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Abstract. Single crystal silicon carbide (SiC) is widely used in semiconductor devices and
illumination devices. The anisotropic characteristics of SiC crystal structure presents different
physical properties on the C face and Si face of a single crystal silicon carbide leading to
different applications. Aiming at the understanding of the mechanism of material removal and
subsurface defect, this paper presents the molecular dynamics simulations of scratching on the
C face and Si face of 4H-SiC and 6H-SiC materials. The results show that the material removal
at the C face is easier than that at the Si face, so that less subsurface amorphous deformation
appears on the C face. Such a difference is due to a key phenomenon - the dislocations on the
basal plane (0001) in the SiC subsurface during scratching.

1. Introduction
Single crystal silicon carbide (SiC) plays very important roles in many engineering applications
because of some excellent properties, such as high thermal conductivity and stability, high stiffness
and good chemical inertness [1]. Within different polytypes of SiC, 4H-SiC have wide applications for
optoelectronics, high-temperature electronics, high-performance mirrors and micro/nano dies; while
6H-SiC is mainly used for optoelectronic devices, such as diodes for laser and blue light emitting [2-5].
These ultra-precision micro/nano components require damage-free atomically smooth surfaces,
because any nanoscale defects either derived from the material growth or produced from the
machining process are harmful to SiC-based devices [6]. Thus, the investigation of the nanoscale
mechanical properties and material removal mechanism of 4H-SiC and 6H-SiC substrates is of great
interests and significance, therefore it has attracted a lot of attention in research community. Scholars
have undertaken indentation and scratching experiments, which are common methods to study the
nanomechanical properties of on 4H-SiC and 6H-SiC. Indentation load-displacement curves could
show the material deformation transition conditions between elastic, plastic and fracture. Researches
[7, 8] demonstrated the yielding or incipient plasticity of 4H-SiC and 6H-SiC at a pop-in event are of a
shear stress of about 21 GPa and 23.4 GPa. Grim et al. [9] experimentally confirmed that basal
dislocation could appear in the subsurface of 6H-SiC during mechanical polishing.

It is difficult to observe nanoscale phenomena experimentally, while molecular dynamics (MD) can
be applied effectively to illustrate the movement and interaction of molecules or atoms and to allow
the material deformation and removal mechanism during indentation and scratching on 4H-SiC and



6H-SiC to be investigated. Goel et al. [10] compared the material behaviours of 3C-SiC, 4H-SiC and
6H-SiC in nanocutting and found the subsurface integrity of 4H-SiC was better than others. In fact,
6H-SiC showed the worst. Wu et al. [11] analysed the deformation of 6H-SiC during nano-cutting and
convinced the structural transformation in 6H-SiC was an amorphous transformation. Meanwhile, the
dislocations could occur in subsurface and their migration would lead to a stacking fault in the basal
plane. Although these MD simulations can analyse the material removal mechanisms and phenomena
qualitatively at nanoscale, it is still difficult to provide specified quantitative guidance for actual
machining.

Further, the anisotropy of single crystal 4H-SiC and 6H-SiC presents different physical and
chemical properties at the Si face and C face and therefor they are suitable for different commercial
applications [12-14]. The majority of previous researches focus on the Si face [15-17], less are on the
C face [18]. There are still few researches on this anisotropy in nanoscale machining. Considering the
chemical reactions on the sample surface, Chen et al. [19] found the material removal rate (MRR) of
Si face was higher than that of C face during polishing, because the oxidized Si face was easily
removed. However, in contrast, Lu et al. [20, 21] reported that MRR on the C face was higher, and
considered the MRR diversity was caused by the mechanical properties of different faces. Yagi et al.
[22] also reported that the Si face is more difficult to cut than the C face. Therefore, a fundamental
understanding of the material removal mechanism of 4H-SiC and 6H-SiC is inevitable and critical for
the explanation of the different MRR between Si face and C face and for improving the efficiency and
quality of SiC polishing.

This paper presents an investigation of the material removal mechanism of 4H-SiC and 6H-SiC
scratching using MD simulations, which reveals the reasons for the differences between Si face and C
face. The investigation finding sets a good theoretical foundation that could guide SiC polishing
practice.

2. Models of MD simulation for abrasive scratching

As shown in Figure 1, the models of 4H-SiC or 6H-SiC workpieces contain around 923 thousand
within the space of 40 nm %< 19.7 nm % 12 nm (length < width x height). While the fixed boundary
condition is applied in x- and z-directions, the periodic boundary condition is used in y-direction. The
cutting edge of the abrasive grit is designed as a rigid hollow hemisphere on a cylinder column of
radius 5 nm.

The workpiece consists three layers, i.e. the Newtonian atoms (NVE ensemble), the thermostatic
atomic layer (NVT ensemble) and the boundary atomic layer. The main body of the workpiece are
Newtonian atoms that follow the classic Newton’s law of motion, which are commonly used
scratching simulation [23-25]. The boundary atomic layer can hold the workpiece and prevent the
rigid movement during scratching. The thermostatic atomic layer provides a control to limit the
workpiece temperature within a specified range using a Berendsen thermostat, which can absorb the
heat generated from the Newtonian atoms by adjusting the atomic velocity during scratching. In
addition, the atoms in the cutting edge are set as rigid bodies based on the fact that diamond is much
harder than both 4H-SiC and 6H-SiC.

To ensure the MD simulation accuracy and reliability, the selection of potential function for the
MD analysis is a critical issue. A three-body potential function - Tersoff potential function is selected
for this investigation, because it provides a more realistic description of covalent bonded materials
[26]. Here, the interaction between C-C, Si-Si, and Si-C atoms are presented with the Tersoff potential
function as follows:
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Where E is the total energy, the sub-function V;; describes the energy between two atoms (i and j),
(i, j and k) label the three atoms of the system, fr represents a repulsive pair potential, f5 represents an
attractive pair potential, fc represents a smooth cutoff function to limit the range of the potential, rj; is
the length of the i-j bond, by is the bond order term, {; counts the number of other bonds to atom i
besides the i-j bond, 6 is the bond angle between the bonds i-j and i—k and ysi ¢ is the mixing
parameter [10].

In this investigation, the abrasive scratching was conducted on the basal plane (0001) that is
perpendicular to z axis along the direction [1-210], i.e. the x axis. The scratching conditions are set as:
the speed is 100 m/s and the depth is 3 nm. The thermostatic layer controls the temperature at 300 K
during the simulation, and a 150 ps relaxation process of the system is conducted before the
simulations start. The time step of 1 fs was selected for the simulation. All MD simulations here were
conducted and analysed by using a software platform of large-scale atomic/molecular massively
parallel simulator (LAMMPS) [27]. In addition, the occurrences of deformation and dislocation during
scratching can be detected by using the dislocation extraction algorithm (DXA) [28]. Once simulation
finished, the MD results are visually presented by using OVITO [29].
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Figure 1. MD scratching model.

3. MD simulation for abrasive scratching and its validation

The MD model used in this investigation has been verified experimentally by the experiments of
indentation and scratching that were previously reported in the literature [30]. By comparing the
results of indentation and scratching on 4H-SiC and 6H-SiC, it was found that the phenomena of the
MD simulation are of the same trend of the experimental results, therefore, the MD model was
considered to be reliable. In addition, this MD model will also be verified in this paper in terms of
workload pressure and MMR.



Due to the practical difficulties to conduct experiments in the same scale of MD simulation, for
example, the size of abrasive cutting edge tip used in scratching scales, directly compare the results
between the simulation and experiment will inevitably involves in error. Therefore, the validation is
mainly focus on qualitative trends that show the influence of each conditional parameter. To compare
scratching behaviours within the MD simulations and experiments, the loading pressure, defined as
acting force/contact area, is used. As shown in Figure 2, the acting forces in MD simulations are taken
from the scratching cutting edge tip, which are the average tangential and normal forces taken from
the stable stages of scratching processes. For MD simulations, the scratching depth keeps as a constant
(3 nm). For scratching experiments, a constant normal scratching load (4 mN) was applied and the
average displacements in the normal direction were measured during the stable scratching stages. It is
interesting to see that the loading pressures of scratching C face are lower than those of scratching Si
face, and the loading pressures on 4H-SiC are greater than those on 6H-SiC. Due to the difference in
scratching tip sizes (5 nm in the MD simulations and 3 pm in the experiments), the loading pressure
are significantly different, however, the variation trends are consistent in both simulations and
experiments. This convinces the MD simulation could provide a meaningful evidence for the
interpretation of the scratching behaviours.
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Figure 2. (@) Contact pressure of MD simulations. (b) Contact pressure of scratching experiments [30]

High material removal rate (MRR) is a desirable characteristics of a machining process. As a key
measure to evaluate the machining process efficiency, the MRR plays an important role in the MD
simulation analysis. The atoms, which positions are higher than the workpiece original surface after
the scratching tip passed, are considered as atom displacement due to scratching and often used to
present the scratching material removal. However, this may not actually present real materials removal.
Look at the grit-workpiece interaction region, as shown in Figure 3 (a), the bulged atoms on both sides
along the scratching path forming ridges as the results of “ploughing” action will stay on the
workpiece, so they should not be considered as material removal. Only those atoms whose positions
are higher than the ploughing ridge height can be considered as potential finally removed atoms. From
Figures 3 (b) and (c), the atom displacements in various scratching tests show that the number of
potential finally removed atoms is much smaller than that of total atoms above the original workpiece
surface. This means only small proportion of displaced atoms will be removed by scratching, and
significant energy has been consumed in deforming materials without actually contributing material
removal. Further through observation, a higher MRR shows at the C face of SiC than that at the Si
face, which is similar to the experimental results previous research demonstrated by Luo [20].
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Figure 3. (a) Definition of removed atoms in nanoscale. (b) Numbers of displaced atoms above
original surface. (c) Numbers of removed atoms.

4. Material deformation mechanism in abrasive scratching

4.1. Amorphisation behaviours in abrasive scratching

DXA is an analysis algorithm that can identify the defects in the lattice structure of a material. The
basic concept underlying the DXA is the Burgers circuit construction, which is the canonical method
to discriminate dislocations from other crystal defects and to decide their Burgers vectors. Here, the
Burgers circuit C in analysis is a path in the dislocated crystal that composes of a sequence of atom-to-
atom steps (line elements Ax) [28], and a mapping Ax— Ax' is Set up to translate each line element of
the path to a corresponding image, Ax', in a perfect crystal lattice. Summing these transformed line
elements algebraically along the associated path, C', gives the true Burgers vector of the dislocation
enclosed by C [28]:

b= — Zc, Ax (10)

The DXA can also identify dislocations, determine the Berkeley vectors and then depict them as
dislocation lines within Ovito [29]. Figure 4 shows the MD simulation results obtained by using the



DXA, where the gray atoms represent amorphous atoms, and the blue and orange atoms indicate the
standard lattice structures that represent cubic diamond structure and hexagonal diamond structure
respectively. The ductile-regime machining at the nano-scale can be illustrated by the combination of
structural transformation and atom dislocation activities [31]. The structural transformation took place
in 6H-SIC was considered to be an amorphous transformation [11]. During scratching, disordered
atoms form amorphous atom structures and lose regular lattice structures. Therefore, the amorphous
atoms are considered to be the main subsurface defects, which could affect the properties of the
material. From figure 4, it can be seen that horizontal slips or crystal dislocations appear below the
abrasive contact zone. Although the maximum depths of amorphous deformation in four cases are
similar, the subsurface amorphous layer of C face is relatively flat, while that of Si face is uneven for
both 4H-SiC and 6H-SiC.
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(c) (d)

Figure 4. DXA analysis results. (a) C face of 4H-SiC, (b) Si face of 4H-SiC, (c) C face of 6H-SiC,
(d) Si face of 6H-SiC.

In Figure 5 (a), the numbers of amorphous atoms in four different cases presented in Figure 4 were
counted. It is interesting to see that fewer amorphous atoms appear at the C face than at the Si face for
both materials of 4H-SiC and 6H-SiC. Therefore, the C face presents a better subsurface quality and
less subsurface amorphous deformation than the Si face under the same machining conditions. Such a
phenomenon is consistent with Luo's experimental investigation [20].
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Figure 5. Numbers of (a) amorphous atoms and (b) dislocations in subsurface.

4.2. Dislocation behaviours in abrasive scratching

Besides amorphous atoms formation during scratching, atom dislocations could happen. The DXA can
also identify atom dislocation occurrence. Atom dislocations are often considered a form of plastic
deformation, so in the analysis of DXA, the dislocations are only possible for atoms with regular
lattice structures [28]. Figure 5b shows the number of dislocations in subsurface exists in all cases
under the consideration. It can be seen that the number of dislocations generated during scratching the
C face is greater than or even twice to that on the Si face.

Here, a scratching of 6H-SIC is selected to investigate the occurrence of dislocations. Figure 6
shows the morphology of subsurface deformation on Si face and C face of 6H-SiC. The DXA was
used to judge the occurrence of dislocation. It can be seen that dislocations and slips mainly occur on
the (0001) basal plane (clear under C face) and (10-10) plane (clear under Si face). The dislocations
obtained in the MD simulation of Wu [11] are mainly on the (0001) and (11-22) planes. This
difference may be associated with the limitation of Wu’s MD model that only considered 2.58 nm in
the y direction [11], which is too narrow to reveal the dislocations in the planes that is perpendicular to
the y axis.
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Figure 6. Subsurface morphology of deformation on (a) Si face of 6H-SiC and (b) C face of 6H-SiC.

Particularly, for the C face, the dislocations are prone to occur on the basal plane (0001), while for
the Si face, dislocations are easy to occur on the (10-10) plane during scratching. These dislocations



will lead to the slips along the scratching direction. In contrast with amorphous deformation, aligned
dislocations and slips on the basal plane could reduce cutting force in material removal and promote
better subsurface quality. In contradiction, those dislocations and slips on the (10-10) plane will lead
to severe cracks in the subsurface layer, which explains the reason why more uneven irregular surfaces
on the Si face than on the C face as mentioned before.

Figure 7 shows the scratching force smoothened by applying a moving average of 30 data reading
spans (i.e. 0.3 nm) that filters off high frequency noise. Initially, the forces on both C and Si faces
increase in almost the same trend. After the process enters into the stable scratching stage, the force on
Si face still fluctuates while that on C face is much more stable. Such a phenomenon indicates that
dislocations under C face during scratching tends to release stress in subsurface. As a result, the
scratching force on C face becomes lower and more stable than that on Si face, therefore less
amorphous atoms appear in the subsurface of C face, which is a clear evidence in Figure 5.
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Figure 7. Scratching forces on C face and Si face of 4H- and 6H-SiC under the depth of cut of 3 nm.

5. Conclusions

In this paper, a series of MD simulations were performed on the C face and Si face of 4H-SiC and 6H-
SiC scratching, aiming at the understanding of the mechanism of material removal and the formation
of subsurface amorphous layer. The following conclusions are summarised:

1. Scratching simulation reveals that the dislocations and slips in SiC substrate occurs at both C
face and Si face, mainly on the (0001) basal plane and the (10-10) plane.

2. Dislocations and slips on the (0001) plane are beneficial to material removal, which are more
likely to appear on the C face than the Si face. For this reason, lower scratching forces and
fewer amorphous atoms become evidence on the C face rather than on the Si face of SiC.

3. For SiC sample polishing, the quality of the C face could be better than Si face due to the C
face structure prone to the (0001) basal plane dislocation or slip leading to less subsurface
amorphous deformation appears on the C face.

4. Dislocations and slips at the (10-10) plane may promote material split to deep layer, which
should be avoided.

5. Material removal at the C face is more efficient than that at the Si face.
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