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Abstract: A molecular dynamics (MD) simulation is carried out to analyze the effect of cutting edge radius, cut-

depth,and grinding speed on the depth of subsurface damage layers in monocrystal silicon grinding processes on an

atomic scale. The results show that when the cutting edge radius decreases in the nanometric grinding process with

the same cut-depth and grinding speed,the depth of the damage layers and the potential energy between the silicon

atoms decrease too. Also,when the cut depth increases,both the depth of the damage layers and the potential en-

ergy between silicon atoms increase. When the grinding speed is between 20 and 200m/s,the depth of the damage

layers does not change much with the increase of the grinding speed under the same cutting edge radius and cut

depth conditions. This means that the MD simulation is not sensitive to changes in the grinding speed,and thus in-

creasing the grinding speed properly can shorten the simulation time and enlarge the simulation scale. In conclu-

sion, the subsurface damage of monocrystal silicon is mainly based on the change of the potential energy between

silicon atoms, which is verified by the ultra-precision grinding and CMP experiments.
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1 Introduction

Monocrystal silicon is an important material
for semiconductor devices, high-density informa-
tion storage devices, and micro-electric-mechani-
cal systems. The fabrication and application of
these delicate devices demand that a high surface
integrity be achieved by ultra-precision or nano-
metric machining. Although the machining accu-
racy of silicon wafer has reached the nanometric
level,, microscopic physical phenomena that occur
in nanometric machining can hardly be explained
by the conventional theory based on “continuum
mechanics”. Thus, further investigation and un-
derstanding of the mechanism of nanometric ma-
chining are restricted to a certain extent. Nowa-
days, a molecular dynamics (MD) simulation
method is usually used to study the mechanism of
nanometric machining, and it has proven to be a
very effective tool for the prediction and analysis
of nanometric machining processes on an atomic
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scale!"? .

This paper aims at gaining deep insight into
subsurface damage in a diamond-silicon grinding
system. Emphasis will be placed on the depth of
the damage layers in monocrystal silicon material.
As the research interest is on the atomic and nan-
ometric scales, the MD method will be used as a
theoretical tool to simulate the grinding process of
a single grain with different cutting edge radii, cut
depths, and grinding speeds. Grinding and CMP
experiments are carried out to examine the sub-
surface damage of monocrystal silicon wafer and
verify the MD simulation results.

2 Method

2.1 Modeling

Models of a silicon monocrystal and diamond
grain are shown in Fig. 1. Here it is assumed that
the initial temperature in the grinding process is
293K and the diamond grain is absolutely rigid. As
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Fig.1 Schematic models of the atoms of diamond and
(a) Two-
dimensional model; (b) Three-dimensional model

silicon in a single grain grinding system

shown in the figure,the silicon monocrystal atoms
are divided into boundary atoms, Newtonian at-
oms, and thermostat atoms. The static boundary
atoms are fixed to the rigid bases of the specimen,
and the atoms in the two layers adjacent to the
boundary atoms act as the thermostat atoms. The
Newtonian atoms follow Newton’s equation of
motion,as expressed in Eq. (1). The silicon atoms
are covalently bonded,so the Tersoff potential is
used to describe the interactions between Si—Si,
C—C and Si—C atoms"* .

dv, () _ 1 .
i mi;ﬂui}-), i=1,2,-,N
. dr,‘j(t)_
with T =v; () 2)

The force function in Eq. (1), F,;(r;) .can be
derived from the partial derivative of the poten-
tial function, with respect to the atomic distance
r; . As expressed by the sum of forces in Eq. (1),
the resulting force on each atom is calculated as a
sum of contributions from all neighboring atoms
j »based on the distance r;;.
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Fig.2 A comparison of theoretical calculation of
atomic heat with experimental measurement

2.2 Temperature conversion-*

The conversion between the kinetic energy
and temperature of the silicon atoms is an impor-
tant factor in a successful MD simulation. At pres-
ent,there are three models available for the con-
version. They are the Dulong-Petit model, which
takes into account the independent lattice vibra-
tion, the Einstein model, which is based on the
consideration of the single characteristic frequen-
cy.and the Debye model, which involves a range
of frequencies. A comparison of the theoretical
calculation results with the experimental measure-
ment is given by Sinnott as shown in Fig. 2. It is
indicated that the Debye model is the best for sili-
con and the Einstein model is the most suitable for
diamond in the temperature arca encountered in
the present. Thus the Debye model is used in the
MD simulation.

2.3 Experiment

Experiments are carried out in two ways,
i.e. ,ultra-precision grinding and CMP, to exam-
ine the variations of surface and subsurface micro-
structures of monocrystal silicon and to under-
stand and verify the theoretical predictions of mo-
lecular dynamics analysis. The grinding experi-
ment is performed on an ultra-precision grinding
machine, VG401MK [[ . The CMP experiment is
conducted on a precision polishing machine. The
subsurface structure is investigated by a transmis-
sion electron microscope, Tecnai 20 G2 S-Twin.

3 Simulation results and discussion

Some two-dimensional and three-dimensional
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MD simulations of the grinding process of a single
grain with different cutting edge radii,cut depths,
and grinding speeds are carried out to gain insight
into the depth of damage the layers in the dia-
mond-silicon grinding system. All these simulation
results have good agreement on the instantaneous
distribution of atoms,the variance of the grinding
force, and the potential energy between the at-
oms. This means the mechanism of chip removal
and the formation and propagation of damage
layers are all the same in nanometric grinding
processes no matter how different the cutting
edge radius, the cut depth,and the grinding speed
are. Further details about the mechanism of
monocrystal silicon nanometric grinding can be
found in Ref.[5].

To explore surface and subsurface damage ex-
actly,the depth of the damage layers on the atom-
ic scale is defined as the maximum thickness of
the atomic layers with atomic random arrange-
ment in the direction of the grinding depth. Here
the depth of the damage layers is calculated by
means of the instantancous distribution of atoms.

3.1 Effect of cutting edge radius on the depth of
damage layers

Figure 3 shows that the depth of the damage
layers gets thicker with the increase of the cutting
edge radius. This means the smaller the grain size,
the better the quality of surface and subsurface in
monocrystalline silicon.

From the viewpoint of atomic potential, the
potential energy between silicon atoms increases
with the increase of the cutting edge radius. With
the enhancement of the abrasive grain,the poten-
tial energy between silicon atoms increases owing
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Fig. 3 Relationship between the cutting edge radius
and the depth of damage layers

N
n

&
=)

—
n

Depth of damage layers/nm

1LOF 7 —+—Cutting edge radius 1.23nm
—=— Cutting edge radius 1.54nm
05 —— Cutting edge radius 1.85nm
U —m- Cutting edge radius 2.31nm
0 l 1 | |
0 0.5 1.0 1.5 2.0
Potential energy/107%)
2.5 ®)
E
2 2.0
o
z
o 15
&
£
S 1.0F . .
e —+—Cutting edge radius 1.23nm
2 —=—Cutting edge radius 1.54nm
2 05F —&— Cutting edge radius 1.85nm
] —®-Cutting edge radius 2.31nm
1 1 1
00 ~0.05 0.10 0.15 0.20

Grinding force/uN

Fig. 4 Effect of the potential energy and the grinding

force on the depth of damage layers (a) Potential

energy; (b) Grinding force

to the actions of the abrasive grain,leading to de-
formations and phase transformations of the sili-
con crystal. Thus the value of the potential energy
has a decisive effect on the surface and subsurface
damage of the silicon crystal.

As shown in Fig. 4, with the increase of the
potential energy and the grinding force,the dam-
age layers become thicker.

3.2 Effect of cut-depth on the depth of damage
layers

As shown in Fig. 5 and Fig. 6, with the in-
crease of the cut-depth, the depth of the damage
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Fig. 5 Relationship between the cut-depth and the
depth of damage layers
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Fig. 6 Effect of the potential energy and the grinding

force on the depth of damage layers (a) Potential

energy; (b) Grinding force

layers, the potential energy between the atoms,
and the grinding force increase. As a result, more
severe surface and subsurface damages take place.
The reason is that the silicon must release more
potential energy by reconstruction and disloca-
tions because of the increase of the potential ener-

gy-

3.3 Effect of grinding speed on the depth of dam-
age layers

As shown in Fig. 7 and Fig. 8, with the in-
crease of the grinding speed, there is almost no
change in the depth of the damage layers, the
potential energy between silicon atoms, and the
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Fig. 8 Effect of the potential energy and the grinding

force on the depth of damage layers (a) Potential

energy; (b) Grinding force

grinding force. This means that the surface and
subsurface damage is slightly affected and MD
simulation is insensitive to changes in grinding
speed. Thus, increasing the speed properly will
save simulation time without reducing the accura-
cy of the simulation.

4 Experimental results and discussion

Both the theoretical and experimental results
show that there always exists a thin layer of amor-
phous silicon in a specimen subsurface subjected to
the grinding and CMP, as shown in Fig.9 and
Fig. 10. The thickness of the layer decreases with
decreasing cutting edge radius and cut-depth. Two
dislocation systems can be developed in the crystal
silicon below the amorphous layer with the #2000
grinding wheel, as shown in Fig. 9 (a). When the
#3000 grinding wheel is used, only one disloca-
tion system appears (see in Fig. 9(b)) . If the abra-
sive size and the cut-depth are decreased further,
dislocations cannot be activated but the amor-
phous layer still appears,as shown in Fig. 10. This
means that the MD simulation results are reliable
and can be used to predict the grinding mecha-
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Fig. 9 TEM photo of silicon wafer specimens (grind-
ing) (a) #2000 grinding wheel; (b) #3000 grinding
wheel

nism. It also verifies that the variance of the po-
tential energy between silicon atoms is the most
important factor leading to the subsurface damage
of monocrystal silicon in grinding processes.

Fig. 10
(CMP) with monocrystal silicon and amorphous sili-

TEM photo of silicon wafer specimens

con

5 Conclusions

In summary,with the aid of the MD approach
and experiments, we have acquired the following
understandings of the depth of damage layers:

(1) A new concept:the depth of damage lay-
ers on atomic scale is examined, which is very im-
portant to the study of surface and subsurface
damage in nanometric machining.

(2) With the decrease of the cutting edge ra-
dius, the depth of the damage layers,the potential
energy between silicon atoms, and the grinding
force will decrease,and better surface and subsur-
face quality will be obtained.

(3) When the cut-depth gets deeper, the
depth of the damage layers, the potential energy
between silicon atoms and the grinding force in-
crease accordingly. This means the quality of the
surface and subsurface deteriorates.

(4) The depth of damage layers,the potential
energy between silicon atoms, and the grinding
force do not change much with increased grinding
speed. That is to say,increasing the grinding speed
properly does not affect the simulation accuracy.
On the contrary,it reduces the simulation time.

(5) The potential energy between silicon at-
oms varies with grinding force and has a decisive
effect on the surface and subsurface damage.
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