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Abstract

Recent developments in science and engineering have advanced the fabrication techniques for
nanodevices, including the use of atomic force microscope (AFM) for nanomachining and nano-fabrication
of nano-structures. AFM-based manufacturing generally involves nanoindentation and nanoscratching
processes. This paper describes the development and validation of computational models for the AFM-
based manufacturing for nano-fabrication processes. The Molecular Dynamics (MD) technique is used to
model and simulate mechanical indentation at the nanoscale. MD simulation represents itself as a viable
alternative to the expensive traditional experimental approach, which can be used to study the effects of
various indentation variables including tool shape, indentation conditions, and material properties in a
much more cost effective way. The simulation allows for prediction of the indentation forces at the
interface between an indenter and a substrate. Also, the MD simulation is used to study the effects of
speed on the indentation force. The material deformation and indentation geometry are extracted based
on the final locations of atoms, which are displaced by the rigid indenter. In addition to modeling, an AFM
was used to conduct actual indentation at the nanoscale, and provide measurements to validate the
predictions from the MD simulation. It can be observed from the MD simulation results that the indentation
force increases as the depth of indentation and tip radius increase, but decreases as the tip speed
increases.
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1. Introduction

Recent developments in science and
engineering have advanced the fabrication
techniques for micro/nanodevices. Among them,
AFM has been used for nanomachining and
nanofabrication such as nanolithography, nano-
writing, and nanopatterning [1-9]. AFM-based
involves nano-

nanomachining generally

indentation and nanoscratching processes.

Nanoindentation and nanoscratching have been
widely used to determine the mechanical
properties of small-scale materials. Nano-
channels, nanoslots, and complex nanopatterns
can be fabricated by directly scratching the
surface with an AFM [3]. For different applied
loads, the depth and size of indents can be
controlled. Nanoindentation can be used to

fabricate cells for molecular electronics and drug
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delivery, to make slots for the integration of
nanowires into nanodevices, and to create
defects on nanowires in order to change their
structure and properties [4]. In addition, AFM
nanoscratching in combination with a lift-off
process can be used for the fabrication of metal
nanowires [7-8]. Also, the application of
nanoindentation and nanoscratching can be used
in the field of ultraprecision machining [10].
Complex two- and three- dimensional micro/nano
structures, such as line-type, concave and convex
structures have been fabricated using AFM [11].
Typically, nanoindentation and nano-
scratching have been experimentally conducted
using AFM-based systems, which are complex
and expensive. The phenomena that occur during
nanoindentation and nanoscratching are atomic
scale. Therefore, atomistic modeling is necessary
to give insight into the underlying mechanisms
and provide a fundamental understanding of both
the process and its dependencies. Molecular
dynamics (MD) simulation can be used to
complement the traditional experiments. It has
been successfully applied to investigate various
phenomena at the nanoscale. The advantages of
MD simulation over continuum models such as
finite elements is that it allows a more complete
and fundamental understanding of the way in
which defects are created, the transition from
elastic to plastic behavior, and crystal structure
effects in materials [12]. Compared to the
experimental approach, MD simulation does not
require the use of expensive equipment but yet
can be used to study the effects of various
indentation variables including tool shape,
indentation conditions, and material properties in

a much more cost effective way.
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Numerous studies have been reported on
MD simulation of nanoindentation and nano-
scratching [10,13-15]. However, MD simulation
involves the interaction of a large number of
atoms as deformation occurs on an atomic scale.
One major concern in MD simulation is the high
computational time required. In order to reduce it,
many researchers developed two-dimensional
models instead of the more realistic three-
dimensional model. Two-dimensional based MD
simulation is very computational efficient, but
result in a significant loss of the quality of
material representation. Another factor affecting
the computational time is the number of atoms.
The larger the number of atoms, the longer the
computational time. To keep the processing time
under control, most existing models of nano-
indentation use less than 20,000 atoms. The
largest models of nanoindentation found in the
literature contain approximately 10 million atoms
[16], which is enabled by parallel computing.

In this paper, three-dimensional MD
simulations of nanoindentation in the case of
silicon are

gold, copper, aluminum and

performed. The simulation allows for the
prediction of indentation force at the interface
between an indenter and a substrate. The effects
of tip speed and tip radius on indentation force
are investigated. The material deformation and
indentation geometry are extracted based on the
final locations of the atoms, which have been
displaced by the rigid tool. In addition, an AFM
system is used to conduct actual indentation at
the nanoscale, and provide data to validate the
MD simulation. The results of the simulation as
well as the AFM data are presented and

compared.
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2. Methodology

MD simulation is used to simulate the
time dependent behavior of a molecular system.
The inputs required in MD simulation are initial
positions and velocities of atoms in the system
along with other information such as boundary
conditions, potential energy function, time steps,
etc. The outputs of the simulation include
trajectories of atoms in the system, forces, energy
of the system, and other physical quantities of
interest. The MD simulation model and the
potential functions used in this study are
explained in the following sections.
2.1 Simulation Model

The schematic model used in the MD
simulation of nanoindentation is shown in Fig. 1.
The initial positions of atoms in the model are
calculated from the default lattice position. In this
study, single crystal gold (Au), copper (Cu),
aluminum (Al) and silicon (Si) are chosen as
workpiece materials and diamond is selected as
an indenter. The diamond indenter is considered
as a rigid body. The simulation model consists of
a single crystal workpiece and a three-sided
pyramidal indenter. The workpiece in the MD
simulation is divided into three different zones:
the boundary zone, the thermostat zone, and the

Newtonian zone.

'Indemer

Workpiece

Boundary zone
» x
Y

Fig. 1 Schematic MD simulation model of

nanoindentation
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Two layers of boundary atoms and six
layers of thermostat atoms are placed on the
bottom side of the workpiece. Fixed boundary
conditions are applied to the boundary atoms.
The atoms are fixed in the position to reduce the
edge effects and maintain the symmetry of the
lattice. Periodic boundary conditions are
maintained along the x- and vy-direction. The
periodic boundary conditions are usually
employed when a simulation seek to investigate
the behavior of an isolated system, to avoid
spurious edge effects, and thereby simulate the
behavior of a much larger crystal system. The
thermostat zone is included in the MD simulation
model to ensure that the heat generated during
the indentation process can be conducted out of
the indentation region properly. The temperature
in the thermostat zone is maintained by scaling
the velocities of the thermostat atoms for each
computational time step. In the Newtonian zone,
atoms move according to Newton’s equation of
motion.

2.2 Potential Energy Function

The motion of the atoms in the
Newtonian zone is determined by the forces
derived from potential energy function and
Newton’s equation of motion. The interaction of
each atom can be approximated by a potential
energy function in accordance with Newtonian
mechanics. The quality of the MD simulation
results depends on the accuracy of the potential
energy function used. On the other hand, the
complexity of the potential energy function directly
affects the computational time [17]. The selection

of the potential function depends on the type of

material used in the model. For the case of gold,
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copper and aluminum atoms, potential energy
functions used are the Morse potential [18] and
the Embedded-atom method (EAM) potential [19].
The EAM potential is employed for the interaction
between atoms in the workpiece material for gold,
copper and aluminum. The Morse potential is
employed for the interaction between atoms in the
workpiece and carbon atoms in the diamond tip in
the MD simulations (Au-C, Cu-C and AI-C). For
the case of silicon, Tersoff potential [20] will be
employed for both interactions between silicon
atoms in the workpiece material (Si-Si) and
between silicon and carbon (Si-C) atoms.

The interatomic force between any two
atoms can be obtained from the potential energy
function as shown in Eq. 1, where F; is the
interatomic force between atom / and j at a

distance r; from atom /.

Fy==3- (1)

The total force exerted on a particular atom is
then calculated based on Eq. 2, where F, is the
resultant force on atom i and N is the total

number of atoms.

N
e 2 oRG) @
j=lLi#j

After calculating force on each atom, velocities
and positions are calculated from Newton’s
second law of motion.
2.4 MD Simulation Conditions

MD simulation of nanoindentation was
conducted on single crystal gold, copper,
aluminum and silicon. Parallel MD simulations
were implemented using LAMMPS [21-22].
Simulation was conducted along the (001)

direction of crystal. Table. 1 gives the conditions
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used in the MD simulation. The dimensions of the
workpiece and indenter, the depth of indentation
and the tip speed are given. The dimensions of
the workpiece are expressed in terms of lattice
constants. The lattice constants of gold (a,),
copper (a.,) and aluminum (a,) are 4.080, 3.615,
and 3.986 Angstroms (A), respectively, while the

lattice constant of silicon (ag) is 5.431 A.

3. Experimental Setup
Table. 1 MD simulation conditions used in the MD

simulations of nanoindentation

Workpiece Gold (Au), Copper (Cu),

material Aluminum (Al), Silicon (Si)

Workpiece Au: 150a,,x150a,,x70a

Au’

150a,,x150a,,x150a,,
Cu: 150a_,x150a,,x70a,,
Al: 150a,>150a,x70a,,

Si: 100a4%100a4%50ay,

dimension

Number of atoms | Au: 6,300,000 atoms
13,500,000 atoms
Cu: 6,300,000 atoms
Al: 6,300,000 atoms
Si: 4,000,000 atoms

in the workpiece

Indenter tip
Diamond
material

Indenter type Three sided pyramid

Tip apex angle 60°

Tip radius 0, 25, 50, 75, 100 nm
Indentation depth 5-60 nm
Nanoindentation 0.1, 1, 10 m/s

tip speed

Bulk temperature 293 K

Time steps 1fs (10"°s)

A Veeco Bioscope AFM was used to

conduct actual indentation at the nanoscale, and
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provide data for evaluating the MD simulation
predictions. The AFM provides resolution on the
nanometer (lateral) and angstrom (vertical)
scales. A three-sided pyramid indenter with a
radius of curvature ~ 50 nm was used in the
experiments. The diamond tip has an apex angle
of about 60 degrees. Here, the apex angle is the
angle between a face and an edge on the
opposite side of the tip.

Nanoindentation experiments were

conducted on 8 X 8 X 2 mm3 gold sample. The
nanoindentation experiments were conducted at

indentation depths of 20, 30, and 40 nm. The tip

speed used was 10 Llm/s.

4. Results and Discussion

4.1 MD Simulation of Nanoindentation

MD simulation snapshots of nano-
indentation for the cases of gold at various times
are shown in Figs 2(a) -2(f). The figures show the
initial stage of indenter tip and workpiece material
in nanoindentation followed by the movement of
the tip into the workpiece material at various time
intervals. The workpiece atoms are compressed
beneath the tip and the deformation in workpiece
material can be seen in the vicinity of the tip. The
material apart from the tip seems to be very
slightly affected by the motion of the tip. After the
tip is moved away from the surface, some of the
workpiece atoms are deposited onto the surface
of the diamond indenter. All MD simulation
snapshots are visualized by Atomeye [23].

Surrounding the contact surface between
the indenter and the workpiece, a material pile-up
is observed. Figs. Top and cross-sectional views
of MD simulation snapshots of nanoindentation

for the case of gold are shown in Figs. 3 — 4,
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respectively. Figs. 3(a) and 4(a) show the initial
stage of nanoindentation, before the indenter
comes into contact with the surface of workpiece
material. At this stage, no deformation can be
observed. Figs. 3(b) - 3(f) and 4(b) — 4(f) show
the top and cross-sectional views of MD
simulation snapshots of nanoindentation with the
use of five different indenter tip radius (r),
including 0, 25, 50, 75, and 100 nm, at the
indentation depth of 10 nm. More surface
deformation can be observed with the increasing

indenter tip radius.

(b) Time step = 10 ps.

(a) Time step = 0 ps.

(d) Time step = 55 ps.

(c) Time step = 30 ps.

(e) Time step = 80 ps. (f) Time step = 115 ps.

Fig. 2 MD simulation snapshots of nano-
indentation of gold at various times: (a) 0 ps; (b)

10 ps; (c) 30 ps; (d) 55 ps; (e) 80 ps; (f) 115 ps

n
(a) (b) (c)
(@ (© ®

Fig. 3 Top views of MD simulation snapshots of

nanoindentation of gold with the use of different
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indenter tip radius (r): (a) initial stage of
nanoindentation; (b) r= 0 nm; (c) r = 25 nm; (d) r

=50 nm; (e) r =75 nm; (f) r=100 nm.

(a)

© ()

(e) ®
Fig. 4 Cross-sectional views of MD simulation

snapshots of nanoindentation of gold with the use
of different indenter tip radius (r): (a) initial stage
of nanoindentation; (b) r = 0 nm; (c) r = 25 nm;

(d) r=50nm; (e) r=75nm; (f) r= 100 nm.

The different colors shown in Figs. 3 — 4
represent coordination number, which is a
measure of how many nearest neighbors exist for
a particular atom. The purpose of using this
coordination number coloring is to clearly see the
defects and dislocations of atoms. It can be seen
from Fig. 4 that as the tip radius increases, more
subsurface deformation can be observed and the
deformation is found to penetrate much deeper
from the surface.

Figs. 5(a) - 5(b) show the top and cross-
sectional views of MD simulation snapshots of the
nanoindentation of gold. Fig. 6(a) — 6(b) show
AFM images of the nanoindentation mark and
indentation profile for the case of gold from a

nanoindentation experiment with an indentation
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depth of 30 nm. Material pile-up around the
indentation marks can be observed for both
simulation (Fig. 5) and experimental results (Fig.

6).

Fig. 5 Top (a) and cross-sectional (b) views of
MD simulation snapshots of nanoindentation of

gold.

100.0 nm
50.0 nm T
-|co \ /
0 nm |
02 04 0508 1 um

Fig. 6 Experlmental results of nanomdentation of
gold with an indentation depth of 30 nm: (a) AFM
image of indentation mark (b) cross-sectional

profile

Figs. 7 - 8 show, respectively, top and
cross-sectional views of MD simulation snapshots
of nanoindentation of different types of material:
(a) gold; (b) copper; (c) silicon and (d) aluminum.
The surface deformation can be observed in Fig.
7, while the subsurface deformation can be seen
in Fig. 8. Gold, copper and aluminum have the
same type of crystal structure, which is face-
centered cubic (fcc) structure, while silicon has
diamond structure. The surface and subsurface
deformation found in the case of gold, copper and
aluminum have the same pattern. However, it can
be seen that aluminum has more surface
deformation than other materials. For the case of
silicon, the deformation can be observed only in

the region surrounding the indenter tip. The
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silicon atoms below the indentation mark become
amorphous. In addition, there is no material pile-
up at the surrounding of the contact surface

between the indenter and the silicon workpiece.

“

(a) Au (b) Cu
(c) Si (d) Al

Fig. 7 Top views of MD simulation snapshots of
nanoindentation of different materials: (a) gold; (b)

copper; (c) silicon; (d) aluminum.

(a) Au (b) Cu
(c) Si (d) Al

Fig. 8 Cross-sectional views of MD simulation
snapshots of nanoindentation of different
materials: (a) gold; (b) copper; (c) silicon; (d)

aluminum.

4.2 Indentation Force

The variation of indentation forces with
depths of indentation at different tip speeds is
shown in Fig. 9. It can be observed that the
indentation force increases with indentation depth.
The simulation results were compared with their

experimental counterparts. Due to limitations in
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computational time, it should be noted that the tip
speeds used in this MD simulation are a lot
higher than those used in the experiment. The
typical speed used in the experiment was
approximately 5-10 Llm/s, whereas the speed
used in the MD simulation was 0.1-10 m/s.
Therefore, the effect of tool tip speed on the
indentation force is also investigated in this paper.
It can be observed from Fig. 9 that the
indentation force increases with tool tip speed.
Since the tip speed plays an important role in the
level of indentation force, the quantitative values
of the latter obtained from MD simulation are not
comparable to the experimental results. However,
the trends are the same for both simulation and

experimental results.

30

— v=01m/s
— v=1mls
o i v=10m/s
+ experimental result
20} v =10 um/s

15

10

Indentation Force (uN)

0 10 20 30 40 50 60
Indentation Depth (nm)

Fig. 9 Variation in indentation forces with depths

of indentation at different tip speeds

Fig. 10 shows the variation in indentation
forces with time step at different tool tip radius. It
can be found that the indentation force increases
with the increasing tip radius.

6. Conclusion

MD simulation of nanoindentation was
conducted and validated by qualitative
comparison with experimental measurements.
The indentation forces at various depths of

indentation were obtained. It can be concluded
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that indentation force increases with depth. The
effect of tool tip speed on the indentation force
was also investigated and the force was found to
be dependent on the tip speed. Moreover, the
effect of tip radius on the indentation force was
studied and can be concluded that the indentation

force increases as the tip radius increases.

—r=0nm

Indentation Force { p N}

Time Step x 10°

Fig. 10 Variation in indentation forces with time
step at different tip radius.
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