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Foreword

Silicon is a semiconductor material that is widely used in electronics and photo-
voltaics. In particular, low-dimensional silicon-based nanomaterials are being
increasingly adopted in various silicon-based nanotechnologies, thus attracting
great attention to the thermal transport properties of these materials due to their
nanoelectronic and thermoelectric applications. In silicon-based nanomaterials,
thermal energy is predominantly transported by phonons (i.e., quantized lattice
vibrations). A greater understanding of phonon transport in silicon-based nano-
materials is strategically important to achieving the optimal use of silicon-based
nanostructures in various thermal-related applications. In the past decade,
Dr. Hai-Peng Li and Prof. Rui-Qin Zhang have systematically investigated the
thermal properties and phonon transport in silicon-based nanomaterials, including
nanoclusters, nanowires, and nanosheets, through the use of computational meth-
ods. Their research findings on the thermal transport properties of silicon-based
nanomaterials are summarized in this SpringerBriefs entitled “Phonon Thermal
Transport in Silicon-Based Nanomaterials”.

In this book, the authors, Hai-Peng Li and Rui-Qin Zhang, first provide both
theorists and experimentalists with an introduction to the current computational and
experimental techniques of nanoscale thermal transport and then cover the appli-
cations of silicon-based nanostructures in renewable energy, such as thermo-
electrics. The book is organized into six chapters. Chapter 1 introduces the research
background, briefly reviews the recent research advances, and presents the objec-
tives of the book. Chapter 2 presents a review of the theoretical and experimental
methods for determining the thermal conductivity of nanostructures available in the
literature. Chapters 3, 4, and 5 provide comprehensive reviews of the theoretical
studies on this particular topic, which were partially performed by the authors over
recent years. These studies cover the following specific subject matters: thermal
stability and phonon thermal transport in spherical silicon nanoclusters; phonon
thermal transport in silicon nanowires and its surface effects; and phonon thermal
transport in silicene and effects due to defects therein. Chapter 6 presents the
summary and concluding remarks.
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This book offers a timely and extensive introduction to the current and com-
monly used theoretical and experimental techniques for determining the thermal
conductivity of nanomaterials. The authors’ research findings presented in this book
also highlight the immense potential of various silicon-based nanomaterials for
applications in electronics, thermoelectrics, and solar thermal technologies. With
content relevant to both academic and practical points of view, the book will
interest researchers and postgraduates as well as technologists in the nanoscience
and renewable energy areas. Therefore, the book should be a highly valuable
reference for the community of researchers in the fields of condensed matter physics
and nanomaterials science and for postgraduate students who would like to learn
these techniques and applications.

Hong Kong, China Michel A. Van Hove
July 2018 Fellow of the APS, AVS, and IoP
Head and Chair Professor of the

Department of Physics

Hong Kong Baptist University
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Chapter 1 ®)
Introduction Check for

The past decades have witnessed rapid progress in the silicon-based semiconductor
industry driven by the constant demand for an improvement in the performance
and functionality of silicon integrated circuits (ICs) and lower manufacturing costs.
This progress is attributed to the significant advances in micro/nanofabrication
technology that have resulted in the continuous miniaturization of microelectronic
devices. Since the 1960s, the feature size of semiconductor transistors has been
shrinking 30% every three years, and the number of transistors in an IC doubles
roughly every two years, as governed by Moore’s law [1]. By the end of 2017, Intel
Corporation began producing a 10 nm chip that can pack 100 million transistors
per square millimeter. The present 10 and 7 nm technologies are not the end. Some
leading manufactures keep discovering newer technologies to uphold Moore’s law
to its maximum possibility. So, the trend toward miniaturization will continue in
microelectronic chips and will also apply to other technologies, such as cell phones,
larger memory banks, digital products, and so on.

The temperature at the chip level within silicon microprocessors rapidly increases
because of the increased transistor package density and the shrinking device dimen-
sions in electronic circuits [2]. Particularly, the rapidly increasing on-die heat gener-
ation can result in on-die hot spots which adversely affect the performance and relia-
bility of the device. As such, heat dissipation and heat management have become the
“bottleneck” in the development of computer chips. Similar thermal issues have also
been encountered in optoelectronic and photonic devices, such as infrared detectors
and semiconductor lasers, the device material properties of which are often tempera-
ture sensitive. Therefore, the search for materials that conduct heat well has become
very essential for the design of the next generation of ICs and nanoelectronic devices.
Addressing the thermal issues in nanoelectronic devices requires better understand-
ing and controlling of the energy dissipation and thermal transport in nanoscale
devices, and this need has recently attracted the attention of scientists all over the
world.

© The Author(s), under exclusive licence to Springer Nature Singapore Pte Ltd. 2018 1
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2 1 Introduction

This renewed interest in nanoscale heat transport also has important implications
for many other technologies, an important example being thermoelectric (TE) cool-
ing and power generation based on the TE effect [3]. The TE effect refers to the direct
conversion of temperature differences to electric voltages and vice versa (Fig. 1.1).
TE generators can convert the heat generated by various sources, including solar
radiation, automotive exhaust, and industrial processes, into electricity. A TE refrig-
erator has no moving parts and does not require a Freon refrigerant. Pop et al. [4]
developed a novel strategy for keeping computer chips cool using a chip-scale TE
cooler and reported that a TE cooler can lower the temperature of a small hot spot
on a large chip by nearly 15 °C. TE devices have many advantages, such as compact
size, energy-saving properties, and environmental protection, and are thus attracting
considerable attention in the research community that aims to solve current energy
challenges.

The efficiency of TE devices is characterized by the figure of merit, ZT = a*0 T/,
of the material, where « is the Seebeck coefficient, o is the electrical conductivity,
T is the absolute temperature, and « is the total thermal conductivity. The larger the
value of ZT, the better the efficiency of the TE cooler or power generator. Devices
with ZT > 1 are considered good TEs; however, a ZT >3 is required for commercial
use. While there is no theoretical limit for the maximum ZT, the best bulk TE
materials found so far, such as Bi,Te;, PbTe, and Si;_,Ge,, have shown a maximum
ZT value of about 1 (Fig. 1.2), which restricts the large-scale application of TE
technology [5]. Therefore, finding an effective way to improve the TE efficiency
has become a key issue in current TE research.

However, the high TE conversion efficiency, governed by the dimensionless figure
of merit ZT, requires simultaneously high electrical conductivity and Seebeck coef-
ficient yet low thermal conductivity, which are rather difficult to obtain in a single-
phase material due to the fact that these physical property parameters are all inter-
related [6]. Figure 1.3 provides a guide for the evolution of the different parameters
versus the carrier concentration [3]. For example, it is practically impossible to inde-
pendently modulate both the electrical conductivity and the Seebeck coefficient.
They also evolve in the opposite direction when changing the carrier concentration.
On the other hand, the thermal conductivity changes very little over small concen-
tration range and increases remarkably above a certain value. Therefore, identifying
materials with a high thermoelectric ZT has proven to be an extremely challenging
task. After 30 years of slow progress, TE materials research experienced a resur-
gence in the early 21st century, as shown in Fig. 1.2, inspired by the development
of new concepts and theories to engineer electron and phonon transport in both bulk
and nanostructured materials [7]. For example, the “phonon-glass, electron-crystal”
concept remains a strong driver in TE materials research, resulting in new high-
performance materials and an increased focus on controlling structure and chemical
bonding to minimize irreversible heat transport in crystals [8, 9]. In nanostructures,
quantum and classical size effects provide opportunities to tailor the electron and
phonon transport through structural engineering. Quantum wells, superlattices, quan-
tum wires, and quantum dots have been utilized to tune the band structure, energy lev-
els, and density of states of electrons and have led to the improved energy conversion
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Fig. 1.1 Schematic of TE module showing the direction of charge flow in cooling and power
generation. Reprinted with permission from Ref. [3], copyright (2008) by Springer Nature

capability of charged carriers compared to that of their various bulk counterparts
[10-12]. Interface reflection and the scattering of phonons in these nanostructures
have been employed to reduce the thermal conductivity [13—15]. Increases in the
TE figure of merit based on size effects for either electrons or phonons have been
demonstrated [16, 17].
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(green) versus carrier concentration. The trends are modelled for Bi, Tes. Reprinted with permission
from Ref. [3], copyright (2008) by Springer Nature
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Fig. 1.4 Schematic illustration of low-dimensional silicon nanomaterials. Reprinted with permis-
sion from Ref. [22], copyright (2011) by John Wiley & Sons

Contrary to thermoelectricity, which requires the lowest possible heat conductiv-
ity, heat dissipation in electronic chips requires the opposite, that is, a higher heat
dissipation rate [18]. In order to achieve any of these contradictory effects, a better
understanding of thermal transport mechanisms is required. Lastly, phonon trans-
port represents just one aspect of a larger understanding about phonons which also
includes their generation, detection, and manipulation [19]. While this field is lag-
ging behind its photonic counterpart, a strong research effort in this direction offers
interesting prospects [20].

The development of nanotechnology has enabled the fabrication of materials with
structures that vary on the order of a few nanometers by using the top-down approach
as well as the bottom-up strategy [21, and references therein]. For instance, to date, as
shown in Fig. 1.4, various silicon low-dimensional nanostructures [22], such as zero-
dimensional (0OD) silicon nanoparticles [23, 24], one-dimensional (1D) silicon nan-
otubes [25, 26] and nanowires [27, 28], and two-dimensional (2D) silicon nanosheets
[29-31], have been synthesized. Thanks to the advances in nanofabrication, it has
become easier to study the impact of such small dimensions on the thermal transport
in silicon-based nanomaterials. This direction of research has produced encouraging
results, and a number of publications on theoretical and experimental studies—on
superlattices and nanowires initially—have emerged [32—40].

In 2003, Li et al. [32] experimentally reported that the room-temperature thermal
conductivity of single crystalline silicon nanowires is one or two orders of magnitude
lower than that of bulk silicon. They also observed a strong diameter dependence.
Surface roughness has also been experimentally shown to further reduce the thermal
conductivity of nanowires, resulting in a 100-fold improvement in the TE efficiency
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compared with that of bulk silicon at room temperature [16]. Such experimental
findings have resulted in great interest in research on phonon thermal transport
in nano-silicon. Extensive studies on the thermal conductivity of various silicon
nanowires, such as core-shell nanowires [33], surface-decorated nanowires [34],
and superlatticed nanowires [35, 36], have now been conducted using theoretical
methods as well as experimental measurements.

Heat transport in thin films has also received considerable attention. Experimen-
tal and theoretical studies [37-42] have been conducted to investigate the thermal
conductivity of the various silicon nanofilms used in microelectronics, photonics,
and TEs. Our research team and others have been theoretically studying the thermal
conductivity of silicene, which is a graphene-like monolayer structure of silicon. A
few strategies have also been used to reduce thermal transport in silicon nanosheets,
including adding substrates [43, 44], heterostructuring [45], surface functionalization
[46], and defects [47-51]. These studies provide significant guidance for experimen-
tal realization.

To date, studies on the thermal transport in silicon nanoparticles are fewer than
those on nanowires and nanosheets; however, these studies will become increas-
ingly important because of the developments in nanoparticle applications [52, 53].
For example, SiGe nanocomposites embedded in the germanium (Ge) matrix are
promising candidates for TE devices [10, 54]. More recently, periodic patterning has
attracted much attention in relation to controlling heat flow with phononic crystals
in similar ways to how light is controlled with photonic crystals [55, 56].

Over the past decades, we and coworkers have performed systematic theoreti-
cal studies on different aspects of silicon-based nanomaterials, such as structures,
growth mechanisms, and properties, aiming to fill the deficiencies in the field. In
the SpringerBriefs [57] published in 2014, Prof. R. Q. Zhang provided a compre-
hensive review of his group’s quantum-mechanical calculations on various possible
silicon nanostructures for their growth mechanism, structural and chemical stability,
excited-state property, and energy-band engineering. Following this previous book,
in the present Brief, we focus on reviewing our recent molecular dynamics studies on
the thermal properties of silicon-based nanomaterials [18, 48, 58—62] such as 0D sil-
icon clusters, 1D silicon nanowires, and 2D silicene. The book specifically includes
the size effect of thermal stability and phonon thermal transport in spherical silicon
nanoclusters, the surface effects of phonon thermal transport in silicon nanowires,
and the defects effects of phonon thermal transport in silicene. The findings presented
in this book can provide insight into and predict the thermal transport properties in
silicon-based nanomaterials critically needed by experimentalists. Additionally, we
specifically review the advance in theoretical and experimental methods for determin-
ing the thermal conductivity of nanostructures available in the literature; this review
will provide a very helpful reference for young researchers, including graduate-level
students getting ready to embark on research in this new field.
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Chapter 2 ®)
Theoretical and Experimental Methods e
for Determining the Thermal

Conductivity of Nanostructures

2.1 Concepts and Foundations

2.1.1 Thermal Conductivity

Heat transfer by conduction (or heat conduction) refers to the transfer of thermal
energy within a material, without any movement of the material as a whole. This
transfer occurs when a temperature gradient exists in a solid material. If different
parts of an isolated solid are at different temperatures, then thermal energy transfers
from the hotter regions to the cooler ones until eventually all areas reach the same
temperature. Thermal conductivity is the intrinsic property of a material that describes
its ability to conduct heat. That is, heat transfer across materials with high thermal
conductivity occurs at a higher rate than that across materials with low thermal
conductivity.

The empirical relationship between the conduction rate of a material and the tem-
perature gradient in the direction of energy flow was first formulated in 1822 by
Joseph Fourier. Fourier concluded that “the heat flux resulting from thermal conduc-
tion is proportional to the magnitude of the temperature gradient and opposite to it
in sign” [1]. This observation called Fourier’s law may be expressed as

J=—«kVT, 2.1)

which resolves itself into three components: J, = —« %—f, Jy = —« %—;, and J, =

—K % J is the heat flux defined as the amount of heat Q transported through the unit
cross-sectional area per unit time (in W/m?), « is the thermal conductivity tensor
(in W/mK), and VT is the temperature gradient (in K/m). The negative sign in

Eq. (2.1) indicates that the positive heat transfer direction is opposite the temperature
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gradient. Generally, « is treated as a constant for small temperature variations but
is temperature-dependent in a wide temperature range. k varies with the crystal
orientation and is represented by the tensor «,, in anisotropic materials. However, «
is reduced to a scalar variable in a material with a cubic isotropy. Fourier’s law thus
provides the quantitative definition of thermal conductivity for bulk materials and
nanostructures [2] and forms the basis of experimental and theoretical methods for
determining the thermal conductivity.

2.1.2 Phonon and Electron Contributions

Atoms in a real crystal are not fixed at rigid sites on a lattice but are vibrating. In a
periodic structure, vibrations have a waveform with spatial and temporal parts,

u(r, t) = uge’® e (2.2)

where uq is the amplitude, r is the lattice site, k is the wave vector, and w is the
frequency of the vibration modes. A phonon is a quantum mechanical description
of a special type of vibrational motion in which a lattice uniformly oscillates at the
same frequency. In classical mechanics, this state is known as the normal mode,
which is a wave-like phenomenon that exhibits particle-like properties in the wave-
particle duality of quantum mechanics. Often referred to as a quasiparticle, a phonon
represents a quantized excitation of the modes of vibrations. Similar to an electron,
a phonon also has energy and momentum and thus can conduct heat. Phonons play
a major role in many of the physical properties of solids, including the thermal and
electrical conductivities of the material.

In a solid, thermal energy is carried both by electrons and phonons. As such, the
thermal conductivity « consists of two components, i.e., kK = k}, + k., where «;, and
ke denote the phonon (lattice) thermal conductivity and the electron thermal con-
ductivity, respectively. In metals, «. is dominant because of the large concentrations
of free carriers. The same mobile electrons that participate in electrical conduction
also take part in heat transfer. For example, in pure copper (one of the best metallic
heat conductors), k ~ 400 W/mK at room temperature, and «;, is limited to 1-2% of
the total value [3]. Measurements of the electrical conductivity (o) define « . via the
Wiedemann-Franz law, as follows: k./o =LT, where the constant of proportionality
L is called the Lorenz number. By contrast, k. in dielectric and undoped semicon-
ductors is negligible, and phonons dominate the heat transfer at low temperatures
because of the lack of valence electrons. For example, the electron contribution to the
thermal conductivity of bulk silicon has been experimentally determined as approx-
imately 0.65 W/mK at 1000 K (approximately 2% of the total value of 31.0 W/mK)
and can be negligible below 1000 K [4, 5]. The prediction of thermal conductivity
in nonmetals such as silicon requires the accurate description of phonon behavior or
the atomic trajectories in the lattice.
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2.1.3 Diffusive and Ballistic Phonon Transport

According to quantum mechanics principles, energy carriers in solids, such as
phonons and electrons, have both wave-like and particle-like characteristics [6].
Parameters related to the wave-like characteristics of phonons include wavelength
and coherence. When the size of the sample is comparable with the phonon wave-
length, the standing wave and phonon coherent phenomenon are observed [7]. In
addition, the parameter with the particle-like characteristic is the phonon mean free
path, A, which is the average distance that a phonon particle travels between colli-
sions. Collisions may be caused through phonon scatterings, which mainly involve
two categories: normal phonon-phonon scattering (N process) and resistive scatter-
ing (R process). R process primarily entails the three-phonon Umklapp process,
phonon-boundary scattering, phonon-imperfection scattering, and phonon-electron
scattering. Energy conservation is ensured for both kinds of processes, but the quasi-
momentum of phonons is conserved only in the N process. Taking the three-phonon
scattering as an example (Fig. 2.1), the phonon scattering processes satisfy the con-
servations of energy and quasimomentum,

hwl + ha)z = ha)3, (23)
hkl + hk, = hks + G, (24)

where w; (k;) is the frequency (wavevector) of phonon mode i, and G is the reciprocal
lattice vector that is zero for the N process and nonzero for the Umklapp (U) process.
For two-dimensional (2D) lattices such as graphene, an additional selection rule
applies because of the reflection symmetry perpendicular to the 2D plane [8, 9].

Depending on the sample size, the A value may be comparable or larger than the
object size, [. The thermal transport is diffusive if [ is much larger than A, i.e., if
phonons undergo numerous scattering events. Among these collisions, the thermal
phonon is hydrodynamic if the N process dominates over the R process. By contrast,
in low-dimensional nanostructures, such as nanoparticles, nanowires, and nanoscale
thin films, / is comparable to or smaller than A. In this case, phonons in defectless
structures can propagate without scattering, and the thermal conductivity becomes
ballistic (similar to the ballistic electronic conductivity). Therefore, distinguishing
between diffusive and ballistic phonon-transport regimes is essential.
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Fig. 2.2 Different macroscopic transport phenomena in hydrodynamic and diffusive regimes.
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Specifically, macroscopic transport behaviors remarkably differ between hydro-
dynamic and diffusive regimes [10]. Similar to the mass flux profile of fluid flow
in a tube, phonons exhibit a nonuniform heat flux profile in a hydrodynamic regime
(Fig. 2.2a). The small flux near the boundary is caused by the momentum loss induced
by diffuse boundary scattering. However, the heat flux profile of phonons shows a
uniform shape in a diffusive regime (Fig. 2.2b), because diffusive transport resistance
is mainly induced by intrinsic momentum loss scattering (i.e., U scattering) rather
than by diffuse boundary scattering. U scattering can exist anywhere inside a sample,
thus leading to a uniform heat flux profile. Conversely, in the hydrodynamic regime,
a heat pulse propagates without significant damping such that the invoked pulse can
be transmitted through the sample and finally reach the edge of the sample with an
unchanged pulse shape (Fig. 2.2¢). In the diffusive regime, a heat pulse is severely
damped and cannot propagate (Fig. 2.2d), resulting in the pulse reaching the sample
edge after a relatively long time.

2.1.4 Kinetic Behavior of Phonon Transport

From kinetic theory, the phonon thermal conductivity of isotropic materials, k, is
related to the phonon mean free path (A)/relaxation time (7), as follows:

1 , 1
Kp = §Cv1: = §CVA, (2.5)

where C is the average specific heat capacity and v is the average speed of sound. The
phonon mean free path is related to the relaxation time with A = vt. Although the
specific A or t values are difficult to ascertain without some a priori knowledge of
thermal transport in a given system, Eq. (2.5) qualitatively explains the fundamen-
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Fig. 2.3 Schematic of illustrating various phonon scattering processes in a nanomaterial. Reprinted
with permission from Ref. [13], copyright (2010) by John Wiley & Sons

tal physics and contribution factors of thermal conductivity, which are extremely
important in the study of nanoscale thermal transport. A more accurate expression
for thermal transport based on quantum mechanics can be found in quantum transport
theory [11, 12].

The thermal conductivity in nanostructures is usually less than that in crystals
because the existing complex phonon scattering processes limit the mean free path
of phonons. As illustrated in Fig. 2.3, atomic defects are effective at scattering
short-wavelength phonons, but larger embedded nanoparticles are needed to effec-
tively scatter mid- and long-wavelength phonons. Grain boundaries can also play
an effective role in scattering these longer-wavelength phonons. Therefore, from
the viewpoint of phonon engineering, reduction of phonon thermal conductivity can
be realized using the following major R processes: three-phonon Umklapp scat-
tering, mass-impurity scattering, defect (vacancy) scattering, boundary scattering,
and phonon-electron scattering. Phonon scattering is a highly frequency-dependent
occurrence, thereby making the estimation of the mean free path difficult and prone
to uncertainties from complicated systems.
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2.2 Theoretical Methods for Determining Nanoscale
Thermal Conductivity

2.2.1 Overview of Current Theoretical Methods

Describing thermal conductivity accurately is an important issue for designing nano
devices. Treating thermal transport at nanoscale logically entails theoretical and
experimental methods. Although several methods have been developed to measure
the thermal conductivities of bulk- and nano-structures (as reviewed in the Sect. 2.3),
experimental measurements of nanoscale thermal conductivity still face many diffi-
culties [14], such as the existence of contact thermal and contact electric resistances
between the sample and substrate, and the complexity of clearly defining tempera-
ture under sub-nano sizes. Numerous studies focused on developing theoretical and
computational methods. Initially, kinetic modeling based on the phonon Boltzmann
transport equation (BTE) and simplified molecular dynamics (MD) simulations were
the major tools for identifying phonon thermal conductivity in small model systems.
With the advances in computational physics and technology, MD simulations and
first-principles calculations have become widely used to predict the thermal trans-
port properties of bulk- and nano-structures in recent years [ 15]. The non-equilibrium
Green'’s function (NEGF) method is also developed to handle quantum thermal trans-
port at low temperatures. Monte Carlo or lattice Boltzmann method solutions of the
phonon BTE supplemented with information from first-principles calculation, lattice
dynamics or MD simulations are currently widely used in multi-scale modeling of
nanoscale heat transport [16]. The first-principles method or MD approach explains
what happens at microscale, whereas kinetic theory-based modeling describes the
mesoscopic statistical behavior of phonons.

Many fruitful efforts have also been devoted to the macroscopic description of
phonon transport. Based on generalized heat-transport equations, the macroscopic
approach can describe thermal transport over a wide range of length scales, including
not only the conventional diffusive regime (where heat conduction obeys Fourier’s
law), but also the ballistic and the hydrodynamic regimes. Actually, four basic macro-
scopic models for nanoscale heat transport exist in the literature [9, and references
therein], namely, the phonon hydrodynamic model, dual-phase-lag model, ballistic-
diffusive model, and thermon gas model. Among the available macroscopic methods,
the phonon hydrodynamic model is the most well-known model [17]. The denomina-
tion “phonon hydrodynamics” classically refers to a particular phonon flow regime
with the dominant effect of normal phonon-phonon collisions over resistive colli-
sions, i.e., the hydrodynamic regime. Note that the phonon hydrodynamics is directly
produced from the phonon BTE (which can provide a clear and intuitive physical
picture); thus, phonon hydrodynamics converts the abstract and ambiguous thermal
transport process into a concrete and evident phonon gas flow process [9]. However,
a comprehensive account of the theoretical foundations, development, and imple-
mentation of this approach in various nanostructures remains lacking [18, 19].
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Fig. 2.4 Hierarchical theoretical descriptions of phonon thermal transport at different levels. Drawn
according to Ref. [9]

Figure 2.4 summarizes the current theoretical methods for describing nanoscale
phonon thermal transport at three different levels of descriptions. The microscopic
level provides atomic-scale information. The mesoscopic level produces statistical
information such as the particle distribution function. The macroscopic level uses
only several state variables for continuum media. Interested readers can refer to
review articles and books on the fundamental thermal transport theories of low-
dimensional systems [20-26]. Various theoretical approaches have been commonly
used to investigate thermal transport in silicon-based nanomaterials, including the
phonon BTE [27, 28], MD simulations [29-34], and the NEGF method [35-37].

Next, we briefly review these theoretical approaches.

2.2.2 Phonon Boltzmann Transport Equation

The quasiparticle picture is established for phonons when heat conduction occurs in
adielectric crystal with a characteristic length much larger than the dominant phonon
wavelength [19]. Analogous to the transport equation proposed by Boltzmann [38]
for rarefied gas transport, the following phonon Boltzmann transport equation is first
introduced by Peierls to describe the transport behavior of phonons [39]:

T v =), 2.6)
where f = f(r, t, k) is the phonon distribution function, with f (r, ¢, k)drdk denoting
the probabilistic number of phonons found within the spatial interval (r, r + dr) and
wavevector interval (k, k + dk) at a specific time 7. The phonon group velocity v,
signifies the energy propagating speed of the lattice wave and is determined from
v, = Vo as long as the phonon dispersion relation w = w(k) is available.
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The scattering term C(f) in Eq. (2.6) evaluates the variation of the phonon
distribution function due to the phonon scattering processes. The full expression of
the scattering term is extremely complex because of the nonlinear nature of such
processes. One common simplification is Callaway’s dual relaxation model [40],
which assumes that N and R processes restore the phonon distribution function
separately to a displaced Planck distribution and a Planck distribution, respectively.
Callaway’s dual relaxation model is widely applied in studying the classical phonon
hydrodynamics in low-temperature dielectric crystals [7, 9], where the N process
dominates over the R process. When we focus on non-Fourier heat conduction at
ordinary temperatures where the N process is negligible except for the very special
carbon materials [10, 19], the single-mode relaxation time approximation (SMRTA)

is extensively adopted for the phonon scattering term, C(f) = —f_r—fq, where
the equilibrium distribution function for the R process is the Planck distribution:
fReq = {exp[hw/kgT] — 1}~!. At the steady state under small temperature gradient
where Fourier’s law is valid, the phonon distribution function in the non-equilibrium
state slightly differs from that in the equilibrium state so that the phonon scatter-
ing process can be simplified as the phonon relaxation time tg. Using SMRTA
approximation, Eq. (2.6) could be written in the linearized form as [9],

€q

ofr
fR- Tﬁvg VT. 2.7

Substituting Eq. (2.7) into the microscopic definition of the heat flux as follows:

J = //vgha)f—dﬂd (2.8)
and comparing it with Fourier’s law gives rise to
D a
K = // (7‘:) i Ve dQdo, (2.9)

where D(w) is the phonon density of state function. The spectral specific heat capacity

eq
isdefined as C,, = th(w){"g—‘}. Under isotropic approximation in dielectric crystals,
thermal conductivity is rewritten as,

K= % / Covy(@)T(W)dw. (2.10)

Generally the phonon mean fee path A, relaxation time 7, and group velocity v, are
frequency-dependent, with the relationship A(w) = V, (w)T(w). When applying the
average quantities of A, 7, and v, the phonon thermal conductivity of the isotropic
material is simplified to Eq. (2.5). According to the Debye model, the phonon con-
tributions to the thermal conductivity can be expressed by following Callaway’s
equation [40, 41],
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where kg is the Boltzmann constant, / is Plank’s constant, 6, is the Debye tempera-
ture, v, is the average phonon group velocity, ¢ is the combined relaxation time, and
B = hw/kgT is a dimensionless quantity. Callaway’s approximation considerably
simplifies the collision term and is a milestone in the development of the phonon
heat transport model.

To solve the phonon Boltzmann equation, one must know the phonon dispersion
relation, the group velocity, and the phonon relaxation time. The process starts with
the computation of the interatomic force constants based on density functional theory
[42] or force-field method [43]. Next, the dynamical matrices are used to solve the
BTE with Callaway’s approximation. However, accurately calculating the phonon
scattering ratio requires pre-knowledge of the physical processes of phonon scat-
terings. Four different kinds of phonon scattering processes usually occur, namely,
the three-phonon Umklapp scattering, phonon-mass impurity scattering, phonon-
boundary scattering, and electron-phonon scattering. Based on Matthiessen’s rule
and without considering the coupling relations among these phonon scattering pro-
cesses, the combined relaxation time, 7¢, can be written as

-1 _ =1, 1 _—1_ _~I
Tc =Ty +7, +7, +7,. (2.11)

The relaxation times for N and R processes usually depend on phonon frequency
and crystal temperature. However, unified mathematical expressions for such pro-
cesses remain lacking. Previous works [40, 41, 44—46] adjusted empirical coefficients
in their relaxation time expressions to fit their experimental data of bulk lattice ther-
mal conductivity, which are summarized in Table 2.1. Note that the main difference
of the achieved relaxation time expressions lies in the N and U processes, whereas
those of boundary and mass-impurity scatterings have nearly consistent forms. The
phonon relaxation time can also be calculated by MD simulations [47], where the
anharmonicity is modeled explicitly to all orders.

2.2.3 Molecular Dynamics Simulations

MD simulation is a classical approach that can model the dynamics of each particle
in a system of interest based on Newton’s second law and the empirical force field.
The basics of molecular dynamics are discussed in textbooks [48, 49]. The thermal
transport properties of the system can be calculated after the motion trajectory of
the particles is obtained through the simulation. The MD method based on the force
field does not rely on too many approximations and assumptions on the detailed
phonon processes, which are necessities in phonon BTE solutions. Such a method
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Table 2.1 Relaxation time expressions for N and R processes

—1

Ref. Ty 117 T, 7!
Callaway [40] | Bjw?T? By?T? ve/L Aw?
Mingo [41] Neglected Baw?*Te=C/T ve/ FL Aw?
Morelli [44] By jw?Te=0p.i/3T By 10?T3, By 0T Ve.i/ Loy At
Ward [45] B10*T[1 — e 37/ | Byo*T[1 — e=37/0] | — -
Maldovan [46] | Neglected Bjo*Te=C/T — Aw*

The subscripts m, b denote mass impurity and boundary respectively; The subscript i=1, ¢ denotes
longitudinal and transverse modes respectively; ' means the geometrical factor with the geometrical
characteristic dimension L; A, B, and C are empirical coefficients obtained through fitting the
experimental data; 6p is the Debye temperature. Readapted with permission from Ref. [9], copyright
(2015) by Elsevier

has numerous advantages, such as the ability to simulate large complex structures
[34] while considering atomic level details, including defects [50, 51], strains [52],
and surfaces [23, 53], and accounting for anharmonicity to all orders. The MD method
can also provide detailed mode-dependent information of phonon, such as the phonon
dispersion through the velocity autocorrelation function [54] and the phonon lifetime
using the normal mode analysis [55] or spectral energy density analysis [56]. The
interaction of phonon waves with interfaces and defects have also been simulated
through the wave-packet method [57]. Two different techniques are frequently used
in practice to calculate phonon thermal conductivity of bulk- and nano-structured
materials, namely, equilibrium MD (EMD) and non-equilibrium MD (NEMD). The
EMD method has higher computational cost than the NEMD method. However, the
former avoids problems such as finite size and boundary effects, which are inherent
in the latter [58]. When the proper limits of extensive durations and large system
sizes are carefully considered, the phonon thermal conductivity calculated from the
two MD methods are in fact consistent with each other [29], as expected from linear
response theory.

2.2.3.1 EMD Method

The EMD method is also referred to as the Green-Kubo method, which is based on
the fluctuation-dissipation theorem in classical statistical thermodynamics [59]. In
the Green-Kubo scheme, the thermsal conductivity is related to the time needed for
the heat current fluctuations to dissipate, which is expressed as,

(2.12)

1
= Vi T?

/ (/:(0) - Ju (D)),
0
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where V is the volume, kg is the Boltzmann constant, 7 is the temperature, J,, is the
component of the heat current J (), and «,, is an element of the thermal conductivity
tensor that is reduced to a scalar in a material with cubic isotropy. The term inside
the angle brackets (J,,(0) - J, (1)) represents the heat current autocorrelation function
(HCACEF). The thermal conductivity along the three Cartesian directions ({ = x, y, 2)
can be calculated by setting u=v=¢. The ¢ component of the thermal conductivity,
K¢, is expressed by

VkBT2 / T (0) - Jo (1))dr (2.13)
0

An important issue associated with the Green-Kubo method is the precise defini-
tion of the local energy needed to evaluate the heat current. The heat current J () is
given by

d
J@0 == Y Eiri@), (2.14)

where r;(¢) is the time-dependent atomic coordinate of atom i and E;(¢) is the micro-
scopic total energy of atom i. For the pair potential, such as the Lennard-Jones
potential, wherein total potential energy is written in terms of the pairwise interac-
tion @(r;;), the site energy E; can be expressed as

1

1

Furthermore, the thermal current J(¢) can easily be obtained using

J(t)_ZEv,+ Zru(fu V). (2.16)

i#]

where v; is the velocity vector of atom i, r;j(= r; —r;) is the relative position vector of
atoms i and j, and f; is the force on atom i from the pair potential with its neighbor
J-

When the interaction involves a many-body nature (e.g., Stillinger-Weber poten-
tial [60] and Tersoff potential [61]), the potential energy distribution between particles
is not unique, and in fact can be quite arbitrary [62]. In this case, J(¢) can be derived
from the following general formalism

J(t)—ZEv,+Zr,,(aE- ) ZEv,+Zr,,<3E : j> (2.17)

J#i JF#L
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Fig. 2.5 Flow chart of the —
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Equation (2.17) provides a clear method of calculating the thermal conductivity in
amodel system, given that all the dynamic variables in the said equation are explicitly
known in an MD simulation.

The ¢ component of the thermal conductivity, k., is calculated by discretizing the
right-hand side of Eq. (2.13) in the EMD timestep At as

N I T
K = VkBTZmZ_;NY—m ;J;(mm).h(n), (2.18)

where Nj is the total number of heat current samples after equilibration, M is the
number of steps over which the time average is calculated, and J; (m + n) is the heat
current at MD time step m+n. Figure 2.5 shows the flow chart of EMD simulation
with the Green-Kubo scheme.

Equation (2.13) shows that the temporal decay in the HCACF represents the time
scale of the thermal transport, and the thermal conductivity is proportional to the
integral of HCACEF. In principle, the upper limit of the HCACF integral time in
Eq. (2.13) is infinite, whereas the integration time in MD simulations is finite. Thus,
as long as one sets an integral time upper limit that is longer than the time taken
by the current-current correlations to converge to zero, the results are meaningful.
However, the accuracy of HCACF decreases for small ensemble sizes (corresponding
to a short correlation time), and numerical noise may also contaminate HCACF when
it decays to a small value [63], especially in the simulation of nanostructures, such
as nanowires and nanoclusters.
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Fig. 2.6 Curves for the 05 '
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Figure 2.6 shows the time dependence of the HCACF normalized by its zero-
time value at 300 K for bulk silicon (512-atom cell). The HCACF decays rapidly in
the beginning, followed by a much slower decay. The rapid decay corresponds to
the contribution of fast phonons to thermal conductivity, whereas the slower decay
corresponds to the contribution of slow phonons, which predominates in thermal
conductivity. This two-stage decaying characteristic of the HCACF has been found
in the study of various materials. In the case of perfect crystalline silicon, a much
longer simulation time (typically on the order of nanoseconds) is needed to obtain
barely convergent results of the correlation integral. However, fluctuations in the
HCACEF during extended correlation times can cause a drift in its integral [64].

Che et al. [65] first used a double exponential decay function to shorten the MD
simulation time, avoid cut-off artifacts, and fit the HCACF function, as follows:

(T (1) = Aje™/™ + Age ™™, (2.19)
where subscripts o and a denote fast optical mode and slow acoustic mode, respec-

tively. Substituting Eq. (2.19) into Eq. (2.13), the integrated thermal conductivity can
be written as

1
e (Ty) = ——— [Aot,,(l e Y 4 Ay (1 — e fu)]. (2.20)
VipT?

The fitting parameters A,, t,, A,, and 7, are then used to calculate thermal con-
ductivity at t,, — 00. Therefore,

1
k(T — 00) = W(AOTO +A,T,). (2.21)
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2.2.3.2 NEMD Method

NEMD simulation is widely used to characterize thermal conductivity. As shown in
Fig. 2.7a, a temperature gradient can be built in the heat flux direction by using two
heat reservoirs [66] at the opposite ends of the system. This approach is analogous
to a real experimental measurement and is known as the direct NEMD (d-NEMD)
method [20]. Alternatively, in the reverse NEMD (r-NEMD) method, a heat flux
can be directly imposed to the system by adding/subtracting kinetic energies and
subsequently determines the induced temperature gradient [20, 67]. In both NEMD
methods, the simulation must be run long enough to reach the steady state where the
heat flux and temperature profile are constant. Once the system of interest has reached
a non-equilibrium steady state, the temperature gradient can be calculated from the
linear fit line of the temperature profile, and the heat flux can be computed according
to the energy injected into/extracted from the heat source/sink across the unit area
per unit time. Thus, thermal conductivity can be ascertained based on Fourier’s law
of heat conduction.

The Miiller-Plathe method is a famous algorithm for implementing the -NEMD
approach [68]. Apart from its very simple implementation, the Miiller-Plathe method
offers several advantages, such as compatibility with periodic boundary conditions,
conservation of total energy, and conservation of total linear momentum. The basic
idea of the Miiller-Plathe method is to divide the simulation system into N slabs
along the heat flux direction (e.g., x direction). As shown in Fig. 2.8a, two slabs in
the left and right edges are considered cold slabs, and the middle slab is regarded as
the hot slab. Note that the thickness of the hot region doubles that of the cold region
to ensure that the number of atoms in the hot region is the same as that in the two
cold regions. A heat flux J, is created by exchanging the momentum between the
hottest atom velocity in the cold (sink) region and the coldest atom velocity in the hot
(source) region for every swap time interval, which induces a temperature gradient
in the system of interest. After Ngyqp €xchanges are performed, the heat flux J; is
given by
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Fig. 2.8 a Schematic of the
simulation model for the
Miiller-Plathe method. b
Typical temperature profile
in a nanoribbon along the x
direction at 300 K. Reprinted
with permission from Ref.
[33], copyright (2018) by the
Chinese Physical Society
and IOP Publishing
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(2.22)

where Ty, is the time period of the exchange simulation, m is the atom mass,
and v, and v, are the velocities chosen from the hot and cold regions at each swap
time interval, respectively. A is the cross-sectional area of the simulation system
perpendicular to the heat flux direction, and the factor “2” arises from the fact that
the heat can flow from the hot slab to the cold slab in two directions. In the NVE
ensemble, the temperature in each slab is calculated based on the velocities of atoms
inside that slab as

Ni

1 2
T, = i j;mjvj, (2.23)

where N; is the number of atoms in slab i. im; and v; are the mass and velocity of atom
Jj in slab i, respectively. Figure 2.8b displays a typical time-averaged temperature
profile as a function of the slab position across the nanoribbon. The temperature
distributions near the hot and cold slabs are usually nonlinear as the velocities of
atoms are exchanged to generate the temperature gradient, §7'/dx. 6T /8x is obtained
from the linear parts of the temperature distribution in the middle. Based on Fourier’s
law of heat conduction, the thermal conductivity « is calculated by
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o= (2.24)
(8T /8x)

where the brackets denote a statistical time average. The ratio can produce a rea-
sonable « value, provided that the system is fully equilibrated and the simulation is
sampled over a sufficiently long time.

Note that both the NEMD and EMD methods, which are based on the classi-
cal Newton’s law, can not take quantum effect into consideration. Therefore, the
classical MD methods are unable to reproduce quantum thermal conductance at
low temperatures and in quantum structures. Quantum correction [69] and quantum
approximation [70] have been proposed to reduce this limitation in classical MD
simulations.

2.2.4 Non-equilibrium Green’s Function Method

The non-equilibrium Green’s function (NEGF) formalism is a well-developed quan-
tum theory to exactly deal with ballistic thermal transport [35]. Also known as the
atomistic Green’s function method [36], the NEGF is based on the quantization of
lattice dynamics and scattering theories. The NEGF method was initially developed
to handle electrical transport [71, 72], but its application for the investigation of the
thermal transport properties of nanomaterials has become increasing popular [37,
73]. Details of the NEGF methodology are available in the review articles [36, 74].

As shown in Fig. 2.7b, the system of interest at the center is connected to left
(L) and right (R) semi-infinite thermal leads at different temperatures Ty, and Tk,
respectively. In the ballistic thermal transport limit (which means that the phonons
do not lose or gain energy during travel), the heat flux flowing from the left to the
right lead is given by the Landauer formula [35],

[e¢]

d
J= / %hwf(w)[fum—flz(w)], (2.25)

0

where fir)(®) = {explhw/ksTi®)] — 1}~! is the Bose-Einstein distribution of the
left (right) regime, ¢ (w) is the transmission coefficient, and /iw represents the energy
of the phonons. Given the limit of a very small temperature difference between the
two leads, thermal conductance can be written as

oo

o :/d—whwf(a))
2w

0

of (w)
T (2.26)

The phonon transmission coefficient { (@) can be calculated starting from phonon
wave-package dynamics [57] or by using the Green’s function technique [75]. For a
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non-interacting harmonic system, the Hamiltonian is Hy = 27 (&7it + u" Ku), where
u is a column vector consisting of all the displacement variables in a region and
u is the corresponding conjugate momentum. The superscript T stands for matrix
transpose. The retarded Green function in the frequency domain is given by G'[w] =
[(w+in)*I — K]~! where w is the vibrational frequency of phonons, / is the identity
matrix, and n — 0*. K is the force constant matrix, derived by the empirical force
field or density functional theory, and calculations with the former will be much
faster than those with the latter. Then, phonon transmission can be calculated as [76]

(@) = Tr[I'L(@)G* () R(0)G (@)], 2.17)

where Tr means taking the trace, G**(w) is the retarded or advanced Green function
for the central region related by G"(w) = (G* (w))" and I3 L.r(w) describes the coupling
between the leads and the center. When nonlinear interaction (i.e., anharmonity) at the
central part is further considered, the NEGF provides a more complicated expression
to evaluate thermal transport [21]. Detailed algorithms for the calculation of all the
Green’s functions are available in [77].

Note that the NEGF is particularly strong in handling low-temperature thermal
transport where the quantum effect is dominant, but its ability to model systems
with many atoms is limited. For simple systems like silicon nanowires, the NEGF
method has been used extensively to study the effects of various phenomena on ther-
mal transport, such as anisotropy [78], surface roughness [79], and structural and
substitutional defects [80, 81]. The NEGF method has also been applied for complex
systems, such as the thermoelectric properties of hybrid nanostructures [82], and the
thermal conductivity of graphene [83] and the ZnO/ZnS interface [84]. Furthermore,
technological improvements based on NEGF formalism are continuously develop-
ing to handle phonon-phonon scattering [35], electron-phonon scattering [85], and
interfacial thermal transport [86].

2.3 Experimental Methods for Determining Nanoscale
Thermal Conductivity

Experimental studies on thermal transport in low-dimensional materials are relatively
rare due to the difficulty of simultaneous measurements of heat flux and tempera-
ture distribution at the nanoscale. With the advance of nano-fabrication technologies,
heating nanoscale materials and measuring temperature gradients can be performed
simultaneously, although with great challenges. Thus far, various techniques have
been invented to determine the intrinsic thermal conductivity of low-dimensional
materials, including the thermal bridge method [87], optothermal Raman technique
[88], three omega technique [89], and time-domain thermoreflectance method [90].
Successful measurement of nanoscale thermal conductivity has helped to under-
stand phonon transport in nanomaterials from both a fundamental and a practical
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perspective [21]. In this section, we specifically review popular technologies for
assessing the thermal conductivity of silicon nanomaterials: the thermal bridge
method, optothermal Raman technique, and 3w method.

2.3.1 Thermal Bridge Method

In 2001, Kim et al. [91] introduced an original measurement, the so-called thermal
bridge method, which entails suspending a sample between two membranes serving
as a heat source and a heat sink [21]. A representative example is the approach later
developed by Shi et al. [87]. A suspended micro-electro-thermal system (METS)
device and a nano-manipulation system were employed to suspend low-dimensional
materials and detect temperature changes at the nanoscale, respectively. The METS
device is mass-fabricated using a standard wafer-stage nanofabricating process. This
technique has been extensively utilized to evaluate the thermal conductivity of one-
dimensional nanotubes [87, 91, 92] and nanowires [93-95], and two-dimensional
suspended [96] and supported [97] graphene. Numerous studies also applied the ther-
mal bridge method on thermoelectric materials because of the demand for reduced
thermal conductivity in nanostructures [98—100].

The measurement using a suspended micro-device is based on a steady-state heat
transfer model. In the thermal bridge method, thermal transport measurements were
conducted using a METS device in vacuum (<10~ mbar). As described previously
in [21, 87, 92], the METS device consists of a 300 nm thick SiN, layer as mechanical
support and an integrated Pt resistive loop that serves as both heater and temperature
sensor. Each of the heater/sensor islands is supported by Pt leads on SiN, beams
from the substrate. A nanomanipulator in a scanning electron microscope (SEM)
was used to pick up and place individual nanowires (or nanoribbons) onto the METS
device (Fig. 2.9a). To reduce thermal contact resistance, two ends of the sample
were bonded onto the Pt electrodes by Pt-C composite using electron-beam-induced
deposition (EBID). A direct current (I;.) is passed through the heater resistor (Rj,)
for heating, and to increase its temperature (7},) from the environmental temperature
(Ty). The Joule heat with a heating power of P = Idchh in the heater gradually
dissipates through the Pt/SiN, beams and the sample connecting them, thus raising the
temperature (7) in the sensor resistor (R;). The four-terminal electrical resistance of
the Pt loops were obtained using lock-in amplifiers by passing a very low alternating
current (I,.) that superimposes on ;.. The heater and sensor temperatures (7, and 7)
were then obtained based on R;, and R;, which were calibrated against the substrate
temperature (7) of the METS. On the basis of the temperature changes and the
heating power P at the heater (Fig. 2.9¢), the reciprocal of thermal conductance (G)
of the sample, R, can be determined through thermal resistance circuit (Fig. 2.9b)
analysis as found in [87],

1 AT, — AT;
R= — — (21— 2%), (2.18)
G, AT,
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Fig. 2.9 Thermal resistance circuit and measurement details for the METS device. a SEM image
of a METS device with an individual nanowire bonded on the heater and sensor for measuring
the thermal conductivity, thermopower, and electrical resistance in a single device. b Schematic
of the thermal flow circuit. ¢ Resistance change and corresponding temperature change in the
heater/sensor. Reprinted with permission from Ref. [21] copyright (2016) by IOP Publishing

where ATy = Ty s — Ty and the thermal conductance of the connecting beams is
R, = (AT, + AT;)/P, which can also be obtained from the thermal conductivity and
dimension of the beams.

The measured R is the overall thermal resistance from the heater to the sensor,
which includes the contact thermal resistance at the two ends of the sample, R,
and the intrinsic thermal resistance of the suspended sample, R, = L/Ak, with
the cross-section area A and sample length L. Thus, the thermal conductivity of the
sample can be determined by

L

= m (2.19)

K

Note that the main challenge for the thermal bridge method lies in the uncertainty
contribution of R¢ [25]. One proposed solution entails reducing the R¢ in the experi-
ment such that R can be lowered to the negligible level or below [101]. However, if
R¢ is more significant (and thus non-negligible), then one can repeat measurements
with two or more samples with different sizes to extract the R¢ and « of the sample
[102]. Recently, based on the previous METS device, an electron-beam heating tech-
nique [103] has been developed for the spatially resolved measurement of cumulative
thermal resistance. A focused electron-beam with 2-3 nm diameter inside SEM was
used to induce localized heating along the sample, and both the heater and sensor
acted as temperature sensors (Fig. 2.10). By scanning the electron beam from the
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Fig. 2.10 a Electron-beam > 4
heating technique where a
focused electron beam was
used as a local heating
source and scanned along the
length of the suspended
nanowire. b Equivalent
thermal resistance circuit
showing the cumulative
thermal resistance, R;, from
the left island to the heating
spot and the temperature rise
of the left and right sensors
(AT and ATR). By solving
for the heat flow on the left (b) R
and right suspended pads,
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heater source to the contact area of the nanowire, length-dependent thermal conduc-
tivity can be obtained, which is a powerful addition to the current technology. The
electron-beam scanning along the sample rarely affects its thermal resistance. After
the electron-beam scanning, repeated measurements of total thermal resistance R
produce essentially identical values.

2.3.2 Optothermal Raman Technique

The Raman spectroscopy-based method is one of the most commonly used tech-
niques for measuring the thermal conductivity of low-dimensional materials. The
first experimental study of heat conduction in graphene was made possible by devel-
oping an optothermal Raman technique [3, 88]. The heating power AP was provided
by a laser light focused on a suspended graphene layer connected to heat sinks at its
ends (Fig. 2.11a). Temperature rise (AT) in response to AP was measured by the
temperature-induced Raman shift. Initially, the calibration of the spectral position
of the G peak with T (i.e., calibration curve wg(T') in Fig. 2.11b) was performed by
changing the sample temperature while using very low laser power to avoid local
heating, which allows for the conversion of a Raman spectrometer into a Raman ther-
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Fig. 2.11 a Schematic of the sample geometry for thermal conductivity measurement using a micro-
Raman spectrometer. b The measured relationship between the temperature and the G peak shifts of
the Raman signals for a bilayer graphene. The Raman G peak shift frequency (wg) changes linearly
with the temperature (7) according to the coefficient xg = Swg/8T. The inset in b shows that
the optical absorption in graphene is a function of the light wavelength. Reprinted with permission
from Ref. [3], copyright (2011) by Springer Nature

mometer. Then, during thermal conductivity measurements, the suspended graphene
layer is heated by increasing laser power. Local AT in graphene is determined by
AT = Awg/xg, where xg is the T coefficient of the G peak. The amount of heat
dissipated in graphene can be obtained either by measuring the integrated Raman
intensity of the G peak [88] or using a detector placed under the graphene layer [104].
A correlation between AT and AP for a graphene sample with a given geometry can
provide a thermal conductivity value through solving the heat-diffusion equation. For
example, heat is assumed to spread from the center in two opposite directions when
the width of the trench is far greater than the laser spot size for a suspended graphene
cross trench. In this case, the thermal conductivity of the suspended graphene can be

obtained by [88], such that
L AP
K = —) <— , (2.20)
4S8 J\ AT

where L is the length of the sample suspended between two stripes, T is the absolute
temperature, and S is the cross-section area of the graphene perpendicular to the
direction of heat flux.

The optothermal Raman technique for measuring « is a direct steady-state method.
Given its easy accessibility, the optothermal Raman technique has been extended
to other two-dimensional materials (such as supported graphene [105], isotopi-
cally modified graphene [106] and MoS, [107], silicon nanofilm [108]), and one-
dimensional materials (such as silicon nanowires [109] and nanotubes [110, 111]).
Note that the accuracy and precision of the Raman-derived thermal conductivity
depend on the following [112]: assumptions within the analytical model used in the
deduction of thermal conductivity, uncertainty in the quantification of heat flux and
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Fig. 2.12 Four-point-probe 3w experiment. a a prepatterned four-point-probe, b a single NW placed
by the nanomanipulator, and ¢ schematic of the measurement setup. The 3w-signal of a sample (for
example, B-SiC NW) is measured by using a lock-in amplifier and an alternating current. Source
(Keithley 6221). Readapted with permission from Ref. [114], copyright (2010) by IOP Publishing

temperature arising from the conditions of the experiment (defects, contaminations,
and near-field or multiple reflection effects) as well as the evolution of thermome-
chanical stress during testing.

2.3.3 Three Omega Technique

As afrequency-domain transient technique, the 3w method is widely used to measure
the thermal properties of both bulk materials and thin films after it was first introduced
in 1990 by Cahill and coworkers [113]. Originating from the celebrated method
reported by Cahill for thin film measurements, the four-point-probe 3w method
was developed to determine the thermal conductivity of one-dimensional materi-
als including nanowires [89, 114, 115] and nanoribbons [116]. The four-point-probe
3w method is based on the fact that the third harmonic amplitude as a response to AC
current applied at the fundamental frequency w can be expressed in terms of ther-
mal conductivity. With this method, the effect of contact resistance, which normally
occurs in the conventional two-point-probing method, can be eliminated.

For the nanowire measurements, the sample is suspended with four electrical
contacts, as illustrated in Figs. 2.12a, b. A sinusoidal current at 1w angular frequency
is supplied to the sample and induces a temperature modulation at the 2w frequency
because of Joule heating. In turn, the 2w temperature fluctuation generates a 3w
component in the voltage drop measured across the suspended sample. Measured
with a lock-in amplifier (Fig. 2.12c), the rms amplitude of the 3w voltage component
at the low frequency limit is given by [114],
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3 /
V3a),rms ~ M, (221)
kS

where L, R[= Ry + R(T — Ty)], and S are the length, electrical resistance, and
cross-sectional area of the nanowire, respectively. Iy is the current amplitude. The
resistance change with temperature at room temperature, R = (dR/9T)r,, should
be pre-measured, and « is the thermal conductivity of the nanowire. To obtain the
accurate third harmonic response of the system (within 1.2%), the condition of
IBR'L/n*7%kS << 1 should be satisfied [89]. The initial and boundary conditions
for the temperature are room temperature (7) at time ¢+ = O and at the contacts
between the nanowire and the metal electrodes, respectively.

2.4 Concluding Remarks

In this chapter, we briefly discussed the fundamental phonon thermal conduction at
the nanoscale and outlined various theoretical methods and experimental techniques
commonly used in the literature to determine the phonon thermal conductivity in low-
dimensional materials. With the development of novel theoretical and experimental
approaches, the past few decades witnessed significant advancements in the under-
standing and tuning of the thermal properties of various nanomaterials, including
nanoparticles, nanowires, and nanosheets.

Theoretical studies are expected to play a significant role in comprehending heat
transport at the nanoscale, but they must be supported by experimental data. Reduc-
ing the size of nanomaterials is becoming possible through different experimental
techniques, such as electrodeposition [117] or oxide—assisted growth [118] for sili-
con nanowires and mechanical exfoliation [119] or chemical vapor deposition [120]
for graphene. However, important challenges and debates about both experimen-
tal and computational techniques deserve further investigation. Understanding and
controlling the thermal transport properties in general and thermoelectric materi-
als in particular, are crucial for different fields, including nanoenergy and thermal
management.

As discussed, many computational studies have been conducted on phonon trans-
port in low-dimensional nanomaterials. The applications of different level methods
have limitations at present. Choosing an appropriate method to study different prob-
lems at the nanoscale is crucial. In the framework of classical mechanics, Newton’s
equation is solved as the foundation of the MD simulation method, whereas in the
quantum mechanical framework, the Schrédinger equation is solved that corresponds
to the first-principles method and NEGF method [9]. Conventional first-principles
methods theoretically offer high accuracy but cannot handle a large system, whereas
the empirical potentials used in classical MD often lack transferability or accu-
racy because of overlooking electronic contributions [23]. Therefore, developing
improved theory and methods to rapidly and accurately calculate the thermal con-
ductivity of nanostructures is necessary.
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Special attention should be paid to experimental observations, despite the ongo-
ing heated debate, because limited experimental techniques have been available for
determining nanoscale thermal conductivity until now. The primary challenge for
the thermal bridge method lies in the uncertainty contribution from the contact resis-
tance at the two ends of the sample. To overcome this challenge, efforts should be
made in future to directly measure thermal contact resistance. Optothermal Raman
spectroscopy is sensitive to the temperature dependence of the phonon peak shift as
well as the laser energy absorption in nanomaterials such that any incorrect deter-
mination of these two factors may cause large errors. In addition, the transient 3w
method should be developed further to measure the thermal conductivity of two-
dimensional nanostructures, such as graphene and silicene, although it has achieved
fruitful results for one-dimensional nanowires and nanotubes. Given the discussed
experimental challenges and the effects from size, surface, and defects, differences
occur in the results of the thermal conductivity measurements for nanomaterials
among different research groups at present.
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Chapter 3 )
Thermal Stability and Phonon Thermal oo
Transport in Spherical Silicon

Nanoclusters

3.1 Structure and Thermal Stability of Pristine Silicon
Nanoclusters

Silicon nanoparticles or nanoclusters have received wide attention in the scientific
community because of their special physical properties and promising applications
in opto-electronic devices [1, 2], photovoltaic solar cells [3], and thermoelectric
devices [4]. The structural and thermodynamic properties of nanoclusters are fun-
damentally important for optimizing the preparation process [5, 6], because the per-
formance and stability of nanomaterials under different temperatures are closely
related to their thermodynamic properties. Determining the melting behaviour along
the crystal-liquid phase equilibrium line on the phase diagram is crucial, along with
understanding the microscopic mechanisms underlying the transition between solid
and liquid phases at high temperature [7]. As the size decreases to the nanometer
scale, surfaces become a large fraction of the materials; moreover, they can strongly
affect the overall properties including the thermodynamic properties of a material,
which are dramatically different from the bulk phase [8]. Theoretical research on sil-
icon nanoparticles has been dedicated heavily to the size-dependent electronic and
optical properties [9-19]. To our knowledge, very few studies have been conducted
on the melting and thermal stability of the silicon nanocrystals.

3.1.1 Structures and Melting Properties

Experimental [20, 21] and theoretical [22] studies have demonstrated the attenuation
of the melting temperature of nanoparticles below that of the bulk materials in many
metals. However, a recent investigation has reported an interesting observation on the
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Fig. 3.1 Temperature dependence of potential energy per atom (Ep) and heat capacity (Cy) for
Siz06 and Sigps, simulated by Tersoff-ARK potential. Reprinted with permission from Ref. [26],
copyright (2017) by Springer Nature

melting point of tin clusters above that of the bulk material [23]. These size-dependent
melting properties of metallic clusters are related to the close relationship between
the melting and the structure features [20, 24, 25]. However, the melting process
and its microscopic mechanism have not been carefully examined for medium-sized
silicon nanoclusters. Experimental investigation on the melting process of different-
sized nanoclusters/nanoparticles is extremely difficult, but molecular dynamics (MD)
simulations can provide valuable insights into the structure change and energy of the
nanocluster during heating. Li et al. [26] studied the structural and melting properties
of several silicon spherical nanoclusters containing a maximum of 13,407 atoms
using empirical MD simulations with Tersoff-ARK potential.

Figure 3.1 shows the temperature dependence of potential energy per atom and
heat capacity for silicon spherical clusters with 706 atoms and with 4205 atoms,
respectively. A dynamic phase coexistence in melting is found near the jump at
which the number of liquid-like atoms increases with rising temperature. Coexistence
melting will shift to a higher temperature as the size of the cluster increases. For
example, the melting point of Sisps is about 1450 K. When the number of atoms is
decreased to 706, the melting point reaches about 1240 K. Moreover, a sharp peak of
the heat capacity clearly shows a first-order behaviour of the melting in nanoclusters.
However, the melting of crystalline nanoparticles proceeds over a temperature range
due to surface effect, indicating that the melting of nanoclusters is heterogeneous
[5], unlike the homogeneous melting of bulk silicon.

Lietal. [26] also studied the melting mechanism of silicon nanoclusters. Figure 3.2
depicts snapshots of the Siyyg cluster at certain temperatures, together with the corre-
sponding radial distribution functions (RDF). These snapshots qualitatively provide
clear evidence of the increasing liquid skin thickness on the cluster surface from 500
to 1300 K and demonstrates that the inner region remains orderly until the transition
temperature of approximately 1240 K. This outcome provides proof of the surface
melting of silicon nanoclusters. Further confirmation of such surface melting is also
obtained from the RDF of the melting process. At 500 K, a typical crystal structure
pattern occurs. Before melting (up to 1200 K), the atom types of first-nearest neigh-
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bours are unchanged. However, the peaks become less intensive and broader because
of the increasing heat motion. After melting (at 1300 K), the second and third peaks
disappear in the RDF, indicating that the short-range order of atoms changed sig-
nificantly. Hence, a notable short-range order change may occur between 1200 and
1300 K. The changes in the RDF at melting are related to the changes of the struc-
tural order. With the increase of amplitudes of atom motions, atoms can overcome
structural constraints and then melt into a liquid state.

Li et al. [26] examined the size dependence of the melting point for pure silicon
spherical clusters, as shown in Fig. 3.3. The melting temperature shows a linear
function of N~!/3, where N is the number of atoms. Extrapolating the results for
infinite size (N — oo) yields a predicted value of 1721 K for bulk silicon with a free
surface, which is much closer to the experimental value of 1687 K than the Tersoff-
ARK predicted value (2150 K) and the Stillinger-Weber potential predicted value
(2370 K) for bulk silicon without a surface. This discrepancy shows the significance
of the surface effect in the melting of finite clusters.

3.1.2 Size-Induced Structural Transition

Nanoscale clusters (also called nanoparticles) with diameters of 1-10 nm have
attracted considerable scientific interest because they can emerge as a bridge between
bulk materials and atomic/molecular structures. The silicon nanocluster structure can



44 3 Thermal Stability and Phonon Thermal Transport in Spherical ...

2000
1900 |
1800
1700 [
1600 . 13407

1500 e &0
1400 | 4205 ®* .. 1707
1300 - Tel 708
1200 | ¥

1100

1000 L . L 1 .
0.00 0.02 0.04 0.06 0.08 0.10 0.12

-113
N

Melting point (K)

Fig. 3.3 Size dependence of the melting point in silicon spherical clusters. The solid circle indicates
the melting point of different sized clusters. The numbers near the solid circles denote the numbers
of cluster atoms. The dashed line shows the best fit to a linear function of N~!/3. Reprinted with
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be expected to change gradually from the bulk diamond structure to a non-diamond
structure with the decrease in cluster size, but determining the accurate structural
transition size is difficult [8]. Unsaturated silicon nanoclusters are naturally unsta-
ble and can easily develop into structures of various possible morphologies with
coordination largely deviating from four of the bulk materials.

By using simulated annealing MD simulations, Li and Zhang [27] studied the
structural transition characteristics in the nanosized silicon clusters. As shown in
Fig. 3.4, when the cluster diameters increase from 1.80 to 3.28 nm, the structures of
the clusters change from an amorphous state to a crystalline core/amorphous shell
state and then to a crystalline state. The smallest crystalline silicon particle diameter
ranges from 2.40 to 2.60 nm approximately, which is in good agreement with the
reported experimental and theoretical results. Mélinon et al. [28] found that the criti-
cal size is above 2.00 nm (~200 atoms) through the transmission electron microscopy.
However, Hofmeister et al. [29] verified that the smallest crystalline region in the
annealed amorphous silicon powders is 2.50 nm. A subsequent photoluminescence
(PL) study of silicon nanocrystals revealed that the smallest nanocrystal in which PL
follows the quantum confinement model is approximately 2.80 nm in diameter [30].
Yu et al. [8] also theoretically calculated the cohesive energy of silicon nanoclusters
with different sizes after tight-binding MD annealing and predicted that the transition
to the diamond structure is estimated to occur in the diameter range from 2.30 to
2.70 nm via extrapolation of the cohesive energy curve.
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Fig. 3.4 Geometries of the annealed silicon clusters with diameters: a r = 1.80 nm, b r = 2.12 nm,
cr=228nm,dr=242nm,er =2.63nm, f r=2.88 nm, and g r = 3.28 nm. Adapted from
Ref. [27]

3.1.3 Structural Stability from Hydrogenation

Hydrogenation can stabilize silicon nanoparticles/nanoclusters surfaces against oxi-
dation [31], after simply etching the silicon particles surfaces in aqueous hydrofluo-
ric acid followed by rinsing in water [32]. Hydrogen (H)-terminated silicon surfaces
are constantly attracting systems for intensive study given their great technological
importance in microelectronics. The theoretical study by Zhang et al. [33] showed
that the surface hydrogenation effects of silicon small particles are important for their
electronic structures.

Yu et al. [34] examined the structures of hydrogenated silicon nanoclusters using
tight-binding MD simulations. They found that the structural properties of the H
saturated silicon nanocrystals have less size effect than their electronic properties.
Surface relaxation is small in the fully H saturated silicon nanocrystals. Only
atoms in the outermost two or three layers exhibit small lattice contractions of
0.01-0.02 A. Surface relaxation mainly depends on the local environment. Taking
the small SijooH, nanoclusters for instance, simulated annealing simulations have
been performed to obtain energetically favourable structures, as shown in Fig. 3.5.
Fully hydrogenated clusters are proven to be the most stable structures compared
to those that are partially hydrogenated. Removing up to 50% of the total H atoms
only causes lattice distortions to the crystal structure while retaining the tetrahedral
structures. Conversely, removing more than 70% of the total H atoms allows the
clusters to evolve into more compact structures.
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Fig. 3.5 Optimized structures of SijooH, clusters from simulated annealing. a Fully H saturated
SijooHss, b SijooHeo, € SijpoH40, and d SijooH2o. Reprinted with permission from Ref. [34],
copyright (2002) by AIP Publishing

3.2 Phonon Thermal Conductivity of Pristine Silicon
Nanoclusters

As discussed in the last section, due to the size effect, silicon nanoclusters offer
unique structural and thermal properties which are important for future applications
in energy conversion. Recently, an increasing number of studies [35-37] have shown
that silicon nanostructures, including nanoparticles, can be promising materials for
thermoelectric applications because of their reduced thermal conductivity. Knowl-
edge of thermal transport properties of silicon nanoclusters is essential for optimizing
the operation of their nanodevices. However, compared with the research on their
electronic and optical properties, that on the thermal conductivity of semiconductor
nanoclusters/nanoparticles requires much more effort.

Li and Zhang [27] have recently investigated the phonon thermal transport proper-
ties of spherical silicon nanoclusters using Tersoff potential based equilibrium MD
simulations. Figure 3.6 shows the time dependence (0-300 ps) of the normalized
heat current autocorrelation functions (NHCACF) at 300 K for bulk crystalline sil-
icon and the Siyes cluster, respectively. For bulk silicon, the NHCACF decays very
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Fig. 3.6 Typical curves for NHCACF of a bulk silicon and b Sises cluster at 300 K. The insets
show the corresponding NHCACEF curves at the small timescale. Adapted from Ref. [27]

rapidly in the beginning (~0.20 ps), followed by a much slower decay. However,
the NHCACEF curve for the nanocluster decays to zero at 0.50 ps. The rapid decay
corresponds to the reduced contribution of short-wavelength phonons to the phonon
thermal conductivity, whereas the slower decay corresponds to the reduced contri-
bution from long-wavelength phonons, which is the predominant contribution to the
phonon thermal conductivity.

Figure 3.7 plots the calculated room temperature phonon thermal conductivities
of spherical silicon nanoclusters with different diameters. The calculated phonon
thermal conductivities of the silicon nanoclusters considered are three orders of
magnitude lower than the thermal conductivity of the bulk (~150 W/mK [38]) at
300 K, which is consistent with recent experimental measurements [39, 40] (Fig. 3.7).
In addition, a linear relationship is observed between the cluster diameter (d) and the



48 3 Thermal Stability and Phonon Thermal Transport in Spherical ...

1.0

—k=0.096+0.191d
0.8

06} P Sy

04}

& (W/mK)
[ ]

0.2+

0.0 L L 1 1 L
2.0 2.2 24 2.6 2.8 3.0 3.2

d (nm)
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thermal conductivity (k) for the cluster considered in accordance with the Stillinger-
Weber potential study [5]. The phonon mean free path (A) is the average distance
a phonon travels between two collisions. According to kinetic theory of gas (see
Chap. 2), the k strongly depends on A in a perfect crystal material. In bulk silicon,
A i8~260 nm at room temperature [41, and references therein]. Such a sizeable A
results in the high thermal conductivity. However, in nanoclusters with diameters
of several nanometers, the strong effect of phonon-boundary scattering remarkably
reduces A. Here, d (<5 nm) is significantly smaller than A in bulk silicon at room
temperature. When d is smaller than A, A will be limited by the cluster boundary.
The phonon thermal conductivity can be written as k o« Cv,d, where C is average
specific heat capacity and v, is the average group velocity of phonons [42], which
accounts for the linear relationship observed. This equation above is independent
of the phonon frequency and determined only by the geometrical properties of the
crystal particle [39]. In this case, the thermal conductivity becomes ballistic and thus
shows a significant size-dependent effect.

Li [43] also investigated the temperature dependence of the phonon thermal con-
ductivity of silicon nanocrystals (an example shown in Fig. 3.8). When the temper-
ature is increased from 50 to 1000 K, the phonon thermal conductivity of the Sisgs
cluster decreases sharply at low temperatures (<300 K) and decreases more slowly
over 300 K, indicating that a stronger phonon-phonon scattering dominantly reduces
the A of phonons at higher temperatures [44].
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Chapter 4 ®
Phonon Thermal Transport in Silicon Gzt
Nanowires and Its Surface Effects

With the development of nano-fabrication techniques, one-dimensional (1D) mate-
rials (such as nanowires [1, 2], nanotubes [3, 4], and quantum wires [5]) have been
designed and synthesized over the past decades. Among them, silicon nanowires
(SiNWs) have sparked growing interest from the scientific community and have
wide applications in electronic, optoelectronic, and energy conversion devices [6—13]
given their unique properties that differentiate them from bulk materials and their
good compatibility with conventional silicon-based technology. In particular, early
experimental studies on SINWs have demonstrated their potential as efficient ther-
moelectric (TE) materials which bulk silicon fails to do [14, 15]. The thermoelectrics
in nanowires have attracted wide attention because of their remarkably improved TE
figure of merit compared to their bulk counterparts, which is mainly caused by the
significant reduction of the thermal conductivity [16]. Hochbaum et al. [14] found
that the figure of merit of SINWs with a rough surface can approach 0.6 at 300 K
arising from a remarkable 100-fold reduction in thermal conductivity over bulk val-
ues in rough SiNWs, while maintaining excellent electric properties. Such findings
have inspired researchers to reconsider the applications of silicon in TE materials and
provide a new strategy for increasing the TE figure of merit by decreasing thermal
conductivity. Thus far, numerous approaches have been proposed to further reduce
thermal conductivity in SiNWs for higher TE performance, such as the introduc-
tion of impurity scattering [17, 18], porous structure [19], surface roughness [20],
strain engineering [21, 22], and surface functionalization previously proposed by the
current authors [23, 24].

Understanding and controlling the thermal conductivity of nanomaterials play
significant roles in promoting two fundamental applications [25]: thermal manage-
ment and novel TE materials. Studies were conducted on the effects of size, cross-
section, interface, defect, strain, and surface roughness on the thermal conductiv-
ity of SiNWs [20-33]. These studies propose the principles behind various strate-
gies that decrease the thermal conductivity of SINWs and provide guidance for the
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experimental realization of these strategies. Readers interested in these topics can
peruse recent review papers [7, 34-42]. Particularly, our more recent work [38]
reviews the current advances in the research of phonon thermal transport in SINWs,
with focus on the surface effects of tunable phonon thermal conductivity.

4.1 Phonon Thermal Conductivity of Pristine SiNWs

The thermal conductivity of high-purity bulk silicon has been experimentally mea-
sured [43]. Silicon is infrequently applied for insulating hot objects as it conducts
heat well, with a relatively high thermal conductivity of approximately 150 W/mK
at room temperature. As mentioned in Chap. 2, the electronic contribution to thermal
energy transport in silicon is negligible at room temperature. The phonon thermal
conductivity of SINWSs can significantly differ from that of bulk Si because of the size
effect and high surface-to-volume ratio of SiNWs. Early studies examined thermal
transport in SiNWs through various theory-based methods, including equilibrium
and non-equilibrium molecular dynamics (MD) simulations [44—48], Monte Carlo
(MC) simulations [49, 50], the non-equilibrium Green’s function formalism [51,
52], and the Boltzmann transport equation [53, 54]. Several works have demon-
strated that the thermal conductivity of pristine nanowires is strongly dependent on
their diameter, shape, and surface roughness. Volz and Chen [54] utilized equilibrium
MD simulations to discover a remarkable reduction in the thermal conductivity of
SiNWs. Two main factors are likely responsible for the low thermal conductivity
of SiNWs. On the one hand, long-wavelength phonons that act as the main contrib-
utors to thermal conductivity are suppressed in the nanowire because the phonon
mean free path is limited by the nanowire size. On the other hand, with the decrease
in nanowire diameter, the surface-to-volume ratio increases, and phonon-boundary
scattering thus becomes more dominant in the nanowire, further decreasing thermal
conductivity.

Li et al. [55] presented the mesoscopic thermal transport measurements of indi-
vidual SiNWs synthesized through the vapor-liquid-solid (VLS) method. As shown
in Fig. 4.1a, the thermal conductivity of individual SINWs decreases with a dimin-
ishing diameter. When the wire diameter decreases to below 150 nm, the thermal
conductivity of the smooth VLS-grown SiNWs becomes significantly lower than the
bulk value and can closely follow predictions based on Boltzmann transport theory,
assuming that diffuse boundary scattering is the dominant phonon scattering mech-
anism. Thermal conductivity at 300 K ranges from 40 to 9 W/mK for SiNWs with
diameters ranging from 115 to 22 nm, respectively. This finding provided the first
experimental evidence for the importance of phonon boundary scattering in evaluat-
ing the thermal conductivity of NWs. The researchers also observed the anomalous
temperature dependence of SiNWs with small diameters (Fig. 4.1b). To understand
the physical mechanism that underlies the decreased thermal conductivity of SINWs,
different groups [30, 49, 56-60] used theoretical models and simulations to predict
the phonon thermal conductivity of SINWs. Mingo et al. [30] theoretically predicted
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Fig. 4.1 a Measured thermal conductivity of SINWs with different diameters. The number beside
each curve denotes the corresponding wire diameter. b Low-temperature experimental data on a
logarithmic scale. Reprinted with permission from Ref. [55], copyright (2003) by AIP Publishing

the temperature dependence of the thermal conductivity in SINWs and found that
the traditional Callaway and Holland approaches show substantial divergence with
experimental data whereas the real dispersions approach yields good agreement with
experiments for SINWs between 37 and 115 nm wide.

4.2 Surface Effects of Phonon Thermal Conductivity
of SiNWs

SiNWs exhibit a large surface-to-volume ratio, which increases with decreasing size.
The electronic and thermal properties of SINWSs differ significantly from those of
bulk silicon owing to the surface effect [61-64]. Consequently, surface effects and
their characteristics have received extensive research attention given their key role
in SiNWs. Surface atoms may play an important role in the overall thermal transport
properties of SINWSs, particularly for thin SINWs [23]. Therefore, the effect of surface
treatments on phonon transport to further decrease the phonon thermal conductivity
of SINWSs remains the focus of research interest. A parallel and simultaneous investi-
gation of phonon transport is clearly needed given the extreme sensitivity of electron
transport in nanostructures to the surface condition [65]. The thermal conductiv-
ity of SiNWs has been tuned through various theoretical and experimental surface
engineering methodologies based on surface roughness, surface functionalization,
surface/shell doping, surface disorder, and surface softening, as we summarized in
[38].
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4.2.1 Surface Roughness

As mentioned, Li et al. [55] observed that smooth VLS-grown SiNWs have low
thermal conductivity. The thermal conductivity of electroless-etched (EE) SiNWs
is five- to eight-fold lower than that of smooth VLS-grown SiNWs [14]. The sur-
prising reduction in the thermal conductivity to a value below the Casimir limit
cannot be explained by phonon-boundary scattering alone [66]. Hochbaum et al.
[14] concluded that this unusually large reduction may be due to the surface rough-
ness of the EE SiNWs. Subsequently, different groups analyzed the effect of surface
roughness, although the exact mechanism of phonon roughness scattering remains
unclear. Moore et al. [67] proposed a backscattering mechanism in SINWs with saw-
tooth structures through MC simulations. Wang et al. [68] investigated the effect of
surface roughness on thermal conductivity that accounts for the multiple scattering
of phonons at a rough surface. Martin et al. [56, 69] examined the effect of NW
surface roughness through perturbation theory and suggested that the thermal con-
ductivity is limited by surface asperities. Recently, Malhotra et al. [57] have explored
the impact of phonon surface scattering on the distribution of thermal energy across
phonon wavelengths and mean free paths in Si and SiGe nanowires. They presented
a rigorous and accurate description of surface phonon scattering and predicted heat
transport in nanowires with different diameters and surface conditions. Xie et al. [58]
utilized a kinetic model to investigate the anomalous thermal conductivity of SINWs
by focusing on the mechanism of phonon-boundary scattering.

Although current theoretical works have shed light on dependence of thermal
conductivity on surface roughness, an experimental determination of the dependence
of thermal conductivity on the surface roughness of SiINWs remains lacking. Kim
et al. synthesized VLS-grown rough Si;_Gex nanowires and measured their thermal
conductivities [70] and found that the thermal conductivity of smooth Siy9sGeg o4
nanowire is approximately four times higher than that of its rough counterpart. The-
oretical analysis demonstrated that mid-wavelength phonons are scattered by rough
surfaces. Lim et al. [66] experimentally studied the dependence of thermal con-
ductivity on the surface roughness of SINWs. Experimental observations proved
that the surface of VLS-grown SiNWs is rough, with root-mean-square values that
range from 0.3 to 5.0 nm. As shown in Fig. 4.2, thermal conductivity significantly
decreases with increasing surface roughness. The coefficient of the surface rough-
ness of single-phase crystalline SINWs is well correlated with the reduction of the
thermal conductivity.

4.2.2 Surface Functionalization

SiNWs are easily oxidized in air given the numerous dangling bonds distributed on
their surfaces. Hydrogen termination on the surface is a natural consequence of the
hydrofluoric acid treatment of synthesized SiNWs [63]. Park et al. [71] proposed
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Fig. 4.2 Measured thermal conductivity as a function of roughness factor ap at 300 K. Reprinted
with permission from Ref. [66], copyright (2012) by the American Chemical Society

the selective surface functionalization of SINWs through a nanoscale Joule-heating
method. Surface chemical functionalization is crucial for electronic and thermal
transports in SINWs. Earlier theoretical studies showed that passivating atoms, such
as hydrogen and nitrogen, on the surfaces of silicon nanostructures provide struc-
turally stable structures and clean gap states [72]. The electrical and thermal conduc-
tivities of SINW arrays and silicon membranes can be tuned through surface chemical
modification [65, 73]. Our previous studies [23, 24] showed that the phonon thermal
conductivity of hydrogenated SiNWs (H-SiNWs) is slightly higher than that of naked
SiNWs (Fig. 4.3), but that of nitrogenated SiNWs is remarkably lower than that of
fully hydrogenated SiINWSs. As shown in Fig. 4.4, the functionalization of 14% of the
surface silicon atoms by nitrogen atoms decreases the thermal conductivity of SINW's
by ~43%, and the functionalization of 29 and 43% of surface silicon atoms further
decreases thermal conductivity by ~60% and ~75%, respectively. Markussen et al.
[51] utilized atomic calculations for electron and phonon transport to investigate the
properties of alkyl-functionalized SiNWs. Their results confirmed that phonon con-
ductance significantly decreases relative to electronic conductance, thus providing
SiNWs with a high thermoelectric figure of merit.

4.2.3 Surface/Shell Doping

Doping is an effective and feasible approach for decreasing thermal conductivity.
Introducing dopant defects to the whole SINWs can weaken electronic conductiv-
ity, but surface/shell doping can improve thermoelectric performance [74]. In con-
trast to traditional doping (in which dopant atoms are uniformly distributed inside
nanowires), shell doping spatially confines dopant atoms within a few atomic lay-
ers in the shell region of a nanowire. Given their low thermal conductance and high
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electrical conductance, shell-doped SiINWs containing high amounts of dopants have
potential applications in the thermoelectric field [75].

The thermoelectric figure of merit of SINWs can be increased by decreasing
their thermal conductivity. Non-equilibrium MD simulations [17, 76] demonstrated
that shell-doped SiNWs coated with germanium (Ge) have remarkably low thermal
conductivity due to the impurity and interface scattering associated with their unique
structure. Pan et al. [18] investigated surface Ge-doped SiNWs with diameters of
approximately 100 nm. Figure 4.5 shows that the thermal conductivity of Ge-coated
SiNW arrays decreased by 23% at room temperature relative to that of uncoated
SiNWs. Subjecting the Ge-doped SiNW arrays to thermal annealing decreased the
thermal conductivity by 44% because the surface-doped Ge interacts strongly with
silicon, thus enhancing phonon scattering at the Si—Ge interface.
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nealed Ge-doped SiNW, and annealed Ge-doped SiNW. Reprinted with permission from Ref. [18],
copyright (2015) by AIP Publishing

4.2.4 Surface Disorder

Apart from surface roughness, the surface structure of SINWs can also be tailored
by introducing surface disorder. An amorphous surface/shell layer can often form
during the growth of NWs. Phonon scattering by surface roughness differs from
that by an amorphous shell [37]. For example, under a very low temperature limit,
the thermal conductivity of core-shell (CS) NWs with a thick amorphous surface
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shell is lower than that of rough crystalline NWs because of interface scattering and
phonon-coherent resonance [76].

Liu et al. [77] performed early MD simulations to comparatively investigate the
thermal conductivities of crystalline SINWs and SiNWs with amorphous shells. As
shown in Fig. 4.6, the thermal conductivity of amorphous SiNWs decreased by 80%
relative to that of pure crystalline SINW with the same size because of strong phonon
scattering at the interface and the non-propagating diffusion of phonons in the amor-
phous region. The behavior of the thermal conductivity in crystalline SiNWs also
displayed an unusual temperature dependence: the thermal conductivity of crystalline
SiNW monotonically decreases with temperature following 1/ 7. However, the ther-
mal conductivity of amorphous SiNW remains nearly constant in the temperature
range considered in the study and is analogous to that of its bulk counterpart. The
temperature dependence of crystalline core-amorphous shell SINW is considerably
weaker than that of crystalline SINW. These varied temperature trends reflect the dif-
ferent natures of the dominant scattering mechanisms in the materials. The thermal
conductivity of crystalline SINWs is proportional to 1/ T because of the dominance
of normal and Umklapp phonon scattering processes. By contrast, the thermal con-
ductivity of amorphous SiNWs (a-SiNWs) is constant as structural disorder mainly
contributes to scattering.

4.2.5 Surface Softening

Recently, the phonon softening effect has been discovered to play an important
role in the thermal conductivity of solid solutions [78] and nanomaterials [79—-82].
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For example, by solving the full Boltzmann transport equation, the significantly
reduced phonon thermal conductivity was quantitatively examined in Mg, Si;_,Sny
because of the observed acoustic phonon softening [78]. Wingert et al. [79] experi-
mentally confirmed that crystalline Si (c-Si) nanotubes (NTs) with shell thicknesses
as thin as ~5 nm exhibit a low thermal conductivity of ~1.1 W/mK, which is lower
than the apparent boundary scattering limit and is approximately 30% lower than
the measured value for amorphous Si (a-Si) NTs with similar geometries (Fig. 4.7).
Engineering the thermal transport properties of crystalline nanostructures beyond the
phonon boundary scattering limit via the surface phonon softening effect is revealed
to be possible due to the drastically reduced mechanical stiffness. This finding paves
the way for new approaches to reduce nanostructure thermal conductivity.
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Chapter 5 ®)
Phonon Thermal Transport in Silicene e
and Its Defect Effects

The shrinkage of dimensions of nanomaterials is expected to reveal new fascinating
properties that may ultimately lead to exciting applications. In the nano realm, in
addition to the zero-dimensional (0D) quantum dots and the one-dimensional (1D)
nanowires, silicon can also appear in two-dimensional (2D) nanosheet forms [1].
2D nanosheets bridge the gap between 1D nanomaterials and 3D macroscale bulk
materials, and will advance understanding of the quantum confinement effect across
the boundaries of all dimensions in materials science. The past decades witnessed
a surge of research interests in the structures and properties of 2D materials in the
nano realm, which has been partially boosted by the development of graphene [2],
an achievement earned the Nobel Prize in physics for Geim and Novoselov in 2010.
Graphene is endowed with exceptional mechanical, electronic and optical properties
[3]. It also has ultrahigh thermal conductivity (in the range of 3000-5000 W/mK
[4]), which is extremely useful for heat removal in microelectronics. Therefore,
numerous theoretical and experimental research on graphene materials are driven by
both fundamental scientific interest and the perspective of applications. Interested
readers can refer to several review articles [5-9] and books [ 10—12] for further details.

Following the intensive research devoted to graphene, many other 2D materials
have been investigated to determine if they have potential analogous to graphene’s
characteristics. Silicon’s counterpart of graphene, named silicene [13], is focused on
because of its good compatibility with existing silicon-based electronics. Silicene,
a new 2D material, is a recently-observed monolayer of silicon atoms arranged in a
honeycomb lattice structure. Benefiting from the advancement in nanotechnology,
silicene nanoribbons (SNRs) have been synthesized on metal substrates, such as
Ag(111)[14,15], Ag(110) [16], Au(110) [17],Ir(111) [18] and ZrB,(0001) [19] and
are predicted to be stable on non-metallic substrates [20]. Despite the difficulties in
synthesizing free-standing silicene thus far, such experimental progress paved the
way for the synthesis of free-standing silicene, which is attracting intense interest
from the scientific community.
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Fig. 5.1 Density functional theory results for silicene on Ag(111). a Top view and b side view of the
fully relaxed atomic geometries of the model for silicene on the Ag(111) surface. ¢ Enlarged image
of the hexagonal silicene ring indicated by the white circle in (a). d Simulated STM image (left)
for the structure shown in (a). The simulated image exhibits the same structural features as those
observed in the experimental STM image (right), i.e., a hexagonal arrangement of the triangular
structure around a dark center. Reprinted with permission from Ref. [14], copyright (2012) by the
American Physical Society

Both theoretical [13, 21, 22] and experimental [14—16, 23] studies show that the
honeycomb lattice of silicene is slightly buckled (Fig. 5.1) in its most stable form,
which differs from the known planar structure of graphene. Unlike carbon atoms
in graphene, silicon atoms tend to adopt sp? hybridization over sp? in silicene [24],
which makes it highly chemically active on the surface and allows its electronic states
to be easily tuned by chemical functionalization [25]. Its buckled structure also gives
silicene a tunable band gap by applying an external electric field [26].

Density functional theory calculations and experimental observations indicate
that buckled silicene has electronic properties similar to those of graphene, such as
Dirac cone [27], massless Dirac fermions [28], and quantum spin Hall effect [29].
Silicene has great potential to be used in the next generation of electronics with the
advantage of being compatible with existing silicon-based electronics. Compared
to the extensive studies on the structural and electronic properties of silicene, the
thermal property of silicene remains largely unexplored. The thermal conductivity
of silicene is remarkably significant for thermal management and thermoelectric
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conversion in silicene-based electronic devices. Therefore, investigating the thermal
conductivity of silicene is of both academic and practical importance. In this chapter,
we briefly review the current advances in phonon thermal transport of silicene and its
nanoribbons, and particularly highlight our recent theoretical work [30, 31], including
the vacancy defect effect and isotope defect effect on phonon thermal conductivity
of silicene system, respectively.

5.1 Phonon Thermal Transport in Pristine Silicene
and Silicene Nanoribbons

The buckling in silicene leads to new properties [26, 32] which make it a promising
alternative to graphene in the rapidly developing areas of thermoelectrics [33] and
nanoelectronics [34]. Silicene possesses better electronic properties than graphene;
but its thermal transport properties have not been fully studied [35, 36]. As men-
tioned, graphene exhibits high phonon thermal conductivity which may be useful in
applications such as electronic cooling and heat dissipation. However, high thermal
conductivity is undesirable in thermoelectric materials where an extremely low ther-
mal conductivity is required. Unlike graphene, silicene has a smaller lattice thermal
conductivity and can be effectively used in thermoelectricity in future. Given the dif-
ficulties in synthesizing free-standing silicene, the thermal conductivity of silicene
has not been experimentally measured yet, and only few results exist instead on the
phonon thermal conductivity of silicene using molecular dynamics (MD) simulations
[30, 31, 37-41] and first-principles calculations [36, 42—45]. To our knowledge, we
were first to report the phonon thermal conductivity of perfect silicene in [30]. Using
equilibrium MD simulations, we predicted the overall phonon thermal conductivity
around 20 W/mK at room temperature for a silicene sheet [30], which is much lower
than that of bulk silicon (~150 W/mK). Subsequently, non-equilibrium MD methods,
which rigorously rely on the empirical interatomic potentials, were applied to cal-
culate room-temperature thermal conductivity of silicene and predict the values of
thermal conductivity in the range of 5-69 W/mK [37—-41]. Notably, first-principles-
based lattice dynamics predicted that the room-temperature thermal conductivity of
silicene ranges from 20 to 30 W/mK [42-45], which should be more reliable. In
the first-principles approach, the harmonic second-order and anharmonic third-order
interatomic force constants [46—49] are determined from density functional pertur-
bation theory as input parameters; then, the phonon Boltzmann transport equation is
solved [44, 50].

More recently, Li and coworkers [31] have investigated the length dependence
and edge-chirality dependence of phonon thermal conductivity in SNRs using non-
equilibrium MD simulations. They found that the thermal conductivity of armchair-
edged SNR is 10% smaller than that of zigzag-edged SNR, similar to previously
reported results [51] and in good agreement with our previous equilibrium MD
result of Kyigzag/Karmehair ~ 1.0940.11 [30]. This phenomenon implies that silicene
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demonstrates slight chirality dependence in heat conduction. Such anisotropic behav-
ior can be qualitatively explained by the different mean free path (MFP) of phonons
along two chiral directions. For the same system length L, the phonon MFPs along
the armchair and zigzag directions are estimated to be 1.35L and 1.15L, respectively
[51, 52]. Thus, longer MFP phonons restricted on a nanoscale can be remarkably
scattered by the boundary, resulting in lower thermal conductivity.

Consequently, low thermal conductivity has been estimated for silicene nanosheet,
and this feature could be exploited for thermoelectric applications. Calculations of
the thermoelectric properties of armchair and zigzag SNRs suggest that this material
may be attractive for thermoelectric devices [33, 53, 54]. The key to improving the
thermoelectric efficiency of silicene relies on opening a bandgap to enhance the
thermopower and suppress lattice thermal conductivity. Given their buckled atomic
structure, SNRs have a nonzero energy gap, which can be tuned further by applying
external transverse electric fields and doping [26, 53]. Several strategies have also
been utilized to reduce the thermal conductivity in SNRs, including adding substrates
[55, 56], heterostructuring [57], surface functionalization [41], and defects [31, 51,
53, 58, 59]. These studies provide significant guidance for experimental realization.

5.2 Phonon Thermal Transport in Vacancy-Defected
Silicene

As well known, defects or impurities are ubiquitous in natural materials. As work-
ing with defect-free or impurity-free materials is almost impossible, understanding
how defects and impurities alter the electronic and thermal properties of systems
is essential [60]. Structural defects, such as the Stone-Wales and vacancy defects,
are inevitable in the synthesis of 2D materials with hexagonal lattice structure [61].
Furthermore, physical methods, such as stress, irradiation, and sublimation, can also
generate a considerable concentration of such defects [31, and references therein].
Vacancy defects are lattice sites that would otherwise be occupied in a perfect crystal,
but instead remain vacant. Such defects significantly affect the mechanical properties
[61, 62], electronic properties [63, 64] and thermal stability [65] of silicene sheets,
and cause lattice vibration localized around the defects. Recent studies have shown
that vacancies can lower phonon thermal conduction in graphene [66, 67] and in
silicon nanowires [68] as well as in silicene in our prior study [30].

We investigated the effects of the concentration of monoatomic vacancies and the
size of vacancy clusters on the in-plane thermal conductivity of silicene sheets [30],
as shown in Fig. 5.2. Even for the lowest monovacancy concentration p of 0.22%
(i.e., one of the 448 atoms was removed from the model sheet), thermal conductivity
reduction can be remarkable (by 78 %) compared with a perfect case. Fitting the sim-
ulation results in Fig. 5.2a gives K/ /<0=1/ (1.166 + 1.529p), indicating a significant
reduction in thermal conductivity at p below 2%, followed by a slow decrease in ther-
mal conductivity at higher monovacancy concentrations. In addition, our simulations
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Fig. 5.2 Normalized in-plane thermal conductivity (k/kg) of silicene sheets as a function of a
the monoatomic vacancy concentration and b the number of cluster atoms removed. Grey balls
denote silicon atoms, whereas other balls indicate the edge atoms of the vacancies. Reprinted with
permission from Ref. [30], copyright (2012) by EPLA

[30] on the thermal conductivity of silicene sheets with different-sized vacancy clus-
ters revealed that vacancy clusters degrade the thermal conductivity more remarkably
than monoatomic vacancies do, as shown in Fig. 5.2b. In particular, removing a 12-
atom cluster decreases the thermal conductivity of a pristine sheet by half, whereas
a monoatomic vacancy induces a reduction of approximately 78%. Increasing the
size of a vacancy cluster thus results in a larger reduction in the thermal conductivity
owing to the stronger effect of phonon-defect scattering.

We also elucidated the thermal conductivity reduction in silicene through analysis
of the in-plane phonon density of state (PDOS) spectra associated with vacancy
defects in silicene sheets [30]. Using equilibrium MD simulations, the PDOS (or
the phonon vibrational power spectrum) is computed from the Fourier transform
of the velocity autocorrelation function (VAF) [69], PDOS = \/427 fooo e Cyy(t)dt

where the VAF is defined as C,,(t) = <Z, vi(to+1) - vj(t0)>. Here v;(z) is the
velocity vector of atom j at time ¢, the summations are over the atoms in the relevant
part of interest, and the brackets indicate ensemble averaging over different time
origins #y. When the x, y, or z component of PDOS is considered, the projected
PDOS is calculated by taking the corresponding component of the velocity vector.
Phonon modes with frequencies below 20 THz dominate the thermal transport in
silicon [70], and the simulated PDOS for bulk silicon shows excellent agreement
with the experimental and theoretical data [30, and references therein]. Compared
with bulk silicon, the in-plane PDOS for pristine silicene sheets exhibits a significant
depression in the considered frequency region because of the effect of surface-phonon
scattering. Additionally, our simulations [30] reveal a shortening of the Si—Sibond for
free surfaces owing to bond reconstruction; thus, a stiffer surface bond could account
for a significant shift in the entire PDOS to higher frequencies. The depression of the
PDOS reduces the density of thermal energy carriers [71], and the blue-shift of a low-
frequency PDOS may decrease the contribution of long-wavelength phonon modes
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Fig. 5.3 In-plane PDOS analysis of the effect of a the monoatomic vacancy concentration, and b
the size of a vacancy cluster for a silicene sheet. p is the concentration of monoatomic vacancies. (6,
448) denotes that a 6-atom cluster was removed from a 448-atom cell. Curves obtained from MD
simulations are drawn by a Gaussian smoothing with a width of 1.2 THz. Reprinted with permission
from Ref. [30], copyright (2012) by EPLA

dominating the heat conduction at low temperature [70], both of which contribute
directly to thermal conductivity reduction.

We previously investigated the effect of vacancy defects on the in-plane PDOS
of silicene sheets [30]. As shown in Fig. 5.3, by increasing the concentration of
monovacancies or the size of the vacancy cluster, the high frequency parts of the
PDOS near 18 THz are remarkably reduced, leading to lower thermal conductivity, as
the optical modes could also carry heat [ 72]. Furthermore, a remarkable broadening of
the acoustic phonon modes near 6 THz and 12.5 THz occurs as vacancy concentration
and hole size increase. Particularly for larger contractions or larger sized vacancy
defects, the valleys and peaks in the PDOS curve between 10 THz and 16 THz almost
disappear, and this part of the PDOS curve flattens. Such broadening of the PDOS
upon introducing vacancies has also been observed experimentally in Laz_,Tes [73]
and theoretically in graphene [74], indicating a reduction in the lifetime (or MFP)
of the related phonon modes. Vacancies in a silicon nanosheet strongly scatter the
phonons, and this source of scattering is associated with the concentration and size of
the vacancies. Therefore, by introducing vacancy defects, certain acoustic vibration
modes become localized and thus adversely contribute to thermal conductivity.

The boundary shape of the vacancy clusters plays an important role in the thermal
conductivity of silicene sheets [30]. As shown in Fig. 5.4, phonon thermal transport
in the defective sheets exhibits unique features associated with the boundary shape
and orientation of the vacancy clusters, unlike those from the pristine sheet. Our
investigation [30] shows a significant anisotropy of the phonon thermal conductivity
in the vacancy-cluster-defected silicene sheet. In particular, the value of «, is roughly
1.3 times larger than the «, value in the R1 orientation, but the former is approxi-
mately half of the latter in the R2 orientation. Such remarkable anisotropy of thermal
conductivity induced by vacancy defects could have potential applications, including
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Fig. 5.4 a Normalized in-plane thermal conductivity («/k¢) and b thermal conductivity anisotropy
ratio (kx /ky) of silicene sheets with different boundary shapes of vacancy clusters at 300K. The
red, green, and blue balls denote the edge silicon atoms of rectangular vacancy clusters (R1, R2), a
circular vacancy cluster (C), and regular-triangular vacancy clusters (T1, T2), respectively. Here the
vacancy clusters are formed by the removal of Siz¢ from the 14 x 8 cell with 448 atoms. ky /ky=1
corresponds to the pure isotropy of the phonon thermal conductivity. Reprinted with permission
from Ref. [30], copyright (2012) by EPLA

improving the efficiency of thermoelectric converters and designing phonon logic
devices [75].

5.3 Phonon Thermal Transport in Isotope-Doped Silicene
Nanoribbons

Isotope impurities provide a powerful technique for modulating the phonon-related
properties of nanomaterials. Technologically speaking, isotope doping easily intro-
duces phonon-defect scattering without damaging electronic quality, thus attracting
intensive research interests in 1D nanostructures, such as nanowires [74] and nan-
otubes [76—79], and 2D nanostructures including graphene [80, 81]. However, the
influence of isotope doping, including doping concentration, doping pattern, and dop-
ing type on the thermal conductivity of SNRs, remains unclear. Given the extreme
sensitivity of electron transport in nanostructures to isotope doping [82, 83], a par-
allel, simultaneous investigation of phonon transport is clearly needed [84].

Using non-equilibrium MD simulation, Li et al. [31] have recently introduced the
isotope to modulate the phonon thermal conductivity of SNRs with two patterns: ran-
dom atomic distribution of isotopes and superlattice-structured isotope substitution.
Figure 5.5 displays the calculated thermal conductivity of randomly doped armchair-
edged SNR as a function of the 3°Si doping concentration (p). The mean field model
[85] results are in good agreement with the MD calculations. A U-shaped change
of the thermal conductivity in the studied SNR is also observed. Phonon thermal
conductivity decreases initially to a minimum and then increases as the doping con-
centration changes from 0 to 100%, and the minimum (about 15.5 W/mK) occurs at
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Fig. 5.5 Plot of the phonon thermal conductivity reduction ratio § against the doping concentration
p for 39Si randomly doped armchair-edged SNR, as calculated with non-equilibrium MD simulations
(blue solid circle) and mean field model (red circle). Here, thermal conductivities are normalized
by the phonon thermal conductivity of pure 23Si SNR. The armchair-edged SNR is 30 nm in length
and 3 nm in width. Reprinted with permission from Ref. [31], copyright (2018) by the Chinese
Physical Society and IOP Publishing

the doping concentration of approximately 50%. Specifically, the calculated thermal
conductivity of pure *°Si SNR (o = 100%) is found to be approximately 3.8% smaller
than that of pure 2Si SNR (p = 0%, k = 18.3 W/mK) because heavier isotope atoms
decrease the lattice vibration frequencies, thus resulting in lower phonon thermal
conductivity. A similar phenomenon is reported in isotope-doped silicon nanowires
[82] and graphene [86]. The isotope-doping-induced reduction of phonon thermal
conductivity arises from a point defect induced by a mass difference in a crystal lat-
tice that causes phonon scattering; moreover, this finding is controlled by the masses
and concentrations of the individual isotopes that contribute to the disorder [37].

Li et al. [31] further studied the mechanism of thermal conductivity reduction
induced by isotopic doping. As shown in Fig. 5.6, with the increase of doping con-
centration p from 0 to 100%, the frequencies of the phonon modes show redshift.
When p increases from 0 to 40% or decreases from 100 to 60%, the mass disorder
increases, thereby lowering the intensity of the PDOS peaks. Doping isotope also
softens the G-band of the phonons compared with the pure system. Isotope substitu-
tion induces mass disorder in the lattice, resulting in increased phonon scattering at
defective sites because of the difference in the characteristic frequencies of phonons.
Those impurities cause localization of phonon modes, thus reducing thermal con-
ductivity.

Moreover, Lietal. [31] explored the effect of ordered manner, i.e., in a superlattice
arrangement (Fig. 5.7a), on the thermal conductivity of SNR. Figure 5.7b shows
the phonon thermal conductivity of superlattice-structured SNR as a function of
period length Lp for doping concentration p = 40%. When Lyp increases gradually
from 3 to 10 nm, the k value of the studied superlattice-structured SNR decreases
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Fig. 5.7 a Schematic of the superlattice-structured SNR of 30 nm in length and 30 nm in width. b
Thermal conductivity of superlattice-structured SNR as a function of period length Lp for doping
concentration p = 40%. Heat flows perpendicularly to the doping strip region. Reprinted with
permission from Ref. [31], copyright (2018) by the Chinese Physical Society and IOP Publishing

from 31 (Lp = 3 nm) to 27 W/mK (Lp = 7.5 nm) and to 25 W/mK (Lp = 10
nm). This outcome can be explained qualitatively through the phonon spectrum
variations induced by superlattice arrangements [31]. Interestingly, for the same
doping concentration p = 40%, ordered doping (i.e., isotope superlattice) leads to a
much larger reduction in phonon thermal conductivity than random doping does, as
shown in Fig. 5.8.
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Chapter 6 ®)
Summary and Concluding Remarks i

Thermal transport in silicon-based nanomaterials has become a hot topic in the
research community recently because it is one of the fundamental scientific problems
in material physics and has enormous practical applications in modern electronics
and thermoelectrics. Whereas thermoelectric materials which need the lowest possi-
ble thermal conductivity, thermal dissipation in micro/nanoelectronics requires the
opposite. Over the past decades, rapid advances in fabricating silicon-based nanoma-
terials have attracted great interest among the scientific community to have a better
understanding of thermal transport in these materials.

To promote silicon-based nanoscience and nanotechnology, we have per-
formed systematic molecular dynamics simulations on thermal properties in low-
dimensional silicon nanomaterials, including zero-dimensional nanoclusters and
one-dimensional nanowires as well as two-dimensional crystal lattice with only a
single atomic layer, such as silicene. Thermal transport properties in silicon nanos-
tructures differ significantly from those in macrostructures because the characteristic
length scales associated with heat carriers (i.e., the mean free path and the wave-
length) are comparable to the characteristic length of nanostructures. The boundary,
surfaces, and defects have been explored as routes to reduce thermal conductivity in
silicon nanostructures, which is of particular interest for thermoelectrics applications.

Specifically, the thermal stability and thermal transport properties of silicon nan-
oclusters are strongly size dependent. For example, the melting temperature of silicon
nanoclusters is lower than that of bulk silicon and increases with an increase in the
cluster size. The structure changes upon heating, showing that the melting of silicon
nanospheres is progressively developed from the surface into the core. The structure
of the silicon nanocluster can change gradually from the bulk diamond structure to the
amorphous structure with a decrease in the cluster size. Surface hydrogenation can
significantly improve the energetic stability of the tetrahedral silicon nanoclusters,
while silicon nanostructures without surface saturation are highly unstable and can
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undergo amorphization in small-sized clusters. When the cluster size approaches
the nanoscale, a significant reduction in the thermal conductivity can be induced
from the stronger phonon-boundary scattering effects in smaller size, as well as
from the stronger phonon-phonon scattering at higher temperatures. Regarding the
thermal transport in silicon nanowires which is dominated by phonon-phonon cou-
pling, numerous studies, including some simulations performed by us, highlight the
importance of surface effects, such as surface roughness, surface functionalization,
surface doping, surface disorder, and surface softening, for tunable thermal conduc-
tivity. The underlying mechanisms are attributed to the phonon-surface/boundary
scattering, phonon-interface scattering, and phonon-defect scattering. It has been
concluded that surface engineering methods are effective methods for modulating
nanoscale thermal transport and may foster further advancements in the fields of
silicon-based nanoelectronics and thermoelectrics. In addition, the remarkable suc-
cess of graphene has stimulated renewed interest in graphene-like 2D layered nano-
materials. Among them, silicene—the silicon-based counterpart of graphene—has a
2D buckled structure that is responsible for a variety of potentially useful physical
properties. Following our pioneer simulation of the phonon thermal transport of pris-
tine silicene sheets, many strategies have been studied in the research community to
reduce thermal transport in silicene and nanoribbions, including adding substrates,
heterostructuring, surface functionalization, and defects, providing significant guid-
ance for experimental realization. Our recent investigations also show that the effects
of vacancy defects and isotope doping induce the significant diminution in the thermal
conductivity of silicene sheets. Particularly, phonon thermal transport in silicene is
strongly affected by the vacancy concentration, vacancy size, and vacancy boundary
shape. Also, the phonon thermal conductivity of isotopic doped silicene nanoribbons
is dependent on the concentration and arrangement pattern of dopants. The findings
presented in this book could be helpful in furthering the understanding of phonon
thermal transport in silicon-based nanomaterials and may serve as a highly useful
experimental guide in silicon-based thermoelectric applications as well as in other
thermal-related applications.

Nonetheless, there are still challenges and debates—both experimentally and the-
oretically—that deserve further investigation in this field. For example, although
the thermal conductivities of silicon nanoclusters and silicene sheets have been pre-
dicted in theory, there is a lack of accurate experimental measurements. The pre-
cise mechanisms that underlie the surface-induced reduction of thermal conductivity
remain unknown. In particular, the synergistic effects of the material surface and
other factors on the thermal transport in silicon nanowires remain unclear. Measur-
ing thermal conductivity at the nanoscale continues to face many difficulties, such
as determining thermal contact resistance between the sample and substrate, and
also differs from group to group, and there is heated debate over the effects result-
ing from sizes, defects, and surfaces. In addition, three levels of theoretical and
computational approaches—microscopic level, mesoscopic level, and macroscopic
level—have been used to describe nanoscale phonon transport, but at present, there
are limitations to the application range of these different level methods. Therefore,
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in parallel with the experimental research, it is essential and urgent to develop new
theories and methods to rapidly and accurately calculate the thermal conductivity
(including phonon and electron contributions) of nanomaterials in the recent near
future.
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