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al load on the three-body
abrasion behaviour of monocrystalline silicon with
ellipsoidal particle†

Junqin Shi, a Juan Chen,a Xinqi Wei,a Liang Fang, *a Kun Sun,*a Jiapeng Sunb

and Jing Han c

Currently, monocrystalline silicon has beenwidely applied inmicro-electro-mechanical systems (MEMSs). It

is of importance to reveal the wear behavior of the MEMS and evaluate the planarization of silicon surface in

chemical mechanical polishing (CMP). In this study, molecular dynamics simulation was used to investigate

the nano three-body abrasion of monocrystalline silicon with a diamond ellipsoidal particle sandwiched

between two silicon specimens. The normal load acting on the ellipsoidal particle was varied from 80 nN

to 240 nN. Results indicate that the movement pattern of the particle changes from rolling to sliding

when the normal load becomes greater than 160 nN. Using the criterion of particle movement pattern

by comparing the value of e/h and coefficient of friction, the particle movement pattern can be

accurately predicted. The evolution of force in the abrasion process depicts both friction force and

normal load fluctuations in sinusoid-like curve for the rolling ellipsoidal particles, whereas the front

cutting of particle results in an increase in the friction force, making it greater than the normal force for

sliding particles under high velocity. The plastic deformation of monocrystalline silicon is attributed to

the phase transformation, which is clearly impacted by the movement pattern of the particle. The rolling

of the particle causes substrate deformation with periodical inhomogeneous characteristics, while sliding

helps produce a high-quality surface and improves efficiency in the CMP process.
1. Introduction

With the rapid development of ultra-precision manufacture and
miniaturized components, micro-electro-mechanical systems
(MEMS) have broad applications in sensors, microelectronics,
miniaturized structures and photovoltaic industries. As the key
component of the MEMS, monocrystalline silicon (Si) has been
studied extensively in the recent past.1–3 It is notable that the
mechanical property of Si, particularly the relatively poor fric-
tion and wear behaviour, has a severe limitation on the integrity
and reliability of the surface and subsurface layers of MEMS.4,5

It has been indicated that during the wear process, the initial
adhesive wear, with the feature of blunt asperities, can trans-
form into abrasive wear due to the accumulation of wear debris
between the MEMS components. This nally results in the
failure of the MEMS devices.6,7 This abrasive wear pattern of
monocrystalline silicon should be accurately described by the
or of Materials, Xi'an Jiaotong University,

u.cn; sunkun@mail.xjtu.edu.cn

University, Nanjing 210098, China

eering, China University of Mining and

(ESI) available: The calculation of e/h

hemistry 2017
complicated three-body abrasion. The interaction of the abra-
sive particle with the silicon substrates determines the nature of
substrate deformation and the wear characteristics.

In addition, chemical mechanical polishing (CMP) tech-
nique incorporated in the MEMS fabrication process has been
proven to be a useful intermediate fabrication technique to
enable the modication of the surface roughness, waviness and
atness.8 During the CMP process, the slurry usually consists of
an aqueous solution with specic chemical properties along
with abrasive particles, which play a key role in material
removal. The abrasive particles are driven over the wafer surface
by the relative motion between the wafer and the pad. Micro-
scopic observations of polished surfaces indicated that the
mechanical effects of the slurry are caused due to repeated
sliding, rolling, or indentation of abrasive particles against the
wafer surface.8–10 Clearly, to deeply understand the abrasive
wear is of substantial importance to achieve well surface pla-
narization in the CMP process.

Recently, in situ experiments such as X-ray diffraction,
Raman spectroscopy and transmission electron microscopy
(TEM) have been performed to study the abrasive wear behav-
iour, particularly the three-body abrasion of monocrystalline
silicon.11–14 Trezona and Adachi et al.15,16 studied the depen-
dence of wear behaviour on the normal load and suggested that
the wear volume was proportional to normal load for three-body
RSC Adv., 2017, 7, 30929–30940 | 30929
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Fig. 1 The atomic model of three-body abrasion after the indentation
process along y-[010] direction.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
Ju

ne
 2

01
7.

 D
ow

nl
oa

de
d 

on
 6

/1
4/

20
26

 1
1:

48
:5

5 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
rolling and that the wear mechanism can transform from three-
body rolling to two-body grooving with an increase in load. Xie
and Bhushan17 conducted a research to understand the mech-
anism of material removal in the abrasive polishing process.
The results indicated that the abrasion increased with an
increase in contact pressure, while contact pressure had little
effect on the surface roughness. Fang et al.18 pointed out that an
increased normal load caused a change in the movement
pattern of abrasive particles and thereby resulted in different
wear behaviour in three-body abrasion. Furthermore, the
ellipsoidal particle was assumed to be the rst approximation to
simulate a real particle in three-body abrasion, and it is noted
that the normal load was a key factor to distinctly inuence the
movement pattern of the ellipsoidal particle.19 These results
help understand the effect of normal load on the three-body
abrasion in the wear process of MEMS.

In addition, the wear properties of monocrystalline silicon
have been extensively studied at the nanoscale by molecular
dynamics (MD) simulation. Zhang et al.20 simulated the amor-
phous phase transformation of monocrystalline silicon in two-
body and three-body abrasions. The amorphous trans-
formation at a relatively small load and the emergence of
nanometer twins at a large load were also conrmed by MD
simulations.21 Du et al.22 simulated the mechanical properties
and deformation mechanism of monocrystalline silicon with
the nanoindentation test. They found that Si-III and Si-XII
phases with fourfold coordination appeared during the
loading stage of nanoindentation process, while Si-II, Si-XII,
and amorphous phase were found beneath the indenter.
Furthermore, several simulated results showed that the Si-I
phase transformed into two types of body-centred-tetragonal
phases, i.e. b-Si and Bct5, with vefold coordination.23,24 Sun
et al.25 studied the nanoscale abrasive wear of monocrystalline
silicon with spherical particles and found a new phase trans-
formation route, i.e., an initial diamond cubic silicon turns into
high density amorphous phase beneath the moving particle and
then transforms into low density metastable amorphous phase
behind the particle in both two-body and three-body abrasions.
They also observed the rolling movement of the spherical
particle and concluded that a large elastic recovery prevented
the particle from sliding.26 Consequently, phase transformation
of monocrystalline silicon is still a research focus due to its
complexity and variability, particularly in the complicated CMP
process, and most of the simulations are simplied and even
neglect the effect of normal load on the abrasion behaviour.20–24

In this study, the effect of normal load on the movement
pattern of the particle, the interaction between the particle and
specimens, and the resultant phase transformation of mono-
crystalline silicon were implemented by large-scale MD simu-
lation. An ellipsoidal particle with an axial ratio of 0.50 was used
as the approximation for a real abrasive particle, and the normal
load varied from 80 nN to 240 nN. The degree of damage or
planarization of monocrystalline silicon surface was evaluated.
This study aimed to construct a more precise model to elucidate
the effect of normal load on wear properties and understand the
wear mechanism, which will be benecial to improve the reli-
ability and life-span of MEMS.
30930 | RSC Adv., 2017, 7, 30929–30940
2. Model and simulation details

MD simulations were conducted using the large-scale atomic/
molecular massively parallel simulator (LAMMPS).27 The sand-
wich model for three-body abrasion was constructed as shown
in Fig. 1. Both the upper and bottom silicon specimens con-
sisted of 292, 800 atoms with dimensions of 43.40 � 8.10 �
16.30 nm along x-[100], y-[010] and z-[001] directions. The
silicon atoms were initially arranged in a diamond cubic
structure with a constant lattice parameter of 0.5431 nm. The
silicon specimens were composed of three types of atoms:
boundary atoms, thermostat atoms and Newtonian atoms. The
boundary layer on the bottom specimen was xed to provide
structural stability. The thermostat atoms were kept at
a constant temperature of 300 K to mimic the heat dissipation
in real wear process. All the atoms in Newtonian layer in each
specimen were freely moved in accordance with the Newton
motion equations.

During the CMP process, ceria particles are usually added in
aqueous polishing solutions, in which ceria particles have
a higher hardness compared to monocrystalline silicon.28 It is,
therefore, acceptable that the ceria particles are assumed to be
rigid. In this research, the rigid diamond ellipsoidal particle,
with three semi-axes of 4.0 nm, 2.0 nm and 4.0 nm along the x-,
y-, and z-directions, was modelled to facilitate the simulation
process. The coordinates of each atom in the ellipsoidal particle
were initially formulated in Matlab soware according to the
perfect diamond structure with a lattice parameter of
0.35667 nm. Subsequently, the ellipsoidal particle was con-
structed and positioned between the two silicon specimens. To
address the effect of normal load on the movement pattern of
particles and wear behaviour of monocrystalline silicon, various
normal loads (80, 120, 160, 200 and 240 with unit of nN) were
adopted.

Interatomic forces between silicon atoms in the specimens
were depicted by Tersoff potential that provides the correct
cohesive energies for the different phases of silicon and has
been widely used to study the deformation behaviour of
silicon.29,30 Since the diamond particle was treated as a rigid
body, the interactions between carbon atoms were ignored. The
This journal is © The Royal Society of Chemistry 2017
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Fig. 3 Displacement of the upper specimen along y-[010] direction vs.
time and normal load. The ordinate value is just used to examine the
amplitude of curves, and the initial coordinates are the same value at
t ¼ 0 ps.
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interaction between silicon and diamond abrasive was modeled
by the widely used Morse potential:31

V(r) ¼ D(e�2a(r�r0) � 2e�a(r�r0)) (1)

where V(r) is a pair potential energy function, D is the cohesion
energy, a is the elastic modulus, and r and r0 are the instanta-
neous and equilibrium distance between two atoms, respec-
tively. The Morse potential parameters were given as D ¼
0.435 eV, a ¼ 4.6487 Å�1 and r0 ¼ 1.9475 Å.32–34

In the simulations, periodic boundary conditions were
applied in both x- and z-directions, but free boundary was set
along the y-direction. The equations of motion were integrated
with a velocity-Verlet algorithm with a time step of 1 fs. Initially,
the system was relaxed in the NVT ensemble with the Nose–
Hoover thermostat35,36 for 100 ps until the whole simulation
system reached equilibrium. Subsequently, the indentation
process was performed bymoving the upper specimen along the
y-[010] direction at different load while the bottom specimen
Fig. 2 Atomic instantaneous configurations with different normal load (a) 80 nN (at 0, 125, 250, 327.5 and 497.5 ps), (b) 120 nN (at 0, 136, 238,
330.5 and 409.5 ps), (c) 160 nN (at 0, 173, 270, 357 and 433 ps), (d) 200 nN (at 0, 150, 200, 250 and 300 ps), and (e) 240 nN (at 0, 150, 200, 250 and
300 ps). Atoms colour according to the centrosymmetry parameter, and green represents perfect diamond (Si-I) atoms. Themovement of upper
specimen and normal force along x- and y-directions, respectively.

This journal is © The Royal Society of Chemistry 2017 RSC Adv., 2017, 7, 30929–30940 | 30931
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was kept motionless. Aer a 50 ps relaxation, the upper spec-
imen moved horizontally along x-[100] orientation on the (010)
crystal plane at a constant velocity of 50 m s�1, but the bottom
specimen remained xed. The sliding of upper specimen lasted
for 1000 ps. During the indentation and sliding, all the simu-
lations were implemented in the NVE ensemble with the Lan-
gevin thermostat to maintain the temperature of the thermostat
layer at 300 K.
Fig. 4 Angular velocity of abrasive centre-of-mass vs. time at different

30932 | RSC Adv., 2017, 7, 30929–30940
3. Results and discussion
3.1 Movement pattern of the abrasive particle

The movement pattern of the abrasive particle is critical in
evaluating the wear of materials. In order to describe the
movement pattern of ellipsoidal particle, the atomic instanta-
neous congurations are displayed in Fig. 2. Herein, the semi-
major axis was labelled with a white dashed line to depict the
normal load.

This journal is © The Royal Society of Chemistry 2017
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Fig. 5 Atomic instantaneous configurations with different normal load (a) 120 nN (at 0, 250, 500, 750 and 1000 ps), (b) 200 nN (at 0, 250, 500,
750 and 1000 ps). Atomic colour is same as that in Fig. 2.

Fig. 6 Schematic of forces on an ellipsoidal particle in three-body
abrasion. A, B, and C are the contact points between the particle and
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particle motion. From Fig. 2(a) to (c), we nd that as the normal
load increases from 80 nN to 160 nN, the position of the marked
semi-major axis varies and the rotation angle between the semi-
major axis and x-direction varies from 0� to 180� with increasing
simulation time, indicating the rolling of the particle. When the
normal load is larger than 160 nN, the particle slides as shown
in Fig. 2(d) and (e). As a result, a particle bearing a larger load
shows a tendency to slide, which is much easier to groove
surface in three-body abrasion. Moreover, it becomes inter-
esting that the particle has a slight rolling movement with small
tilt angle at the initial stage and then slides till the end of
simulation process, as shown in Fig. 2(d) and (e).

In addition, the displacement of the upper specimen along y-
direction and the angular velocity of centre of particle were
extracted to quantitatively measure the particle movement as
shown in Fig. 3 and 4. In Fig. 3, the ordinate values are labelled
to examine the amplitude of curves. The coordinates are the
same value at t ¼ 0 ps because all the particles moved from the
same initial position. We can nd that the displacement–time
curves show sinusoidal curves but their amplitudes show less
evident change as the normal load increases from 80 nN to 160
nN. From Fig. 4(a) to (c), the angular velocity with positive value
validates the rolling of the ellipsoidal particle with the normal
load smaller than 200 nN, as shown in Fig. 2(a)–(c). In detail, the
angular velocity, presenting a uctuation, manifests the rolling
process of the particle, i.e., the increasing angular velocity
indicates that the particle falls down from the upright position
(that is the semi-major axis perpendicular to x axis) to lying at,
and vice versa. Particularly, for the particle bearing a normal
load of 160 nN, its angular velocity becomes very close to zero at
around 550–700 ps, indicating the particle's tendency to slide
over a period of time, which suggests that this load is close to
a critical value causing the change of particle movement pattern
from rolling to sliding. When the normal load is larger than 160
nN, the displacement–time curve of the upper specimen shows
a slight oscillation and then remains constant (Fig. 3), while the
angular velocity of the particle decreases from a nonzero value
to zero (Fig. 4(d) and (e)). This indicates that the small tilt angle
(about 12� and 8� for normal load 200 nN and 240 nN, respec-
tively) might be helpful for the sliding of particle initially.
This journal is © The Royal Society of Chemistry 2017
It is well known that the 50 ms�1 velocity of the upper
specimen is much higher than the experimentally relevant
velocities. In order to bring the simulated results closer to the
experimental results, two additional simulations were per-
formed under the upper specimen velocity of 5 m s�1. Fig. 5
shows the atomic instantaneous congurations at a normal
load of 120 nN and 200 nN. In Fig. 5(a), the particle shows an
unceasing rolling movement in the whole simulation process,
although its rotation is very slow. Contrarily, the particle
remains sliding aer an initial rolling as the normal load is 200
nN in Fig. 5(b), similar to that of the sliding movement in
Fig. 2(d) and (e). The results are further validated by the
displacement of the upper specimen and angular velocity in
Fig. S1 and S2 (ESI).† Therefore, the inuence of normal load on
the movement pattern of ellipsoidal particle is still tenable with
the decrease in the velocity of the upper specimen.

The prediction of the movement pattern of particle is critical
in determining the morphology of worn surface and thereby in
predicting the change of wear mechanism. The criterion for
movement pattern of particle has been established to quanti-
tatively characterize the correlation between theoretical and
experimental or simulated studies.18,37–39 Fig. 6 depicts the force
specimen surface.

RSC Adv., 2017, 7, 30929–30940 | 30933
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between the moving ellipsoidal particle and the bottom silicon
specimen. The interaction between the particle and the upper
specimen is omitted due to the system symmetry. Point S is
assumed to be a central contact point of distributed forces on
the particle surface, and point O, the centroid of the ellipsoidal
particle. This simpliedmodel has been reported by the present
authors.19,26 N and F are normal load and friction force acting on
Fig. 7 Coefficient of friction (m) and e/h value vs. time at different norm

30934 | RSC Adv., 2017, 7, 30929–30940
the particle by the surface of the specimen, and v represents the
movement direction of the upper specimen. Thus, based on the
force equilibrium correlation, the aforementioned criterion can
be described by the following formulas:18,19,37–39

e/h $ m (for sliding particle) (2)

e/h < m (for rolling particle) (3)
al load: (a) 80 nN, (b) 120 nN, (c) 160 nN, (d) 200 nN and (e) 240 nN.

This journal is © The Royal Society of Chemistry 2017
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Fig. 8 Average coefficient of friction (m) and e/h value at different
normal load.
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where m¼ F/N is the coefficient of friction, e and h represent the
distance between point S and the geometric centre of the
ellipsoidal particle (point O) along x- and y-direction,
respectively.

The coefficient of friction (m) was calculated from friction
force and normal load, and the e/h value was calculated from
the modied equation (see ESI†).19 During the calculation of the
e/h, the friction force and normal force were both assumed to be
equally distributed at the contact zone (that is ASBC area in
Fig. 6) between the particle and specimen surface. Fig. 7 pres-
ents the curves of e/h and coefficient of friction vs. the simulated
time. The e/h is clearly smaller than m but their difference seems
to reduce with the increased normal load for the rolling particle.
However, the opposite trend occurs for the sliding particle as
shown in Fig. 7(d) and (e). The average value of m and e/h, as
a function of normal load, was calculated and is shown in Fig. 8.
It is clear that both m and e/h increase with increasing normal
load, but e/h exceeds m when the normal load is larger than
about 185 nN. Therefore, based on the criterion of movement
pattern of particle, there exists a critical normal load (about 185
nN) for ellipsoidal particle with certain moving conditions in
three-body abrasion. When the normal load begins with a small
value and then increases to pass over this critical value, the
particle movement changes from rolling to sliding.

3.2 Evolution of friction force and normal force

It is well known that the particle movement is controlled by the
friction force and normal force. Therefore, the analysis of the two
forces, as driving and resistant forces, is necessary to predict the
movement pattern of the ellipsoidal particle. Fig. 9 shows the
evolution of friction force and normal force. For the rolling
process of ellipsoidal particles as shown in Fig. 9(a)–(c), both
friction force and normal force display uctuation, approximately
in a sinusoid-like curve. The periodical change of force corre-
sponds to the different stages of the particle rolling. When the
ellipsoidal particle falls down from upright position, the normal
force decreases faster than friction force, and sometimes the
normal force turns to a negative value due to interatomic
This journal is © The Royal Society of Chemistry 2017
attractive force. Friction force is the driving force and normal
force is the resistant force whether the particle is in the rising or
falling stage during rolling. Thus, it can be seen that the period of
force–time curve is smaller for friction force than that for normal
force, particularly in the rst half of the period, which suggests
that the change of friction force occurs prior to the normal force.
For the sliding particles in Fig. 9(d) and (e), the friction force
increases rapidly and then maintains a dynamic equilibrium,
while the normal force displays an evident uctuation at the early
movement stage and nally remains constant. This uctuation of
normal force reects on the initial rolling of particle as shown in
Fig. 2(d) and (e). It is also notable that as the front portion of
ellipsoidal particle cuts the specimen surface, large quantities of
Si atoms accumulate in the front of the particle (see Fig. 2(d) and
(e)), which increases friction force substantially. Hence, the fric-
tion force increases signicantly and even becomes greater than
the normal force, as shown in Fig. 9(d) and (e).

Furthermore, for the 5 m s�1 velocity of upper specimen,
although the movement pattern of ellipsoidal particle changes
from rolling to sliding as the normal load increases from 120 nN
to 200 nN, the force evolution shows the same trend. Namely,
the friction force increases from zero and then remains
constant, while the normal force remains constant with an
increase in time, as shown in Fig. S3 (ESI).† This, different from
the cases under high velocity as shown in Fig. 9, is because the
low velocity leads to a steadier movement of the particle.

By analysing the moving process of the particle, we consid-
ered that there is a critical angle between semi-major axis and x-
direction, which changes with a change in normal load. If the
initial rolling of the particle passes over the critical angle, it will
continue to roll rather than begin to slide. Consequently, in
a short period of time, friction force moves towards zero, while
the normal force changes from repulsion to attraction, as
shown in Fig. 9(a)–(c). This indicates that the normal load can
induce a change in the interactive force between the particle
and the monocrystalline silicon specimens and thereby affect
the movement pattern.
3.3 Phase transformation of monocrystalline silicon

Combining experiments with MD simulations, it is notable that
the plastic deformation of silicon determined by dislocation or
phase transformation depends on the shape and dimension of
silicon.40 At the same time, the wear mechanisms of materials
are commonly composed of ploughing and cutting at the
macroscale.25 Now, the wear or plastic deformation mechanism
of monocrystalline silicon at nanoscale becomes interesting
and complicated due to the varying external load. In the whole
simulation process, ve phases (Si-I, Si-II, Si-III, Si-XII and Bct5)
were observed as reported in the experiment and simula-
tions.21,26,41,42 The coordination number (CN) analysis and dia-
mond structure identication were adopted to identify different
phases.

In the three-body abrasion process as shown in Fig. 2, the
phase transformation of monocrystalline silicon varies at
different moving stages for the ellipsoidal particle. Particularly,
when the ellipsoidal particle rolls at the upright position the
RSC Adv., 2017, 7, 30929–30940 | 30935
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Fig. 9 Friction force and normal force vs. time at different normal load: (a) 80 nN, (b) 120 nN, (c) 160 nN, (d) 200 nN and (e) 240 nN. Black line
represents friction force, blue line represents normal force, white and red lines are the fitness.
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phase transformation becomes larger in quantity than that
while lying at. On the contrary, the phase transformation
(occurring around particle) induced by particles with sliding
movement shows much less change in quantity during the
sliding processes. In order to deeply compare the phase distri-
butions of monocrystalline silicon aer the rolling or sliding of
30936 | RSC Adv., 2017, 7, 30929–30940
particles, the snapshots of atomic congurations were observed
and are exhibited in Fig. 10 and 11 for the particle with normal
load 120 nN and 240 nN, respectively. For clarity, four regions,
i.e. initial indentation region, scratched region, particle occu-
pying region and cutting region, were labelled to identify the
phase distribution.
This journal is © The Royal Society of Chemistry 2017
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Fig. 10 Cross-section view of phase distribution induced by rolling of particle with normal load 120 nN. T1 corresponds to the central position of
indentation, T2–T4 correspond to different positions during particle rolling. (Top) View from z direction; (middle and bottom) view from x
direction. Colour code: red, Si-II; blue, Bct5; purple, Si-III/Si-XII; green, Si-I; yellow, surface atoms.

Fig. 11 Cross-section view of phase distribution induced by sliding of particle with normal load 240 nN. T1 corresponds to the central position of
indentation, T2–T4 correspond to different positions during particle sliding. (Top) View from z direction; (middle and bottom) view from x
direction. Atomic colour is same as that in Fig. 10.

This journal is © The Royal Society of Chemistry 2017 RSC Adv., 2017, 7, 30929–30940 | 30937
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Fig. 12 Number difference of the transformation atoms induced by
indentation to the remaining atoms at the instant of 20 ps from the
particle starting to move.

Fig. 13 Total number of remaining transformation atoms in the

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
Ju

ne
 2

01
7.

 D
ow

nl
oa

de
d 

on
 6

/1
4/

20
26

 1
1:

48
:5

5 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
In the initial indentation region (T1), the Si-II phase with six-
fold coordination and the Bct5 phase with vefold coordination
appear interactively beneath the particle; some surface atoms
(Si-I phase) appear beneath the particle and separate the Si-II
and Bct5 atoms, and the Si-III/Si-XII phase with four-fold
coordination transformed by the initial diamond cubic struc-
ture appears in a deeper position. As shown in the snapshot of
T1 region in Fig. 10 and 11, aer the particle moves away from
the indentation region, almost all the Si-II and Si-III/Si-XII
atoms and most of Bct5 atoms vanish and transform into the
original Si-I atoms. The phase transformation occurring aer
the departure of the particle is also probed by examining the
atom number difference as shown in Fig. 12. Within a period of
time of 20 ps aer the particle starts to move off, the difference
between both transformational Si-II and Bct5 atoms is less than
zero, whereas that of Si-III/Si-XII is greater than zero, which
means that a part of Si-II and Bct5 atoms transforms into Si-III/
Si-XII atoms rather than Si-I atoms. A similar result was re-
ported by Lin et al.,43 in which the Si-I phase transforms into Si-
II phase under a load, and Si-II undergoes further phase
transformation to a mixed-phase of Si-III and Si-XII at a low
unloading rate, while it transforms into the Si-I phase at a rapid
unloading rate.

Clearly, the phase transformation in three-body abrasion
differs from the phase transformation induced by indentation
process.26 The effect of particle movement pattern on the phase
transformation of monocrystalline silicon is predominant in
the scratched region. With respect to the particle rolling, the
deformation of specimens has a clear difference at different
rolling stages and exhibits a periodical property, for instance,
the depth of deformed region and the number of deformed
atoms for the upright position (see T2 region in Fig. 10) of the
ellipsoidal particle are much larger than that for the particle
lying at (see region between T3 and T4 in Fig. 10). On the
contrary, the deformation of specimens for the sliding particle
is nearly homogeneous in the entire scratched region as shown
in Fig. 11. During moving process, sliding particle cuts or
30938 | RSC Adv., 2017, 7, 30929–30940
ploughs the substrates, resulting in more atoms being accu-
mulated at the front but much lesser number of atoms deform
beneath the particle, compared with the rolling particle. The
phase transformation processes of deformed region (T2),
evolving with time aer particle starts to move off, are displayed
at the bottom of Fig. 10 and 11. It can be seen that the volume
decrement of the deformed region, where particle holds upright
position for rolling particle with normal load 120 nN, is smaller
than that for sliding particle with normal load 240 nN aer the
evolution of 100 ps, but the deformed volume for both of them
shows unobvious change with an increase in the evolution time.
Furthermore, aer the initial abrasion, a fraction of Bct5 and Si-
II atoms transform into Si-I or Si-III/Si-XII atoms, while the
other Si-II and Bct5 atoms are still retained for the rolling
particle as shown in Fig. 10. However, for the sliding particle,
most of Si-II and Bct5 atoms transform to Si-I atoms, while
several layers of Si-III/Si-XII atoms remain in the scratched
region due to the release in pressure, as shown in Fig. 11.

All these results indicate that the sliding particle creates
more homogenous surface structure than the rolling particle,
which causes periodical damage to the specimen surfaces.
Clearly, the normal load acting either during indentation
process or abrasion process has a signicant inuence on the
plastic deformation of monocrystalline silicon.
4. Damage evaluation of
monocrystalline silicon

It is of great importance to evaluate the degree of damage or
planarization of monocrystalline silicon surface/subsurface in
the CMP process. The damage induced by phase transformation
is dramatically affected by normal load. For rolling particles, the
total number of phase transformation atoms during abrasion
and the number of remaining transformation atoms (as shown
in Fig. 13) in the scratched region increase with the normal
load. Moreover, Fig. 10 demonstrates that the deformation of
monocrystalline silicon exhibits a clear periodicity, namely, the
number of phase transformation atoms and the depth of
scratched region.

This journal is © The Royal Society of Chemistry 2017
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deformed region for ellipsoidal particle in upright position are
greater than that in the lying at state. This indicates that with
the increase of normal load, the rolling prominently damages
the specimens. However, the effects of normal load on the
number of phase transformation atoms, as shown in Fig. 13,
and the depth of deformed region are much smaller for sliding
particles, and the degree of damage of the specimens is nearly
homogeneous in the entire scratched region (see Fig. 11).
Consequently, with regard to plastic deformation reected by
phase transformation, the rolling of ellipsoidal particle results
in larger damage to monocrystalline silicon compared to the
sliding particle. Therefore, we concluded that the sliding
movement of ellipsoidal particle in abrasion process is more
helpful in producing high-quality surface of silicon wafer and
improving the polishing efficiency in CMP process.

5. Conclusions

A large-scale MD simulation was carried out to study the
inuence of normal load on the abrasive movement pattern in
three-body abrasion of monocrystalline silicon. Firstly, the
particle movement properties were analysed. The results indi-
cate that the particle rolls when the normal load increases from
80 nN to 160 nN under the constant driving force of upper
specimen, and the particle bearing a larger load has a tendency
to change from rolling to sliding during rolling process, which
is much easier to groove the specimen surface in three-body
abrasion. When the normal load is larger than the critical
load of 185 nN, the particle slides with rolling for a short time
initially during the simulation process. Using the criterion of
movement pattern, the movement pattern of the particle can be
predicted by comparing the value of e/h and coefficient of fric-
tion. Second, the evolution of force in the abrasion process
shows that both friction force and normal force keep uctuating
approximately in sinusoid-like curve for the rolling ellipsoidal
particles under high moving velocity. When the ellipsoidal
particle falls down from upright position, the friction force
moves towards zero, while the normal force changes from
repulsion to attraction. For the sliding particles, the front
cutting of the particle causes the accumulation of large quan-
tities of Si atoms, resulting in a signicant increase in the
friction force, which becomes greater than the normal force.
Furthermore, as the velocity of upper specimen is down to 5 m
s�1 closer to experimental conditions, the movement pattern of
particle still changes from rolling to sliding with the normal
load increasing from 120 nN to 200 nN, and the motion of the
particle becomes steadier. Third, the phase transformation of
monocrystalline silicon was found to be impacted clearly by the
movement pattern of the particle. In the initial indentation
region, a part of Si-II and Bct5 atoms transform into Si-III/Si-XII
atoms rather than Si-I atoms at the early 20 ps aer the particle
starts to move off. In the moving region, the particle rolling
causes specimen deformation with a periodical and inhomo-
geneous property, while the deformation for the sliding particle
is nearly homogeneous. Aer three-body abrasion, a fraction of
Bct5 and Si-II atoms transforms into Si-I or Si-III/Si-XII atoms,
while the other Si-II and Bct5 atoms are still retained for the
This journal is © The Royal Society of Chemistry 2017
rolling particle. For the sliding particle, most of Si-II and Bct5
atoms transform to Si-I atoms, while several layers of Si-III/Si-
XII atoms remain in the scratched region due to the release in
pressure. Finally, the degree of damage or planarization of
monocrystalline silicon was evaluated. The sliding movement
caused by large normal load is more helpful to produce high-
quality surface as compared to the rolling. The signicant
results will be benecial in evaluating the effect of normal load
acting on ellipsoidal particle and thereby in improving the
polishing efficiency in CMP process. In addition, the moisture,
as an important factor, plays a critical role in the polishing
process by altering the friction and wear environment in both
chemical and physical perspectives. Therefore, we will perform
additional simulations, constructing a more real CMP envi-
ronment, to obtain a deeper understanding of the effect of water
on the friction and wear behaviour of silicon surface at
nanoscale.
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