while a uniaxial tensile strain of 2%
gives a maximum reduction of 8%. The shape effect on the thermal conductivity is
also studied, it is found that with the same atomistic percentage, the cross-sectional
shape makes little difference to the effective thermal conductivity except at very

small characteristic lengths.
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CHAPTER 3

STRAIN EFFECT ON
ELECTRON TRANSPORT
PROPERTIES AND ENERGY
CONVERSION EFFICIENCY OF
SI/GE NANOCOMPOSITES

3.1 Introduction

As discussed in Chap. 1, thermoelectric materials and devices have many
promising applications [22, 23, 24, 25, 26]. They have several attractive properties,
such as being pollution-free since they do not generate any harmful emissions, silent
and reliable because they do not have any moving parts or vibrations, and highly

portable due to their scalable modules. However, they are currently only in limited
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use due to their relatively low energy conversion efficiency.

The state of the art thermoelectric cooling materials are based on alloys of
BisTes with SboTes and BiyTes with BisSes, which can give a ZT' of about 1 at
room temperature [77]. State of the art thermoelectric power generation materials
are PbTe and SipgGeg o, which have been used in space radioisotope thermoelectric
power generators that operate at about 900 degrees with a maximum efficiency of
about 7% [28]. However, ZT ~ 4 is required to match a conventional refrigerator for

cooling and ZT = 2 is required to efficiently recover waste heat.

As already mentioned in Chap. 1, the efficiency of thermoelectric materials is
evaluated by the dimensionless figure of merit defined by ZT = S?*¢T/k;, where S,
o and T respectively denote the Seebeck coefficient, electrical conductivity and
absolute temperature, while k; represents the thermal conductivity, including
contributions from phonons and electrons [27]. The key goal at thermoelectrics
research is to increase Z7T', but this is a challenging process because adjustment of
one parameter unavoidably involves variations of others [28]. Recently, it has been
reported that Z'T values can be significantly improved in nanocomposites due to the
largely increased interfaces, which strongly scatter phonons but only slightly
influence the charge carrier transport, leading to significantly reduced phonon
thermal conductivity and maintained or improved power factor S?c [31, 32].
Compared to one of the state of the art thermoelectric power generation material,
Sig.sGego alloy, nanostructured Si/Ge bulk alloy leads to larger figure of merits due
to the decreased phonon thermal conductivity [5, 78]. This method and others are
being used to attempt to increase ZT values and create more universally viable
thermoelectric nanocomposite materials. Nevertheless, in spite of these efforts,

increasing ZT by a factor of 4 is still a great challenge today.
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Strain can be introduced into nanocomposite materials under several conditions,
such as phonon-induced lattice vibrations, lattice mismatch in nanocomposite growth
and applied external mechanical force. We have performed strain analysis on phonon
thermal conductivity of SipoGegg nanocomposites and found that tensile strain can
significantly decrease the phonon thermal conductivity and shear strain has little
influence. When the width of Si nanowire is 200 nm, a 2% hydrostatic tensile strain
can reduce the thermal conductivity by as much as 15%, while a 2% uniaxial tensile
strain gives a maximum reduction of 8% [79]. Strain effects on electron transport in
Si and Ge semiconductor devices have been extensively studied and results show that
strain can cause a considerable change in electron mobility [80, 81]. Carrier transport
properties of nanostructured Si/Ge bulk alloys have been measured and analytically
modeled [5, 78, 82]. However, to the best of our knowledge, the strain effect on electron
transport properties of Si/Ge nanocomposites has not been investigated. In addition,
the power factor and the thermal conductivity of Si and Ge respond differently to
strain due to the different transport mechanisms of electrons and phonons. Since ZT
is a combination of these physical quantities, how ZT of nanocomposites is going to
respond to external strain is in fact unknown. Investigating the strain effect on ZT
of nanocomposites will not only help understanding the behavior of nanocomposite
thermoelectric materials under strain but also benefit the design and manufacturing

of such materials.

In this chapter, we seek to investigate the influence of mechanical deformation
on the electrical transport properties and the dimensionless figure of merit of Si/Ge
nanocomposite thermoelectric materials. We focus on studying the effect of externally
applied strains on o, S, k; and ZT of n-type SiggGegs nanocomposites. The strain

dependent Seebeck coefficient and electrical conductivity of the Si/Ge nanocomposites
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are calculated from analytical formulas derived from the BTE under the relaxation-
time approximation with strain induced energy shift and effective mass variation,
which are computed from the deformation potential theory and a two band degenerate
k- p method. The strain effect on phonon thermal conductivity in the nanocomposite
material is computed by using the model discussed in Chap. 2. Electronic thermal
conductivities are calculated from electrical conductivities by the Wiedemann-Franz
law. Then, by combining the strain effect models (phonon and electron), the strain

effect on ZT of the nanocomposite materials is obtained.

3.2 Theory

It has been widely accepted that the enhancement of electrical conductivity of
semiconductors under strain can be attributed to two mechanisms [83, 84]: (1) the
average conductivity effective mass is reduced by carrier re-population and band
warping; (2) the intervalley scattering rate is suppressed by subband splitting and
change in the electron density of states (DOS). In this work, the modeling of the
strain effect on the electrical conductivity of Si/Ge nanocomposites is based on the

above principles.

3.2.1 The Miller index notation

The orientation and planes in crystal (Bravais) lattices can be conveniently
described via Miller indices [85, 71]. The Miller indices uses three integers h, k and [
to determine a family of lattice planes. The Miller indices can be determined as the
inverse intercepts along the lattice vectors. To obtain the Miller index of a plane,

one first defines the three lattice vectors a;, a; and az and determines the ratio
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between the points that intercept the plane and the chosen crystal lattice vectors,
then calculates the reciprocals of these numbers and chooses the smallest three
integers (hkl) that have a greatest common divisor of one. The result, then enclosed
in brackets, is the index of the plane. Equivalently, (hkl) describes a plane

intercepting the three points a;/h, ay/k, and az/l, or some multiple thereof.

Another way to define Miller indices is via a point in the reciprocal lattice. Define
the three primitive reciprocal lattice vectors by, by and bs. Then the three Miller

indices h, k, [in (hkl) denote planes orthogonal to the reciprocal lattice vector:

gnir = hby + kby + (bs. (3.1)

If the plane is parallel to the respective axis, a Miller index 0 is chosen. If a plane
cuts an axis on the negative side of the origin, a negative index is used, indicated

with a minus sign over or in front of the index.

Different brackets further distinguish their meanings. Round brackets, (hkl),
stand for a certain plane or the vector perpendicular to the plane. Curly brackets,
{hkl}, represent all planes that are equivalent to (hkl) due to the symmetry of the
crystal. Square brackets, [hkl] denote a given direction in the crystal. Generally,
it is not perpendicular to the (hkl) plane except in cubic crystals. Similar to curly
brackets, angle brackets, (hkl) mean all directions that are equivalent to the direction
[hkl]. For example, in cubic crystals, (100) includes equivalent directions [100], [010],
[001], [100], [010], and [001]. Figure 3.1 describes planes (100), (110) and (111) in a

cubic crystal.
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Figure 3.1: Miller indices for a cubic crystal.

3.2.2 Band structure of Si and Ge

To evaluate strain effect on electron transport in Si/Ge nanocomposites, it is first

necessary to study band structures of Si and Ge under different strain conditions.

Traditionally, an energy band structure is illustrated by plotting the E-k
diagram in the first Brillouin zone, where E is the electron energy and k is a wave
vector. Geometrically, the first Brillouin zone is a primitive cell of the reciprocal
lattice. Conventionally, it is defined as the smallest volume entirely enclosed by the
perpendicular bisecting planes of the reciprocal lattice vectors drawn from the
origin. As shown in Fig. 2.3, Si and Ge have diamond crystal structures, whose
space lattices are face-centered cubics (FCC). The reciprocal space of FCC is a
body-centered cubic (BCC) lattice and the first Brillouin zone for a FCC lattice is a
truncated octahedron, as shown in Fig. 3.2. The band structure, i.e., the E-k
diagram, describes the relation between the electron energy and wave vector k from
the origin of the Brillouin zone to the zone edge. There are three important minima

in the conduction band of Si: T' point located at k = 0, L point along (111)
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directions at the boundary of the first Brillouin zone and a third one near the zone
boundary along (100) directions. The lines connecting I' and L points are usually
denoted by A. The point along (100) directions at the boundary is called X point

and the line connecting I" and X is called A-line, as displayed in Fig. 3.2.

Figure 3.2: First Brillouin zone for Si and Ge.

Taking Si as an example, in unstrained n-type Si, electrons fill A valleys before A
valleys. Generally, the A valleys can be ignored for electron transport simulations in
Si at relatively low temperatures. In an unstrained Si crystal, there are six degenerate
A valleys with the same minimum energy located near the X point at the conduction
band. The distribution of electrons in these valleys can be considered the same.
This is because in cubic semiconductors such as Si and Ge, the x,y, z directions are

equivalent in the Brillouin zone, therefore, the energy diagrams along these directions
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are the same.

However, advantageous strain reduces the symmetry of those valleys, which
changes the relative population of electrons, causing subband splitting. In addition,
strains along a low-symmetry axis further break crystal symmetry and result in the
warping of the energy surface of subbands, leading to the effective mass variation.
In short, mechanical strains cause band energy splitting and warping, resulting in
the variation of the conduction band minima and effective mass, thus leading to
changes on transport properties. Figure 3.3 gives a diagram of band structure
change under uniaxial stress for bulk n-type Si. Figure 3.3 (a) shows the conduction
band at unstrained condition. All six subbands are equivalent. Figure 3.3 (b) shows
band splitting under (100) uniaxial tensile strain. The longitudinal tensile strain
causes the A4 subband to shift down and the A2 to shift up, leading to electron
re-population from the A2 valleys to the A4 valleys. Figure 3.3 (c) describes band
splitting under (110) uniaxial tension. This kind of strain makes the A2 subband to
shift down and the A4 to shift up, resulting in electron re-population from the A4
valleys to the A2 valleys. In addition to carrier re-population, uniaxial tension along

(110) directions usually causes band warping, leading to changes of effective mass.

In unstrained Ge, the lowest conduction bands lie at L point along A valleys with
four degenerate valleys. However, for Si;_,Ge, alloys, generally the band structure
and electronic properties can be modeled as Si-like with the lowest conduction minima
near the X-point in the Brillouin zone for x < 0.85 and as Ge-like with conduction
band minima at the L-point for z > 0.85 [86]. Further, in highly strained Ge grown on
Si;—,Ge, with < 0.40, the conduction band minimum locates on the A valleys [87].
Here we assume that the lowest conduction band of SiysGeg o nanocomposites lies at

the 0.85X points of A valleys, the same as that in Si.
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Figure 3.3: Simplified band structure change under uniaxial strain for bulk n-type Si:
(a) unstrained. (b) Uniaxial (100) tension. (3) Uniaxial (110) tension.

In the calculation of electron transport properties, three coordinate systems are
defined as shown in Fig. 3.4: the ellipsoidal coordinate system (ECS), the crystal
coordinate system at undeformed configuration (CCSU) and the crystal coordinate
system at deformed configuration (CCSD). The ECS is spanned by three unit vectors
Rl, ki and kes chosen along the principal axes of each energy ellipsoid. CCSU
consists of lattice basis vectors ki, ko and ks, oriented along the three orthogonal
(100) crystallographic directions of the underlying material. The basis for CCSD is
represented by three vectors Kk}, kj and K} along with the three deformed axes of
CCSU. Note that, the basis for CCSD is no longer unit vectors. The three coordinate
systems are related to each other. The CCSU can be mapped to the CCSD by
the deformation gradient F tensor and the CCSU can be related to the ECS in the
reciprocal space. In all our simulations, the CCSU is fixed in real space, the ECS
depends on the specific material and is unique to each ellipsoid, and the CCSD is

unique for a given deformation gradient F.
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Figure 3.4: Coordinate systems: ellipsoidal coordinate system (ECS), crystal coordinate system at undeformed
configuration (CCSU) and crystal coordinate system at deformed configuration (CCSD).



The total energy of an electron in a semiconductor, F;, is the sum of the carrier’s

potential energy, E¢, and kinetic energy, E:
E,=FEc+ F, (3.2)

where F¢ is the conduction band minima and F is defined by

kIR WK

2my 2my  2mys

E(14aE) = (3.3)

in the ECS. In this equation, the nonparabolicity and anisotropicity have been
accounted to increase the accuracy, h is the reduced Planck’s constant, and k;/k; are

longitudinal /transverse component of the wave vector.

As discussed earlier, strain usually introduces band shift and effective mass
variation. Deformation potential theory was developed to describe energy shift
introduced by strain. The energy shift of the n-th conduction band valley due to

applied strain, AEZ, is given by [88],
AEL =S4 (€an + €y +22) + Eu- (k-5 - k) | (3.4)

where =; and Z, are the dilation and uniaxial-shear deformation potential of the
conduction band, respectively, which can be calculated from theoretical methods or
fitted by experimental results. Some of the reported values in the literature for
nearly pure Si are Z41090 = 2.2+ 0.3eV, E, =9.2£0.3eV at 295 K [88] and =4,190 =
2.5eV, Zg111 = 5.7eV, E, = 9.5V [89], where the subscript refers to a particular
crystal direction. In Eq. (3.4), n refers to one of the six valleys, i and j represent x,

y, z and k is the unit vector parallel to the valley n. Note that Eq. (3.4) holds for
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arbitrary stress/strain conditions. However, because the A valleys are along (100)
direction, the effect of shear strains is lost in Eq. (3.4). In order to account for energy
shift due to shear strain, we follow a degenerate k - p theory at the zone-boundary X
point proposed by Ungersboeck et al. [90]. Note that an z-y plane shear strain e,
only shifts the band energy of z-direction valleys with the value [90],

—R*€5, A4 eyl <1

AEé’t;hear = ) (35)
—(26 |egy| — 1)A/4 | Klegy| > 1

where A is the band separation between the two lowest conduction bands of the
unstrained lattice at the X point, and k = 42,/ /A with =, being the deformation
potential responsible for the band splitting of the two lowest conduction bands at the

zone boundary.

From full band calculations, the effect of normal stress on effective masses can
be ignored but the shear strain e,, will affect the effective masses of valleys in z-
directions (Figs. 11-13 of [91]). This is because the energy surface of two-fold valleys
in z-directions is warped due to e,, ( Fig. 14 of [91] and Fig. 2 of [92]), which has
been experimentally demonstrated using UTB (ultrathin-body) FETs (Field-effect-

transistors) [91]. From the same degenerate two band k - p theory, we have [90]

. (1—r%2)7 ) Klegl <1
ml,[()Ol]/mz = Y ! ) (3-6)
(1= 1/kleay) ™, hleayl > 1

(14 nKewy) ™!, Klew| <1
mt,[ll()]/m: = ! ! ) (3-7)
(1+nsgn(eay)) ™, Klewy| > 1

. (1 —nregy) b, Klegy| <1
mt,[ho}/mt = Y ) Y ) (3.8)
(L —msgn(esy)) ™, Klewy >1
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Here sgn denotes the signum function, m;/m; are electron longitudinal/transverse
effective mass with strain, m;/m; are electron longitudinal /transverse effective mass
without strain, and n ~ 1 — mJ/my [93] with m( being the free electron mass. Note

that, when there is no shear strain, m; = m; and m; = m;.

In addition, the nonparabolicity coefficient in the two valleys along z-direction is

also influenced by e, i.e. [92],

ro_ L+ 2(nkegy)?

om (3.9)

where o is the nonparabolicity coefficient when no strain is applied, which is chosen
to be 0.5eV ! for intrinsic Si and 1.5¢V ! for SiggGeg., nanocomposites when doping

density is 10~ %c¢m 3.

Once again, €, only introduces band shift, effective masses variation and
nonparabolicity coefficient change of valley pairs along [001] and [001]. Similarly, ¢,.
and ¢,, only influence band dispersion relations for valley pairs along [100]/[100]

and [010]/[010] respectively.

In order to show shear strain effect on subband dispersion, the in-plane energy
contour of z-direction subband (solid line) with 1% of e,, shear strain is shown in
Fig. 3.5. In comparison, energy contour of unstrained subbands (dashed line) is also
shown here. The spacing between lines is 10 meV. It is shown that after shear strain
is applied, the energy contour for z-direction subbands becomes an ellipse. Effective

masses are no longer equal in [100] and [010] directions.
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Figure 3.5: Energy contour of the Si out-of-plane subbands with 1% of shear
strain (solid line) and no strain (dashed line).
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effect on electron

3.2.3 Strain
The

nanocomposites
The change of dispersion relation changes electron transport properties.

1 direction electrical conductivity of the n-th valley o can be calculated from an

analytical model based on BTE under relaxation-time approximation [94]:
S Of"(E, E

S [P e i, (310
3 Jo )

n
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where e is the electrical carrier charge, 7 is the momentum relaxation time, and v}

is the group velocity of charge carriers in ¢ direction defined by [95]

2E(1 + a"E)
n_ 3.11
YT mi(L+ 2anE)’ (3:11)

with m? the i-direction effective mass of n-th valley. In Eq. (3.10), f is the Fermi-

Dirac distribution function defined by
f= [6(E+EC—EF)/’€BT + 1] -1 : (3.12)

where Ep is the Fermi level calculated from [95]
N=>" /OOO g"(E)frdE, (3.13)
with ¢"(E) being the density of states(DOS) for the n-th valley given by [96]
g"(E) = 2y/E(1 + a"E)(1 + 20" E)(m;)*? ) (n*1°). (3.14)
where mg; is DOS effective mass for valley n [96]:
mh = (mmume) 21 + 20"E). (3.15)

Here doped Si/Ge nanocomposites are assumed to be n-type with a carrier

concentration N = 1lel9cm 3.

The total relaxation time is calculated by using
Matthiessen’s rule to combine the influences from the ionized impurity, phonon

deformation potential and grain boundary (interface) scatterings mechanisms.
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Tonized impurity scattering rate is calculated from [97]

., Ne*H(1 + 2aF)
T = ,
T 16my2mae? [E(1 + aB)*?

with
v =4k** L2,
and
7
H=In(l4+~)— ——,
n(l+7) T

where k* is effective wave vector defined by [96]

 \2maE(1+ aE)

k 3 ,

and Lp is screening length obtained from [98],

(7T)2/3 81/2 h
(3N)1/6 mé{z e

Lp =

For electron-phonon DP scattering rate, we used a model proposed in [96],

Tpp = To

11 {1 aF (1_&>r_§aE(1+ozE)&
3 (14 2aE)* D.

" 1+2aFE D,
with

1 7TkBjj Dz g(E)
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For grain boundary scattering rate, a model proposed in [82] is used, i.e.,

Top = 8T UG 2reg(E)N,Z/h, (3.23)

with number density of interface N, being N, = 4 Lg./(m r3 L%;) and Z being Eq.

(22) in reference [82]. Other parameters can be found in Table 3.1.

Table 3.1: Parameters used to calculate electron transport properties for n-type Si
and Si;_,Ge, nanocomposites.

my k] 0.92(1 — z) 4 0.80z — 0.183(1 — z)x
mi mi 0.19(1 — x) + 0.20z — 0.183(1 — z)z
ho 1.1 + 3.4z(eV)

jolid 9.29 4 0.71z(eV)

Io 7.0 + 11.5z(eV)

Aloo] 0.53(eV)

Low frequency permittivity![®¢ e=(11.7+4.5z)e
Electron/hole deformation potential[gﬂ D.=9.0eV,D, = 5.0eV

Bulk modulus®*! K =979 — 22.82(GPa)

[s2]

Grain boundary potential parameters Uy = 4bmeV, zg = 2.0nm,rg = 1.0nm

T g: vacuum permittivity

The conductivity calculated in the valley ECS has to be transformed to the CCSD
by a transformation matrix C with the relation kp = C"k%, where kp = (k| k}, kj)T
and RE = (Rl Rtl th)T represent vectors in the axes of the CCSD and n-th valley
ECS, individually.

The direct relation between ECS to CCSD depends on the material under

consideration. For a given conduction band ellipsoid in a given material, the unit
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Figure 3.6: Conduction band constant energy ellipsoids along A for Si.

basis vector Rl, fit1 and l;tz in the ECS can be expressed in the CCSU, thus forms a
rotation matrix Rg. ¢, which transforms the components of the unit wave vector
ky = (ki kg k3)T in CCSU to k& in ECS. Different ellipsoid transformation
matrices have been shown in [99] for sixfold-degenerate A and the
eightfold-degenerate A valleys. For Si, there are six degenerate constant energy A
valley conduction band ellipsoids, as shown in Fig. 3.6. The basis vectors are unique
for each ellipsoid in the ECS, with k; along the major axis and ke1, keo
perpendicular to it. There is a unique transformation matrix Rg._y for each
ellipsoid, with the rows coming from the components of Rl, 1A<t1 and ﬁtz. For

instance, for ellipsoid 1 in Fig. 3.6, k; = (1 0 0), kgg = (01 0) and ke = (0 0 1),
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thus,

10 0
Rply = [0 10| (3.24)

0 01

Transformation matrix for other ellipsoids can be obtained similarly.

Having determined Rg._y, for a crystal lattice under deformation, a rotation
matrix Ry p, which transforms kp in CCSD to ky in CCSU, is determined by using

the deformation gradient tensor F,
Ry_p =FT. (3.25)
Accordingly, the relation between wave vectors in CCSD and ECS is obtained as,
k: = Rp_ Ry pkp. (3.26)

Then we will have C™ = R;;! ,R;! .

The total conductivity is the summation of conductivities from all the six

valleys [81],
6 3 B
Oij = Z Z CinTp [cgj] , (3.27)
noop

-1 o .
where ¢, and [c;‘j] are components of C™ and its inverse matrices.
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The Seebeck coefficient is defined by

6 3 naon. nf.nil-1
cr Stol
Szg — Zn ZP pTp P[ p]] 7 (328)

Uij

with

g _ L B (B)PEGE (B — Ep)g"(B)AE

3.29
T El R (B 20

3.2.4 Strain effect on thermal transport of Si/Ge

nanocomposites

For strain effects on phonon thermal transport of SiGe nanocomposites, we use
the model described in Chap. 2. The only difference is the 2-D unit cell. Here
we study Ge-nanowire Si-host nanocomposite materials and a unit cell is shown in
Fig. 3.7. Ge nanowires are assumed to be uniformly distributed, so the BTE can
be solved to obtain phonon intensities by finite volume method on this 2-D unit cell
of the nanocomposites with periodic boundary conditions and a diffuse mismatch
interface model. The edge length of the unit cell is set to be Lg; and the edge length

of Ge nanowire is set to be Lge,.

The electronic thermal conductivity, k., is calculated from the
Wiedemann-Franz law, k. = oL.,T, where L, is the Lorenz number. For metals,
L, =245 x 107 8WQK 2. However, L, depends on doping for semiconductors [94].
Here we assume the nanocomposites are heavily doped. 1In this case, the

semiconductors become metal-like and L, for metals is used.
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Figure 3.7: Si;_,Ge, unit cell.

3.2.5 Strain effect on ZT of Si/Ge nanocomposites

Having obtained strain dependent phonon thermal conductivity and electrical
properties, the calculation of dimensionless figure of merit of nanocomposite

thermoelectric materials is straightforward, i.e., ZT = S?0T/(k, + k).

3.3 Results and Discussion

3.3.1 Thermoelectric properties of SiysGej2 nanocomposites

This section investigates the strain effect on electrical properties of bulk Si and
Si;_,Ge, nanocomposites. As a validation of the electrical conductivity model

described in Chap. 3.2.3, electrical conductivities of Sig7Gegs alloy and SiggGeg.o
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nanocomposites are computed as functions of temperature. The comparison of the
obtained results with available experimental data is shown in Fig. 3.8. Experiment
data for Sig7Gegs alloy and SipgGepo nanocomposites are obtained from [100]
and [82], respectively. The computational results show a good agreement with the

experiment data.

1.3
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Figure 3.8: Temperature dependent electrical conductivity of
Sig.7Geg 3 alloy and SiggGego nanocomposites.

The strain effect on electrical conductivity is verified by comparing the electron
mobility of intrinsic Si for [100] uniaxial strain with data from [90], as shown in
Fig. 3.9. Results here are not exactly the same with the results shown in [90] but they
show similar dependence on strain. The difference comes from the different modeling
tools and different scattering mechanisms considered. Our results are based on an

analytical formula derived from BTE with several fitting parameters. Their results
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were calculated numerically by solving the semiclassical BTE using an MC method.
We considered ionized impurity and phonon deformation potential scatterings but
their models contained ionized impurity scattering, phonon scattering, alloy scattering
and impact ionization scattering. Figure 3.10 shows electron mobility enhancement
of intrinsic Si as a function of strain for stress direction along [100] calculated from
our model and experiment results obtained from [91]. Our results show similar trends
as experimental data. And Fig. 3.11 shows electron mobility enhancement of Si as
a function of strain introduced by (100) tension. Experimental data is obtained
from [91] and our results show good match with them. From the three figures, we
find out that uniaxial tensile strain along (100) direction increases electron mobility
in the same direction but decreases them in the two perpendicular directions, which

implies possible change in power factor.
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Figure 3.11: Electron mobility enhancement as a function of
(100) tension.
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Seebeck coefficient of unstrained bulk Si is shown in Fig. 3.12. Solid lines are
Seebeck coefficient calculated from our model and dashed lines are from Fig. 3.8
of [101]. For doping density from 10'®/cm3 to 10'/em?, our model matches well
with Wagner’s model. The results indicate that Seebeck coefficient decreases with

increasing temperature, and further decreases with decreasing doping density.

3.3.2 Strain effect on figure of merit of SijsGegs

nanocomposites

Three types of strains have been studied on the SipgGegs nanocomposites with
the length of Ge nanowire, Lg,, to be 10 nm, 15 nm and 20 nm: (1) 1% uniaxial strain

in (100) direction; (2) 1% shear strain on (001) plane; (3) 1% biaxial normal strain in
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Figure 3.13: Thermoelectric properties of SipgGeg o under uniaxial strain when Lg, =
10nm.

[100] and [010] directions. The calculated Seebeck coefficient, electrical conductivity,
phonon thermal conductivity and figure of merit are shown in Figs. 3.13-3.15 for

Lge = 10nm, Figs. 3.16-3.18 for Lg. = 15nm and Figs. 3.19-3.21 for Lg. = 20nm.

For the three nanowire sizes, as shown in Figs. 3.13, 3.16 and 3.19, uniaxial
tensile strain along (100) direction increases electrical conductivity but decreases
Seebeck coefficient and thermal conductivity along the direction in which the force

is applied. Even though the decreased Seebeck coefficient somehow cancels the
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Figure 3.14: Thermoelectric properties of SiggGeps under shear strain when Lg, =
10nm.

enhancement of ZT, we still find out that uniaxial tensile strain increases
dimensionless figure of merit along the applied force direction. Uniaxial compressive
strain largely decreases electrical conductivity and at the same time increase the
phonon thermal conductivity. Even though Seebeck coefficient increases with
compressive strain at high temperatures, ZT still decreases with uniaxial

compressive strain applied.

Figures 3.14, 3.17 and 3.20 show that shear strain largely decreases electrical
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Figure 3.15: Thermoelectric properties of SipgGeg o under biaxial strain when Lg, =
10nm.

conductivity.  With temperature increase, shear strain first decreases Seebeck
coefficient and then increases it. However, the power factor is decreased by shear
strain. At the same time, shear strain shows almost no influence on phonon thermal

conductivity. Thus shear strain leads to a drop in ZT.

Figures 3.15, 3.18 and 3.21 show strain effect on thermoelectric properties of
Si/Ge nanocomposites along the direction in which biaxial strain occurs. Biaxial

tensile strain increases electrical conductivity but decreases Seebeck coefficient while
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Figure 3.16: Thermoelectric properties of SipgGeg o under uniaxial strain when Lg, =
15nm.

biaxial compressive strain decreases electrical conductivity and Seebeck coefficient.
Phonon thermal conductivity is decreased by tensile strain and increased by
compressive strain. Combining them we find that tensile strain decreases ZT at
relatively low temperature but increases it with increasing temperatures.

Compressive strain decreases Z'T at all temperatures considered here.

Comparing different types of strain, the uniaxial tensile strain leads to the largest

increase of figure of merit. And this increase becomes clearer when the temperature
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Figure 3.17: Thermoelectric properties of SiggGego under shear strain when Lg, =
15nm.

increases. At 800 K, 1% uniaxial tensile strain results in 14% increase of dimensionless

figure of merit.

By comparing the same strain with different sizes, taking Figs. 3.13,3.16 and 3.19

for example, the increase of the size of the unit cell of SiGe nanocomposites largely

increases phonon thermal conductivities, slightly increases electrical conductivity but

has little influence on Seebeck coefficient, leading to slightly decreased figure of merit.

This result shows that interface scattering has a large influence on phonon transport
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Figure 3.18: Thermoelectric properties of SipgGeg o under biaxial strain when Lg, =
15nm.

but small effects on electron transport. When Lg, increases from 10 nm to 20 nm,
the phonon thermal conductivity increases by about 60% (see Figs. 2.21 and 2.22)
but the electrical conductivity only increases less than 5%. The change in electrical
conductivity obtained here along with Fig. 3.8 shows that interface scattering has a
small influence on electrical conductivity. This explains why ZT decreases when L,

increases.

Comparing phonon thermal conductivity figure in Fig. 3.13 with 2.22, we find
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Figure 3.19: Thermoelectric properties of SipgGeg o under uniaxial strain when Lg, =
20nm.

out that at the same temperature and the same characteristic length, phonon thermal
conductivity of SiggGegs is very close to that of SigoGegs nanocomposites. Figure
4.3 of [101] shows that SiGe alloys have similar property. Wang et al. found out
that nanostructured n-type SiGe bulk alloy could reach a peak ZT ~ 1.3 at around
1173K [78]. This is mainly attributed to the low thermal conductivity, which is
around 2.5 W/mk at 1173K. The low thermal conductivity comes from their increased

interface scattering.
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Figure 3.20: Thermoelectric properties of SiggGego under shear strain when Lg, =
20nm.

3.4 Summary

Strain effect on thermoelectric properties of SiGe nanocomposites has been
studied in this chapter with analytical and numerical models. The influence of
strain on electron transfer was studied by analytical formulas derived from BTE
with band structures obtained from a degenerate k - p theory. Strain effect on

thermal transport was studied by solving phonon BTE using strain dependent
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Figure 3.21: Thermoelectric properties of SipgGeg o under biaxial strain when Lg, =
20nm.

phonon scattering properties calculated from lattice dynamics. Our results confirm
that nanocomposites are better thermoelectric materials compared to their alloys.
In the 300-800 K temperature range, uniaxial tensile strain along (100) direction
can improve dimensionless figure of merit parallel to the tension. Biaxial tensile
strain along [100] and [010] directions only leads to ZT enhancement at high
temperatures in the tension directions. Shear strain and compressive strains

decrease dimensionless figure of merit. At 800 K with electron concentration to be
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10Y¥%em =3, 1% uniaxial tensile strain can increase figure of merit of SiggGeg.o
nanocomposites by 14% at 800 K and the dimensionless figure of merit can reach

0.18 in SipgGego nanocomposites.
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CHAPTER 4

COMPUTATIONAL ANALYSIS
OF NANOCOMPOSITE BASED
THERMAL ACTUATORS

4.1 Introduction

Micro-scale thermal actuators (TAs) are miniature devices using thermal
expansion produced by Joule heating to generate in-plane deflections and actuation
forces.  Typical thermal actuators are comprised of beam structures whose
elongation due to thermal expansion is the main driving force of the device.
Compared to other MEMS actuators such as electrostatic actuators and magnetic
actuators, TAs can provide a larger force output per unit area [102, 103]. In
addition, the structures of TAs are usually simple, making integration and
fabrication very easy. However, TAs typically generate small displacements and

have a high power consumption due to energy loss from the heated beams to the
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surroundings. To overcome these shortcomings, a variety of methods have been
proposed to improve the mechanical performance and energy efficiency of TAs. For
instance, Comtois and Bright employed an array of two or more TAs to generate
high forces [102]. Que et al. found that cascaded Si devices could save power while
offering comparable actuation displacement [103]. Huang et al. and Hickey et al.
investigated effects of the length and width of TA beams on the overall
performance [104, 33]. Sigmund investigated topology optimized TAs [105]. Yan et
al. introduced a bidirectional vertical TA which can generate twice the total
deflection of the traditional U-shaped actuator [106]. Along the line of topology
optimization, Chen et al. proposed TAs with contour beams to increase actuator
stroke and decrease power consumption [107]. The design of the contour beams was
further improved by Sassen et al. [35]. While all these approaches can improve the
performance of TAs, another important dimension of TA design and optimization,

the material configuration, has not been paid much attention.

The concept of thermal actuation using nanocomposite materials is explored in
this chapter. Nanocomposites are multi-phase materials containing components
with nanometer characteristic lengths. In this work, we propose to incorporate
nanocomposites in actuator structures and utilize their non-classical electrical to
thermal conductivity ratio to tailor the temperature profile in the actuator and
achieve a larger thermal actuation displacement. To test the validity of the concept,
we develop a multi-scale electro-thermo-mechanical model for computational
analysis of nanocomposite TAs. While models for micro TAs have been well
developed [104, 33, 108], the inclusion of nanocomposites impose a major challenge,
i.e., nano-scale size and scattering effects on carrier transport properties must be

accounted for in the micro-scale electro-thermo-mechanical analysis. To address this
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issue, we construct a top-down multi-scale model for the computational analysis. In
the multi-scale model, the thermo-mechanical behavior of the actuator is described
using the continuum theories, while the material thermal and electrical transport
properties are calculated from atomistic models to take into account size, interface
scattering and strain effects. The carrier transport properties such as thermal and
electrical conductivities obtained from the atomistic descriptions are used in the
continuum level models to calculate the physical quantities such as temperature and
structural deformation. These continuum quantities are then employed as external
conditions for the re-calculation of the thermal and electrical conductivities from
the atomistic descriptions. The iteration between the two levels continues until a
self-consistent solution is obtained. Broadly speaking, this two-level multi-scale
model fits in the quasicontinuum multi-scale modeling framework [53, 109]. By
using the multi-scale model, we demonstrate the performance of nanocomposite

TAs. The effects of several design parameters are also investigated.

4.2 Conceptual Development

Commonly used in-plane TAs can be categorized according to their geometry
configuration into V-shaped and U-shaped TAs. A V-shaped TA consists of a V-
shaped beam anchored at both ends with a tip in the middle. Upon heating, the
tip will deform in the vertical direction due to the thermal expansion of the beam
as shown in Fig. 4.1 (a). A U-shaped TA contains two beam structures (legs) with
different cross-sections as shown in Fig. 4.1 (b). The difference in cross-section causes
a temperature difference between the two legs resulting in larger expansion of the thin

(hot) leg than the wide (cold) leg, and thus a lateral deflection of the actuator [110].
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Figure 4.1: Si/Ge nanocomposite-based thermal actuators: (a) V-shaped actuator.
(b) U-shaped actuator. (c¢) Si/Ge nanocomposite material.

Taking the V-shaped TA shown in Fig. 4.1 (a) as an example and assuming heat
transfer in the TA is dominated by conduction along the longitudinal axis of the beam,
the steady state temperature distribution in the TAs can be obtained by solving the

1-D governing equation

V2
V- (kVT) = —Z? , (4.1)

where k; is the total thermal conductivity, 7" is the temperature, V' is the applied
voltage, o is the electrical conductivity and L is half length of the actuator beam

(assuming 6 is small). If k; is constant and the temperature at the two ends is Ty,
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the solution to Eq.( 4.1) can be obtained as

O'V2 2 0"/2
T(z)= -2 (2 — L2 +T, .
() 8L2k, (z = L) +To+ 8k,

(4.2)

With the initial temperature set to be Ty, the total elongation of the beam, A, can

be calculated as
2L
A = / ar(T) - [T(x) — Ty dzx (4.3)
0

where «y, is the linear thermal expansion coefficient of the actuator beam. From
Eq. (4.2), it is clear that the TA’s temperature distribution can be altered by
changing the length of TA beams. In addition, by changing the cross-sectional area
along the length of the TA beam, the current density and the strength of the Joule
heating can be varied to alter the temperature distribution. Along this line, efforts
have been made to improve TAs’ performance by adjusting the length, width and
cross-section of the TA’s beams [104, 33, 107, 35], using the array or cascade of
TAs [102, 103] and optimization of fabrication and topology [105, 106]. While these
TA optimization strategies focus on the geometry configuration of the device, we
observe that the o/k; ratio plays an important role in the temperature function as
shown in Eq. (4.2). A material with high o/k; ratio would enable a rapid change in
the temperature solution given in Eq. (4.2) and thus facilitate temperature
manipulation in the TA beam. Nanocomposites are such materials with a high o/k,
ratio due to a low phonon thermal conductivity caused by strong phonon scattering
at the interfaces of material components. This unique property of nanocomposites
has been successfully applied to create efficient thermoelectric materials [17].

Another observation can be made from Eq. (4.3) that a large temperature increase,
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AT(x) = T(x) — Tp, along the entire length of the beam (0 < x < 2L) is desirable to
achieve a large thermal expansion in beam length. However, to prevent failure of
the device, an allowable temperature increase, AT, j,., is usually imposed for most
TAs. Therefore, the temperature increase in an optimal TA design can be translated
as AT(x) — AT for 0 < x < 2L. In light of these considerations, we use
nanocomposites at the two ends of the V-shaped TA (shown in Fig. 4.1 (a)) to
enable a rapid temperature increase within a short distance. Conventional materials
such as doped Si with relatively low o/k; ratio are then used for the rest of the
beam to lower the temperature gradient and maintain the elevated temperature in
the majority of the TA beam structure. With this material configuration, a high
AT(z) is produced through most part of the TA beam and a high beam thermal
expansion can be achieved. The same idea can be used in the U-shaped TAs where
the nanocomposite material is used at the fixed end of the upper beam as shown in
Fig. 4.1 (b). It should be noted that this approach is compatible and can be

combined with other geometry configuration based optimization approaches.

In this chapter, we investigate a type of Si/Ge nanocomposites for thermal
actuation. As shown in Fig. 4.1 (c¢), the Si/Ge nanocomposite has a periodic nano
structure with Ge nanowires embedded in a Si host material. In the following
sections, we present a multi-scale model for the electro-thermo-mechanical analysis
of the nanocomposite TAs. By using the model, numerical simulations are carried

out to demonstrate the performance of the nanocomposite TAs.
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4.3 Computational Modeling

We adopt a top-down multi-scale paradigm to model the nanocomposite TAs.
The overall thermo-mechanical response of the actuators due to the Joule heating is
modeled using classical continuum theories, while the thermal and -electrical
properties of the doped Si and the nanocomposite material are obtained from
nano-scale models and the mechanical stiffness and thermal stress matrices of
nanocomposites are calculated using the Mori-Tanaka method. Phonon thermal
conductivities of Si/Ge nanocomposites are computed as a function of mechanical
strain through a combined model of strain dependent lattice dynamics and ballistic
BTE. Electronic thermal conductivities are calculated using the Wiedemann-Franz
law. For doped Si and Si/Ge nanocomposites, the electrical conductivity is
calculated by wusing an analytical model derived from the BTE under
relaxation-time approximation. Electron scattering effects due to ionized impurity
and phonon deformation-potential are included in the relaxation time for doped Si

while an additional material interface scattering is included for the nanocomposites.

4.3.1 Mechanical analysis

If we define the overall stress of the nanocomposites to be
o = {0, 040, 0y 0y O'mZ}T, the three-dimensional (3D) governing equations for

elasticity problems can be expressed as follows:
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do, 00y 004,
+

Ox dy 0z 0 =0,
0oy, 0oy 0oy,

= 4.4
8x+6y 0z oy =0, (44)

004, n doy. 0o,

ox dy 0z

+b, =0,

with b, b, and b, to be body forces at =, y and z directions, respectively. Assume
the displacement to be u = {u, u, u.}’, and the overall strain to be

T . . .
€ =1y €y €2 Euy €y €22}, according to kinematics, we have

‘. o
£y S
. oue
= (4.5)
Exy %Ly'” + %L;
Eyz % + 881;2
The constitutive relation for thermoelastic material response is given by
o = Ce + cAT, (4.6)

. . . . T .
where C is the 6 x 6 overall stiffness matrix of composites, ¢ = {¢; ¢y ¢3 ¢4 ¢5 6} is

the 6 x 1 thermal stress vector defined as ¢ = —Cm where m is a vector listing the
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linear thermal expansion coefficients, AT is temperature gradient. Note that because
the mechanical problem is analyzed on a composite, homogenized effective stress and

strain need to be used instead of stress and strain of a single material.

The elastic constants of the constituent materials can be homogenized to obtain
the effective elastic constants of the composites. Several models have been proposed
to obtain the effective elastic moduli in terms of atomic percentage and phase
geometry. For example, Hashin-Shtrikman bounds have been used to bracket the
actual magnitudes of the moduli for two-phase and multi-phase systems [111].
Self-consistent approaches have been applied to calculate effective elastic moduli for
aligned fiber composites [112] and two-phase media reinforced by randomly oriented
inclusions of various shapes [113]. The Mori-Tanaka method [114] was applied by
Chen et al. to evaluate the effective elastic moduli of multi-phase composites
reinforced by aligned fibers or platelets and similar systems with randomly oriented
reinforcement [115]. Benveniste et al. have identified conditions limiting the use of
the self-consistent and Mori-Tanaka methods in multi-phase systems [116]. Dvorak
and Benveniste have commented on their extensive similarities [117]. Reiter et al.
calculated the elastic response of micromechanical systems consisting of piecewise
homogeneous layers by using both Mori-Tanaka and self-consistent methods. It was
found that the Mori-Tanaka method gives a better prediction of the mechanical
behavior for composite materials with a well-defined continuous matrix and
discontinuous second phase, while the self-consistent approach is more accurate for
graded materials with a skeletal micro-structure in wide transition zone between
matrix phases [118]. For this reason, Mori-Tanaka method is adopted in this work

to obtain the effective elastic moduli of the Si/Ge nanocomposites.

The Mori-Tanaka method provides a way to predict the elastic properties of
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two-phase composites according to the inclusion’s volume fraction and geometry. In
Mori-Tanaka method, the average inclusion strain is related to average matrix strain
and the inclusion interaction effects are approximately accounted for. The method is

summarized as follows.

Composites reinforced by aligned fibers are often transversely isotropic. If the
axis of symmetry is chosen as parallel to the z-axis of a Cartesian coordinate system,

then the elastic response of a transversely isotropic solid may be described in the

form [119]:
How +0y) K L Ex+ &y
(o E N €z
Op — Oy = 2M(5:L" - gy) ) (47)
Ogy = Mga:ya Oyz = PEyz: Ogz = Pexz )

where KC is the plane-strain bulk modulus for lateral dilatation without longitudinal
extension, N is the modulus for longitudinal uniaxial straining, £ is the associated
cross modulus, M is the rigidity modulus in any transverse direction and P is the
shear modulus for longitudinal shearing. For an isotropic material, these moduli are

related to the bulk and shear moduli K and G as:

1 2 4
K=K+ 3G, L=K- 3G, N=K+G, M="P =G. (4.8)

Elastic constants of single crystal Si and Ge in an arbitrarily oriented coordinate
system can be obtained from the literature [120]. It has been shown that, for the

temperature range of 300-800 K we considered in this work, doping and temperature
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effects on the elastic constants of single crystal Si and nanostructured n- and p- type
Si/Ge composites are negligible [121, 122]. In this work, we take (100) direction as
the longitudinal direction of the actuators and assume the in-plane elastic constants
are isotropic. For a two-phase composite system, the effective elastic constants in Eq.

(4.8) can be obtained by [115]:

B 2ViPm + Vi (Ps + Pu)
- KMo + (Ko + 2Mo) (Vi Mo + Vi M )
© _ ViK (Ko + M) + Vil K (K p + M,y,)
B V(Ko + M) 4+ Vi (K + M,y,)
Lo ViLi (K + Mp) + Vi £in(Ky + M)
Vil + M) + Vi (Ky + M)
L~ Lo
f = vm

where the subscripts f and m represent the fiber and matrix, respectively, and Vy and

Vm are the volume fractions of the fiber and matrix, respectively, with Vy +V,, = 1.

The stiffness matrix C in the constitutive law can be obtained from Eq. (4.8)

with the effective elastic constants calculated from Eq. (4.9), i.e.,

K+M K=M £ 0 0 0
K-M K+M £ 0 0 0
c L N 0 0 0
C= (4.10)
0 0 M 0 0
0 0O 0 0 P 0
0 0 0 0 0P
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The overall thermal stress vector ¢ of the composite material can then be found in

the form [123],

c=c,+(C—-C,)(C,n—Cs) em—cy). (4.11)

In our case, composites with fibers as inclusions in the TAs can be treated as plane
strain problem, so o,, = 0 and o,, = 0. Then the stress-strain relation, Eq. (4.6),

can be simplified as

o K+M K-M 0 € c1
o, (=|K-M K+M 0 e, (T4 e AT, (4.12)
o 0 0 M Exy 4

The temperature dependence of linear thermal expansion coefficients of Si and
Ge have been studied extensively [124]. An empirical expression was given by Okada
and Tokumaru for Si thermal expansion from 120 to 1500 K [125]. Reeber and Wang
used a semi-empirical quasi-harmonic model to fit available data for Si and Ge from
near 0 K to the vicinity of their respective melting points and obtained the following

relation [126]

4 2 9.
_ (0:/T)" ™/
ay =3 X; P (4.13)

i=1

where ay is the volume thermal expansion, ;s and X;s are fitting parameters, whose
recommended values for Si and Ge can be found in Table 2 of [126]. Assuming
isotropic thermal expansion, the linear thermal expansion coefficients of Si and Ge
are obtained as 1/3 of their volume thermal expansion. With elastic and thermal

expansion properties of the nanocomposite material obtained, the mechanical analysis
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is performed by using the linear elasticity theory, i.e.,

V.o=0 (4.14)

4.3.2 Thermal analysis

As heat transfer is dominated by conduction in electric current heated slender
beams, convection and radiation are neglected. The temperature distribution in

actuator beams is obtained by solving the Fourier heat conduction equation,

V- (kVT)=—J?/o, (4.15)

where J is the current density. Note that k; contains both phonon and electronic
contributions: k; = k,+ k. where k), is the phonon thermal conductivity and &, is the

electronic thermal conductivity.

The solution of Eq. (4.15) is challenging for nanocomposite materials. First, for
Si/Ge nanocomposites, when the characteristic length of the nano-fibers is less than
a hundred nanometers, ballistic phonon transport dominates. Interface scattering
plays an important role in the thermal resistance of the material [94]. The phonon
thermal conductivity needs to be determined by using ballistic transport models.
Second, the thermal conductivity also depends on mechanical strain [46, 79]. In
the coupled thermo-mechanical analysis of the TAs, the strain effect on the thermal
conductivity needs to be considered. Third, the electrical conductivity of doped
Si/Ge nanocomposites can be different from that in the bulk materials. Various
scattering effects need to be included along with the temperature effect. These issues

are addressed as follows.
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4.3.2.1 Thermal conductivities modeling of doped Si and Si/Ge

nanocomposites

The calculation of phonon thermal conductivity of doped Si and Si/Ge
nanocomposites has been discussed in Chap. 2. The main procedure is repeated
briefly as follows. With deformation information obtained from mechanical analysis,

F is related to u by

Fii Fip O
F = Fo1 Fa 0 (4.16)
0 0 1
1 G G= 0
= Ge 14520 (4.17)
0 0 1

With the above deformation gradient tensor, phonon dispersion relations are
calculated. Then the strain and temperature dependent bulk phonon thermal
conductivity of Si and Ge is computed by Slack relation given by Eq. (2.17) and
phonon thermal conductivity of Si/Ge nanocomposites is calculated by solving
BTE, Eq. (2.27), in a 2-D unit cell of the nanocomposite material as shown in Fig.
3.7 by finite volume method with periodic boundary conditions and diffuse

mismatch interface conditions shown in Eq. (2.32).

The electronic thermal conductivity, k., is calculated from the Wiedemann-Franz
law, k. = L.oT . We consider a doping level of 2 x 102°cm ™3 for the TAs in this
work thus the value of metal is used for L,. Note that, since the electronic thermal

conductivity, k., is only a small fraction of the total thermal conductivity, k;, the
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strain effect on the electronic thermal conductivity is not considered.

4.3.2.2 Electrical conductivity modeling of doped Si and Si/Ge

nanocomposites

The electrical conductivity o is calculated from the analytical model based on
BTE under relaxation-time approximation described in Chap. 3. Here doped Si and
Si/Ge nanocomposites are assumed to be n-type with a carrier concentration of
2 x 102%m=3. Three-band transport is considered by calculating the contribution
from two conduction bands, one close to the X point and one at the L point, and
one valence band at the I' point. Results indicate that contributions from L
conduction band and I' valence band are negligible at the carrier concentration and
temperature considered here. Nonparabolicity and anisotropicity are accounted for
in the dispersion relation of electrons. For doped Si, ionized impurity (II) and
phonon deformation potential (DP) scatterings have been included in the carrier
transport. For Si/Ge nanocomposites, in addition to II and DP scatterings, grain
boundary (GB) scattering (interface scattering) is also included. Matthiessen’s rule
is used to obtain the total relaxation time accounting for all the scattering
mechanisms. Detailed expressions for X conduction band are listed in Table 3.1.
Note that, as a limitation of the current model, strain effect on the electrical

conductivity is not considered.

4.3.3 Main Procedure

In the main computational procedure for the electro-thermo-mechanical analysis
of the TAs as shown in Fig. 4.2, for a given input current density J, T'= Ty = 300K

and € = 0 are specified as the initial conditions. Heat conduction equation with
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Joule heating is solved to obtain the temperature distribution in the actuator. The
temperature change is then used in the mechanical analysis as discussed in Chap.
4.3.1. After the displacements, strain and stress are computed, the strain and
temperature dependent phonon thermal conductivity, the temperature dependent
electronic thermal conductivity and electrical conductivity are calculated as
described in Chap. 4.3.2. The updated material properties are then used to solve
the thermal and mechanical equations again. The iterative procedure continues

until a converged solution is obtained.

A

To = 300K—— V - (k;VT) + J?/o(T) =0
T
AT=T-T,

o = Ce +c(T)AT

A4

V.-o=0

€

Y

ki(e,T) =kp(e,T) + ke(T)

BT <10

Yes No

End

Figure 4.2: Computational procedure for the electro-thermo-
mechanical analysis of the thermal actuators.
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4.4 Results and Discussion

4.4.1 Properties of Si and Si;_,Ge, nanocomposites

The strain and/or temperature dependent mechanical, thermal and electrical
properties of bulk Si and Si;_,Ge, nanocomposites are investigated in this section.
Elastic constants and linear thermal expansion coefficients of Si and Si;_,Ge,
nanocomposites are shown in Figs. 4.3 and 4.4, respectively. In these two figures, x
is the atomic percentage of Ge and x = 0 is corresponding to bulk Si. Figure 4.3
shows the relation between elastic constants and x. As x increases, the elastic
constants decrease linearly due to the lower elastic constants of Ge. With x
increasing from 0 to 0.2 (i.e. 20%), the elastic constants decrease by 6.3%, 8.2% and
5.0% for Ci1,C1o and Cyy, respectively. The atomic percentage of Ge has a
significant effect on the linear thermal expansion coefficient, as shown in Fig. 4.4.
Comparing SiygGego nanocomposite with the bulk Si, 25.6% and 15.2% increase of
the thermal expansion coefficient are observed at 300 K and 800 K, respectively.
This result can be attributed to the large difference in thermal expansion

coefficients between Si and Ge.

Figure 4.5 shows strain and temperature dependent phonon thermal conductivity
of single crystal Si between 300-800 K calculated from Eq. (2.17). A maximum 2%
plane strain is considered here. In Figs. 4.5-4.7, the strains are corresponding to Fy; =
Fy = 0.98, Fi5 = Fy; = 0 for compressive strain and Fi; = Fyy = 1.02, Fio = F5; =0
for tensile strain. It is shown in Fig. 4.5 that the compressive strain increases the
bulk phonon thermal conductivities by about 23% while the tensile strain introduces
about 20% decrease in the temperature range we consider here. As temperature

increases, strain effect decreases slightly. The phonon thermal conductivities of the
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Figure 4.5: Strain and temperature dependent phonon thermal
conductivity of bulk Si between 300-800 K.

single crystal Si decrease as temperature increases. Similar behavior is observed in

the phonon thermal conductivity of bulk Ge (not shown here).

Figure 4.6 shows the phonon thermal conductivity of a SipgGego nanocomposite
calculated from Eq. (2.37) as a function of strain and temperature. In this
nanocomposite the embedded Ge nanowires are assumed to have 10 nm x 10 nm
cross-sections. Similar to the bulk Si case, a compressive/tensile strain
increases/decreases the phonon thermal conductivity of SipgGeps nanocomposite.
However, the phonon thermal conductivity variation due to the strains (<10%) is
much smaller than that in bulk Si. A decrease in the phonon thermal conductivity
with increasing temperature is also observed. Once again, the phonon thermal
conductivity variation in the SiggGeg o nanocomposite from 300 K to 800 K is much
less than that in the bulk Si, indicating the dominance of interface scattering over

the Umklapp scattering.
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Next we calculate the phonon thermal conductivity as a function of strain and
atomic percentage of Ge. For the rest of this section, we fix the cross-section of the
Ge nanowire inclusions to be 10 nm x 10 nm in a unit cell as shown in Fig. 3.7 and
adjust the atomic percentage of Ge by varying the size of the unit cell, Lg;. Again,
x = 0 is corresponding to bulk Si. As shown in Fig. 4.7, at 300 K the phonon
thermal conductivity decreases quickly with growing atomic percentage of the Ge
nanowire. When the interface scattering becomes significant as the volume fraction
of Ge increases, the strain effect on the phonon thermal conductivity becomes less

obvious.
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Figure 4.8: Temperature dependent electrical conductivity of
Si;_,Ge, nanocomposites for different atomic percentage of Ge.

Figure 4.8 gives the electrical conductivities of doped bulk Si and Si;_,Ge,
nanocomposites as a function of temperature for different atomic percentage of Ge.
The curve with o = 0 represents electrical conductivity of doped bulk Si. The

electrical conductivity results show that, while electrical conductivity decreases as
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temperature increases, the difference between bulk Si and Si/Ge nanocomposites is
small, especially at high temperatures. This implies that, in the nanocomposites
considered here, grain boundary (interface) scattering of electrons is not significant.
From the results shown in Figs. 4.7 and 4.8, it is clear that, due to the large
decrease of phonon thermal conductivity in the nanocomposites, the electrical to
thermal conductivity ratio of Si/Ge nanocomposites is much higher than that of

bulk Si or Ge materials.

4.4.2 Thermal and mechanical performance of TAs

In this section, by using the multi-scale model described in Chap. 4.3, we perform
computational analysis of nanocomposite thermal actuators. We consider a V-shaped
and a U-shaped nanocomposite TAs. Their geometry parameters shown in Fig. 4.1

are listed in Table 4.1.

4.4.2.1 V-shaped thermal actuator

As shown in Fig. 4.1 (a), the two ends of the V-shaped TA are fixed. The
temperature at the two ends is maintained at 300 K. Under a given current going
through the TA, the temperature distribution along the length of the V-shaped TA
beam is computed. Figure 4.9 shows the variation of temperature distribution with
respect to the length of the nanocomposite part, L., and the atomic percentage z
in Si;_,Ge, for a current of 27 mA (i.e., current density is 56.25 x 10°A/m? when
the thickness of the beam is 30um). The curve with L. = 0 and z = 0 is the
temperature distribution when the nanocomposite is not used. In comparison, beams
containing Si/Ge nanocomposites obtain higher temperatures with the same input

current. It is shown in the figure that there is a rapid temperature increase in the
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Table 4.1: Geometry parameters used for the calculation of V-
shaped and U-shaped thermal actuators.

Parameters V-shaped TA U-shaped TA
L (um) 600 240

Ly (pm) 210

Ly (um) 9

L. (um) 40, 80, 120, 160, 200 20, 40, 80, 120
W (um) 16 37

wy (pum) 4

wy (pm) 4

ws (um) 25.5

0 (degree) 1

thickness (pm) 30 20

nanocomposite region. The elevated temperature is maintained with a relatively small
variation in the Si region of the beam. Comparing the curves with the same x, it
is shown that increasing the length of the nanocomposite part extends the region of
rapid temperature increase, resulting a higher temperature in the middle Si region.
Comparing the curves with the same L., it can be observed in Fig. 4.9 that increasing
atomic percentage of Ge in the Si/Ge nanocomposites is equivalent to increasing the
rate of temperature change in the nanocomposite region, resulting again a higher
temperature in the middle Si region. This is due to the reduction of the phonon
thermal conductivity with increasing x, as shown in Fig. 4.7, and thus the increase
of electrical to thermal conductivity ratio. From Eq. (4.3), it is obvious that a large
temperature increase will give a large actuation displacement. Figure 4.10 shows

the tip displacement of the V-shaped TA as a function of L. and z. Among the
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Figure 4.10: Tip displacement of V-shaped thermal actuator as a
function of the length of the nanocomposite part and the atomic
percentage of Ge in Si;_,Ge,.
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results shown in Fig. 4.10, the maximum tip displacement reaches 5.8um when the
nanocomposite SiggGego with a length L. = 200um is used. Compared to the tip
displacement of 0.53um for the pure Si beam, an 10-fold displacement increase is

obtained.
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Figure 4.11: Variation in temperature distribution along V-
shaped thermal actuator beam with respect to the length of
Sig sGeg o nanocomposite.

As discussed previously, a very high temperature may not be desirable in practice.
An allowable temperature is typically imposed for the safe operation of the TAs. For
this reason, the maximum temperature in the beam is enforced to be 528 K. For
different combinations of L. and x of the Si;_,Ge, nanocomposites, the input current
density is adjusted so that the maximum temperature in the beam is 528 K for all
cases. Figs. 4.11 and 4.12 show the temperature distribution and the tip displacement

of the TA, respectively, when Sig sGeg» nanocomposite is used. As shown in Fig. 4.11,
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Figure 4.12: Maximum displacement of V-shaped thermal
actuator for different length of SiggGego nanocomposite.

when the length of the nanocomposite region, L., increases, to keep the maximum
temperature the same, the current must be reduced. However, even with a reduced
current density the temperature in the Si region still becomes higher for a larger L..
Note that the current density represents the power consumption in this case. The
tip displacements shown in Fig. 4.12 indicate that, compared to the pure Si thermal
actuator, the maximum tip displacement is increased by about 40% and the power
consumption is decreased by about 50% when the nanocomposite SipsGego with a

length L. = 200pum is used.

Next we fix the size of the Si/Ge nanocomposite in the TA beam and
investigate the effect of the composition of the nanocomposite material.

Figures 4.13 and 4.14 show the temperature distribution and the tip displacement of
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the TA for different atomic percentage of Ge in the Si;_,Ge, nanocomposites.
Again, for the same maximum temperature, a larger atomic percentage of Ge gives
a larger temperature increase in the beam. A larger tip displacement can be

achieved with a smaller power consumption.
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Figure 4.13: Temperature distribution along V-shaped thermal
actuator beam for different atomic percentage of Ge in Si;_,Ge,
(L. = 200pm).

Figure 4.15 shows the undeformed (black) and deformed (red) beam of V-shaped
TAs. The deformation is obtained when the SiygGeg o nanocomposites with a length
of L. = 200um is used in TA beams with a current of 27 mA passing the beam.
In order to make the deformation clear, both x and y direction deformation has
been enlarged 50 times. This figure shows that thermal expansion caused by Joule
heating generates in-plane deflection in a V-shaped TA and the tip has the largest

deformation.

121



|| I J=121.1 A/mm?
B )=88.3 A/mm?
Bl )=72.7 Almm?
| I J=56.25 A/mm?

5k
4
3
2L
1+
0 1

0.05 0.1 0.15
X (Atomic percentage of Ge)

ma (UM

Uy

Figure 4.14: Maximum displacement of V-shaped thermal
actuator for different atomic percentage of Ge in Si;_,Ge,.

122



€cl

300—

250

200—

W (um)

100—

50—

Figure 4.15: Deformed and undeformed beams of V-shaped thermal actuator (deformation has been scaled up by

a factor of 50).

T T
Black: undeformed TA beam
Red: deformed TA beam

S R
AR O

AR by ey
R AR R R KR PRADR DR R

S R L G FERAHE

o P S A I S S IS NS
N R N S S AN SIS
Y R B DR o R

KK

400 600 800 1000

1200




4.4.2.2 U-shaped thermal actuator

The performance of Si/Ge nanocomposites in a U-shaped TA (Fig. 4.1 (b)) is also
investigated. The two ends of the TA are fixed. The nanocomposite material is placed
at the end of the upper (hot) beam. The temperature at the two ends is fixed at 300
K. Figure 4.16 shows the temperature distribution along the hot beam for different L.
and z in Si;_,Ge, when the current is fixed at 27 mA. Similar to the V-shaped TA,
the nanocomposite generates a higher temperature along the hot beam with the same
input current. With the atomic percentage of Ge held fixed, a longer nanocomposite
region produces a higher temperature along the length of the beam, leading to a larger
thermal expansion of the beam. With the length of the nanocomposite region held
fixed, a higher atomic percentage of Ge in the Si/Ge nanocomposite also gives a higher
temperature along the length of the beam. Note that the kinks in the temperature
distributions are due to the difference of the electrical to thermal conductivity ratio
between the Si and Si/Ge nanocomposite regions. The large temperature increase
shown in Fig. 4.16 translates into a large actuation displacement shown in Fig. 4.17.
Note that, for the U-shaped TA, the largest displacement occurs at the lower-right
corner of the TA structure. Among the results shown in Fig. 4.17, the maximum
displacement reaches 1.7um when the nanocomposite SigsGego with a length of L. =
120pm is used. Compared to the maximum displacement of 0.24um without using
nanocomposites, an 7-fold displacement increase is obtained. In the analysis of U-
shaped TA with a fixed maximum temperature, similar behaviors and conclusions are
obtained as shown in the V-shaped TA case. For the sake of brevity, the results are

not shown here.
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Figure 4.18: Deformed and undeformed beams of U-shaped thermal actuator (deformation has been scaled up by

a factor of 50).



Again, the undeformed (black) and deformed (red) beam of U-shaped TAs is
shown here in Fig. 4.18. The deformation is obtained when the SipgzGega
nanocomposites with a length of L. = 80um is used in U-shaped TA beams with a
current of 27 mA passing the beam. Again, to show the deformed shape of the TA
clearly, the actual deformation is scaled up by a factor of 50. This figure shows that
thermal expansion caused by Joule heating generates in-plane y-direction deflection

in a U-shaped TA and the free end has the largest deformation.

4.5 Summary

In this chapter, we introduce a concept of thermal actuation using
nanocomposites. To demonstrate the effectiveness of nanocomposite based thermal
actuators, we develop a top-down quasicontinuum multi-scale model for
computational analysis of the nanocomposite based thermal actuators. Numerical
results indicate that incorporating Si/Ge nanocomposites in thermal actuators can
significantly increase their energy efficiency and mechanical performance. For a
given input current, the Si/Ge nanocomposites can increase the actuation
displacement of V-shaped and U-shaped TAs by as much as 10-fold. With a fixed
maximum temperature, inclusion of nanocomposites enable the TAs to achieve a
larger actuation displacement with less power consumption. In addition, parametric
studies show that the size of the nanocomposite region and atomic percentage of the
material components have significant effects on the overall performance of the

actuators.
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CHAPTER 5

CONCLUSIONS

Theoretical and computational models to investigate strain effect on thermal
and electron transport properties of Si/Ge nanocomposite materials are developed in
this thesis. Based on these models, strain effect on thermoelectric figure of merit of
Si/Ge nanocomposite materials and devices is studied. In addition, we propose to
use nanocomposites in thermal actuators to enhance their performance and develop

a model to analyze the multi-scale, multi-physics problem.

Strain effect on the phonon thermal conductivities in Si/Ge nanocomposites is
analyzed by a model combining lattice dynamics and phonon BTE. For a given
strain condition, mechanical strain is translated to crystal lattice deformation by
using the Cauchy-Born rule. Strain dependent scattering properties of Si and Ge
calculated from lattice dynamics with Tersoff empirical interatomic potential are
used in BTE to obtain strain dependent effective phonon thermal conductivity of
nanocomposites.  Ballistic transport within one material and diffuse scattering
between Si-Ge interface are employed in BTE, while BTE is numerically solved on

an unstructured triangular mesh using the finite volume method. Nanocomposites
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with different Si nanowire cross-sections are also investigated. The results show that
the phonon thermal conductivity of the nanocomposites can be significantly
decreased by a tensile strain, or increased by a compressive strain. With the same
length change, hydrostatic strain produces a larger variation in phonon thermal
conductivity than uniaxial strain. In addition, it is shown that with the same
atomic percentage, the cross-sectional shape makes little difference to the thermal

conductivity except at very small characteristic lengths of the Si nanowire.

The strain effect on electrical properties of the Si/Ge nanocomposites are
modeled by an analytical model derived from the BTE under the relaxation-time
approximation with strain induced energy shift and effective mass variation
calculated from deformation potential theory and k - p method. Based on the above
two models, strain effect on figure of merit is investigated in n-type Ge wire-Si host
nanocomposite materials. Our calculations show that uniaxial tensile strain along
(100) direction enhances dimensionless figure of merit in the tension direction in the
300-800 K temperature range, while biaxial tensile strain along [100] and [010]
directions decreases it parallel to tensions at low temperatures and increases it at
high temperatures. Numerical results indicate that dimensionless figure of merit is
decreased by shear strain, compressive uniaxial strain and compressive biaxial
strain. When electron concentration is 10'%cm =3, 1% uniaxial tensile strain increases

the dimensionless figure of merit of SiygGeyo nanocomposites by 14% at 800 K.

Due to the large reduction of thermal conductivity and small electrical
conductivity variation in nanocomposites, we propose to use nanocomposites in
micro thermal actuators to allow a higher temperature increase in a large region of
the actuator beams, leading to significantly increased actuation distance. A

multi-scale, multi-physics model is developed to simulate the thermo-mechanical
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response of nanocomposite based thermal actuators. In the multi-scale model, the
thermo-mechanical response of the actuator due to Joule heating is modeled using
classical continuum theories, while the thermal and electrical properties of doped Si
and Si/Ge nanocomposite materials are obtained from atomistic level descriptions.
An iterative procedure is carried out between the calculations at the two length
scales until a self-consistent solution is obtained. Numerical results reveal that
thermal actuators’ energy efficiency and mechanical performance can be
significantly improved by incorporating Si/Ge nanocomposites in them. In addition,
parametric studies indicate that the overall performance of the actuators is
significantly affected by the size of the nanocomposite region and atomic percentage

of the material components.
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