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1 Introduction

Silicon is the backbone of the semiconductor industry. Apart from building tran-
sistors for electronics, the optical properties of single-crystal silicon make it one
of the most suited choices for developing infrared light-based devices. Therefore,
manufacturing techniques are required which can machine silicon with nanometric
accuracy. The development of several techniques such as electron beam lithography
(EBL), focused ion beam (FIB) milling [1] and femtosecond laser machining [2] has
opened up a new research field known as ultra-precision machining. The modeling
of these processes at a nanometric scale possess a challenge due to the breakdown of
the assumption of the continuum and this is where molecular dynamic simulations
(MDS) provide a solution. Several software tools that use this technique have come
up in the last decade. These tools include GROMACS [3], AMBER [4], DL-POLY
[5] and LAMMPS [6]. Different tools have a different user community and are often
specialized for a specific type of research. In this work, we have used LAMMPS as
the primary tool of analysis.

Single-point diamond turning (SPDT) is a promising approach for the fabrication
of micro/nanostructures by machining the desired structure directly on the surface of
the workpiece. Using a single-point diamond turning tool [2] to remove material to
obtain flat surface up to a certain surface roughness [7-9]. SPDT gives mirror-finish
on most materials and is preferred over other ultra-precision manufacturing methods.
Silicon is the backbone of the semiconductor industry [10]. Almost all the electronic
devices in use today employ at least some kind of silicon-based semiconductors.
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SPDT was invented in the 1980s to obtain the desired surface finish on silicon.
Such precision is required in applications, where the optical properties of silicon
have a considerable role to play, for example, infrared light-based devices and has
the potential to reduce the size of transistors which has been a constant source of
progress in the electronics industry. Moore’s law is the observation that the number of
transistors in a dense integrated circuit (IC) doubles about every two years. However,
it has been estimated that Moore’s law would no longer be valid by 2025 since the
development of technology to reduce the size of transistors is not progressing at the
required rate [11].

Several studies have used MD simulations to study the nanometric cutting process
for different material-tool combinations. The studies use different types of inter-
atomic potentials, temperature conditions, software and models. LAMMPS is most
extensively used for the simulation of nanometric cutting.

In work presented by Goel et al. [9], MDS performed using LAMMPS was used
to simulate SPDT. The work aimed at investigating the wear of the diamond tool for
different crystal orientations. ABOP potential functions were used. Results showed
the strong influence of crystal orientation on the wear resistance of a diamond tool.
The formation of SiC due to the high temperature, and pressure due to high-pressure
phase transformation (HPPT) was also observed.

An essential contribution in the field of nanometric cutting was made by Goel
et al. [8]. In this work, the mechanism of wear for the diamond tool in nanometric
cutting of silicon was presented. The study found the formation of Si C on the surface
of the workpiece and the tool. This was also explained using the stress and the
radial distribution of silicon carbide concerning simulation time. The work was in
excellent agreement with experimental data obtained through the X-ray photoelectron
spectroscopy and the stresses involved in the simulation, and the stress data obtained
in the simulations.

In work reported by Cai et al. [12], a new silicon cutting mechanism at the
nanoscale was presented. The study used LAMMPS as the software tool for the
simulation, and an infinitely hard tool was modeled. Tersoff potentials were used to
model the interactions. The forces and the stresses during the cutting process were
observed. The study focused on crack formation during the cutting process and the
mode of failure during the cut that leads to chip formation. The study also inves-
tigated the effects of various deformed/undeformed chip thickness ratios and the
corresponding mechanism of cutting.

In Zhang et al. [13], nanometric cutting of copper was studied in terms of the
subsurface damage caused by the cutting process at different depths of cut and at
different cutting speeds. The deformations of the crystal structure of copper was
reported. It was reported that the cutting speed of the process makes little difference
to the proportion of the BCC atoms in the region of cut. The different types of
dislocation observed with different cutting depths was also reported.

In work reported by Fang et al. [ 14], nanometric cutting of monocrystalline silicon
was simulated. The study aimed to identify the mechanism of chip formation in the
cutting process and presented a model that used extrusion to explain chip formation
instead of shearing used in conventional machining. Nanoindentation experiments
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were found to be in good agreement with the simulation data. Tersoff potentials were
used to model the interaction between the atoms, and the tool was assumed to be
infinitely hard.

In a work presented by Kalkhoran et al. [15], nanometric cutting using a blunt tool
was studied. A parameter called relative tool sharpness (RTS), defined as the ratio
of undeformed chip thickness and tool radius, was used to characterize the cutting
process. The cutting process was simulated using LAMMPS. The machining forces
for different RTS were reported, along with the force ratios and the effective tool rake
angles. The study used an infinitely hard tool, and the workpiece was modeled as
single-crystal silicon. Tersoff potentials were used to model the interactions between
different atoms.

In the work presented by Lie et al. [16], molecular dynamic simulations were
performed using a grooved diamond cutting tools were used to manufacture structures
on asilicon workpiece. ABOP potentials were used to model the interactions between
the atoms. The cutting forces on the tool and workpiece along with the temperature
distribution of the tool were reported. The geometry of the groove was varied, and
the tool was assumed to be blunt or the study.

In the study by Lianfenga et al. [17], the effect of tool radius was studied on
the cutting of skiving monocrystalline silicon was studied using molecular dynamic
simulations. The work studied the mechanisms of cut for the material with different
roundness of the tool and concluded that while in the case of a sharp tool, the
mechanism of material removal is predominantly shear, as the roundness of the
tool increases, the mechanism of cut tends to move toward extrusion accompanied
by shearing. However, for the purposes of this study, the tool has been assumed to
be sharp.

In this study, the process of cutting monocrystalline silicon using single-point
diamond cutting tools has been studied at nanometric scale using molecular dynamic
simulations. In this work, process of nanometric cutting has been simulated, and the
temperature of the region of cut has been observed. The forces on the tool have also
been reported. The simulations have been run for different depths of cut and tools
including positive and negative rake angle tools. A brief mathematical overview of
MDS has been discussed in Sect. 2. The various parameters used for modeling the
process and the respective configurations have been discussed in Sect. 3. The results
have been discussed in Sect. 4. The conclusions of this work have been discussed in
Sect. 5.

2 MD Simulation

MDS provides the numerical solution of Newton’s laws of motion for an ensemble
of atoms [18]. It is used to observe phenomena at very small-time steps (10~1s)
and at an enhanced resolution. MDS uses the position, velocity and acceleration of
various atoms in the system under consideration to calculate the desired properties
of the system. The atoms/molecules in MDS are modeled as individual spring mass



70 P. Gupta and J. Ramkumar

systems with a dynamic spring constant. These spring constants are modeled using
the potential functions. The choice of potential function is an essential part of any
MDS study since it is the primary bridge between the simulation and real-world
interaction between the atomic entities. The potential functions and the parameters of
these functions are selected such that they satisfy the basic physical properties of the
system, and the model is stable. There are several different potential functions used to
model different types of systems. These potential functions include Lennard—Jones
(LJ) potentials [19], analytical bond-order potential (ABOP) [20], Morse potentials
[21] and pair-wise Morse potentials, embedded atom model (EAM) potentials [22],
Bolding-Anderson potential and Tersoff potentials [23, 24] each of which has its
own merits and demerits. In most of these potential functions, the distance between
two atoms is used as an input, and the potential energy of the two atoms due to their
proximity with each other is calculated.

In MDS, the motion of atomic bodies is realized by calculating the resultant
forces for each atom and integrating them to calculate their trajectory according to
the Newton’s laws of motion [25]. This is mathematically described in Eq. (1):

d*  d(mv;) dp,
m— = = —
de? dt dt

=F (D

where m is the mass of the atom and r;, v;, p; and F; are the position vector, velocity
vector, momentum vector and the force acting on the ith atom, respectively. ¢ is the
time in the simulation at which the position, velocity and acceleration of the atoms are
calculated. F; is calculated as the gradient of the potential energy (PE) with respect
to the position of the ith atom as given in Eq. (2):

E = _Viv(r],r2,r3, ""rN) (2)

where V is the potential energy function. N is the number of atoms and V; is the
gradient operator for the ith atom V; == 23 + 5 J + &a k.Each time, step of MD
simulation has a length of the order of femtoseconds It should be noted that if the
number of atoms in the system is N, then the number of differential equations solved
in each time step is 6V, and hence, the process is computationally expensive, thus
the need for the high-performance computational resources for such a study [25].

For each time step, the force on each atom is calculated, and the force is then
integrated to obtain the displacement of the atoms. There are a few algorithms that
are most commonly used for this integration, e.g., Leapfrog integration [26] and
Verlet integration [27].

The velocity of the atoms is also used to calculate the temperature of a given
region in the simulation box. This is accomplished by using the relationship between
the kinetic energy of the atoms, and the temperature is obtained from the kinetic
theory of gases in Eq. (3) [9].
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where k;, is the Boltzmann constant (1.3806503 x 10~**J/K) and 7 is the atomistic
temperature.

3 Modeling

Several methods for modeling this process have been mentioned in the literature,
which differ in the use of potential functions, boundary conditions, parameters of the
tool (for example, tool radius, rigid tool, deformable tool) and the nature of the atoms
used. In this work, Tersoff potentials have been used to model the behavior of silicon
atoms and their interaction with carbon atoms in the diamond tool. The parameters
for Tersoff potentials are readily available in LAMMPS [23, 24]. The time step for
the simulation has been kept at 0.5 fs. Figure 1 shows a schematic diagram of the
simulated system. The details of the simulation parameters are given in Table 1. The
movement of the workpiece is constrained on one side by a group of rigidly fixed
atoms and unconstrained on the other side. This has been described by Komanduri
et al. as an elastic boundary condition [25]. A description of the four types of atoms
used in this study is given as follows.

1. Boundary atoms: These atoms have been fixed and modeled as perfectly rigid to
simulate the bulk of the workpiece away from the cut region.

2. Peripheral atoms: These atoms have been used to simulate the thermodynamics
of the system. NVT ensemble has been used to simulate these atoms. This is used
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Fig. 1 Diagram of the atomic system studied
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Table 1 Parameters used in Parameter Value
the simulation with the lattice
parameters of silicon a Configuration 3D
a=5.4314 Potentials used Tersoff
Work material Single-crystal silicon (diamond
cubic)
Tool material Perfectly rigid
Lattice parameter of a=5.4314
workpiece
Velocity of cut 10 m/s
Relief angle 15°
Rake angle —30°, —15°,0°, 15°, 30°
Depth of cut (DOC) Oa, la, 2a, 5a, 10a
Width of cut Sa
Dimensions of workpiece Sa x 70a x 50a

to simulate heat transfer in the system from the region of cut to the bulk of the
workpiece. This layer has been kept to 2—3 atom thick as done in literature [25].
3. Tool atoms: The tool has been modeled to be rigid and sharp, the rake angle has
been varied, and the tool velocity has been kept constant.
4. Workpiece atoms: These are atoms that have been modeled as following Newto-
nian physics. These atoms can be displaced and oscillate about their mean
positions as dictated by Eq. (1).

4 Results and Discussion

All the simulations in this work have been performed using LAMMPS [6]. The
data that was obtained from LAMMPS was processed and handles using Jupyter
Notebooks [28] coded in Python and using NumPy, pandas and SciPy [29]. OVITO
has been used to visualize the results obtained from the simulations and to supply
all the snapshots that have been reported in this work [30]. The results related to
the temperature of the workpiece during the cutting process have been discussed in
Sect. 4.1, and the forces experienced by the tool during the cutting process have been
discussed in Sect. 4.2.

4.1 Analysis of Temperature During Machining

The temperature of the workpiece during the machining process for each rake angle
simulated has been plotted in Fig. 2. As expected, the temperature of the workpiece
increases monotonically as the DOC of the process is increased. Oscillations observed
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Fig. 2 Temperature of the workpiece for rake angles a —30°, b —15°, ¢ 0°, d 15° and e 30°

in the plots are a common feature of the data obtained using MDS. The layer used
to simulate the heat transfer of the region of cut with the bulk of the material is
modeled using NVT ensemble. The NVT ensemble is used to define groups of atoms
that conduct heat, but the velocity of the atoms is rescaled to keep the temperature
of the system constant. The oscillations arise from the rescaling of the velocities of
the atoms and have been observed in literature [9, 31]. The overall profile of the
temperature with respect to time also agrees with the previous works. In addition
to the profiles, we have also plotted data for the DOC of — 1a. A negative depth of
cut implies that the tool is not in cut but is simply gliding over the workpiece at a
distance 1 atomic layer. This has been done to have an insight of the sensitivity of
the interactions between the tool and the workpiece atoms. As far as the temperature
is concerned, the interaction between the tool and workpiece when the tool is not in
cut does not have much impact on the temperature of the process [18].

4.2 Analysis of Temperature During Machining

The force experienced by the tool of different rake angles with respect to time for
different depths of cut is shown in figure Fig. 3. A plot for DOC —1a have been
added to the data for reasons similar to Fig. 2. Since the simulations are governed by
potential functions this action itself (even when the tool is not in cut) would cause
some force on the tool and the workpiece which has been plotted as DOC as —1a. As
observed from the graphs, the force profile for the DOC as —1a displays the same
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profile for all rake angles and is hence also acts as a control for the experiments. It
should be noted that large oscillations are observed in the force data obtained directly
from LAMMPS. Hence, the data needs to be filtered before the presentation which
has been accomplished using a moving average filter of window size 50. The scale
of the oscillations has been reported in the graphs plotted by Goel et al. [8], where
it can been seen that for small depth of cuts the oscillations can also cause the force
to change the direction. The overall force profile is similar to the ones seen in the
field of conventional manufacturing in the macro-domain. The force increases as
the tool engages with the cut. There are oscillations similar to the oscillations cause
in micro-machining due to chip breaking and then stabilizing while oscillating at a
constant magnitude. However, it should be noted that in the simulations performed,
no chip breakage was observed. The chip preferred to stick to the tool instead.

It was observed that among all the rake angles simulated, the forces with the —30°
rake angle tool are most sensitive to the change in the depth of cut. This is as expected
as the forces at DOC Oa are predominantly friction forces which are not expected to
vary much with the DOC while the cutting forces are sensitive to the DOC. It was also
observed that the forces for the higher rake angles are the most sensitive to the depth
of cut. It can be hypothesizes that while the positive rake angle of the tool removes
material using a shearing process similar to macro-machining, the mechanism of
cutting for negative rake angle tools tends to be extrusion [14]. It was also was
observed that on average, the tool with 0° experiences the least machining force. At
a DOC of Oa, the forces experienced by the various tools studied show a statistical
range of 0.54Ev/A which increases to 2.15Ev/AA for DOC 10a. It observed that as
the forces increase with the DOC, the average of the standard deviation remains
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Fig. 3 Magnitude of force experienced by the tool for rake angles a —30°, b —15°, ¢ 0°, d 15°
and e 30°
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fairly constant which indicated that the oscillations in the data are fairly constant.
Compared to the neutral tool, the tool for rake angle —30° shows a & 11.5% increase
in force, and the positive 30° rake angle tool shows a & 7% increase in force (Fig. 4).

5 Conclusions

The nanometric cutting process using single-point diamond cutting tool was simu-
lated using LAMMPS. The temperature of the workpiece and the force experienced
by the tool was observed. Tools for rake angle —30°, — 15° — 30°,, 0°, 15° and 30°
were simulated, and the cutting process was observed for depths of cut — 1a, Oa,
la, 2a, 5a and 10a. It was observed that the tool for rake angle —30° was the most
sensitive to change in the depth of cut in terms of the magnitude of force experienced.
It was concluded that compared to a neutral rake angle, a negative rake angle can
result in up to 11.5% increase in force, while a positive rake angle can result in up
to 7.9% increase in force. Using negative rake angle, tools result in a greater heat
evolution in the region of cut compared to + ve rake angle tool and the temperature
increases monotonically with a decrease in the rake angle. The difference observed
was 100 K from + 30 ° to — 30 °.
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