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Abstract

Single crystal silicon carbide (SiC) is widely used for optoelectronics applications. Due to the
anisotropic characteristics of single crystal materials, the C face and Si face of single crystal SiC
have different physical properties, which may fit for particular application purposes. This paper
presents an investigation of the material removal and associated subsurface defects in a set of
scratching tests on the C face and Si face of 4H-SiC and 6H-SiC materials using molecular
dynamics simulations. The investigation reveals that the sample material deformation consists
of plastic, amorphous transformations and dislocation slips that may be prone to brittle split.
The results showed that the material removal at the C face is more effective with less amorphous
deformation than that at the Si face. Such a phenomenon in scratching relates to the dislocations

on the basal plane (0001) of the SiC crystal. Subsurface defects were reduced by applying
scratching cut depths equal to integer multiples of a half molecular lattice thickness, which
formed a foundation for selecting machining control parameters for the best surface quality.

Keywords: material removal mechanism, molecular dynamics simulation, subsurface defects,

scratching, 4H-SiC and 6H-SiC

(Some figures may appear in colour only in the online journal)

1. Introduction

Single crystal silicon carbide (SiC) has extensive applications
in microelectronics, optoelectronics, aerospace, and medical
sectors because of its specific properties, such as chemical
inertness, high thermal conductivity, high specific stiffness,
and high-temperature stability [1]. In more than 250 poly-
types of SiC, 4H-SiC has wide applications for optoelectronic
devices, high-temperature electronic devices, ultra-precision
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micro/nano dies, and high-performance mirrors; and 6H-SiC is
primarily used in optoelectronic devices, such as laser diodes
and blue light emitting diodes [2-5]. These ultra-precision
components require atomically smooth and damage-free sur-
faces, any defects, even at the nanoscale, derived from the
growth of SiC or its machining process threaten SiC-based
device performance [6].

In order to eliminate defects from SiC surfaces and
improve polishing efficiency, a better understanding of mater-
ial removal mechanisms at the molecular level is critical. Con-
sidering the SiC crystal structure, it is inevitable and neces-
sary to identify and evaluate different machining mechan-
isms and effectiveness for the crystal faces of SiC. There-
fore, investigations of the nanoscale mechanical properties
and machining mechanisms of 4H-SiC and 6H-SiC substrates
have attracted significant attention in recent years. Indentation
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Figure 1. Subsurface damage of brittle materials in micron-scale
cutting.

and scratching experiments on 4H-SiC and 6H-SiC are two
common methods of studying the nanomechanical properties
of materials. Indentation load-displacement curves show that
yielding or incipient plasticity in 4H-SiC and 6H-SiC happens
at shear stresses of 21 GPa and 23.4 GPa with a pop-in event
[7, 8]. Consequential material deformation and failure beha-
viour and the transitional conditions between elastic, plastic,
and fracture were observed and analysed with these methods.
Grim et al [9] experimentally confirmed that basal dislocation
can also be activated in the subsurface of 6H-SiC during mech-
anical polishing. Meng et al [10] undertook a series of nano-
scratching tests to investigate subsurface structures before and
after scratching. By observing the results from transmission
electron microscopy (TEM), they found some micro-cracks
on the subsurface with lengths (up to 1 4m) many times longer
than the processed depth (90 nm). The subsurface damage may
relate to lattice mismatch and bond rupture. Dislocations can
also lead to cracks. Zhang et al [11] observed diamond scratch-
ing on alumina samples. Their results showed that for brittle
materials, a pulverised material layer beneath the scratched
grooves may appear as plastic deformation, forming plough-
ing ridges. After further investigating the materials in this pul-
verised region, Zhang concluded that the pulverised structure
were actually micro crack clusters, which are easily removed
by chemical etching. Visible cracks may appear beyond the
pulverised region, as illustrated in figure 1. When scratch depth
isless 1 pm, pulverisation appears even when almost no mater-
ial is removed.

Molecular dynamics (MD) is an effective method of simu-
lating the movement and interaction of molecules and atoms.
It has been used to investigate the deformation mechanism
during indentation and scratching on SiC. MD simulations
primarily address the following research issues: subsurface
deformation mechanisms, chip shape, and diamond tool wear.
Most of the MD research regarding SiC focuses on 3C-SiC
[12-15], while research on 4H-SiC and 6H-SiC remains rel-
atively scarce. Moreover, some MD simulation studies set the
system in two dimensions in order to reduce the amount of
model calculation, thereby increasing the machinable distance

and tool size in the simulations. Unfortunately, the reliability
of the simulations may suffer as a result.

Wu et al [16] simulated the nano-cutting of 6H-SiC and
confirmed that 6H-SiC undergoes amorphous structural trans-
formation. Meanwhile, dislocations occurred in the subsur-
face and their propagation lead to a basal plane stacking
fault. Nano-indentation results of high-resolution transmis-
sion electron microscopy confirm two major material deform-
ation mechanisms, including amorphous deformation gener-
ation near the indentation region and dislocation propagation
along both the basal and prismatic planes [17]. Different poly-
types of SiC show different machining properties. As shown
in figure 2, Luo et al [18] compared the nano-cutting of 3C-
SiC, 4H-SiC and 6H-SiC. They found 4H-SiC exhibited super-
ior subsurface integrity after machining, while 6H-SiC showed
poorer results under a cutting depth of 1.3 nm. No dislocations
were found in subsurface.

Considering the anisotropy of SiC, different crystal planes
and orientations significantly influence the deformation mech-
anism and removal efficiency of the material. Meng et al [19]
compared different combinations of crystal planes and orient-
ations and found that machining on the surface of (01-10) with
a cutting direction of [2-1-10] yielded a high removal rate and
low abrasive wear for 6H-SiC, while the basal plane and the
c-axis were difficult to machine. In addition to simulating tra-
ditional processing methods, MD has also been used to simu-
late femtosecond laser aided machining on 6H-SiC [20]. It was
found that the modified 6H-SiC surface structure improved the
removal efficiency and effectively reduced the depth of surface
damage.

Single crystal 4H-SiC and 6H-SiC have obvious aniso-
tropy, and the Si face and C face show different physical and
chemical properties [21-23]. Both the C and Si faces can be
used for epitaxial growth, but the Si face is the primary sub-
strate candidate in commercial production due to the fact that
its crystal lattice is better suited to epitaxial layer matching
applications. Therefore, of the majority of reported research
focus on the Si face [24-26], while studies the C face and
comparisons between different face performances are limited
[27]. Tian et al [28] compared the indentation of C and Si faces
of 4H- and 6H-SiC through MD simulations and experiments.
They found that the C face is more prone to dislocation on
the basal plane than the Si face. Chen ef al [29] found the
Si face of 6H-SiC exhibited a higher material removal rate
(MRR) than that of the C face during both mechanical pol-
ishing (MP) and chemical mechanical polishing (CMP) in an
alkaline solution. The Si face may have removed more eas-
ily because it was oxidized by the dissolved oxygen. How-
ever, some researches show opposing results. Lu et al [30, 31]
reported that the Si face is more difficult to remove than the
C face during MP on both 4H- and 6H-SiC and considered
that the variation in the MRRs was determined by the mech-
anical properties of different faces. Pan et al also reported that
the C face of 6H-SiC showed higher MRR than the Si face in
both acidic and alkaline solutions [32]. Therefore, differences
between the MRRs of the Si face and C face are controversial.
A fundamental understanding of the removal mechanism of
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Figure 2. Subsurface deformation of Silicon Carbide and Silicon. (a) 4H-SiC, (b) 3C-SiC, (c) 6H-SiC and (d) Si [18].

4H-SiC and 6H-SiC is critical to provide a guide for improv-
ing polishing efficiency and quality.

This paper presents a study on the removal mechanism of
4H-SiC and 6H-SiC substrates during scratching using MD
simulations in order to explain the differences in the machin-
ability of the Si face and C face. Additionally, the quantified
MD simulation results could provide a theoretical foundation
that guides actual polishing of SiC.

2. Process model set up and MD analysis for SiC
scratching simulation

For more than 250 polytypes of SiC, the crystal structures
differ in the stacking sequence of the closed-packed layers.
The stacking sequences of 4H-SiC and 6H-SiC are given by
ABCB’ and ABCA’C’B’, respectively [1, 18]. Here, A, B,
and C indicate the three possible lateral positions of the Si-C
bilayers. A and A’ bilayers have equivalent spatial positions,
but their bonds are rotated 180 degrees with respect to each
other. The molecule crystal structures of 4H-SiC and 6H-SiC
are illustrated in figures 3(a) and (b). For both 4 H-SiC and 6 H-
SiC, if the top surface is the Si face, the bottom surface will be
the C face. In MD simulations, the Si atoms and C atoms are
defined and distinguished by their different mass. Depending
on the interest, the SiC workpiece can be positioned to align
its C face or Si face to the cutting path plane.

The sample material block model for the MD simulation
used in this study is shown in figure 3(c). The size of 4H-SiC or
6H-SiC workpiece was 40 nm x 19.7nm X 12nm (x X y X z),
containing about 0.923 million atoms. The cutting tip of the
abrasive grit was a hollow hemisphere on a cylindrical column
with a of radius 5 nm to reduce the computation time. The
abrasive cutting tip was positioned below the workpiece sur-
face at the required cutting depth. The periodic boundary con-
dition was applied in the y-direction while the fixed boundary
condition was applied in the x- and z-directions.

The workpiece was divided into three layers: the Newto-
nian atoms (NVE ensemble), the thermostatic atomic layer

(NVT ensemble) and the boundary atomic layer. The New-
tonian atoms are the main part of the workpiece, following
Newton’s laws of motion, which are used to investigate the
phenomena that occur during the scratching simulation [33—
35]. The boundary atomic layer can prevent rigid movements
of the entire workpiece during scratching. The thermostatic
atomic layer can control the temperature within a specified
range by adjusting the atomic velocity using a Berendsen ther-
mostat. During scratching, the thermostatic atoms within the
thermostatic layer absorbed the heat generated by the Newto-
nian atoms. In addition, the tip atoms were set as rigid bodies
because the diamond tip is much harder than both 4H-SiC and
6H-SiC.

The selection of potential function for the MD analysis is
critical to ensure the accuracy and reliability of the MD simu-
lation. Appropriate potential functions can correctly simulate
the behaviour of atoms to obtain accurate results [36, 37]. The
Tersoff potential function is a three-body potential function
that provides a more realistic description of covalently bonded
materials [38]. Therefore, in this research, the Tersoff poten-
tial function is used to describe the interaction between C-C,
Si—Si, and Si—C atoms as follows:

1
E:ZE,-: 5 >V (1)

i
Vij = fe (rip) [fr (rij) + byfa (ryj)] )
1, Tij < Rij
fer)={ 1+ Lcos [n%} Rj<ry<S; ()

O, rij>Sij

fr (ry) = Ay exp (= Ayry) “4)
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Figure 3. Silicon Carbide molecule models for MD analysis.
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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 poten-
tial; fa represents an attractive pair potential; fc represents a
smooth cut-off function to limit the range of the potential; r;; is
the length of the i-j bond; b;; is the bond order term; ¢;; counts
the number of other bonds to the i atom, besides the i-j bond;
wjj is a constant set as 1 in this case [38]; 8 is the bond angle
between the i-j bond and i~k bond; and ; is the mixing para-
meter depends on the different atom pairs. The parameters in
Tersoff potential applied in this research are shown in table 1.

Table 1. Parameters in Tersoff potential for Si and C [38].

Parameters Si-Si Cc-C

A (eV) 1830.8 1393.6

B (eV) 471.18 346.7

A (mm™ 1) 24.799 34.879

o (nm™h) 17.322 22.119

8 1.1000 x 107° 1.5724 x 1077
n 0.78734 0.72751

¢ 1.0039 x 10° 3.8049 x 10*
d 16.217 43484

h —0.59825 —0.57078

R (nm) 0.27 0.18

S (nm) 0.3 0.21

XSi-Si = 1.0 Xc-c = 1.0 XSi-C = 0.9776

The scratching processes were conducted on the (0001)
basal plane (perpendicular to z-axis) along direction [1-210]
(on the x-axis). The depth of scratching ranged from 0.5 nm to
3 nm, and the scratching speed was held constant at 100 ms .
The temperature of the thermostatic layer was controlled at
300 K during the simulation, and the relaxation process of
the system was taken for 150 ps before the simulated scratch-
ing began. The simulation time step was set at 1 fs, and the
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total scratching distance was set as 30 nm. The MD simu-
lations presented in this paper were conducted and analysed
using a large-scale atomic/molecular massively parallel simu-
lator (LAMMPS) [39]. The MD results were visualized using
OVITO [40] and the dislocation extraction algorithm (DXA)
was used to analyse the deformation and dislocations that
occurred during scratching [41].

3. Verification of MD simulation

The verification of MD simulation has always been a key chal-
lenge regarding its accuracy and reliability. The MD model
used in this paper was experimentally verified by indentation
and scratching tests previously reported in the literature [28].
The trends of the simulation and experimental results are con-
sistent with those reported in other MD simulated indentation
and scratching experiments on 4H-SiC and 6H-SiC. There-
fore, the MD model provided a reliable trend projection. Fur-
ther in this paper, the MD model is also verified in terms of
forces and material removal rates.

Due to the limitation of scratching scales in experiments
and MD simulations, it is difficult and unreliable to compare
the results directly. Therefore, a specific force defined as for-
ce/scratching depth is adopted to compare the results from
the MD simulations and scratching experiments, as shown in
figure 4. For MD simulations in this research, the scratching
depth is set as a constant of different values (e.g. 0.5 nm, 1 nm,
2 nm, and 3 nm), and the average tangential and normal forces
on the scratching tip taken from the stable scratching stages are
at the micron-Newton level. For the scratching experiments
presented in reference [28], the scratching load was set as a
constant (4 mN), and the average gouge depth obtained from
the stable scratching stages was approximately 50 nm, which is
much larger than the gouge depth presented in the MD simula-
tion results in figures 4(a) and (b). The specific force provides
a common platform for the comparison of the results from sim-
ulations and experiments.

Interestingly, in figure (a) and (b), the simulation revealed
the following results for each cut depths between 0.5 and 3 nm:
(1) the highest specific force value was recorded on the Si face
of 4H-SiC, followed by the C face of 4H-SiC and the Si face
of 6H-SiC; (2) the C face of 6H-SiC had the lowest specific
force value. The experimental results in figure 4(c) show the
same trend. Thus, it can be concluded that the specific scratch-
ing force on the C faces are lower than that on the Si faces,
and the specific forces on 4H-SiC are greater than those on
6H-SiC. Even though the values of the ratios are significantly
different due to the differences in tip sizes (5 nm in MD sim-
ulations and 3 um in experiments) and scratching size scales,
this trend is consistent with the experimental results in refer-
ence [28]. The specific forces decrease with the increase of
scratching depth of cut as shown in figures 4(a) and (b). This
phenomenon, known as the size-effect, commonly occurs in
abrasive machining processes [42, 43].

Owning to current computing capacity, most MD simu-
lations only analyse nanoscale mechanisms and phenomena
and rarely extend to the actual machining scale. Additionally,

the potential functions used in MD analysis only partially
represent material performance under particular space scale
and environmental conditions. Even so, MD analysis could
provide sufficient information of material behaviours that
match the tendency illustrated in experiments.

MRR is an important measure for evaluating the effi-
ciency of various machining processes. Material removal is an
important measure to assess the scratching efficiency of MD
simulation analysis. Atom displacement—which refers to the
atoms that move above the workpiece surface after the scratch-
ing tip passes—is often used to represent scratching perform-
ance. However, the grit-workpiece interaction area in figure
5(a) shows ridges of bulged atoms that form on either side
of the scratching path as a result of the ‘ploughing’ action.
These bulged atoms do not leave the workpiece, so they should
not be included with the removed material. Only those atoms
whose positions are higher than the ploughing ridge height can
be defined as potentially removed atoms. Figures 5(b) and (c)
provide the number of removed and displaced atoms from vari-
ous scratching tests. It can be seen that the number of atoms
above the original workpiece surface is significantly greater
than the number of potentially removed atoms.

For the results of cut depths ranging from 0.5 to 3 nm, the C
face shows more atom removal than the Si face. In the experi-
mental results of reference [30], the MRR on the C face of 6H-
SiC reached 13.94 nm min—!, which was twice that the MRR
observed on the Si face (6.13 nm min~"). Although the sim-
ulated and experimental material removal performances were
not directly comparable due to differences in scale, both res-
ults suggest that the C face exhibits significantly higher mater-
ial removal efficiency than the Si face.

4. SiC deformation in the scratching processes

In MD simulation, the common neighbour analysis (CNA) and
dislocation extraction algorithm (DXA) in Ovito are used to
identify whether the lattice structure of a material is changed
or damaged.

The CNA is an algorithm that computes a fingerprint of
atom pairs to characterize the local structural environment
[44]. The threshold distance criterion in CNA differentiates
between bonded and unbonded pairs of atoms, which helps
distinguish disordered atoms from perfectly structured atoms.
For diamond structure, the algorithm analyses the local envir-
onment of each atom up to the second neighbour shell to
determine the local structural type [45]. Here, the disordered
atoms recognized by CNA are considered as atoms with
amorphous structures.

The fundamental concept underlying the DXA is the Bur-
gers circuit construction, which is the established method of
discerning dislocations from other crystal defects and determ-
ining their Burgers vectors. In the formulation employed here,
a Burgers circuit C is a path in the dislocated crystal consisting
of a sequence of atom-to-atom steps (line elements Ax) [41].
There exists a mapping Ax— Ax’ that translates each line ele-
ment of the path to a corresponding image, Ax’, in a perfect
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crystal lattice. As shown in figure 6, summing these trans-
formed line elements algebraically along the associated path,
C’, gives the true Burgers vector of the dislocation enclosed
by C [41]:

(€))

b:—ZAx.
c

Ductile-regime machining at the nanoscale can be achieved
by the combination of dislocation activities and structural
transformation [10]. This structural transformation can be con-
sidered as non-crystallization. Figures 7-9 show sectional
views of the MD simulations. The white dots represent atoms
with amorphous structures, while the blue and orange dots
indicate atoms with a standard lattice structure, representing
cubic diamond structures and hexagonal diamond structures,
respectively. DXA also can identify dislocations, calculate the
Burgers vectors and then display them as dislocation lines in
Ovito [40].

4.1. Amorphisation

6H-SiC primarily underwent an amorphous transformation
that could be considered plastic deformation [16]. Amorph-
ous atoms are disordered atoms that have lost their regular
lattice crystal structures as a result of scratching. Therefore,
the amorphous atoms are considered as subsurface defects,
which affect the properties of the material. All four structure
cases had similar maximum depths of subsurface amorphous
deformation. For both the 4H-SiC and 6H-SiC samples, the
subsurface amorphous layers of C faces were relatively flat,
while the Si faces developed uneven layers.

Undoubtedly, the amount of chips that accumulate in front
of the scratching tip and subsurface damages increase as the
scratch depth increases. When the scratch depth is small,
the subsurface damage layer is shallow and relatively flat.
When the scratch depth increases, the subsurface damage layer
becomes thicker and uneven. It is interesting to note that the
thicknesses of the amorphous deformations on the C face are
less than those on the Si face. For example, at a scratch depth
of 0.5 nm (figure 7), the maximum thickness of the amorphous
deformation on the C face of 6H-SiC is only 0.87 nm, while
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Figure 6. Schematic diagram of Burgers vectors.

that of the Si face reaches 1.73 nm. 6H-SiC shows thicker
amorphous deformation than 4H-SiC at scratching depths over
2 nm.

The number of amorphous atoms in four cases was counted,
as shown in figure 10(a). Interestingly, the C face shows fewer
amorphous atoms than the Si face for both 4H-SiC and 6H-
SiC. This means that the C face has less subsurface amorphous
deformation and superior subsurface quality than the Si face at
the same machining conditions, which is consistent with Lu’s
experimental conclusion [30].

4.2. Dislocation

In addition to amorphous atoms, aforementioned DXA can
also identify atom dislocations that are a type of material
deformation. In the analysis of DXA, atom dislocations refer
to those atom movements with regular lattice structures [41].
In the DXA results, there were two main types of disloca-
tions found in the subsurface of both 4H-SiC and 6H-SiC,
along 1/3 < 1-210 > and 1/3 < 1-100 >. Figure 10(b) shows

the number of dislocations that occurred in the subsurface
of all the investigated cases. No dislocations developed at
a scratch depth of 0.5 nm. The greater the scratch depth,
the greater the number of dislocations. In particular, the C
face can have up to twice as many dislocations as the Si
face.

Here, the scratching simulations on the C and Si faces of
6H-SiC were selected as the example to investigate disloca-
tion formation. Figure 11(a) shows the subsurface morpho-
logy of deformation using DXA. It can be seen that dislo-
cations mainly occur on the (0001) basal plane and the (10—
10) plane. The dislocations obtained in the MD simulation of
Wu [16] principally occur on the (0001) and (11-22) planes.
This difference may result from the MD model setup. Wu [16]
applied 2.58 nm scratches in the y-direction, which is too thin
to detect dislocations on the planes perpendicular to the y-axis.
The Von Mises stress distribution of 6H-SiC during scratching
is shown in figure 12. It can be seen that the stress concentra-
tion area is mainly located on the (0001) plane and (10-10)
plane under the diamond tip. Dislocations are normally con-
sidered to be caused by the stress concentration during the
scratching process, so stress distributions of the C face and
Si face were analysed. Figures 13(a) and (b) show the changes
of Von Mises stress in the local area before and after the dis-
locations occurred on the C face and Si face. The stress peaks
shown in the figures may represent the occurrence of the dis-
locations. The stress peaks of dislocations on the C face (3148
MPa for the (0001) plane and 3972 MPa for the (10—10) plane)
are lower than those on the Si face (3816 MPa for the (0001)
plane and 4584 MPa for the (10—10) plane), which means that
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(a) C face of 4H-SiC

(c) C face of 6H-SiC

(b) Si face of 4H-SiC

(d) Si face of 6H-SiC

Figure 7. Sectional views of scratching at 0.5 nm obtained by DXA.

(a) C face of 4H-SiC

(c) C face of 6H-SiC

(b) Si face of 4H-SiC

Si face of 6H-S

Figure 8. Sectional views of scratching at 1 nm obtained by DXA.

the C face is more prone to dislocations than the Si face under
the same scratching conditions.

Considering the occurrence of dislocations on the C and Si
faces, the critical stress of dislocations on the (10-10) plane
is higher than that on the basal plane. The dislocations on the
(10-10) plane of the C face occurred later than those on the
basal plane, while dislocations on the basal plane occurred
later on the Si face. All of these dislocations eventually led
to slips along the scratching direction. Dislocations and slips
on the basal plane may contribute to material removal and

improve subsurface quality, while those on the (10-10) plane
could cause severe subsurface layer cracks. This explains why
the amorphous structures of the Si face are uneven and the
amorphous structures of the C face are smoother as mentioned
previously.

As shown in figure 14, a moving average with 30 data spans
(equivalent to 0.3 nm) was applied to filter high-frequency
noise from the force data of 6H-SiC at a scratching depth of
3 nm. The forces on the C face and Si face show similar fluc-
tuation frequency ranging from 31.3 to 51.3 GHz (AL from
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(a) C face of 4H-SiC

(b) Si face of 4H-SiC

(c) C face of 6H-SiC

(d) Si face of 6H-SiC

Figure 9. Sectional views of scratching at 3 nm obtained by DXA.
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Figure 11. Deformation in the subsurface of a scratching and SiC basal plane view.

1.91 to 3.19 nm, and AT from 19.1 to 31.9 ps). In particular,
the trends of both faces were almost identical before the stable
scratching stage. The force of the Si face fluctuated while that
of C face remained stable. Such a phenomenon may indicate
that dislocations easily occur on the C face during scratching,

which released stress fluctuation in the subsurface. In this way,
the scratching force on the C face is lower and more stable than
that on the Si face, and fewer amorphous atoms occurred in the
subsurface, as shown in figure 10. A higher number of dislo-
cations lead to a lower scratching force.
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Figure 14. Forces of C face and Si face of 6H-SiC obtained by
moving average at the scratching depth of 3 nm.

4.3. Materials removal and surface creation mechanism

For brittle materials, the subsurface damage generated after
micro-scale processing was considered to be amorphous layer,
pulverization layer and cracked [10, 11]. Brittleness and plas-
ticity behaviours of the subsurface layer are controversial in
nanoscale processing. As previously mentioned, dislocations

do not occur unless the scratching depth exceeds the crit-
ical level. The initial contact between the scratch tip and the
SiC sample also plays a crucial role in material removal. A
previous investigation on nano-indentation [28] reported that
amorphous atoms appeared in the subsurface layer, and dis-
locations and slippage occurred at a few nanometres level of
engagement, as shown in figure 15. The hexagonal patterns
are composed of two triangles facing opposite directions. The
double triangular patterns on the Si face can reach depths of
6.0 and 6.2 nm below the original surface after indentation at
a depth of 4 nm. However, this phenomenon was not obvi-
ous on the C face. The subsurface of the C face appears more
like amorphous flake structures, which are related to the dis-
locations on the (0001) basal plane. Thus, the C face is more
prone to dislocations and slippage on the (0001) basal plane,
as analysed in section 4.2.

Figure 16 is a cross-sectional view of the 6H-SiC-scratched
groove obtained by DXA. The amorphous atom region appears
as an inverted triangle with distinct steps. These steps are six
atom layers of atoms high, which is the height of the 6H-SiC
unit cell. Dislocations on the (0001) basal plane were found
under the right side of the groove. These results are highly
consistent with the results from Meng’s experiments [10], as
shown in figure 17. Figure 17(b) also shows several disloca-
tions on the basal plane in the subsurface of the scratch groove.
As shown in figure 17(d), the amorphous layer region is also
an inverted triangle, and a similar step shape can be seen on the
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(a) Si face

(b) C face

Figure 15. Horizontal sections of 6H-SiC at different depths after 4 nm indentation [28] (values in figure show the depth from the original

surface).
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Figure 16. The cross-sectional subsurface image of 6H-SiC after
scratching at the depth of 3 nm.

right side of the amorphous region. Thus, the step shapes that
appeared in both the experiments and the simulations indic-
ate that subsurface deformation gradually propagated down-
ward during the scratching process. Additionally, the shape of
groove is not symmetric in figure 16, because the SiC mater-
ial shows anisotropy in its crystal structure. As shown in fig-
ure 3(b), the atomic arrangement of SiC is not symmetric, so
the stress distribution (figure 12) and subsurface deformation
are not symmetric under the same forces on both sides of the
groove. This asymmetric feature can also be seen in experi-
mental results as in figure 17(d). In particular, stacking faults
and stress concentration are more likely to occur at the layer
of those integer multiples of the 6H-SiC unit cell height.
Although there were no obvious cracks, irreversible dislo-
cations occurred in the nanoscale scratching. Due to local tem-
perature and stress changes during processing, these disloca-
tions potentially form micro-cracks. In nanoscale machining,
amorphous deformation is a plastic deformation, and atom dis-
location is an elastic deformation initiated regular slip or split.

1

Such a slip or split could promote micro-cracks formation at
the nanometre level or plastic deformation if the bonds do not
break. Some of the dislocations that occurred during scratch-
ing can recover after the tip passes the deformation area. The
slip and micro-cracks generated by the dislocations on the base
plane are beneficial to the removal of the material, while the
dislocations on the (10-10) plane generated along the scratch
direction may cause deeper and more serious structural dam-
age. The atoms that accumulated in front of the cutting tip and
at the ridges of cutting path were of disordered and amorphous
structure, which appears to be plastic deformation.

5. Scratching performance in relation to SiC layer
structure

4H-SiC and 6H-SiC are hexagonal diamond structures [46],
stacked cyclically in the manner of ABCB’ and ABCA’C’B’,
respectively—these patterns are also referred to layered struc-
tures. As analysed in section 4.2, the dislocations on the (0001)
basal plane have positive contribution to material removal.
Therefore, atom layer referenced scratching depths were selec-
ted in the simulations of 4H-SiC and 6H-SiC scratching pro-
cesses to identify a potential beneficiary strategy for improving
material removal efficiency. The scratching depths were set as
an integral multiple of an atom layer in order to explore the
beneficial behaviour of atom dislocation.

Figure 18 shows the atomic arrangement of the layer struc-
tures in 4H-SiC and 6H-SiC together with the thickness of
the subsurface amorphous deformation at different scratching
depths, which was set as integral multiples of an atom layer.
There is no doubt that the subsurface amorphous deforma-
tion becomes more severe as more layers are removed. How-
ever, it is interesting to note that for 6H-SiC, there was only a
slight increase in the thickness of the subsurface amorphous
deformation when the scratching depth changed from layer



Int. J. Extrem. Manuf. 2 (2020) 045104

Z Tian et al

P Pt
Groove \

o

l”\

O' ‘t\
Surface

B

~—— Cross slip

. :t,\ Dislocations

on basal plane

Crack 02_pm

(b)

Crystalline
silicon carbide

(d)

Figure 17. (a) Cross-sectional TEM image of 6H-SiC substrate after scratching test with 5 mN load by a tip with radius of 90 nm. (b)
Magnified view of the regions indicated by circles 1 in a. (c) A bright-field TEM micrograph of the region at the bottom of the groove
indicated by circles 2 in a. (d) A high-resolution TEM image of zone indicated by circle 3 in c. (after Meng, ef al [10]).

three to layer four. Furthermore, when the scratching depth
reached seven layers, the thickness of the subsurface amorph-
ous deformation deceased. Figure 18(b) shows that the stacked
structure of 6H-SiC between layers 6 and 7 flip their orienta-
tion from an arrow structure pointing left. Such a structural
related plateau takes place every three layers. The fourth and
seventh layers both correspond to the transition layer of 6H-
SiC. Similarly, for 4H-SiC, the crystal structure flips every two
layers. When the scratching depths are three and five layers,
the thickness of the amorphous deformation increases less than
at layers four and six. When the scratching depth for 4H-SiC
reached seven layers, the thickness of the subsurface amorph-
ous deformation slightly decreased.

The above observed phenomena indicate that the subsur-
face amorphous deformation does not increase proportionally
with SiC molecule layers. Therefore, taking a scratching depth
at the SiC atom orientation transition layer could be a benefi-
cial choice for removing materials and obtaining superior sub-
strate subsurface quality. Such a strategy might also be used
to investigate the machining of other materials with layered
structures.

In general, MD simulations can only be used to analyse
atomic removal and deformation mechanisms qualitatively; it
is difficult to provide quantitative guidance for actual machin-
ing because the potential function selected for the simula-
tion may not accurately represent the molecular performance.
Even so, the method proposed here is still a viable quantitat-
ive depiction of the actual process behaviour in relation to the
material structure.

6. Remarks and conclusions

In general, MD simulations are commonly used to ana-
lyse atomic interactions and provide qualitative guidance for
people to understand material removal mechanism at nano-
metre level. It is still a challenge to provide quantitative details
because of the difficulties in acquiring a true molecular poten-
tial function that matches real application cases. Simulated
and experimental results may conflict as a result of differ-
ences in scale. It is extremely difficult to conduct material
mechanical removal experimentally at the molecular level.



Int. J. Extrem. Manuf. 2 (2020) 045104

Z Tian et al

o 3.0
E —
E-é 2.5 /
2220 —
©
s E
‘s 5 1.5
=l
2 T 1.0
(]
a
0.5
0.0 T \ — ‘ : ‘ r
1st 2ed 3rd 4th 5th 6th 7th 8th
Scratching layer
(a) Amorphous layer on 6H-SiC
3.5
® 3.0
2Ea2s /'\-/
ge
0020
ER -
S € 1.5 -~
°5 '/./‘-
£ 0 1.0
2o
o 0.5

1st 2ed 3rd 4th 5th 6th 7th 8th
Scratching layer
(c) Amorphous layer on 4H-SiC

COPPPOPOPPOPPSOP " Iver
ettt et
VVLVVDVVVVLVDVD
R T T R
SPPSLLLELS PP PP
COPPOPPPOPPOOPP
oooa&&ooooooocazwwr
VPPV DLVVV LDV DD
T T N Y
RETTTLLLXLLLL LY

(b) Atomic layout of 6H-SiC

PPPPPPPPPPPPPPP [ layer
VHLHIHVVVVPVVINND
VVVVVVVHV VDYV DR S 3 layer
PPPPPPPPPPPPPPP ™
PPPPPPPPPPPPPPP 5" layer
VPV VHVVVVVPDND
VYDV VPVVPVPLPIPPRD 7 layer
PIPPP PP PPPPPPPY
PPPPPPPPPPPPPPP
VIVIVHPVPVVVIINND

(d) Atomic layout of 4H-SiC

Figure 18. The thickness of the subsurface amorphous deformation at different scratching depths obtained by DXA.

By introducing a specific force as the ratio between cut-
ting force and depth of cut, this paper provides a rational
comparison between simulations and experiments. Although
the material removal performance in the simulation presents
similar trends, they do not match well quantitatively. This
could be due to limited computing capacity which limits
the scale of the MD simulations making it difficult to sim-
ulate the scratching process at the actual experimental size
level. Continuous improvements in computing facilities will
enhance the ability of simulations to match experiments in
the near future. This paper provides insights into material
removal mechanisms and potential guidance for polishing
operation for improved machining surface quality. The meth-
ods introduced in this paper could also be applicable for
the investigation of different SiC polytypes and other brittle
materials.

The mechanisms of material removal and subsurface
amorphous layer formation were observed and analysed
through a series of scratching MD simulations on the C and
Si faces of 4H-SiC and 6H-SiC. The following conclusions
are drawn from the results:

o In nanoscale processing, material deformation in the forms
of amorphous transformation and dislocations are the
primary mechanisms of material removal, which are evid-
enced in both MD simulation and experiments. The failure
of a brittle material, such as SiC, could appear as plastic
deformation and brittle fracture. Both amorphous trans-
formation and dislocation can present plastic deformations.

However, the dislocations in the scratched 4H-SiC and 6H-
SiC are prone to crack growth when the fractured bonds
do not recover. Such dislocation-promoted fracture features
can be seen in figures 15-17.

During scratching, dislocations and slips occur on both the
C face and the Si face, mainly on the (0001) basal plane
and the (10-10) plane. Dislocations and slips on the (0001)
plane promote material removal. Due to the lower stress
fluctuation peak, dislocations at C face on the (0001) plane
occur more readily.

Material removal efficiency of the C face is higher than
that of the Si face, and there is less subsurface amorph-
ous deformation on the C face. Dislocations on the (0001)
basal plane are more likely to occur on the C face than
on the Si face, which leads to lower scratching forces,
fewer amorphous atoms, and higher MRR on the C
face.

The MD simulation shows specific cutting forces decrease
with the increase of cutting depth, which is consistent
with the size-effect that is commonly observed in abrasive
machining.

MD simulation results show that setting the scratching cut-
ting depth as an integer multiple of the height of a half lat-
tice crystal may be more beneficial for removing materi-
als and obtaining a substrate with better subsurface quality.
This may guide and optimize the actual machining process.
In addition, this analysis method may also be used to invest-
igate the machining of other brittle materials with layered
structures.
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