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Abstract

Single crystal silicon carbide is widely used for microelectronics, optoelectronics and
medicine sectors because of its specific properties. It is critical to completely eliminate the
damaged layer and further reduce the surface roughness of the substrates to meet the
requirements of epitaxy processes. Both mechanical removal and chemical removal play
significant roles in the ultra-precision polishing. This research aims to investigate the
nanomechanical performance, chemical reaction and removal mechanism of 4H-SiC and 6H-

SiC polishing using molecular dynamics simulations and experimental validation.

Material deformation in the forms of amorphous transformation and dislocations are found to
be the primary mechanisms of material removal, which are evidenced in both MD simulation
and experiments. The dislocations in the scratched 4H-SiC and 6H-SiC are prone to crack
growth when the fractured bonds do not recover. During scratching, dislocations and slips
could occur on both the C face and the Si face, mainly on the (0001) basal plane and the (10-
10) plane. It is found that the stress peak of scratching on C face is lower, which means the
dislocations at C face on the (0001) plane occur more easily. Material removal efficiency of
the C face is higher than that of the Si face, and there is less subsurface amorphous
deformation on the C face. Moreover, in both experimental and simulation results, machining
conditions, such as shape of abrasive particles, scratching speed and scratching direction, also
have significant effects on nanometric material removal performance. Setting the scratching
cutting depth as an integer multiple of the height of a half lattice crystal may be more

beneficial for removing materials and better subsurface quality of substrates.

The occurrence of silicon dioxide when pure water is applied as the cooling liquid indicates
that the 6H-SiC wafers can be oxidized by the water during polishing without any acid or
alkali conditions. The occurrence and extent of the reactions between SiC and H>O are
influenced by the destruction of the 6H-SIC lattice structures. The material on the C face of
6H-SIiC is oxidized faster than that on the Si face, directly resulting in a larger removal
efficiency of the C face than the Si face in the same conditions. The research methods
introduced in this research could also be applicable for the investigation of different SiC
polytypes and other brittle materials. Understanding these problems could be beneficial to

nanomachining of these hard and brittle materials.
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Chapter 1. Introduction
1.1 Background

Silicon carbide (SiC), a third-generation semiconductor material, has wide applications in
microelectronics, optoelectronics and medicine sectors because of its specific properties.
Ultra-precision polishing, as the final step in the processing of SiC substrates, is a necessary
means to obtain ultra-smooth, ultra-flat, damage-free substrate surfaces, which has a decisive
influence on the subsequent epitaxy. Mechanical polishing (MP) and chemical mechanical
polishing (CMP) are two main processes to achieve the ultra-precision polishing of substrates
in commercial mass production. It is critical to completely eliminate the damaged layer and
further reduce the surface roughness of the substrates to meet the requirements of epitaxy

processes.

Ultra-precision polishing of the substrate is achieved during the alternative process of
chemical and mechanical removal of the wafers. The mechanism of chemical reaction and
mechanical action during this process has not yet been fully revealed. Although the current
machining technology can obtain the surface with nanometre-level accuracy, it is necessary
to further explain the microscopic material removal mechanism to achieve more efficient
machining. It is difficult to observe and measure many instant details through experimental
means, since the processing scale reaches the nanometre scale. Therefore, simulations can be
adopted to investigate, analyse and predict the phenomena in the process, and then to guide
the actual machining. Among them, the molecular dynamics (MD) simulation, an effective
method to simulate the motion and interaction of molecules and atoms, is widely used in the

ultra-precision machining.

1.2 Project’s aim and objectives

Both mechanical removal and chemical removal play significant roles in the ultra-precision
polishing. This research aims to investigate the nanomechanical properties, chemical
reactions and removal mechanism of 4H-SiC and 6H-SIiC during nanomachining using
molecular dynamics simulations and experimental validation. The objectives of the project

are to identify:



e Anisotropy of 4H-SiC and 6H-SiC in terms of forces, subsurface damage and material
deformation during indenting and scratching.

e The influences of removal scale, abrasive shape, scratching speed and scratching
direction on material removal mechanism.

e Interface chemical reactions between SiC and water in different levels of temperature
and load.

e The effect of the oxide layer on material removal characteristics during scratching,

especially under different constant loads.

1.3 Structure of the thesis

The thesis is sub-divided into 8 chapters.

Chapter 1 explains the background, aim and the objectives of the research work.

Chapter 2 introduces the fundamentals of the silicon carbide and various nanometric
machining methods. It provides a review of the research on ultra-precision polishing
technology and highlights some testing methods. It further reviews the MD method used in

various atomic machining methods.

Chapter 3 introduces the fundamentals of the MD method with consideration to the various
thermodynamic ensembles, the commonly used interatomic potentials, algorithms for the
integration of the equations of motion. It also explains the configurations used for the MD
simulation of nanometric machining; the MD software and the hardware platform used for

the simulations in this project.

Chapter 4 introduces the methodology for the verification experiments performed in this
project. It mainly provides the information of test device, specimens, experimental setup and

procedures.

Chapter 5 provides the MD simulations and experimental results of nanoindentation. These
results include the indentation forces, subsurface morphology and material deformation. Then
the effect of different potential functions is compared and discussed. And the experimental

verification in terms of surface morphology improves the reliability of the MD simulations.
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Chapter 6 provides the MD simulations and experimental results of nanoscratching. These
results include the scratching forces, material remove efficiency and subsurface deformation.
The difference between Si face and C face of 4H-SiC and 6H-SIC are investigated. And the
experimental verification in terms of scratching forces and material remove efficiency

enhances the reliability the MD simulations.

Chapter 7 provides the MD simulations and experimental results in different scratching
conditions. The effects of removal scale, tool morphology, scratching speed and scratching

direction on material removal mechanism are investigated.

Chapter 8 provides the reactive molecular dynamics (RMD) simulation results of interfacial
reactions between SiC atoms and water molecules in different levels of temperature and load.
The difference in terms of reaction efficiency and reaction products between Si face and C

face are investigated. And the reaction mechanism during polishing is discussed.

Chapter 9 provides the MD simulation results of nanoscratching on the SiC surface with the
oxide layer. The effect of the oxide layer on material removal characteristics during

scratching, especially under constant loads, is investigated.

Chapter 10 is a summary of the contribution of this research work and proposes directions for

future work.



Chapter 2. Literature review
2.1 Fundamentals of the silicon carbide

Silicon carbide, a third-generation semiconductor material, has extensive applications in
microelectronics, optoelectronics, aerospace, and medical sectors because of its specific
properties, such as chemical inertness, high thermal conductivity and high-temperature
stability [1]. The SiC substrate is considered as a typical hard-to-machine material because of

its high hardness, high brittleness and stable chemical properties [2-4].

There are more than 250 polytypes of SiC which have been accepted, due to its one-
dimensional polymorphism [5]. The hexagonal SiC (4H-SiC and 6H-SiC) and the cubic SiC
(3C-SiC) are two major polymorphs, with hexagonal and zinc-blende lattice structures,
respectively [6]. For these polytypes of SiC, the crystal structures differ in the stacking
sequence of the close-packed layers. The stacking sequences of 4H-SiC and 6H-SiC are given
by ABCB' and ABCA'C'B', respectively [1, 6]. Here, A, B, and C indicate the three possible
lateral positions of the Si-C bilayers. A and A’ (B and B', C and C') bilayers have equivalent
spatial positions, but their bonds are rotated 180 degrees with respect to each other. The
molecule crystal structures of 4H-SIiC and 6H-SIC are illustrated in Figure 2-1, and the

material properties are presented in Table 2-1.
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Figure 2-1. Structures of 4H- and 6H- Silicon Carbide.

Table 2-1. SiC material properties [1].

Property 4H-SiC 6H-SiC
Lattice Parameters a=3.076 A, c=10.053 A a=3.073 A, c=15.117 A
Stacking Sequence ABCB' ABCA'C'B'
Mohs Hardness ~9.2 ~9.2
Density 3.21 g/lem? 3.21 g/lem?
Dielectric Constant c~9.66 ¢~9.66

Thermal Conductivity

Band-gap

a~4.9 W/em-K@298K
c~3.9 W/em-K@298K

3.23eV

a~4.6 W/ecm-K@298K
c~3.2 W/em-K@298K

3.02eV

4H-SiC has wide applications for optoelectronic devices, high-temperature electronic
devices, ultra-precision 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
[7-9]. However, these ultra-precision micro/nano components require extremely high

geometric accuracy, which adds difficulty to the machining process. Further the nanoscale
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defects are harmful for SiC-based devices, which can originate from the growth of material or
can be introduced during the machining process [10]. Thus, the study of the nanoscale
characteristics of SiC has attracted much attention in recent years, both experimental and

numerical.

2.2 Literature of ultra-precision polishing technology

Ultra-precision polishing, as the final step in the processing of SiC substrates, is a necessary
means to obtain ultra-smooth, ultra-flat, damage-free substrate surfaces, which has a decisive

influence on the subsequent epitaxy.

At present, the ultra-precision polishing of substrates in commercial mass production mainly
includes two processes of mechanical polishing and chemical mechanical polishing. The
purpose of polishing is to completely eliminate the damaged layer and further reduce the
surface roughness of the substrates to meet the requirements of epitaxy processes. Traditional
MP generally uses high-hardness materials, such as diamond or boron carbide, as abrasives to
remove the surface materials of the substrate by scratching and ploughing [11]. The basic
principle of CMP is to use the chemical substance in the polishing slurry to corrode the
crystal surface and form a gel-like film layer, and then the soft film layer can be removed by
micro-mechanical friction of the ultra-fine abrasives. In this way, ultra-precision polishing of
the substrate is achieved during the alternative process of chemical deformation and
mechanical removal of the wafers [12-14]. Figure 2-2 shows the schematic diagram of the
chemical mechanical polishing on SiC substrates.



Figure 2-2. Schematic diagram of the chemical mechanical polishing [14].

In recent years, scholars have carried out a large number of theoretical explorations and
experimental research to try to solve problems of low efficiency and difficulties in SiC ultra-
precision polishing. Most of these researches focus on two aspects: the hardness of abrasives
and the corrosiveness of polishing slurry. These two aspects focus on enhancing the
mechanical removal and chemical reaction respectively. Lee [15] believed that the removal
rate of SiC substrates, mainly depended on mechanical removal rather than chemical reaction,
and it could be improved by adding the nano-diamond particles. However, the introduction of
the nano-diamond particles not only increased the cost of CMP polishing slurry, but also had
a great impact on the surface quality by self-agglomeration and re-agglomeration during
processing, which might lead to new mechanical damage and lower the surface quality [16,
17]. Some scholars used nano-platinum particles, nano-iron particles, hydrogen peroxide or
potassium nitrate as catalysts in acid or alkaline polishing slurry in order to promote the

chemical reaction of SiC and then improve the removal rate [18-20].

In addition, researchers have also developed some new CMP-based methods for energy-
assisted processing, such as electrochemistry, hydrogen etching, particle beam, laser, and
ultrasound [21-26]. Among them, the plasma-assisted polishing method is based on the
polishing principle of CMP, which uses the chemical corrosion effect of water vapour and the
mechanical removal effect of soft abrasives to achieve ultra-smooth surfaces (rms about 0.2
nm) [21-23]. Electrochemical mechanical polishing is based on CMP combined with
electrochemical means to control and enhance chemical reactions to achieve the purpose of

improving the removal rate [24, 25]. Similarly, the photocatalytic-assisted CMP method can



promote the oxidation reaction by adding photocatalytic particles, thereby increasing the

material removal rate by 30% [26].

Although these methods improve the polishing efficiency and precision to a certain extent,
they also bring many problems, such as the consumption of expensive abrasives in the
polishing liquid, the environmental pollution due to the corrosive liquid, and the unsuitability

of industrial mass production.

Furthermore, the anisotropy, the chemical reactions and the removal scale of the material all
had important influences on the processing properties at the nano scale. Some scholars had
tried to study the effects of these aspects on the polishing process of SiC substrates. Chen et
al. [8] found the Si face of 6H-SiC presented a higher material removal rate (MRR) than the
C face during both mechanical polishing and chemical mechanical polishing in an alkaline
solution. The Si face may have removed more easily because it was oxidized by the dissolved
oxygen. However, other researches show opposite effects. Lu et al. [27] 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 mechanical properties of
different faces. Pan et al. [28] also reported that the C face of 6H-SiC showed higher MRR
than the Si face in both acidic and alkaline solutions. Therefore, differences between the
MRRs of the Si face and C face are controversial. A fundamental understanding of the
removal mechanism of 4H-SiC and 6H-SiC is critical to provide a guide for improving
polishing efficiency and quality.

Luo et al. [27, 29] put forward a semi-fixed abrasive polishing tool, based on the principle of
sol-gel (SG), which would satisfy the processing demands of scratch-free and nanoscale
roughness in substrate surfaces. This polishing pad is the flexible matrix made of sodium
alginate, which enables the effects of abrasives yielding and then controls the material
removal evenly. Figure 2-3 shows material removal mechanisms of SiC using the SG
polishing tool (left) and fixed abrasive polishing tool (right). The polishing coolant used in
this method is pure water, which is environment-friendly. By this means, Luo et al. [30]
compared the effects of several abrasives (diamond, alumina, silicon carbide, and zirconia)
on the processing properties of SiC substrate, and analysed the interface mechanism between
abrasives and substrate surface. After chemical analysis of the chips and the processed

surface, they found that the interfacial friction between the abrasives and the substrate surface



induced chemical reactions. The chemical products on the Si and C faces of SiC substrates

were crystalline and amorphous silicon oxide, respectively [30].

Before
polishing

VYV VY VYV VYV TV

During
polishing

Figure 2-3. Material removal mechanisms of SiC using the SG polishing tool (left) and fixed abrasive
polishing tool (right) [29].

2.3Literature of indentation and scratching tests

In order to eliminate defects from SiC surfaces and improve polishing efficiency, a better
understanding of material removal mechanisms at the nanoscale is critical. Considering the
SiC crystal structure, it is inevitable and necessary to identify and evaluate different
machining mechanisms and effectiveness for the crystal faces of SiC. Therefore,
investigations of the nanoscale mechanical properties and machining mechanisms of SiC
substrates have attracted significant attention in recent years [31-38]. Indentation and
scratching experiments on SiC substrates are two common methods of studying the
nanomechanical properties of materials. A review of the indentation and scratching tests on

SiC substrates is presented in this section.



Demenet et al. [9] studied the nanoindentation of 3C-SiC at room temperature and analysed
the microstructures by the transmission electron microscopy. It was found that 3C-SiC
exhibited the same deformation mechanism as other semiconductor materials such as silicon
under high stress, and this might be the general feature of all this family of materials. Schuh
et al. [31] studied the indentation of 4H-SiC, and proposed the analysis of the incipient
plasticity within a nucleation-based statistical framework, which was able to predict what
were most likely mechanistic events during indentations. Goel et al. [32] explore the
nanomechanical response of 4H-SiC through the quasistatic nanoindentation, and obtained
the load-displacement curve from the indentation experiments. In Goel’s study, the residual
depths after the indentation were different when using different depths, which was deemed to
arise from the compressive residual stresses and incipient plasticity. Li et al. [33] also
assessed the evolution of the deformation behaviour of 6H-SIiC and found its critical
transition condition among elastic, plastic and fracture in the loads range of 3.99-7.13 mN.
Indentation load-displacement curves also 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 [33, 34].
Li et al. [35] also studied the indentation using a Berkovich indenter and the SEM results of
the indentation surface morphology were shown in Figure 2-4. When the maximum load is 8
mN, there is only plastic deformation and no cracks on the surface of the workpiece after the
unloading process, and when the maximum load is 10 mN, there is initiation of the crack
occurring on the surface of the workpiece after the unloading process.
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Figure 2-4. Surface morphology of 6H-SiC under different loading (a) 8 mN, (b) 10 mN, (c) 20 mN,
(d) 40 mN, (e) 60 mN [35].

The mechanics involved in the scratching process include three main stages: rubbing,
ploughing and chip formation. Rubbing has no effect on the grinding process because the
abrasive grit only deforms elastically the material surface. Ploughing occurs when plastic
deformation is induced on the material, and chip formation is when the fracture occurs. Grim
et al. [34] experimentally confirmed that basal dislocation can also be activated in the
subsurface of 6H-SIC during mechanical polishing. Meng et al. [36] undertook a series of
nano-scratching tests on 6H-SiC substrates to investigate subsurface structures before and
after scratching. Figure 2-5 shows the topography of scratched grooves under different
normal loads. By observing the results from transmission electron microscopy (TEM), they
found some micro-cracks on the subsurface with lengths (up to 1 am) many times longer than
the processed depth (90 nm). The subsurface damage may relate to lattice mismatch and bond
rupture.

11
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Figure 2-5. Topography of scratched grooves under different normal loads [36].

Wang et al. [37] carried out both single-grit scratch and double-grits scratch tests on the
(0001) surface of 4H-SiC substrate by the abrasives on wire saw instead of using a standard
indenter to obtain an in-depth understanding of the material removal mechanism and crack
propagation during wire sawing. As shown in Figure 2-6, the radial cracks played an
important role in the process of material removal by means of the interaction between radial
cracks and the interaction between radial cracks and lateral cracks in double scratch tests.
Duan et al. [38] also performed the scratching processes on SiC wafers, using two diamond
grits at distances of 0.05, 0.1 and 0.15 mm in the Y-direction (Figure 2-7). In the scratching,
as the distance of the two diamond grits in the Y-direction increases, the interference at the
different distances of the Y-direction are primarily expressed as the interference of plastic
damage, the interference of plastic damage and lateral cracks and the interference of lateral
cracks.
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Figure 2-6. Topography of scratched grooves under different normal loads [37].
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Figure 2-7. Three-dimensional topography of the groove for a Ady of 0.1 mm: (a) topography of the
groove using a 3D-video microscope, (b) topography of the groove using a laser scanning confocal
microscope, and (c) section profile having the maximum depth and width in the interference
region.[38]

Dislocations can also lead to cracks. Zhang et al. [39, 40] observed diamond scratching on
alumina samples and their results showed that for brittle materials, a pulverised material layer
beneath the scratched grooves may appear as plastic deformation, forming ploughing ridges.
After further investigating the materials in this pulverised region, Zhang concluded that the
pulverised structures were actually micro crack clusters, which are easily removed by
chemical etching. Visible cracks may appear beyond the pulverised region, as illustrated in
Figure 2-8. When scratch depth is less 1 um, pulverisation appears even when almost no

material is removed [40].
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Figure 2-8. Subsurface damage of brittle materials in micron-scale cutting.
2.4 Literature of molecular dynamics simulation

In the ultra-precision polishing, it is difficult to observe and measure many instant details
through experimental means, since the processing scale reaches the nanometre scale.
Therefore, simulations can be adopted to analyse and predict the phenomena in the process,
and then guide the actual machining. Many simulation methods, such as the finite element
method (FEM), the smoothed particle hydrodynamics (SPH) and the molecular dynamics
simulation, have been adopted to study the material removal process during machining in
recent years [38, 41, 42].

For example, Duan et al. [42] combined two different simulation methods, FEM and SPH, to
study influences of diamond shapes on the material removal process for the scratching of SiC.
As shown in Figure 2-9, the results of the double-scratching simulation showed that the
interference damages in the scratching process occurred in three circumstances: the
interference of lateral cracks, the interference of lateral cracks and plastic damage, and the
interference of plastic damage [38]. But the workpiece particles scattered apart during the
scratching, which was different from the actual situation. The FEM is mainly used to
investigate the material deformation process with continuous media assumption. FEM and
SPH simulations are commonly used for the process performance down to sub-micron level
with many linearized assumptions that may not fully represent the material molecule

performance.
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Figure 2-9. The Coupling of FEM and SPH method used in the SiC scratching. (Material damage
distribution of the workpiece after double scratching at different distances in the Y-direction: (a)
Ady=0.05 mm, (b) Ady=0.1 mm, and (c) Ady=0.2 mm) [38].

The MD simulation, an effective method to simulate the motion and interaction of molecules
and atoms, is a bridge that connects microscopic length scales and time scales with
macroscopic properties. It can help us explore new phenomena and new results that cannot be
discovered by other means at the nanoscale. MD simulation is an important tool for studying
nano-machining. It can visualize the transient nano-machining process, allowing us to

analyse and study various phenomena in the ongoing nano-machining process in detail.

The main advantage of MD is that it models material behaviours directly to molecular level
or nanometre level, which is the material removal level of ultra-precision polishing processes.
MD simulates and realizes the machining process by simulating the motion of the atoms, and
then obtains the relevant physical quantities through the statistical mechanics analysis, so as
to observe and analyse them. The base of MD simulation analysis is that each of these atoms
follows the Newton's law, and the behaviours of these atoms are mainly derived from the
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statistical potential functions. The fundamentals of the MD simulation method are presented

in Section 3.1.

At present, the related research studies on the MD simulation of ultra-precision machining
mainly focus on nano-cutting mechanism, tool wear, material defect evolution, material

removal, interface reaction and so on [43-48].

2.4.1 Nanoindentation process

Nanoindentation simulation is a common method to study the nanomechanical properties of
materials. Through nanoindentation simulation, load-displacement curve, subsurface
deformation, dislocation and slip can be observed clearly. Thus, there are many MD studies
focusing on nanoindentation, in which most of the MD research studies regarding
nanoindentation focused on metallic material [49-52] and Si [53-56], while research on SiC

remains relatively scarce.

Sun et al. [57] used the MD simulation to study the nanoindentation on 3C-SiC (111) thin
films. They discussed the formation mechanism of prism ring during nanoindentation and
suggested two kinds of mechanisms, the "lasso"-like mechanism and the extended "lasso™-
like mechanism. Zhu et al. [58] studied the nanoindentation process of 4H-SiC by MD, with a
cube corner diamond indenter adopted, and phase transformation from 4H-SiC to 3C-SiC is
firstly observed. Wu et al. [59] simulated the nanoindentation on 6H-SiC using MD. The
results showed that the amorphization process corresponds to the first “pop-in” event of the
indentation load-displacement curve, while the dislocation nucleation and propagation are
related to the consequent “pop-in” events. As shown in Figure 2-10, the amorphization is
confirmed to achieve via an initial transformation from wurtzite structure to an intermediate

structure, and then a further amorphization process.
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Figure 2-10. Coordination number distribution in cross section at (a) h=0.84 nm, and (b) h=0.96 nm;
(c) Amorphization path from wurtzite structure to amorphous structure. [59]

2.4.2 Nanoscratching process

Nano scratching simulation is another common process to investigate nanomechanical
properties, material deformation and material removal mechanism. And the single grit
scratching can be regarded as a simplified polishing model. A review of the scratching tests

on SiC substrates using MD simulation is presented in this section.

Among different polytypes of SiC, the scratching on 3C-SiC is well studied using MD
simulation. For example, Goel et al. [60] studied the atomistic aspects of the ductile response
of 3C-SiC in the nano-cutting process by the MD simulation. They believed that 3C-SiC
underwent the sp3-sp2 order-disorder transition, which led to the formation of the SiC-
graphene-like substance, and the growth rate was related to the cutting conditions. In addition,
Meng et al. [61] studied the coupling effect on the removal mechanism of 3C-SiC by the MD
simulation, with the wear of abrasive considered. The results showed that multiple repeated
processing under the same conditions contributed to higher removal efficiency and

controllable surface damage. Liu et al. [62] simulated the scratching processes of 3C-SiC and
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compared material removal behaviour between monocrystalline and polycrystalline silicon

carbide.

The related research studies on 4H- and 6H-SiC are quite rare. Wu et al. [63] simulated the
nano-cutting of 6H-SIC in different depths (Figure 2-11) and confirmed that 6H-SiC
undergoes amorphous structural transformation. Meanwhile, dislocations occurred in the
subsurface and their propagation leads to a basal plane stacking fault. Nano-indentation
results of high-resolution transmission electron microscopy confirm two major material
deformation mechanisms, including amorphous deformation generation near the indentation
region and dislocation propagation along both the {0001} basal and {1-100} prismatic planes
[59]. For these two methods of the plastic deformation of 6H-SiC, Xiao et al. [64] held that
dislocation plasticity played a major role, through using shortest-path ring analysis and
visualization of the dislocation core structures. Different polytypes of SiC show different
machining properties. As shown in Figure 2-12, Luo et al. [6] compared the nano-cutting of
3C-SiC, 4H-SiC and 6H-SiC. They found 4H-SiC exhibited superior subsurface integrity
after machining, while 6H-SiC showed poorer results under a cutting depth of 1.3 nm. In all

four cases, no dislocations were found in the subsurface.

(a) (b) Cutting _ Plough
regime regime
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Figure 2-11. Deformation evolution in 6H-SiC due to the variation of the depth of cut d of the
diamond cutting tool (total cutting length = 18 nm). (a) d = 0.3 nm, (b) d = 0.5 nm, (c) d =2 nm, and
(d) d=3nm. [63]
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Figure 2-12. Subsurface deformation of Silicon Carbide and Silicon. (a) 4H-SiC, (b) 3C-SiC, (c) 6H-

SiC and (d) Si. [6]
Considering the anisotropy of SiC, different crystal planes and orientations significantly
influence the deformation mechanism and removal efficiency of the material. As shown in
Figure 2-13, Meng et al. [65] compared the material removal rates in different combinations
of crystal planes and orientations. It was 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. The
differences in material removal rates caused by different scratch orientations were more
obvious on the (01-10) plane and (11-20) plane, but not obvious on the (0001) plane. In
addition to simulating traditional processing methods, MD has also been used to simulate
femtosecond laser aided machining on 6H-SiC [66]. It was found that the modified 6H-SiC
surface structure improved the removal efficiency and effectively reduced the depth of
surface damage.
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Figure 2-13. Topography of machined surface under different crystal plane/orientation conditions,
where a—f are the corresponding process modes (0001)/[2-1-10], (0001)/[10-10], (01-10)/[2-1-10],
(01-10)/[0001], (11-20)/[1-100], and (11-20)/[0001], respectively. [65]

At the nano or atomic scale level, the shape of diamond grits will influence the scratching
process as well. In general, the spherical, conical and pyramid grits were widely used in these
research studies. And there also are many tool models in complex geometry in specific
applications. The effect of tool geometry [67-69] and size [70] in nanometric cutting has been
an interesting topic in recent years, but the related studies on SiC are few. Fung et al. [71]
used MD simulations to investigate the effect of the surface flaws of the diamond tool
surfaces on the tool wear in nanometric cutting on 3C-SiC. In this research, a V-shaped notch
(as shown in Figure 2-14) was created along the tool flank face to mimic a nano-sized flaw. It
was found that the material loss from the flawed region was one order of magnitude larger
than that from the flawless region, explaining the effect of the flaws on the microscopic wear

resistance of diamond tools [71].
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Figure 2-14. Scratching model using a diamond tool with a VV-shaped defect. [71]

In addition, there also are some research studies on the effect of the workpiece with different
defects, such as voids, polycrystalline and surfaces in grating or corrugated structures [66, 72-
74], which provide in-depth understanding of the scratching process in some specific

conditions.

2.4.3 Interfacial reaction

Both mechanical removal and chemical removal play significant roles in the ultra-precision
polishing. The chemical reaction occurring on the surface of the wafers during polishing is

the key factor to influence the removal rate and control the surface quality [75, 76].

Reactive molecular dynamics, based on the ReaxFF, is a program for modelling chemical
reactions with atomistic potentials, which can simulate bond-breaking and bond-making [77].
Newsome et al. [78, 79] proposed the force field for the reaction of SiC and H2O and studied
its oxidation, which provided reliable support for the chemical reaction in the polishing on
SiC substrates. The initial stages of oxidation of SiC by Oz, H20, and their mixture,
respectively, were compared in the moderate to very high temperature range using the
ReaxFF based reactive molecular dynamics simulations. The initial configurations of H>O
and SiC slab are shown in the left side of Figure 2-15, with the final configurations at 2000 K
(centre) and 4000 K (right). Qualitatively, the SiO slab from H20 at 2000 K appeared similar
to the SiO- slab at 1000 K from Oz, indicating the higher oxidation strength of O>. Moreover,
Simonka et al. [80] analysed the early stage of the highly anisotropic silicon carbide

oxidation behaviour with reactive force field molecular dynamics simulations. The oxidation
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of a-, C-, m-, and Si-crystallographic faces is studied at typical industry-focused temperatures
in the range from 900 to 1200 <C based on the time evolution of the oxidation mechanism
(Figure 2-16). The results indicated that the C-face has the highest oxidation rate, followed by
the m-, a-, and Si-face, and the differences between the various faces have been observed to

be decreasing with time.
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Figure 2-15. Initial (left) and final snapshots of SiC oxidation by H,O at 2000 K (centre) and 4000 K
(right). The yellow arrows show the extent of SiO; slab growth. Si = yellow, C = blue, O =red, and H

= white. [78]
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Figure 2-16. Simulation snapshots of initial structures of the SiC/O; interfaces for a- (11-20), C- (000-
1), m- (1-100), and Si- (0001) oriented SiC at time = 0. [80]
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2.4.4 Chemical mechanical polishing process

There are two common ways to simulate the CMP process using MD simulations. First is the
classic MD method, in which the water layer is added on the workpiece surface in the normal
scratching model. Some researchers have used this method to study the indentation and
scratching on copper with a water film [81-83]. For example, Figure 2-17 shows the MD
simulation model for nanoindentation on the Cu (001) surface with a water film. The results
show that the presence and thickening of water film as a medium of force transmission from
indenter to Cu thin film, leads to a wide range of plasticity within Cu, large load dissipation

and surface damage [81].

Z[001]

‘<X[100]

Y[010]

Figure 2-17. Schematic of the MD simulation model for nanoindentation on the Cu (001) surface with
a water film [81].

Some scholars had also used RMD simulations, based on ReaxFF, to study the CMP process
of brittle materials such as silicon and diamond. Wen et al. [84] adopted ReaxFF reactive
force field to study the tribochemical wear mechanism of silicon and SiO2 in aqueous
environment during the CMP process, and the reactions and material removal processes were
analysed. Figure 2-18 shows the schematic diagram of the model. They also compared the
effects of different aqueous environments, and found that Si was more easily oxidized and
removed in aqueous H20, than water [85]. Yeon et al. [86] also used ReaxFF reactive force
field to study the effects of water on tribochemical wear of silicon oxide interface, and found
the atomistic mechanisms of tribochemical reactions occurring at the sliding interface of fully
hydroxylated amorphous silica and oxidized silicon. Guo et al. [87, 88] used the ReaxFF

reactive molecular dynamics to elucidate the atomic removal mechanism of the CMP process
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on diamond surfaces, polished with silica abrasives in pure water and H>O> aqueous solution.
The model is shown in Figure 2-19. Three removal pathways of C atoms were detected in the
CMP process: removal in the form of CO, CO; and C chains, which occurred primarily in the

first layer of C atoms.
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Figure 2-18. The model for ReaxFF reactive MD simulations of Si CMP in the aqueous H,0. [84]

CO ( O from H,0,) ——’@ CO ( O from H,0)

@ C(diamond) @ H(H:0)  H(H02)  O(H:0) ~ O(H:0:) @ O(SiO;) @ Si(SiO»)

Figure 2-19. The model of silica and diamond in aqueous H20-. [87]
2.5 Knowledge gaps and summary

Under the high-performance requirements for semiconductor devices, the processing
technology of substrate materials also faces critical challenges. Therefore, high-efficiency,
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damage-free, and ultra-precision processing of SiC wafers is still a hot and difficult challenge
in the mechanical manufacturing field. As reviewed in this chapter, the mechanism and
conditions for chemical reactions between abrasives and SiC substrate surfaces has not been
fully revealed, because of the discontinuous experimental conditions and results. In
particular, although the Si face and C face have the same structures and atomic arrangements,
they show obvious differences in polishing efficiency and chemical reaction rates, the reasons
for which are not well clarified. A further investigation of the removal mechanism of 4H-SiC
and 6H-SIC is a critical requirement to acquire relevant knowledge and provide a guide for
improving polishing efficiency and quality. In addition, the knowledge of SiC removal
mechanism under brittle and plastic formats at different material removal scales has not been
defined clearly and is worth exploring. The influences of machining conditions on material
removal and subsurface deformation are worth studying as well. And the effect of the

reaction layer formed by the chemical reactions on the material removal is also unclear.

In order to fill the knowledge gaps in SiC nanomachining, MD and RMD simulations,
together with validation experiments, will be used in this study to clarify the nanomechanical

properties, chemical reaction mechanism and material removal mechanism.

Most of the MD research regarding SiC focuses on 3C-SiC, while research on 4H-SiC and
6H-SiC remains relatively scarce. In particular, the MD simulations, studying the difference
between the C face and the Si face, were rare. The indentation or scratching depths, as well as
the dimensions of indenters, selected in previous studies were so small, which could not
simulate the material removal process in processing accurately. Moreover, some MD
simulation studies set the system in two dimensions in order to reduce the amount of model
calculation, thereby increasing the sizes of both workpiece and tool in the simulations.

Unfortunately, the reliability of the simulations may suffer as a result.

The above-mentioned systems for the RMD simulations of CMP process are very small,
containing only a few thousand atoms due to the limitation of calculation, while the actual
machining scale is much larger than that. The correspondence between the conclusions
obtained by the microscopic systems and the macroscopic experiments is not clear. Besides,
mechanical removal and chemical reactions during polishing are usually carried out by

classical MD and RMD respectively, but chemical reactions and mechanical interactions
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occur synergistically in actual polishing, which may cause deviations between the simulation
results and the experiments. Therefore, the results of the RMD simulations should be
combined with the classical MD simulations, through adding the chemical reaction products
in the small system (RMD) to the larger system (MD), which makes the simulation systems
closer to actual polishing. The RMD simulations of the polishing on SiC substrates are still
very rare. As mentioned before, the chemical reaction occurred during the polishing on SiC
wafer using SG polishing tool [30]. The polishing coolant used in SG polishing method is
pure water, which is environmental-friendly. Newsome et al. [78, 79] proposed the force field
for the reaction of SiC and H20, which provided reliable support for the chemical reaction in

the polishing on SiC substrates.
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Chapter 3. The methodology for the molecular dynamics

simulation of nanomachining
3.1 Fundamentals of the molecular dynamics simulation

Classical molecular dynamics simulation is a kind of molecular simulation method for
solving many-body problems at the atomic and molecular levels. The basic idea is to
establish an atomic system that conforms to the laws of classical Newtonian mechanics to
simulate the microscopic phenomena [89, 90]. The numerical solution of the motion
equations is used to obtain the definite trajectory of each atom, and then the corresponding
macro-physical properties of the system are obtained. The flow diagram of molecular
dynamics simulation is shown in Figure 3-1. Once the positions, velocities and accelerations
of the atoms are known, the new positions, velocities and accelerations of the atoms at the
next time step can be predicted. Then the state of the system, such as energy, temperature and
pressure, can be obtained. The method is based on statistical mechanics, a way to obtain a set
of configurations distributed according to some statistical distribution functions [91, 92]. MD
simulation can predict the properties of materials at the nanometer scale by accurately
describing the interaction between atoms, and reveal the dynamic atomic details of the
material deformation process by simulating the basic processes related to the atomic motion

path.

Set initial conditions
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Figure 3-1. The diagram of molecular dynamics simulation.
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Different from other simulation methods mentioned in Chapter 2, the particles in MD
represent real atoms with nature properties instead of defined virtual particles. So MD is an
important tool for studying the nanomachining processes because it models material
behaviours directly to molecular level or nanometre level, which is the material removal level
of ultra-precision polishing processes. It can visualize the transient nanomachining process,
allowing us to analyse and study various phenomena in the ongoing nanomachining process
in detail. MD simulation can be regarded as a bridge that connects microscopic length scales
and time scales with macroscopic properties [93, 94]. It can help us explore new phenomena

that cannot be discovered and analysed by other means at the nanoscale.

The methods of solving the classical Newton’s equation of motion (integration algorithm),
the empirical potential energy functions and the thermodynamic ensembles of the simulation
system are the three most important aspects of MD simulations, which determine the
accuracy of the simulation results. The following sections describe the settings of the above

three aspects in the MD simulation.

3.1.1 Integration algorithm for solving Newton’s equation of motion

The MD simulation is based on Newton’s second law of motion. It consists of the numerical

step-by-step solution of the classical equations of motion. For a set of N atoms,
F, =m;a, (3-1)

. : d’r, . : : :
Where m, is the mass of atom i, a, = dtzl is the acceleration of the atom i and F, is the

resultant force acting on atom i. These forces should be balanced by the potential energy

between atoms, which is usually presented as the gradient of a potential energy function.

At present, the most commonly used method to solve the classical Newtonian equation of
motion is the velocity-Verlet algorithm. Assuming that the position, velocity, and
acceleration of atom i at time t are ri(t), vi(t), and ai(t), respectively, then the position, velocity,
and acceleration of atom i at time t + 4 ¢ can be determined by the velocity-Verlet algorithm

obtained as formula [95].
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R(t+4t) = T + (04t + 7, ()AL (3-2)

7 (t + %At) = B(0) +5 a4t (3-3)
Ut +At) = ——T(t + At) (3-4)
Tt + 40 = B0 +5 @O + T+ A0lae (35)

3.1.2 Empirical potential energy function

MD simulation requires the definition of a potential function to describe the particle
interaction in the simulation. The potential energy function is usually called the force field in
chemistry and biology, and in materials physics it is called the interatomic potential. The
potential can be defined at many levels of physical accuracy, which determines the accuracy
and reliability of the MD results. The crucial task in an MD simulation is the selection of the
potential function, and if the potential doesn’t present the behaviour of the atoms correctly,
the results produced from the simulation would be useless. The lack of clear understanding
about the scope and the limitations of a given model may lead to its innocent misuse and
sometimes, to the dissemination of nonsensical results [96].

In the MD simulation of nanomachining, in order to reveal the mechanism of nanomachining
more clearly and completely, the simulation system is required to contain as many atoms as
possible. For a simulation system containing a large number of atoms, it is difficult to use a
quantum force field to describe the relationship between the atomic structure, function and
dynamics in the system. This is because although the calculation accuracy of the quantum
force field is very high, the calculation efficiency is very low, and it takes an extremely long
calculation time. Using empirical potential energy functions to describe atomic interactions
can not only save a lot of calculation time, but also take the calculation accuracy into account.
Therefore, empirical potential energy functions, such as Lennard-Jones, Morse, Embedded-
Atom Method (EAM), Tersoff, Modified Embedded-Atom Method (MEAM), etc., are widely

used in molecular dynamics simulation of nanomachining [97-100].

Consider the energy of N interacting particles, which can be written as [101, 102]

E:ZVl(ri)+ZV2(ri,rj)+ZVS(ri,rj,rk)+ ........ + DV n....r) (3-6)

i<j i<j<k i<j<k...... <N
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Where r,,r;,r, are the positions of the particles and the functions, and V,,V,,V,,...V are the

many-body potentials. For simplicity, pair potentials models are normally used for atomic

interactions, and it follows from equation (3-6), that the second term, sz(ri ,1;) is the two-

i<j
body or pair potential, (which also can be re-written as in equation 3-7), and the third term is
the three-body potential and so on [101, 102].

V=>>V(r) (3-7)

S

Where r; is the distance between particles i and j. The pair potentials are the simplest

interatomic potentials used for the interaction of a set of particles. For MD simulations, a

potential energy function should have the following properties [103].

e Flexibility. It must be flexible enough to accommodate a wide range of fitting data.

e Accuracy. It should be able to accurately reproduce an appropriate database.

e Transferability. It must be able to describe structures not included in the fitting
database.

e Computational efficiency. The evaluation of the potential should be relatively

efficient.

In general, the EAM and the MEAM potentials should be used for metals; the Tersoff
potentials are usually employed for covalent materials; and for the interface of materials
where suitable potentials have not yet been developed, appropriate available LJ and Morse

potentials can be used [104]. The Table 3-1 shows the usage of some common potentails.

Table 3-1. The usage of potentails.

Potential Usage
Lennard-Jones Al-C [47], O-C [47], Si-C [53], Cu-O[83],
potential 0-0[83], Cu [83],

Cu [45, 52], Cu-C [45, 51, 52, 68], Si-C [46, 48, 54, 55, 56,
58, 63], C-C [58, 63]

Diamond [43, 46, 48, 54, 55, 56, 58, 60, 61, 62, 63, 65, 66, 70,
71,72], S1[44, 48, 54, 55, 56, 70], SiC [43, 46, 58, 60, 61, 62,

Morse potential

Tersoff potential
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63, 65, 66, 71, 72]

Embedded-Atom

method potential AL[50], Ni [50], Cu [51, 68, 69]

Si[75, 76, 84, 85, 86], SiO2 [75, 84, 85, 86, 87], SiC [78, 79,
ReaxFF 80], Diamond [81, 82, 87, 88], HO [78, 79, 81, 82, 84, 85, 86,
87, 88], H202 [84, 87, 88], 02 [78, 79, 80], Cu [81, 82]

e Lennard-Jones potential

Lennard-Jones started with the general form equation [105-106].

V(=2 (3-8)

(The inverse nth power attractive force dominates at large distances and the inverse mth
power repulsive force dominates at short distance.) He later arrived at n = 6, m= 12; n=7 and
m=13, as the special cases of the equation. He didn’t derive the equation as it were from first

principles, but arrived at it by fitting experimental data. The values n = 6, m= 12 are widely

eI e

Where &£ and o are constants which are dependent on the interacting particles. The LJ

used nowadays.

potential is ideal for rare gases, where the interactions between the non-bonded and

uncharged atoms are due to weak van der Waals forces.

e Morse potential

Morse potential has the characteristics of simple form and convenient calculation. Its

expression is as formula (3-10).

Vi = D{exp[-2a(r; —r.)]-2exp[—a(r; —r 1} (3-10)

Where, r, and r, are instantaneous and equilibrium distances between atoms i and j

respectively; a and D are constants determined on the basis of the physical properties of the
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material. The Morse potential is suitable for cubic metals and they can be used to model the

interactions between an atom and a surface.

e Tersoff potential

Tersoff modelled the total energy of the system as a sum of pair-like interactions and as a
function of the atomic coordinates, given as equation (3-11). The potential is based on the
concept that the strength of a bond between two atoms is not a constant, but depends on the

local environment [107].

E=DXE = % 2ixj Vij (3-11)

Vij = fC(rij)[fR(rij) + biij(Tij)] (3-12)
1 » Tij < Ryj

fo(r) = J§+ - cos [n;j%ij] Ry <mj<S; (3-13)
0 ) Tij > Sij

fa(rij) = Aij exp(—Aijmi)) (3-14)

fa(rij) = —Bij exp(—pyry)) (3-15)

bij = xij (1 + ﬁin(ijn)_% (3-16)

Ui = Zeij fo(ru)wijg(Bijx) (3-17)

Ciz

o di2+(hi—COS eijk)z

g@@) =1+ ;— (3-18)

Where E is the total energy; the sub-function, Vi, 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;
fa represents an attractive pair potential; fc represents a smooth cut-off function to limit the
range of the potential; rjj is the length of the i-j bond; bjj is the bond order term; {j; counts the
number of other bonds to the i atom, besides the i-j bond; w;; is a constant set as 1 in this
case [107]; @i is the bond angle between the i-j bond and i—k bond; and yij is the mixing
parameter depends on the different atom pairs. The Tersoff potential is used for covalently

bonded materials like silicon atoms.

e Embedded-Atom method potential
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In deriving the embedded-atom method potential, it can be stated that the major contribution
to the energetics is the energy to embed the atom into the electron density of the neighbouring

atoms. The total energy of the system can be written as formula (3-19) [108, 109].
Ep = ZGi (pn;) + %;Vij (r;) (3-19)
Pri = ;p?(m) (3-20)
Where p, ; is the total electron density at atom i due to the rest of the atoms in the system; G,
is the embedding energy for placing an atom into the electron density; Vv, ; is the short range

pair interaction representing the core-core repulsion; r, is the separation of atoms i and j;

p]f" (r) is the atomic electron density of atom j at the distance r, from the nucleus.

e Modified Embedded-Atom method potential

The MEAM is theoretically an extension of the EAM potential [110] with modifications to
include the directionality of the bonding. The bond-angle was explicitly handled so as to
accommodate covalent systems. The total energy is given by Equation (3-19). The MEAM is
suitable for modelling metals and alloys with fcc, bcc, hep and cubic structures, and also for

covalent materials such as silicon and carbon.

e ReaxFF Reactive Force Field

The ReaxFF reactive force field has been developed by van Duin and co-workers [77], to
simulate large system with relatively cheaper computational cost, but with the comparable
accuracy of quantum based simulation results. The way of calculation in the ReaxFF is based
on the bond-order dependent concept, so that it allows us to predict highly accurate transition
state modelling, when bonds are forming or breaking away [111]. ReaxFF aims to be as
general as possible and the parameters used within this force field are developed by fitting

against experimental and quantum mechanical calculations.

In the ReaxFF method, the forces are derived from a general energy expression (3-21) [77].

Esystem = Ebond + Eover + Eunder + Elp + Eval + EvdWaals + Ecoulomb (3'21)
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The partial contributions in equation (3-21) include bond energies (Enond), energy
contributions to penalize over-coordination and (optionally) stabilize under-coordination of
atoms (Eover and Eunger), lone-pair energies (Eip), valence angle energies (Eval) and terms to
handle non-bonded Coulomb (Ecouloms) and van der Waals (Evawaals) interaction energies [77].

3.1.3 Thermodynamic ensembles

In MD simulation, it is necessary to constrain the simulation system through an ensemble, so
that the MD simulation can be performed under certain macroscopically stable conditions.
The ensemble refers to a collection of a large number of independent systems with the same
properties and structures in various motion states under certain macroscopic conditions [112].
The ensemble is a large group of atoms or systems which are in different microscopic states,
but have the same macroscopic or thermodynamic states. If a system of N atoms in a given
macro-state is defined in terms of thermodynamic quantities, such as overall energy, pressure,
temperature, volume etc, there are many configurations at the atomic scale, which will lead to
the same macro-state. The microstate of a system, defined by the atomistic positions and
momenta cannot be known in a deterministic manner, because of the uncertainty principle of
guantum mechanics [104]. To avoid this problem, a statistical mechanics approach is used for
the atomic description. According to the macro constraints, here are presented three

commonly used ensembles in molecular dynamics [104].

e Micro-canonical Ensemble (NVE). This is an isolated system, with N atoms, which
occupies a constant volume and the overall energy E of the system is constant.

e Canonical Ensemble (NVT). This is a system in a temperature bath, with N atoms
and the volume V and the temperature T of the system are kept constant.

e Isobaric Isothermal Ensemble (NPT). This is a system in a temperature and
pressure bath, with N atoms and the pressure P and the temperature T of the system

are kept constant.

3.1.4 Other configurations

Boundary condition setting. Although MD simulation can provide the macroscopic
properties of a particle system, the number of particles calculated is limited by the processing
power of the computer. So, the boundary of the simulation system leads to a large impact on

the simulation process. Periodic boundary condition (PBC) is used to eliminate the influence
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of the boundary. Figure 3-2 shows the schematic illustration of PBC. N particles are regarded
as the original unit of the infinite period lattice with the same unit. When a particle escapes
the box from a certain boundary, the effect of PBC causes it to enter the box from the other

side.
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Figure 3-2. The schematic representation of the idea of PBC.

Integration timestep setting. In MD simulation, another key factor is how to choose an
appropriate integration timestep to save calculation time without losing the accuracy.
Generally, the moving distance of atoms in each integration step should be 1/20 of the
distance between atoms. In general, the atomic distance is 0.14 nm, and the atomic velocity is
0.0047 nm/fs, so the calculated timestep should be less than 1.5 fs [113].

3.2 The simulation configuration

There are several MD models used in this research. In this section, all models and settings

used in different cases are presented.

3.2.1 The workpiece

In this research, the workpieces are the Si face and C face of single-crystal 4H-SiC and 6H-
SiC. The molecule crystal structures and structural parameters of 4H-SiC and 6H-SiC are
illustrated in Figures 2-1 and Table 2-1. For both 4H-SiC and 6H-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

36



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.

3.2.2 The abrasive tip

The diamond is deemed to be the hardest material in the world so it is a common abrasive
used in polishing. The crystal structure of diamond is illustrated in Figure 3-3. The
indentation tip and scratching grit used in this research are the single-crystal diamond.

Figure 3-3. The Diamond Structure.

The tip of the abrasive grit is a hollow rigid hemisphere on a cylindrical column to reduce the
computation time. The abrasive cutting tip is positioned below the workpiece surface at the
required scratching depth. In addition, the tip atoms were set as rigid bodies because the
diamond tip is much harder than both 4H-SiC and 6H-SiC.

3.2.3 Model and setting-up for indentation simulations

The MD simulation models used in the indentation simulations are shown in Figure 3-4. The
workpiece size is 30 nm %30 nm > 20 nm (x>y>z), containing about 1.75 million atoms in
4H-SIiC and 1.83 million atoms in 6H-SiC. The indenter is designed to be hollow in order to
reduce the amount of calculation, consisting of a hemisphere and a cylinder with the radius of
10 nm, which contains about 454,048 diamond atoms. The main content of this research is to
study the deformation behaviour of 4H-SiC and 6H-SiC rather than the wear of the diamond

indenter, so the indenter atoms can be set as rigid bodies.
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Figure 3-4. The MD model of indentation.

The selection of potential function for the MD analysis is critical to ensure the accuracy and
reliability of the MD simulation. Appropriate potential functions can correctly simulate the
behaviour of atoms to obtain accurate results [114, 115]. As mentioned in Section 3.1.2, the
Tersoff potential function is a three-body potential function that provides a more realistic
description of covalently bonded materials [107]. Therefore, in this research, the Tersoff
potential function is used to describe the interaction between C-C, Si-Si, and Si-C atoms. The
equations of Tersoff potential are shown in Section 3.1.2, and the parameters in Tersoff

potential applied in this research are shown in Table 3-2.

Table 3-2. Parameters in Tersoff potential for Si and C [107].

Parameters Si-Si C-C

A (eV) 1830.8 1393.6

B (eV) 471.18 346.7

A (nm™) 24.799 34.879

u (nm™) 17.322 22.119
S 1.1000 x 107° 1.5724 x 1077
n 0.78734 0.72751
c 1.0039 x 10° 3.8049 x 10*
d 16.217 4.3484
h -0.59825 -0.57078

R (nm) 0.27 0.18

S (nm) 0.3 0.21
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In addition, a reasonable selection of the ensemble is of great significance for obtaining
accurate molecular dynamics simulation results. The workpiece is divided into three layers:
the Newtonian atoms (NVE ensemble), the thermostatic atomic layer (NVT ensemble) and
the boundary atomic layer. The Newtonian 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 [60, 89, 93]. 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 thermostat [116]. During scratching, the thermostatic atoms within the

thermostatic layer absorbed the heat generated by the Newtonian atoms.

The fixed boundary conditions are applied in all directions in the simulation box during the
indentation simulations, and the indentation processes are conducted along the negative
direction of the Z axis (vertical to the (0001) basal plane). The depth of the indention is 4 nm

and the speeds of loading and unloading are both 100 m/s.

The temperature of the thermostatic layer is always controlled at 300 K during the simulation,
and the relaxation process of the system is carried out for 150 ps before the simulations start.
The time step is set as 1 fs. In addition, the MD results visualized and analysed using the
OVITO and the dislocation extraction algorithm were used to analyse dislocations in the

simulation process.

3.2.4 Model and setting-up for scratching simulations

The MD model used in nanoscratching simulations is shown in Figure 3-5. The size of 4H-
SiC or 6H-SiC workpiece was 40 nm % 19.7 nm %12 nm (x>y>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. Scratching direction was the
main direction in this model, so periodic boundary condition was applied in the y-direction to

induce the computation time. And the fixed boundary condition was applied in the x- and z-
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directions. Other conditions in scratching simulations were the same as those in indentation

simulations.

Newtonian atoms
12 nm

- Thermostatic atoms

Boundary atoms

40 nm
Figure 3-5. The MD model of scratching.

The scratching processes were conducted on the (0001) basal plane (perpendicular to z-axis)
along direction [1-210] (along the x-axis). The depth of scratching ranged from 0.5 nm to 3
nm, and the scratching speed was held constant at 100 m/s. 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 scratching began. The simulation
time step was set at 1 fs, and the total scratching distance was set as 30 nm.

In addition, different machining conditions were taken into consideration in this project as

well. Here, the different parameters in each condition are presented as follows.

e Scratching performance in relation to SiC layer structure (1st-8th)

The atomic structures of 4H-SiC and 6H-SiC are layered structures. In order to figure out the
influence of different scratching depths according to the atomic layers, scratching simulations
are investigated and the details will be discussed in Section 7.1. Si face of 6H-SiC is selected
as the material of the workpiece. Table 3-3 shows the scratching depths according to the

atomic layers.
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Table 3-3. Scratching depths according to the atomic layers.

Number of Scratching depth (A)
atomic layers 4H-SiC 6H-SiC
1 -0.623 -0.631
2 -3.137 -3.150
3 -5.650 -5.673
4 -8.163 -8.193
5 -10.676 -10.713
6 -13.190 -13.236
7 -15.703 -15.755
8 -18.216 -18.275

e Different shape of abrasive tip

In Section 7.2, the effects of abrasive shape during scratching are investigated and the details
will be discussed in Chapter 7. Si face of 6H-SiC is selected as the material of the workpiece.
As shown in Figure 3-6, five types of tips are taken into consideration in this research, sphere,
cone, frustum cone, face of pyramid and edge of pyramid. The sphere tip is a hemisphere on a
cylindrical column with a of radius 5 nm. The angle of the cone tip and frustum cone tip is
60< The face angle of the pyramid tip is also 60< All of them are designed to be hollow in
order to reduce the computation time. The depths of the scratching are 2 nm and 3 nm and the
scratching speeds are 50 m/s and 100 m/s.

Figure 3-6. Different types of tips used as the scratching abrasive.

e Different scratching speed
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In Section 7.3, the effects of scratching speed during scratching are investigated and the
details will be discussed in Chapter 7. Si face of 6H-SiC is selected as the material of the

workpiece, and the scratching speeds are 10, 40, 60, 80 and 100 m/s.

e Different scratching direction

In Section 7.4, the effects of scratching direction during scratching are investigated and the
details will be discussed in Chapter 7. Si face of 6H-SIiC is selected as the material of the
workpiece, and the scratching processes are conducted on the (0001) basal plane (vertical to z
axis) along direction [1-210] and [1-100].

[1-210]

% Y
\ / \
4 \
N / N,
[1-100] “ ; D
e

Figure 3-7. Diagram of two scratching directions from the top view.
3.2.5 Model and setting-up for interfacial reaction simulations

For the mechanical removal, it can be simulated by the classical molecular dynamics based
on Newton's law, containing tens of millions of atoms in the system. Although there is still a
huge gap with the actual polishing, it is sufficient to reflect the nano-machining conditions.
The most commonly used ones are based on molecular mechanics and embody the classical
mechanical treatment of particle-particle interactions. This interaction can replicate structural
and conformational changes, but usually cannot replicate chemical reactions [96]. For the
chemical removal, the reaction molecular dynamics based on ReaxFF is more practical for
this type of interfacial chemical reaction, which can simulate the bond-breaking and bond-
making. However, the simulation requires a huge amount of calculation, the number of atoms

contained in the system cannot be too large. So, it is necessary to properly design the model
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simulation parameters (temperature, load and speed, etc.) of the system, thereby reducing the

calculation duration.

As shown in Figure 3-8, three RMD simulation models were used in this section: (a) The
reaction between H>0O molecules and both faces of 6H-SiC; (b) The reaction between H>O
molecules and the Si face of 6H-SiC; (c) The reaction between H>O molecules and the C face
of 6H-SiC. For the left model, the size is 21.567 A x21.346 A x38.171 A, containing 1,344
atoms in 6H-SiC and 300 H2O molecules. And there are 1,344 atoms in 6H-SIC, 1,048
diamond atoms and 200 H,O molecules in other two RMD models, with the size of 21.567 A
%21.346 A x<47.466 A. There are some layers in the models, such as fixed layer and mobile
layer. The role of the fixed layer is to prevent the whole rigid movement of the 6H-SiC
during the process, and that of the mobile layer is to load. It is easy to find that the upper

surface is the C face and the lower surface is the Si face in all models.
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Figure 3-8. The RMD models. (a) The reaction between H,O molecules and both faces of 6H-SiC. (b)
The reaction between H>O molecules and the Si face of 6H-SiC. (c) The reaction between H,O
molecules and the C face of 6H-SiC.

The accuracy and reliability of the RMD simulations fundamentally depends on an
appropriate potential function. As introduced in Section 3.1.2, ReaxFF Reactive Force Field
can be used to simulate the chemical reactions between atoms. Therefore, in this research, the

ReaxFF proposed by Newsome et al. [78, 79] was adapted to describe chemical reactions
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between SiC and H>O molecules in this research. This potential was particularly developed
for the atoms involved in the oxidation of SiC, i.e., the Si/C/H/O system, containing

oxidation by O, molecules and by H2O molecules.

For the model in Figure 3-8 (a), periodic boundary conditions are used in all directions. So
the Si face and C face are in almost the same conditions, such as temperature and pressure,
during the heating process. For the RMD models in Figures 3-8 (b) and (c), the Si face and C
face are loaded separately, so the fixed boundary condition is adopted in the z-direction and

periodic boundary conditions are used in x- and y- directions.

Four RMD simulations are presented in Chapter 8:

e The reactions between two faces of 6H-SiC and H.O molecules with the temperature
rising from 293 K to 3106 K.

e The reactions between two faces of 6H-SiC and H20 molecules at the constant
temperature of 2100 K.

e The reactions between the Si face of 6H-SiC and H>O molecules at 2100 K, with the
diamond slab loading at an upward speed of 10 m/s.

e The reactions between the C face of 6H-SiC and H20 molecules at 2100 K, with the

diamond slab loading at a downward speed of 10 m/s.

The first and second simulations aim to find the temperature of the chemical reaction between
SiC and H20. The third and fourth simulations aim to compare the difference of Si face and C
face. All simulations are performed in the canonical ensemble (NVT), with the time step of
0.25 fs. And the temperature was controlled by the Nose-Hoover thermostat with a damping
constant of 10 fs. All RMD simulations are performed using the LAMMPS and the MAPS is

used to build models, visualize the processes and analyse the results.

3.2.6 Model and setting-up for scratching simulations on surface with oxide layer

The above-mentioned systems for the RMD simulations are very small, containing only a few
thousand atoms due to the limitation of calculation capacity, while the actual machining scale
is much larger than that. The correspondence between the conclusions obtained by the

microscopic systems and the macroscopic experiments is not clear. Besides, mechanical
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removal and chemical reactions during polishing are usually carried out by classical MD and
RMD respectively, but chemical reactions and mechanical interactions occur synergistically
in actual polishing, which may cause deviations between the simulation results and the
experiments. Therefore, the results of the RMD simulations should be combined with the
classical MD simulations, through adding the chemical reaction products in the small system
(RMD) to the larger system (MD), which makes the simulation systems closer to actual

polishing.

The sample material block model for the MD simulation used in this chapter is shown in
Figure 3-9. The size of 6H-SIiC workpiece was 40 nm < 19.7 nm % 12 nm (x>y>z). The
heights of oxide layers on Si face and C face were 1.3 nm and 1.7 nm. The oxide layers were

built from the RMD results in Section 8.4 and then underwent the relaxation process for 150

ps.

Si face

S ¢ 1.3nm

Original Si face

1.7 nm

Original C face

Figure 3-9. Workpiece model with oxide layers on Si face and C face.

Three types of MD simulations are presented in Chapter 9:

e Nanoscratching simulations at constant depths, ranging from 1 nm to 3 nm. As

concluded in Chapter 8, the reaction depths on Si face and C face are different.
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Taking this difference into consideration in this section, the scratching depth is
defined as the depth from original surface before reaction.

e Nanoscratching simulations in an inclined direction (10 m/s along normal direction
and 100 m/s along tangential direction).

e Nanoscratching simulations under constant loads, ranging from 1360 nN to 2000 nN.

The Tersoff potential function is used to describe the interaction between C-C, Si-Si and Si-C
atoms in this research. In addition, the Tersoff potential is also adopted to describe the
interaction of Si-O and O-O atoms [117]. The L-J potential is used to describe the interaction
of Si-O atoms, and the ¢ and o are 0.003442 eV and 3.001 A [118, 119].

3.3 Simulation procedure

3.3.1 Hardware consideration

The MD simulations are very time-consuming, and the speed of calculation mainly depends
on the number of cores used. The MD simulations in this research were carried out initially
on a computer with 44 cores in Huagiao University and later on the STOKES, the High
Performance Computer (HPC) clusters in Liverpool John Moores University. All the

simulations were run in the Linux system.

STOKES consists of a single head node and 8 compute nodes and has a total of 244 cores.
The head node contains 2x Intel Xeon E5 2630v4 10 core CPUs operating at 2.20GHz. The
compute nodes contain 2x Intel Xeon E5 2660v4 14 core CPUs operating at 2.00GHz. Each
node, including the head node, contains 128GB of DDR4 RAM, so the total memory for the
cluster is 1152GB. STOKES has 3 network switches. A 40Gb/s InfiniBand switch is used for
MPI and storage traffic, a 1Gb/s Ethernet switch is used for provisioning and management
traffic, and a 100Mb/s Ethernet switch is used for IPMI traffic. File storage for STOKES is
provided by a 48TB hard disk drive array consisting of 10x 6TB HDDs configured in RAID
6, with 1x dedicated spare. 2x 1TB HDDs configured in RAID 1 are used for the root file-
system and home directories. Each compute node contains a 17TB HDD which is used by the
provisioned operating system. The operating system for STOKES is Red Hat Enterprise

Linux, and Slurm Workload Manager is used for batch processing of jobs.

46



3.3.2

Software consideration

The MD simulations in this research are carried out by using the following software namely;

MATLAB. It can be used for a range of applications, including deep learning and
machine learning, signal processing and communications, image and video
processing, control systems, test and measurement. Here, MATLAB is used to
establish the basic atoms information in a unit cell, and then build the atoms in a
much large region as required through writing a program.

LAMMPS (Large-Scale Atomic/Molecular Massively Parallel Simulator) [120]. It
is a classical molecular dynamics code with a focus on materials modelling.
LAMMPS runs on single processors or in parallel using message-passing techniques
and a spatial-decomposition of the simulation domain. Compared with other MD
software, LAMMPS can simulate more atoms in a system. For example, in this thesis,
there are more than 1,000,000 atoms in the scratching model, and the model is much
larger than that in usual chemical or biologic simulations. So LAMMPS is selected in
this research. Here, the LAMMPS is the core program for the research and it is used to
build atoms, set parameters, set control commands and run simulations in this
research.

OVITO (Open Visualization Tool) [121, 122]. It is a scientific visualization and
analysis software for atomistic and particle simulation data. Here, the OVITO is
employed for the visual display of the LAMMPS MD simulation results.

Notepad++. It is a text and source code editor for use with Microsoft Windows. It
supports tabbed editing, which allows working with multiple open files in a single
window. Here, Notepad++ is used to view and edit the input and output documents of
LAMMPS.

Microsoft Visual C++. It is a compiler from Microsoft for the C, C++, and C++/CLI
programming languages. Here, the stress and temperature distribution information are
calculated using C++ programs.

MAPS (Materials and Processes Simulations). It is a modelling platform with state-
of-the-art user-friendly graphical interface for model building of any types of
materials, properties simulation and powerful analysis capability. Here, MAPS is used

to build atomic structures with bonds and analyse the reaction products.
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e Origin. It is a proprietary computer program for interactive scientific graphing and data

analysis. Here, Origin is employed to graph the force-displacement curves.
3.3.3 Methodology flowchart
In this section, the MD procedure is introduced. Figure 3-10 shows the flowchart of the MD

procedure together with software methodology.

Modelling

Parameters to

bulid the at MD Model
ulid the atoms I:: >
(MATLAB, LAMMPS, MAPS)

4

and strucrues

Main MD Processing
Parameters to ::> Run
control the system (LAMMPS)

4

Post-Processing

Analysis
(OVITO, Notepad++, Microsoft
Visual C++, MAPS, Origin)

Figure 3-10. The flowchart of software methodology.

e Modelling. There are several models used in this research. The models can be largely
divided to the classic MD models and RMD models. For the classic MD systems, the
MD models can be built using MATLAB and LAMMPS together according to the
atomic structures of diamond and SiC. For the RMD systems, the RMD model can be
built using MAPS. Besides, for both 4H-SiC and 6H-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.

e Main MD processing. The LAMMPS is the main processing software for the MD
simulation. The input information, such as condition parameters, controlling and

atomic information are setting or processed in LAMMPS. And all output information
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is derived from LAMMPS. There is no visual display platform in LAMMPS, so all
the procedures should be achieved by writing LAMMPS codes.

e Post-processing. The simulation results are visualised and analysed by OVITO and
MPAS. The Common Neighbour Analysis (CNA) and Dislocation Extraction
Algorithm (DXA) are used to investigate amorphous atoms and dislocations occurring
in the subsurface, and the material deformation mechanism and slip systems can be
analysed [122]. The temperature, forces and stresses of all directions can be calculated
from the output documents of LAMMPS. The Load-displacement curves can be
presented using Origin. The cloud pictures of the temperature and stress field can be

calculated using C++ programs and then be visualised and analysed using OVITO.

3.3.4 Dislocation extraction algorithm method

In order to detect and analyse the deformation in subsurface, the CNA and 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 [123]. 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
environment of each atom up to the second neighbour shell to determine the local structural
type [124]. Here, the disordered atoms recognized by CNA are considered as atoms with

amorphous structures.

The fundamental concept underlying the DXA is the Burgers circuit construction, which is
the established method of discerning dislocations from other crystal defects and determining
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) [122].
There exists a mapping Ax— Ax' that translates each line element of the path to a
corresponding image, Ax', in a perfect crystal lattice. As shown in Figure 3-11, summing
these transformed line elements algebraically along the associated path, C', gives the true

Burgers vector of the dislocation enclosed by C [122]:

b= —Y.Ax (3-21)
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Figure 3-11. Schematic diagram of Burgers vectors.
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Chapter 4. The methodology for the verification experiments

The verification of MD simulation has always been a key challenge regarding its accuracy
and reliability. There is a general lack of experimental verification of MD simulation of
nanomachining. The increase in the number of atoms in the MD model causes a tremendous
amount of calculation, while the nanomachining in the experiment is very difficult to
implement and measure. So it is difficult to compare the simulation and experiment. This
study attempts to increase the model appropriately and adjust the parameters in order to
approximate the experimental conditions. Although there remains a gap in scale between
simulation and experiment, the validation can be considered by the trends and phenomena

rather than exact values.

In this research, the nanoindentation tests and nanoscratching tests on the Si face and C face
of 4H-SiC and 6H-SiC wafers were carried out in order to investigate the anisotropy of the
material. And the effect of different scratching conditions was investigated though the

multiple grit scratching tests on 6H-SiC wafers.

4.1 Nanoindentation tests

Nanoindentation is the most commonly applied means of testing the mechanical properties of
materials. In this research, the nanoindentation tests aimed to clarify the nanomechanical

properties on the Si face and C face of 4H-SiC and 6H-SiC wafers.

4.1.1 Indentation device

In the experiments, indentation tests were carried out on the Fischer Scope HM 2000 in
Xiamen Golden Egret Special Alloy Co. Ltd., a professional nanoindentation measuring
instrument, suitable for analysing mechanical and elastic properties of materials by
nanoindentation. Figure 4-1 shows the overview of the Fischer Scope HM 2000. The three-
sided pyramidal Berkovich probe was adopted in these tests, because the blunted geometry of
the tip can often be approximately as spherical [125]. It was possible to predict the elastic
response using the Hertzian law for mechanical contacts, with this approximation of the tip

geometry, based on isotropic continuum elasticity [32].

51



Figure 4-1. The Fischer Scope HM 2000.

4.1.2 Specimens

The specimens used were single crystal 4H-SiC and 6H-SiC wafers, with crystal orientation
(0001) and (000-1), diameter 2 inch and thickness 0.33 mm, which were supplied by
TankeBlue Semiconductor Co. Ltd., China. Figure 4-2 shows the 4H-SiC and 6H-SiC wafers,
and Table 4-1 shows the properties of the wafers used in this research. The specimens were
made in different shapes by a precision dicing saw (DS616) in order to identify them more
easily, because the C face and Si face of the hexagonal silicon carbide were hard to
distinguish by the naked eye.

Figure 4-2. 4H-SiC (left) and 6H-SiC (right) wafers.
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Table 4-1. SiC substrate specification.

Property Value
Grade Dummy Grade
Thickness 330 um £ 25 pm
Wafer Orientation On axis: <0001>+ 0.5°
Micro-pipe Density <50 cm™
Resistivity >1E5 Q-cm
Roughness Ra<1nm
Density 3.21 g/lcm3
Mohs Hardness 9.2
Band-gap 3.23 eV for 4H-SiC, 3.02 eV for 6H-SiC

4.1.3 Experiment setup and procedures

A series of nanoindentations were performed on the C face and Si face of 4H-SiC and 6H-
SiC specimens. The experiments at normal temperature were carried out at a constant load
rate, and the loads on each sample were 1 mN, 5 mN and 20 mN, respectively. The indenter
was pressed down to contact the surface of the sample, then started loading up to the pre-set
maximum load, held for 15 s (this step is to eliminate material creep), finally unloaded until
completely withdrawn. After pre-setting the indentation load, the indenter automatically
completed the process of indentation loading and unloading, and output the parameters
required for the experiment in real time. In order to get more accurate data and observe easily,

the array indentation experiments were carried out on each sample.
After nanoindentation tests, the samples were inspected through the scanning electron

microscopy (SEM), SIGMA 500, Zeiss (Figure 4-3). Then, the surface morphology could be

observed and compared with the corresponding MD results.
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Figure 4-3. SIGMA 500.

4.2Nanoscratching tests

Nanoscratching tests were also conducted on the C face and Si face of 4H-SiC and 6H-SiC
specimens. Nanoscratching is another commonly applied means of testing the mechanical
properties of materials. In this research, the force information during nanoscratching tests was

compared with the MD simulation results.

4.2.1 Scratching device

In the experiments, scratching tests were carried out on a Nano Indenter G200 (Keysight,
USA), an effective nanomechanical characterization tool for many applications. Figure 4-4
shows the overview of the Nano Indenter G200. The conical tip with the radius of 3 pm and
the angle of 120°was used in the scratching experiments.

Nano Indenter® G200

Figure 4-4. Nano Indenter G200.
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4.2.2 Specimens

The specimens used were single crystal 4H-SiC and 6H-SiC wafers (Figure 4-2), with crystal
orientation (0001) and (000-1), diameter 2 inch and thickness 0.33 mm, which were supplied
by TankeBlue Semiconductor Co. Ltd., China. The specimens were made in different shapes
by a precision dicing saw (DS616) as well in order to identify them more easily, because the

C face and Si face of the hexagonal silicon carbide were hard to distinguish by the naked eye.

4.2.3 EXxperiment set-up

A series of nanoscratching tests were performed on the C face and Si face of 4H-SiC and 6H-
SiC specimens. The scratching processes were performed with the constant normal load of 4
mN, and the scratching speeds were constant as well, which were 0.1 m/s, 0.15 m/s and 0.2

m/s, respectively.

During the nanoscratching tests, the normal displacement and friction coefficient were
obtained and then compared with the corresponding MD results.

4.3 Multiple grit scratching tests

In this study, multiple grit scratching tests on 6H-SiC wafers were conducted to investigate
the effect of different scratching conditions. Two scratching directions ([1-210] and [1-100])
and two scratching speeds (1 m/s and 10 m/s) were compared in the tests.

4.3.1 Scratching machine

The experiment was carried out on the Bridgeport XR 610 VMC milling machine, which is a
5-axis Computer Numerically Control (CNC) machine. The Figure 4-5 and Table 4-2 show
the overall view and the machine specification of the CNC machine that was used for the
experiment. The CNC machine is equipped with a rotating disc attached to the electrical
spindle that can be adjusted continuously from 50~12,000 revolutions per minute (RPM) and

a multiaxial table moving along the rotational axis of the spindle.
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Figure 4-5. XR 610 CNC machine.

Table 4-2. Machine specification of XR 610 CNC machine.

Parameters Value
Spindle motor power (kW) 21
Torque (Nm) 134
Spindle speed (rpm) 50 ~ 12,000
Table (mm) 900 x 500
Travels XYZ axis (mm) 610 x 510 x 610

4.3.2 Scratching tool

The scratching tool used in the experiments consists of a steel wheel and a grit-holder on it.
As shown in Figure 4-6, the diamond abrasives are bonded to the grit-holder and formed the

scratching tool.
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Figure 4-6. Scratching tool.
4.3.3 Workpiece material

Two pieces of 6H-SiC (0001) wafers are used in the experiments and are shown in Figure 4-7.
The workpieces are two pieces of wafers derived from a circular wafer with a diameter of 2

inch and thickness of 0.33 mm.
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Figure 4-7. The 6H-SiC (0001) wafers used in multiple grit scratching tests.
4.3.4 Experimental set-up and procedure

The set of experimental tests were conducted on the XR 610 VMC Heidenhein CNC machine
in dry condition using the developed test rig as shown in Figure 4-8. Each test was carried out
with the cutting speeds of 1 m/s and 10 m/s, the downward feed rates of 1,000 mm/min and

10,000 mm/min. The scratching spindle rotational speeds were 238 rpm and 2,380 rpm.
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Table 4-3 gives the overall parameters for the experimental work. The scratching tests were
performed using abrasive cutting tools assembled to a rotating steel wheel. Diamond

abrasives with the size of 20-30 jum were used for the cutting tools.

orce sensor

Figure 4-8. The experimental tests set-up.

Table 4-3. Scratching tests parameters.

Parameters Value
Machine tool XR 610 VMC CNC machine
Workpiece material 6H-SiC wafer
Abrasives MDA M2030 normal size distribution
Wheel diameter 80 mm
Scratching condition Dry
Scratching direction [1-210] and [1-100]
Scratching speed 1 m/s and 10 m/s
Spindle speed n 238 rpm and 2380 rpm
Feed rate in Z direction v 1000 mm/min and 10000 mm/min

Line 1: [1-210], n = 2380 rpm, v: = 10000 mm/min
Line 2: [1-210], n =238 rpm, v.= 1000 mm/min
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Scratching lines Line 3: [1-210], n = 2380 rpm, v. = 10000 mm/min
Line 4: [1-210], n =238 rpm, v. = 1000 mm/min
Line 5: [1-100], » =238 rpm, v.= 1000 mm/min
Line 6: [1-100], n = 2380 rpm, v: = 10000 mm/min

The scratching proceeding was as follows: while the wheel is rotating, the worktable is
moving through the X-axis towards the wheel’s spindle. Once the abrasive grits touch the
workpiece surface, the AE sensor detects an acoustic emission signal of contact between the
abrasives and the workpiece. At this point, the wheel rotation was set to the desired speed
before the scratch test commenced. The scratching marks are generated by moving the
spindle from the top to the bottom along the Z-axis. The process was repeated by shifting the
position of the worktable over the Y-axis to generate a new series of scratches. The
scratching process was undertaken within six scratching lines on the two 6H-SIC wafers,
where each scratching line was performed with a selected scratching speed, scratching depth

and scratching direction.

In each machining trial, the acoustic emission (AE) was registered using a Physical Acoustics
sensor with a sampling frequency of 2 MHz mounted as near as possible to the cutting zone
in order to detect the contact between the abrasives and the workpiece and acquire the AE
signal during scratching process. An Interface’s 3-axis force sensor was used for the
scratching force measurements with a sampling rate of 1,000 Hz. In order to assure the
accuracy of the measurements and reduce the errors, the sensor was calibrated after
installation. The recorded AE and force information will be analysed to indicate the grit

performance.

After scratching tests, the scratching marks generated on the surface were inspected through
the Bruker Nano Surfaces Division and the Scanning electron microscopy (Figure 4-9). Then,
the material removal, crack generation and surface morphology can be observed and
compared with the corresponding MD results.
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Figure 4-9. The Bruker Nano Surfaces Division (left) and Scanning Electron Microscopy (right).
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Chapter 5. Nanoindentation tests and simulations

In order to study the different nanomechanical properties of the C face and the Si face of 4H-
SiC and 6H-SiC, the MD schemes were constructed by using the LAMMPS, in which the

following factors were taken into account.

5.1 Indentation forces

There is a general lack of experimental verification of MD simulation of nanomachining due
to the gaps in terms of time scale and length scale. This study attempts to increase the model
appropriately and adjust the parameters in order to approximate the experimental conditions.
A series of nanoindentation experiments were performed. Although the condition of
experiments and simulations cannot match quantitatively, the material removal performance

presents similar trends.

Load-displacement curve is an important method to analyse the material properties in
nanoindentation experiments. A pop-in event in the load-displacement curve means the
plastic deformation during indenting on the brittle materials [126]. Goel et al. [32] reported
the pop-in events of 4H-SIiC in the load-displacement curve, and each maximum implies the
beginning of the plastic activity, while each corresponding minimum signifies the completion
of the event. Figure 5-1 shows the load-displacement curves of the four different cases of
indentation tests. It can be seen from the curves that the Si faces of both 4H-SiC and 6H-SiC
show their pop-in events during loading to 5 mN, while there are no pop-in events happening
on the C faces. And it is worth noting that the depths of indenter pressing into the samples are
almost the same (about 72 nm) for these four cases.
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Figure 5-1. Load-displacement curves of indentation tests.

Different from experiments, although the pop-in events cannot be observed, the MD
simulation provides a much better temporal and spatial resolution of each atomic scale event
in the Load-displacement plots with extreme accuracy [127]. Figure 5-2 shows the P-h curves
of the four different indentation cases in the MD simulations. It can be seen from the curves
that the magnitudes and trends of the indentation forces are very similar in these four
simulations in this scale, which is consistent with the former stage of the experimental results.
The C face and the Si face have the same lattice structures for both 4H-SiC and 6H-SiC. Thus,
it may be concluded that the lattice structure is the main factor affecting the nanomechanical
properties of materials. It also should be noticed that the forces of the Si face are slightly
greater than those of the C face in both experiments and MD simulations, even though there
are only a few disparities.

—Si face of 4H-SiC
Si face of 6H-SiC
—— C face of 4H-SiC
—— C face of 6H-SiC

16000

12000 +

8000

4000

Indentation force (nN)

Displacement of the indenter (nm)

Figure 5-2. Load-displacement curves obtained from the MD simulations.
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In addition, the extent of plastic response depends on the residual depth of material recovery
during the unloading process. Comparing the four curves, it can be seen that the adhesion
(negative indentation force) between the indenter and the sample is a little bit larger for the C
face than for the Si face during unloading (from 4.0 to 0.8 nm). The interaction between
atoms mainly depends on the covalent bonds, which is described by the Tersoff potential
function in these MD simulations. And the covalent bond energy between C atoms (from
diamond) and C atoms (from SiC) is larger than that between C atoms (from diamond) and Si
atoms (from SiC) [9]. Hence, the C face shows slightly larger adhesion with the diamond

indenter than the Si face when unloading.

5.2 Surface and subsurface morphology

After previous nanoindentation tests, all samples were inspected using the SEM. However, no
indentation marks were found on the surfaces of all samples. This means the loads at 5 mN
cannot cause detectable damage on both 4H-SiC and 6H-SiC wafers due to the extreme high
hardness. Here, the damages of SiC wafer include the amorphous atoms on the surface and
the dislocations, slippages and even microcracks in the subsurface. Therefore, some
indentation tests on Si face of 6H-SiC with higher loads (200 mN and 300 mN) were carried
out. A larger conical tip with the radius of 4.5 pm and the angle of 120°was adopted in the

experiments.

The SEM results of surface morphology after indentation are shown in Figure 5-3. Although
there are many scratching traces on the surfaces which might be caused by the previous
polishing process, the cracks caused by indentation can be observed clearly. These cracks are
generated and spread in six directions which belong to the same crystal direction system, <1-
210>. Interestingly, the shape of indentation marks seems like a regular hexagon though a
conical tip is used. This phenomenon means that 6H-SiC shows distinct anisotropy.
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Figure 5-3. Surface morphology of Si face of 6H-SiC wafer after indentation at the load of 200 mN
(left) and 300 mN (right).

Different from experiments, MD simulation can not only obtain the forces in the machining,
but also analyse the subsurface morphology and crystal defects occurring during the process,
which are comparatively difficult to study through experiments.

The DXA was used to investigate the evolution of materials in the indentations, which could
identify the dislocations, determine their Burgers vectors, and output a line representation of
the dislocation defects. Figure 5-4 shows the amorphous atoms of SiC after indentations, and
it is clear that there are similar structures appearing in the subsurface for all cases. In
addition, it is easy to find that there are more schistose structures along the (0001) plane at
the bottom of the amorphous areas for the C face than for the Si face, which means the C face

IS more prone to slip.

(@) (b)
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(c) (d)

Figure 5-4. Upward views of subsurface deformation obtained using the DXA. (a) Si face of 4H-SiC
(b) Si face of 6H-SiC (c¢) C face of 4H-SiC (d) C face of 6H-SiC.

Figure 5-5 shows the vertical cross-sectional views of the deformed specimens at the
indentation depth of 4 nm by the DXA. The depths of the amorphous layers of the Si face and
the C face of 4H-SiC were 7.3 nm and 7.7 nm (represented by white atoms in Figures 5-5 (a)
and (c)), while those of the Si face and the C face of 6H-SiC were 7.2 nm and 8.0 nm
(represented by white atoms in Figures 5-5 (b) and (d)). It is clear that compared with the Si
face, there were 5% ~ 10 % thicker amorphous layers after indentations for the C face for
both 4H-SiC and 6H-SiC. In other words, there is a deeper subsurface damage layer for the C
face than for the Si face after indentations. However, there is no significant difference
between 4H-SiC and 6H-SiC.

@) (b) ©) (d)

Figure 5-5. Vertical cross-section morphology after indentation. (a) Si face of 4H-SiC (b) Si face of
6H-SiC (c) C face of 4H-SiC (d) C face of 6H-SiC.

Figure 5-6 shows the horizontal views of the SiC surfaces after indentation. There are some
clear patterns in all cases, which are very similar to the SEM figure obtained in the
indentation experiment (Figure 5-3). Although there are no cracks found in this small area,

the lines consisting by atoms in white colour are along the <1-210> direction as well, which
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will be discussed in Section 5.3. The agreement between experimental and simulated results

also verifies that the MD simulation models and methods used in this research are reliable.

(@) (b) (©) (d)

Figure 5-6 Horizontal morphology after indentation. (a) Si face of 4H-SiC (b) Si face of 6H-SiC (c) C
face of 4H-SiC (d) C face of 6H-SiC.

5.3 Defect formation and evolution

The hexagonal patterns found in both experiments and MD simulations are further analysed

in this section in order to clarify the defect mechanism.

The horizontal cross-sectional views using different slice depths using the DXA are shown in
Figures 5-7 to 5-10. In other words, these pictures show the formation process of the
amorphous atoms. It is easy to find that the amorphous regions of the Si face are more regular
than those of the C face during the appearance of the hexagonal patterns for both 4H-SiC and
6H-SiC. And there are more dislocation loops, which results in the release of residual stress,
formed on the (0001) basal plane of the C face than of the Si face. This explains that the
indentation forces of the C face are less than those of the Si face in the load-displacement

curves (Figure 5-2) when displacement of the indenter reaches 4 nm.

The formation process of the hexagonal pattern occurring in the Si face of 6H-SiC is almost
the same as the patterns occurring in other three cases. Therefore, the Si face of 6H-SIC is
selected as an example to explain the formation process of these patterns. There are hardly
any amorphous atoms (represented by white atoms) at the depth of 7.6 nm (Figure 5-7 (a)),
and the layered structures are destroyed along the horizontal direction. Amorphous atoms are
beginning to increase at the depth of 6.6 nm (Figure 5-7 (b)) and show a triangle pattern when
the depth reaches 6.2 nm (Figure 5-7 (c)). Itis worth noting that a symmetrical triangle

outline can be seen vaguely at the depth of 6.0 nm (Figure 5-7 (d)), in which region the
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amorphous atoms was formed at the depth of 5.7 nm (Figure 5-7 (€)). Then, the region of the
amorphous atoms has gradually formed a hexagonal pattern mentioned earlier, as shown in
Figures 5-7 (g) and (h). Hence, it is clear that the hexagonal patterns are composed of two
symmetrical triangles in these simulations, which may be related to slip systems of the crystal
structures of 4H-SiC and 6H-SIC. In addition, the hexagonal patterns on the Si face and C
face are similar. And the major difference is that there are more dislocation loops in the
subsurface of C face, which confirms that the C face is more prone to slip along the (0001)

plane as analysed in Section 5.2.

(b) (d)

(€) (f) (9) (h)

Figure 5-7. Horizontal cross-sections using different slice depths for the Si face of 6H-SiC. (a) 7.6 nm,
(b) 6.6 nm, (c) 6.2 nm, (d) 6.0 nm, (e) 5.7 nm, (f) 5.5 nm, (g) 5.0 nm, (h) 4.0 nm.

(b) (d)
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(9) (h)

Figure 5-8. Horizontal cross-sections using different slice depths for the C face of 6H-SiC. (a) 7.6
nm, (b) 6.6 nm, (¢) 6.2 nm, (d) 6.0 nm, (e) 5.7 nm, (f) 5.5 nm, (g) 5.0 nm, (h) 4.0 nm.

(€) (f) () (h)

Figure 5-9. Horizontal cross-sections using different slice depths for the Si face of 4H-SiC. (a) 7.6
nm, (b) 6.6 nm, (c) 6.2 nm, (d) 6.0 nm, (e) 5.7 nm, (f) 5.5 nm, (g) 5.0 nm, (h) 4.0 nm.
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Figure 5-10. Horizontal cross-sections using different slice depths for the C face of 4H-SiC. (a) 7.6
nm, (b) 6.6 nm, (c) 6.2 nm, (d) 6.0 nm, (e) 5.7 nm, (f) 5.5 nm, (g) 5.0 nm, (h) 4.0 nm.

As reported by Kiely [128], triangular and quadrangular patterns appeared during indentation
on different planes of Au, and they believed that this was related to the slip systems [31-35].
It is generally agreed that slip systems for HCP crystal structure mainly consists of the (0001)
<11-20> basal slip, the (10-10) <11-20> prismatic slip, the (10-11) <11-20> and the (10-12)
<11-23> pyramidal slip [33]. The ideal staking value of the HCP structure is 1.633, and the
atomic density of these pyramidal planes are close to the basal plane and may also slip when
the c/a ratio (according to Table 2-1) is less than 1.633. On the contrary, the slip mainly takes
place on the basal plane if c/a ratio is greater than 1.633 [33, 129]. Both Si face and C face of
4H-SIiC and 6H-SiC have complicated Waurtzite diamond structures which belong to
hexagonal crystal systems [63]. And the c/a ratio values of them are 3.3 and 4.9, which are
much greater than the ideal stacking value. Therefore, the dislocation of 4H-SiC and 6H-SiC

is more likely to take place on the basal plane slip.

The dislocation and slip occur simultaneously along these three directions when the indenter
is pressed vertical to the basal plane, resulting in the triangular pattern as shown in Figure 5-7
(c). However, different from materials with general HCP structure, 4H-SiC and 6H-SiC both
have central symmetry structure. This leads to the appearance of a triangle amorphous region
(Fig. Figure 5-7 (f)) which is centrally symmetric with the one before, and these two triangle
regions form the hexagonal pattern. Hence, such a conclusion is obtained that the hexagonal
amorphous patterns appearing in the indentation simulation may be caused by the slip system
of 4H-SiC and 6H-SiC.
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5.4 Potential function comparison

As mentioned in Section 3.1.2, an appropriate potential function is a key factor affecting the
accuracy and reliability of the MD simulations. In this research, the Tersoff potential is
adopted to describe the interaction of SiC. However, there are several versions of Tersoff
parameters for SiC. In this section, some versions of Tersoff parameters were compared.
Table 5-1 shows the five groups of parameters adopted in the indentation simulations on the
Si face of 6H-SiC.

Table 5-1. Groups of parameter files.

Group Parameter file
A SiC.tersoff [107]
B SiC 1994 tersoft [130]
C SiC_Erhart-Albe.tersoff [131]
D SiC.tersoff.zbl [132]
E Morse potential and SiC.tersoff [63, 107]

Figure 5-11 compares the force curves of five indentation cases using the different potential
parameters. It can be seen that the forces curves in all five cases show the similar trends.
There is no significant difference before the indentation depth reaches 2 nm and only a few

disparities in later stages.
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Figure 5-11. Load-displacement curves obtained using the different potential parameters.

In addition, as shown in Figures 5-12 and 5-13, the surface and subsurface morphology after
indentation were compared using the DXA. The hexagonal indentation mark in group B is
obvious, but the dislocation lines are not easy to observe. The results of group C show more
lines but less amorphous atoms. By and large, all cases show the hexagon pattern and
dislocation lines in subsurface though each group has its own characteristics. The agreement
between experimental and simulated results also verifies that the MD simulation models and
methods used in this research are reliable. The potential parameters of group A (SiC.tersoff

[107]) are selected in this research.

(@) (b) (©) (d) (€)

Figure 5-12. Horizontal morphology after indentation. (a) Group A, (b) Group B, (c) Group C, (d)
Group D, (e) Group E.
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(@) (b) (©) (d) (€)

Figure 5-13. Horizontal cross-section view of subsurface morphology after indentation. (a) Group
A, (b) Group B, (c) Group C, (d) Group D, (e) Group E.
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Chapter 6. Nanoscratching tests and simulations

In order to study the different nanomechanical properties of the C face and the Si face of 4H-
SiC and 6H-SiC, the MD schemes were constructed by using the LAMMPS, in which the

following factors were taken into account.

6.1 Scratching forces

The verification of MD simulation has always been a key challenge regarding its accuracy
and reliability. The MD model used in this paper was experimentally verified by indentation
previously. Therefore, the MD model provided a reliable trend projection. Further in this

chapter, 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
force/depth is adopted to compare the results from the MD simulations and scratching
experiments, as shown in Figure 6-1. 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, the scratching load is set as a constant (4 mN), and the
average gouge depth obtained from the stable scratching stages is approximately 50 nm,
which is much larger than the gouge depth presented in the MD simulation results in Figures
6-1 (a) and (b). The specific force provides a common platform for the comparison of the

results from simulations and experiments.

Interestingly, in Figure 6-1 (a) and (b), the simulation revealed the following results for each
scratching depth 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-SIiC; 2) the C
face of 6H-SiC had the lowest specific force value. The experimental results in Figure 6-1 (c)
show the same trend. Thus, it can be concluded that the specific scratching force on the C

faces are lower than those on the Si faces, and the specific forces on 4H-SiC are greater than
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those on 6H-SIiC. Even though the values of the ratios are significantly different due to the
differences in tip sizes (5 nm in MD simulations and 3 pm in experiments) and scratching
size scales, this trend is consistent with the experimental results. The specific forces decrease
with the increase of scratching depth as shown in Figure 6-1 (a) and (b). This phenomenon,

known as the size-effect, commonly occurs in abrasive machining processes [133, 134].
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Figure 6-1. Comparison of specific scratching forces in MD simulations and experiments. (a)
Tangential specific force of MD simulations. (b) Normal specific force of MD simulations. (c)
Specific force of scratching experiments.
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6.2 Material remove efficiency

Owning to current computing capacity, most MD simulations 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 efficiency 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 scratching tip passes — is often used to represent scratching
performance. However, the grit-workpiece interaction area in Figure 6-2 (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 6-2 (b) and (c) provide the
number of removed and displaced atoms from various 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 experimental results of reference [27], the MRR on the C face of 6H-
SiC reached 13.94 nm/min, which was twice the MRR observed on the Si face (6.13 nm/min).
Although the simulated and experimental material removal performances were not directly
comparable due to differences in scale, both results suggest that the C face exhibits

significantly higher material removal efficiency than the Si face.
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Figure 6-2. Scratching and ploughing actions in all scratching simulations. (a) Atom removal
definition in a scratching. (b) Number of atoms above original surface. (c) Number of removed atoms.

6.3 Amorphisation

Ductile-regime machining at the nanoscale can be achieved by the combination of dislocation
activities and structural transformation [36]. This structural transformation can be considered
as non-crystallization. Figures 6-3 to 6-6 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.
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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 6-3. Sectional views of scratching at 0.5 nm obtained by DXA.

(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 6-4. Sectional views of scratching at 1 nm obtained by DXA.

77



(c) C face of 6H-SiC (d) Si face of 6H-SiC

Figure 6-5. Sectional views of scratching at 2 nm obtained by DXA.

(b) Si face of 4H-SiC

(c) C face of 6H-SIC (d) Si face of 6H-SiC
Figure 6-6. Sectional views of scratching at 3 nm obtained by DXA.

6H-SiC primarily underwent an amorphous transformation that could be considered plastic
deformation [63]. Amorphous atoms are disordered atoms that have lost their regular lattice

crystal structures as a result of scratching. Therefore, the amorphous atoms are considered as
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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 damage 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 6-3), the maximum thickness of the
amorphous deformation on the C face of 6H-SiC is only 0.87 nm, while 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 6-7.
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 under the same machining conditions, which is consistent

with Lu's experimental conclusion [27].
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Figure 6-7. Numbers of amorphous atoms in the subsurface of all scratching simulations.
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6.4 Dislocation analysis

In addition to amorphous atoms, the 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 [122]. In the DXA results, there were
two main types of dislocations found in the subsurface of both 4H-SiC and 6H-SiC, along
1/3<1-210> and 1/3<1-100>. Figure 6-8 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.
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Figure 6-8. Numbers of dislocations in the subsurface of all scratching simulations.

Here, the scratching simulations on the C and Si faces of 6H-SiC were selected as the
example to investigate dislocation formation. Figure 6-9 (a) shows the subsurface
morphology of deformation using DXA. It can be seen that dislocations mainly occur on the
(0001) basal plane and the (10-10) plane. The dislocations obtained in the MD simulation of
Wu [63] principally occur on the (0001) and (11-22) planes. This difference may result from
the MD model set-up. Wu [63] 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 6-10. It can be seen that the
stress concentration area is mainly located on the (0001) plane and (10-10) plane under the

diamond tip. Dislocations are normally considered to be caused by the stress concentration
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during the scratching process, so stress distributions of the C face and Si face were analysed.
Figures 6-11 (a) and (b) show the changes of Von Mises stress in the local area before and
after the dislocations occurred on the C face and Si face. The stress peaks shown in the
figures may represent the occurrence of the dislocations. 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 the C face is more prone to dislocations than the Si face under the

same scratching conditions.
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Figure 6-9. Deformation in the subsurface of a scratching and SiC basal plane view. (a) Subsurface
morphology of deformation. (b) Schematic diagram of crystal.
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Figure 6-10. Von Mises stress distribution of 6H-SiC during scratching.
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Figure 6-11. Von Mises stresses of in the scratching of 6H-SiC at different time steps.

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.
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As shown in Figure 6-12, 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 fluctuation frequency ranging from
31.3t0 51.3 GHz (AL from 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 dislocations leads to a lower scratching force.
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Figure 6-12. Forces of C face and Si face of 6H-SiC obtained by moving average at the scratching
depth of 3 nm.

6.5 Materials removal and surface deformation mechanism

For brittle materials, the subsurface damage generated after micro-scale processing was
considered to be amorphous layer, pulverization layer and cracked [36, 40]. Brittleness and
plasticity behaviours of the subsurface layer are controversial in nanoscale processing. As
previously mentioned, dislocations do not occur unless the scratching depth exceeds the
critical level. The initial contact between the scratch tip and the SiC sample also plays a
crucial role in material removal. As analysed in Section 5.3, Figures 5-7 to 5-10 show that
amorphous atoms appeared in the subsurface layer, and dislocations and slippage occurred at

a few nanometres level of engagement. The hexagonal patterns are composed of two triangles
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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 obvious on the C face. The subsurface of the C face appears more like
amorphous flake structures, which are related to the dislocations on the (0001) basal plane.

Thus, the C face is more prone to dislocations and slippage on the (0001) basal plane.

Figure 6-13 is a cross-sectional view of the 6H-SiC-scratched groove obtained using the
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-SIiC 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 [36], as shown in
Figure 6-14. Figure 6-14 (b) also shows several dislocations on the basal plane in the
subsurface of the scratch groove. As shown in Figure 6-14 (d), the amorphous layer region is
also an inverted triangle, and a similar step shape can be seen on the right side of the
amorphous region. Thus, the step shapes that appeared in both the experiments and the
simulations indicate that subsurface deformation gradually propagated downward during the
scratching process. Additionally, the shape of groove is not symmetric in Figure 6-13,
because the SiC material shows anisotropy in its crystal structure. As shown in Figure 2-1,
the atomic arrangement of 6H-SiC is not symmetric, so the stress distribution (Figure 6-10)
and subsurface deformation are not symmetric under the same forces on both sides of the
groove. This asymmetric feature can also be seen in experimental results as in Figure 6-14
(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.
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Figure 6-13. The cross-sectional subsurface image of 6H-SiC after scratching at the depth of 3 nm.
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Figure 6-14. (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, et al [36])
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Although there were no obvious cracks, irreversible dislocations occurred in the nanoscale
scratching. Due to local temperature and stress changes during processing, these dislocations
potentially form micro-cracks. In nanoscale machining, amorphous deformation is a plastic
deformation, and atom dislocation is an elastic deformation initiated regular slip or split.
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
scratching 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 damage. The atoms that accumulated in front of the
abrasive tip and at the ridges of the scratching path were of a disordered and amorphous
structure, which appears to be plastic deformation.

86



Chapter 7. Effects of machining conditions

In order to study the different nanomechanical properties of the C face and the Si face of 4H-
SiC and 6H-SiC, the MD schemes were constructed by using the LAMMPS, in which the

following factors were taken into account.

7.1 Scratching performance in relation to SiC layer structure (1st-8th)

The arrangement of the atomic structure need be considered in the nanoscale machining, and
setting machining parameters according to lattice structure is meaningful to control the
material removal and improve surface quality. In this section, scratching simulations, setting

scratching depth as an integral multiple of an atom layer, were carried out.

4H-SiC and 6H-SiC are hexagonal diamond structures [135], stacked cyclically in the manner
of ABCB' and ABCA'C'B', respectively — these patterns are also referred to as layered
structures. As analysed in Section 6.5, the dislocations on the (0001) basal plane have a
positive contribution to material removal. Therefore, atom layer referenced scratching depths
were selected in the simulations of 4H-SiC and 6H-SiC scratching processes to identify a
potential beneficial 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 7-1 shows the atomic layout of 4H-SiC and 6H-SiC, and Table 3-

3 shows the scratching depths according to the atomic layers used in this section.

POPPPPPPPPOPPPPPP (' || PPPPPPPPPPPPPPP "~
DVVDVVRDVVVDVV VDD LT L T T T T TTT LT L
DV DVVVRVVDVVVD VDV VVVVVVVVVVDVDRD i
VVVVIVVVVVVVVVRV_ " | PP PP PP PPPPPPPPP™
P PP PP PPPP PP PP P POPPPPOPPPPPPPPPP _ =
PPPPPPP PP P PP O VDVVDDVDVDVIDDVDDDD
PPPPPPPPPPPPPP® ' || VVVVVVVVDVVDRRD i
VYVVVVVVVVVVND PPPPPPPPPPPPPPP™
VVVDVVVD DV DV DV DV PPPPPPPPPPPLPPP
PVVVRVV VDDV DV DVRY VIVIVIVIVIVIDDD

Figure 7-1. Atomic layout out 6H-SiC (left) and 4H-SiC (right).

Figure 7-2 shows the average forces obtained from the scratching stages in all cases. The

forces become larger as more layers are removed.
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Figure 7-2. The average forces obtained from the scratching stages.

Figure 7-3 shows the DXA results of all cases and Figure 7-4 shows the maximum
thicknesses of the subsurface amorphous deformation at different scratching depths. There is
no doubt that the subsurface amorphous deformation becomes more severe as more layers are
removed. However, 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 three to layer four. Furthermore, when the scratching depth reached 7 layers, the
thickness of the subsurface amorphous deformation deceased. Figure 7-1 shows that the
stacked structures of 6H-SIC between layers 6 and 7 flip their orientation from an arrow
structure pointing left. Such a structural related plateau takes place every 3 layers. The fourth

and seventh layers both correspond to the transition layer of 6H-SiC.

Similarly, for 4H-SiC, the crystal structure flips every 2 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 7 layers, the thickness of
the subsurface amorphous deformation decreased.

The above observed phenomena indicate that the subsurface 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 beneficial choice for removing materials and
obtaining superior substrate subsurface quality. Such a strategy might also be used to

investigate the machining of other materials with layered structures.
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Figure 7-3. The DXA results from 1% to 8™ layer scratching on 6H-SiC.
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Figure 7-4. The maximum thicknesses of the subsurface amorphous deformation at different
scratching depths obtained using DXA on 6H-SiC (left) and 4H-SiC (right).

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 machining
because the potential function selected for the simulation may not accurately represent the
molecular performance. Even so, the method proposed here is still a viable quantitative

depiction of the actual process behaviour in relation to the material structure.

7.2 Effects of the shape of abrasive tip

In the nanomachining process, the material removal scale highly depends on the shape of the
abrasive tip and the shape of the contact area of the abrasive. Although the diamond abrasives
used in ultra-precision polishing are in the size of 3 um, the scratching depth of each grit is
less than several nanometres during polishing. Thus, it is worth investigating the effect of tip
shape on material removal efficiency and subsurface quality. In this section, Si face of 6H-
SiC is selected as the material of the workpiece. Five types of tips are taken into
consideration in this research, sphere, cone, frustum cone, face of pyramid and edge of

pyramid.

7.2.1 Forces

Figure 7-5 show the trends of forces in different cases. There is no doubt that the forces
increase with the increase of scratching depth. In the initial scratching stage, there are no

significant differences in forces at different scratching speeds. Interestingly, when it comes to
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the stable scratching stage, the forces of the speed of 100 m/s are less than those of 50 m/s in
all cases. In addition, the forces also show significant differences of the tip in different shapes.
From large to small, they are sphere, frustum cone, face of pyramid, edge of pyramid and

cone, respectively. The contact areas of tips of different shapes are different, which is one of
the reasons for the difference in forces.

Here, the pressures shown in Figure 7-6 are defined as the ratio of force to contact area
during the stable scratching stage. The tangential direction is the direction in which the
material is removed. The pressures in the tangential direction of the sphere and the edge of
pyramid are less, while the normal pressure of the sphere is significantly less than others.

This is because the normal contact area of the sphere tip is much larger and more even than
other shapes.
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Figure 7-5. Forces of tips in different shapes obtained from the stable scratching stage.
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Figure 7-6. Pressure of tips in different shapes obtained from the stable scratching stage.
7.2.2 Subsurface deformation

In this section, scratching simulations with scratching depth of 3 nm and scratching speed of
100 m/s are selected to compare the subsurface deformation of the different tip shapes. Figure
7-7 shows the DXA results of the scratching cases, and the grey atoms represent the
amorphous atoms. In addition, all longitudinal-section views in this chapter pass through the

centre axis of the abrasive tip.

The numbers of amorphous atoms and dislocations caused during scratching are compared in
Figure 7-8. Although the scratching depths are the same, the numbers of amorphous atoms
are obviously different due to the difference in contact areas. The tips of sphere and frustum
cone caused more amorphous atoms, while fewer amorphous atoms were caused by those in

the other three shapes with fewer contact areas.

The dislocations generated in the subsurface are the key factor influencing the subsurface
quality. From more to less, they are face of pyramid, frustum cone, sphere, cone and edge of
pyramid, respectively. Dislocations are caused by local stress concentration, which means the
face of pyramid leads to more stress concentrations during scratching. The workpiece
material presents worse material fluidity and plasticity when the tip of pyramid face is used.
On the contrary, no dislocations are found when the tip of pyramid edge is used, because

there is less extrusion along the scratching direction.
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It can be concluded that the amorphous deformation largely depends on the contact area,
while the number of dislocations mainly depends on local stress concentrations caused by the

extrusion along the scratching direction.

(a) Sphere

(b) Cone

(c) Frustum cone

(d) Face of pyramid
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(e) Edge of pyramid

Figure 7-7. DXA results of scratching cases using tips in different shapes. (Scratching depth of 3 nm
and scratching speed of 100 m/s)
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Figure 7-8. Numbers of (a) amorphous atoms and (b) dislocations in subsurface.
7.2.3 Stress distribution

As discussed before, the dislocations are caused by the local stress concentration, so the von
Mises stress distributions in different cases are shown in Figure 7-9. These stress distributions

are counted using C++ programmes and then visualized using OVITO.

These regions in stress concentrations are mainly located in the subsurface both in front of
and below the tip. Interestingly, in all cases, the stress concentrations are only located in the
perfect lattice in the subsurface under the tip rather than the contact face between tip and
workpiece surface. This means the atoms in the surface lattice were deformed into amorphous
structure when the tip contacted, and the stress was released. From the aspect of energy, the
perfect lattice in the surface was destroyed by the tip due to the high stress concentration, in
which process the stress was offset by the bond energy of the prefect lattice. And the regions
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in stress concentration are likely to be transformed into amorphous structures as the tip moves

forward.

Figure 7-10 compares the maximum stresses of different tips, in the entire workpiece and in
the machined zone, respectively. Here, the machined zone is defined as the workpiece region
where the abrasive has passed. The maximum stress in each case is located around the contact
area, while the stress in the machined zone means the residual stress after machining. It can
be seen that sphere and face of pyramid show larger residual stress, while cone and edge of
pyramid show less. And frustum cone shows the largest maximum stress in the entire

workpiece but fewer residual stress in the machined zone.

(a) Sphere

(b) Cone

(c) Frustum cone
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(e) Edge of pyramid
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Figure 7-9. Stress distribution of workpiece using tips in different shapes. (All longitudinal-section
views pass through the centre axis of the abrasive tip.)
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Figure 7-10. Maximum stress using tips in different shapes.

7.2.4 Material removal efficiency

Not only the surface quality and accuracy need to be taken into consideration, but also the

material removal efficiency is an important factor in polishing, which determines whether it

can be applied in industrial production. In this section, the cases with scratching depths of 2
nm and 3 nm using different tips are selected to discuss.
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Figures 7-11 (a) and (b) compares the numbers of atoms above the surface and removed
atoms. From more to less, they are sphere, frustum cone, face of pyramid, cone and edge of
pyramid, respectively. It can be seen that the scratching speed can influence the material
removal efficiency significantly, which is discussed in Section 7.3. Moreover, the ratio,
defined according to atoms above the surface and removed atoms per nm? in tangential
direction, is used to compare the energy efficiency using different abrasive shapes. As shown
in Figure 7-11 (c), the ratios of atoms above the surface in sphere, frustum cone and face of
pyramid are larger than others, which means the three shapes have higher energy efficiency
during scratching. But in terms of removed atoms, from more to less, they are face of

pyramid, sphere, cone, frustum cone and edge of pyramid, respectively.

Figure 7-12 shows the Z position distributions of atoms above the original surface in different
cases. Obviously, there are more atoms accumulated both in front of the tip and on the two
sides of the groove in the scratching depth of 3 nm. More atoms are accumulated both in front
of the tip and on the two sides of the groove when the spherical and frustum-cone-shaped tips
are used. The material accumulations caused by the three curved tips are significantly more
even, while those caused by both pyramid-shaped tips show clear direction according to the

direction of the tips.

In addition, using the tip of pyramid edge causes more accumulations on the two sides of the
groove but fewer in front of the tip than using the tip of pyramid face. This is because the
atoms can ‘flow’ along both sides of the tip rather than be extruded and stacked in front of the
tip, which leads to less tangential force, less stress concentration and fewer dislocations as
analysed in Sections 7.2.1 and 7.2.2. Therefore, the number of removed atoms using the tip of

pyramid edge is the lowest.
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Figure 7-12. Distribution of Z positions of atoms above original surface using tips in different shapes.
(Left: 2 nm; right: 3 nm)

Pile-up ratio is also a common parameter to assess the scratching process. The pile-up ratio is

counted in terms of the size of area in normal scratching analysis, while in MD simulations,

the numbers of atoms in the specific region are adopted. As shown in Figure 7-13, N is the

number of workpiece atoms before scratching; N1, N2 and N3 represent the number of atoms

in specific regions. So the pile-up ratio in MD simulation is counted as in the following

equation.

Pileup ratio =
N - N3

(7-1)

Figure 7-14 compares the pile-up ratios of all scratching cases using tips in different shapes.

From more to less, they are edge of pyramid sphere, frustum cone, sphere, cone and face of
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pyramid, respectively. It is noticeable that the ratio in the case of using the tip of pyramid
edge with scratching depth of 3 nm and scratching speed of 100 m/s, is more than 1. This is
consistent with the previous conclusion that atoms are likely to accumulate on the two sides

of groove. Moreover, the scratching speed has a clear effect on the pile-up ratio.

Figure 7-13. The diagram of pile-up ratio.
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Figure 7-14. Pile-up ratios of all scratching cases using tips in different shapes.

In conclusion, from better to worse in terms of pile-up ratios, they are sphere, frustum cone,
edge of pyramid, cone and face of pyramid; from better to worse in terms of subsurface
quality, they are edge of pyramid, cone, face of pyramid, sphere and frustum cone; from large
to small in terms of material removal efficiency, they are sphere, frustum cone, face of

pyramid, cone and edge of pyramid.
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7.3 Effects of scratching speed

Scratching speed is also a key parameter during the nanomachining process. Higher polishing
speed can improve the material removal efficiency, but in the meantime, it may cause more
wear and shedding of grits and damage on workpiece surfaces. In general, the speed in actual
polishing was less than several m/s, but the scratching speeds were set ranging from 40 m/s to
500 m/s when MD simulation was used to simulate the nanomachining processes [136-141].
This is because the scratching model contains hundreds of atoms and the MD simulation is
really time-consuming. Thus, in this section, different scratching speeds were adopted in both
MD simulations and experiments to investigate the effect on scratching properties. In this
section, Si face of 6H-SIC is selected as the material of the workpiece and the scratching
speeds are 10, 40, 60, 80 and 100 m/s.

7.3.1 Forces

Figure 7-15 shows the trends of forces in different speeds. In the initial scratching stage, there
are no significant differences in forces at different scratching speeds. Interestingly, when it
comes to the stable scratching stage, the higher scratching speed leads to lower forces in both
tangential and normal directions. The vibration amplitude and frequency of each force trend
are almost the same in the stable scratching stage.
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Figure 7-15. Tangential (left) and normal (right) forces in different scratching speeds.
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7.3.2 Subsurface deformation

Figure 7-16 shows the DXA results and amorphous deformation of the workpiece using
different scratching speeds. It can be seen that the thickness of the subsurface deformation is
almost the same at different scratching speeds. And there is no significant difference in the
height of the workpiece material accumulated in front of the abrasive. As mentioned in
Section 6.4, during the scratching process, there will be two types of dislocations in the
subsurface, which are (0001) basal plane dislocations and (1-100) cylindrical plane
dislocations. At different scratch speeds, both of these dislocations exist. But it is worth
noting that the slower scratching speed leads to more obvious dislocations and slips in

subsurface.

Figure 7-17 compares the number of amorphous atoms and dislocations in the subsurface of
the workpiece material after scratching using different speeds. The number of amorphous
atoms and dislocations decreases with the increase of the scratching speed. This means that
the lower scratching speed will cause more dislocations and slips in subsurface. As
previously analysed, the dislocations and slips discussed here are both irreversible
deformations. Although they represent plastic deformation in the materials science field, they
will gradually evolve and expand into microcracks in the subsurface during machining, which
does harm to the quality of the wafer. Therefore, in this study, we believe that dislocations
and slips are important factors that can cause brittle deformation.

7.1 nm

6.5 nm
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(c) 60 m/s

6.8 nm

5.9 nm

(d) 80 m/s

(e) 100 m/s

Figure 7-16. DXA results (left) and amorphous deformation (right) of scratching cases in different
speeds.
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Figure 7-17. Numbers of (a) amorphous atoms and (b) dislocations in subsurface.
7.3.3 Stress distribution

Figure 7-18 shows the stress distribution of the workpiece using different scratching speeds.
It can be seen that scratching speed has no obvious effect on the stress distribution. The stress
concentration is mainly located in the vicinity of the abrasive and on both sides of the groove.
Figure 7-19 compares the peak stress of the machining area and the machined area using
different scratching speeds. The peak stresses are also around 4500 MPa as obtained in
Section 6.4. When the stress value is higher than the critical stress for the occurrence of
dislocations, dislocations will occur, allowing local stress concentration to be released. Thus,
scratching speed has no significant effect on the stress in terms of the distribution and the

peak value of stress.
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Figure 7-18. Stress distribution of workpiece using different scratching speeds.
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Figure 7-19. Maximum stress of machining area and machined area using different scratching

speeds.

7.3.4 Material removal efficiency

Figure 7-20 shows the distribution of Z positions of atoms above original surface using
different scratching speeds. It can be seen that there is no significant difference in the
stacking height of the material at different scratching speeds. But there are obvious
differences in the uplift of the material on both sides of the groove. At low speeds (10 m/s),
there is almost no uplift of material on both sides of the groove. When the scratching speed
increases, more and more workpiece materials are accumulated on both sides. When the
speed reaches 100 m/s, the bulge on both sides is the highest. This means that the increase in

the scratching speed will result in the more obvious plasticity of the material.

Figure 7-21 shows compares the number of atoms above the surface and removed atoms
using different scratching speeds. It is clear that the higher the scratching speed, the more
atoms are accumulated on the surface, but the fewer atoms are removed. This is because
when the speed is higher, a large proportion of the material is accumulated on both sides of

the groove rather than in front of the abrasive.
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Figure 7-20. Distribution of Z positions of atoms above original surface using different speeds.
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Figure 7-21. Numbers of atoms above original surface and removed atoms in subsurface.

7.4 Effects of scratching direction

Silicon carbide is a kind of crystalline material with obvious anisotropy. This anisotropy
shows significant differences in material removal properties during machining. The
differences between different crystal planes (Si face and C face) have been investigated and
discussed in the previous chapters. This section will further discuss the difference in material
removal characteristics and subsurface deformation when scratching along different crystal

directions. As shown in Figure 3-26, the scratching processes are conducted on the (0001)

basal plane (vertical to z axis) along direction [1-210] and [1-100].
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7.4.1 Forces

Figure 7-22 shows the trends of normal and tangential forces in different scratching
directions. It can be seen that when the scratching depth is 2 nm, the curves are smoother, and
when the scratching depth gets larger, the normal and tangential forces fluctuate more
intensely. At the small scratching depth, amorphization is the main deformation of the
material, so the force fluctuation is less. When the scratching depth gets larger, a lot of
dislocations and slips will occur in the subsurface, and the accumulation and release of stress
will be more intense. In addition, there is no significant difference in the magnitude, trend,

fluctuation amplitude, and fluctuation frequency of the force using these two scratching

directions.
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Figure 7-22. Tangential (left) and normal (right) forces in different scratching directions.

7.4.2 Subsurface deformation

Figure 7-23 shows the trends of forces in different cases. The thicknesses of the subsurface
damage in different scratching directions are almost the same. And the heights of the
workpiece material accumulated in front of the abrasive are almost the same as well. It is
worth noting that comparing the DXA results, the thickness of the amorphous layer caused by
the [1-100] scratching direction is significantly less than that caused by the [1-210] scratching
direction. As mentioned in Section 6.4, during the scratching process, there will be two types
of dislocations in the subsurface, which are (0001) basal plane dislocations and (1-100)

cylindrical plane dislocations. In different scratching directions, these two kinds of
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dislocations also exist, but due to the difference in crystal orientation, the number of

dislocations and the number of amorphous atoms are significantly different.

Figure 7-24 compares the number of amorphous atoms and dislocations in the subsurface
layer of the workpiece material after being scratched along different directions. It can be seen
that there is no difference in the number of amorphous atoms and dislocations in different
scratching directions at scratching depth of 2 nm. But when the scratching is 3 nm, the
difference is obvious. When the scratch direction is [1-210], there are more amorphous atoms
but fewer dislocations. This means that when the scratching depth is small, the deformation
of the material is dominated by amorphization, and different scratching directions have little
effect on it. When the scratching depth gets larger, many dislocations and slips will occur in

the subsurface, resulting in obvious differences caused by the different scratching orientations.
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(d) [1-100]_3 nm

Figure 7-23. DXA results (left) and amorphous deformation (right) of scratching cases in different

directions.
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Figure 7-24. Numbers of (a) amorphous atoms and (b) dislocations in subsurface.

Furthermore, Figure 7-25 shows the cross-section views of surface and subsurface atoms in
different cases. Interestingly, different scratching directions show different patterns of
amorphous atoms and dislocations. As concluded in Chapter 5, the slip system of 6H-SiC is
along <1-210> orientations. In particular, these dislocations along <1-210> orientations
consist of the hex patterns in both nanoindentation simulations and experiments (Figure 5-8).
Similarly, in scratching, these patterns also can be considered as the consequence of the
dislocations along <1-210> orientations. For the scratches along [1-210], the angles of these
lines and scratching direction are 60< while the angles for the scratches along [1-100] are
30< In addition, the material deformation in front of the abrasive is prone to occur at the front
corner of the hexagon pattern for the scratches along [1-210]; and it is prone to occur at the

two corners of the hexagon pattern for the scratches along [1-100].
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Figure 7-25. Cross-section views of surface and subsurface atoms in different cases. (a) [1-210]_ 2
nm. (b) [1-100]_ 2 nm. (c) [1-210]_ 3 nm. (d) [1-100]_ 3 nm.

7.4.3 Stress distribution

Figure 7-26 shows the stress distribution of subsurface atoms under different scratching
directions. It can be seen that when the scratching depth is 2 nm, the scratching directions
have no significant effect on the stress distribution. When the scratching depth gets larger, the

stress concentration obtained in the [1-210] direction is mainly located in the area directly
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below the abrasive; while the stress concentration obtained in the [1-100] direction is mainly
located below and in front of the abrasive. In particular, the stress concentration in Figure 7-
26 (d) (left) is located on the (1-100) cylindrical plane in front of the abrasive. This difference
is probably due to the propagation direction of dislocations discussed in Section 7.4.2. In the
[1-210] scratching direction, the stress is concentrated on one corner of the hexagon; while in
the [1-100] scratching direction, the stress will be concentrated on two corners and the left
edge of the hexagon. The left edge of the hexagon pattern represents the (1-100) plane in 3

dimensions.

Figure 7-27 compares the stress peak values in the machining area and the machined area
using different scratching directions. The peak stress for [1-210] and [1-100] scratching
directions are around 4500 MPa and 4000 MPa respectively. As discussed in Section 6.4, the
stress peaks of dislocations on the Si face are 3816 MPa for the (0001) plane and 4584 MPa
for the (10-10) plane. When the stress value is higher than the critical stress for the
occurrence of dislocations, dislocations will occur, allowing the local stress concentration to
be released. Thus, it can be concluded that dislocations on (0001) plane are prone to occur in
[1-100] scratching direction, and dislocations on {1-100} planes are prone to occur in [1-210]

scratching direction.

3508 MPa i

(a) [11-20]_2 nm

4099 MPa
| |

|
i
0

R T

(b) [1-100]_2 nm

114



3047 MPa
[ |

4249 MPa
[ |

c

|
i
0

(c) [11-20]_3 nm

3847 MPa 3477 MPa

|
|
0

(d) [1-100]_3 nm
Figure 7-26. Stress distribution of workpiece using different scratching directions.
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Figure 7-27. Maximum stress of machining area and machined area using different scratching
directions.

7.4.4 Material removal efficiency

Figure 7-28 shows the distribution of Z positions of atoms above the original surface in
different scratching directions. It can be seen that there is no significant difference in the

height of the material accumulation in different scratching directions. The uplifts of the
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material on both sides of the groove show no obvious difference as well. This means that
scratching has no effect on the plasticity and brittleness of the workpiece material. Figure 7-
21 shows a comparison of the number of atoms above the surface and removed atoms using
different scratching directions. There is no significant difference in the results in the two

scratching directions.
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(d) [1-100]_3 nm

Figure 7-28. Distribution of Z positions of atoms above original surface using different directions.
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Figure 7-29. Numbers of atoms above original surface and removed atoms in subsurface.
7.5 Experimental verification

Some multiple grit scratching tests were carried out in order to verify the conclusions and
phenomena found in MD simulations. The experimental set-up details have been presented in
Section 4.3.

7.5.1 Effects of the shape of abrasive tip

Figure 7-30 shows the SEM results of three interesting scratches on the Si face of a 6H-SiC
wafer. The scratching direction was [1-210] and the scratching speed was 10 m/s. These three

scratches occurred at almost the same time and region, which means the three grits have the
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same scratching depths. However, it is clear that the three scratches show different material
deformations and cracks. For the scratch A, no distinct wrinkles or cracks occurred in the
initial scratch stage, which means plastic removal is the main removal method in this case;
for the scratch B, there were many wrinkles generated on both sides of the groove and then
some cracks and brittle fractures occurred; for the scratch C, the wrinkles appeared at the
same time as with the scratch B, but the cracks and brittle fractures occurred much earlier and

more severely than scratch B.

These different phenomena in the three scratches mean the shapes of contact regions of the
three grits are different. The slot width difference is the evidence of the grit shape difference.
Compared with the simulation results in Figure 7-7, the widths, shapes and subsurface
deformations of grooves formed by abrasives in different shapes were much different. Blunt
grit shows higher stress or more dislocations than sharp grit, though using the same
scratching depth. Therefore, it can be concluded that the shapes in nanoscale of grits have a
significant influence on material deformations and removal mechanisms of the workpiece
material. Due to the limitation of experimental and detective precision, it is difficult to verify
the effect in nanoscale scratching of specific grit shapes in current experiments. This will be

investigated in future works with the development of experimental and detective devices.
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Figure 7-30. The SEM results of three scratches on Si face of 6H-SiC wafer. (Scratching direction: [1-
210], scratching speed: 10 m/s)

7.5.2 Effects of the scratching speed

Figure 7-31 shows the SEM results of scratches obtained at scratch speeds of 1 m/s and 10
m/s. The scratches can be divided into three regimes, i.e., the ductile deformations, ductile—
brittle transition, and brittle fractures, along the scratching direction according to the different
surface morphologies of the residual grooves [135]. The scratch started with smooth surfaces
and the sides of the grooves at a shallow scratching depth, implying the ductile regime. When
the scratching depth increased, microcracks and minor fractures were found on the sides of
the residual grooves. And then the fracture mode was dominant on the groove sides in the

brittle deformation.
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In this experiment, the abrasives cannot be accurately compared and the scratches in two
scratching speeds cannot be compared directly, so the effect of speed on deformation is
compared in terms of the average length of ductile deformations. Figure 7-32 illustrates the
variation of the average lengths of ductile deformations of scratches which are shown in
Figure 7-31. When the scratch speeds are 1 m/s and 10 m/s, the average length of ductile
deformations are 37 um and 58 pum respectively, in which the scratching depths are less than
1 um. This means that at a lower scratching speed, the workpiece material is prone to the
brittle deformation stage earlier. In other words, using a higher scratching speed, the 6H-SiC
material shows better ductility, which is consistent with the conclusion obtained in MD

simulations (Figure 7-20).

This phenomenon may be related to the scratching temperature. In the conventional
machining of ductile materials, temperature has a significant effect on the generation of the
surface metamorphic layer [39]. Temperature rise is a reflection of the heat generation in
machining. The heat in machining is mainly generated from material shear and friction [39].
So higher scratching speed will cause the higher temperature of the material in the contact
area, which makes the material exhibit better ductility [142, 143].

Y
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Figure 7-31. The SEM results of scratches in different scratching speeds. (Left: 1 m/s, right: 10 m/s)
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Figure 7-32. The average length of ductile deformations in different scratching speeds.
7.5.3 Effects of the scratching direction

Figure 7-33 shows the SEM results of scratches obtained in the scratch directions of [1-210]
and [1-100]. It can be seen that in the two scratch directions, with the gradual increase in the
scratching depth, the workpiece material has undergone plastic deformation, ploughing and
brittle deformation. There are three forms of the brittle deformation, namely, wrinkles,
microcracks and fractures. Figures 7-33 (c) and (d) compare the angles in the wrinkled area.
It is clear that in the [1-210] scratching direction, the wrinkle angles are 60< while in the [1-
100] scratching direction, the wrinkle angles are 30< This result is very consistent with the
MD simulation results (Figure 7-25). This phenomenon can be considered as the consequence
of the dislocations and slips along <1-210> orientations {1-100} cylindrical planes, which are

also found in nanoindentation tests (Figures 5-3 and 5-7).

In general, the effect of different scratching orientations has little effect on the removal
efficiency, but has a significant effect on the deformation of the subsurface. And when the
scratching depth is small (2 nm), the deformation is mainly amorphous and the difference is
not obvious. The influence of scratching directions is more significant in larger scratching

depth (greater than 3 nm) scratching due to the occurrence of dislocations.
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Figure 7-33. The SEM results of scratches on Si face of 6H-SiC wafer along different scratching
directions. (Left: [1-210], right: [1-100]).
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Chapter 8. Interfacial reaction

Both mechanical removal and chemical removal play significant roles in the ultra-precision
polishing. The chemical products on the polished surface can be detected and analysed from
experiments, while the mechanism of chemical reaction during polishing cannot be obtained
directly from experiments. In order to shed light into the atomic chemical reactions occurring

on the Si face and the C face of 6H-SiC during polishing, the RMD simulations were adopted.
Four RMD simulations were present in this chapter:

e The reactions between two faces of 6H-SiC and H2O molecules with the temperature
rising from 293 K to 3106 K.

e The reactions between two faces of 6H-SiC and H20 molecules at the constant
temperature of 2100 K.

e The reactions between the Si face of 6H-SiC and H.O molecules at 2100 K, with the
diamond slab loading at an upward speed of 10 m/s.

e The reactions between the C face of 6H-SiC and H.O molecules at 2100 K, with the

diamond slab loading at a downward speed of 10 m/s.

8.1 Reaction of SiC and H20 during the heating process

SiC and H2O are not reactive in normal conditions, while when temperature gets higher, the
chemical reaction will occur. According to the simulations of SiC and H.O molecules by
Newsome [78, 79], the chemical reaction occurred after the temperature went to 2000 K and
was much more intense at 4000 K. In addition, it was reported that the chemical reaction
between 4H-SiC and H20O molecules would occur from 1174 K to 1474 K [80]. Thus, the
simulation to study the temperature of the chemical reaction between 6H-SiC and H20 was

carried out.

In this simulation, the water molecules of both sides were in the same condition due to the
periodic boundary. The temperature rose from 293 K to 4000 K in 100 ps, and the process
was shown in Figure 8-1. As time went by and the temperature rose, both Si face and C face

of 6H-SIiC were oxidized by H.O molecules gradually. And silicon oxide, the production of
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the reaction, also occurred on both sides. It is worth noting that the reaction occurred much

more intensely and earlier on the C face than the Si face.

) 60 ps (2111 K) 80 ps (2741K) 90 ps (3106 K)
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Figure 8-1. RMD simulation snapshots of the reactions between two faces of 6H-SiC and H.O
molecules with the temperature rose from 293 K to 3106 K.

8.2 Reaction of SiC and H-0 in the constant temperature

As the results shown in Section 8.1, the chemical reactions on the Si face occurred when the
temperature reached 2100 K. So the simulation at the constant temperature of 2100 K was
carried out to compare the differences between C face and Si face, and the process was
shown in Figure 8-2. Both the Si face and C face reacted with the H2O molecules, even
though the reaction occurring on the C face was much more than on the Si face. It is also
remarkable that only the first layer of Si atoms on the Si face had been oxidized before 90 ps.
After that, there were only a few reaction occurring in the substrate on the Si face. In addition,
with the reaction occurring, the lattice structure of the substrate of 6H-SiC was destroyed, and

the substrate atoms of the C face were more disordered than those of the Si face.
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Figure 8-2. RMD simulation snapshots of the reactions between two faces of 6H-SiC and H,O
molecules at the constant temperature of 2100 K.
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8.3 Reaction of SiC and H>O during the loading process by diamond

Two RMD simulations had been conducted to imitate the different polishing processes of the
Si face and C face of 6H-SiC. In the nano scale, the polishing process of workpiece materials
can be simplified to be realized by temperature and stress. In order to be closer to the
experimental conditions, the diamond slab was added. As shown in Figures 3-8 (b) and (c),
the diamond slab moved upward to the Si face in one simulation and downward to the C face
in another simulation, with the speed of 10 m/s. The temperature was set at 2100 K, because

the reaction could occur on both faces at this condition.

Some snapshots during these two simulations are shown in Figure 8-3. It can be seen that
both the Si face and C face of 6H-SiC had reacted with H.O molecules under the load from
the diamond slab. Compared with the Si face, the C face of 6H-SiC reacted more easily and
more intensely in the same conditions, which was consistent with the results without load
(Figure 8-2). In addition, it is worth noting that the reactions were easier and more intense
under the load, and the difference in the reaction speed and extent between Si face and C face
were smaller than that in the conditions without load. In other words, the load from the

diamond slab promotes the reaction between 6H-SiC and H20 molecules.
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(b)

Figure 8-3. RMD simulation snapshots of: (a) the reactions between the H,O molecules and Si face of

6H-SiC and at 2100 K, with the diamond slab loading at an upward speed of 10 m/s; (b) the reactions

between the H,O molecules and C face of 6H-SiC and at 2100 K, with the diamond slab loading at a
downward speed of 10 m/s.

8.4 Comparison of simulation and experimental results

In this section, in order to improve the reliability of the RMD simulations, the RMD results

are compared with the experimental polishing results in reference [30].

In Luo’s polishing experiments [30], the MRR of the C face (6.13 nm/min) of 6H-SiC wafers
was much higher than that of the Si face (2.55 nm/min). In all four RMD simulations, the
chemical reactions on the C face were faster and more intense than those on the Si face. The
reaction productions, such as silicon dioxide and hydrocarbons, are much softer than SiC

lattice, and can be removed easily, which leads to a much larger MRR of the C face.

In addition, as shown in Figures 8-4 (a) and (b), the silicon dioxide generated on the Si face is
more regular than that generated on the C face. In statistical mechanics, the radial distribution
function describes how density varies as a function of distance from a reference particle
[144]. Figure 8-5 (c) shows the radial distribution functions of Si-O on the Si face, C face and
in SiO; lattice. The Si-O on the Si face and SiO; lattice show the same peak at 1.6 A, which
means the silicon dioxide generated on the Si face is in good crystalline structure. However,
the Si-O on the C face has no peak at 1.6 A and even no distinct peak on the entire curve. So

the silicon dioxide generated on the C face is in amorphous structure.
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This phenomenon is also consistent with the experimental results in reference [30]. Figure 8-
5 shows the detection results of debris on Si and C faces of 6H-SiC wafers after polishing
using the SG semi-fixed abrasive polishing tool. The wear debris of the Si face were curl
strips, with a thickness of about 5-10 nm, while that of the C face were shards of several tens
of nanometres [30]. The crystallization of the wear debris of the Si face was relatively regular,
and the spacing of the lattice fringes in the high-resolution diagram was about 3.38 A (Figure
8-5 (a)). The SAED pattern on the Si face showed a distinct polycrystalline concentric ring,
with the inter-planar crystal spacing of 3.38 A (Figure 8-5 (b)). However, the atomic
arrangement of the wear debris of the C face had no periodic variation and no obvious
crystalline state, but only a halo, indicating that the wear debris were in the amorphous phase,

as shown in Figure 8-5 (c).
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Figure 8-4. (a) Silicon dioxide generated on the Si face. (b) Silicon dioxide generated on the C face.
(c) Radial distribution functions of Si-O on Si face, C face and in SiO: lattice.
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Figure 8-5. Detection results of debris of 6H-SiC wafers [30]. (a) TEM image and SAED pattern of Si
face. (b) High resolution diagram of Si face. (¢) TEM image and SAED pattern of C face. (d) High
resolution diagram of C face.

The results of RMD simulations were highly consistent with the experimental results. Not
only the presence of SiO. was found on both the Si face and C face of 6H-SiC, but also the
reaction on the C face was faster than that on the Si face, which led to a much larger MRR of
the C face. In addition, the silicon dioxide generated on the Si face was more regular than that
generated on the C face. Accompanied with the experimental results, it can be concluded the
main component of the wear debris of the Si face was crystallized silicon dioxide and that of
the C face was amorphous silicon oxide.
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8.5 Reaction mechanism during polishing

It is generally believed that Si atoms are more susceptible to be oxidized than C atoms [8],
while in this simulation, the atoms in the C face were more likely to react with H>O and form
SiO2. This is because the Si atoms on the surface of the Si face reacted with the H.O
molecules and formed the Si-O bonds which were relatively stable. On the contrary, the Si
atoms under the C face could not directly react with the H.O molecules and then were in a
metastable state. As the temperature increased and the atomic motion became more intense,
the Si-O bonds did not change significantly, while the lattice structure of the first C layer on
the C face was destroyed, which led to the entry of H.O molecules. Therefore, the Si atoms of
the first Si layer on the C face could contact and react with the H.O molecules gradually.
After that, the second C layer was exposed to the H.O molecules, and then the second Si
layer was oxidized similarly (Figure 8-6). In this cycle, the Si atoms under the C face were
quickly oxidized, and those under the Si face were not oxidized until the temperature went up
to 2100K.

The occurrence and extent of the reactions were affected by whether the lattice structures of
6H-SIC were destroyed easily. The lattice structures of both faces of 6H-SiC were much
easier to be destroyed under the load from the diamond slab (Figure 8-3), so the reactions
occurred more easily than those without load (Figure 8-2). Moreover, the different extent of
the lattice structure destruction caused the difference in reaction extent between the Si face
and C face. So the difference between the Si face and C face gets smaller due to the load
which causes similar destruction of the lattice structure.
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Figure 8-6. Schematic diagram of interface reaction between two faces of 6H-SiC and H.O molecules.

Since the diamond abrasives and the 6H-SIC wafers had excellent chemical stability,
chemical reactions are unlikely to occur on the surface just using deionized water as the
coolant without any acid-based etching solution. However, fine abrasive particles would
generate a large amount of mechanical energy due to loading and friction with the surface of
the 6H-SiC wafers [30]. Some of the mechanical energy was directly converted into chemical
energy, which effectively reduced the reaction activation energy, then increasing the

chemical reaction rate [30].

Compared with the polishing results in literature [30], some new explanations for the
chemical reaction between SiC and water could be provided. These procedures also can be
considered as the consequence of the destruction of the lattice structure. Loading from
diamond abrasive destroys the lattice structure of SiC, so the H.O molecules can pass through
the first layer of SiC and react with the Si atoms in the subsurface. Therefore, chemical
reactions which are difficult or very slow to carry out at room temperature could be achieved
by increasing mechanical load and friction. It should be clarified that although the
experiments were performed at room temperature, the real temperature of the contacting area
at nanoscale were much higher. It is hard to detect the real temperature of a nanoscale region
during polishing, while the critical temperature allowing chemical reactions to occur on the Si
face is 2100K in RMD simulations.
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In conclusion, both the polishing experiments in previous literature [30] and the RMD results
show that the occurrence of silicon dioxide in the conditions of pure water as the cooling
liquid, indicates that the 6H-SiC wafers can be oxidized by the water during polishing
without any acid or alkali conditions. The material on the C face of 6H-SiC is oxidized faster
than that on the Si face, directly resulting in the larger material removal efficiency of the C
face than the Si face in the same conditions. The discovery of this phenomenon in this
research leads to a further understanding of the nanoscale chemical mechanism during
polishing silicon carbide substrates. This reaction also can be controlled by adjusting the
parameters of the polishing experiment to obtain the silicon carbide substrates with good

surface quality more efficiently.
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Chapter 9. Effect of oxide layer

Both mechanical removal and chemical removal play significant roles in the ultra-precision
polishing. The chemical reaction products on the wafer surface will affect the polishing
performance as well. Therefore, in this chapter, the effect of the oxide layer generated on 6H-
SiC surface during polishing process will be investigated.

9.1 Nanoscratching simulation at constant depths

The polishing process is accompanied by the occurrence of chemical reactions and the
production of chemical products, which will have an impact on the removal of materials. In
this section, the scratch simulations of different scratch depths are performed on the 6H-SiC
surface with the oxide layer. The differences in the removal effect between the presence and
absence of the oxide layer and between the oxide layer on the C face and Si face will be

compared.

9.1.1 Forces

Figure 9-1 shows the tangential and normal forces of the Si face and C face with the oxide
layer during scratching. At different scratch depths, the normal and tangential forces of the Si
face are greater than those of the C face, which is consistent with the scratching simulation
and experimental results when there is no oxide layer on the SiC surface.

It is worth noting that when the scratch depth is small, only the atoms of the oxide layer are
removed, and the difference between the Si face and the C face is small. As analysed in
Chapter 8, the Si face undergoes a chemical reaction to produce crystalline silicon dioxide,
while the C face produces amorphous silicon oxide. So, the oxide layer on the Si face is
harder to remove than the oxide layer on the C face, which leads to the greater scratching
force on the Si face. Because there are a lot of amorphous structures in both faces, the forces
are still much less compared to scratching the SiC with the perfect crystal lattice. As the
scratch depth increases, the removed atoms are not only oxide atoms, but also silicon carbide
atoms of perfect lattice. According to the results of Section 6.4, the Si surface is harder than

the C surface, so the forces of the Si face are greater than those of the C face as well.
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Therefore, it can be concluded that regardless of the presence or absence of an oxide layer,
the force of the Si face is greater than that of the C face, which means that the material on the
C face is easier to remove than that on the Si face. As concluded in Luo's polishing
experiments [27], the material removal rate on the C face is higher than that on the Si face.
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Figure 9-1. Tangential (left) and normal (right) forces of Si face and C face with the oxide layer.

In addition, Figure 9-2 also compares tangential forces on Si face (left) and C face (right)
with and without the oxide layer. When the scratch depth is 1 nm, the tangential force of the
surface with the oxide layer is less than that of the surface without the oxide layer. This is
because the oxide layer is softer and easier to remove than the silicon carbide atoms with the
perfect lattice. As the scratch depth increases, the removed atoms are not only oxide atoms,
but also silicon carbide atoms of perfect lattice. Especially when the scratch depth is 3 nm,
the force of the surface with the oxide layer is greater than that of the surface without oxide
layer. More atoms are removed in the surface with the oxide layer due to the presence of
oxygen atoms. So, the oxide layer is no longer the main factor when the scratch depth is large,

and the main factor becomes the number of atoms removed.
Therefore, it can be inferred that the oxide layer can significantly reduce the force and

improve the material removal efficiency in the case using a small scratching depth, but when

the scratch depth gets larger, the oxide layer may not have a beneficial effect.
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Figure 9-2. Comparison of tangential forces on Si face (left) and C face (right) with and without the
oxide layer.

9.1.2 Material removal characteristics

Figure 9-3 compares the material removal characteristics on the Si face (left) and C face
(right) with the oxide layers. When the scratch depth is 1 nm, the atoms of the oxide layer on
the Si face are almost completely removed, while the atoms of the oxide layer on the C face
are not totally removed and some of them still remain on the surface. In addition, all wear
debris are atoms from the oxide layer, and the SiC atoms with perfect lattice are not
destroyed. So it can be inferred that the strip-shaped silicon oxide in wear debris shown in
Figure 8-6 (b) is generated at a small scratch depth. When the scratch depth is 2 nm, the
atoms of the oxide layer and the SiC atoms with perfect lattice are both removed. So, the
scratching debris are the mixtures of amorphous silicon oxide and SiC atoms. When the
scratch depth is 3 nm or greater, the wear debris are mainly SiC atoms and a small number of

silicon oxide atoms.
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Figure 9-3. Comparison of material removal characteristics on Si face (left) and C face (right) with the
oxide layers.

9.1.3 Subsurface deformation

In this section, the Si face is selected to investigate the subsurface deformation in the material
removal of the oxide layer. Figure 9-4 shows the DXA results of the Si face in different
scratching depths. When the scratch depth is 1 nm, no amorphous SiC atoms are produced on
the surface. When the scratch depth is 2 nm, an obvious amorphous layer of SiC is formed on
the subsurface, and dislocations occur concomitantly. When the scratch depth is 3 nm, there
are more amorphous atoms and dislocations in the subsurface. In particular, these dislocations
are mainly on the basal plane, and cylindrical dislocations have not been found. Compared
with the scratch results on the SiC surface without the oxide layer, we can see that the
presence of the oxide layer makes dislocations more likely to occur on basal planes. As
discussed in Chapter 6, dislocations on basal planes facilitate material removal. Therefore, it
can be concluded that the material removal process involving chemical reactions is better

than pure mechanical removal.
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Figure 9-4. DXA results of Si face in different scratching depths.

In addition, in Figure 9-3 (c), it is worth noting that the arrangement of SiC atoms in a region
below and in front of the abrasive is clearly different from that of perfect lattice atoms and
amorphous atoms. The distance between atoms in this region is significantly different from
that between atoms in the perfect lattice, which are 0.218 nm and 0.149 nm respectively. This
structure in the region is regarded as the intermediate structure in the previous literature. In

Wu's indentation experiments and simulations, the author believes that the amorphization is
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confirmed to be achieved via an initial transformation from wurtzite structure to an

intermediate structure, and then a further amorphization process [59].

This phenomenon also occurs during scratching. When the scratching depth is less than 2 nm,
the intermediate structure is not found; only when the scratching depth comes to 3 nm, dose it
occur. It might be inferred that the intermediate structure indicates the initial sign of brittle
deformation during scratching. If the scratching depth gets much larger (larger than 10 nm),

this intermediate structure may transform into small broken pieces retaining regular crystal
structure.

Furthermore, in the scratching, this intermediate structure can be divided into three small
areas. Obviously, each small area contains three layers of SiC atoms, which is related with

the conclusion drawn in Section 7.1. The deformation of 6H-SiC is more likely to occur in
the conversion layer with every three layers as a unit.
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(b)

Figure 9-5. Intermediate structure in subsurface.
9.2 Nanoscratching simulation in an inclined direction

In actual processing, a wafer surface without subsurface damage is demanded. In order to
figure out the critical condition in which subsurface damage (including amorphous structure)
does not occur, this section performs the variable-depth scratching simulations with the oxide
layer on the Si face and the C face of 6H-SiC.

Figures 9-6 and 9-7 show the trends of normal and tangential forces on two faces. From the
trends of the normal forces, it can be seen that both the Si face and the C face undergo a rapid
increase in the range from 1300 to 2200 nN. This means only the atoms of the oxide layer are
removed under the load less than 1300 nN, because the corresponding scratch depth is
exactly the thickness range of the oxide layer. The "small plateau” at 2200 nN means the pop-
in stage when the abrasive scratches down into the SiC atoms. Therefore, when the load is
2200 nN, the perfect crystal lattice of the SiC is destroyed and then transforms into the
amorphous structures. Therefore, the critical point should be within this load range.
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Figure 9-7. Tangential (left) and normal (right) forces of C face with the oxide layer.

Figure 9-8 shows the DXA results of both faces with the oxide layer in variable-depth
scratching simulations. In the initial stage, only the atoms of the oxide layer are removed, so
no subsurface deformation occurs. As the scratching depth gradually increases, the abrasive

begins to scratch into the SiC layer. From then on, SiC atoms with an amorphous structure
appear in the subsurface.
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Figure 9-8. DXA results of Si face (left) and C face (right) with the oxide layer in variable-depth
scratching simulations.

9.3 Nanoscratching simulation under constant loads

The best way is to remove only the atoms in the oxide layer without scratching the atoms in
the perfect lattice. However, this is difficult to achieve by adjusting the scratching depth in
actual polishing, because the removal depth is generally adjusted by controlling the load.
Therefore, this section will perform a constant load scratching on the 6H-SiC surface with the

oxide layer in order to figure out the critical load that can achieve accurate removal.

Figures 9-9 and 9-10 show the trends of normal forces of both faces with the oxide layer
during constant-load scratching. The first 5 nm scratch part represents the initialization stage
with a load of 1100 nN, which makes the load stabilize quickly. In the next 5 nm scratch part,
the load gradually increases to a certain load. After 10 nm, the abrasive begins to scratch
stably with a constant load. According to the results of the previous section, the load ranges
of the Si face and C face are set between 1360 nN and 2000 nN. It can be seen that even in

the stable scratch stage, the normal load still fluctuates.
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Figure 9-10. Normal forces of C face with the oxide layer during constant-load scratching.

Figure 9-11 shows the material removal of the Si face with the oxide layer under different
normal loads. The atoms of the oxide layer are removed without damaging the perfect lattice
of SiC under the loads less than 1760 nN. When the load gets larger, the lattice of SiC is

damaged and amorphous structures appears on the surface. So, for the Si face, the critical

load is 1760 nN.
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Similarly, the same scratch simulations were conducted on the C face. Figure 9-12 shows the
material removal of the C face with the oxide layer under different normal loads. The atoms
of the oxide layer are removed without damaging the perfect lattice of SiC under the loads
less than 1520 nN. When the load gets larger, the lattice of SiC is damaged and amorphous
structures appears on the surface. For the C face, the critical load was significantly less than
that of the Si face, only 1520 nN. This result is in great agreement with previous conclusion
as well, because the Si face is harder than the C face and more difficult to remove both
mechanically and chemically.

Moreover, it can be seen that the atoms of the oxide layer can be almost totally removed on
the Si face under the loads less than the critical load, while for the C face, there remain many
oxide-layer atoms on the scratched surface. This may be related to the chemical reactions on
the C face. As discussed in Section 8.6, the occurrence and extent of the reactions were
affected by whether the lattice structures of SiC were destroyed easily. In particular, for the C
face, the lattice structures of SiC are easier to destroy and then form silicon oxide. The
chemical reaction on the C face will occur during the scratching even under the load less than
the critical load. This mode will influence the next SiC layer and then let it oxidize. So, the
chemical reaction on the C face is harder to control than that on the Si face and it is difficult

to totally remove the oxide layer on the C face.
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Figure 9-11. Material removal of Si face with oxide layer under different normal loads.
(a) 1600 nN, (b) 1680 nN, (c) 1760 nN, (d) 1840 nN, (e) 1920 nN, (f) 2000 nN.
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Figure 9-12. Material removal of C face with oxide layer under different normal loads.
(a) 1360 nN, (b) 1440 nN, (c) 1520 nN, (d) 1600 nN, (e) 1680 nN, (f) 1760 nN.
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Chapter 10.  Conclusion, recommendations and future work

10.1 Conclusion

The mechanisms of material removal, subsurface deformation and interface reactions were

observed and analysed through a series of MD simulations and experiments on SiC. The

following conclusions are drawn from the results and analyses:

The reliability of MD simulation

The MD simulation results of nanomachining are treated with some scepticism sometimes,

because it is difficult to be compared and verified by experiments. In this project,

experimental and simulated results are compared and verified by similar trends and

phenomena in terms of forces, material removal efficiency and subsurface morphology.

Hence, the agreement between experimental and simulated results indicates that the MD

simulation models and methods used in this research are reliable.

Nanoscale processing

Here are some main conclusions in the MD simulations and experimental results of

nanoindentation and nanoscratching.

a.

There is no obvious difference in the trends of indent forces in the indentation simulations
and experiments, and they show similar characteristics at the subsurface. The hexagon
pattern in the horizontal cross-sections views can be regarded as two mutually central
symmetric triangles, and these amorphous patterns may be caused by the slip systems of
4H-SiC and 6H-SiC. Their slips mainly take place on the (0001) basal plane and along the
<11-20> directions, which depends on their special lattice structure.

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
the C face on the (0001) plane occur more easily.

Material removal efficiency of the C face is higher than that of the Si face, and there is

less subsurface amorphous deformation on the C face. Dislocations on the (0001) basal
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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.

In nanoscale processing, amorphous transformation and dislocations are the primary
mechanisms of material deformation, which are evidenced in both MD simulation and

experiments.

Effect of machining conditions

In both experimental and simulation results, machining conditions, such as shape of abrasive

particles, scratching speed and scratching direction, also have significant effects on

nanometric material removal performance. Here are some main conclusions.

Taking material removal efficiency, amorphous deformation and subsurface dislocations
into consideration, spherical abrasive may be the best option in ultra-precision polishing.

. When the scratching speed increases, more and more workpiece materials are
accumulated on both sides of the groove. This means that the increase in the scratching
speed will result in the more obvious ductility of the material.

In the [1-210] scratching direction, the wrinkle angles are 60< while in the [1-100]
scratching direction, the wrinkle angles are 30< This phenomenon can be considered as
the consequence of the dislocations and slips along <1-210> orientations {1-100}
cylindrical planes.

Moreover, MD simulation results show that setting the scratching cutting depth as an
integer multiple of the height of a half lattice crystal may be more beneficial for removing

materials and obtaining a substrate with better subsurface quality.

Effect of chemical reaction

The chemical reactions between SiC atoms and water molecules during polishing and the

effect of chemical products on material removal have been investigated. Here are some main

conclusions.

a. The occurrence of silicon dioxide in the conditions of pure water as the cooling liquid

indicates that the 6H-SiC wafers can be oxidized by the water during polishing without
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any acid or alkali conditions. Both the polishing experiments in previous literature and the
RMD results show the same phenomena.

b. The occurrence and extent of the reactions between SiC and H-O are influenced by the
destruction of 6H-SIC lattice structure. The lattice structures of both faces of 6H-SIC are
much easier to be destroyed under the pressure from the diamond abrasive, so the
reactions occurred more easily than without load.

c. The material on the C face of 6H-SiC is oxidized faster than that on the Si face, directly
resulting in the larger material removal efficiency of the C face than the Si face in the
same conditions. As the result, the oxide layer on the C face is thicker than that on Si face.

d. The atoms of oxide layer can be almost totally removed on the Si face under loads less
than the critical load, while for the C face, there remain many oxide-layer atoms on the
scratched surface. This indicates that the chemical reaction on the C face is harder to
control than that on the Si face and it is difficult to totally remove the oxide layer on the C

face.

10.2 Contribution to knowledge

The material deformation mechanism of 4H-SiC and 6H-SiC in nanomachining has been
further revealed. The damage of a brittle material, such as SiC, could appear as plastic
deformation and brittle fracture. Both amorphous transformation 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. It is evidence that cracks
generated on machined surface are initiated in the same direction as the dislocation
occurrence that demonstrated in this research. The reason for the difference between the C
face and Si face of SiC in nanomachining has been revealed in this study. Not only the
mechanical actions but also the chemical reactions contribute the different efficiency in the
material removal of the two faces. Moreover, the influence of chemical effect is more
obvious in nanomachining. In addition, selecting the feed rate according to the layer structure
of SiC may promote a better surface quality. This may be a useful guide for optimizing the
actual machining process. Such a method for the selection of cutting feed may also be used to

improve the machining performance of other brittle materials with layered structures.
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10.3 Recommendations and future work

As concluded above, this research shows some new findings and phenomena in

nanomachining using MD simulations and experiments, and provides reasonable explanations.

However, there still are some problems needing to be further investigated and analysed in the

future.

a.

In general, MD simulations are commonly used to analyse atomic interactions and
provide qualitative guidance for people to understand the material removal mechanism at
the nanometre level. It is still a challenge to provide precise potential functions and
quantitative details because of the difficulties in acquiring a true molecular potential
function that matches real application cases.

Simulated and experimental results may conflict as a result of differences in scale. It is
difficult to conduct material mechanical removal experimentally at the molecular level.
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 simulate 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, nanomechanical
properties and deformation mechanism of 4H-SiC and 6H-SiC on the {0001} plane. The
research methods introduced in this paper could also be applicable for the investigation of
different SiC polytypes and other brittle materials. Understanding these problems could
be beneficial to nanomachining of these hard and brittle materials.

Chemical reactions in nanoscale processing are also critical to removal performance. This
research only investigates and analyses its phenomena and mechanisms, but how to

improve actual processing still needs further research in the future.
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Appendix — B: Atom information

#4H-SIC
C 0.000000 1.774197

C
C
C
C
C
C
C
C
C
C
C
C
C
Si
Si
Si
Si
Si
Si
Si
Si
Si
Si
C
C
C
C
C
C
C
C
C
C
C
C
C
C

1.536500
0.000000
0.000000
-1.536500
-1.536500
3.073000
3.073000
1.536500
1.536500
0.000000
-1.536500
3.073000
1.536500
0.000000
1.536500
0.000000

i -1.536500

3.073000
1.536500
0.000000

i -1.536500

3.073000
1.536500
-1.536500
1.536500
-3.073000
-1.536500
4.609500
3.073000
1.536500
0.000000
-1.536500
-3.073000
0.000000
3.073000
4.609500
3.073000

# 6H-SIC

C
C

C
C
C
C
C

0.000000
0.000000

-1.547500

-1.547500
3.095000
3.095000
1.547500

0.887099
0.000000
0.000000
2.661296
2.661296
0.000000
0.000000
2.661296
2.661296
0.000000
2.661296
0.000000
2.661296
1.774197
0.887099
0.000000
2.661296
0.000000
2.661296
0.000000
2.661296
0.000000
2.661296
-0.887099
-0.887099
1.774197
4.435493
-0.887099
1.774197
4.435493
-1.774197
0.887099
3.548395
3.548395
-1.774197
0.887099
3.548395

0.000000
0.000000
2.680349
2.680349
0.000000
0.000000
2.680349

2.513250
7.539750
0.000000

10.053000
0.000000
10.053000
0.000000

10.053000
0.000000

10.053000
5.026500
5.026500
5.026500
5.026500
4.403214
9.429714
1.889964
1.889964
1.889964
1.889964
6.916464
6.916464
6.916464
6.916464

2.513250
2.513250
2.513250
2.513250
2.513250
2.513250
2.513250
7.539750
7.539750
7.539750
7.539750
7.539750
7.539750
7.539750

0.000000
15.170000
0.000000
15.170000
0.000000
15.170000
0.000000
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0000000000000 NLLLLLLLDBLDLDACOOOOOOO

1.547500
0.000000
-1.547500
3.095000
1.547500
0.000000
1.547500
0.000000
1.547500
0.000000
-1.547500
3.095000
1.547500
0.000000
-1.547500
3.095000
1.547500
0.000000
1.547500
0.000000
1.547500
-1.547500
1.547500
-3.095000
-1.547500
4.642500
3.095000
1.547500
0.000000
-1.547500
-3.095000
0.000000
3.095000
4.642500
3.095000
-1.547500
0.000000
1.547500
3.095000

# Diamond

C

O0O0O0O00O000O00O0O00O0

0.000000
0.000000
0.000000
0.000000
3.566790
3.566790
3.566790
3.566790
0.000000
3.566790
1.783395

2.680349
0.000000
2.680349
0.000000
2.680349
1.786899
0.893449
1.786899
0.893449
0.000000
2.680349
0.000000
2.680349
0.000000
2.680349
0.000000
2.680349
1.786899
0.893449
1.786899
0.893449
-0.893449
-0.893449
1.786899
4.467248
-0.893449
1.786899
4.467248
-1.786899
0.893449
3.573798
3.573798
-1.786899
0.893449
3.573798
0.893449
3.573798
-0.893449
1.786899

0.000000
0.000000
3.566790
3.566790
0.000000
0.000000
3.566790
3.566790
1.783395
1.783395
1.783395

15.170000
7.585000
7.585000
7.585000
7.585000
2.528333

10.113333

12.641666
5.056666
1.896250
1.896250
1.896250
1.896250
9.481250
9.481250
9.481250
9.481250
4.425089

12.010089

14.537411
6.952411
2.528333
2.528333
2.528333
2.528333
2.528333
2.528333
2.528333
10.113333
10.113333
10.113333

10.113333
10.113333

10.113333
10.113333
5.056666
5.056666
12.641666
12.641666

0.000000
3.566790
0.000000
3.566790
0.000000
3.566790
0.000000
3.566790
1.783395
1.783395
0.000000
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1.783395
1.783395
1.783395
2.675093
0.891698
0.891698
2.675093

OO0O00O0O000

# H0

3 atoms
2 bonds
1 angles

Masses
1 1.007940
2 15.99940

Atoms

1 1
2 1
3 1

Bonds
1112
2113

Angles

1.783395
0.000000
3.566790
0.891698
0.891698
2.675093
2.675093

3.566790
1.783395
1.783395
2.675093
0.891698
2.675093
0.891698

2 -1.0484 0.00

=

0.5242 0.91

1 0.5242 0.05

0.92
121
0.00
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