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ABSTRACT

The goal of this dissertation is to develop a fundamental understanding of the
thermomechanical behaviors of nanostructures. This work focuses on the development of
a computational framework based on the molecular dynamics (MD) simulations, the
analysis of the coupled mechanical and thermal behaviors in gallium nitride nanowires,
and the development of a model to predict thermal response to structural changes.

GaN nanowires are semiconducting and piezoelectric nanomaterials with potential
applications of many nano-electronic devices. For designing flexible and multifunctional
devices, it is necessary to analyze the coupled mechanical and thermal behaviors due to
the large deformation. A wurtzite (WZ) structure of GaN and ZnO is known to transform
into various structures in response to external loading along different crystalline
directions causing changes in thermal conductivity. In this work, MD simulations are
carried out to investigate the thermal and mechanical responses of GaN nanowires with
the [0001] orientation and hexagonal cross sections to axial loading and unloading at
room temperature. The thermal conductivity of the nanowires at each deformed state is
calculated using the Green-Kubo approach with quantum corrections. The thermal
conductivity is found to be dependent on the strain induced by tensile loading and
unloading. Phase transformations are observed in both the loading and unloading
processes. Specifically, the initial WZ-structured nanowires transform into a tetragonal
structure (TS) under tensile loading and revert to the WZ structure in the unloading
process. In this reverse transformation from TS to WZ, transitional states are observed. In
the intermediate states, the nanowires consist of both TS regions and WZ regions. For

particular sizes, the nanowires are divided into two WZ domains by an inversion domain



boundary (IDB). The thermal conductivity in the intermediate states is approximately
30% lower than those in the WZ structure because of the lower phonon group velocity in
the intermediate states. Significant effects of size and crystal structure on mechanical and
thermal behaviors are also analyzed. Specifically, as the diameter increases from 2.26 to
4.85 nm, the thermal conductivity increases by 30%, 10%, and 50%, respectively, for the
WZ, WZ-TS, and WZ-IDB structured wires. However, change in conductivity is
negligible for TS-structured wires when the diameter changes. The different trends in
thermal conductivity appear to result from changes in the group velocity which is related
to the stiffness of the wires and surface scattering of phonons. A model is developed to
predict the thermal response to the structural change. This model is based on the force
constants that are calculated by using atomistic potentials of MD simulation. The model
predicts change in thermal conductivity of nanowires at deformed state using details of
atomistic configurations obtained in MD simulations of mechanical responses. The model
describes dependences of thermal conductivity on strain and structural change
successfully as compared with results of Green-Kubo approach. The model can calculate
the thermal conductivity faster than the Green-Kubo method and it can be applied to the
deformed structures which are not considered in previous works. At temperatures above
1495 K, the thermal conductivity of the nanowires with particular size remains largely
constant as the axial strain increases. The different trends appear to result from changes
in phonon behavior primarily associated with the surface structures of the nanowires at
the different conditions. In case of bending deformation of nanowires, phase
transformation observed in bending process is different with that for the axial loading.

The WZ structure in the surface region transforms into the TS structure, but the initial



WZ structure remains in the interior region. The difference in structural change between
the surface regions and the core regions is attributed to the surface effects. Thermal
conductivity does not decrease in the process of bending before the phase transformation.
The thermal conductivity of the bent TS-WZ nanowire is lower than that of the WZ

nanowire.
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1. INTRODUCTION

1.1 Motivations

Gallium nitride is a semiconducting material with many advantages. It has a
number of potential applications in high-temperature electronic devices because of its
wide bandgap energy (3.4 eV) and stability at high temperatures. (Pearton et al. 2001;
Goldberger et al. 2003, Gradecak et al. 2005; Huang et al. 2002; Johnson et al. 2002) It
shows a high breakdown voltage (~5x10° V/cm), which allows for the development of
devices that can operate under much larger power densities. (Manasreh and Jiang 2002;
Saygi et al. 2005)

GaN is also known to be piezoelectric like other semiconducting materials,
(Brudnyi et al. 2011) such as ZnO, AIN, CdS, and BaTiOs;. Recently, the coupled
piezoelectric and semiconducting properties of nanowires and nanorods led to the
development of nanopiezotronics. (Wang 2007) It is based on the principles of
nanogenerator converting mechanical energy into electrical energy. Coupling of
piezoelectricity and semiconducting properties enables the development of flexible
and/or stretchable electronic devices that are multifunctional, self-powered, wearable, and
portable. (Xu et al. 2010; Choi et al. 2009; Zhu et al. 2010)

A large deformation of structure is necessarily involved in the application of the
flexible devices. The nanostructures have a perfect crystalline structure without defect
due to its nanometer size. In many materials, external loading can lead to a phase
transformation, resulting in change of mechanical, thermal, electrical, and/or optical

properties. Under uniaxial tensile loading, face-centered-cubic (FCC) metallic nanowires



undergo the lattice reorientation. (Liang and Zhou 2005) Phase transformations are
observed in semiconducting nanostructures such as GaN and ZnO. A wurtzite (WZ2)
structure of unstressed GaN and ZnO can transform into a tetragonal structure (TS), a
rocksalt structure, and a hexagonal structure (HX) in response to loading along different
crystalline directions or hydrostatic pressure. (Wang et al. 2007; Wang et al. 2008;
Mujica et al. 2003; Sarasamak et al. 2008; Kulkarni et al. 2006; Kulkarni and Zhou 2007)
Recently, the TS structure was identified in experiments of ZnO nanoislands. (He et al.
2012) The mechanical behaviors associated with the phase transformation have been
analyzed and characterized extensively.

The thermal transport has been an important issue in designing electronic devices
for long time. In most current applications of nanodevices, heat management is a critical
issue. In some devices which are required to dissipate the generated heat, such as
computer processors or lasers, high thermal conductivity is advantageous. In other cases,
low thermal conductivity is desirable for efficiency in energy conversion or thermal
barriers. There have been many theoretical calculations of the nanoscale thermal transport.
(Cahill et al. 2003)

The coupling between the thermal and mechanical behaviors of nanostructures is
important because it provides a mechanism for designing nanoscale devices and for
enhancing the performance of devices. The variation with loading or deformation of
thermal conductivity of nanowires and nanofilms of a range of materials is of particular
interest and has been extensively studied. (Picu et al. 2003; Kulkarni and Zhou 2007; Xu
and Li 2009; Li et al. 2010; Liu and Yang 2010; Ren et al. 2010) The design of flexible

nanodevices using WZ-structured semiconductor nanowires may take advantage of a



combination of mechanical and thermal responses. Thermal conductivity of [0110] -

oriented ZnO nanowires increases during the transformation from WZ to HX. (Kulkarni
and Zhou 2007) The WZ structure transforms into TS structure in [0001]-oriented GaN
nanowires under tensile loading and the reverse transformation from TS to WZ is also
observed during unloading of transformed nanowires. During the TS-to-WZ
transformation, nanowires consist of both WZ regions and TS regions. In this work, we
analyze and compare the mechanical and thermal responses of GaN nanowires associated
with both the forward transformation during loading and the reverse transformation
during unloading.

Thermal response of nanowires has been investigated by using different methods
including MD simulations (Maiti et al. 1997; Schelling and Phillpot 2001; Oligschleger
and Schon 1999; Che et al. 2000; Volz and Chen 2000), density functional perturbation
theory (Debernardi et al. 1995; Baroni et al. 1987; Gonze 1995; Broido et al. 2007; Garg
et al. 2011; Bonini et al. 2012) and model based on the Botzmann transport equation
(BTE). (Chen et al. 2005; Lacroix et al. 2006; Chantrenne et al. 2005; Zou 2010;
Mamand et al. 2012) The MD method is the most appropriate for the calculation of
thermal conductivity in nanowires because the nanowire in simulation contains more than
5,000 atoms to capture the phase transformation correctly. In this work, the thermal
responses of the deformed nanowires are analyzed by using the equilibrium MD method.
However, it is hard to calculate the thermal conductivity of nanowires at every deformed
state due to the limitation of computing resources. Furthermore, the previous models
based on the BTE are not compatible because they do not distinctly reflect effects of the

mechanical strain and the phase transformation. A simple model is proposed to predict



thermal conductivity in deformed nanowires approximately by using atomic
configurations calculated in MD simulations.

Previous theoretical studies usually assumed that nanowires are straight and
external force is also applied along the axis of nanowire. However, nanowires are not
always straight, but are often bent during their operation as shown in Fig. 1.1. Effects of
bending have been investigated for dielectric nanowires (Liu et al. 2009) and carbon
nanotubes. (Zhong et al. 2011) The phase transformation can occur during bending
because bending deformation is associated with both tension and compression in the
nanowire. In this work, the phase transformation of the WZ-structured GaN nanowires in
response to bending deformation is shown and relevant thermal and mechanical

behaviors are also investigated.

1.2 Dissertation Objectives and Outline

The main contribution of this study is the characterization of the coupled thermal
and mechanical behaviors of GaN nanowires using molecular dynamics simulations. The
mechanical and thermal responses to tensile and compressive loading, unloading, and
bending of nanowires are analyzed using Green-Kubo approach with quantum correction.
The model based on the interatomic potentials and MD results is developed to predict
thermal conductivity of nanowires at deformed state. Effects of strain, size, structure, and
temperature on the mechanical and thermal behaviors are also investigated.

The outline of thesis is presented as follows. The relevant topics such as phase
transformation of nanostructures and nanoscale thermal transport are discussed in

Chapter 2. The theoretical fundamentals of MD simulations are presented next. This
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includes the different type of ensembles considered to control the evolution of the atomic
system, the use of boundary conditions to reflect the surface effect, and discussion about
MD methods to calculate thermal conductivity. Chapter 3 describes the MD
computational framework including interatomic potentials, generation of GaN nanowire
structures, quasi-static loading scheme for characterization of the mechanical response to
deformation of nanowires, and the Green-Kubo approach with a quantum correction to
estimate the thermal conductivity. In Chapter 4, the mechanical and thermal responses of
GaN nanowires during tensile and compressive loading and unloading are described. The
forward and reverse transformations observed in this work are investigated concerning
the dependence of thermomechanical response on strain, size, structure, and temperature.
Based on the results of MD simulation, a simple model is developed to predict thermal
conductivity in the deformed nanowire and is compared with the results of the Green-
Kubo approach. Chapter 5 describes the thermomechanical response of nanowires during
bending process. The phase transformation observed in the bending process is analyzed
and compared with the transformation under loading. Finally, the thesis is concluded with

its summary of the previous chapters as well as future research directions in Chapter 6.
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Fig. 1.1 Design and electricity-generating mechanism of the fibre-based nanogenerator
driven by a low-frequency, external pulling force. (Qin et al. 2008)
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2.BACKGROUND

Recent progresses in nanotechnology enable the fabrication of devices in
nanometer scale. At the nanoscale, the mechanical and thermal behaviors of
nanostructures are different with those of continuum-scale structures. In this chapter, the
relevant topics such as phase transformation of nanostructures and nanoscale thermal
transport are discussed. Phase transformations of nanostructures have been captured
successfully in atomistic computation methods such as molecular dynamics simulation.
The theoretical fundamentals of MD simulations are presented next. This includes
overview of the different type of ensembles considered to control the evolution of the
atomic system, features of boundary conditions to reflect the surface effect, and

discussion about MD methods to describe thermal responses.

2.1 Phase Transformation

Phase transformations are widely observed in nanostructures under external
loading and temperature changes. A body-centered-cubic (BCC) crystal structure may
transform into a face-centered-cubic crystal structure under uniaxial tensile loading along
[100] crystalline direction (Milstein et al. 1995) and a hexagonal-closed-packed (HCP)
structure under uniaxial compressive loading. (Djohari et al. 2009) The atomic
configuration with a <110> axis and {111} lateral surfaces of single-crystalline FCC
metallic nanowires is reoriented to the configuration with a <001> axis and {001}

surfaces under tensile loading as shown in Fig. 2.1. (Liang and Zhou 2005) Such lattice



reorientations are involved in the pseudoelasticity and the shape memory effect of FCC
nanowires. (Liang et al. 2005; Liang and Zhou 2006; Lee et al. 2010)

Semiconducting materials like GaN, ZnO, and CdS stabilize in WZ structure
under ambient conditions. The WZ structure transforms into different crystalline
structures under loading of different triaxialities as shown in Fig. 2.2. (Wang et al. 2008)
The WZ structure transforms into a TS structure in response to tensile loading along the
[0001] crystalline direction. (Wang et al. 2007; Wang et al. 2008) The phase
transformation from the WZ structure to a rocksalt structure is observed under hydrostatic

compression. (Mujica et al. 2003; Sarasamak et al. 2008) A graphite-like, HX structure
occurs under tension along the [2110] and [0110] directions as well as compression

along the [0001] direction. (Kulkarni et al. 2006; Kulkarni and Zhou 2007) These phase
transformations cause changes in thermal response as well as the mechanical response.
The phase transformation from WZ to HX observed in [0110]-oriented ZnO nanowires
under tensile loading is one example. (Kulkarni et al. 2006; Kulkarni and Zhou 2007) As
shown in Fig. 2.3, thermal conductivity of the ZnO nanowires increases during the
transformation from WZ to HX because the density of the HX structure is higher than
that of the WZ structure. (Kulkarni and Zhou 2007) During the WZ-to-HX
transformation, nanowires consist of both WZ regions and HX regions. Wires in the
intermediate states have thermal conductivities that decrease due to the formation of the
interfaces first and increase with the progress of transformation because the fraction of
atoms in the HX phase increases. (Kulkarni and Zhou 2007) In addition, an inversion
domain boundary (IDB) in GaN has been investigated in both experiments (Romano et al.

1996; Potin et al. 1999; Liu et al. 2008) and MD simulations. (Xiao et al. 2009) IDBs are
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boundaries between two WZ domains which are opposite in polarity as seen in Fig. 2.4.
The boundary between two adjacent domains with different polarity has been shown to
be a very efficient radiative recombination center, which may have potential application

for novel light-emitting devices. (Liu et al. 2008)

2.2 Nanoscale Thermal Transport

2.2.1 Thermal transport from macroscale to nanoscale

Heat conduction is defined as the energy transfer processes through a medium,
caused by a temperature difference. (Chen 2005) The model of macroscopic heat
transport is based on the Fourier’s law that relates the local heat flux to the local
temperature gradient

q=-xVT, (2.2.1)
where q is the heat flux, « is the thermal conductivity, which has units of W/mK, and VT
is the temperature gradient. However, as the structure characteristic length scales become
comparable to the mean free path, the macroscale conduction equation is no longer
applicable. The nanoscale thermal transport has been modeled by the Boltzmann
transport equation (Majumdar 1993) and molecular dynamics simulations. (Volz and
Chen 1999, 2000) The direct nonequilibrium MD method (Maiti et al. 1997; Schelling
and Phillpot 2001; Oligschleger and Schén 1999; Jund and Jullien 1999) and the Green-
Kubo method (Che et al. 2000; Volz and Chen 2000) are commonly used for calculating
the thermal conductivity in MD simulation. In extreme case, the phonon transport in

nanostructures is not purely diffusive and partly ballistic. (Joshi and Majumdar 1993;



Natori 1994; Lundstrom 1997) In the pure ballistic transport, scattering of heat carriers
does not take place. Consequently, a temperature gradient cannot be established and the
heat flux follows the Casimir limit. The crossover from diffusive to ballistic transport in

silicon nanowires is found to occur at a distance shorter than 10 nm. (Gilbert et al. 2005)

2.2.2 Phonons

The thermal energy transport results from the random motion of the material
particles, such as electrons, atoms, and molecules. In semiconducting solids, electron is
not considered as a heat carrier because the valence electrons are tightly bound to the
atomic nuclei. (Chen 2005) Heat is conducted through the vibration of atoms. Each atom
vibrates around its equilibrium position and the motion of each atom is constrained by its
neighboring atoms through the interatomic potential. The energy of a quantized lattice
wave is called a phonon. From simple kinetic theory, the thermal conductivity is modeled
as

c=tcva=teovs, (2.2.2)
3 3

where C, v, 1 and  are heat capacity per unit volume, group velocity of phonons, mean
free path of phonons, and relaxation time of phonons, respectively. The mean free path
A(=vr) is defined as the average distance a phonon travels before it loses its excess
energy due to scattering. Phonons can scatter through different mechanisms, for example,
Umklapp three-phonon scattering, normal three-phonon scattering, four-phonon
scattering, phonon-impurity scattering, phonon-boundary scattering, and phonon-defect

scattering. The relaxation time is the time a phonon takes to return to equilibrium. Every
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phonon can be assigned to a relaxation time corresponding to the net effect of the
scattering mechanisms under the single-mode relaxation time approximation.
(McGaughey and Kaviany 2004) The group velocity is defined as a function of phonon
frequency. In case of nanowire, sound velocities are often used instead of the function of

frequency in convenience. (Guthy et al. 2008; Zou 2010)

2.2.3 Coupling of thermal conduction and structural deformation

It has been reported that structural deformation influence thermal conductivity in
solids. In most cases, thermal conductivity of solids increases as strain increases under
tensile loading and decreases as strain decreases under compressive loading. (Picu et al.
2003; Bhowmick and Shenoy 2006; Lee et al. 2010; Li et al. 2010; Hsieh et al. 2011,
Alam et al. 2012; Loh et al. 2012) Changes in thermal conductivity are gradual and
steady. The observed increase in thermal conductivity under compression was
qualitatively explained within the formalism of anharmonic three-phonon interaction
model, (Roufosse and Klemens 1973) by assuming a possible increase in the
characteristic Debye temperature and a reduction in the Griineissen parameter. (Picu et al.
2003) In contrast, thermal conductivity of polymer materials is enhanced by tensile strain
because mechanical stretching could align polymer chains. (Liu and Yang 2010) For
single-walled carbon nanotubes and graphene, the thermal conductivity decreases when
the structure buckles and has a peak value under compressive loading. (Li et al. 2010)
This phenomenon results from scattering behavior of phonon induced by mechanical
instability. Phase transformations can influence thermal conductivity as well. As

mentioned in previous section and Fig. 3, thermal conductivity of the ZnO nanowires
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increases during the transformation from WZ to HX because the density of the HX

structure is higher than that of the WZ structure. (Kulkarni and Zhou 2007)

2.3 Molecular Dynamics Simulations

2.3.1 Temperature and stress

Molecular dynamics simulation is a technique for computing the equilibrium and
transport properties of a classical many-body system. (Frenkel and Smit 1996) The MD
simulations determine the motion of atoms by solving Newton’s equation of motion. The
force on an atom i, fj is derived from the gradient of the potential energy U

S
or,

(2.3.1)
where r;j is the atomic position vector for the i-th atom. The type of interactions between
atoms determines potential function. Positions and velocities of atoms are calculated by
integrating Newton’s equations of motion. The structure of system determines the initial
set of atomic positions. Initial atomic velocities are selected among random distributions
satisfying the temperature condition. Temperature of the system T is obtained from the

virial theorem

INKT =2 ¥ my?. (23.2)

where N is number of atoms in the system, kg is the Boltzmann constant, m; is mass of
atom i, and v; is velocity of i-th atom. Stress tensor ¢ is defined as virial formula (Zhou

2003)
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where V is system volume, rj; is the distance vector between atom i and j, f;; is the force

on atom i resulting from the pairwise interaction with atom j.

2.3.2 Time integration algorithms

In the system with a fixed number of atoms, constant volume, and constant energy,
time averages obtained in MD simulation are equivalent to ensemble averages in the
microcanonical (NVE (constant number of atoms, constant volume, and constant energy))
ensemble. However, it is often necessary to control the temperature or pressure in
simulations. The canonical (NVT) ensemble and grand canonical (NPT) ensemble are
used in simulations more often than the NVE ensemble.

The NVT ensemble corresponds to the system with a fixed number of atoms,
constant volume, and constant temperature. The system is coupled to a heat bath so that
the average temperature is maintained close to the requested temperature. Many different
algorithms have been proposed to simulate thermostats: Evans (Evans and Morriss 1984),
Langevin (Adelman and Doll 1976), Andersen (Andersen 1980), Berendsen (Berendsen
et al. 1984), Nosé-Hoover (Hoover 1985), and Nosé-Poincaré (Bond et al. 1999). The
most popular method is the Nosé-Hoover algorithm. The Nosé-Hoover dynamics is not a
real Hamiltonian system. Through the Poincaré transformation, the Nosé-Poincaré
method develops the Hamiltonian structure. Futhermore, to overcome the lack of
ergodicity, thermostatting chain methods (Martyna et al. 1992; Leimkuhler and Sweet

2004) and the recursive multiple thermostat methods (Leimkuhler and Sweet 2005; Choi
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and Cho 2006) are proposed. However, the Nosé-Poincaré method and the Nosé-Hoover
method are not different in results for practical simulations and the multiple thermostat
algorithms are advantageous only for very small and stiff systems. (Jung and Cho 2008)
The size and shape of the simulation cell may be dynamically adjusted by
coupling the system to a barostat in order to obtain a desired average pressure and/or
isotropic stress tensor. (Smith and Forester 1996) Andersen (1980) introduced an isobaric
method for allowing isotropic change of volume. To address anisotropic change of
volume and shape, the nine Cartesian components of the simulation cell vector are used
as dynamic variable. (Parrinello and Rahman 1980, 1981) However, this formulation
leads to the problems of spurious cell rotation and artificial symmetry breaking. To avoid
these problems, Souza and Martins (1997) used six independent components of the
metric tensor as the dynamic variables of the simulation cell. Isothermal-isobaric methods
were developed to control both temperature and pressure/stress by combining
thermostatting methods with barostats. (Martyna et al. 1994; Sturgeon and Laird 2000;

Hernandez 2001; Choi and Cho 2006)

2.3.3 Boundary conditions

In MD simulations, the basic assumption is that the average behavior of a many-
particle system can be obtained simply by averaging the quantity over a sufficiently long
time. Following this “ergodic” hypothesis, a finite number of atoms can be considered in
computation. As a result, some atoms are near the surfaces. The surface effects are not
negligible except for an extremely large system. The periodic boundary conditions are

used to eliminate the surface effect. The simulation cell is replicated to produce mirror
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images of the atoms along the directions, in which the periodic boundary conditions are
applied. The choice of boundary conditions determines the presence of surface. A bulk
system can be simulated when the periodic boundary conditions are employed in all three
directions. The nanofilms, which have infinite surfaces between atoms and vacuums, can
be modeled with the periodic boundary conditions along two in-plane directions and the
free boundary condition along out-of-plane direction. The nanowires that are infinite in
its length can be formed when the periodic boundary condition is applied on only a
direction along the axis of the nanowire. The system is regarded as a quantum dot if the
periodic boundary condition is not applied in any direction. In addition, the periodic
boundary condition is necessary to use the constant-pressure or constant-stress algorithms.
The use of NPT algorithms in non-periodic direction can cause incorrect behaviors of

system, for example, unexpected expansion of the simulation cell.

2.3.4 Methods for thermal response

In MD simulations, the thermal conductivity can be computed by using the direct
nonequilibrium MD method (Maiti et al. 1997; Schelling and Phillpot 2001; Oligschleger
and Schon 1999; Jund and Jullien 1999) or equilibrium Green-Kubo method (Che et al.
2000; Volz and Chen 2000). The direct nonequilibrium method is analogous to the
experimental measurement. A temperature gradient is imposed by generating a heat sink
region and a heat source region across the simulation cell. Heat energy is removed and
added in the heat sink region and the heat source region by rescaling the velocities of
atoms in both regions. The heat current is calculated from the energy difference and the

thermal conductivity is computed by using Fourier’s law. The direct method is easy to
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implement, but it has complication of a nonlinear response associated with the very high
temperature gradients in the nanometer-scale characteristic distance. (Cahill et al. 2003)
Moreover, such high temperature gradient is not consistent with the behaviors of phonons
when the distance between the heat sink region and the heat source region is shorter than
the mean free path of phonon. Hence the direct method is not applicable to the cases
involving a structural transformation because the high temperature gradient can influence
on the mechanism of the phase transformation. On the other hand, the phonon dispersion
relations can be estimated through the normal mode decomposition of atomic motions
during MD simulation. (McGaughey and Kaviany 2004; Goicochea et al. 2010) The
behaviors of phonons such as relaxation time, group and phase velocities, and mean free
path can be evaluated at each mode and frequency of phonon with a comparative
accuracy. Thermal properties can be obtained as well. However, the lattice dynamic
decomposition must be carried out for each phonon frequency at every MD time step.
This method may spend a huge amount of data storage or a very long time of
computation when it is applied to the system evolving in time. To the best of our
knowledge, the Green-Kubo method of equilibrium MD is most appropriate to this work.
The Green-Kubo method is based on the fluctuation-dissipation theorem and the system
is in the linear-response regime. The Green-Kubo method is consistent with the MD
simulations involving the structural transformation. However, shortcomings of this
method are finite-size effects (Che et al. 2000) and very long simulation times (more than
1 million MD timesteps). Fitting of two or more exponentials to the computed
autocorrelation function has been proposed as an alternative to the Green-Kubo approach.

One exponential corresponds to the fast initial decay and the other captures the tail of the
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function. (Schelling et al. 2002; Volz and Chen 2000) However, the long-time decay is

not accurately represented by an exponential. (Picu et al. 2003)
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Fig. 2.1 An illustration of the shape memory effect in Cu nanowires. (Liang and Zhou
2005)
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Fig. 2.2 Crystalline structure-load triaxiality map summarizing the nature of
polymorphism in ZnO. (Wang et al. 2007)
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Fig. 2.3 Stress and thermal conductivity as functions of applied strain for ZnO nanowire
under tensile loading. (Kulkarni and Zhou 2007)
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Fig. 2.4 Theoretical and experimental IDB structure and the polarity of GaN. (Liu et al.
2008)
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3.MOLECULAR DYNAMICS COMPUTATIONAL FRAMEWORK

This chapter describes details of the MD computational framework to characterize
thermomechanical behaviors of nanowires. Discussions here concern MD softwares,
interatomic potentials, generation of GaN nanowire structures, a quasi-static loading
scheme for characterization of the mechanical response to tensile and compressive
loading, unloading and bending of nanowires, and the Green-Kubo approach with

quantum correction to estimate the thermal conductivity at each deformed state.

3.1 Softwares

In this work, MD simulations are carried out using the LAMMPS (Large-scale
Atomic/Molecular Massively Parallel Simulator) code developed and distributed by
Sandia National Laboratories. (Plimpton 1995) LAMMPS is a general purpose parallel
MD simulation package containing potentials for soft materials and solid-state materials,
time integration algorithms, and other useful tools. MD simulations are performed in the
parallel computing environment. To visualize the trajectory of MD simulations, a

software package VMD (Visual Molecular Dynamics) is used. (Humphrey et al. 1996)

3.2 Interatomic Potentials

GaN is a covalent semiconductor with ionic characteristics. (Pandey et al. 1994)
The short-range interactions between atoms are described by using the Buckingham

potential (Zapol et al. 1997) and the long-range Coulombic forces are evaluated by using
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the Wolf summation. (Wolf et al. 1999; Fennel and Gezelter 2006) The Buckingham
potential for atoms i and j is expressed as
VBuckingham (rij ) = AEXP(_EJ _25 ' (3.2.1)
P) T
where rj; is the distance between two atoms and A, p and C are potential parameters. The
short-range potential parameters for the Ga-Ga, N-N, and Ga-N interatomic interactions
are listed in Table 3.1. The calculation of the long-range Coulombic forces between ions

uses the pairwise method

erfc(ar,) erfc(aR, fc(aR. exp(—a’R?
VWoIf(r'j)qiqjl: E_a J)_er cl(:c )+ er cé(: )+j% (Ra )J(rij_Rc):l’
ij c c c

(3.2.2)
where g is charge of ion i, R is cutoff distance, o is the damping parameter, and erfc(ar)
is the complementary error-function. The error function and the complementary error

function are defined as

erf (ar) _2 :r exp(-t*)dt, (3.2.3)

- 7[1/2
erfc(ar)=1-erf (ar). (3.2.4)
This damped and shifted force method shows a remarkable ability to reproduce the
energetic and dynamics characteristics exhibited by simulations employing lattice
summation techniques. (Fennel and Gezelter 2006)
This potential reproduces the structural, elastic, and dielectric constants of the WZ,

zinc-blende, and rocksalt structures. Detailed properties are listed in Tables 3.2-3.4.

Native-defect formation and surface relaxation are also effectively predicted. The results
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obtained by using this potential are quite consistent with data obtained from density
functional theory calculations. (Wang et al. 2007) In particular, this potential correctly
predicts the transformation from WZ to TS. In contrast, the Stillinger-Weber potential
(Béré and Serra 2006) and the Tersoff potential (Nord et al. 2003) do not predict these

tranformations of GaN.

3.3 Initial Conditions

The GaN nanowires considered are shown in Fig. 3.1. The axis of the nanowires
is oriented in the [0001] crystalline direction. Initially, Ga and N atoms are arrayed in a
single-crystalline WZ structure. In this work, the nanowires do not contain any defects.
Periodic boundary conditions are used along the axial direction. To consider surface
effects, other two directions are not periodic. The length of the periodic computational
cell is 14.45 nm, which is sufficient to avoid image effects. (Kulkarni and Zhou 2006)
The nanowires have hexagonal cross-sections with a six-fold symmetry and {0110}
lateral surfaces. Such shapes are observed in GaN nanowires grown by metalorganic
chemical vapor deposition as shown in Fig 3.2. (Hersee et al. 2006) Five diameters (2.26,
2.91, 3.55, 4.20, and 4.85 nm) are considered so the size effect can be outlined. The
relatively small diameters considered highlight the effect of surfaces on the thermal and
mechanical behaviors of the nanowires.

Velocities of atoms are chosen randomly by using a random number generator
implemented in LAMMPS. The ensemble of generated velocities is a Gaussian

distribution with a mean of 0.0 and a sigma scaled to produce the requested temperature.
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In MD simulations, system temperature is controlled by using the Nosé-Hoover method.

(Hoover 1985)

3.4 Mechanical Response Analysis

3.4.1 Pre-loading relaxation

In this work, the nanowires are generated by slicing hexagonal columns of atoms
from single crystalline bulk GaN. Initially, the nanowires have the perfect WZ crystal
structure on the surfaces and in the interior. However, atomic arrangement on the
surfaces of nanostructures is different from that in the interior. Number of neighbor atom
for the surface atom is less than that for the interior atom. The structural difference
between the surface and the interior results in the different equilibrium states of atoms.
Surfaces of the nanowires are relaxed as the vertical spacing between two topmost layers
on the surface changes as shown in Fig. 3.3. (Kim and Cho 2010) The vertical atomic
position of the top layer typically tends inward to minimize surface free energy. The
surface effect is not negligible in the nanoscale structure because its surface-to-volume
ratio is high. In this work, the nanowires are equilibrated for 100 ps to perform an energy
minimization process before deformations under tensile or compressive loading. As
shown in Fig. 3.4, the energy of the nanowire with diameter d=2.91 nm decreases from
its initial value. The temperature is controlled to a requested value with oscillation by
using the Nosé-Hoover thermostat. (Hoover 1985) In Fig. 3.5, the amplitude of
temperature oscillation decreases within 2 ps. The relaxation process is carried out

without any external load. The length of the nanowire is not fixed and adjusted to its
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equilibrium state by using an NPT algorithm. The barostat is coupled with stress
component of the axial direction of nanowire. As shown in Fig. 3.6, the decay time of
wire length is 5 ps. The equilibration time of 100 ps is sufficient for stabilizing system

and calculating averages of properties such as stress.

3.4.2 Axial loading and unloading

Deformations under axial loading and unloading of the nanowires are analyzed
using a quasi-static loading scheme with a strain rate of 0.05 ns™. Each loading and
unloading step involves a strain increment of £0.2% and an equilibration period of 40 ps
per with an NVT ensemble. In each loading step, the simulation cell is stretched by 0.2%
in the axial direction as shown in Fig. 3.7. All the atoms are displaced according to the
strain increment. The nanowires are then equilibrated with their ends fixed at constant
temperature for 40 ps. In the equilibrium process, a macroscopic equilibrium
configuration at the prescribed strain is obtained. Stresses are calculated at the
equilibrium state by using the virial formula. Unloading of nanowire is implemented in
the same manner, reducing the length of the cell by 0.2%. To investigate effects of strain
rate, lower rates are examined in the same loading scheme. Behaviors observed at rates as
low as 0.002 ns™ (20 times slower) are found to be equivalent to the results of strain rate

of 0.05 ns?t

3.4.3 Bending

Bending deformations of the nanowires are analyzed by using a combination of
the displacement of atoms and the equilibrium. As shown in Fig. 3.8, atoms in the middle
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of nanowire are forced to move by 0.1 A in the transverse (perpendicular to the axis of
the nanowire) [0110] direction. The nanowires are then equilibrated for 200 ps. The

deflection rate of this quasi-static bending scheme is 0.05 m/s. In the equilibrium process,
the displacement of the moved atoms in the transverse direction is restricted by replacing
the existing values of velocity and force of the atoms by zeros. To mimic the three-point-
bending test, supports under the nanowire are provided as shown in Fig. 3.8. Without
support, the nanowire may move forever in the transverse direction without structural
deformation like a rigid body motion. Atoms on the both edges of the nanowire are fixed
in the vertical direction by the support. The length of the simulation cell in the axial
direction is not fixed and the stress is controlled to maintain zero by using NPT algorithm
along the axial direction. Consequently, the strain effect can be removed from the

thermomechanical behaviors of nanowires in the bending process.

3.5 Thermal Conduction

3.5.1 Green-Kubo approach

To investigate the effect of mechanical deformation, the thermal responses of the
nanowires are determined as a function of strain. The thermal conductivity in the axis
direction at each strain is evaluated by using the equilibrium Green-Kubo method.
(Schelling et al. 2002) To calculate the thermal conductivity, the Green-Kubo formulas

relate the ensemble average of the autocorrelation of the heat flux

J:i[vieﬁr% i rij(Fij-vi )] (3.5.1)

i=1 j=1, j=i
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where v; is velocity of atom i, e; is per-atom energy of atom i, and F;; is the force on atom
I due to its neighbor j. The first term in Eq. (3.5.1) vie; is related to the local particle shifts
typically occurring in fluids. The heat flux at each strain is calculated over a period of

500 ps in NVE ensemble. The thermal conductivity « is calculated by using the relation

- :VkB% [7(3,(0)-3, (1)), (35.2)

where V is the volume of the nanowire, kg is the Boltzmann constant, T is the system
temperature, J,(t) is u-th component of the heat current at time t, and the angular brackets
denote an ensemble average. In practice, the integral is truncated after a delay time 7, and

the thermal conductivity can be expressed as a function of delay time as

ST, (men)d, (n), (353)

M

K (7n) = 5 T2 2y
where At is the timestep of MD simulation, N is total number of timesteps, MAt is the
delay time 7y, and J,(m+n) is the heat current at MD timestep m+n. At this delay time, the
system is assumed to have reached equilibrium. The average value over the delay time
range of 2< z, <5 ps is taken as the thermal conductivity. Longer delay time reduces the
number of time origins available for averaging, causing statistical errors to increase. The
thermal conductivity values are averages of at least five simulations which are different
only in initial random realization of atomic velocities. The thermal conductivity of bulk
WZ GaN calculated by using the same method is 145 W/mK. This value is within the

range of the experimental results of 125-230 W/mK. (Sichel and Pankove 1977; Slack et

al. 2002; Jezowski et al. 2003, Liu and Balandin 2004) The procedure of quasi-static
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loading scheme with the calculation of thermal conductivity using Green-Kubo approach
is illustrated in Fig. 3.9.
The relaxation time of phonon is estimated by calculating an average decay time

of heat current

2
__ YrkeT™ (3.5.4)

T )
" (3(0)-9(0))
because the relaxation time of the heat current and the phonon mean relaxation time are

numerically equal with a good accuracy, in agreement with the consequence of the

phonon transfer equation at macroscopic equilibrium. (Volz et al. 1996)

3.5.2 Quantum correction

The thermal conductivity and temperature calculated from MD simulations,
especially at temperatures below the Debye temperature, are only approximate because
quantum effects are neglected. It is important to take into account quantum corrections in
the low-temperature regime in order to account for the different quantum occupation of
phonon states from the classical Boltzmann distribution. (Lee et al. 1991) The energy of
the classical oscillator in a MD simulation is different from that of a quantum oscillator in
the real system. Quantum corrections are applied to both quantities. The quantum-
corrected thermal conductivity is written as

Ko =K ATyp , (3.5.5)

MD
dT,

and the temperature is corrected as

29 T



dTyo

dT,

To

=Two ’ (3.5.6)

where xmp is the conductivity from MD calculations and the scaling factor dTwp/dTq is
obtained by dividing the heat capacity Cy from first-principles calculations (Wang et al.

2008) by that from MD, i.e.,

ATy & (T)

dT, 3Nk,

(3.5.7)

Here, Cy(T) is a function of temperature T, and N is the number of atoms in the system.
The heat capacity Cy is close to zero near 0 K and increases with temperature, converging
to the MD value of 3Nkg at temperatures well above the Debye temperature (= 800 K for
GaN). The scaling factor dTwp/dTq increases from O and approaches 1 as temperature
increases from 0 K to above the Debye temperature. The mapping from the temperature
calculated using MD (Twp) to the quantum-corrected temperature (Tg) and the scaling
factor defined in Eq. (3.5.6) are given in Fig. 3.10. (Jung et al. 2011) The heat capacity of
WZ GaN is used in evaluating the scaling factor for TS GaN because changes in heat
capacity during the phase transformation are negligible. (Kurtz et al. 2007; Seko et al.

2005; Wu et al. 2010)
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Table 3.1 Short-range potential parameters for GaN. (Zapol et al. 1997)

A (eV) p (R) C (eV A%
N-N 4115.42 0.31949 280
Ga-N 872.42 0.31318 0
Ga-Ga 6068.14 0.31846 250
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Table 3.2 Calculated and experimental structural parameters for bulk GaN. (Zapol et al.
1997; Xia et al. 1993; Ueno et al. 1994)

Wourtzite Zinc-blende
Calculated Experimental Calculated Experimental
a(A) 3.23 3.19 4.53 4.49
c(A) 5.16 5.19
u (A) 0.385 0.377
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Table 3.3 Calculated and experimental elastic constants for bulk GaN. (Zapol et al. 1997;
Polian et al. 1996; Kim et al. 1996)

Wourtzite Zinc-blende
Calculated Experimental Calculated Experimental
Cu (GPa) 386.3 391 299.6 296
C12 (GPa) 159.8 143 190.7 154
C13 (GPa) 141.3 108
Ca33 (GPa) 391.2 392
Cas (GPa) 115.0 103 159.5 206
Ces (GPa) 113.2 124
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Table 3.4 Calculated and experimental dielectric constants for bulk GaN. (Zapol et al.

1997; Azuhata et al. 1995)

Wourtzite Zinc-blende
Calculated Experimental Calculated Experimental
&' 8.05 9.38 8.88
&y 11.20 10.2
&t 5.21 5.35 5.41
¥ 5.84 5.35

34 _ .-;rx_‘| _q;'li_ ]_H =



Fig. 3.1 Atomic configurations of [0001]-oriented GaN nanowires with the wurtzite
structure and a hexagonal cross section.
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Fig. 3.2 Scanning electron micrograph image of a GaN nanowire array consisting of 1
um GaN nanowires. (Hersee et al. 2006)
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Fig. 3.4 Energy of a nanowire with diameter of 2.91 nm during pre-loading relaxation in
range of times: (a) from zero to 100 ps and (b) from zero to 10 ps.
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Fig. 3.5 MD temperature of a nanowire with diameter of 2.91 nm during pre-loading
relaxation in range of times: (a) from zero to 100 ps and (b) from zero to 5 ps.
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Fig. 3.6 Length of a nanowire with diameter of 2.91 nm during pre-loading relaxation in
range of times: (a) from zero to 100 ps and (b) from zero to 20 ps.
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4. THERMOMECHANICAL RESPONSES DURING AXIAL

LOADING AND UNLOADING

In this chapter, the mechanical and thermal responses of GaN nanowires during
tensile and compressive loading and unloading are investigated using the MD
computational framework developed in the previous chapter. This work focuses on the
analysis of the coupled mechanical and thermal behaviors in [0001]-oriented GaN
nanowires. Based on the results of MD simulation, a simple model is developed to predict

thermal conductivity in the deformed nanowire.

4.1 Mechanical Responses

Under tensile loading, compressive loading, and unloading, GaN nanowires
undergo the forward and reverse phase transformations. The stress-strain responses are
shown in Figs. 4.1-4.5 for nanowires with diameters of 2.26, 2.91, 3.55, 4.20, and 4.85
nm. Five diameters correspond to the numbers of atomic layers from surface to core in

the range from 4 to 8.

4.1.1 Tension

The mechanical behaviors of the nanowires under tensile loading are analyzed
first. Figure 4.2(a) shows stress as a function of strain for the nanowires with a diameter
of 2.91 nm. Under tensile loading, the WZ-structured nanowires stretch and the stress

increases steadily along the solid red line of Fig. 4.2(a) as the strain increases from zero
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to 0.06. When the WZ structure transforms to TS structure at the strain of 0.06, the stress
drops from 18.8 to 4.6 GPa precipitously. The transformation occurs through a
combination of the breaking and formation of cation-anion bond along the [0001]
direction. (Wang et al. 2007) After the transformation, the nanowires deform elastically
in the TS structure and break into two pieces at the second drop in stress at the strain of

0.17. The failure strain and failure stress are very high, because the nanowires are very
small in diameter and do not contain defects. The atomic arrangement on the (0110)

cross-section is shown in Fig. 4.6. The transformed nanowires have a surface layer whose
structure is different from the TS structure in the interior as shown in Fig. 4.6(b). For
bulk GaN, the phase transformation from TS to WZ is also observed. The phase
transformation is also observed for strain rates as low as 0.002 ns™, which corresponds to
an equilibration period of 1 ns.

The mechanical responses of the WZ-structured nanowires with different
diameters (d=2.26, 3.55, 4.20, and 4.85 nm) are similar to that of the nanowires with a
diameter of 2.91 nm, as shown in Figs. 4.1(a), 4.3(a), 4.4(a), and 4.5(a). A similar phase
transformation from WZ to TS is also observed in the nanowire with diameter d=3.55 nm,

as seen in Fig. 4.7(a).

4.1.2 Compression

Under compressive loading, similar elastic deformation in the WZ-structure
occurs through the compression of the nanowires as shown with the blue dashed lines in
Figs. 4.1-4.5. However, the phase transformation is not observed in the nanowires under
compression. For bulk GaN, the WZ structure transforms into the HX structure under
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uniaxial compression along the [0001] direction, (Sarasamak et al. 2008) but such
transformation is not observed in the nanowires. The reason is that the critical stress for
WZ-to-HX transformation is -30.5 GPa, (Kulkarni et al. 2006) but the buckling occurs at
the stress from -11.7GPa to -22.4 GPa for the nanowires with diameters in the range from

2.26 to 4.85 nm.

4.1.3 Unloading

The stress-strain response for the unloading process is shown with the black
dotted line in Figs. 4.1-4.5. Unloading from the strain of 0.1 is first associated with the
recovery of the elastic deformation within the TS structure. A reverse transformation
from TS to WZ initiates at the strain of 0.05. During the reverse transformation, the
nanowires consist of both TS-structured regions and WZ-structured regions as shown in
Figs. 4.6(c) and 4.6(d). Two different stages are observed in the TS-to-WZ
transformation. As seen in Fig. 4.6(c), the parts of the wires close to the surface transform
to the WZ structure. In the next stage, the core of the nanowires transforms from TS to
WZ, as shown in Fig. 4.6(d). For the nanowires with diameters of 2.91 and 4.20 nm, the
reverse transformation completes at zero strain and the unloading path from zero strain in
Figs. 4.2(a) and 4.4(a) coincides with that of the compression of a fresh, initially WZ-
structured nanowires.

The same reverse transformation from TS to WZ is observed as well in the
unloading process of the nanowires with diameters of 2.26, 3.55, 4.85 nm. However, the
TS-to-WZ transformation does not complete at zero strain and the unloading paths in

Figs. 4.1(a), 4.3(a), and 4.5(a) do not coincide with the compression path of the original
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WZ-structured nanowires. The reason is that the nanowire is divided into two WZ
domains, as shown in Fig. 4.7(a). The polarity of the core domain is opposite to that of
the outer domain. The boundary between the two domains is an inversion domain
boundary. (Romano et al. 1996; Potin et al. 1999; Liu et al. 2008) Similar IDBs have
been observed in experiments (Romano et al. 1996) and MD simulations (Xiao et al.
2009) of GaN nanorods. Such structure is not observed in the nanowires with diameters
of 2.91 and 4.20 nm. The formation of the IDB during the reverse transformation is
dependent on the lateral size of the nanowire. As shown in Fig. 4.7, the nanowires with
the diameter of 3.55 nm have six layers of atoms from the surfaces to the core. In the
WZ-structured wires, all layers have same sequence of Ga and N atoms along the axis. In
Fig. 4.7(b), the third and fifth layers from the surfaces change their polarity and the WZ
structure transforms to the TS. During reverse transformation, the sixth layers (the first
from the core) change the polarity and the WZ structures appear in the core of the wires
in Fig. 4.7(c), and polarity change in the fourth layers forms the IDB between the surface
layers (the first and second layers) and the core layers (from the third to sixth). However,
for the nanowires with the diameter of 2.91 nm and five layers of atoms, the polarity of
the third and fifth layers changes in the forward transformation, and is restored to the
initial direction during the reverse transformation. The difference in the number of layers
between the two cases is the major factor in the formation of the IDB in the TS-to-WZ
transformation. The IDB structure is observed in the nanowires with even number of
layers (d=2.26, 3.55, and 4.85 nm), but not in the nanowires with odd number of layers

(d=2.91 and 4.20 nm).

48 1)



4.2 Thermal Responses

The mechanical responses to loading and unloading of nanowires in the previous
section can cause the thermal behavior to change. In this section, the thermal
conductivities of the nanowires at deformed states are calculated using the Green-Kubo
method introduced in Egs. (3.5.1)-(3.5.3). The thermal conductivity is shown as a
function of strain in Figs. 4.1-4.5 for nanowires with diameters of 2.26, 2.91, 3.55, 4.20,
and 4.85 nm. The relaxation time of phonons is calculated by using Eq. (3.5.4) is shown

in Figs 4.8-4.12.

4.2.1 Tension

Figure 4.2(b) shows the thermal conductivity as a function of strain for the
nanowires in Fig. 4.6 (diameter d=2.91 nm). The thermal conductivity decreases from its
initial value of 5.8 W/mK by 13% as the strain increases to 0.06. The thermal
conductivity decreases as the strain increases. (Picu et al. 2003) This trend in thermal
conductivity comes from the dependence of phonon relaxation time on strain. (Bhowmick
and Shenoy 2006; Li et al. 2010) Specifically, the relaxation time decreases when the
strain changes from compression to tension as shown in Fig. 4.9. The thermal
conductivity of the TS-structured nanowires with a strain of 0.1 is 4.2 W/mK which is
27% lower than that of the unstressed WZ nanowires. In addition, the decrease in
conductivity under tensile loading is also attributed to the strain of the wire and a higher
disorder in the surface of the TS-structured wires than that of the WZ-structured wire

(Jung et al. 2011), as illustrated in Fig. 4.6(b).
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4.2.2 Compression

Under compression, the thermal conductivity of the nanowires with the diameter
of d=2.91 nm increases from the initial value by 31% as the strain decreases to -0.06 as
shown in Figs. 4.2(b). For the nanowires analyzed here, the thermal conductivity
increases as the strain decreases under compression in Figs.4.1-4.5. The increase in
thermal conductivity under compression also results from the relaxation time. As shown

in Figs. 4.8-4.12, the relaxation time increases under compression.

4.2.3 Unloading

In the unloading process, thermal conductivities of the WZ-structured nanowires
and the TS-structured nanowires are similar to those in the loading process at each strain.
However, the thermal conductivities of the nanowires in the intermediate states of the
reverse transformation are lower than those of the WZ-structured nanowires under
loading. At strain of 0.01, the thermal conductivity of the nanowires with diameter of
d=2.91 nm at the intermediate state is 4.0 W/mK, which is 31% lower than that of the
WZ-structured nanowires. The dominant contribution causing the thermal conductivity at
the intermediate state to be lower than that of the WZ-structured nanowires arises from
the phonon group velocity. The thermal conductivity is known to be related to the phonon
group velocity and the relaxation time of phonons. (Roufosse and Jeanloz 1983) At the
strain of 0.01, the elastic modulus of the nanowires in the intermediate state is 206 GPa,
which is 37% lower than that of the WZ-structured nanowires and cause the group
velocity to be approximately 20% lower. However, the average relaxation time of phonon
in the intermediate state is very similar to that for the WZ-structured nanowires as shown
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in Fig. 4.9. At the completion of the reverse transformation from TS to WZ, the thermal
conductivity increases by 55% and the stiffness increases by 54% as the strain decreases
from 0.01 to zero. Such changes in conductivity are not observed at the completion of the
WZ-to-HX transformation in ZnO nanowires. (Kulkarni and Zhou 2007) The thermal
conductivity in ZnO nanowires increases when the fraction of HX exceeds that of WZ.
Such changes in conductivity and fractions are gradual and steady. Dominant effects that
cause the thermal conductivity to increase during the WZ-to-HX transformation come
from the higher density of HX compared with that of WZ. However, the density of the TS
structure is almost the same as that of WZ. (Wang et al. 2007) In the TS-to-WZ
transformation, the elastic modulus of the nanowires contributes to the change in thermal
conductivity. The thermal responses of the nanowires with a diameter of 3.55 nm are also
affected by the existence of the IDB. The stiffness of the nanowires with the IDB is 16%
lower than that of the WZ-structured nanowires, causing the thermal conductivity to be

21% lower.

4.3 Analysis on Size and Structure Dependence

In this section, the effect of size on the mechanical and thermal responses is
analyzed. To verify the mechanical response, critical stresses and elastic moduli are
investigated for nanowires with different structures and diameters. The analysis of
thermal behavior focuses on the relation between the thermal conductivity and phonon

behaviors such as relaxation time and group velocity.
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4.3.1 Mechanical behaviors

Figures 4.13 and 4.14 compare the stress-strain curves for nanowires with
different diameters. The stress-strain response is dependent on the wire size and atomistic
structure. As the diameter increases from 2.26 to 4.85 nm, the failure strength decreases
from 30.6 to 24.6 GPa and the critical stress required for the initiation of the reverse
transformation from TS to WZ decreases from 5.2 to 1.4 GPa, as shown in Fig. 4.15 and
Table 4.1. However, such a significant change is not observed in the critical stress
required for the WZ-to-TS transformation under tensile loading over the same range of
diameters. For bulk GaN, critical stress for transformation from WZ to TS, breaking, and
transformation from TS to WZ are 19.0 GPa, 15.5 GPa, and -6.8 GPa, respectively. These
values are consistent with the trends in the size effect seen for the nanowires. The above
trends are related to the elastic moduli of the nanowires. Figure 4.16 and Table 4.2 show
the elastic moduli of the nanowires with different atomistic structures. Over the range of
diameters from 2.26 to 4.85 nm, the elastic moduli of the TS-structured nanowires at the
strain of 0.1 and the WZ-TS structured nanowires at the strain of 0.04 decreases by 13%
and 32%, respectively. The decrease in moduli is also indicated by the slopes of the
stress-strain curves in Figs. 4.1-4.5. For the ZnO wires with both WZ and TS structures,
the modulus shows very similar size dependence (Wang et al. 2008), caused by the high
surface-to-volume ratio and the tensile surface stress. On the other hand, such significant
size dependence is not observed for the WZ-structured GaN nanowires. Because the
stiffness of ZnO is lower than that of GaN, surface stresses play a more significant role in
ZnO, causing the size effect to be more pronounced in the ZnO nanowire. (Wang et al.

2007; Bernal et al 2011)
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4.3.2 Thermal behaviors

The thermal conductivities of the nanowires of WZ, TS, WZ-TS, and WZ-IDB
structures are shown as functions of wire diameter in Fig. 4.17. Detailed results are listed
in Table 4.3. The difference in size effect on the mechanical properties results in different
trends in thermal conductivity among the wires of the different atomistic structures. The
thermal conductivity increases by 30%, 10%, and 50%, respectively, for the unstressed
WZ-structured, WZ-TS structured, and WZ-IDB structured wires over the size range
analyzed. From the kinetic theory, thermal conductivity can be reduced to a simple
expression

x =Cv?r,
where C, v, and 7 are heat capacity per unit volume, group velocity of phonons, and
relaxation time of phonons, respectively. The crossover from diffusive to ballistic
transport in nanowires may occur at a distance shorter than 10 nm. (Gilbert et al. 2005)
Phonon transport in the nanowires analyzed is diffusive transport because the length of
the nanowire is 14.45 nm. In Fig. 4.18, the relaxation times of the nanowires increases by
30%, 10%, 30%, and 60%, respectively, for the WZ, TS, WZ-TS, and WZ-IDB wires. At
the same zero strain, the relaxation time of the WZ wires is very similar to that of the
WZ-IDB wires over the range of the wire size shown. Because the surface structures of
WZ, WZ-TS, and WZ-IDB wires are almost the same as that of the WZ-structured wires,
as shown in Figs. 4.6 and 4.7, the influence of surface scattering (Shi et al. 2004; Moore
et al. 2009; Zhou et al. 2011) on the relaxation time of phonons is not different for the

three types of wires. The difference in the relaxation time between the WZ wires and
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WZ-TS wires comes from the strain dependence of the relaxation time. (Bhowmick and
Shenoy 2006) This velocity is estimated simply by calculating a harmonic average over

the longitudinal and transverse sound velocities, (Guthy et al. 2008; Liu and Balandin

2005) v, =4/C,;/ p and v; =,/C,, / p, respectively, where p is the mass density and Css

and C44 are elastic constants. (Polian et al. 1996) The estimated values of the group
velocities are shown in Fig. 4.19. The thermal conductivity of the WZ wires is higher
than that for the WZ-1DB wires due to the larger phonon group velocity of the WZ wires.
However, for both the WZ and WZ-IDB wires, the size dependence of conductivity
comes from the increase in the phonon relaxation time (Li et al. 2003) because the change
in group velocity is very small. For the WZ-TS structured wires, the decrease in group
velocity reduces the effect of relaxation time, resulting in the small amount of increase in
conductivity. However, thermal conductivity in the TS-structured wires does not show a
significant change over the range of the wire size as shown in Fig. 4.17. The group
velocity of the TS-structured wires with the diameter of 4.85 nm is larger than that of the
WZ-TS structured wires with the same size, but corresponding thermal conductivities are
almost same. Because the atomic arrangement on the surfaces of the TS-structured wires
is different from that in the core, surface scatter of phonons is more pronounced for the
TS-structured wires than other wires. (Jung et al. 2011) As a result, the thermal

conductivity in the TS-structured wires remains almost unchanged as the size increases.
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4.4 Analysis on Temperature Dependence

4.4.1 Thermomechanical responses at high temperature

The mechanical and thermal behaviors of a nanowire with diameter d=2.26 nm at
T=1495 K (54% of the melting point of GaN) are also analyzed. As shown in Fig. 4.20,
the strain-strain curve shows a similar trend as that for room temperature, indicating that
the overall mechanical response and structural transformation are essentially the same.
However, the thermal conductivity remains essentially constant for strains up to 0.12.
This is in contrast to what is seen for the lower temperature case. The different trends at
the low and high temperatures come primarily from the different atomic arrangements on
the surfaces of the nanowires in the two cases. The atomic arrangement on the surfaces of
the unstrained nanowires is similar to that in the interior of the nanowire, as shown in Fig.
4.21(a). The surface structure of the stretched nanowire varies with temperature. At
T=334 K, the structure on the surfaces is different from the TS structure in the interior, as
shown in Fig. 4.21(b). At T=1495 K, the atomic arrangement on the surfaces of the
stretched nanowire is similar to that in the interior, as shown in Fig. 4.21(c). Moreover,
the atomic alignment along the [0001] direction of TS-structured nanowire is similar to
that of the initial WZ-structured nanowire. Consequently, the thermal conductivity
remains essentially constant as strain increases and the structure transformation occurs at
this temperature. The decrease in thermal conductivity at T=334 K is mainly due to the

surface reconstruction induced by the tensile deformation.
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4.4.2 Temperature dependence of thermal conductivity

Figure 4.22 shows the dependence of thermal conductivity on temperature for
bulk WZ GaN and nanowires with diameters of 2.26 and 3.55 nm. Over the range of 334-
1495 K, the conductivity values at two typical strain levels decrease as temperature
increases. At T=1495 K, the conductivity of the nanowire with diameter d=3.55 nm
decreases 33% as strain increases from zero to 0.08. The conductivity of bulk WZ GaN
reflects the effect of phonon-phonon scattering without the influence of surfaces. (Zou
2010) The contribution of the surface scattering to the conductivity of the nanowires is
dominant but decreases with temperature. When temperature increases from 334 to 1495
K, the thermal conductivity of bulk WZ GaN decreases by 74%. In contrast, the thermal
conductivity of the nanowires decreases by 59% and 43% for nanowires with d=2.26 nm
and d=3.55 nm. The phonon mean free paths for bulk GaN are approximately 50 nm at
334 K and 10 nm at 1495 K, much larger than the diameter of the nanowires considered.
It is noted that the thermal conductivity of the nanowire with d=3.55 nm is lower than
that of the nanowire with d=2.26 nm at temperatures between 334 and 941 K. The results
are within the error bars of the respective curves, indicating that the thermal conductivity
does not change significantly between these two sizes over the temperature range and that

the surface effect dominates.

4.5 Thermal Response Model

In previous sections, the thermal responses of the nanowires are analyzed by

using the Green-Kubo method. To calculate the thermal conductivity, the heat flux at
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each strain is calculated over a period of 500 ps, which corresponds to one million
timesteps in MD simulation. However, in a quasistatic loading step, 20,000 timesteps are
sufficient for the equilibrium to capture the correct mechanical response. In other words,
the simulation time required for the calculation of thermal conductivity is fifty times
greater than the time required only for the mechanical properties. In practice the nanowire
with a diameter of 4.85 nm, which contains 21,504 atoms, spent 1 day and 10 hours
calculating the heat flux with 24 CPU cores. Due to the limitation of computing resource,
it is hard to calculate the thermal conductivity for every strain. To overcome this limit, a
simple model is proposed to predict thermal conductivity in deformed nanowires and is

confirmed by comparison with Green-Kubo results.

4.5.1 Description of model

In MD simulations, the potential energy is the core of simulation and analysis.
Mechanical and thermal properties of different materials are characterized mainly
through the choice of interatomic potential. Motions of atoms are determined by
interatomic force, which is derived from the gradient of the potential energy. The
potential energy is a function of atomic position and the sum of atomic energy is the total
potential energy. The potential energy ® can be expanded in a Taylor series in powers of

the atomic displacements u

@ 1 ‘O
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where the i, j, and k sums are over the atoms in the system, the «, £, and y sums are over
the x-, y-, and z-directions, and u;, is a-th component of displacement vector of atom i. In
the harmonic approximation, the first derivative of the potential energy with respect to
atomic displacement is zero due to the energy being minimum in this configuration, and
the third and the higher order terms are truncated. The truncated equation is rewritten as

2
q)_q)ozl Z 8—(1)

U u. ,. 45.2
2, 50u 0u, | (45.2)

In the lattice dynamics theory (Dove 1993; Reissland 1973), the equation of motion can

be written as an eigen-value equation
_ ‘Z 82CI>
i OU; 4

The displacement of an atom can be written as a superposition over the normal modes of

: m] . (45.3)

the system, such that
E e(k,v)expii| k-r,—o(k,v)t|f, (4.5.4)

where m; is mass of atom i, k is wave vector, » is mode for wave vector, e(k, v) is mode
eigen-vector, and w(k, v) is angular frequency. Normal mode coordinate Q can be

obtained using the reverse Fourier transformation of the displacement,

Q(k,v):iz\/ﬁexp(—ik-ri)e(k,v)-ui : (4.5.5)
N 4
The normal mode system is equivalent to a harmonic oscillator, and the frequency can be
written as
2 2 ou.  ou.
P 0D M Mg (4.5.6)
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The potential energy @ can be regarded as a summation of interatomic energy ¢(ri;)
O = qu(r” ) (4.5.7)
ivj

because the pairwise potentials are used in this work. Combining these relations, the

frequency is assumed to be dependent on the second-order force constant V-,

().
0~ ) b fs =V,. (4.5.8)

2
i] arij rij rij

The harmonic scattering rate of phonon due to mass disorder is dependent on the
frequency. (Tamura 1983; Garg et al. 2011) To emphasize the effect of structural
deformation, V, is assumed to be dominant in changes of scattering rate and frequency
and the scattering rate can be considered to be proportional to a function of V;

1

oc f(VZ). (4.5.9)

2-harmonic

An anharmonicity of phonon behavior is originated from the third-order terms of
the potential. The anharmonic scattering rates are computed by using the lowest-order
three-phonon scattering processes in the single-mode relaxation time approximation.
(Debernardi et al. 1995; Deinzer et al. 2003; Garg et al. 2011) The formula of the
anharmonic scattering rate contains phonon frequencies and three-phonon coupling
matrix elements, which are related to the third-order interatomic force constant. (Deinzer
et al. 2003; Broido et al. 2007; Bonini et al. 2012) Similarly to the case of V5, the third-
order force constant V3 is obtained from the third order derivative of the potential energy,

such that

on: r.rr

i i N N

ol )r. r .1
V=Y ¢(r.,)r,,_,0,r,,ﬁr,,_,y. (4.5.10)
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The anharmonic scattering rate is assumed to be proportional to a function of V, and V3

LTS YVRYAY (4.5.12)

2-anharmonic

As described in Chapter 2, the thermal conductivity is related to the phonon
frequency and scattering rates. Since V, and V3 are assumed to be dominant factors in
changes of scattering rate and frequency in response to structural deformation, the
thermal conductivity at a strain ¢ is also considered to be proportional to a function of V;

and Vs

KZCVZTZKOF(a),T)ZKOF(VZ,V3), (4.5.12)
where kg is thermal conductivity at zero strain. In this model, the function F means the
thermal conductivity at strain normalized by the zero-strain thermal conductivity. A

simple form is chosen for the function F(g) to consist of force constants at strain ¢

normalized by values of unstressed structure V,(0) and V3(0) as

F(g){VZ(‘g)}a {\G(E)T, (4.5.13)

where a and b are function parameters. The chosen parameters are a=-1 and b=2

following the relevant work by Bhowmick and Shenoy (2006). At zero strain, the
function has a value of F (0) =1 so that thermal conductivity is x = x;,. Using this model,

we can predict only a rate of change in thermal conductivity of nanowires at each strain,
not the conductivity value itself. However, the thermal conductivity of unstressed
nanowires has been studied extensively by many researchers, (Balandin and Wang 1998;

Zou and Balandin 2001; Wang et al. 2007; Guthy et al. 2008; Zou 2010; Mamand et al.
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2012) and the thermal conductivity of these nanowires under loading can be predicted by

MD simulation of the mechanical responses of the nanowires.

4.5.2 Comparisons with Green-Kubo results

Using the model, the thermal conductivity of the nanowires at deformed states is
estimated. Figures 4.23-4.27 compare the rate of change in thermal conductivity
predicted by the model with the normalized thermal conductivity calculated by using the
Green-Kubo method for the nanowires with diameters ranging from 2.26 to 4.85 nm.
Solid lines indicate the model-predicted conductivity and data points show the Green-
Kubo conductivity. For the nanowires analyzed, the dependence of thermal conductivity
on strain and structural transformation is effectively described in the model. As shown in
Fig. 4.24 (diameter d=2.91 nm), the model-predicted thermal conductivity decreases by
15% as the strain increases from zero to 0.06, and increases by 30% as the strain
decreases from zero to -0.06. This trend shows a good agreement with the results of the
Green-Kubo method. The model predicts changes in response to the phase transformation
as well. The thermal conductivity of the WZ-TS structured nanowires at a strain of 0.01
IS 25% lower than that of the WZ-structured nanowires at the same strain. The thermal
conductivity of the WZ-IDB structured nanowires also shows a good agreement between

the model and the Green-Kubo results in Figs. 4.23, 4.25, and 4.27.
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Table 4.1. Critical stresses for transformation from WZ to TS, breaking, transformation
from TS to WZ, and buckling and critical strains of the nanowires analyzed and for bulk

GaN.

Diameter (nm) 2.26 291 3.55 4.20 4.85 Bulk
owz-1s (GPa) 18.5 19.2 194 19.4 19.6 19.0
ewz—ts (%) 5.8 6.1 6.2 6.3 6.4 6.9

ot (GPa) 30.6 27.8 26.4 25.5 24.6 15.5

& (%) 17.3 16.6 16.8 17.1 16.9 13.5

ors—wz (GPa) 5.2 3.6 2.6 1.9 14 -6.8

ETSHWZ (%) 5.9 5.8 5.7 5.6 55 1.2
Obuckling (GPa) -11.7 -16.1 -19.4 -21.5 -22.4 -
Epuckling (%0) -4.4 -6.5 -8.5 -10.1 -10.9 -
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Table 4.2. Elastic moduli of WZ-structured, TS-structured, WZ-TS structured, and WZ-
IDB structured nanowires at strains of zero, 0.1, 0.04, and zero, respectively.

Diameter (nm) 2.26 291 3.55 4.20 4.85
Ewz (GPa) 316.9 318.8 319.7 320.5 322.5
Ers (GPa) 283.5 269.3 261.0 254.1 247.9

Ewz-ts (GPa) 278.8 242.7 214.1 194.4 188.2

Ewz-ios (GPa) 255.0 - 268.5 - 286.5
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Table 4.3. Thermal conductivities of WZ-structured, TS-structured, WZ-TS structured,
and WZ-IDB structured nanowires at strains of zero, 0.1, 0.04, and zero, respectively.

Diameter (nm) 2.26 291 3.55 4.20 4.85
rwz (WImK) 54 5.8 6.5 7.3 7.1
xrs (W/mK) 4.1 4.2 4.7 4.4 4.0

KWZ-TS (W/mK) 3.8 3.9 3.6 4.1 4.2

Kwz-1DB (W/mK) 4.7 - 5.2 - 7.0
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Fig. 4.1 (a) Stress as a function of strain for a GaN nanowire with diameter d=2.26 nm.

(b) Thermal conductivity as a function of strain for the same nanowires. Error bar denote
standard deviation of conductivity.
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Fig. 4.2 (a) Stress as a function of strain for a GaN nanowire with diameter d=2.91 nm.
(b) Thermal conductivity as a function of strain for the same nanowires. Error bar denote
standard deviation of conductivity.
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Fig. 4.3 (a) Stress as a function of strain for a GaN nanowire with diameter d=3.55 nm.

(b) Thermal conductivity as a function of strain for the same nanowires. Error bar denote
standard deviation of conductivity.
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Fig. 4.4 (a) Stress as a function of strain for a GaN nanowire with diameter d=4.20 nm.

(b) Thermal conductivity as a function of strain for the same nanowires. Error bar denote
standard deviation of conductivity.
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Fig. 4.5 (a) Stress as a function of strain for a GaN nanowire with diameter d=4.85 nm.
(b) Thermal conductivity as a function of strain for the same nanowires. Error bar denote
standard deviation of conductivity.
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Fig. 4.6 Atomistic arrangements on (0110) cross-sections of a nanowire with diameter

d=2.91 nm under tensile loading and unloading: (a) WZ-structured nanowire at zero
strain; (b) TS-structured nanowire at a strain of 0.1; (c) WZ-TS structured nanowire at a
strain of 0.04; and (d) WZ-TS structured nanowire at a strain of 0.02.
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Fig. 4.7 Atomistic arrangements on (0110) cross-sections of a nanowire with diameter

d=3.55 nm during the transformation from TS to WZ during unloading: (a) TS-structured
nanowire at a strain of 0.1; (b) WZ-TS structured nanowire at a strain of 0.04; (c) WZ-TS
structured nanowire at a strain of 0.02; and (d) WZ-IDB structured nanowire at zero
strain.
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Fig. 4.8 Relaxation time as a function of strain for a GaN nanowire with diameter d=2.26
nm. Error bars denote standard deviation.
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Fig. 4.9 Relaxation time as a function of strain for a GaN nanowire with diameter d=2.91
nm. Error bars denote standard deviation.
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Fig. 4.10 Relaxation time as a function of strain for a GaN nanowire with diameter
d=3.55 nm. Error bars denote standard deviation.
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Fig. 4.11 Relaxation time as a function of strain for a GaN nanowire with diameter
d=4.20 nm. Error bars denote standard deviation.
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Fig. 4.12 Relaxation time as a function of strain for a GaN nanowire with diameter
d=4.85 nm. Error bars denote standard deviation.
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Fig. 4.13 Stress as a function of strain for nanowires with diameters of 2.26, 2.91,
3.55, 4.20, and 4.85 nm under tensile loading.
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Fig. 4.14 Stress as a function of strain for nanowires with diameters of 2.26, 2.91,
3.55, 4.20, and 4.85 nm during unloading.
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Fig. 4.15 Critical stresses for breaking (of), phase transformation from WZ to TS
(owz_Ts), and reverse transformation from TS to WZ (o1s_wz) as functions of wire
diameter in the range from 2.26 nm to 4.85 nm.
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Fig. 4.16 Elastic moduli of WZ-structured, TS-structured, WZ-TS structured, and
WZ-1DB structured nanowires as functions of diameter.
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Fig. 4.20 Stress and uncorrected MD and quantum-corrected thermal conductivities as
functions of strain for a nanowire with diameters of d=2.26 nm at 1495 K. Error bars
denote standard deviation of conductivity.
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Fig. 4.21 Arrangement of atoms in the interior and on the surfaces of a nanowire with
d=2.26 nm: (a) WZ-structured nanowire at zero strain; (b) TS-structured nanowire at
strain of 0.08 and 334 K, this nanowire has a surface layer whose structure is very
different from that in the interior; and (c) TS-structured nanowire at strain of 0.08 and
1495 K, this nanowire has the same structure on the surface and in the interior.
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Fig. 4.22 Thermal conductivity as a function of temperature for bulk WZ GaN and
nanowires with diameters of 2.26 and 3.55 nm at strain of 0.0 and 0.08. Error bars denote
standard deviation.

H

0

LTI

86 . H kl r]



2.0

d=2.26 nm

1.5 |+ Data points : Green-Kubo
Lines : MD model

k/x,
=

0.5

0.0 — - - ' - -
0.10 -0.05 000 0.05 010 0.15 0.20

Strain

Fig. 4.23 Thermal conductivities predicted from the Green-Kubo method and the model
as a function of strain for a GaN nanowire with diameter d=2.26 nm.
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Fig. 4.24 Thermal conductivities predicted from the Green-Kubo method and the model
as a function of strain for a GaN nanowire with diameter d=2.91 nm.
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Fig. 4.25 Thermal conductivities predicted from the Green-Kubo method and the model
as a function of strain for a GaN nanowire with diameter d=3.55 nm.
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Fig. 4.26 Thermal conductivities predicted from the Green-Kubo method and the model
as a function of strain for a GaN nanowire with diameter d=4.20 nm.
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Fig. 4.27 Thermal conductivities predicted from the Green-Kubo method and the model
as a function of strain for a GaN nanowire with diameter d=4.85 nm.
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5. THERMOMECHANICAL RESPONSES DURING BENDING

DEFORMATION

In designing of flexible and self-powered nanodevices, bending deformation of
piezoelectric nanowires is often desired for power generation. The bending behaviors of
nanostructures are different with the behaviors under the axial loading because bending is
accompanied with tension and compression. This chapter focuses on the
thermomechanical response of nanowires during bending process. The mechanical and
thermal responses of GaN nanowires during bending are investigated using the MD
computational framework developed in Chapter 3. The phase transformation observed in
the bending process is analyzed and is compared with the transformation under axial

loading.

5.1 Mechanical Responses

5.1.1 Bending

The mechanical behaviors of the nanowires with diameters in the range from 2.26
to 4.20 nm during bending are analyzed and show in Figs. 5.1-5.4. Figure 5.2 shows
energy as a function of deflection a diameter of d=2.91 nm. In the bending process, the
energy increases steadily as the deflection increases from zero to 1.0 nm. The increment
in the energy results from rising of the potential energy due to the bending deformation.
Over the simulation, the total kinetic energy remains essentially unchanged because the
temperature of system is maintained to a constant temperature. When the deflection

reaches 1.0 nm (deflection/length=0.07), the energy drops with the phase transformation
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from the WZ structure to the TS structure. In contrast to what is observed in the
deformation under tensile loading, the WZ structure in the interior does not transform
into the TS structure. The WZ-to-TS transformation is observed first in the surface
regions where the maximum tensile stress acts, as shown in Fig. 5.5. The phase
transformation propagates to the most of the surface regions, but the initial WZ structure
remains in the core of the nanowire and the compressed surface regions as seen in Fig.
5.6. The difference in structural change between the surface regions and the core regions
comes from the surface effects. Surface atoms are subject to the residual stress due to an
imbalance in the forces acting on surface atoms induced by lack of bonding neighbors.
(Cammarata 1994; Diao et al 2003; Park et al. 2005) The surface stress acts on the first
and second layers of atoms from the surface. On the other hand, even in the bent
nanowires, atoms in the interior region are not subject to external load and the residual
stress because the simulation cell is not fixed in length along the axial direction. Such
difference in stress between the surface regions and the core regions becomes more
significant as the deflection increases. Consequently, the regional difference prevents the
core atoms from transforming from the WZ structure to the TS structure. After the phase
transformation, the nanowire deforms in the TS-WZ structure and break into two pieces
at the deflection of 1.5 nm (deflection/length=0.1). The mechanical behaviors of
nanowires with larger diameters (d=3.55 and 4.20 nm) are also analyzed. The mechanical
response is similar to that of the nanowires with a diameter of d=2.91 nm. Similar phase

transformation from WZ to TS is also observed on the surfaces of the nanowires as well.
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5.1.2 Unloading

Unloading of bent nanowires is also analyzed in the way of reducing deflection.
As shown with the black dotted line in Fig. 5.7, the nanowire deforms in the TS-WZ
structure and the energy decreases as deflection decreases. In the unloading process, the
structure of nanowires remains in the TS-WZ structure. In opposite to the case of axial
loading and unloading of nanowires, the phase transformation in bending deformation is
not reversible. In the bending process, the stress along the axis of nanowire maintains to
be zero and the length of nanowire does not change before the phase transformation. The
tensile stress on the surface regions induced the phase transformation from WZ to TS.
The length of the TS-WZ structured nanowire is 3% longer than that of the initial WZ-
structured nanowire because the lattice constant of TS is larger than that of WZ. However,
unloading of bent nanowires is not associated with compression in length of nanowire
and the straight nanowires (deflection is zero) also have the same TS-WZ structure as

bent nanowires.

5.2 Thermal Responses

In the process of the axial deformation of nanowires, the thermal conductivity is
dependent on the strain. The thermal conductivity decreases as the strain increases under
tensile loading, and increases as the strain decreases under compressive loading.
However, the length of the nanowire remains unchanged during bending before phase
transformation because both ends of the nanowire are not fixed. As a result, the strain

effect can be removed from the thermal behaviors of bent nanowires. Figure 5.2 shows
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the thermal conductivity as a function of deflection for the nanowires with a diameter of
d=2.91 nm. The thermal conductivity does not decrease as the deflection increases. As
shown in Figs. 5.1-5.4, the thermal conductivities of the nanowires increase with
uncertainty as the deflection increases. In unloading process, thermal conductivities of
the TS-WZ structured nanowires are also calculated by using the Green-Kubo approach
as indicated in Fig. 5.7. The thermal conductivities of the TS-WZ structured nanowires in
the unloading process are 30% lower than those of the WZ-structured nanowires under
loading. Such effects of structure on the thermal conductivity are very similar to those
observed in the axial loading and unloading of nanowires. The thermal conductivities of
heterogeneous structure are lower than those of homogeneous WZ structure because the
elastic modulus and phonon group velocity of TS-WZ is lower. Using the analytical
model which is developed in Chapter 4, similar trends in thermal conductivity are
predicted as shown in Fig. 5.8. Difference in thermal conductivities of nanowires with
WZ structure and TS-WZ structure is clearly shown in the prediction of the analytical

model.
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Fig. 5.1 Energy and thermal conductivity as functions of deflection for a GaN nanowire
with diameter d=2.26 nm in the bending process. Error bars denote standard deviation of
thermal conductivity.
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Fig. 5.2 Energy and thermal conductivity as functions of deflection for a GaN nanowire
with diameter d=2.91 nm in the bending process. Error bars denote standard deviation of
thermal conductivity.
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Fig. 5.3 Energy and thermal conductivity as functions of deflection for a GaN nanowire
with diameter d=3.55 nm in the bending process. Error bars denote standard deviation of
thermal conductivity.

98 1] 2 +1 &l



-490000 20

d=4.20 nm E
S 400200 (Lo £
> 110 3
: $.1¢ ﬁ' 5
W -490400 | _4® ﬂ o
15 &
£
Q
=

-490600 -— ' ' 0

0.00 002 004 0.06 0.08 010 0.12
Deflection / wire length

Fig. 5.4 Energy and thermal conductivity as functions of deflection for a GaN nanowire
with diameter d=4.20 nm in the bending process. Error bars denote standard deviation of
thermal conductivity.
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Fig. 5.5 Atomistic arrangements on (2110) cross-sections of a nanowire with diameter
d=2.91 nm in the bending process: (a) WZ-structured nanowire at zero deflection; (b)
nanowire at a deflection of 1.1 nm. TS structure appears on the bottom surface; (c) TS-
WZ structured nanowire at a deflection of 1.2 nm; and (d) broken nanowire.
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Fig. 5.6 Atomistic arrangements on (0110) cross-sections of a nanowire with diameter

d=2.91 nm during bending: (a) WZ-structured nanowire at zero deflection and (b) TS-
WZ structured nanowire at a deflection of 1.2 nm.
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denote standard deviation of thermal conductivity.
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Fig. 5.8 Thermal conductivities predicted using the Green-Kubo method and the
analytical model for a GaN nanowire with diameter of d=2.91 nm.
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6.CONCLUSIONS

In this work, the thermomechanical behaviors of GaN nanowires during tensile
and compressive loading, unloading, and bending are characterized. An atomistic
framework for molecular dynamics simulations is developed to analyze the mechanical
and thermal responses. MD simulations have been carried out with Buckingham-type
interatomic potential and Wolf summation method for charge interactions. Quasi-static
loading schemes are used in the characterization of the mechanical responses of
nanowires. The thermal responses are quantified by using MD framework based on the
Green-Kubo approach with quantum corrections.

Thermomechanical responses of the nanowires due to the structural deformation
under tensile loading and unloading are investigated. Under tensile loading, the WZ
structure of [0001]-oriented GaN nanowires transforms into the TS structure. The thermal
conductivity decreases as strain increases under tensile loading, and increases as strain
decreases in the unloading process. The effect of strain on the conductivity comes from
the change in the relaxation time of phonons. A reverse transformation from TS to WZ
occurs during unloading. During the reverse transformation, the nanowires consist of
both WZ-structured regions and TS regions. For the nanowires with diameters of 2.26,
3.55, 4.85 nm, the formation of an IDB between two WZ domains is observed along the
wire axis during the reverse transformation. Such intermediate states are not observed in
the process of the forward transformation under tensile loading. Results show that the
thermal conductivity is dependent on the lateral size and structural evolution of wires.

The thermal conductivity increases by 30%, 10%, and 50%, respectively, for the WZ,
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WZ-TS, and WZ-IDB structured wires as the diameter increases from 2.26 to 4.85 nm,
but the conductivity of the TS-structured wires does not change with the size. This effect
is attributed to the phonon relaxation time and the mechanical behaviors of nanowires.
The decrease in the elastic modulus of WZ-TS structured wires reduces the effect of the
phonon relaxation time by decreasing the group velocity. For the WZ and WZ-1DB
structured wires, relaxation time of phonon is dominant factor for the conductivity
increasing because change in group velocity is negligible for the range of size considered
here. The dependence of thermal conductivity on the structure of nanowires results from
the dependence of phonon group velocity on the structure of the nanowires.

A model is developed to predict the change in thermal conductivity due to the
structural change. This model is based on the idea that all the properties obtained in MD
simulations are calculated from ensemble averages of atomic behaviors determined by
the potential. The model assumes that the second order and third order force constants are
dominant factors in change of phonon behaviors in response to the structural deformation
of nanowires. The rate of change in thermal conductivity predicted by the model shows a
good agreement with the thermal responses estimated by using the Green-Kubo method.
Dependences of thermal conductivity on strain and phase transformation are effectively
described in the model.

In addition to the variation of thermal conductivity with structural change,
temperature also affects the thermal and mechanical responses. At temperatures above
T=1495 K, the nanowire with a diameter of 2.26 nm does not show a surface layer and
the atomic arrangements on the surface and in the interior are similar. As a result, the

thermal conductivity remains essentially constant as strain increases, even after a phase
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transformation occurs. This trend is different from the result observed in nanowires at
room temperature. Another contributing factor is that the atomic alignment in the [0001]
nanowire axial direction for the original wurtzite structure and resulting tetragonal
structure are similar.

Thermomechanical behaviors of the nanowires in the process of bending are also
investigated by applying the similar MD framework as used in the analysis of axial
loading and unloading. The phase transformation observed in the nanowires during
bending is shown to be different with that for the nanowires under axial loading. The
phase transformation from WZ to TS occurs in surface regions, but the initial WZ
structure remains in interior regions. The difference in structural change between the
surface regions and the core regions is attributed to the surface effects that influence the
stress applied on atoms. Before the phase transformation from WZ to TS on the surfaces,
thermal conductivity of bent WZ nanowire does not decrease as the deflection increases.
The thermal conductivity of TS-WZ nanowire is lower than that of WZ nanowire due to
the lower group velocity of phonon.

This research focused on the analysis of thermomechanical behaviors of GaN
nanowires and the development of a computational framework including MD simulations
and model to predict the thermal responses to structural deformations. Effects of strain,
size, phase transformation, temperature, and deflection are efficiently characterized.
Results that are discovered and analyzed in this research are useful in designing
nanostructures which need flexibility in operation and tunability in the thermal response.
In the future, the computational framework developed in this work can be expanded to

the analysis of other nanostructures, for example, nanofilms and nanowire array.
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Moreover, the basic idea of modeling can be applied to many problems that are hard to

solve within the computational limitation.
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