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Material Removal and Damage Mechanisms of Grinding
and High-Efficiency, High-Surface-Quality Grinding
Process for Single-Crystal Silicon Carbide Substrates
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ABSTRACT

As a third-generation wide-bandgap semiconductor material, single-crystal silicon carbide
(SiC) exhibits exceptional physical properties, including a high critical breakdown electric field,
high thermal conductivity, high carrier saturation velocity, and excellent thermal stability.
These characteristics make it an ideal substrate material for high-voltage, high-frequency, and
high-power electronic devices. After crystal growth, device-grade single-crystal SiC substrates
must undergo a series of processing steps, including slicing, planarization, and chemical
mechanical polishing (CMP), to achieve high surface flatness and ultra-smooth surfaces.
Among these, planarization is a key technology for achieving high-quality and high-efficiency
processing of SiC substrates. For SiC substrates of 6 inches or smaller, free-abrasive lapping is
commonly used for planarization. However, with the continuous advancement of SiC crystal
growth technology, the demand for planarization of large-diameter (8 inches and above) SiC
substrates has become increasingly urgent. The use of free-abrasive lapping for large-diameter
SiC substrates face challenges such as low efficiency, severe damage, and high processing cost.
In contrast, ultra-precision grinding technology based on the principle of workpiece rotation
has been successfully applied in the planarization of large-diameter silicon substrates due to its
advantages of high efficiency, high precision, and low damage. Nevertheless, its application in
the processing of single-crystal SiC substrates remain limited due to unresolved issues,
including the unclear mechanisms of material removal and damage evolution during grinding,
the lack of methods for controlling surface roughness and subsurface damage depth, and the
absence of grinding process parameter optimization methods that can simultaneously consider
processing efficiency and surface quality. These limitations hinder the development of high-
efficiency, high-surface-quality grinding techniques for SiC substrates. To address these issues,
this study systematically investigates the material removal mechanisms of grinding, the
formation and evolution of subsurface damage, predictive methods for surface roughness and
subsurface damage depth, and high-efficiency, high-surface-quality grinding processes for
single-crystal SiC substrates. The specific research contents and major findings are as follows:

(1) The surface morphology characteristics and material removal mechanism in single-
crystal SiC grinding were investigated. Through nanoindentation, single-grit variable-load
scratching, and ultra-precision grinding tests, a systematic comparison was made between the
C-face and Si-face of single-crystal SiC in terms of mechanical properties, surface morphology,
and material removal mechanisms. Nanoindentation results revealed that the C-face exhibits
higher hardness and elastic modulus than the Si-face, while the Si-face possesses greater
fracture toughness. Scratching tests showed that although both surfaces undergo a transition
from ductile to brittle removal with increasing load, the C-face, having a lower elastic recovery
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rate, enters the brittle stage earlier. In the ductile removal phase, abundant plastic chips were
generated on both sides of the C-face scratch, whereas no chips appeared on the Si-face. After
transitioning to brittle removal, both surfaces produced brittle chips and pits, but the Si-face
exhibited a higher density. Ultra-precision grinding tests indicated that as abrasive grit size
decreased, both surfaces shifted from ductile to brittle grinding. However, the C-face
demonstrated lower surface roughness and pit density, as well as a smaller critical depth of cut
for the ductile-to-brittle transition. Overall, the differences in removal mechanisms were
attributed to intrinsic mechanical property disparities. The higher hardness and elastic modulus
of the C-face resulted in a lower critical depth for the ductile-to-brittle transition, which caused
the material to enter the brittle removal mode earlier. In contrast, the Si-face, with its higher
fracture toughness and elastic recovery, was better able to sustain ductile removal. However,
when brittle fracture occurred, the release of elastic energy was more intense, leading to more
severe surface damage.

(2) The formation and evolution mechanisms of subsurface damage in single-crystal SiC
grinding were investigated. Using a multiscale approach combining single-grit variable-load
scratching, ultra-precision grinding, and molecular dynamics (MD) simulations, the cross-scale
evolution mechanisms of subsurface damage in single-crystal SiC grinding were revealed.
Results from both scratching and grinding tests showed consistent damage distribution patterns
for the C-face and Si-face. In the ductile phase, subsurface damage was dominated by
amorphization, dislocations, and slip bands, with maximum damage depth governed by the
extent of slip bands. Upon entering the brittle phase, SSD extended from the slip band tips,
where stress concentrated, leading to microcrack formation; at this stage, cracks determined the
maximum damage depth. MD simulations validated this distribution pattern and further
clarified the stage-specific mechanisms. In the plastic deformation stage, abrasive shearing
caused surface atom amorphization and chip formation, while subsurface dislocation motion
generated slip bands. In the brittle fracture stage, stress concentration at slip band tips induced
crack nucleation. Once formed, cracks propagated along directions with minimal angles to the
maximum principal stress, preferentially breaking C—Si bonds and determining the crack path.

(3) Prediction models for surface roughness and subsurface damage depth in grinding of
single-crystal SiC substrates were established. First, by analyzing the relative motion between
grinding wheel grit and the workpiece, and based on the principle of equivalent macro—micro
material removal area, a model was established to predict grit depth of cut, considering grit
trajectory, random distribution, elastic rebound, and overlap effects. The analytical relationship
between grit depth of cut and process parameters was derived. Next, combining post-grinding
surface morphology features, randomness in grit protrusion height, and elastic recovery of the

workpiece surface, a mathematical model relating surface roughness to grit depth of cut was
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developed. Then, based on subsurface damage distribution patterns and the median—radial crack
theory, the correlations between damage depth, normal force, and grit depth of cut were
analyzed, leading to an analytical model linking subsurface damage depth with grit depth of cut.
Finally, using grit depth of cut as an intermediate variable, correlation models were established
to link both surface roughness and subsurface damage depth with grinding parameters.
Validation experiments showed that the average prediction error for both models was below
5%, providing theoretical guidance for subsequent process optimization.

(4) To address the issues associated with traditional process optimization methods, which
rely heavily on extensive experimentation and often lead to long development cycles and high
costs, this chapter proposes a grinding process parameter optimization method that balances
surface quality and processing efficiency. The method is based on the previously established
predictive models for grinding surface roughness and subsurface damage depth. Based on
predictive models, the influence of grinding parameters on surface quality was clarified. Wheel
speed and workpiece speed had a significant effect on surface quality while their impact on
efficiency was limited. In contrast, abrasive size, feed rate, and the allocation of rough and fine
grinding thickness affected both surface quality and processing efficiency. Taking surface
roughness and subsurface damage depth as quality constraints, and considering practical factors
such as machine limitations and total removal thickness, a parameter library was established
that included abrasive size and feed rate combinations for both rough and fine grinding. Each
process combination was evaluated by calculating the subsurface damage depth after rough
grinding and the total machining time. The optimal combination was selected based on the
shortest overall processing time, achieving a balance between quality and efficiency. A
supporting software system was developed to facilitate this process. Under the constraints of
surface roughness less than 1 nm, subsurface damage depth less than 0.1 um, and a total
removal thickness of 100 um, the optimized process involved rough grinding with a #2000
wheel at a wheel speed of 3000 r/min, workpiece speed of 100 r/min, feed rate of 0.6 um/s, and
removal thickness of 95 um. Fine grinding used a #10000 wheel at the same wheel and
workpiece speeds, with a feed rate of 0.2 um/s and a removal thickness of 5 um. Validation test
results demonstrate that this solution not only guarantees surface quality but also achieves an
average material removal rate exceeding 30 um/min. This verifies the effectiveness of the
proposed optimization method for grinding hard-brittle substrates and realizes high-efficiency,
high-surface-quality grinding of silicon carbide substrates.
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