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Abstract

In contrast to macrosized structures, for nanosized structures the fraction of
surface atoms is not negligible. Furthermore, as the size decreases the idea that
matter are homogeneous and continuous breaks down and cannot be applied.
These facts lead to that the material properties on the nanoscale deviate from
the material properties on the macroscale.

The modern information society arose from, and demands, devices that sup-
ply fast and easy accessible ways of communication, e.g. computers, cell phones,
satellites, etc. Such devices are often made out of thousands of micro- and nano-
sized electrical components. To produce micro- and nanosized components, so-
phisticated measuring tools and manufacturing robots with nanoprecision are
needed. Thus, the modern society depends on devices that consist of structures
that have properties that are determined on the nanoscale.

Due to its low resistivity and ability to handle high currents, copper is an
element of large interest in the nanoelectro-mechanical industry. The research
work presented in this dissertation aims to increase the understanding in nano-
sized copper structures and to investigate how well continuum theory applies in
the vicinity of nanosized crack shaped voids. To achieve this, nanosized copper
structures have been simulated with molecular dynamics.

Part I of this thesis gives a short introduction of the topic followed by prob-
lem formulations, a brief introduction to molecular dynamics and a short sum-
mary of the results and conclusions. In Part II, the five papers that constitute
the bulk of this thesis are appended.
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Sammanfattning

Till skillnad fr̊an makrokomponenter s̊a är andelen ytatomer inte negligerbar i
nanokomponenter. Därtill, när en komponents storlek minskar ner p̊a nanoniv̊a
fallerar idén om att materialet är homogent och kontinuerligt. Allt detta resul-
terar i att egenskaperna som ett material har p̊a nanoniv̊a skiljer sig fr̊an de
egenskaper som materialet har p̊a makroniv̊a.

Det moderna informationssamhället som vi lever i uppstod som en följd
av tillgängligheten av apparter s̊asom datorer, mobiltelefoner, satelliter etc.
som möjliggör och tillgodoser snabb och lättillgänglig kommunikation. Dessa
apparater best̊ar ofta av tusentals mikro- och nanoelektroniska komponenter.
För att tillverka mikroelektriska och nanoelektriska kretsar krävs avancerad
mätutrustning och tillverkningsrobotar med nanoprecision. S̊aledes är det mo-
derna samhället beroende av apparater som har egenskaper som bestäms p̊a
nanoniv̊a.

P̊a grund av sin l̊aga resistivitet och förmåga att leda starka stömmar är
grundämnet koppar ett högintressant material för den elektromekaniska na-
noindustrin. Forskningsarbetet som presenteras i den här doktorsavhandling-
en har som mål att öka först̊aelsen för kopparkomponenter p̊a nanoniv̊a samt
undersöka hur pass väl brottmekanik och finita element metoden, som b̊ada
förutsätter ett kontinuum, kan beskriva spänningarna och töjningarna, eller sna-
rare atomförflyttningarna, i närheten av nanosprickor. För att åstadkomma det-
ta har nanokomponenter av koppar simulerats med hjälp av molekyldynamik.

Del I i den här avhandlingen inleds med en kort introduktion till ämnet och
därefter följer problemformuleringarna, en kort introduktion till molekyldyna-
mik, en kort sammanfattning av forskningsresultaten samt slutsatser. I Del II
är de fem artiklarna som utgör huvuddelen av den här avhandlingen bifogade.
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Part I

COMPREHENSIVE
SUMMARY





Chapter 1

Introduction

Since the dawn of mankind the knowledge in material science in terms of material
properties and how to produce it (initially where to find it) has been fundamental
to the development of civilization. Anthropologists have defined four historical
epochs by the materials that were commonly used among the civilizations during
those eras, e.g. the Stone, Copper, Bronze, and Iron ages. Different culture
groups’ progressions towards more sophisticated materials have correlated with
their societies different levels of innovation and the local availability of materials.
The more advanced materials a society could produce, the higher standard of
living got its citizens1,2.

In our everyday life we encounter appliances that are made of a wide range
of different engineering materials such as metals, plastics and ceramics. Some
of these appliances are large, e.g. the engine block in a car or the housing of a
microwave oven, while others, e.g. a transistor on a circuit board, are small3.
The modern information society arose from, and demands devices that supply
fast and easy accessible ways of communication, e.g. computers, cell phones,
satellites etc. The needs to make computers and other modern electronic devices
more sophisticated create needs to design and with high precision manufacture
structures and components on the nanometer scale. Fortunately computers,
robots and technological achievements made over the last decades have provided
the means to do this. Nanometer sized structures and components are often
referred to as nanoelectromechanical systems (NEMS), and are employed in a
wide range of fields. In medicine, for example, coated nanometer beams have
been used to detect and in some cases also neutralize specific cells, bacteria and
viruses4–9. Other examples where NEMS are utilized are: in the manufacture of
nanowires, in atomic force microscopy, in high density magnetic recording and
in modern electronics such as solar cells, cell phones and computers10–16. Thus,
in everyday life we are surrounded by components that have properties that are
determined on the nanometer level.
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1.1 Background

In contrast to macrosized structures, the fraction of surface atoms is far from
negligible in nanosized structures. The free surfaces break the continuous atomic
lattice matrix which results in that the cohesive energy of an atom close to a
discontinuity will not be equal to the cohesive energy of a bulk atom. Other
examples of discontinuities are grain boundaries, vacancies and interstitials. If
the influences from discontinuities become substantial, inaccuracies will appear
when applying macroscopic continuum mechanical concepts on the nanoscale.
Therefore, today there is a massive interest to find a way to accurately describe
the mechanical properties of structures on the nanoscale.

Experiments have shown that the material properties on the nanoscale dif-
fer from those on the macroscale. For example, in a study of silver and lead
nanowires it was observed that the elastic moduli of the nanowires started to
increase as the diameters of the nanowires decreased below 70nm and 100nm,
respectively17. However, for nanocantilevers made of chromium18,19 and single
crystalline silicon20, the elastic moduli decrease with the sizes of the cantilevers.
As the specimen size increases, the discrepancies in material properties dimin-
ish, and in an experimental study of single crystalline copper cantilevers with
the dimensions 30 μm×3 μm×4 μm21, the measured values of Young’s moduli
showed good agreement with bulk values.

In agreement with experimental works, papers investigating this issue from
a mathematical point of view have shown that the definition of how the dimen-
sions of a nanocrystal are measured affects both Young’s modulus22,23 and the
bending stiffness24,25. The effects of this ambiguity do of course diminish as the
size increases22–25. Besides mathematical papers, different simulation tools have
been developed and employed to study the mechanical properties of nanostruc-
tures. The two most commonly used techniques in computational nanomechan-
ics are molecular statistics (MS) and molecular dynamics (MD)26,27. Papers
that utilize MS and MD to study the mechanical properties of nanostructures
do in general employ one of the following approaches: tensile, compressive or
shear loading28–37, beam bending38, or structural frequency response39. As in
experiments, computational simulations have shown that the size of a specimen
influences its elastic modulus. Furthermore, computer simulations suggest that
the specimen size affects the Poisson’s ratio34–36,40, the stress- and strain distri-
butions in the vicinity of voids41–43, and that the strain rate affects the elastic
moduli of materials31,37,44.

Due to its size, a nanostructure only consists of a few grains. Since grains
are anisotropic, the lattice orientations of the grains will strongly influence the
mechanical properties of the nanostructure. Besides the mechanical size effects,
regarding electrical components, circumstances such as signal delay, crosstalk,
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electromigration and stress-induced migration must also be considered as the
components are scaled down to the micrometer and nanometer levels45. Copper
is an element that has low resistivity and can handle high currents; hence,
copper is a suitable material for nanoelectronics45,46. In addition, recent studies
have shown that copper coating on the silicon anode of a lithium battery not
only enhance the storage capacity, but also significantly improve the battery
cycle performance47–49. In this dissertation thesis the mechanical properties of
highly constrained copper strips and copper coated silicon films similar to the
nanostructures studied in47–51 are investigated.
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Chapter 2

Objectives

The research work presented in this dissertation aims at increasing the un-
derstanding and knowledge of copper structures on the nanoscale. To achieve
this, two different problem formulations are considered. In the first problem,
a highly constrained single crystal copper strip containing a straight through
crack shaped void is considered. The strip is simulated with three different
geometries and subjected to tensile loading that is parallel to the crack nor-
mal. The stress and strains are internally compared and the stress distributions
are compared with linear elastic fracture mechanics (LEFM) and finite element
(FE) simulations. This problem is discussed in Papers I, II, and III, and the
major objectives in these papers are to study how well LEFM and FE apply on
the nanoscale and to investigate how different boundary conditions affect the
stresses and strains.

The second problem formulation, which is discussed in Papers IV and V,
consists of a nanosized silicon film that has a copper coating that is subjected
to shear loading. The laminate consists of one silicon crystal and one copper
crystal, only. The two crystals are rotated about the interface normals, and the
objectives are to investigate how the mechanical properties of the laminate vary
with the lattice orientations of the two crystals and to understand the atom
movements at the silicon-copper interface and how these movements affect the
mechanical properties.
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Chapter 3

Atomic simulations

Molecular dynamics (MD) is a computational tool that is frequently used to
investigate the properties and responses of materials on the atomic scale. In
MD simulations are the motions of atoms or molecules studied. The motions
are found by integrating the classical equations of motion for the N particles
in the system. In general, after that the N particles have been generated and
the temperature T has been set, the system is relaxed, i.e. the particles are
free to oscillate and adjust their positions so that the energy is minimized. The
relaxation continues until a certain predefined relaxation criterion is met, e.g.
the time t is larger than the relaxation time trelax or the system is at equilibrium.
Then, after that the relaxation criterion has been met, the load is applied and
the numerical data of interest are collected, cf. Figure 3.126,27,52.

The movements of particles such as atomic nuclei and molecules are described
by quantum mechanics and the Schrödinger equation. However, sometimes, de-
pending of the aim, it is not necessary to have a model that takes quantum
phenomena into account53. In MD are quantum phenomena not considered and
the calculations are reduced to a classical N -body problem. This reduction is
justified by two approximations. Firstly, the Born-Oppenheimer approximation
which assumes that the motions of atomic nuclei and electrons can be sepa-
rated, and thus, since an electron roughly is 1800 times lighter than a proton,
the electrons will instantly respond to any movements of the atom nuclei. Sec-
ondly, the atomic nuclei or molecules are approximated to point particles that
are described by Newtonian mechanics26,27. Despite these simplifications the
evaluation of the equations of motion of the particles is computationally expen-
sive. Thus, it is essential that the algorithm that integrates the equations of
motion is optimized54. By truncating the particle interactions with a cut-off
radius rcut, the computational costs are reduced26,27,53,55.

Besides effective, the integrating algorithm must also obey the Law of con-
servation of energy so that the energy in an isolated system does not change26.
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Figure 3.1: Flow chart of the MD simulation process. The sign combination := symbolizes the assign-command, i.e.
t := t + Δt means that the value of t increases with Δt.

The problem is that large timesteps are neither able to reproduce the thermal
vibrations nor to preserve the energy. The demands are in general fairly met
when the timesteps are of the order of 10−15s= 1fs. Thus, all simulations include
an economy-accuracy trade-off54.

3.1 Governing equations

As implied, in MD simulations are the motions of the atoms governed by New-
ton’s second law:

miai = fi =
∑
j �=i

fij (3.1)

where mi, ai, and fi are the mass, acceleration and resulting force of atom i,
respectively, and fij = −fji is the interatomic force between atom i and atom
j. The acceleration ai is defined as the second time derivative of the position
vector ri, i.e. ai ≡ r̈i. The force that one atom exerts on another atom within
the truncation radius rcut is described by Eq. (3.2)56, with Φ denoting the
interatomic potential.

fij = −∇Φij(rij) (3.2)
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In the early 90’s Qiu-Dong 57 presented a series solution that is a general
solution to the N -body problem. However, convergence in these series is very
slow; hence, this general solution is not employed in numerical works58. In-
stead the equations of motions are solved by integrating Taylor expansions of
Eq. (3.1), of the atoms’ positions and velocities. A Taylor expansion is a poly-
nomial representation of a function, e.g. r(t), calculated from the values of the
function derivatives r(n)(t). The Taylor expansion is a direct consequence of the
Fundamental theorem of calculus and a repetition of integration by parts:

r(t+Δt) =

∞∑
n=0

r(n)(Δt)

n!
tn (3.3)

In the problem formulation that is considered in Papers I, II, and III, an in-
house MD code based on the code found in Rapaport 26 is employed. To avoid
the need of a velocity estimate, the routine that updates the atom velocities and
positions is divided into two parts26; in the first part the atom velocities and
positions are updated according to Eqs. (3.4) and (3.5), respectively, and in the
second part the atom velocities are updated once more, cf. Eq. (3.6).

vi(t+
Δt
2 ) = vi(t) +

Δt
2 ai(t) (3.4)

ri(t+Δt) = ri(t) + Δt · vi(t+ Δt
2 ) (3.5)

vi(t+Δt) = vi(t+
Δt
2 ) + Δt

2 ai(t+Δt) (3.6)

The temperature T is set by assigning a certain speed to the atoms, cf.
Figure 3.1. In MD simulations T is proportional to the average kinetic energy,
Ek:

Ek =
1

N

N∑
i=1

miv
2
i

2
=

m · v2
2

=
3kBT

2
(3.7)

where, N denotes the number of atoms, vi is the speed of atom i, kB denotes the
Boltzmann constant, and m and v2 are the average atom mass and the average
of the squares of the speeds, respectively59.

3.2 Potentials

There exists a large variety of potentials. In the five papers that are included
in this thesis, two different potentials have been employed. In Papers I, II, and
III the Lennard-Jones 12-6 potential is employed and in Papers IV and V the
Modified embedded atom method potential is employed. The two potentials are
briefly discussed below.
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3.2.1 The Lennard-Jones potential

The Lennard-Jones (LJ) potential is a pair potential which means that it de-
scribes the potential energy of two interacting atoms. Pair potentials are simple
and idealized expression that reflects the salient features of real atom interac-
tions. Due to their simple expressions, pair potentials are commonly used in
MD simulations27,53,54. Among the pair potentials, the LJ 12-6 potential60 is
probably the most applied26,27. The LJ 12-6 is presented in Eq. (3.8):

Φ(rij) = 4α

[(
β

rij

)12

−
(

β

rij

)6
]

(3.8)

where Φ is the potential energy, rij is the interatomic distance between atom i
and atom j, and α and β are the depth of the potential well and the interatomic
distance at which Φ equals zero, respectively. Since it has been shown that the
long ranged attracting force varies with r−7, the r−6-term in the LJ expression
is rooted in physics. The short range repulsive force is not as essential as the
long range force. Therefore, due to convenience, the exponent in the repulsive
term is set to 1259,60.

The drawbacks with pair potentials are that pair potentials do not ac-
count for any directional nature of atomic bonds and have no environmental
dependence27,61. In addtion, pair potentials satisfy the Cauchy stress relation,
C12 = C44, where Cij denots the elastic components, something which in general
is not true for solid cubic lattice metals62,63. Even so, pair potentials are com-
monly employed when simulating metals such as copper, in which the cohesion
is provided by s or p electrons27.

3.2.2 The Modified embedded atom method

The Modified embedded atom method (MEAM)64,65 is an extension of the Em-
bedded atom method (EAM) which is a semi-empirical many-body potential.
Many-body potentials have one pair potential term and one many-body term.
The many-body term describes the interaction between the atoms and the back-
ground electron density66,67. In contrast to the EAM potential, the MEAM
potential can handle angular dependencies. Thus, the MEAM potential is able
to include bond-bending forces; something that is necessary to describe semi-
conductors64,68. In the EAM and MEAM potentials, the total energy, E, is
described by Eqs. (3.9) and (3.10):

E =
∑
i
Ei (3.9)

Ei = Fi(ρ̄i) +
1

2

∑
j �=i

Φ(rij) (3.10)
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where Ei is the energy of atom i, Fi is the embedding function representing
the energy that a cation of atom i’s type gets when it is surrounded by the
background electron density at the position of atom i, ρ̄i is the background
electron density at the position of atom i, and Φ is the pair potential that acts
between atom i and atom j. The extension that enables the MEAM potential to
include angular dependencies is added into the embedding function68,69. Both
the EAM and MEAM potentials are frequently used in MD simulations69.

3.3 Periodic boundary conditions

Due to computational costs, the number of atoms, N , is limited in a MD sim-
ulation. The N -limitations that modern super computers offer are negligible in
comparison with the number of atoms in a specimen that can be seen by the
naked eye. Consequently, MD simulations performed with free boundaries are
significantly influenced by the surfaces. Unless the aim is to study the properties
near the surfaces, the influences from the free surfaces have to be eliminated so
that the simulation captures the nature of a large specimen. By imposing pe-
riodic boundary conditions (PBC) the surface influences can be removed. PBC
mimics the presence of an infinite bulk by enclosing all N particles within a box
and then placing imaged copies of this box edge to edge to the original one, cf.
Figure 3.2. In addition, in PBC, if an atom leaves the simulation box it reenters
the simulation box on the other side with the same velocity. To prevent that
atoms interacts with themselves the distance between two parallel sides of the
simulation box must be at least 2rcut

26,27,52,54.
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Figure 3.2: Schematic illustration of PBC. The solid black box and the black dots illustrate the simulation box and its
atoms. The dashed boxes containing grey dots represent the imaged copies of the simulation box and its atoms.
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Chapter 4

Problem formulations

In this Chapter, the two problem formulations are presented. To be able to
describe the two problems, some basic material science concepts are needed.
These concepts are presented in section 4.1. The problem formulation that
is under consideration in Papers I, II, and III is found in section 4.2 and the
problem formulation that is under consideration in Papers IV and V is described
in section 4.3.

4.1 Lattice structure and anisotropy in copper and
silicon

Metals and semiconductors are in general crystalline which means that the atoms
are arranged in highly ordered matrices. The particle arrangement that is re-
peated within a matrix is called lattice structure and the smallest entity that
the matrix can be divided into without losing the lattice structure is called a
unit cell2,3. Up to its melting point, the only stable lattice structure for cop-
per is the faced-center cubic (FCC) lattice structure70. The FCC unit cell is
a cubic entity with one atom in each corner and one atom centered on each of
the six surfaces, cf. Figure 4.1a. In silicon the atoms are generally arranged
in the cubic diamond lattice structure cf. Figure 4.2a69,71. The cubic diamond
lattice structure is similar to the FCC lattice structure and in both structures
are the 〈110〉-lattice directions the most closely packed directions and thus the
directions in which slip generally occur, cf. Figures 4.1b-e and Figures 4.2b-e.

15



Figure 4.1: The FCC unit cell. (a) is a schematic illustration of the FCC unit cell. In (b) the (010)-,
(
110

)
-, and (111)-

planes are drawn into the unit cell and colored with red, green and blue, respectively. Figures (c), (d), and (e)
are scale illustrations of the three planes represented in (b). a0 denotes the lattice parameter.

Figure 4.2: The cubic diamond unit cell. (a) is a schematic illustration of the diamond unit cell. In (b) the (010)-,
(
110

)
-,

and (111)-planes are drawn into the unit cell and colored with red, green and blue, respectively. Figures (c),
(d), and (e) are scale illustrations of the three planes represented in (b). a0 denotes the lattice parameter.
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The interatomic spacing affects properties such as the electrical conductivity,
the thermal conductivity, the Young’s modulus, and the fracture toughness2,3,72.
As a result, these properties have different values in different lattice directions,
cf. Figures 4.1c-e and Figures 4.2c-e, and this directional dependency is called
anisotropy. In Table 4.1 values of Young’s modulus in three lattice directions
are listed for the elements copper and silicon.

Table 4.1: Young’s modulus for copper and silicon in three different lattice directions.

Young’s modulus (GPa)

Element [100] [110] [111]

Copper 66.7a 130.3a 191.1a

Silicon 130b,c 170b,c 189c

aRef. [2].
bRef. [73].
cRef. [74].

4.2 The flawed copper strip

The flawed copper strip consists of a single crystal FCC copper strip. The strip
has the shape of a cuboid and the strip width, depth and height measures are
2W , 2d, and 2h, respectively. The strip edges are parallel to the x-, y-, and
z-directions which coincide with the [100]-, [010]-, and [001]-lattice directions,
respectively, cf. Figure 4.3. The height is divided into three blocks: one of height
2h∗ and two of height 3a0, where a0 is the lattice parameter. The two latter
blocks, one placed at the bottom and one placed at the top, are marked with
dashed lines in Figure 4.3 and are from here on referred to as the bottom and top
blocks. With the purpose to mimic a centrally placed crack, a straight through
void is created by removing atoms at the center of the strip. For simplicity, the
void is shaped as a cuboid with the dimensions 2a×2d×2b, similar to the voids
in Dienes and Paskin 75 and Mayer and Krasnikov 76 .
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Figure 4.3: Schematic illustration of the flawed copper strip.

All atoms in the bottom atom layer are fixed in the z-direction and the
atom in the leftmost corner is fixed in the x- and y-directions as well. Initially,
during the relaxation, the rest of the atoms in the bottom block are forced to
move so that the atom layers are kept plane and the interlayer distances are kept
constant. The same constraint, i.e., keeping the interlayer distance fixed, is also
applied on all atoms in the top block. During the loading phase, all atoms in the
bottom block are prevented from moving in the z-direction and a displacement
controlled tensile load is imposed by forcing all atoms in the top block to move
with a constant speed in the positive z-direction, vimp.

The flawed strip is simulated with three different geometrys: G1, G2, and
G3. In G1, PBC are applied in the x- and y-directions while the dimension in
z varies. Thus each strip simulated with the G1 geometry can be seen as an
infinite film. Considering G2, PBC is applied in the y-direction while the width
2W = 200a0 and the height 2h∗ varies. Hence G2 may be seen as a hollow
infinite rod. In G3 PBC are applied in x, varies in y and measures 2h∗ = 20a0
in z; thus, G3 can be seen as an infinite rod, cf. Table 4.2.

Table 4.2: Geometry G1, G2, and G3. For coordinate system, cf. Figure 4.3.

Geometry G1 G2 G3

Dimension in x Periodic 723Å Periodic
Dimension in y Periodic Periodic Variable
Dimension in z Variable Variable 72.3Å
Void size 2a× 2b 362Å×7.23Å 362Å×7.23Å 362Å×7.23Å

The simulations are performed in an in-house MD program developed by
the author. The source code is written in C99 and based on the open source
code provided by Rapaport 26 . The strips are simulated at the temperature
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T = 1K and the Lennard-Jones potential is employed to describe the atomic
interactions. All simulations start with a relaxation whose length increases with
N . Furthermore vimp is set so that the strain rate ε̇ = 5·108s−1 in all simulations.
The common parameters that are essential for the simulations and the material
properties are listed in Table 4.3.

Table 4.3: Simulation and material relatd parameters.

Lattice constant a0 (Å) 3.6151
Potential well depth α (eV) 0.1515
Distance for zero potential β (Å) 2.338
Cut-off radius rcut (Å) 6.406
Strain rate ε̇ (s−1) 5 · 108
Temperature T (◦K) 1.0

4.3 The copper coated silicon film

The copper coated silicon film consists of two single crystal films; one of FCC
copper and one of cubic diamond silicon, cf. Figure 4.4. The films are quadratic
and have a side length equal to about 217Å. This value is chosen since 217Å is
the approximate length of 60 and 40 unit cells in the 〈100〉-lattice directions for
copper and silicon, respectively. The thicknesses, i.e. the heights, of the silicon
and copper films are hSi and hCu, respectively. To minimize the computational
cost but still ensure that the silicon atoms at the bottom and the copper atoms
at the top do not directly influence the interface and to ensure that the copper
coating can deform continuously, hSi and hCu are set to about 28.5Åand 42.5Å,
respectively, cf. Figure 4.4.

Figure 4.4: Schematic illustration of the simulated films. The atoms within the dark copper colored volume and the atoms
within the dark blue colored volume according to the zoom–in to the left, hold the boundary constraints.

The films are simulated in the freeware Lammps77 and MEAM potential is
employed to describe atomic interactions. The employed potential and the lat-
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tice parameters for silicon and copper, aSi and aCu respectively, are taken from
Jelinek et al. 69 . The coated film is simulated with many different combinations
of lattice orientations. Seventeen different lattice orientations combinations are
considered in Paper IV, while Paper V only considers two. However, the two
lattice orientations combinations in Paper V are rotated about the y-axis, cf.
Figure 4.4, so that the shear load is applied in four and six different lattice ori-
entations, respectively; hence, in Paper V, ten different load cases are consider.

The coated film is simulated at a temperature T = 300◦K and a NVT
integrator with a Nosé-Hoover thermostat27 is employed. Each simulation starts
with a relaxation that lasts for 10, 000 timesteps which corresponds to 10ps.
During the loading phase all atoms in the top two Cu atom layers are forced
to move with a constant speed vimp = 0.02172Å/ps in the z-direction. The
constant shearing speed causes a displacement controlled load with a constant
strain rate ε̇ = 108s−1. A final shear of 5% in the z-direction is achieved by
integrating the system for 500, 000 timesteps. Throughout the simulations the
two bottom silicon atomic layers are fixed in the x-, y-, and z-directions, cf.
Figure 4.4.
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Chapter 5

Results

In Papers I, II, and III the flawed copper strip, cf. section 4.2, is considered,
and the papers focus on describing the stresses and strains in the vicinity of the
crack shaped void. Papers IV and V consider the copper coated silicon films, cf.
section 4.3, and the anisotropy in shearing is studied. In section 5.1 the main
results from Papers I, II, and III are presented and section 5.2 contains the main
results from Papers IV and V.

5.1 Main results in Papers I, II, and III

In Paper I it was shown that elastic properties of the strip varied with the
strip size and geometry. It was also observed that MD, under the considered
circumstances, generates peanut shaped stress distributions, cf. Figure 5.1.
Considering the shapes, these stress distributions show good agreement with the
stress distributions generated by FE and are similar to the stress distribution
that LEFM predicts for an infinitesimal crack. If the distributions in Figure 5.1
are studied carefully, it is observed that MD and FE predict differently when it
comes to the location of the highest tensile stresses and how the tensile stress
behave ahead of the void tip. This becomes even clearer when the curves in
Figure 5.2 are studied. The reason why the MD simulations generate the highest
tensile stresses a few atoms ahead of the void tip instead of at the void tip is the
fact that the atoms near the void are lacking neighbors. Since no dislocation
nucleations or bond breakages are observed in Paper I, it is concluded that
lattice defects such as voids affect the elastic response of a crystal.

Studying Figures 5.1a and d it is seen that the void tips have been blunted. In
addition, Figure 5.1b reveals a small gap indicating a large strain. Furthermore,
in Figure 5.2 it is seen that MD predicts higher stresses than FE in short intervals
ahead of the void tips. These observations indicate that the deformations are
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elasto-plastic rather than purely elastic. However, as mentioned, no dislocation
nucleations or bond breakages are observed and since the LJ potential is capable
of reproducing these phenomena, cf.78,79, the LJ potential is most likely not a
source of error. In addition, assuming plastic deformation in G1, then the
maximum stress in G1 corresponds to the yield strength, σYS, cf.

80. However,
since the maximum stress in G2 is higher than the maximum stress in G1, the
maximum stress in G1 cannot be σYS. Thus, the blunting of the void tips are
elastic and the conclusion about that lattice defects such as voids affect the
elastic response of a crystal must be correct.

In Paper I it is also shown that the similarities between MD and FE decrease
with the specimen size and that the tensile stresses increase with the dimension
parallel to the loading direction and that the larger the strip size, the more
extended stress fields.

Figure 5.1: Stress field distributions generated from MD and FE simulations for the geometries G1 (left-hand side) and G2
(right-hand side) for 2h∗ = 40a0. (a) and (d) are MD simulations and the black frames mark the zoomed in
areas shown in (b) and (e), respectively. (c) and (f) are FE simulations. The color bars are given in GPa and
the abscissas and ordinates show the x- and z-coordinates in nm.
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Papers II and III focus on geometry G3. In Paper II it is shown that under
uniaxial tensile strain, MD is in agreement with the theory and generates higher
stresses when plane strain applies as compared to when plane stress applies. It
is also observed that the tensile stress decreases faster with the distance to the
void tip in regions where plane strain reigns than in regions where plane stress
reigns. This is explained by the stresses that are built into the system when
the loading starts, cf. Figures 5.3a and b. In Paper II it is observed that the
deviations between MD and FE simulations seem to decrease as the depth 2d
and/or the tensile strain increase. However, for strips with smaller depths the
deviations increase with the tensile strain, cf. Figure 5.3.

Figure 5.3: Stress distributions ahead of crack for 2d = 20a0 (a) and (c) and for 2d = 6a0 (b) and (d). In (a) and (b)
the color bars and the vertical axes show σzz in GPa. The three surface plots seen in the two figures represent
the stress distributions at the tensile strain εzz = 0%, εzz = 3% and εzz = 5%. (c) and (d) are taken from
FE simulations and show σzz at the second atom ahead of the void tip.

Figure 5.2: Tensile stress versus distance at y, z ≈ 0, σzz(x, 0, 0) for simulations with 2h∗ = 40a0.
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When the strains are studied in Paper III it is observed that, when 2d = 6a0,
from the fourth atom plane ahead of the void tip and onward, the minimum
tensile stresses are found at y = 0. Considering the strips with 2d = 10a0, 20a0
and 30a0, if the surface layer and the two following layers are excluded, the strips
agree with continuum theory and have the maximum tensile stresses along the y-
axis. Hence it is concluded that strips that have a dimension of 6a0 in a direction
orthogonal to the loading direction never experience plane strain. Moreover, the
results in Paper III show that the planes with a normal parallel to the crack
direction bend towards the void center, cf. Figure 5.4, and that the dispersions
of the atom positions in the surface layers are larger near the void tip than far
away, cf. Figure 5.5. Despite this observation, the free surface effects are more
prominent a few planes ahead of the void tip than at the void tip, cf. Figure 5.3.

Figure 5.4: Some (100)-planes near the void tip when 2d = 6a0 at a tensile strain εzz = 5%. Note that the abcissas
have sevaral interruptions.

Figure 5.5: Atom positions in the primed coordinate system (cf. Figure 4.3) for the surface (010)-plane. Blue circles:
initial configurations; green circels: after relaxation, i.e εzz = 0%; red circles: εzz = 5%. (a) 2d = 6a0, (b)
2d = 10a0, (c) 2d = 20a0, and (d) 2d = 30a0. The framed green circles in (a) and (b) show the relaxed
configurations and the markings on the frames belong to y′ = 0, y′ = 0.5 and y′ = 0.5, y′ = 1.0 for (a)
and (b), respectively.
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5.2 Main results in Papers IV and V

In Paper IV it is observed that the Cu coating starts to slide upon the Si
film after a certain displacement threshold, which is specific for each lattice
orientation combination. Despite that the Cu coating slides, deformations are
observed in the vicinity of the interface at the front and at the rear of the
laminate. Considering lattice orientation combinations with force-displacement
curves (FDC) that oscillates periodically, sliding occurs within the intervals
in which the derivatives of the FDCs are strictly negative. Furthermore, the
initiation of the sliding breaks the linear behavior and it is concluded that the
relocations, i.e. the movements to adjacent but distinctly new positions, of Cu
atoms at the interface affect the mechanical properties, cf. Figure 5.6.

When the shapes of the FDCs are studied, none of the trends observed
suggest that the shape of the FDC is determined by the lattice orientation of
only one of the elements. The observations do rather imply that the shape of
the FDC is determined by the atom position agreement, i.e. the accordance in
atomic positions, at the Si-Cu interface. Moreover, it is found that the oscillation
period length depend on the linear atomic density in the direction of the total
displacements and the angle between the load direction and the direction of the
total displacements.

The mechanical properties vary widely with the lattice orientation combina-
tions. Among the 17 studied combinations, cf. Table 1 in Paper IV, the design
that is the most suitable for the case where a structure is exposed to a shear
force and no atom relocations are allowed to take place is the design where the
Si and Cu crystals are orientated in the same way and have the interface normal
and the shear load applied in 〈100〉-directions. However, under the same cir-
cumstances but instead of force, a displacement is applied, the most favorable
design is when the Si and Cu crystals are orientated in the same way, have the
interface normal in the [110]-direction and have displacements applied in the
[001]-direction.

In Paper V it is concluded that the oscillations in the FDCs are explained by
that, when the Cu coating moves over the Si film, the atom position agreements
at the interface are periodically relatively good and periodically bad. Among
the ten load cases that are considered in Paper V it is observed that some
load cases have sinusoidal wave-shaped FDCs, some have sawtooth wave-shaped
FDCs, and some have FDCs that are something in-between, cf. Figure 5.7. It is
found that the shape of the FDC is determined by how the Cu atoms at the Si-
Cu interface relocate which, in turn, are explained by the lattice agreement, the
interface normal, and the angle between the load-direction and the slip direction
that is the most parallel to the load-direction, βslip.
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Figure 5.6: Force-displacement curves; the abscissas show the imposed shear displacement and the vertical axes show the
z-component of the internal force of the structure. The line-type identifies the orientation of the Cu coating
and the color identifies the orientation of the Si film, cf. Tables 1 and 3 in Paper IV.
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Figure 5.7: Force-displacement curves; the abscissas show the imposed shear displacement and the vertical axes show the
z-component of the internal force of the structure, cf. Table 1 in Paper V.

When the Si and Cu matrices are orientated in the same way and when
none of the interface planes belong to the plane family with the most densely
packed planes, i.e. the 〈111〉-planes, the Si and Cu atoms are able to adjust
their positions so that the interface consists of repeated atom formations with
spacing in-between. Thus, all relocations that occur in each load case are similar,
and, therefore, the mechanical properties and the shapes of the FDCs can be
explained by studying the typical relocation for each load case.

In simulation group B, i.e. the simulations that have the interface normal
in the [110]-lattice direction, cf. Table 1 in Paper V, two types of relocations
are observed: crossing and parallel movement. As the names imply crossing is
when the Cu atom moves orthogonal to the repeated Si atom arrangement, and
parallel movement is when the Cu atom moves parallel to the repeated Si atom
arrangement along a slip-direction, cf. Figure 5.8. For the considered load cases,
crossing only occurs when βslip > 45◦ and lead to large force oscillation ampli-
tudes and large relocation leaps which result in sawtooth wave-shaped FDCs, cf.

Figure 5.8: The two general types of relocations in simulation group B. (a) crossing - the Cu atoms move across (not
necessarily perpendicular to) the Si atom periodic arrangements and (b) parallel movement - the Cu atoms
move parallel to the Si atom arrangements.

27



A0 and B90 in Figure 5.7. When the angle βslip is small are all atom movements
parallel and continuous, and the force that tries to prevent the shearing, i.e.
fz, is small and sinusoidal wave-shaped, cf. B0 and B19 in Figure 5.7. As βslip
increases, the applied load forces the Cu atoms to move closer to the Si atoms.
This increases the atomic interactions which result in a larger force offset, foffset,
about which the force fz oscillates. Since the ability to absorb strain energy
mainly is determined by foffset, a structure’s ability to absorb strain energy is
maximum when foffset is maximal, which occurs when βslip = 45◦. Furthermore,
as the angle βslip increases the movements in the load direction become less
continuous and relocation leaps start to appear. Together with the increased
atomic interactions, these relocation leaps result in larger oscillation amplitudes,
cf. Figure 5.7 and Figure 5.9.

In simulation group A, i.e. the simulations that have the interface nor-
mal in the [010]-direction, cf. Table 1 in Paper V, only one type of relocation
is observed. Here all relocations appear in the [101]-direction, which is a slip
direction. As in simulation group B, the angle βslip strongly affects the mechani-
cal properties and as βslip increases the ability to absorb strain energy increases.
However, in contrast to simulation group B, in simulation group A the force
oscillation amplitude decreases when βslip increases. This is explained by the
fact that a relocation in simulation group A can be described as a Cu atom
passing through a gate consisting of two Si atoms, and as βslip increases, the
maximum magnitude of the counteracting force decreases, cf. Figure 5.10. The
force distribution, however, expands which results in more continuous peaks, cf.
Figure 5.7 and Figure 5.11.
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Figure 5.9: Displacement-displacement curves; the abscissas show the imposed shear displacement and the vertical axes
show the displacements in x andz.
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Figure 5.10: Visualization of how the Cu atoms in simulation group A relocate. (a) is a screen taken at t = 0ns and (b)
is a screen taken at t = 6.4ns. Note that the Si atoms in the

[
101

]
-direction rearrange so that the direction

reminds of a 〈111〉-direction.

Figure 5.11: Schematic illustration of the force magnitude when: (a) - a Cu atom passes a pair of Si atoms that form a
gate, (b) - a Cu atom passing a gate when βslip = 45◦, and (c) - a Cu atom moves up upon three Si atoms
as in simulation B90, cf. Paper IV.
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Chapter 6

Conclusions

The work presented in this thesis is based on five papers (I, II, III, IV, and
V) that investigate nanosized Cu structures by employing molecular dynamic
simulations. In Papers I, II, and III a highly constrained Cu strip that contains
a straight through crack shaped void was considered. The strip was simulated
with three different geometries which all were subjected to tensile displacement
controlled loading, and the stress- and strain distributions in the vicinities of
crack shaped voids were studied. Papers IV and V considered a Cu coated thin
Si film that was subjected to displacement controlled shear loading. The papers
aimed to investigate the variations in mechanical properties among different
lattice orientation combinations and the shear anisotropy.

Considering the shape of the stress field distributions ahead of the crack
shaped void, the finite element simulations and molecular dynamics simulations
showed good agreement. However, the two methods predicted differently for
the location of the highest stresses. Also, finite element and molecular dynam-
ics generated different tensile stress decays ahead of the void tips. Thus it was
concluded the finite element method cannot be used to model nanosized struc-
tures.

For the simulations with large measures in the load direction, molecular
dynamics showed that the highest tensile stresses is not found directly at void
tip, but rather a few atoms into the specimen. Also, large tensile stresses were
found near the singular points at the void tip. For the simulations with small
measures in the load direction, however, the highest tensile stresses were either
found at the void tip or close to the singular points at the void corners. The
different locations can maybe be explained as a combination of the cross-like
stress field distribution seen in Fig. 3c in Paper III and the conclusions that the
tensile stress increases with dimension parallel to the load direction and that
the larger the strip size, the more extended stress field distributions.

It was also concluded that lattice defects such as voids affect the elastic
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response of a crystal and that strips that have a dimension of 6a0 in a direction
orthogonal to the loading direction never experience plane strain.

For the Cu coated Si film, it was concluded that when a crystal is sheared
upon another, the shape of the force-displacement curve is determined by the
atom position agreement i.e., the accordance in atomic positions, at the inter-
face. In addition, together with the interface normals and the angle between
the load direction and the slip direction that is the most parallel to the load
direction, βslip, the atom position agreement determines how an atom at the
interface relocate, i.e. move to adjacent but distinctly new position. Consider-
ing the relocation it was concluded that the larger relocation movements, the
more sawtooth wave-shaped force-displacement curve. However, if the relo-
cation movements are small, the force-displacement curve become sinusoidally
wave-shaped or continuous in another way. Moreover, the relocations affect
the mechanical properties heavily, and in some simulations the relocation of Cu
atoms at the Si-Cu interface ends the linear mechanical behavior.

Furthermore it was found that if a copper coated silicon film is exposed to
shear forces and relocations at the interface are not allowed to occur, both the
Si film and the Cu coating shall be orientated so that the free surface normals
and the applied shear load coincide with a 〈100〉-direction. However, if the film
is exposed to shear displacements, the most favorable design among the tested
in Papers IV and V, is the one that has the

[
110

]
-direction defining the interface

normal and the load applied in the [001]-direction, cf. Table 1 in Paper IV.
The oscillations in the force-displacement curves arise because the atom po-

sition agreement varies as the Cu coating shears upon the Si film. In the force-
displacement curve belonging to the load case in which βslip = 90◦, small bulges
where observed. These bulges coincide with displacements orthogonal to the
load direction. By studying the atom movements and forces it was concluded
that the orthogonal movements occur due to an unstable atom position agree-
ment between the two crystals. As a result of the orthogonal displacements, less
force is needed to shear the coating upon the film.

Finally, it was also concluded that the ability of a structure to absorb strain
energy increases with the angle βslip and is maximum when βslip = 45◦.
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