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A B S T R A C T   

Chemical enhanced polishing (CEP) is a widely employed final process for achieving precise surface shaping and 
planarization of semiconductor wafers. However, determining the chemical effect involved in material removal 
through experimental means is extremely challenging. In this study, we conducted reactive force field (ReaxFF) 
molecular dynamics (MD) simulations to gain insight into the chemical effects of CEP using an aqueous hydrogen 
peroxide (H2O2) diamond suspension as a polishing medium for 6H-SiC single crystals. The inclusion of aqueous 
H2O2 resulted in the formation of Si–O–H and C–O–H species, which are comparatively easier to remove 
through mechanical abrasion. Furthermore, an increase in H2O2 concentration was found to enhance the ma
terial removal. The MD simulations also revealed that the chemical effects on the Si-face of 6H-SiC were more 
pronounced than those on the C-face due to the generation of a greater number of Si–O species and the 
favourable atomic structure of the Si-face for chemical removal. The results showed that the material remove rate 
on the Si-face is greater than that on the C-face during polishing, aligning with the findings from MD simulation. 
Furthermore, a systematic experimental study was carried out to examine the influence of various conditions on 
material removal rate and surface quality in both polishing and lapping processes.   

1. Introduction 

Single crystal silicon carbide (SiC) is a highly promising third- 
generation semiconductor material [1,2]. With its wide energy band 
gap, excellent chemical inertness, high breakdown electric field, and 
superior thermal conductivity [3–7], SiC finds extensive applications in 
power electronics devices like diodes and field effect transistors [8], 
hybrid electric vehicles [9], solar photovoltaics [10], railcar tractions 
[11], power transportation [12], and biosensors [13]. To achieve high- 
quality SiC components for electronic and optoelectronic applications, 
the shaping of bulk SiC necessitates a series of abrasive machining 
processes [14,15] However, the machining of SiC poses significant 
challenges due to its extreme hardness and brittleness [16]. Chemically 
enhanced machining techniques such as chemically enhanced lapping 
(CEL) [17] and chemical mechanical polishing (CMP) [18,19] are 
commonly employed as the final steps for surface finishing. 

Previous research has predominantly focused on experimental 

investigations concerning material removal in the chemical mechanical 
polishing (CMP) of SiC. For instance, a study conducted in 1997 high
lighted the role of increased OH group concentration in the polishing 
media, facilitating Si–C oxidation during the CMP of SiC single crystals 
[19]. The presence of silicon oxycarbide species on the polished SiC 
surfaces further indicates oxidation during the polishing process [20]. 
Similar oxidation phenomena have been observed in UV-light assisted 
CMP [21]. These studies aimed at optimizing the process through 
abrasive and slurry selection, as well as technical approaches to enhance 
chemical effects in polishing [22–28]. However, limited attention has 
been given to comprehending the underlying mechanism of the chemi
cal effect, primarily due to the constraints of experimental character
ization techniques in monitoring changes during the lapping process. 
Previous investigations have yielded contradictory observations 
regarding SiC crystal polishing. Some studies reported higher chemical 
activity on the Si-face, resulting in a greater removal rate [29–31], while 
others demonstrated higher material removal efficiency on the C-face 
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[32–36]. Consequently, there is a clear need for a deeper understanding 
of the material removal mechanism in the CMP of SiC. 

MD simulation has emerged as a valuable tool for understanding 
material deformation and removal at the nanoscale [37–44]. However, 
traditional MD simulations do not account for chemical effects in me
chanical removal since they assume fixed connectivity and employ 
harmonic potential terms that are inadequate for simulating chemical 
reactions. In contrast, the ReaxFF interatomic potential, developed 
based on quantum chemistry principles (QC), enables the simulation of 
bond breakage and formation, making it a powerful tool for studying 
chemical effects [45–47]. The ReaxFF force field has been extensively 
used to investigate tribochemical reactions and atomic removal mech
anisms in CMP [48–59]. 

For instance, Wen et al. [48,49] explored the tribochemical wear 
mechanism of silicon in humid air and observed the formation of 
Si–O–Si bonds through reactions between Si–O–H from abrasives 
and Si–O–H from water with surface Si atoms, facilitating the breaking 
of Si–Si bonds in the silicon substrate. Chen et al. [50] investigated the 
removal mechanism of (100) silicon during CMP and demonstrated the 
feasibility of removing a single atomic layer. Wang et al. [51] system
atically studied the material removal mechanisms of Si (110) surface 
during CMP. Guo and Yuan et al. [52–54] conducted extensive research 
on the chemical mechanical removal mechanisms of diamond and 
quartz glass in CMP. He et al. [55] examined the chemical mechanical 
interaction in CMP using a silica abrasive particle. Wang et al. [60] 
studied the wear of a water-lubricating SiC surface, revealing the me
chanical role of water in reducing adhesive wear and its chemical role in 
reacting with SiC, resulting in the triboemission of surface SixHyOz 
groups. Previous studies have also explored the polishing of materials 
like copper [56,57], silica [58], and diamond-like carbon (DLC) [59]. 
These investigations demonstrate the efficacy of ReaxFF MD in simu
lating the combined effects of chemical reactions and mechanical 
abrasion involved in polishing. 

This study utilizes ReaxFF MD simulation to investigate the impact of 
the chemical effect on material removal during a chemically enhanced 
polishing (CEP) process of 6H-SiC. The CEP process employs an aqueous 
H2O2 suspension with diamond abrasives as additives. It is worth noting 
that CEP is distinct from conventional CMP, as CEP aims to improve 
removal efficiency rather than surface integrity. This study provides 
unique insights by focusing on the specific role of H2O2 and its con
centration in the removal performance of CEP. The investigation offers 
valuable understanding of the material removal mechanism on the 
(0001) and (0001) faces of the 6H-SiC crystal. 

2. Simulation method 

The MD simulation was conducted in the large-scale atomic/mo
lecular massively parallel simulator (LAMMPS) [61]. OVITO software 
was used for post-processing and visualisation [62]. Two types of MD 
models were constructed: one was to understand the chemical effect 
only, described in detail later in Section 2.2, while the other was used to 
simulate both chemical and mechanical effects, which is depicted in 
Section 2.3. All the processes were simulated at room temperature (300 
K) condition controlled by the Nosé-Hoover thermostat [63]. Periodic 
boundary conditions were applied in both length (x-) and width (y-) 
directions, and a free boundary condition was applied in the thickness 
(z-) direction. To prevent atoms from escaping in the z-direction, a 
reflective wall was established at the boundary. A timestep of 0.25 
femtoseconds (fs) was applied for all the simulations. 

2.1. ReaxFF reactive force field 

The ReaxFF reactive force field is a bond-order-dependent potential. 
The connectivity between atoms is updated and modified at every time 
step. ReaxFF can describe the bond generation and breakage involved in 

material removal, and thus the dynamics of a chemical reaction at 
atomical scale [47]. The general description of the ReaxFF potential is 
given by: 

Esys = Ebond +Eval +Etor +Eover +Eunder +Elp +EvdWaals +Ecoulomb (1)  

where Esys, Ebond, Eval, Etor, Eover, Eunder, Elp, EvdWaals and Ecoulomb are the 
energies of the entire system, bond, valence angle, torsion angle, over- 
coordination penalty, under-coordination penalty, lone-pair, van der 
Waals and Coulomb bonds, respectively. The electron equilibration 
method (EEM) [64] is employed to calculate the atomic charges in the 
ReaxFF. 

The force field used in this study is the ReaxFF potential reported 
previously [48]. The details of the potential function can be found in the 
supplementary documents. This potential function was adapted for 
studying the tribochemical wear in a CEP process for 6H-SiC. The sta
bility of expressed 6H-SiC by this ReaxFF potential function is discussed 
in this work. Table 1 provides a comparison of the lattice parameters and 
cohesive energy for 6H-SiC, which includes results obtained using the 
ReaxFF potential and contrasts them with values derived from the 
classical Tersoff [65] and Vashishta [66] potential energy functions on 
the same model, as well as data from the density functional theory (DFT) 
modeling and previous experimental studies [67,68]. The ReaxFF po
tential function is considered applicable since, following its application, 
the structure remained stable, and the differences in lattice parameters 
compared to those obtained using other potential functions or experi
mental reference values fall within the tolerance. 

2.2. The chemical model 

The MD model for simulating the chemical effect only comprises a 
6H-SiC substrate that consists of C and Si atoms, and an aqueous sus
pension of different H2O and H2O2 contents, as shown in Fig. 1. Note 
that diamond abrasives are not included in the chemical model, and the 
H2O2 concentration is altered by varying the H2O2/H2O ratio from 11 wt 
% to 21 wt%, to examine its chemical effect, as shown in Table 2. All the 
molecules in the aqueous layer are allowed to participate in a chemical 
reaction. The substrate contains 1458C atoms and 1458 Si atoms. The 
atoms in the bottom two layers are fixed and the atoms above the fixed 
layers are free to move when they are involved in a chemical reaction. 
The system was equilibrated using the NVT ensemble [69] at a timestep 
of 0.25 femtoseconds over a period of 100 picoseconds (ps) to ensure the 
completion of the chemical reactions, or until there was no further 
change in the number of species. 

2.3. The CEP model 

The CEP model consists of three parts: diamond abrasive, aqueous 
H2O2 polishing media and SiC substrate, as shown in Fig. 2. The model 
has a size of 29.1 × 50.4 × 37 Å3. The diamond abrasive is composed of 
10 atomic layers of 2240C atoms, which are allowed to move as a whole 
horizontally and vertically to simulate the motion of an individual 
abrasive during polishing. The top two layers of the abrasive atoms are 
fixed, acting as a rigid body, while the remaining C atoms are free to 
move under mechanical loading following the Newton’s Second Law of 
Motion or the driving force generated by chemical reactions. The setup 
of aqueous H2O2 solution and SiC substrate is the same as that in the 

Table 1 
Comparison of the results for SiC obtained using ReaxFF potential with those 
obtained from other methods, including Tersoff, Vashishta potential, DFT and 
experiments.  

Parameters ReaxFF Tersoff [65] Vashishta [66] DFT & Exp. 

Lattice constant a (Å)  3.237  3.079  3.08 3.077 [67] 
Lattice constant c (Å)  15.891  15.117  15.121 15.108 [67] 
Cohesive energy (eV)  6.283  6.164  6.331 6.66 [68]  
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chemical model shown in Fig. 1. The simulation parameters as well as 
the set-up parameters are summarized in Table 3. The system was 
equilibrated using the NVT ensemble [69] at a timestep of 0.25 fs for 
100 ps. Upon equilibrium, the model starts to simulate a CEP process 
based on the following procedures: (i) the diamond abrasive approaches 
the substrate vertically (along z-direction); with a gradual increase in 
pressure, the aqueous layer was compressed until the normal pressure 
reached 40 GPa, which was selected as the criterion for effective SiC 
removal during the simulation; (ii) the system is equilibrated for another 
10 ps, so that the system reaches a new stable state; (iii) the diamond 
abrasive then translates along y-direction at a speed of 50 m/s for 200 ps 
under the NVT ensemble to simulate the polishing action; (iv) finally, 
the diamond abrasive withdraws from the substrate surface. 

2.4. Postmortem analysis of MD simulation 

To quantitatively characterize the atomic disorder caused by the 
chemical effect, displacement of atoms in the MD models can be 

calculated using [49]: 

d =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(x − x0)
2
+ (y − y0)

2
+ (z − z0)

2
√

(2)  

where d is the displacement of each individual atom, (x0, y0, z0) is the 
initial coordinate of the atom, (x, y, z) is the real time position during 
CEP. For a 6H-SiC single crystal with a diamond structure, Si–C bond 
length is 1.98 Å, and the atomic distance of Si–Si and C–C are both 
3.24 Å [70]. An atom being removed from the 6H-SiC substrate was 
assumed to meet the criterion of d > 4.5 Å, which is approximately 1.5 
times the maximum atomic distance. It should be noted that the disorder 
caused by abrasive sliding may add complexity and inaccuracy to the 
calculation, which means that not all atoms with d > 4.5 Å are truly 
removed [55]. Nevertheless, the quantitative measurement can assess 
the level of disorder reasonably. 

Identify Diamond Structure [71], an analysis modifier that is inte
grated in the OVITO software, was used to characterize the structural 
changes of 6H-SiC that has a pristine diamond structure. This analysis 
modifier can find atoms that are arranged in a cubic or hexagonal dia
mond lattice by analysing the local environment of each atom up to the 
second neighbor shell. In OVITO, atoms are displayed using the calcu
lated positions against time. This enables us to visualize relevant atom 
movements at any time. To illustrate the removal of Si and C atoms in 
the model, the distance between the abrasive and the substrate is 
exaggerated in the figure, but the atomic distance within the abrasive 
and substrate remained constant. Snapshot views were taken from the 
vertical direction of sliding on the substrate. 

Fig. 1. The (a) 2D and (b) 3D chemical model of 6H-SiC and aqueous H2O2. The bottom two layers of SiC are fixed, but those above the fixed layer are free to move if 
they participate in the chemical reactions. 

Table 2 
H2O2 concentrations and the corresponding numbers of H2O and H2O2 mole
cules in the chemical model.  

H2O2 concentration (wt%) Number of H2O Number of H2O2  

21  140  20  
16  150  15  
11  160  10  
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2.5. Experimental setup 

Lapping and polishing tests were carried out on a precision auto
mated polisher (TegraPol-31, Struers, Denmark), as illustrated in Fig. 3. 
The 6H-SiC wafers (supplied by MTI Corporation, USA) have dimensions 
of 5 × 5 × 0.33 mm3. Suspensions of diamond and graphene oxide (GO) 
nanosheets were prepared following a protocol developed in our lab 
[20]. The diamond abrasives have an average particle size from 250 nm 
to 3000 nm and were used at a concentration of 1.00 wt%. Additionally, 
the concentration of GO was 0.25 wt%. It should be noted that GO was 
used as the oxidant in the experiment, while H2O2 was used in the MD 
simulation. This is because: (1) using GO to supply OH radicals is much 
more environmentally friendly than using H2O2, (2) the oxidation 
mechanisms of GO water suspension and H2O2 are very similar, as both 
involve the generation of OH radicals to induce oxidation on SiC 
[17,20], and (3) the currently available resource for computation cannot 

Fig. 2. The (a) 2D and (b) 3D CMP model of 6H-SiC, aqueous H2O2 and a diamond abrasive.  

Table 3 
MD parameters used in the CEP model.  

Parameters Values 

Directions (x × y × z) 〈11− 20〉 × 〈1− 100〉 × 〈0001/000-1〉
Dimensions (Å3) 29.1 × 50.5 × 37 
Number of Atoms 5656–5676 
Sliding time (ps) 200 
Sliding speed (m/s) 50 
Sliding pressure (GPa) 40 
Boundary condition p p f 
Sliding distance (nm) 10 
Equilibration temperature (K) 300 
Time step (fs) 0.25  
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support the MD simulation of GO. The MD-Largo metal-resin composite 
plate (Struers, Denmark) was used as the lapping disc, and the MD-Nap 
fabrics plate (Struers, Denmark) was used as the polishing disc. During 
lapping and polishing, the disc and the holder rotated in the opposite 
directions and detailed operation parameters are shown in Table 4. 
Surfaces of the polished samples were examined using a confocal mi
croscope (LEXT OLS4100, Olympus, Japan) and an atomic force mi
croscope (AFM, Dimension XR, Bruker, USA) and the surface roughness 
in terms of arithmetic mean height (Sa) was measured. The thickness of 
the samples was measured using a Spiral Micrometer (MDC-1″ PXT, 
Mitutoyo, Japan) prior to and after lapping or polishing, which was used 
to calculate the MRR. Each test was repeated thrice, and averaged values 
and standard deviations were determined based on the test results. 
Nanoindentation and nanoscratching tests were performed on an in-situ 
indenter (ASA-ECO, Alemnis AG, Switzerland) and a Triboindenter 
(TI900, Hysitron Inc., US), respectively, for characterizing the me
chanical properties of 6H-SiC. 

3. Simulation results 

3.1. Chemical effect of aqueous H2O2 

Fig. 4 shows the cross-sectional views of the (0001) Si-face of 6H-SiC 
after being exposed to H2O2 solution (16 wt%) for a period of 40 and 
100 ps. In both cases, Si–O–H and Si–H species can be observed on the 
SiC surface. However, no C–H or C–O–H species are found as the 
water and H2O2 does not ‘intrude’ the SiC where C atoms are not 

exposed on the (0001) Si-face. It should be noted in Fig. 4(a) that H2O2 
molecules are still visible at 40 ps, but they are no longer observed after 
100 ps, as shown in Fig. 4(b), indicating the completion of the chemical 
reaction involving H2O2. This is in consistent with previous numerical 
and experimental studies where it was found that Si atoms on the SiC 
surface could be terminated by forming Si–H and Si–O–H end groups 
after chemical reaction [31,72–76]. 

The remaining H2O and H2O2, as well as the Si–O–H and Si–H 
species formed during the chemical reaction, were plotted against re
action time in Fig. 5 for various H2O2 concentrations, as well as pure 
water. These graphs were obtained by counting the number of each 
species in real time at each timestep via programming methods. The 
number of water (5a) and H2O2 (5b) molecules decreased in the initial 
stage of the reaction, Si–O–H and Si–H species increased corre
spondingly with the progress of the reaction, all reaching the respective 
saturated values after approximately 40 ps. Increasing the H2O2 con
centration resulted in the formation of more Si–O–H, but less Si–H 
species. 

Water generates an equal amount of Si–O–H and Si–H species, 
which is consistent with a previous Ab Initio MD study that showed a 
‘cooperative hydrogen transfer’ mechanism accounting for this obser
vation [75]. The presence of H2O2 enhanced the generation of Si-O-H 
species relative to the process in water as can be seen in Fig. 5(c). 
However, it is also evident from Fig. 5(c) and (d) that surfaces exposed to 
H2O2 have a lower Si–H content, which is in agreement with previous 
observation showing that H2O2 molecules only lead to the formation of 
Si–O–H species [75]. It should be noted that the use of aqueous H2O2 
without diamond abrasives was just to demonstrate the chemical effect 
of the slurry, where no Si or C atoms were removed from SiC. Similar MD 
simulation studies were performed on other materials such as silicon, 
diamond, and quartz [48,49,52,53]. 

Similar characteristics were found when aqueous H2O2 was placed 
on the (0001) C-face of 6H-SiC where the consumption of H2O2 was 
accompanied by the generation of C–O–H and C–H species. Similar 
observations have previously been made for ReaxFF simulations of 
diamond in aqueous H2O2 [52]. Fig. 6(a) presents the number of 
remaining water and H2O2 molecules (noting that different numbers of 
molecules were added in the simulation, see Table 2), while Fig. 6(b) 
presents the species generated on Si- and C-faces after 100 ps. Similar for 
both faces is the decrease in Si/C-H species with increasing H2O2 con
centration. It is noted that more water molecules were retained on the C- 
face compared to the Si-face, as shown in Fig. 6(a), and this is accom
panied by a higher amount of Si–H and Si–O–H species than C–H and 
C–OH species Fig. 6(b). This indicates that the reactivity of the C-atoms 
on the (0001) C-face is lower than that of the Si-atoms (0001) on the Si- 

Fig. 3. Schematic illustration of the lapping/polishing system.  

Table 4 
Parameters used in the lapping and polishing experiments.  

Parameters Values 

Lapping Polishing 

Pad Metal-resin composite plate 
(MD-Largo) 

Fabrics plate (MD- 
Nap) 

Normal load (N) 15 10 
Disc rotational speed 

(rpm) 
240 180 

Holder rotational speed 
(rpm) 

150 150 

Duration (min) 24 180 
Flow rate of slurry (ml/ 

min) 
4 1 

Abrasive size (nm) 250, 500, 1000 & 3000 
Abrasive concentration 

(wt%) 
1.0 

GO concentration (wt%) 0.25  

S. Yang et al.                                                                                                                                                                                                                                    



Journal of Manufacturing Processes 107 (2023) 515–528

520

face in aqueous H2O2. 3.2. Material removal in CEP 

A diamond abrasive was introduced into the simulation after 100 ps 
of equilibrium to simulate the materials removal in CEP using aqueous 

Fig. 4. Chemical species formed in the presence of aqueous H2O2 solution (16 wt%) on the (0001) Si face of 6H-SiC after (a) 40 ps, and (b) 100 ps. H2O2 molecules 
are observed in (a), indicating that the chemical reaction is still ongoing. However, in (b), H2O2 molecules are no longer observed, suggesting that the reaction 
between the SiC surface and H2O2 is complete after 100 ps. 

Fig. 5. Number of (a) H2O, (b) H2O2, (c) Si–O–H and (d) Si–H species on Si-face of SiC plotted against reaction time when different H2O2 concentrations 
were used. 
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H2O2. The simulation was performed on both Si- and C-faces of the 6H- 
SiC single crystal to investigate the difference in their respective mate
rial removal process. 

3.2.1. Removal of a Si atom on Si-face 
Fig. 7 displays snapshots of the removal of a Si atom in a CEP process. 

All the atoms involved in the removal are labeled with subscripted 

numbers according to their order of appearance to track their move
ment, e.g., the Si atom was marked as Si0. Before the removal process, 
Si0 is present as a Si-O-H species on the surface. When the abrasive 
moves down, atomic rearrangements on the surface are observed, which 
eventually leads to the formation of a Si0-O2-C4 interfacial species (the 
C4 atom was from diamond) at 57.50 ps. Similar interfacial bridge 
species have previously been observed using a silica abrasive on a Si 

Fig. 6. Numbers of (a) H2O2 & H2O molecules remaining, and (b) Si/C–O–H & Si/C–H species formed after the chemical reaction at 100 ps on Si- and C-faces of 
6H-SiC, plotted against H2O2 concentration. 

Fig. 7. Illustration of the removal of a Si atom from the Si-face of a 6H-SiC substrate. For clarity, only diamond abrasive, 6H-SiC substrate and relevant O and H 
atoms are shown, and the reacted atoms are numbered with subscripts. The O1–C6 and O2–C4 bonds may be an artefact of the cut-off length used in this study. 
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surface [49]. Following this, Si0 is pulled closer to the abrasive causing 
the Si0-C2 bond to break at 61 ps. As the abrasive moves and causes 
mechanical abrasion, Si0 is pulled further out to form a bond with C5 of 
the abrasive, leading to the breakage of Si0-C1 at 65.50 ps. Subsequently 
a second Si0-O1-C6 bridge species form as the Si0-C3 breaks. The 
detachment of Si0 from 6H-SiC is completed at 83.75 ps. To summarize 
the process, Si atoms on the original surface is oxidized and the for
mation of Si–O–C bridge species leads to the breaking of Si–C bonds at 
its base. Some of the O atoms ‘intrude’ into the substrate to form 
Si–O–C bonds, resulting in the breaking of Si–C bonds [52]. Eventu
ally, Si atoms are bonded to C atoms in the abrasive, either directly or via 
Si–O–C bonds and removed. 

3.2.2. Removal of a C atom on Si-face 
MD simulation was also performed to show the removal of a C atom 

on the Si-face. As shown in Fig. 8, all the involved atoms are labeled with 
subscripted numbers in sequence to trace their movement. Unlike Si 
atoms, C atoms are less exposed at the surface at the beginning and are 
connected to four Si atoms. During the removal of Si atoms, O atoms 
‘intrude’ into the substrate to form Si–O–C bonds [52] as can be 
observed after 53.25 ps, where C0 is connected to O1-Si1, as well as to 
Si2, Si3, and Si4. At 54.50 ps, the C0-Si4 bond breaks. O2 from a OH group 
of the slurry binds to C0 and Si2 forming a C0-O2-Si2 species at 58.00 ps. 
Thereafter, C0-O1 breaks as Si1 is removed by the abrasive. C2 in the 
abrasive is then bonded to C0, leading to the breakage of C0-Si2. At 
86.75 ps, a C2-C0-O2-Si3 chain is formed and C0 is removed from the 
substrate. In has previously been observed that C-atoms in diamond can 
be removed in the form of C-chains [52] and a study on the wear of SiC 

revealed C-removal through hydrocarbons [60]. In summary, the pro
cess involves the initial removal of some Si atoms, following by reaction 
of O atoms with C atoms in the SiC substrate and their connection to C 
atoms in the abrasive through C–C bonds, and finally their removal. 

3.2.3. The removal of 6H-SiC 
The processes described in Sections 3.2.1 and 3.2.2 form the basic 

material removal mechanism of Si and C atoms in 6H-SiC. Our simula
tion results indicate that the removal of Si and C atoms on the Si-face of 
6H-SiC is similar to that on the C-face. Therefore, the removal process on 
the C-face of SiC is not illustrated and described in this paper. It should 
also be noted that all processes of removal are at the initial stage of the 
CEP. The surface is expected to undergo changes or become more 
complex as the number of atoms removed increases during polishing. 
Nevertheless, the fundamental mechanism of removal is expected to 
remain the same. 

Fig. 9 shows the number of all species plotted against the processing 
time during CEP of the (0001) Si-face. It is seen that while the number of 
Si–O–H species decreases over polishing time, the number of other 
species increase or remain relatively unchanged. This indicates the 
continuous conversion of Si–O–H into O–Si–O or Si–O–Si. The Si 
atoms were eventually removed by the abrasive by means of forming 
Si–Cabr or Si–O–Cabr bonds (here Cabr represents the C atoms from 
diamond abrasive and Csub represents the C atoms from 6H-SiC sub
strate). Regarding the removal of C atoms, as no C atoms are initially 
exposed to the Si-face, the C–O–H species start appearing after 
approximately 50 ps but remain low in number. After Si atoms are 
removed, which leads to the exposure of C atoms and the formation of 

Fig. 8. Illustration of the removal of a C atom from the Si-face of a 6H-SiC substrate. For clarity, only diamond abrasive, 6H-SiC substrate and relevant O and H atoms 
are shown, and the reacted atoms are numbered with subscripts. 
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Csub–O–H or Csub–O–Si, the C atoms are then removed by the abra
sion through forming mainly Csub–Cabr and to a lesser extent 
Csub–O–Cabr species. Please note that the presence of Si–O–Si and 
O–Si–O species might be attributed to the formation of an oxide layer 
dominated by Si–O bonds on the interface through continuous abra
sion, which agrees with previous experimental studies [20–22,77]. 

3.3. The removal of Si- and C-face 

Fig. 10 shows the atomic arrangement of 6H-SiC for both Si- and C- 
faces during CEP, obtained using the Identify Diamond Structure mod
ifier. It should be noted that in this figure only the atoms of 6H-SiC are 
present and other atoms from CEP suspension and abrasive are removed 
for simplicity. The result shows that the initially ordered top surface 
atoms of 6H-SiC become increasingly disordered as the diamond abra
sive moves over the surface, with the level of disorder increasing with 
polishing time. At the same time, with an increased H2O2 concentration, 
the degree of disorder becomes more pronounced. This is because the 
increase in concentration of H2O2 produced more Si-OH and C-OH 
species, and this in turn lead to the generation of more disordered atoms. 
However, it’s difficult to see the difference in the numbers of disordered 
atoms visually between different H2O2 concentrations. 

The number of disordered atoms on the two surfaces are thus 
quantified and presented in Fig. 11. Apparently, a higher H2O2 con
centration results in more disordered atoms generated during polishing. 
There are fewer disordered atoms on the C-face than on the Si-face. 

Fig. 12 displays the number of atoms with d > 4.5 Å which was 
calculated using Eq. (2). Here, we define these atoms as being removed 
during polishing. Similar to the results presented in Fig. 11, an increased 
H2O2 concentration leads to an increase in the number of atoms being 
removed. The number of the removed atoms of Si-face is greater than 
that of C-face. 

4. Experimental results 

To validate the findings from MD simulation, chemically enhanced 
polishing (CEP) and lapping (CEL) experiments were carried out. During 
CEP and CEL, the same chemical suspensions were used. The major 
difference between CEP and CEL is the pads used. In CEL a metal-resin 
composite disc (MD-Largo) was used, while in CEP a fabric plate (MD- 
Nap) was employed. Thus, CEL had a more intense mechanical abrasion 
than CEP due to the use of a more aggressive pad, while in CEP chemical 
effect plays a more dominant role. Detailed experimental conditions can 
be found in Table 4. 

Fig. 13 shows the material removal rate (MRR) and surface rough
ness obtained from CEL and CEP of 6H-SiC, with the results in (a) and (b) 
obtained from polishing and (c) and (d) from lapping. From Fig. 13(a) 
and (c), it is seen that in both polishing and lapping, MRR increased with 
the increase in abrasive size. The MRR in CEL consistently exceeds that 
in CEP. Additionally, the MRR on C-face is higher compared to Si-face in 
CEL, while in CEP, opposite results were obtained, with the MRR on the 
Si-face being higher than that on the C-face. As shown in Fig. 3(b) and 
(d), polishing produced a better surface quality on C-face than Si-face, 
while lapping generated similar surface quality on both faces. 

5. Discussion 

The MD simulation clearly demonstrates that Si and C atoms can be 
removed from a 6H-SiC single crystal substrate through forming 
Sisub–O–H and Sisub–H as well as Csub–O–H and Csub–H species 
with an aqueous H2O2, followed by the formation of Sisub–Cabr and 
Sisub–O–Cabr as well as Csub–Cabr and Csub–O–Cabr during mechani
cal abrasion, as evident in Fig. 9 and displayed in Figs. 7 and 8. The 
chemical effect involved in the removal can be enhanced through 
increasing the concentration of H2O2. The results in Figs. 11 and 12 
strongly support this finding. The influence of H2O2 concentration 
would reach a limit when the surface is saturated with Si–OH (and 
C–OH) groups. An increase in H2O2 concentration from 16 % to 21 % 
did not result in a significant increase in the number of disordered atoms 
on the Si-face. 

As mentioned earlier, there exist contradictory experimental results 
on the removal of Si- and C-faces in the literature of the abrasive 
machining of SiC single crystals: one side indicated that Si-face was 
easier to be removed than C-face [29–31], and the other suggested 
otherwise [32–36]. Our simulation has shown that the use of H2O2 in 
suspension could cause atomic disorder in both Si- and C-faces, as shown 
in Fig. 10, but the chemical effect of H2O2 on the Si-face is stronger than 
that on the C-face for the same concentration used, as shown in Figs. 11 
and 12, where the number of disordered atoms on Si-face are much 
higher compared to C-face. With an increased H2O2 concentration, the 
degree of disorder becomes more pronounced. The increase in concen
tration of H2O2 produced more Si-OH and C-OH species, and this in turn 
led to the generation of more disordered atoms. 

The major difference between the two faces of SiC is the order of the 
Si and C atomic layers. The Si-face is characterized by Si atoms occu
pying the topmost layer, with each Si atom being bonded to three C 
atoms in the layer immediately below. On the C-face, the top layer 
consists of C atoms, each of which is bonded with three Si atoms in the 

Fig. 9. Variation in the number of species on Si-face as a function of time during CMP with a suspension containing 16 wt% H2O2.  
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next atomic layer. Our MD simulation of the chemically enhanced pol
ishing has indicated that a higher number of Si–O–H species are 
generated compared to C–O–H species during the chemical treatment. 
Furthermore, during the removal process, Si atoms are removed from 
the SiC substrate through multiple Si–O–Cabr and Si–Cabr bridging 
species while C atoms are removed via a single Cabr–C bridging species. 
In both processes, a single bridge species connects the atom being 
removed to the SiC substrate (e.g., a Si–C bond in the case of Si removal 
and a C–O–Si bond in the case of C removal). The lower bond energy of 
the Si–C bond compared to a C–O or Si–O bond [78] additionally 
benefit removal of Si atoms compared to C-atoms. Overall, both the 
higher concentration of Si–OH species at the surface that can initiate 
the removal process, and stronger Si–O bonds generated between the 
abrasive and Si on the Si-face, produce a higher driving force to over
come the Si–C bonds. 

Fig. 13 show the Material removal rate (MRR) and surface roughness 
(Sa) after polishing and lapping, respectively. During chemical 
enhanced polishing, the MRR of the Si-face was found to be higher than 
that of the C-face, as demonstrated in Fig. 13(a), which is in good 

agreement with the simulated results. The notable difference in MRR can 
be ascribed to the use of soft fabric in the polishing process, which 
resulted in a reduction of mechanical effect for material removal, 
thereby enhancing the chemical effect. The stronger synergistic inter
action between the chemical and mechanical actions on the Si-face en
hances the material removal rate compared to the C-face. In the case of 
lapping, where a much more aggressive polishing pad was utilized, the 
mechanical effect predominated over the chemical effect. Consequently, 
the removal rate on the C-face was higher than that on the Si-face, as 
demonstrated in Fig. 13(c). On the other hand, in the case of lapping in 
this work, where a much more aggressive polishing plate was used, the 
chemical effect in the process was overwhelmed by the mechanical ef
fect, therefore the removal rate on C-face was higher than that on Si- 
face, as demonstrated in Fig. 13(c). Although our nanoindentation 
tests showed that the hardness values of Si- and C-face are remarkably 
similar, the coefficient of friction of Si-face is much lower than that of C- 
face, as shown in Fig. 14. This suggests that a greater lateral or shear 
force is induced in the removal of the C-face than the Si-face, leading to 
easier mechanical removal. In addition, the surface finish of the C-face 

Fig. 10. Snapshots of the 6H-SiC substrate during sliding with different H2O2 concentrations on (a) Si- and (b) C-faces at different times, where pressure is 40 GPa 
and sliding velocity is 50 m/s. Only atoms in 6H-SiC are shown for clarity. 
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generated by polishing is superior to that of the Si-face, as shown in 
Fig. 13(b). This is because a higher MRR during polishing usually results 
in a poorer surface finish. 

The findings of this study offer valuable insights for designing 
effective material removal processes for 6H-SiC single crystals. In pro
cesses where the chemical effect and mechanical effect are in competi
tion, such as CMP, it is suggested to prioritize polishing the Si-face to 
achieve a higher removal rate. However, if a superior surface finish is 
the objective, polishing the C-face is recommended. In cases where the 
mechanical removal dominates over the chemical effect, as in the case of 

CEL, lapping on the C-face is advised for achieving a higher removal 
rate. 

6. Conclusions 

In this study, ReaxFF MD simulation was carried out to gain insight 
into the chemical effect in the polishing of 6H-SiC with H2O2 solution. 
The main findings of this study are summarized below: 

Fig. 11. Variation of the numbers of disordered atoms during CMP with different H2O2 concentrations.  

Fig. 12. Change in the number of atoms with d > 4.5 Å during sliding on Si- (up) and C-faces (down) with different H2O2 concentrations over time.  
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• The formation of Si–O–H and Si–O–Si species in the substrate 
facilitates the removal of Si atoms during the polishing process. 
Similarly, the formation of C–O–H and C–O–Si species in the 
substrate aids in the removal of C atoms.  

• The utilization of H2O2 as a polishing suspension results in the 
generation of Si-O-H and C-O-H species. The impact of its chemical 
effect on material removal is influenced by the concentration of 

H2O2. A higher concentration of H2O2 yields a stronger chemical 
effect, up to a certain threshold concentration. 

• The material removal process in the polishing involves a combina
tion of chemical reaction and mechanical abrasion. The chemical 
effect of H2O2 is observed on both the Si-face and C-face, but it 
demonstrates a more pronounced influence on the Si-face compared 
to the C-face.  

• The experimental results indicate that when the chemical effect is 
comparable to the mechanical removal, the removal rate of the Si- 
face is higher than that of the C-face. However, when the mechani
cal removal becomes more dominant, the C-face is more efficiently 
removed compared to the Si-face. These findings are in line with the 
MD simulation results concerning the chemical effect of H2O2 on 
both faces. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgement 

The authors would like to thank Prof. Debra Bernhardt, Drs. Jeff Yun 
Huang, Xiaoming Sun, Yu Yin and Grant Edwards at The University of 
Queensland (UQ) for technical supports and valuable discussions. They 
would also like to acknowledge the support from the NCI National Fa
cility resources at QCIF UQ for computation and the Queensland node of 
the Australian National Fabrication Facility (ANFF) for AFM charac
terization. This work is sponsored by the Australian Research Council 
under the Discovery Projects Program (DP210102061). 

Fig. 13. (a) Material removal rate (MRR) and (b) surface roughness (Sa) after polishing, (c) MRR and (d) surface roughness (Sa) after lapping, plotted against 
abrasive size. 
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