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Abstract: 

Demand of polished silicon wafer has increased significantly in the recent years to cater the 

development of the semiconductor industry. For example, polished silicon wafer has direct 

applications in integrated circuits, radio frequency amplifiers, micro-processors, micro-

electromechanical systems, etc. To carry out mechanical polishing, lapping, grinding or single 

point diamond turning of silicon, diamond abrasive has been used extensively before 

implementation of chemo-mechanical polishing. During the diamond based polishing, few 

problems have already been identified such as formation of amorphous phase, heat affected 

zones, low material removal, etc. Some research works have also reported that nano-structured 

abrasive leads to thin layer of the amorphous phase and better material removal rate. In the 

same direction, a molecular dynamics simulation is carried out in this paper to investigate the 

mechanism of material removal from monocrystalline silicon during the diamond abrasive 

based polishing process. The present work is mainly focused on the dynamics of material 

removal phenomenon near the abrasive particles at nanometric scale by considering stress, 

lattice, cohesive energy, etc. This reveals that higher value of indentation force results in the 

surface buckling which creates a zone of both compressive as well as tensile stresses, which 

increases coordination number and forms β-silicon just ahead of abrasive particle. This 

mechanism happens by developing β-silicon phase on the surface with thickness beyond a 

certain value of indentation force on the zone of compression. Buckling on this phase happens 

due to stress localisation in compression as the flow stress of this phase is lesser than diamond 

cubic lattices. To avoid the mechanism of surface buckling and process silicon material on the 

surface, the indentation force needs to be maintained below a critical value. In the present case, 

it was found that the indentation force less than or equal to 190 nN for the abrasive size of 

ϕ8nm does the material removal by surface processing only without surface buckling. It was 

also found that the surface processing helps to reduce the depth of amorphous layer 

significantly without compromising the material removal rate and without generation of wavy 

surface. Thus, the present mechanism will help in polishing of silicon with minimum defects 

and reducing processing time for final stage of polishing towards manufacturing ultra-smooth 

and planer surface.  
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Introduction 

In the present era of advanced technology for semiconductor industry, fabrication with high 

spatial resolution helps to build high density devices. To carry out such type of nanofabrication, 

silicon surface needs to be made with ultra-smooth surface in terms of high surface finish and 

planarization which is possible with the help of chemical mechanical polishing (CMP) process 

[1]. In the recent development of CMP towards ultra-precision polishing, various 

advancements are being carried out. For example, environment friendly additives have been 

investigated such as sorbitol, gluconic acid, citric acid, and ammonium citrate within the 

polishing slurry for better material removal rate [2]. Furthermore, potassium ions have been 

employed in the polishing slurry to improve the material removal rate by 53.42 % under the 

presence of monodisperse alkaline colloidal silica, organic/inorganic acids and inorganic salts 

[3]. The development in CMP technology has increased the usage and application of silicon 

for electronic devices, industrial automation, computer systems, and precision optics more 

frequently [4,5]. As far as processing of silicon material for nanofabrication is concerned, there 

are many technologies. But only few of them are used to build initial shape or platform for 

fabrication. These technologies are known as wire-EDM, mechanical polishing, diamond 

turning, chemo mechanical polishing etc. towards making silicon wafer. While processing 

silicon with these techniques, there is a great chance about the formation of subsurface damage 

and cracks when process parameters are not selected properly, and removal of these damages 

becomes difficult [6]. Yana et al. [7] have carried out molecular dynamics simulation to study 

the effect of the diamond tip orientation with scratching direction while nanomachining or 

scratching of monocrystalline silicon. It was reported that the change of the contact due to the 

tip orientation and scratching direction affects the scratching forces significantly. During 

scratching, the normal force was found more sensitive with respect to the tangential forces. The 

tip orientation also affects the plastic deformation of silicon material. As far as stress 

distribution is concerned, it is mainly related with the geometry of the diamond tip. This stress 

further introduces the phase transition zone. Thus, the tip orientation affects the distribution of 

induced amorphous silicon atoms. For example, larger tilt angle of the tip with face-based 

scratching directions leads to induce more amount of damage during the scratching. Another 

study was conducted by Nguyena and Fang to investigate the effect of sliding, rolling and 

oscillating motion of diamond abrasive particles to establish nanotribology properties of a 

diamond abrasive against a silicon substrate [8]. Various parameters were studied for material 

removal characteristics such as abrasive size, sliding velocity, depths of polishing, rolling 

velocity, rolling direction, oscillating amplitude and oscillating frequency. Based on this study, 

it was observed that the rolling mechanism leads to high material removal rate, whereas, the 

oscillating mechanism helps in reducing height of asperity and minimise it. Therefore, the 

oscillating motion of diamond abrasive has significant contribution for wiping out the asperity 

atoms from the surface of monocrystalline. However, the oscillating motion with high 

amplitude and a low frequency leads to surface defects on the flat surface of silicon. Ranjan et 

al. [9] reported the material removal mechanism on aluminium and silicon during mechanical 

polishing and it was observed that the nanometric polishing with diamond abrasives does 

abrasion with the mechanism of adhesion de-bonding in which silicon forms non-crystalline 

debris. When polishing of both materials were compared, it was found that the potential energy 



of silicon increases tremendously which indicates to form highly unstable surface in terms of 

physical as well as chemical stability. Another study on the mechanical polishing of 

monocrystalline silicon shows the phase transformation occurs due to high temperature as well 

as excessive value of hydrostatic pressure, which further results the transformation of silicon 

microstructure from the diamond cubic to the six-coordinated body-centered tetragonal 

structure or β-silicon phase [10]. Zhu et al. [11] investigated ductile mode machining (which 

is brittle to ductile transition during machining) of monocrystalline silicon during diamond tool 

elliptical vibration-assisted nanocutting (EVANC) and traditional nanocutting process via 

molecular dynamic simulations. EVANC induces smaller zone of stress-affected region which 

leads a thinner phase transformation layer as compared with the traditional nanocutting. This 

helps to achieve better surface finish and higher material. In EVANC, the machining forces are 

relatively lower because of the change in the brittle to ductile transition which also helps to 

reduce the tool wear. Another study about the ductile cutting was carried out using a 

nanostructured diamond tool on a single crystal silicon through molecular dynamic simulations 

[12]. The material removal behavior was studied by considering the parameters of groove 

direction, depth, width, factor, etc. It was found that the groove orientation of 60 degree helps 

to reduce cutting force up to minimum value which results in decrease of the induced cutting 

heat more β-silicon phase, less von-Mises stress and hydrostatic stress. On other hand, smaller 

groove orientation, groove depth and groove width, and larger groove factor yield cutting 

through ductile mode with high material removal rate. The study of this work is somewhat 

similar with EVANC as the nanostructured tool does intermittent contact what EVANC does. 

For mechanical polishing, similar concept of the ductile mode machining was also 

implemented using nano-structured diamond abrasives on single-crystal silicon using 

molecular dynamics simulation [13]. Obviously, the analysis reports that the nano-structured 

abrasive helps to polish silicon with lower forces, thinner subsurface damage layer, lower 

hydrostatic stresses, lower defect atom numbers, and less compressive normal stresses. Effect 

of relative tool sharpness (RTS) which is directly related with the depth of uncut chip thickness, 

on subsurface damage and material recovery was studied using diamond tool based cutting of 

mono-crystalline silicon at molecular scale [14]. It was observed that higher RTS induces 

subsurface damage layer in serration form due to stick-slip phenomenon. Depth of the serration 

is directly related to the value of RTS without affecting its frequency. Progression of nano-

cracks in single-crystal silicon is investigated during ultra-precision mechanical polishing at 

atomic scale [15]. It was noticed that initial cracks of a defective material get closed instead of 

its expansion during mechanical polishing process. The mechanism of the crack closure is due 

to the coordinated displacement of atoms followed by the phase transformation filling of atoms 

in the crack zones. After the crack closure, there is significant changes in the coordination 

number of silicon atoms. Moreover, it is also reported that this effect of the crack closure is 

achieved more efficiently at temperature of 600 K. 

Based on the studies reported on diamond based polishing or machining, few problems have 

already been identified such as formation of amorphous phase, heat affected zones, low 

material removal, etc. Some research works have also reported that the intermittent contact 

between tool and workpiece helps to thin down the layer of the amorphous phase and efficient 

material removal [11–13]. However, there is a dearth of work reported for the mechanism of 



surface and sub-surface damages, material removal and generation of defect-less surface during 

conventional polishing process of silicon. As far as experimental studies through atomic force 

microscope, electron microscope, X-ray photospectroscope, etc. are concerned, it is impossible 

to investigate the mechanism of any polishing process at pico-second, nano-second and 

nanometric scale. However, molecular dynamics simulation (MDS) with Tersoff pair-potential 

has already validated in literature [16,17]. Hence, a molecular dynamics simulation is carried 

out to investigate the mechanism of material removal from the monocrystalline silicon using 

diamond abrasive based polishing. In this paper, stress distribution and phase transformation 

are studied towards formulating the mechanism of material removal for polishing of silicon 

with minimum defects of ultra-precision manufacturing to improve understanding of material 

removal during, CMP, single point diamond turning, diamond grinding, lapping etc. 

Molecular Dynamics Simulation 

In this section, details of molecular dynamics simulation (MDS) are presented and discussed.  

Parameters of the simulation is shown in Table 1. During the simulation, few assumptions were 

used such as spherical shape of abrasive, flat workpiece, thermostat atoms for heat conduction 

within workpiece, damping force for fluid viscous force, periodic boundary conditions along 

X-axis and Y-axis, shrink boundary condition along Z-axis, and interaction zone without any 

other chemicals. 

Table 1: Parameters of molecular dynamics simulation. 

S.N. Parameters Value 

1.  Workpiece material Monocrystalline silicon with surface of (001) plane  

2.  Fixed base of workpiece  27.2 nm x 10.9 nm x 0.54 nm 

3.  Thermostat region of workpiece A block of 27.2 nm x 10.9 nm x 3.0 nm 

4.  Newtonian region of workpiece A block of 27.2 nm x 10.9 nm x 7.3 nm 

5.  Lattice structure of workpiece Diamond cubic with Lattice constant =0.5432 nm  

6.  Number of atoms on workpiece 1,62,000 

7.  Abrasive particles Mono-crystalline Diamond (C) 

8.  Size of abrasive particle ϕ8nm with 47337 atoms 

9.  Lattice structure of abrasive Diamond cubic (DC) with lattice constant =0.357 nm 

10.  Polishing force Fx=3.8 μN  and Fz=95 nN to 757 nN 

11.  Time step 0.25 fs  

12.  Simulation time 56 ps 

13.  Viscous damping on abrasive 1.8x10-8 gm/s 

14.  Boundary X: periodic, Y: periodic, Z: shrink 

 

The MDS model to carry out the polishing process on silicon workpiece is shown in Fig.1 in 

which two type of forces are applied on the abrasive particle. Here, Fx belongs to the abrasion 

force along X-axis and Fz is the indentation force. This indention force is applied opposite to 

the Z-axis as shown in Fig.1. In general, polishing pressure for chemo-mechanical polishing 

becomes 30 kPa-0.2 MPa and the size of diamond abrasives are in order of sub-microns to few 

microns. Hence, Fz is calculated based on the diameter of diamond abrasive for 2 μm and 

pressure in the range of 30 kPa-0.2 MPa. Thus, effect of indentation force on polishing is aimed 



by varying Fz (Fz is multiplication of polishing pressure and projected area of abrasive) with 

four different level of 95 nN, 190 nN, 379 nN and 757 nN. In the present molecular study work, 

abrasive size is taken very small to minimise the computation time. The smaller abrasive may 

lead to get lodged on the workpiece if Fx is not sufficiently high. Hence, Fx is kept at least one 

order higher than Fz and due to this Fx is set to 3.8 μN. When an abrasive particle movement 

is allowed to travel under specified forces then the abrasive particle rolls instead of sliding 

which is a pure imitation of a polishing process. In general, polishing through lapping or 

chemo-mechanical polishing, water is used as a polishing medium due to its excellent thermal 

conductivity and chemical attributes to interact with polishing materials. In view of this, the 

present work tries to simulate the effect of water medium on the entire system by imposing the 

thermal and damping attributes of water instead to direct modelling of water molecule as 

presented in Table 1. For temperature control, the thermostat atoms are maintained at 300K by 

assuming that ambient and polishing slurry temperature is at room temperature of 300K. 

 

 

 
Fig. 1. MDS model for polishing of silicon using diamond abrasive. 

Velocity and position of the Newtonian atoms of Fig.1 are governed by Newton’s second law 

of motion and fixed base atoms are frozen i.e. zero velocity. Velocity and position were 

calculated by the direct integration of the classical Hamiltonian equations of motion using the 

Velocity-Verlet algorithm. The polishing process was simulated under the statistical ensemble 

of constant micro-canonical ensemble (NVE) which consists of a constant number of atoms 

(N), the system's volume (V) and the total energy in the system (E) excluding the heat 

dissipation from the thermostat region of workpiece as the thermostat region is included to 

imitate the effect of heat conduction due to the presence of water. 

To model and simulate diamond cubic of silicon and carbon, Tersoff potential is used on 

analytic bond-order potential (ABOP) derived interaction on Si-Si, C-C, and Si-C.  The Tersoff 

potential has capability for 3-body interaction with attractive Morse potential, short range 

repulsive potential, bond-order, and bond angle information as expressed in Eq.1. 

Diamond 

abrasive 

Fz 



E =
1

2
∑ fc(rij)

i>j

[VR(rij) + bijVA(rij)] (1) 

Where ‘E’ is the Tersoff potential which is combination of pairwise repulsive (VR) and 

attractive (VA) contributions in an explicit manner to fit ABOP derived potential. ‘fc’ indicates 

the thermal vibration attributes of the potential well phenomenon. Thus, this potential exhibits 

repulsion force when gap between atoms becomes less than the equilibrium gap. In case of 

larger gap, attractive force dominates with respect to the orientation as modelled by b ij in Eq.1. 

VR(r) = Ae(−λ1r); 
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Where, i, j, and k are the atomic labels, rij is the bond length between the atoms i and j, and θijk 

is the bond angle between the ij and ik bonds. ‘bij’ is known as bond order, and g(θ) is known 

as angular momentum. The cut off function (fc) is defined as follows. 

fc(r) = {

1                                                 r < R + D
0                                                 r > R + D
1

2
−

1

2
sin (

π

2

r − R

D
)           |R − r| ≤ D

 

Where, ‘R’ and ‘D’ represent the position and the width of the cutoff region respectively.  

The Tersoff potential parameters are listed in Table 2. 

Table 2: Potential function parameters for Si-Si, C-C and Si-C interactions [16,17]. Where m, γ and λ3 (Å
-1) 

were set constant with the value of 3, 1 and 0 respectively. 

Pairs c d Cosθ0 n beta λ2  

(Å-1) 

B R D λ1  

(Å-1) 

A 

C-C-C 38049 4.3484 -0.57058 0.72751 1.57E-07 2.2119 346.7 1.95 0.15 3.4879 1393.6 

Si-Si-

Si 

100390 16.217 -0.59825 0.78734 1.1E-06 1.73222 471.18 2.85 0.15 2.4799 1830.8 

Si-Si-C 100390 16.217 -0.59825 0 0 0 0 2.36 0.15 0 0 

Si-C-C 100390 16.217 -0.59825 0.78734 1.1E-06 1.97205 395.126 2.36 0.15 2.9839 1597.311 

C-Si-Si 38049 4.3484 -0.57058 0.72751 1.57E-07 1.97205 395.126 2.36 0.15 2.9839 1597.311 

C-Si-C 38049 4.3484 -0.57058 0 0 0 0 1.95 0.15 0 0 

C-C-Si 38049 4.3484 -0.57058 0 0 0 0 2.36 0.15 0 0 

Si-C-Si 100390 16.217 -0.59825 0 0 0 0 2.85 0.15 0 0 

 

To ensure better accuracy of the result, smallest time step in the scale of femtosecond (fs) is 

recommended during MDS [18]. However, lesser time step also increases the computation 

effort. Hence, the time step of 0.25 fs was set for the present study. The abrasive particle was 

allowed to move under influence of an external force and viscous damping. In the present work, 

LAMMPS software [19] has been used to perform a series of simulations as per the Table 1. 

To visualize the result of the simulation, OVITO software [20] is used, and further analysis is 

performed using post processing on the output data of the simulation.  



Equilibration of MDS Model 

Before running the actual dynamics of simulation, it is better to equilibrate the entire model to 

optimise the position of all atoms. It helps to place all atoms in a well-defined equilibrium 

positions, and by this technique, cohesive energy of materials gets stabilized and becomes 

constant with time during MD simulation. In this work, equilibration was carried out in two 

stages. The first stage was used to obtain optimum lattice size of both abrasive as well as 

workpiece. In the second stage, velocity of all atoms except fixed atoms was set to the 

equivalent thermal atoms of 300 K. Subsequently, temperature was rescaled for every 5 steps 

of simulation under NVE ensemble up to 4000 steps or total time of 1 ps. 

a) Lattice optimisation of Silicon 

 

b) Lattice optimisation of Diamond 

 
Fig.2: Lattice optimization with respect to cohesive energy (a) for Silicon and (b) diamond. 

During the lattice optimisation, zero external pressure was applied to the lattice box by using 

the technique of energy minimization. This energy minimisation simulation was performed 

with the maximum change in volume of 0.001 % of the box under the conjugate gradient 

algorithm. It was observed that stress or pressure on the box becomes zero and cohesive energy 

gets minimised as shown in Figs.2(a-b). This result yields the optimum lattice constant of 

5.4321 Å on Silicon and 3.5658 Å on Diamond. 

Furthermore, these lattice constants were used to build the MDS model for the second stage of 

equilibration to minimise cohesive energy for both abrasive particle and workpiece as 

presented in Fig.3 (a-b). It is noticed that the cohesive energy of both gets quickly stabilizes 

with small fluctuation, and the reason might be due to the implementation of optimised lattice 

while building the model. The equilibrated condition has further been used for actual MD 

simulation and the same is presented in the next section of this paper. 

a) MDS model optimisation of Silicon workpiece 

 

a) MDS model optimisation of Diamond abrasive 

 
Fig.3: Variation of cohesive energy with time step for (a) workpiece, (b) abrasive particle 



Methods of Analysis 

Atomistic stress: Interaction between atoms of abrasive and workpiece leads to stresses for 

deforming material. In general, virial stress [21] is used to compute stress on individual atoms. 

From the analysis point of view, von-Mises stress [22] has also been computed which tells 

about equivalent stress on a specific atom instead of having a set of stress matrix.   

Common neighbor analysis: Structure analysis is an essential aspect to characterize 

arrangement of atoms for discriminating diamond cubic (DC) and amorphous structures 

through adaptive common neighbor analysis method [20]. 

Coordination analysis: This technique is used to compute number of neighbor atoms 

corresponding to a specified atom provided they are within a given cutoff radius (rc). This 

computed number is called as coordination number to the specific atom. This analysis is also 

extended to study about radial distribution function which describes how density varies as a 

function of distance from the specified atom, and it also characterizes the ‘order degree’ of a 

cluster of atoms in silicon workpiece as far as lattice information is concerned. This analysis 

tool is used to characterize phase transformation, if any in workpiece during the polishing 

process. 

Radial distribution function (RDF): The radial distribution function (RDF) is an analysis tool 

which is typically used to illustrate the atom’s ‘order degree’ of a specified domain. To evaluate 

the ‘order degree’ of the workpiece during the polishing, the calculation of RDF at different 

steps is carried out as per Eq.2.  

g(r) =
ρr(4πr2)dr

ρr
id(4πr2)dr

 (2) 

Where, ‘r’ is radius of a spherical shell with thickness equal to ‘dr’. ‘dr’ is comparable with 

atom diameter. ‘ρr’ and ‘ρr
id’ are number density of atoms in actual system and ideal gas 

respectively. 

Results and discussions 

Stress at atomistic level is analysed for Virial as well as von-Mises and the same are presented 

in Figs.4(a-d) for higher indentation force which is 757 nN. Fig.4(a) shows that there will be 

almost zero stress initially as the external force is not applied on workpiece. During indentation 

time, abrasive starts applying indentation up to the assigned value of Fz, e.g., 757 nN is this 

case. Due to this indentation, compressive stress builds along X-axis or lateral direction as 

shown in Fig.4(b). Whereas, a combination of both tensile as well as compressive stresses 

induces along indentation or Z-axis as shown in Fig.4(c). This type of tensile and compressive 

stresses build based on the type of deformation as shown there itself. When abrasive indents, 

workpiece atoms beneath the abrasive gets movement along X-axis and it tries to generate 

compression and due to this compressive stress builds. At the same instance, atoms also try to 

move from lower portion of abrasive to the surface of workpiece to minimise its own potential 



energy, which further induces a pulling force nearby the bottom point of abrasive and a pattern 

of tensile and compressive stresses builds.  

 

   
Fig.4: Atomistic stress during indentation with Fz=757 nN. (a) Virial atomistic stress before initial contact.  (b) 

Virial stress along lateral direction during indentation.  (c) Virial stress along indentation direction during 

indentation. (d) von-Mises stress during indentation. 

When equivalent stress or von-Mises stress was evaluated to understand the zone of stressed 

region, it was observed that a typical shape is made which also indicates that the stress gets 

localised and it tries to spread along lateral direction instead of indentation as shown in 

Fig.4(d).  

 

  
Fig.5: Atomistic Virial stress during polishing with Fz=757 nN. (a) Atomistic stress along lateral direction. (b) 

Atomistic stress along indentation direction with the mechanism of surface buckling.  
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Fig.6: Atomistic stress during polishing with Fz=95 nN. (a) von-Mises stress during indentation. (b) Virial stress 

at the start of polishing along lateral direction. (c) Virial stress at the start of polishing along indentation direction. 

(d) Virial stress after polishing along lateral direction. (e) Virial stress after polishing along indentation direction. 

During polishing process, the abrasive starts moving along lateral direction under the influence 

of Fx (which is kept equal to 3.8 μN to avoid abrasive loading on the workpiece) force. In this 

case, abrasive starts rolling due to the induction of rotating moment (M) based on Fx and the 

resistance force (Fm) form workpiece as shown in Fig.5(a). Due to this rolling behaviour of 

motion, atoms of polished surface initially show tensile stress which tries to relax with time, 

and the Si-atoms ahead of abrasive experience compressive stress as shown in Fig.5(a). To 

analyse furthermore, stress along indentation is also computed and presented as shown in 

Fig.5(b). It also shows similar behaviour. Moreover, few atoms in front of abrasive also 

experience tensile stress along Z-axis due to the phenomenon of surface buckling. The 

mechanism of surface buckling inducing these tensile atoms as shown in an inset photo of 

Fig.5(b) which indicates that the surface of Si-atoms experiences compressive force along X-

axis. This compressive force tries to buckle which get direction due to the resistance force from 

Si-workpiece along Z-axis and it further induces tensile stress on one or few atomic layer. The 

surface buckling is an unwanted phenomenon which will increase the required energy for 

material removal during polishing and it induces more defects on Si-workpiece. 

In order to avoid the surface buckling effect, similar study for the stress analysis is carried out 

with lesser value of the indentation force of 95nN and the same is presented in Figs.6(a-e). 

Fig.6(a) shows that there will be an attractive force followed by compression when abrasive 

approaches workpiece during indentation and it is limited up to the surface only. Figs.6(b-c) 

show that the trailing atoms to the abrasive experience pure tension, and leading atoms 

experience compression. The tensile stress is higher along X-axis and compression along Z-

axis when Figs.6(b&c) are studied. These results do not show any indication about the surface 

buckling and due to this it can be treated as an efficient polishing technique. Figs.6(d-e) show 

After polishing 
During 
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After polishing 
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polishing 

a) b)  

d) 

c)  

e) 



that tensile stress along X-axis is the key factor for the material removal as it is highest among 

other stresses along X and Z –axes. As polishing progresses, the polished surface show free 

from any kinds of residual stress in tension and compression. 

 

a)  t=4.25 ps         b) t=5.75 ps          c) t=7.75 ps                          d) t=11 ps 

             
 

e)  t=5.75 ps               f) t=9 ps                            g) t=10.25 ps             h) t=11 ps 

                
Fig.7: Atomic configurations of abrasive and workpiece atoms with different time of polishing. (a-d) with 

indentation force =757 nN. (e-h) with indentation force =95 nN. 

Atomic configuration during polishing with different time is presented for both forces of 575 

nN and 95 nN as shown in Figs.7(a-h). Fig.7(d) shows the chip formation in form of squeezed 

film of Si-atoms due to the formation of surface buckling as shown in Fig.7(c). In this case, 

material removal is taking place by both adhesion-debonding [9] and surface buckling. Here, 

the surface buckling induces more resistance to the abrasive which may also try to entrap the 

abrasive within the surface of Si-atoms. In case of smaller indentation force, material removal 

is taking place purely in form of rolling followed by adhesion debonding as shown in Figs.7(e-

h). Thus, the diamond polishing on silicon workpiece works in following two mechanisms. 

- Polishing with surface buckling 

- Polishing without surface buckling 

In order to understand these two mechanisms on the phase transformation, lattice structures of 

workpiece was investigated through common neighbour analysis and coordination number 

analysis which are presented in Figs.8 and 9. 

Figs.8(a-h) show the phase transformation at different time of polishing at 757 nN and 95 nN 

of indentation force. It is observed that while indentation, diamond cubic (which is coloured in 

blue) gets amorphous (in while colour) up to a certain depth which depends on the indentation 

force. This depth of amorphous layers gets maintained even after removal of abrasive. This 

might be happening due to the compression of the amorphous layers and irreversible phase 

Squeezed out atoms 

Removed 

atoms 

C-atoms 

Si-Newtonian atoms 

Si-Thermostat atoms 



which are beneath the abrasive.  When this study was carried out with different levels of 

indentation forces, it was found that the indentation force directly affects the depth of 

amorphous layer after polishing. Therefore, it is essential to polish Si-workpiece in stage wise 

manner in which indentation force (or polishing pressure in lapping or chemo-mechanical 

polishing) can be small for the last stage of polishing to minimise the surface defects towards 

ultra-precision polishing. 

a)  t=4.25 ps             b) t=5.75 ps                   c) t=7.75 ps                            d) t=11 ps 

             

e)  t=5.75 ps                  f) t=9 ps                            g) t=10.25 ps                           h) t=11 ps 

                 
Fig.8: Lattice structure of workpiece atoms with different time of polishing. Blue colour indicates diamond cubic 

structure and while colour shows amorphous phase. (a-d) with indentation force =757 nN. (e-h) with indentation 

force =95 nN. 

For further insight about the phase transformation, coordination number was also analysed by 

setting the cut-off radius of 3 Å and they are presented in Figs.9(a-h) in which coordination 

number 4 is hidden as it belongs to diamond cubic (or SP3) structure. While analysing this 

results, it was found that it has similar behaviour with earlier results of phase transformation. 

Moreover, this study on coordination number gives more insight about the type of amorphous 

phase transformation. During the indentation process, coordination number (CN) 5 appears 

which is β-phase of silicon and it further turns in to CN 6 based on higher compressive force 

as shown in Fig.9(a). When Fig.8(a) and Fig.9(a) are compared, it is noticed that the CN 6 

leads to the amorphous layers of Si and it remains constant in quantity. After progressing of 

polishing, the trailing atoms of abrasive shows few atoms of Si with coocrdinationnumber less 

than CN 4 which indicates debonding of Si-atoms from diamond cubic stricture in tension as 

shown in Figs.9(c-d) and Figs.9(f-h). Thus, the lattice transformation silicon during diamond 

polishing obeys following two mechanisms. 

- Transformation under compressive stress: CN 4 CN 5  CN 6 or diamond cubic Si 

β-Si  amorphous Si. 



- Transformation under tensile stress: CN 4 CN 3+ CN2 or diamond cubic Si 

amorphous Si. 

a)  t=4.25 ps                  b) t=5.75 ps                   c) t=7.75 ps                            d) t=11 ps 

          
 

e)  t=5.75 ps                  f) t=9 ps                            g) t=10.25 ps                           h) t=11 ps 

          

Fig.9: Coordination number of workpiece atoms with different time of polishing. Colour bar indicate coordination 

number red=12 and dark blue=0. (a-d) with indentation force =757 nN. (e-h) with indentation force =95 nN. 

To understand the previous mechanism of surface buckling and the phase transformation, a 

parametric study is carried out with different levels of indentation forces and the same is 

presented in following parts of the paper. 

An average cohesive energy of Si-workpiece atoms is analysed and presented in Fig.10 which 

indicate how the potential energy of Si-atoms varies with polishing time at different level of 

indentation forces. It is observed that the indentation force increases cohesive energy which 

means that the amorphous layer formation through indentation force increases potential energy 

and workpiece becomes chemically unstable. This chemical instability will be helpful to 

augment the chemical reaction when polishing is carried out through chemo-mechanical 

polishing, and it will lead to high material removal. During indentation, energy drops after 4 

ps as shown in the inset photo of Fig.10. This is happening due the transformation of β-Si in to 

amorphous silicon by the transformation of coordination of CN5 CN6 as shown in Fig.8(a). 

Thereafter, it further reduces as seen near 5 ps. In this case, abrasive lateral movement starts 

which helps to release the compressive stress from the β-Si, and the lattice transformation 

reaction forms more CN6 atoms trailing to the abrasive as shown in Fig.8(b). Afterwards, 

energy increases linearly due to swiping of abrasive on workpiece and increases zones of 

transformed lattices with additional formation of CN2 and CN3. 



 

Fig.10: Average cohesive energy of silicon atoms during polishing with different levels (95 nN, 190 nN, 379 nN 

and 757 nN) of indentation force. 

 

  

Fig.11: Effect of indentation force (Fz) on indentation as well as polishing on the average cohesive energy of Si-

atoms. 

Fig.11 is plotted to understand the effect of indentation force on the energy. It is found that the 

indentation force of 95 nN and 190 nN has less effect on the raise of energy during indentation. 

Afterwards, it increases rapidly. Based on the geometry, indentation force needs to be linearly 

proportional to the depth of indentation provided abrasive diameter is more than one order of 

the indentation depth. However, the stress affected atoms which transforms the lattice structure 

is not linear with the indentation depth and this might be the reason that small indentation force 

creating only β-Si as shown in Fig.9(e). Moreover, higher indentation inducing formation CN6 

atoms with tensile stress region as shown in Fig.9(a) and Fig.4(c). Fig.11 also shows energy 

after polishing which increases linearly with respect to the indentation force. This happens due 

to the mechanism of material removal without surface buckling which compensate the number 

amorphous atoms at smaller indentation force. It means that the raise in potential energy at 

smaller indention force leads to efficient material removal and removed atoms indicates raise 

in the energy. On other hand, higher indentation leads to surface and sub-surface damages of 

workpiece towards raise in the potential energy. 

Indentation 

Polishing 

 

 



In order to quantify the damaged surface of workpiece, radial distribution function (RDF) is 

computed for all levels of indentation force and they are plotted after polishing as shown in 

Figs.12(a-b). It is noticed that the RDF peak at bond length of 2.35 Å decrease with the force 

as shown in Fig.12(a), where, 2.35 Å of bond length indicates diamond cubic lattice. This 

results indicates that the indentation force damages lattice of Si-workpiece linearly. However, 

in case of smaller force 95 nN and 190 nN, the peak height does not change as shown in 

Fig.12(b) which implies that the smaller force does not affect the lattice of parent material of 

Si-workpiece and material removal is taking place without surface buckling.  

  
Fig.12: Radial distribution function (RDF) with different level of indentation force. (a) Fz=95 nN, 190 nN, 379 

nN and 757 nN. (b) Fz=95 nN and 190 nN. 

Conclusions 

In this paper, molecular dynamics simulations are carried out to investigate the mechanism of 

material removal while diamond polishing of monocrystalline silicon with different level of 

indentation force. The conclusions are summarised as follows.  

 Higher amount of indentation force induces compressive stress along lateral direction 

and a combination of both tensile as well as compressive stresses along indentation 

direction.  

 The atoms in front of abrasive experience tensile stress due to the phenomenon of 

surface buckling at higher indentation force. This further leads to form a thin squeezed 

film of Si-atoms ahead of abrasive particle. 

 The indentation force with the value of 190 nN or less mitigates the possibility of the 

surface buckling which helps to mitigate any kinds of residual stress. In this case, 

material removal is taking place purely in form of rolling followed by adhesion 

debonding which is favourable for ultra-precision polishing of silicon. 

 It is observed that the indentation force increases potential energy of silicon workpiece 

by the way to form chemically unstable amorphous layer. This chemical instability 

helps to augment the chemical reaction when polishing is carried out through chemo-

mechanical polishing. 

 Based on the study, it is essential to polish Si-workpiece in stage wise manner in which 

indentation force (or polishing pressure in lapping or chemo-mechanical polishing) can 

be small for the last stage of polishing to minimise the surface defects towards ultra-

precision polishing. Whereas, initial stage with higher indentation force is required for 



higher material removal to eliminate all defects and residual stress from the workpiece 

material. 

 During diamond lapping of silicon, the lattice transformation happens different in 

compressive and tensile loading condition. For example, the lattice transformation 

under compressive stress converts diamond cubic-Si β-Si  amorphous Si. Whereas, 

the diamond cubic of Si gets converted in to amorphous Si under tensile stress 

condition. 

In short, polishing of silicon with smaller indention force (less than 190 nN) leads to efficient 

material removal without affecting lattice structure of workpiece and process the material 

without surface buckling. On other hand, higher indentation force leads to surface and sub-

surface damages of workpiece which is suitable of initial stage of polishing or coarse polishing. 
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