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Chapter 1
Introduction
As a widely used tool in recent year, the molecular simulation is often carried out in
understanding the properties of assemblies of molecules in terms of their structure and the
microscopic interactions between them. It is a complement to conventional experiments,
enabling us to learn something new, something that cannot be found out in other ways. It
serves as a bridge between microscopic length and time scales and macroscopic world of the
laboratory, which provide a guess at the interactions between molecules and obtain 'exact'
predictions of bulk properties. It can also act as a bridge in another sense: between theory and
experiment. We may test a theory by conducting a simulation using the same model. We may
test the model by comparing with experimental results. We may also carry out simulations on
the computer that are difficult or even impossible in the laboratory. The molecular dynamics
(MD) and Monte Carlo (MC) are two main families of simulation technique widely used.
The first one employs the method of calculating the time dependent behavior of a molecular
system based on Newton theory, while the second one simulates a model by randomly
generating values for uncertain variables with a probability distribution.
This study is consisted with two different applications of the molecular simulation. For the
first work (Chapter 2), we conduct the molecular simulations for self-assembled monolayer
(SAM) formation on Au substrate. The molecular system of it has complex force fields
including various interactions: Lennard-Jones, Morse potential, covalent bonding, metallic
bonding and etc. We develop a multiscale frame work to predict the formation phases of
SAM formation under different coverage densities, as well as the surface stress generation
which was measured from former experimental observations. Especially for the surface stress
calculation, an adatom dipole based elastic interaction model is utilized. The ultimate
simulation results obtained are of the same magnitude as experiments.
In the second work (Chapter 3), we investigate the material detachment mechanism
associated with chemical mechanical polishing process. Based on an existing scratch
intersection model for material removal, this work includes two parts: first, we develop a
numerical analytical model to calculate the characteristic length that is related to the
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horizontal shear failure in scratch intersection model; then, molecular dynamics simulations
are performed for the intersectional scratch in atomistic scale to find the characteristic length
where a dramatic cutting forces occur. Both models are utilized to predict the relation
between those characteristic length and scratch depth for various values. At last, we compare
the prediction from two approaches with experimental observations to draw the correlation
between experiment and simulation.
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Chapter 2
Investigation of Surface Stress Development During the
Formation of Alkanethiol Self-assembled Monolayer
(To be submitted to Journal ofApplied Physics)

2.1 Abstract
Micro-machined cantilevers coated with self-assembled monolayers (SAM) of alkanethiols
are being utilized as sensing elements for new generation of high-sensitivity chemical and
biological sensors. Presence of chemical species is detected by resolving the surface stress
change associated with absorption/adsorption of analyte molecules on the sensitized
cantilever. In order to understand the molecular mechanism underlying the surface stress
generation, a multi-scale model is developed to predict the surface stress generated during
absorption of the alkanethiols on a gold film. Atomistic simulations are performed to
investigate the formation of self-assembled monolayers of Dodecanthiol on Au ( 111) surface.
The results of the molecular simulations are incorporated into the multi-scale framework to
understand the surface stress generation and curvature change observed during experiments
at continuum scale. The gold atom interactions are modeled using embedded atom method
(EAM)-however the adsorbed alkanethiols present a more complex system. Recently
generated classical force fields for the alkanethiols that incorporate the strong S-Au bonding
[1] and both strong intrachain potentials and weaker interchain van der Waals interactions [2]
are utilized to model the alkanethiol molecules. As previously reported, atomistic
simulations are able to predict, morphology and structure of SAMs that is observed in
experimental measurements. However, surface stress predictions have similar order of
magnitude but opposite sign than previously reported experimental measurements. Modeling
assumptions underlying the multiscale framework that lead to the discrepancy between the
multiscale model predictions and experimental results are discussed. Finally, an alternative
model for surface stress development that leads to physically reasonable surface stress
prediction is presented.
Keywords: Self-assembled mono/ayer, Embedded atom method
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2.2 Introduction
The studies of nanoscale structure and mechanism for the formation of self assembled
monolayers on Au (111) substrate have attracted much attention due to their scientific
importance and robust potential for many chemical, physical and biological applications.
These holds great promise in different areas such as molecular recognition, corrosion
protection, chemical forces microscopy, patterned surface in micro-scale, etc. SAMs are
formed by a spontaneous chemical adoption of organic molecules for either a single
component or a mixture [3] with some characteristic phases from different molecular density
on the substrate surface. Poirier et al. [4] revealed a sequence of several structural phase
transitions including lying-down and standing-up related to the coverage density. By varying
the functional adoption groups, the surface stress generation of substrate and the structural
phase of SAMs can be controlled. These essential properties of their self-assembly and
sensitivity lead to widely applications for SAMs in lithography, nanoelectronic and
biological sensors [5, 6].
Micromechanical cantilever (MC) based sensors detect the presence of chemical and
biological species in both gas and liquid environments by resolving the surface stress change
associated with absorption/adsorption of molecules. An increasing number ofrecent reports
confirm the potential of MC sensors for environmental and biomedical applications [7].
Cantilevers with selective coatings have been used to detect volatile organic compounds
(VOCs), ionic species, proteins, and oligonucleotides [8, 9, 10, 11, 12, 13, 14, 15]. By
applying principal component and artificial neural network analyses to response patterns
from arrays of polymer-modified cantilevers, the concept of an artificial nose was
successfully implemented [ 16, 17]. Self-assembled films of amino- and carboxy- terminated
straight-chain thiols provide a convenient means to create cantilever sensors that can be used
for pH measurements [14]. As discussed above, the introduction of cantilevers substantially
enriches the portfolio of sensing scenarios that can be used in high performance miniaturized
analytical systems. The current sensors are based on microfabricated AFM probes and
require the "optical lever" read-out scheme of AFM as shown in Figure 2.1. The sensitivity
of surface force measurement is determined by resolution of the position-sensitive
photodiode and distance, L, between sample surface and the diode. Therefore, there are

5
substantial challenges in integrating AFM probes and optical-read out scheme into a single
micro-fabricated device.

Figure 2.1 Deflection of the cantilever is measured by the optical beam deflection
technique. Use a photodiode to monitor the displacement of the reflection
point which is proportional to the deflection of the cantilever.

Kim et al. [18] have recently invented a new interferometric technique for high resolution
measurement of curvature using the interference between two laser beams repeatedly
reflected from the sample surface as shown in Figure 2.2. The curvature change of the goldcoated cleaved mica strip associated with SAM formation is monitored using the
interferometer. The mica strips is scanned using an atomic force microscopy to determine the
surface coverage of the SAM. The surface coverage and the curvature change data are
correlated to determine the surface force modification due to formation of the SAM film. The
curvature interferometry is capable of measuring both the absolute value and the time
variation of sample-surface curvature. Small tilt, translation or vibrations of the sample have
no influence on the curvature measurement. And it is amenable for miniaturization using
single mode optical fibers and micro lens arrays to measure curvature of beams as small as
100 microns. The integration of the miniaturized curvature interferometer and microcantilevers provided a multifaceted platform for sensing variety of chemical and biological
species.
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Figure 2.2 Schematic of curvature interferometry

However, widespread use of MC sensors is hindered due to several challenges:
susceptibility to vibrations, lack of integration in a single device and incomplete
understanding the mechanism governing surface stress generation. To better study the selforganization process and the mechanism involved, it is necessary to delve deep into the
atomistic interactions involved. In this study, molecular simulations are employed to
investigate the formation phases and surface forces development for various coverage
densities in pure SAM system formed on Au (111) substrate. The simulations utilize a multiscale model consisted of nanoscale atomic interactions and large range elastic interactions in
revealing the mechanism underlying the surface stress generation due to the interaction
between adsorbate and substrate.

2.3 Experimental Observations
To prepare the alkanethiolate SAM on Au (111) substrate, typically single crystal
substrates or evaporation of thin gold films on flat supports are employed. Either single of
mixed SAMs will grow on the Au surface with the tail group pointing outward from it after
immersing the substrate into an ethanol solvent for several hours. Liedberg et al. [19]
developed a useful way for SAM preparation of the formation of two-component molecular
gradients. A gradient of 10~20 mm length can be formed by generating a slow thiol
attachment process from cross-diffusion of two different thiols through an ethanol-soaked
polysaccharide gel which covered the Au substrate.
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Plenty of the existed research works on SAM formation are concentrated in experimental
observation and related analysis. Under different coverage density for alkanethiol SAMs,
there exist several well organized formation patterns [4]. Both unstacked and stacked lyingdown phases are observed together with transitions to standing-up phase at denser coverage.
Researches on these two processes of formation and transition revealed two or more relevant
time constants from experiment. Schreiber et al. [20] found a fast process for the lying-down
phase formation and a relative slower transition to the well-organized standing-up phase.
Godin et al. [21] tracked the alkanethiol SAM formation in real time by measuring the
induced surface stress. The optical beam bending deflection technique is utilized to monitor
the deflection of the cantilever, which is related to the surface stress generation. Based on the
SAM formation experiments for large- and small-grain gold substrate, the results implied the
influences of both the surface structure of gold substrate and the impingement rate of the
alkanethiol on the resulting structure and the kinetics of SAM. In particular, SAM formed on
large-grained substrate tends to be more in good order and create more surface stress
development than the small-grained one, as shown in Figure 2.3.
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Figure 2.3 SAM grown and surface compressive stress generation
for large-grained and small-grained gold substrate [21]

Berger et al. [22] used the scanning force microscopy techniques [23] to measure the
micromechanical sensor deflections in nanoscale. In the experiment, V-shaped
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micromechanical silicon nitride (SiNx) cantilevers with a 20-nm gold receptor layer
evaporated on one side are employed to adsorb the alkanethiols. The experiments are
conducted for different lengths of gas-phased alkanethiol chains ( HS-(CH 2 )

11 _1

-CH 3 ,

n = 4, 6, 8, 12 and 14 ). As shown in Figure 2.4, through the deflections observed for the
cantilever, the deflections and changes in surface stress of the sensor are plotted as a function
of exposure time to alkanethiol and a particular reference vapor.
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Figure 2.4 Change in surface stress obtained is plotted as a function of chain length and time [22)

These experimental observations provide an approximate magnitude order for the
compressive surface stress generation during formation of alkanethiol SAM. The origin
underlying those kinds of stress development is the main object for this work. As well, some
types of SAM phases will also be analyzed and simulated through atomistic calculations for
the whole system.

2.4 Multi-scale Model
Atomistic simulations of the surface stress generation induced by adsorption of the
alkanethiols on the gold film are performed. The simulations are based on a static approach
of seeking the minimum energy state of the whole molecular system. The procedure for this
stress generation can be considered as a multiscale model: first, alkanethiol chains
interactions for both intrachain strong covalent bonding potential and interchain weak van-
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der-Waals interactions; second, the strong bonding energy between Sulfur atoms and Au
substrate leading to residue charges on both chains and the substrate; third, large range elastic
interactions with substrate which generates the surface stress change. The multi-scale
framework is utilized to understand the influence of molecular mechanisms on surface stress
change observed on the macro-scale experiment. As a first step, the gold atoms' interactions
will be modeled using embedded atom method [24] however the adsorbed alkanethiols
present a more complicated molecular system. Recently generated classical force fields [1, 2]
for the alkanethiols that incorporate the strong S-Au bonding and both strong intrachain
potentials and weaker interchain van-der-Waals interactions are applied in the simulation.
For intrachain covalent bonding interaction, the parameters are taken from prior theoretical
work on SAMs and alkane films on gold [25, 26, 27]. Within this framework, both the bondlengths of the CH2 chain groups and bond-angles will be allowed to vary. Molecular static
simulations provide fundamental insights into the atomistic mechanisms of surface stress
generation and SAMs formation pattern on substrate. The simulation results are used to
parameterize a multi-scale model of surface stress generation as a function of coverage of the
SAMs, which will be calibrated against experimental measurements [21].

2.4.1 Embedded Atom Method for Au Lattice
Based on density-functional theory, Daw and Baskes [24] developed the EAM as a way to
calculate ground-state properties of realistic metal systems. This method has been
successfully utilized in modeling the elastic properties, defect formation energies and fracture
mechanism of various close-packed metals [24, 28]. In the EAM, the energy of each single
atom is computed from the energy required to embed the atom into the local electron density
environment and the short range repulsive pair potential energy. The theory is consisted of
two parts: embedding functions for each single atom and short-range repulsive pair
interactions between atoms. These lead to an approximation for the total energy of the form
(2.1)

Where,
system,

Ph,i

is the host electron density at atom i due to the remaining atoms of the

F; (p) is the energy to embed atom i into the background electron density p . The
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electron density in the vicinity of a single atom can be obtained as a sum of the density
distribution by all the atoms in the system. This contributed electron density is a slowly
varying function of position. The electron density is estimated by the superposition of atomic
density
Ph,i

=L

j("#i)

(2.2)

p;(Rij)

And </Jij(R;) is the core-core pair repulsion between atoms i and j separated by the
distance R ij. Some analysis finds that the pair interactions between two different types of
atom can be approximated by the geometric mean of the pair interaction for the individual
types. Based on the columbic origin of the pair-interaction term, as well as the statement
above, the pair interaction between atoms of type A and Bin terms of effective charges can
be written as
(2.3)

Foiles et al. [28] developed an empirically obtained embedding potentialJ<;(p) and
effective charges Z(R) for some metals (Cu, Ag, Au, Ni, Pd ,Pt, etc) by fitting to the
sublimation energy, lattice constant, elastic constants, vacancy-formation energy and internal
energy of the phase.

2.4.2 Covalent Bonding within Single Chain
For a Cn alkanethiol chain, it consists of a sulfur (S) atom in one end, (n-1) methylene
( CH 2 ) groups, and a terminal methyl ( CH 3 ) tail group which are connected by covalent
bond. To model the covalent bonding is of great importance to investigate the patterns of
chains group, energy state, and surface stress generation during SAM formation on Au
substrate. Hautman and Klein [2, 29] developed the united atom model to simulate
alkanethiol chains. Siepmann et al. [30, 31, 32] used discrete and continuous models to
describe the flexibility of the carbon backbone. In both models, the bond lengths between
0

0

atoms are fixed by some constant values (dee = 1.53 A, dee = 1.82 A). In discrete model, the
flexibility of the chain is constrained by fixed bending bond angles
(Scee= 109.87°,escc=114.4°) and fixed torsion angles (0°, 120°, -120°) in the Ryckaert-
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Bellmans potential[2, 29]. While the continuous model applies the harmonic potential for
both the bending and torsion potentials.
Hase et al. [33, 34] analyzed the SAMs by performing the dynamics code VENUS. The
force field of harmonic stretches, bendings and dihedrals are depicted as
E

=

L

L

L

k, (r-ro)2 +
ke (B-80)2 +
Ikn [l+cos(n¢-¢n)J
stretches
2
bends
2
dihedrals n~!
2

(2.4)

There exist several various kinds of interaction for SAMs within this framework. 1)
Stretch: C-C, C-S; 2) Bend: C-C-C, C-C-S; 3) Dihedral: C-C-C-C, C-C-C-S. In this study,
the covalent bonds are simulated this way with the parameters gathered from prior work on
SAM formation [25, 26, 27]. And the interactions between atoms separated by more than
three bonds within one single chain are model by Lennard-Jones potential [10], which will be
discussed later.

2.4.3 Morse Potential for Au-S
The interaction between Au and S is very important to predict the lattice structure as well
as the surface stress generation. Seller et al. [35] performed ab initio quantum chemical (QC)
calculations of HS- on a cluster model on Au (111) to study the Au-S interaction, which is
based on density functional theory. From these ab initio QC calculations, several force fields
were developed [36, 37, 38]. Zhang et al.[l] generated an accurate force field from these ab
initio results and performed molecular mechanics (MM) and MD simulation in predicting the
c(4x2) superlattice of the

.J3x.J3 R30° lattice structure (with different chain lengths and at

different temperatures) which was never predicted by MD simulations but observed from
various experimental techniques such as low-energy atom diffraction (LEAD) [39], x-ray
diffraction (GIXD) [40], scanning tunneling microscopy (STM) [41, 42] and atomic
microscopy (AFM) [43]. Based on a united atom model, Zhang et al. employed the Morse
potential to depict the Au-S interaction, since it can mimic the bonding from a partially
covalent bond.
(2.5)
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Where, they determined the equilibrium position Re to fit the ab initio Au-S atomic
distance and the dissociation energy De and the scale factor S to fit the binding energy and
the energy difference for a thiol adsorbed on various sites (fee, hep, top, and bridge) [1, 10].
In this work, this force field is utilized together with parameters from [1].

2.4.4 Weak Lennard-Jones Potentials
Compared to the EAM, covalent bond and Morse potential described above, the pair
interactions between non-bonded atoms of alkanethiol chains and Au substrate are depicted
as weak Lennard-Jones (LJ) potentials. To reduce the calculation steps during simulations, a
shifted LJ potential is employed together with a reasonable cutoff radius where it is assumed
no interaction between atoms for that distance.

(2.6)

rlj.. >rc

0

Based on the united atom model, the LJ interactions within the whole system are classified
as three groups in this study. And they are: a) those atoms on the same chain but separated by
more than three bonds: S- CH 2 , S-CH 3 , CH 2 -CH 2 and CH 2 -CH 3 ; b) atoms sitting on two
different chains: S-S, S-CH 2 , S-CH 3 , CH 2 -CH 2 , CH 2 -CH 3 and CH 3 -CH 3 ; c) atoms in
the Au substrate and atoms in the chains other than sulfur: Au - CH 2 and Au - CH 3 • Table I
lists the parameters for these LJ potentials, refer to [33, 34, 44].
Table I. Parameters for LJ pair potentials
LJ Interaction

<J

(Angstrom)

&

(eV)

S-S
S-CH 2

4.25

0.01723

3.723

0.00745

S-CH 3

3.723

0.00908

CH 2 -CH 2

3.905

0.0051

CH 2 -CH 3

3.905

0.00623

CH 3 -CH 3

3.905

0.00759

Au-CH 2

3.28

0.0186

Au-CH 3

3.28

0.0186
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2.4.5 Beam Bending Model for Surface Stress
Micromechanical sensors are often obtain by using single crystal Au (111) substrates or
evaporating of thin Au films on flat supports, typically glass or silicon. Figure 2.5 shows the
schematic of the MC sensor with SAM formed on top of it. Compared to the silicon support,
thickness of the gold film is negligible with a value of around 20 nm.

b

L
(b)
Figure 2.5 Schematic of the MC censor with the SAM formation on gold-coated cleaved mica strip
(a) Front view; (b) Top view

Before the introduction of SAM, surface stresses for the top and bottom of the sensor are
constant. While after the occurrence and interaction of alkanethiols, strong bonding energy
between substrate and chains causes the adoption and formation of SAM monolayer. This

i~

followed by a change of system energy and surface stress generation for the gold substrate,
which will lead to a deflection of sensor cantilever. Now, for this formation process, the
energy for the whole system (including sensor and SAM) can be expressed as
Etotal

Where

= ESi + Esurjace(Si-air) + Esurjace(Si-Au) + Esurjace(Au-SAM) + Esurjace(SAM-air)

Esi

is the bending energy of the silicon support,

Esurface(Au-SAM)

and

Esurface(SAM-air)

<2 ·7)

Esurface(Si-air), Esurface(Si-Au),

are the surface energies for the referred contacted

surfaces between components of the system. The surface energy of the silicon is consisted of
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two parts: compressive stress energy
Esurface(Si-air)

Esurface(Si-Au)

for the top and tensile stress energy

for the bottom. This energy has an insignificant contribution to the total energy

and can be neglected. While the surface energies of

Esurface(Au-SAM)

and

Esurface(SAM-air)

are

computed from curve fitting by using atomistic simulations. The energy of the system
becomes
(2.8)

Where

K

is the curvature of the bending cantilever. During SAM formation process, the

atomic interactions generate motions and dislocations of the molecules involved. Without
considering alkanethiol vibrations, these motions will result in an equilibrium state where the
total energy is minimized.
dEtotal

=Q

dK

(2.9)

From Eq. (2.9), the curvature for the final equilibrium state is derived as

K=

E,h~Lb( c/I+ :.~b)

(2.10)

In order to calculate the surface stress for the thin films of Au substrate and alkanethiol

monolayer, the Stoney's formula (1909) [45] is applied as
(2.11)

2.5 Molecular Simulation Results
EAM based DYNAMO code is employed to conduct the molecular simulations for SAM
formation. It performs atomic scale simulations of the structure and dynamics for close
packed structured metals (fee, hep). Other types of existing molecular interactions within the
system like covalent bonding, Morse potential and LJ potential are included by modifying the
original DYNAMO. In this work, the equilibrium state of the system is obtained by
performing the local energy minimization of all atomic positions, which means the sum of all
the absolute values for forces on each molecules is approximately zero ( 1o- 7 ~1 o-s nN) at the
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end. During the course of simulations, profiles of energies, forces, atomic positions and etc
are recorded for further analysis of structure study and surface stress calculation.
The type of the alkanethiol used in these simulations is hexadecanethiolate
(HS-(CH 2 ) 15 -CH 3 ). Figure 2.6 shows the schematic of molecule system and boundary
conditions applied in simulations. The bottom surface layers perpendicular to z-axis are fixed
during the simulations. While the top surface, which adsorbs the alkanethiols, is defined as
free surface. Based on the methodology of DYNAMO, the right and left surfaces
perpendicular to x-axis, the outer and inner surfaces perpendicular to y-axis are all set to
periodic boundaries.
Free Surface

Free Chains
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Figure 2.6 Schematic representation for SAM system with boundary conditions for simulation

2.5.1 Structure Studies
A large amount of surface analytical tools have been utilized to characterize the phase
structure for SAM. Techniques like infrared spectroscopy, ellipsometry, scanning probe
measurements and so on are among the most frequently used ones. Under different
experiment conditions, the coverage densities for alkanethiols vary quite a lot, which leads to
different well organized SAM phases. For high formation density, the thiols are believed to
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attach primarily to the threefold hollow sites of the Au surface and form a

.J?,x.J?, R30°

overlayer structure. The distance between these sites in the geometry is around 5.0 Angstrom.
Various supperlattice structures are superimposed with different chain lengths. The most
observed superlattice is the c(4 x 2) reconstruction, where two different orientations exist in a
unit cell consisted by four alkanethiolate molecules. And for low density case, the chains
perform lying down phases for both stacked and unstacked .
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Figure 2.7 Lying down phase formation for low coverage density.

(a) Before simulation; (b) After simulation

The simulations are handled for both high and low density cases. For both of the
simulations, the Au (111) fee lattice is generated with an equilibrium lattice constant of 4.08.
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The dimension of the whole lattice is about 10.5nm x 6nm x 20nm including 72576 gold
atoms. Following plots are the final position state for those cases. Figure 2.7 shows the 2D
(x-z) profile for the atomic positions before and after energy minimization process for low
coverage. In this case, 48 alkanethiols ( 12 x 4) are put to form the mono layer. In x direction
(about the lying direction), the distance for two adjacent chains is about 25 Angstroms, while
the y dimensional is set to the minimum value of 5 Angstroms .
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Figure 2.8 Standing-up phases for fully-packed SAM. Small boxes indicate the unit for
the orientations of alkanethiols. (a) 2-D side view of the standing up phase;
(b) Packing I structure; (c) c(4 x 2) superlattice structure
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And for the fully-packed situation, the coverage density is set to the maximum value. The
distance between two close sites is 5 Angstroms through forming the JjxJj R30° overlayer
structure. The number of alkanethiols is 288( 12 x 24 ). By varying the initial positions for
alkanethiols, two types of packing structures are observed after simulation, as shown in
Figure 2.8. As depicted in [1], (a) is the packing I structure with one chain per unit cell, and
(b) is the c(4 x 2) superlattice structure.

2.5.2 Surface Stress Calculations
Beam bending model is employed to calculate the surface stress of Au substrate. From Eq.
(2.8), the surface energy is the function of the curvature of the cantilever. For relative small

bending, this curvature can be approximated as proportional to the strain in surface stretched
direction. This indicates the relation between the generated surface energy and such surface
strain. In this work, different strain values

(-1%~1 %)

are impose to the Au ( 111) lattice in x

direction. Surface energies obtained after energy minimization process are plotted for strain
value. By fitting a quadratic trendline for these data points, the parameters are gathered,
which will be used to calculate the surface stress.
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Figure 2.9 Molecular simulation results of surface energies without
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The simulations are composed by two parts. First, simulations for pure gold are conducted
to calculate the surface stress. Figure 2.9 shows the fitting result for this part, which includes
the parameters involved. The surface stress can be estimated from Eq. (2.11)

M~(o/rb)/(1+ :.~b J
':'::; 1.8N Im

This surface stress for bare gold characterized as tensile stress. Under such surface stress
condition, the gold surface tends to shrink to minimize total energy. Then, under the same
strain conditions, the alkanethiols are brought to the gold surface to form the SAM. Surface
energies are also recorded, which is followed by the same data fitting and surface stress
calculation process. The surface stress created by SAM formation is the difference of those
two stress values obtained as above.
Fully-packed c(4 x 2) superlattice structure is employed in simulations for the second part
as above. The aimed surface stress gathered is tensile with the value of 0.45 NI m . This value
is of the same magnitude but with the opposite sign as experimental observations. It claims a
tensile surface stress generation rather than compressive one which is observed in all the
previous experimental work. The reason for this and improved surface stress model will be
discussed as following.

2.6 Discussion and Conclusion
Surface stress calculation result from above shows a contradiction to all existed
experimental investigations. The tensile rather than compressive surface stress obtained
indicates the misunderstanding of the functional factor that contributes to the origin of such
stress generation. In the model above, the interchain van der Waals and chain-substrate
interactions are assumed to be the effective contributors. From Table I, it is easy to find that
the equilibrium distances for all these interchain LJ pair interactions are less than 5
Angstrom. However, the minimum distance between pinning sites for sulfur is 5 Angstrom,
which results in dominant interchain attractive forces although disorders may cause local
repulsions in small regions. To minimize the energy, these interchain attractions tend to push
chain clusters closer, which will assist the tensile stress generation for the substrate. And the
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substantial tensile stress generation from above calculation negates the importance of those
chain-substrate interactions such as Morse potential, LJ potentials in compressive stress
generation.
Changes of surface stress due to mono layer coverage of adatoms on substrate can be
measured by experimental techniques. Such experimental observations show that even under
a fairly low coverage, it still develops a significant stress during these adsorption processes.
The elastic fields and the relative long range interactions among them involved in these
processes have a strong relation to the surface stress development.
Kukta et al. [46] developed the relationship between adatom and macroscopic stress within
a framework that has direct links with atomic scale properties of adatoms. In their work, the
elastic field of an adatom is characterized by a force dipole. This dipole is directly related to
adatom energy. Both the dipole and adatom energy strongly depend on the applied strain that
may induced by other defects, and interactions with nearby boundaries. From atomistic
calculations, the adatom energy can be obtained from comparison between energies of a
system with an adatom on the surface ( U ) and the same system with the adatom removed
(Ur).
lf/(&)=U -Ur

(2.12)

Where If/(&) is the adatom energy. Considering a two dimensional string of adatoms, the
adatom energy per unit length of each string is written as
-)

o

If/ ( & =If/ +

DoI Fo-2
&22 +&22

(2.13)

2

And the dipole ( D 22 ) of each string is calculated as
- ) =---=8 If/ = Do + FoD( &22
&22

(2.14)

8&22

The surface stress is generated due to the interactions among the elastic fields of these
dipoles for multiple adatoms. Still using this two-dimensional illustration, adatom energy per
unit surface area can be expressed as
(2.15)
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Where !ir(p) is the reduction of surface stress due to adatoms with the coverage density
of p , and lJ' (p) is the energy of an adatom when no strain is applied. Assuming applied
strain is small enough, the adatom energy per unit area is

Tr2 p2C(Do)2
lJl(p) = lf/o + 6-27rp2CF0

(2.16)

And the surface stress development (reduction in surface stress) during this process is

3pD 0
3-Tr2 p2CF0

f..r(p)- - - - - -

-

(2.17)

WhereC is a positive constant, and it can be written as an expression of the Poisson's ratio
( v) and the shear modulus ( µ ) of the substrate material

1-v

C=-

Trµ

(2.18)

During the formation of Au-S bonding, some electrons will flow from Au substrate into
the alkanethiol chains. Beardmore et al. [38] modeled the head-group interaction for
alkanethiols ( SCH3) on Au (111) through a realistic empirical potential function. Residual
atomic charges are obtained by fits to the electrostatic potential and dipole moments. It is
estimated an amount of ( 3 x +0.17) charge on the nearest Au atoms for each adsorption site.
These residual charge changes the EAM force field of the substrate by increasing the pair
repulsive interactions between Au atoms, which may result in a substantial compressive
stress in the surface.
Based on the elastic dipole theory and charge effect discussed above, a simplified
atomistic model is established as the schematic in Figure 2.10 to calculate the surface stress
development due to the transferred charge on Au atoms. For this model, the charge
exchanged for each adatom is equally separated into 3 parts which will be stored in 3 nearest
Au atoms by the adsorption site. Plot (a) shows the front view (X-Z plane) of the molecular
system, while (b) represents the top view (X-Y plane).
In this model, the lattice is generated with an approximate dimension of

23nm x 3nm x 21nm including 87480 atoms. The top surface is set as free surface except the
charged molecules whose motions are constrained in X-Y pane. The solid lines represent the
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fixed boundaries (left, right and bottom) for the system. Stains are imposed in x-dimension to
investigate their relation to adatom energies as in Eq. (2.13) .
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Figure 2.10 Schematic of molecular model used to calculate energies of
adatom for different residual charges versus imposed strain.
(a) Front view (b) Top view
This approach is only to investigate the dipole effect in x direction. All the energies
gathered are divided by the thickness of the lattice to eliminate y-dimensional influence.
Followings are the simulation steps: first, simulate to find the equilibrium states under
various imposed strains (0, ±0.25% and ±0.5%) for non-charged gold lattice and record the
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total energy ( U') of the system for each strain case; then, fill charge

q on each Au atom

located on specified sites as shown on Figure 2.10, set the boundary conditions depicted as
above, run the simulations for different cases of strain as well as charge value and record the
total energy ( U ); and then, for each specified charge, compute the adatom energy ( lf/C&)) for
every strain condition from Eq. (2.12), fit it as a quadratic expression of strain as Eq. (2.13).
In this work, we tried 5 different charge values (0.11 ~0.55e). By fitting an adatom energy

versus strain trendline as Figure 2.11, the parameters of D 0 and P 0 are gathered for each
charged case. Values for D 0 obtained are all negative for these 5 cases. This indicates that
the adatom interacts with the substrate as a dilatation center and according to Eq. (2.17), it
generates compressive surface stress as observed in experiment by decreasing original tensile
stress. Values for P 0 determine the maximum coverage densities (PmaJ for adatoms. For
each case, this model derived Pmax are bigger than the experimental observed maximum
density (0.2 Angstrom· 1 ), which enhance the validity for this dipole model application.
Knowing those parameters, Figure 2.12 exhibits the compressive surface stress development
versus adatom density p ( p =
0.1275

1/d ) through Eq. (2.17) for all different charge situations.
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Figure 2.11 Plot of adatom energy versus strain for the case ofresidual charge
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Parameters for quadratic fit obtained: D 0 = -0.2019 and F 0 = 1.501, which indicate

that the adatom acts as a dilatation center, leading to a convex bending of sensor.
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Figure 2.12 Plot of surface stress development versus adatom coverage density for

q= 0.11, 0.22, 0.33, 0.44 and 0.55 electron charge. Maximum coverage density
(0.20) indicates the minimum distance (5 Angstrom) between adsorption sites
for fully packed SAM. The arrow indicates the direction of increasing charge.
Values of compressive surface stress development are of the same order of magnitude
from experimental observations [22]. This strongly indicates the important role of charge
effect on the elastic field for substrate which leads to surface stress variation during
alkanethiol adsorption process. However, there are some points need to be noted. The values
of those charges are functions of length of alkanethiolate chain, phase of chain, coverage
density, etc. They are still unknown based on previous publications, which leads to only
estimation but not precise prediction for those surface calculations. This part may be done
using some quantum chemical calculations such as first principal calculation. And for the real
SAM formation, the surface elastic field can be greatly influenced by the surface condition of
roughness. These roughness effects will be studied in future research.
The insights gained from this work provide a possible means to reveal the mechanism
underlying the surface stress development for MC censor and may also be utilized to analyze
other various processes of SAM applications.
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Chapter 3
Molecular Approach to Material Detachment Mechanism
During Chemical Mechanical Planarization Process
(To be submitted to Journal ofManufacturing Science and Engineering)

3.1 Abstract
Mechanistic numerical analysis and molecular dynamics (MD) simulation are employed to
understand the material detachment mechanism associated with chemical mechanical
polishing. We investigate the mechanics of scratch intersection mechanism to obtain a
characteristic length scale and compare the theoretical predictions with previous
experimental observations on ductile copper discs at the micro-scale. First, an analytical
model is developed based on mechanics of materials approach. The analytical model includes
the effects of strain hardening during material removal as well as the geometry of indenter
tip. In the next step, molecular simulations of the scratch intersection are performed at the
atomistic scale. Embedded atom method (EAM) is utilized as the force field for workpiece
material and a simplified tool-workpiece interaction is assumed to simulate material removal
through scratch intersection mechanism. Both models are utilized to predict a characteristic
length of material detachment related to material removal during scratch intersection. The
predictions from two approaches are compared with experimental observations in order to
draw correlations between experiment and simulation. The insights obtained from this work
may assist in understanding the mechanism for chemical mechanical planarization (CMP),
and even be applied to other different machining and polishing events.

Keywords: Molecular dynamics simulation, Embedded atom method, Scratch intersection,
Chemical mechanical planarization

3.2 Introduction
Chemical mechanical planarization has been widely used as a precision finishing process
for oxide dielectric and metal layer planarization during manufacturing of integrated circuits
(IC). During the CMP process, a wafer is rotated about its axis while being pressed face
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down against a rotating polishing pad covered by chemically active slurry with micro- and
nano-scale abrasive particles. The chemically active slurry interacts with the top layer of the
wafer to soften it through chemical reactions. Subsequently, the abrasive particles remove
the softened top layer of material through mechanical removal processes. Understanding the
surface material detachment mechanism is of great importance to derive the material removal
rate (MRR) model in CMP process.
In macro-scale metal cutting, the conventional card model [ 1] is widely used, which is

consistent with the experiment observations. This approach is also used to model material
removal in traditional polishing models at micro- and nano-scale. In these models, it is
assumed that each abrasive particle generates a continuous trench under the application of
mechanical load, and the material removed is equal to the volume of this trench. The
assumption is inconsistent with experimental observations that under small cutting depth at
the micro- and nano-scale, the material is not detached but is ploughed to forms pileups at the
sides of the trench.
Che et al. [2] investigated the mechanism governing mechanical material removal process
at the micro- and nano-scale and proposed that primary source of material removal is
material detachment instability at the intersection of scratches produced by abrasive particles.
It is assumed that at small cutting depth, the material only flows from the bottom of the

trench to the side by plastic deformation without detachment for ductile materials. The
detachment occurs as a result of plastic instability due to the intersection of primary scratch
with a secondary scratch. Experiment observations during scratch clearly indicated that the
normal and tangential forces both drop dramatically when the indenter approaches the cutting
edge of the primary scratch. The deformation mode is modified as the indenter moves close
to the edge of the primary scratch. When the indenter is far enough away, the material is
moved from the bottom to the side of the trench to form the pileup. The stable plastic
deformation is changed to an unstable shearing deformation when the indenter approaches to
the edge at a critical threshold. At that instant, the shear instability occurs along the
horizontal characteristic plane and a piece of material is ejected from the work piece. The
MRR can be computed from the volume of ejected chip piece and the operation time.
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A 2-D schematic of the scratch intersection mechanism is depicted in Figure 3 .1. As
shown, when the distance between the indenter and the right edge of the primary scratch
reaches a critical value, the shear failure occurs along the horizontal plane (characteristic
plane) before shear localization can take place according to the traditional metal cutting
theory. This critical distance is designated as characteristic length ( l) of material detachment
instability. Che et al. [2] predicted that the characteristic length is approximate 7.6 times the
scratch depth from theoretical calculations, while such factor is around 3. 7 from experimental
measurements. In their model, a simplified sharp indenter was used as well as an overlooking
of strain hardening effect, which may cause the mismatch between the results.
Primary Scratch

Shear Plane

Secondary Scratch

Characteristic Plane
Figure 3.1 2-D schematic of scratch intersection

In this work, the instability associated with scratch intersection is investigated to determine
a relationship between the characteristic length of material detachment and scratch depth. In
the first step, an analytical model based on conventional orthogonal cutting theory for metals,
is utilized to analyze the characteristic length based on the shear failure mechanism. The
model includes the effects of indenter geometry and material hardening due to high strain
gradients. Molecular dynamics simulations of the scratch intersection model are also
performed to investigate the forces and deformations associated with the scratch intersection
mechanism at the atomistic scale. An embedded atom method (EAM) based empirical force
field is utilized to simulate the workpiece material and indenter is modeled using a repulsive
potential. A number of atomistic simulations were performed to identify the influence of
indenter radius and scratch depth on the material detachment instability. Numerical results
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from the mechanics of materials approach and atomistic simulations are compared with
previously reported experimental results [2] and their significance is discussed for predicting
the material removal rate during chemical-mechanical polishing.

3.3 Experimental Observations
Che et al. [2] conducted the experimental investigation on the material detachment
instability using a micro-scratch experimental setup depicted in Figure 3.2. The indenter has
an included angle of 90° and a tip with the radius of approximately 5 µm . The indenter was
mounted on a large radius spindle and a scratch is generated as the indenter was dragged
across the specimen surface due to rotation of spindle. The specimen holder's vertical
position was controlled in order to generate scratches of desired depth. Two piezoelectric
load cells (PCB-model 208C01, lOlb capacity) were used to measure the normal and
tangential forces applied by the indenter on the specimen.

indenter
rotation
direction
specimen

rvertical
control

specimen
cylindrical holder
base

~

Figure 3.2 Experimental setup showing the relative motion between indenter and specimen

The micro-scratch experiments were conducted on 99 .99% high purity copper (10 I-alloy
series) discs under oxygen free condition. The experiments were consisted with following
steps: first, the sample surface was polished; then three primary parallel scratches in the
surface with specific depth were generated; and then the specimen surface was repolished to
remove the pileup by the side of the formed trenches; finally, secondary scratches with the
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perpendicular orientation to the primary scratches were generated. Through the analysis of
normal and tangential force profiles, the characteristic length was determined as the position
associated with a dramatic drop in tangential and normal forces. The experiment was
conducted for different scratch depth depths and the characteristic length was found to be
approximate 3.7 times the scratch depth as shown in Figure 3.3.
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3.4 Mechanistic Numerical Model
Scratch intersection mechanism is analyzed using a model based on conventional
orthogonal cutting theory for metals. Following Che et al. [2], a plane strain assumption is
used to model the indenter as a cylinder with an ideal smooth surface in contact with the
metal workpiece as shown in Figure 3.4. A numerical based indenter model is developed
including variation of cutting rake angles. Contact pressure distribution at the indenter/ workpiece interface is determined by the plastic deformation of work-piece. In order to
approximate the characteristic length associated with material detachment, contact pressure
distribution at the indenter-workpiece assumed to be given by Hertz contact theory [3]. In
addition, the effect of strain hardening on the shear flow strength of material is also
considered in the analysis.
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3.4.1 Contact Pressure Distribution
In the typical polishing process, the normal force on each particle is usually imposed by

the machine and can be easily estimated. In the CMP process, the normal force F,, per
abrasive particle may be determined from utilizing a similar approach. From Hertz contact
theory [3], the pressure distribution at the contact between cylindrical and plane surface is

2F
I
p(r) =-2-(rc2 -r2)2
Jr~ w

(3.1)

Where F is the normal force, re is the contact length along the radial direction, w is the
contact length along the cylindrical axis or cutting width. During the polishing process, the
tool-workpiece contact occurs on only on half of the indenter tip, so the modified pressure
distribution is given by (as showed in Figure 3.4)

4F
I
p(r) =--2-(rc2 -r2)2

(3.2)

Jrrc W

F

Figure 3.4 Pressure distribution with cylindrical indenter

3.4.2 Characteristic Length Estimation
Once the normal force F,, and contact pressure distribution is known, the tangential force,

F; may be estimated using orthogonal metal cutting theory [ 1]. Since the pressure along the
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contact radius is not uniform, the cutting surface of the tool is discretized into smaller
segments as shown in Figure 3.5. The orthogonal cutting theory is applied for each segment
of cutting tool and integrated over the whole contact length in order to estimate the overall
tangential force. The estimated tangential force and assumption of shear failure along the
horizontal plane are utilized to estimate characteristic length associated with material ejection
due to scratch intersection instability.

F11.i

Figure 3.5 The numerical model for cutting tool

The contact area is discretized into small segments in order to estimate the tangential force
applied by the tool. As shown in Figure 3 .5, for the ith segment of contact length, a; is the
rake angle of tool, Fn; and F;; are the applied normal force and tangential forces. According
to orthogonal cutting theory for each segment,

F',; = F;; cos(</>;)- Fn; sin(</>;)
Where

~;

(3.3)

is the shear force on the shear plane, </>; is the shear angle of tool i. By

assuming a perfectly plastic material,

F.=r flow AS1.=rflow
SI

wh.
'

· (</> )
sm
;

(3.4)

Where r flow is the shear flow strength of material, w is the cutting width and h; is the
cutting depth. The normal force can be derived from pressure distribution
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F11 ; = p(r;)·h; ·tana;

(3.5)

For each iteration step j, the tangential force may be expressed as
r flow

}Vh.
•

sm

.

1 - 1)
'. + F111. sin(r!.
(d. 1-1)
'f'1

'!';

Fj = - - - - - - - - - - -

,,

(3.6)

cos(¢t 1)

The friction angle on the chip-tool plane is
pi
-'-' tan(aJ+l
.

/3;' =tan-

1

F,,;

(3.7)

Fj
- 1-1

F,,;

-

tan(a;)

Applying the minimum energy principle, the shear angle is obtained
.

¢;'

1f

a.

/3j

=1+-t--t-

(3.8)

Based on the mechanistic analysis above, a derived iterative approach from Che et al [2] is
utilized to determine the tangential force for each cutting tool i. For each iteration step j:
First, from Hertz pressure distribution (3.2) and (3.5), use experimentally measured F11 to find
the normal force F 11 ; (constant in iteration) applied on each tool i. Then set the shear angle
generated from the previous iteration step j -1 as ¢ ;-1 which will be used in (3.6) in current
step j . From eqn. (3.6), the value for the tangential force F;( is determined. Then find the
friction angle

f3 /

from

(3. 7).

And then, get the calculated shear angle ¢ / by the minimum

energy principle (3.8). Find the difference between ¢ / and¢ ;-1 , if it is small enough, which
means that the value of shear angle for tool i converges, just obtain the tangential force

F;;

for tool i from this step j . Otherwise, update the shear angle and do the iteration as above
again until it converges.
For the initial condition of the iterations, estimate a shear angle

¢;

value (between 10°

and 25° ) for all the tool units. The selection of this shear angle will not influence the ultimate
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converged value and the tangential force for each cutting tool. After finishing the iteration
steps for each tool unit, sum up

F;; to get the overall tangential force loaded on the indenter
(3.9)

Referring to the material detachment model described above, it is assumed that the shear
failure occurs along the horizontal plane from the indenter to the edge of the primary scratch
before shear localization can take place. Then have
(3.10)

Plug in r flow , w and the estimated

F; from above, the characteristic length is obtained.

3.4.3 Strain Gradient Plasticity
The presence of size-effect or dependence of strength on the scale of deformation is an
important feature of micro-scale deformation during micro-machining processes such as
CMP. Unlike traditional plasticity theory that the strength of the material is only considered
as a function of strain, in the strain gradient-based approaches the strength is considered a
function of the strain gradient as well. The strain gradient appears either because of the
inhomogeneous deformation or the geometry of loading in the material. As the scale of
deformation reduces, strain gradients increase even if the overall strain is quite low. Fleck et
al [4] found that the shear strength measured increases about 3 times as the wire diameter
decreases from 170-12 micros in the twisting of thin copper wires, while the increase of work
hardening in simple tension is slight. The micro-scale or nano-scale indentation hardness test
gave some more persuasive evidence of the size dependence of material behavior at the
micron level. The measured indentation hardness of metallic materials increases by a factor
of two as the depth of indentation decreases from 10 microns to 1 micron [5, 6, 7, 8].
Nix and Gao [9] estimate the density of geometrically necessary dislocations underneath a
conical indenter by using a dislocation model, and found the following relationship for the
indentation hardness H.
(3.11)
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Where Ho is the hardness in the absence of strain gradient effect, h is the depth of the
indentation, and

h • = ~ba 2 tan 2 e(L) 2
2
H0

(3.12)

Where B is the angle between the surface of the indenter and the plane of the surface to be
indented, b is the Burger vector and a here is an empirical constant usually ranging from
0.2-0.5, µ is the shear modulus. Here in this scratch intersection work, it is assumed that

(3.13)

For 99.99% high purity copper used in the experiment, b=0.256 nm, a =0.5 (Suhas S.
Joshi [8]), µ =44 GPa. In this study, the depth h=l2.0 µm. B is the average absolute value
of the rake angle (rake angle is negative in this process). Then, from the above equations, the
modified material shear flow strength ( r flow) is approximated as 1.24 r flowo •

3.4.4 Results of Mechanistic Model
The simulation is conducted under the following conditions: high purity copper is used as
workpiece material; the radius of cylindrical tip of indenter is 12.0 µm; the cutting depth is
12.0 µm; the cutting width is 120.0 µm; the normal force use experimental observed 2.5 N
[2]. Following are the simulation results together with experiment observations and existed
model investigations.

Experiment Observation
Che et al (2003)
Mechanistic Model (I)
Mechanistic Model (II)

Ft/Fn
0.3 ~ 0.4
0.560
0.512
0.508

Characteristic Length
L = 3.7 h
L = 7.6 h
L = 6.1 h
L = 5.6 h

(I) Model without considering strain gradient plasticity
(II) Model with strain gradient plasticity

3.5 Molecular Dynamics Simulation

40
In the molecular dynamics approach, the material is no longer treated as a continuum solid,

but composed of individual atoms with well-defined interactions between the atomic
constituents, thus allowing for simulation of nanoscale properties. With that, any type oftoolworkpiece event in manufacturing can be model as a combination of different kinds of
atomistic interactions such as: Lennard-Jones, Metallic bonding, Covalent bonding, Morse
potential, etc. In this study, an embedded atom method (EAM) based molecular simulation
code DYNAMO is employed for the molecular dynamics simulation for scratch intersection.
The EAM approach has been very successful in simulation the structural and dynamical
properties of close-packed (fee, hep) metals. The interactions among the molecules in copper
workpiece (fee structure) are simulated with the EAM potential in the DYNAMO code. The

DYNAMO code has been modified to include a simplified tool-workpiece atomistic
interaction modeled by a recently developed repulsive potential [12].
The primary scratch is manually created as an ideal rectangle shaped trench without MD
simulation and forms the initial condition for later MD simulation. This is followed by a
simulation of the secondary scratch produced with the same cutting depth with a
perpendicular orientation to the primary scratch in the surface of workpiece. Data gathered
during the simulation is used to find the position where a dramatic decreasing of the cutting
forces, identifying the regime of the shear failure.

3.5.1 Embedded Atom Method
Daw and Baskes [10] developed the embedded atom method as a way to calculate
structural properties of realistic metallic systems, by utilizing important concepts from
density-functional theory. In the EAM, the potential energy of each atom is the sum of two
pieces. The first piece is the energy required to embed the atom into the local electron density
environment provided by the other atoms in the metal lattice and described by an embedding
function F. The second piece is a short-range repulsive pair potential interaction </>between
atoms. These lead to the total energy of the form expressed

1

£total=

LF;(Ph)+2
i

L
i

L </Jij(R;)
j(*i)

(3.14)
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In this expression,

Ph,i

is the host electron density at atom i due to the remaining atoms of

the system, F; (p) is the energy to embed atom i into the background electron density p .
The electron density in the vicinity of a single atom can be obtained as a sum of the electron
density distribution by all the atoms in the system. This contributed electron density is a
slowly varying function of position. The electron density is estimated by the superposition of
atomic density
Ph,i

=

L p;(R;j)

(3.15)

A;ei)

r/>;j(R;;) is the core-core pair repulsion between atoms i and j separated by the

distance R;;. It is convenient to approximate the pair interactions between two different types
of atom by the geometric mean of the pair interaction for the individual types. Based on the
Coulombic origin of the pair-interaction term, as well as the statement above, the pair
interaction between atoms of type A and B in terms of effective charges can be written as
(3.16)

Foiles et al. [11] developed an empirically obtained embedding potentialF;(p) and
effective charges Z(R) for some metals (Cu, Ag, Au, Ni, Pd ,Pt, etc) by fitting to the
sublimation energy, lattice constant, elastic constants, vacancy-formation energy and internal
energy of the phase to experimental data and first-principles calculations.

3.5.2 Repulsive Potential Boundary Condition Indenter
As described by Lilleodden et al. [12], in the nanoindentation process, the indenter can be
represented by one single potential atom. The indentation process is controlled by the
displacement of the indenter into the workpiece. We model an indenter with repulsive
potential with the workpiece atoms that is given by the simple form,
F= {

A(R-r;)2

(3.17)

0

Where Fis the repulsive force, R is the radius of the indenter, 'i is the distance between
the center of the spherical indenter and atom i in workpiece lattice, and A is a constant that
acts like the effective stiffness of the indenter.
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During indentation, the indenter is displaced into the lattice by controlling its
displacement. The lateral position of the indenter is continuously incremented by a very
small amount in each time step. The system is allowed to continuously evolve as the
indenter's displacement so that a steady state is reached in the simulation. As the indenter is
displaced along the workpiece, more surface atoms feel the repulsive interaction of the
indenter when ( R > r; ). The force on the indenter is then determined by summing the forces
of the atoms interacting with the indenter.

3.5.3 Results of Molecular Dynamics Simulation
Based on this simulation model, the DYNAMO program was modified, to include the EAM
potential between workpiece atoms and a repulsive potential between the tool and workpiece
atoms to provide a tractable but realistic model for the cutting process. The Cu fee lattice is
generated in (111) orientation, with the equilibrium lattice constant of 3.615. The dimension
of the whole lattice is about 1lnmx16nm x 12nm including 160,000-170,000 atoms. We
perform important simplifications. The indentation process perpendicular and into the lattice
surface is not simulated. The primary scratch is manually set as an initial condition provided
by an ideal rectangle trench with the specific cutting depth. Then the secondary trench is
simulated by the horizontal scratch with MD simulations.
To conveniently simulate the material removal process, the system is generated as shown
in Figure 3.6. Boundary conditions are imposed to the lattice in all simulations. Fixed
boundaries (no movements allowed) are located perpendicular to +x and +z, the left and the
bottom surfaces. For the surfaces of the top, they are defined as free surfaces. Periodic
boundary conditions are employed in the remaining surfaces. Moreover, 4 atomic layers next
to the bottom fixed boundary are constrained to have a constant temperature. During the
simulations, the temperature of these 4 layers is set to be room temperature (300K) by
controlling the velocities of the atoms there.
Molecular dynamic simulations are conducted from an initial position of indenter (Figure
3.6). For each scratch case, the simulation is composed with 3 steps. First, without the
introduction of the indenter, initialize the velocities for the whole lattice with room
temperature (300K) scaling over a time of 0.001 ps. Then, the substrate atoms are
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equilibrated to the temperature of 300 Kover a period of 2.0 ps. After the indenter is added,
only those 4 layers of the substrate are maintained at a fixed temperature. The velocities of
the atoms in the active surface region are not modified in any way- these are controlled solely
by the indentation process, and consequently there is an increase of temperature of the
surface region. The movement of the indenter is controlled by an imposed constant horizontal
velocity along +x direction. A time step of 0.001 ps is used. The Gear predictor-corrector
scheme is used for integration of velocities and positions. The atomic configurations,
tangential force Ft and normal force Fn on the indenter and the total energy state are recorded
every time step.
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Figure 3.6 2-D schematic representation of the EAM indentation configuration is shown. The
indentation is oriented with the movement of indenter from left to right with boundary conditions
applied on the molecular lattice for workpiece. The primary scratch created is shown at the left-up.

Surface profiles evolve during the simulation as shown as Figure 3.7. Since the lower 4
layers of the substrate are maintained at a constant velocity by a velocity rescaling algorithm,
this approach allows the transfer of heat from the machined region to bulk of the work-piece
similar to experiment. There is a gradient of temperature from the surface towards the bulk of
the material, which depends on the mechanics of the machining process. This temperature
gradient found in our previous simulations [13] is critical in generation of dislocations and
ensuring the quality of the substrate after the polishing event has occurred.
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(a)

(b)
Figure 3.7 3-D configurations of scratch molecular system for before and after cutting are shown.
(a) The lattice before secondary scratch. The cutting tool is represented by a single atom as shown.

(b) After MD simulation, a trench perpendicular to primary scratch is formed.
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By varying with the cutting depth, the simulations are conducted for four cases with
cutting depths of 4.2, 6.3, 8.4, 10.4 and 12.5 A, which represent 2, 3, 4, 5 and 6 copper lattice
layers. The radius of the repulsive boundary condition indenter is 2 nm with a fixed constant
velocity 2.0 Alps along x direction. The machining speed is equivalent to 200 mis which is a
fast machining speed similar to the highest speeds employed our previous simulation [13,
14]. The large system size (~ 170000 atoms) makes is computationally laborious to simulate

slower machining speeds. However a good understanding the effects of slower machining
speeds has been obtained from our previous simulations with smaller size systems (<10000
atoms)
1800
1600
1400
1200
~1000

>

Q)

800

0
0

600

I-

c:
0

Cf)

Q)

400
200

(.)

0

0
LL

-200

....

!

l = 3.3 h

-400
-600
-800
-1000
0

5

10

15

20

25

30

35

40

45

Horizontal Movement Time (ps)

Figure 3.8 Normal and tangential forces on the tool, showing the location of forces
decay at a characteristic distance from the primary scratch ( dcut =0.626 nm)

The normal and tangential forces are recorded each time step during the simulations.
Figure 3.8 shows the relation of these forces (in eV/A) to the horizontal tool displacement
under the scratch depth of 6.3 Angstrom. Both normal and tangential forces have variations
of about 5-10% during the nanometric cutting process. When the tool approaches a distance
(l) from the primary scratch, both the normal and tangential forces decrease substantially in

magnitude. From the onset of the force softening we find that the characteristic length l is
2.05 nm, which is about 3.3 times of the cutting depth (h).
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Figure 3.9 MD simulation results for characteristic length under various scratch depths

In Figure 3.9, the simulation results for various cutting depth are shown together with the

obtained characteristic length. Generally the characteristic length increases with cutting depth
as observed in experiment. As an essential feature of the scratch intersection model, the
characteristic length is approximately 3 times of the depth of scratch. Also, the normal and
tangential forces vary for different cutting depths. As is expected the magnitude of both
forces increase with cutting depth.

3.6 Discussion and Conclusion
Conventional material removal consists of a chip formation ahead of the workpiece. Under
relative small cutting depth and light load, and intersection of scratches, a different material
removal mechanism compared to the conventional model has been derived from
experimental observations and both theoretical analysis and MD simulations.
There is a characteristic length before the primary scratch is encountered, at which the
material removal mechanism changes, and there is a shear instability which cases the
material to slide into the existing scratch. The characteristic length is strongly related to the
material removal rate, is approximately 3 times the indentation depth from these approaches.
The dependence of this characteristic length on the depth during these finishing processes
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may assist to provide a material removal rate prediction model for CMP. Both normal and
tangential forces increase with cutting depth.
For both approaches, only orthogonal scratch intersection is analyzed to investigate the
material removal mechanism. There may be other kinds of intersection angles that also lead
to material detachment. Further research need to be done for different angles.
In the numerical analytic model, the indenter tip is assumed as cylindrical and an

orthogonal cutting based method is applied in it. These only involve normal force and
tangential force in the process. However, the side force in real indentation process is
neglected. A spherical indenter which employs oblique cutting theory may be more
reasonable and appropriate as an aspect for future work.
MD simulation is applied to some fee structured metallic materials. The (111) oriented
atomic lattice is chosen for simulation. The lattice surface used in the simulation is perfectly
flat, which may have different scratch profiles as relative "coarse" experimental samples. The
effects of this lattice orientation and surface condition on the material detachment mechanism
and characteristic length needs to be further investigated.
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Chapter 4
Future Work
Molecular simulations have been conducted for two applications in the preceding chapters
of this work. Results obtained for both indicate great correlations with former experimental
observations. For the scratch intersection model, our MD simulations revealed the
characteristic length to be approximately 3 times indentation depth, which is also justified by
former experiment and FEM analysis (Che et al. 2003). And in the SAM formation project,
through molecular simulations, we not only modeled the phase patterns of SAMs for both
low coverage density lying-down and fully-packed standing-up, but also predicted the
compressive surface stress development which was only observed from experiment before.
All these prove the validity and effectiveness of the molecular simulations. However, the
following can be done to improve the effectiveness of proposed models, as future work.
For the project for scratch intersection model:
1. In the numerical analytic model, the indenter tip is assumed as cylindrical and an
orthogonal cutting based theory is applied. These only involve normal force and
tangential force in the process. However, the side force in real indentation process is
neglected. A spherical indenter can be used to simulate this process by employing
oblique cutting theory.
2. MD simulation is applied to the fee structured Cu. The (111) oriented atomic lattice is
chosen for simulation. And the lattice surface used in the simulation is perfectly flat,
which may have different scratch profiles as relative "coarse" experimental samples.
The effects of this lattice orientation and surface condition on the material detachment
mechanism and characteristic length needs to be further investigated.
For the project for alkanethiol SAM formation:
1. The charge distributions after the chain-substrate bonding are still unknown from
previous researches. The surface stress calculations in this work are still in estimation
level. This greatly hinders further research on the profiles associated with SAM
formation process. If possible, simulate these charge distributions through some
quantum chemical calculations, such as first principle calculations.
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2. Based on the charge distributions obtained above, add the Coulombic interactions into
the force fields of the simulations. Modify the EAM potential for the substrate and
precisely predict the formation phase and surface stress development.
3. Change the length of alkanethiolate chain to different levels. Study the influence of
such length on the charges and surface stress generations.
4. All the work done is based on a perfectly flat Au substrate and well-order alkanethiol
formation. Try to reveal the effect of surface condition of substrate on the elastic field
which is the origin of the surface stress generation. Also, study the surface stress
profile for disorder SAMs by initializing the chain orientation randomly.
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