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Abstract

Diamond is renowned for its high stability in extreme environments, such as high temperatures,
high pressures, and strong corrosive conditions, which makes it demonstrate irreplaceable
superior performance in quantum devices, high-power optical systems, and ultra-high-frequency
electronic devices. Nevertheless, its intrinsic brittleness, difficulty in material removal, and
vulnerability to damage caused by processing severely limit its practical application. The
inherently rough surface of as-grown diamond necessitates precision polishing to obtain
ultra-smooth, damage-free surface with nanometer-scale roughness, sub-micrometer form
accuracy, and minimal subsurface damage. This paper provides a systematic review of
state-of-the-art diamond polishing technologies, addressing the challenge of achieving
sub-nanometer roughness and damage-free surface, with particular emphasis on the need for
atomic-level surface integrity. The discussion covers laser polishing (LP), mechanical polishing
(MP), ion beam polishing (IBP), gas cluster ion beam polishing (GCIBP), plasma polishing,
dynamic friction polishing (DFP), chemical mechanical polishing (CMP), ultraviolet-assisted
polishing (UVAP), plasma-assisted polishing (PAP), laser-assisted polishing (LAP),
ultrasonic-assisted polishing (UAP), and other major techniques. By deconstructing these
technological approaches, four fundamental material removal mechanisms, i.e., microfracture,
graphitization, oxidation, physical sputtering and chemical etching, are identified. This
highlights that hybrid, multi-physics polishing strategies can effectively balance the material
removal rate (up to several um-h—') and surface quality (down to sub-nanometer scale),
outperforming conventional single-field techniques. Finally, the review outlines future

* Authors to whom any correspondence should be addressed.

Original content from this work may be used under the

5Y terms of the Creative Commons Attribution 4.0 licence. Any
further distribution of this work must maintain attribution to the author(s) and
the title of the work, journal citation and DOI.

© 2026 The Author(s). Published by IOP Publishing Ltd on behalf of the IMMT 1


https://doi.org/10.1088/2631-7990/ae34fb
https://orcid.org/0000-0002-5519-9067
https://orcid.org/0000-0002-6066-7419
https://orcid.org/0000-0002-8716-5988
https://orcid.org/0000-0003-3353-2970
https://orcid.org/0000-0001-5820-5939
mailto:benny.cheung@polyu.edu.hk
mailto:chunjin.wang@polyu.edu.hk
mailto:song.yuan@polyu.edu.hk
mailto:fzfang@tju.edu.cn
mailto:hanhuang@mail.sysu.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1088/2631-7990/ae34fb&domain=pdf&date_stamp=2026-1-28
https://creativecommons.org/licenses/by/4.0/

Int. J. Extrem. Manuf. 8 (2026) 032004

Multi-physical field coupling polishing of diamond for atomic-scale...
Yuan S et al.

directions, emphasizing innovations in multi-physics coupling mechanisms and intelligent
control of atomic-scale manufacturing processes, thereby providing theoretical guidance and
technical pathways to overcome the coupled challenges of atomic precision, efficiency, and

extreme service conditions.

Keywords: polishing, diamond, multi-physical field,

atomic and close-to-atomic scale manufacturing (ACSM), ultra-precision machining,

damage-free surface

1. Introduction

Diamond, renowned for its exceptional physical and chemical
properties—including extreme hardness, exceptionally high
thermal conductivity, broad spectral transparency, and chem-
ical inertness—plays a critical role in extreme environments
characterized by high temperatures, high pressures, ultra-high
precision, and strong corrosive conditions. Compared with
other wide bandgap semiconductors (e.g., SiC or GaN), dia-
mond has multiple advantages in device fabrication, including
its high hole and electron mobility (>2 000 cm?-V~!.s~1),
high critical electric field (>10 MV-cm™!), extremely high
thermal conductivity (~22 W-cm~'-K~'), and very wide
bandgap (5.47 V)21, In the semiconductor field, diamond
can be used to fabricate high-frequency, high-power elec-
tronic devices. For instance, diamond-based high electron
mobility transistors (HEMT) and field-effect transistors (FET)
offer benefits, including high breakdown voltages, low on-
resistance, and rapid switching speeds, rendering them well-
suited for high-frequency applications such as 5G commu-
nications and radar systems!?3!. In the optical field, diamond
windows can withstand high-power laser impacts and can be
used to fabricate windows and lenses for high-power lasers as
well as infrared optical windows and lenses, applied in missile
guidance, infrared imaging, and other fields!*-%). In the heat
sink field, diamond can be used for efficient heat dissipation.
For instance, diamond heat sinks can effectively reduce the
operating temperature of devices in power electronic devices,
improving their reliability and lifespan!’~'%. The main applic-
ations of diamond, which are derived from its intrinsic prop-
erties, are illustrated in Figure 1.

However, natural diamond, particularly those of larger size,
crystal form, and orientation that meet application require-
ments, is extremely rare and expensive. Recent advances
in synthetic diamond production, particularly via microwave
plasma chemical vapor deposition (MPCVD), have enabled
broader applications of diamond materials!'?!3!. Diamond
surfaces produced by MPCVD typically have issues such as
high roughness and numerous defects, severely limiting their
application, as shown in Figure 24131, For example, surface
roughness can cause light scattering, reducing the performance
of optical devices, and surface defects can affect the electrical
performance of devices!'%!. Excessive surface roughness can
also impact the success rate of bonding!!”!.

Moreover, human manufacturing technology is advancing
into the new paradigm known as Manufacturing III, where

atomic and close-to-atomic scale manufacturing (ACSM), as
the fundamental technology, is rapidly evolving!!'*=2¢!. In
ACSM, achieving an atomically smooth surface and pre-
serving a defect-free surface lattice structure are critical pre-
requisites for the fundamental investigation of material beha-
viors at the atomic scale!?’~?°1, These conditions are also
essential for the reliable fabrication of atomic-scale struc-
tures and devices!**!. Diamond has emerged as the substrate
material of choice for fourth-generation semiconductor tech-
nologies. The realization of ultra-smooth, defect-free sur-
faces mandates the development of atomic-precision polish-
ing techniques capable of achieving atomically smooth surface
finishes!*! =331, These advanced fabrication methodologies are
critical for maintaining lattice integrity while attaining sub-
nanometer surface roughness, which is essential for optimiz-
ing device performance in next-generation power electronics
and optoelectronic applications.

To provide a comprehensive overview of the state-of-the-
art in diamond polishing, this review is structured as fol-
lows. Section 2 surveys the state-of-the-art polishing methods,
Section 3 consolidates the polishing mechanisms that gov-
ern material removal, i.e., microfracture, graphitization, oxid-
ation, physical sputtering, and chemical etching. Section 4
provides conclusions and prospects, highlighting opportun-
ities in multi-physical field coupling and intelligent control
aimed at ACSM of diamond. The schematic of the fun-
damental material removal mechanisms, state-of-the-art dia-
mond polishing technologies, and prospects is shown in
Figure 3.

2. State-of-the-art of polishing techniques for dia-
mond

Diamond, the hardest known natural material, exhibits excep-
tional chemical stability, with negligible reactivity to acidic
or alkaline reagents under ambient conditions. However, its
inherent brittleness, challenges in material removal, and sus-
ceptibility to processing-induced damage significantly limit its
practical application. Diamond polishing technology serves
as a critical approach for achieving ultra-smooth, high-
quality diamond surfaces!*-#**]. This paper aims to review
the advances in diamond polishing techniques, including
laser polishing (LP), mechanical polishing (MP), ion beam
polishing (IBP), plasma polishing, gas cluster ion beam
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Figure 1. Applications of diamond derived from its intrinsic properties. Reproduced from!'!). CC BY 4.0.
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Figure 2. Principle and initial morphology of diamond growth by MPCVD. (a) Schematic diagram of diamond growth. Reproduced from!!!.
CCBY 4.0. (b) Photo of as-grown diamond surface. Reproduced from!'®!. CC BY 4.0. (c) SEM morphology of as-grown surface. Reproduced

from!'*!, CC BY 4.0.

polishing (GCIBP), dynamic friction polishing (DFP), chem-
ical mechanical polishing (CMP), ultraviolet-assisted polish-
ing (UVAP), plasma-assisted polishing (PAP), laser-assisted
polishing (LAP), ultrasonic-assisted polishing (UAP), and

other major techniques. This study evaluates the merits and
limitations of each technique, assesses polishing efficiency
and surface quality, identifies persistent challenges, and out-
lines prospects for future advancements in the field.
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Figure 3. Schematic of the fundamental material removal mechanisms, state-of-the-art diamond polishing technologies, and prospects.

Reproduced from!**). CC BY 2.0. Reprinted from{**!, Copyright (2021), with permission from Elsevier. Reprinted from[*®)

, Copyright (2018),

with permission from Elsevier. Reprinted from!*”!, Copyright (2016), with permission from Elsevier. Reprinted from!**!, Copyright (2021),
with permission from Elsevier. Reprinted from"*}, Copyright (2021), with permission from Elsevier. Reprinted from!“%), Copyright (2024),
with permission from Elsevier. Reprinted from'*!}, Copyright (2023), with permission from Elsevier. Reprinted from'*}, Copyright (2022),

with permission from Elsevier.

2.1. Laser polishing (LP)

Laser polishing (LP) is a noncontact processing method that
can polish both flat and curved diamond surfaces under room
temperature conditions and is unaffected by the hardness
or chemical properties of the material. Based on the pulse
width, laser processing can be classified into nanosecond,
picosecond, and femtosecond lasers. The schematic diagram
of laser polishing for diamond is shown in Figure 4.

2.1.1. Nanosecond lasers.  The pulse width of nanosecond
lasers is on the order of nanoseconds (10~ seconds). The pro-
cessing principle primarily involves the generation of thermal
effects on the surface through laser energy!*’!, causing local
melting, evaporation, or thermal decomposition of the mater-
ial, thereby achieving material removal.

Under nanosecond laser irradiation, a micrometer-scale
graphite recast layer forms on the diamond surface, indicat-
ing transformation into softer graphite at high temperatures.

The surface roughness strongly depends on the laser incid-
ence angle; reducing the angle decreases the roughness, while
the polishing rate increases logarithmically with laser flux/46!.
The main surface damage features include grooves, cracks,
ripple patterns, and debris deposition'’!. Cracks result from
rapid thermal stresses, ripples from groove-wall reflections,
and groove deformation from enhanced plasma absorption.
The ablation debris consists of spherical graphite particles and
irregular diamond fragments!#81,

Given the confined interaction zone of the laser, full sur-
face coverage requires synchronized motion between the laser
spot and the substrate. Pulse frequency, peak power, spot dia-
meter, and scanning speed are the key parameters controlling
polishing efficiency, surface quality, and MRR. High-power
nanosecond lasers with low scanning speeds and frequencies
are effective for fabricating deep, wide microchannels (up to
62.82 pm wide and 31.56 um deep), although they yield mod-
erate surface roughness (Ra ~ 41.38 nm)!“°. Defects in the
diamond lattice enhance local energy absorption, generating
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thermal spikes, heterogeneous temperature distributions, and
residual stress. Part of the energy propagates into the bulk,
causing subsurface defect formation, microcracks, or fractures
due to stress concentration®°!, Wei et al. used UV nanosecond
lasers (A = 335 nm) to fabricate microgrooves on uncoated and
gold-coated diamonds, observing a 24% reduction in the abla-
tion threshold for coated substrates'>'!. Titanium coatings fur-
ther reduce post-processing roughness by up to 53%, enhan-
cing surface integrity!>?!. Liu et al. proposed a metal film-
induced self-sustaining graphitization (MISG) method, depos-
iting ~100 nm metallic films on diamond to mediate graphitiz-
ation kinetics. Using nanosecond UV-IR lasers, they achieved
precise removal with minimal subsurface damage, as illus-
trated in Figure 5[33:341,

2.1.2. Picosecond lasers. Picosecond lasers generate
pulses with durations on the order of 10~12 seconds, facilitat-
ing ultrafast energy deposition that limits heat accumulation.
Material removal is dominated by non-thermal mechanisms
such as multiphoton absorption and nonlinear ionization pro-
cesses, thereby suppressing thermal diffusion and collateral
damage.

Compared with nanosecond lasers, picosecond systems
combine ultrashort pulse widths (<107'2 s) and high
peak power densities, allowing precise micromachining
with reduced heat-affected zones and improved surface
integrity. Beam expansion further lowers roughness and
enhances throughput, enabling faster achievement of target

geometries!>!. This facilitates the fabrication of high-integrity
microgrooves with submicron-dimensional accuracy and
negligible peripheral cracking!>®!. Grooves machined with
picosecond lasers exhibit significantly higher thermal stress
compared to those produced by nanosecond lasers. The MRR
of picosecond lasers is less than one-tenth that achieves with
nanosecond lasers, rendering the latter more effective for cut-
ting and fabricating high-aspect-ratio microstructures in dia-
mond substrates. Conversely, picosecond lasers are super-
ior for high-precision applications requiring minimal thermal
damage and refined surface quality!>’].

Based on Gaussian beam theory and ultrafast abla-
tion mechanisms, Yan et al.’® proposed a physics-based
model that predicts diamond surface roughness and removal
depth with average errors of 9.6% and 16.6%, respectively.
Picosecond pulsed ablation significantly reduces PCD surface
roughness (Sa from 1.85 pum to 0.51 pm), and pulses below
10 ps effectively suppress graphite formation*®!. Damage
evolution scales with pulse count, while crystal orienta-
tion strongly influences groove morphology, cracking, and
phase transformation due to variations in cleavage energy and
atomic rearrangement energy'>’!. However, the local crystal-
line anisotropy inherent to PCD leads to non-uniform mater-
ial removal rates, producing irregular groove topography.
Picosecond laser ablation is dominated by vaporization, res-
ulting in negligible byproduct deposition and minimal graph-
itic residue!®!. After picosecond laser processing, structural
changes induced by the laser occur on the (111) plane, which
is known for having the lowest cleavage energy and strength
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Figure 5. Comparison of coated and uncoated SCD (100) substrates processed by LPA. (a) Coated SCD substrate, (b) uncoated SCD substrate.

Reprinted from[®*), Copyright (2023), with permission from Elsevier.

in diamond!®'!. Cleavage is observed along the (111) planes
parallel to the crystal orientation, and smooth surfaces can be
achieved through layer-by-layer removal. While some graph-
ite formation may occur, the diamond crystal structure remains
largely intact!!,

2.1.3. Femtosecond lasers. Femtosecond lasers generate
ultrashort pulses (107'2 s), enabling energy delivery to mater-
ials at timescales insufficient for significant thermal diffu-
sion. Material removal is dominated by non-thermal mech-
anisms such as multiphoton absorption and nonlinear ioniza-
tion, effectively suppressing heat-affected zones and collateral
damage.

Femtosecond lasers achieve material removal via sublim-
ation, localizing energy deposition at the surface to minim-
ize thermal energy transfer to subsurface regions. These lasers
uniquely enable the fabrication of micro/nanoscale features on
surfaces due to their ultrafast ablation regime!3:%4. This cap-
ability facilitates precision micromachining, where ultrashort
pulse durations (< 10713 s) suppress thermal diffusion, thereby
mitigating heat-affected zones and residual stresses in adja-
cent materials/®!. Figure 6 shows the surface topography
of femtosecond-laser-ablated diamond microgrooves, high-
lighting morphology variations under differing energy density
parameters[66] .

Femtosecond lasers heat electrons on the diamond surface
to peak temperatures within hundreds of femtoseconds, with
electron—Ilattice thermal equilibrium achieved within tens
of picoseconds!®’!. This distinctive feature of femtosecond
lasers enables the formation of intricate surface morphologies
and miniaturized structures on device surfaces!®!, including
laser-induced periodic surface structures (LIPSS) on diamond.
LIPSS can interact with natural light to generate structural
colors!*’1, a phenomenon unattainable by traditional machin-
ing methods!®!. Following femtosecond laser treatment, the

graphite layer beneath the microgroove becomes nanometer-
thin, and periodic nanostructures emerge on the processed
surface!*®). At higher scanning speeds or lower single-pulse
energies, the diamond coating surface undergoes melting and
re-solidification. However, with decreased scanning speed
or increased pulse energy, the ablation process progresses
through three stages: melting, graphitization, and sublimation.
The surface roughness and material removal rate (MRR) are
strongly influenced by variations in scanning speed and pulse
energy'®!. At high energy densities, repeated treatments pro-
gressively degrade the edge morphology, leading to irregular
and uncontrolled shapes. In contrast, at lower energy densit-
ies, even after multiple treatments, the mesh edge morphology
remains consistent with distinct boundaries!”°!.

Femtosecond, picosecond, and nanosecond lasers are the
main technologies for diamond processing, each with distinct
features. Femtosecond lasers minimize thermal effects, pre-
vent damage, and yield smooth finishes, but they are costly
and less efficient. Picosecond lasers also limit thermal effects
but have lower precision than femtosecond lasers do, require
high power for diamond machining, and depend on beam qual-
ity, with equipment still expensive. Nanosecond lasers are
faster and cheaper but cause greater thermal effects, leading to
poorer surface quality, thicker graphite layers, and more sub-
surface damage, whereas femtosecond and picosecond lasers
produce thinner nanometer-scale graphite layers.

2.2. lon beam polishing (IBP)

Ion beam polishing (IBP) is a noncontact technique that
employs energetic ions to bombard material surfaces, remov-
ing atoms and inducing surface modification through kinetic
energy transfer. The fundamental principle lies in the acceler-
ation of charged ions under an external electric field, followed
by their impact on the target surface, which triggers sput-
tering, etching, amorphization, and even chemical reactions.
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Compared with conventional mechanical polishing, IBP offers
remarkable advantages, such as the absence of mechanical
damage, high precision, and strong controllability, making it
particularly suitable for nanometer-scale processing of hard
and brittle materials like diamond. In addition, the surface
structure and properties can be flexibly tuned by adjusting the
incident angle, ion energy, and ion species!’!-7?1. Nevertheless,
IBP also has certain limitations, such as surface amorphiza-
tion or graphitization induced by ion implantation, and gener-
ally has a lower efficiency than traditional mechanical meth-
ods. Against this background, extensive studies have focused
on different ion species (e.g., Art, Ga™), energy ranges, and
irradiation strategies to elucidate the removal mechanisms,
damage characteristics, and surface morphology evolution of

[66]

diamond during IBP. The experimental setup and schematic of
IBP are shown in Figure 7.

Early investigations demonstrated that argon ion beams
exhibit significant advantages in drilling and milling diamond.
Truncated conical microholes and larger through-holes with
polished-like sidewalls and negligible collateral damage were
successfully fabricated, confirming the high processing preci-
sion and surface quality of Art beam machining!”?!. To fur-
ther clarify the sputtering mechanism, the sputter yield, sur-
face damage, and morphology evolution of diamond were
systematically analyzed, and predictive models for sputter-
processed surface profiles were established, providing theor-
etical support for diamond polishing and sharpening of tip
tools! 74!,
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Under low-energy ion irradiation, diamond surfaces
undergo complex structural transformations. For instance,
ArT or HT ions at 1.5 keV can induce amorphous layers
or graphitic regions at sufficiently high fluences!’!. Low-
energy Ar™ bombardment at grazing incidence shows a pro-
nounced dependence on initial surface states: ultra-smooth
surfaces remain nearly unaffected, while nanopillar structures
on nanostructured surfaces are effectively removed, redu-
cing surface roughness to ultra-smooth levels. In contrast,
plasma-treated rough surfaces show limited improvement! 76!,
Moreover, Art irradiation significantly modifies the surface
wettability of diamond. With increasing ion dose, surfaces
gradually transition from hydrophilic to hydrophobic states,
while subsequent high-temperature oxidation restores their
inherent hydrophilicity!’’!. Zong et al. systematically invest-
igated the effects of the Ga™ dose and injection conditions
on diamond. With increasing ion dose, the diamond struc-
ture sequentially experienced ion implantation, local damage,
partial amorphization, and eventually complete amorphiza-
tion. The injection angle was also found to strongly influence
the extent of damage: perpendicular implantation along the
crystal axis led to a pronounced channeling effect, whereas

a 7 inclination effectively suppressed this phenomenon!’8!.
Furthermore, surface modification of diamond cutting tools
using Ga™ demonstrated improved wear resistance and wet-
tability compared with unmodified tools, and was shown to
facilitate surface smoothness by reducing roughness!”°!.

For diamond thin films, flattening strategies have been
proposed by introducing intermediate sacrificial planarization
layers. For example, photoresist or Ti-Si mixtures have been
used to match the etching rates of the coating and diamond
films, effectively reducing surface roughness from the micro-
meter scale to the sub-micrometer scale, thereby expanding the
application potential of diamond films in infrared optics!3%.
Further studies revealed that varying the incidence angle of
Ar™ irradiation enables the controlled adjustment of surface
roughness from sub-nanometer to ultra-smooth levels, while
also elucidating the competitive interplay between smooth-
ing and roughening mechanisms!®!). The IBP relies on the
physical bombardment of inert gas ions on the substrate sur-
face to polish the local scratches and spots after MP. Within
20 minutes, the depth of the scratches decreases from 108 nm
to 8 nm!32],

In addition to Art, IBP with Ga® ions has also been
extensively investigated for precision machining of dia-
mond. However, Ga™ irradiation inevitably introduces dam-
age to the layers. At an accelerating voltage of 30 kV,
the damage layer thickness reaches approximately 43 nm
and exhibits a bilayer structure consisting of a sp?-rich a-
C I layer and a sp’-dominated a-C II layer. Notably, the
a-C 1II layer possesses a bandgap of ~4.0 eV, suggesting
potential applications in all-carbon heterostructure devices'®*!.
Further studies combining TEM, EELS, and SRIM simula-
tions revealed the structural evolution of Ga-induced dam-
age layers and their fluence-dependent characteristics, identi-
fying the amorphization threshold and amorphous dens-
ity features!®+-3%1. Experimental observations and molecular
dynamics simulations were in excellent agreement, showing
that the Ga™-induced damage layer thickness increased from
~11.5 nm to 27.6 nm with increasing beam voltage and exhib-
ited a strong crystallographic orientation dependence. In par-
ticular, diamond with (110) orientation demonstrated higher
sputtering efficiency and greater damage sensitivity, elucidat-
ing orientation-dependent mechanisms of amorphization and
graphitization!86-87,

In summary, IBP has demonstrated unique advantages
in the micro/nanoscale machining of diamond. Ar™ beams
enable effective surface smoothing, wettability control, and
thin-film planarization under different conditions, while Ga™
FIB achieves high-precision micro/nanomachining at the cost
of introducing damage layers. Mechanistic insights into these
processes provide critical guidance for optimizing processing
conditions and extending application fields. IBP is expected
to achieve precise control over diamond surface structures
and properties through optimization of processing paramet-
ers, careful selection of ion species, and multi-physical coup-
ling strategies, thereby promoting its applications in advanced
optics, electronics, and quantum devices.
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2.3. Plasma polishing

Plasma polishing is a versatile, noncontact technique that
utilizes chemically reactive plasma species—commonly CFy,
0,, Cl,, or their mixtures—to etch material surfaces through
a combination of chemical reactions and physical sput-
tering. Compared with conventional mechanical polishing,
this approach provides stress-free and damage-free material
removal, enabling the achievement of atomically smooth sur-
faces with sub-nanometer roughness and high MRR reach-
ing several hundred micrometers per minute. The technology
has been widely applied to materials such as silicon!38-891,
Ga,0;1°, GaN®!!| and fused silica glass!*?!.

The application of plasma in diamond polishing dates back
to the 1990s, when researchers developed plasma-based pol-
ishing techniques to meet the demand for smooth diamond
surfaces in studies investigating the structure and reactiv-
ity of low-index diamond planes!®3-°*. Early studies demon-
strated that hydrogen plasma treatment at elevated temper-
atures (~870 °C, 40 mbar) could produce atomically flat
(100) and (111) diamond surfaces with a mean roughness
of approximately 1 nm'®’!. Buchkremer et al.l?¢!. employed
electron cyclotron resonance (ECR) plasma for the polish-
ing of CVD diamond and reported polishing rates of up to
2.5 um-h~! under conditions of 500 W and 5 Pa. Their
study highlighted the critical role of plasma species react-
ivity in plasma-based polishing. In air plasmas at pressures
above 100 Pa, the low reactivity of oxygen species can res-
ult in selective etching, leading to non-uniform surface pat-
terns. In contrast, under highly dissociated and ionized low-
pressure electron cyclotron resonance (ECR) air plasma, the
etching of diamond films exhibited significantly improved uni-
formity. Early studies on plasma-assisted polishing were pre-
dominantly conducted under low-pressure conditions'?"-*71. In
recent years, with the advancement of atmospheric-pressure
plasma processing technologies and their proven success in
the ultra-precision polishing of silicon-based materials!?>°81,
researchers have begun exploring the feasibility of applying
atmospheric-pressure plasmas to diamond processing, which
has demonstrated significant advantages.

For diamond, mixtures of O,, CF,4, Ar, and SFg are widely
used to selectively etch sp*-bonded carbon!®®). The principal
diagram of plasma polishing for diamond is shown in Figure 8.
By investigating the influence of different ICP process para-
meters on the surface roughness of SCD, Zhao et al. found that
increasing the etching time and SF¢ flow rate would increase
the surface roughness. Although increasing the ICP and power
could reduce the roughness to 0.562 nm, they would also
form nanostructures!'%°!, Deng et al. proposed a plasma-based
atom-selective etching (PASE) method for diamond, achieving
an MRR of up to 56.533 pm-min~! and a surface roughness
of 0.5 nm, which is several thousand times higher than that
of traditional polishing!*’l. Furthermore, plasma polishing is
equally effective for PCD. Experiments indicate that the apex
sites of PCD grains are rapidly removed, significantly reducing

the height differences between the grains. The surface rough-
ness Sa decreased from 10.1 pm to 93.7 nm within 30 minutes,
with an MRR of 34.4 um-min~—!, and no amorphous carbon
or new stress-induced damage was introduced!'°!). Liu et al.
further reported that by optimizing plasma parameters, prefer-
ential etching of pyramid-like top regions could reach MRRs
up to 127 um-min~'1'%2], However, this method suffers from
excessive polishing at the sample edges, making it difficult to
maintain surface shape accuracy. Therefore, it is more suitable
as a rough polishing technique for PCD and can be combined
with other fine polishing processes to significantly improve the
overall polishing efficiency of PCD.

The plasma polishing process is governed by the syn-
ergistic effects of reactive radical adsorption, ion bombard-
ment, and localized heating. The selectivity toward sp> carbon
over sp> carbon plays a key role in preserving the crystalline
quality. Nonetheless, several issues require further investig-
ation. First, plasma sheaths near sample edges enhance ion
flux, leading to over-polishing and local curvature changes.
Second, achieving uniform reactive species distribution across
large-area substrates remains challenging, especially under
atmospheric pressure. Third, although generally considered
damage-free, energetic ion bombardment may still induce
near-surface defects or graphitization if the process paramet-
ers are not optimized. Future research directions include the
development of hybrid plasma-mechanical processes, adaptive
plasma control based on in-situ diagnostics (e.g., optical emis-
sion spectroscopy), and integration with Al-driven process
parameter optimization to dynamically adjust plasma condi-
tions for uniform, defect-free finishing of large-area diamond
substrates.

2.4. Gas cluster ion beam polishing (GCIBP)

Gas cluster ion beam polishing (GCIBP) is an emerging high-
precision material processing technology characterized by its
simplicity, environmental friendliness, high efficiency, and
low damage. GCIB is generated by ionizing gas molecules
or their mixtures, typically through a sequence of processes,
including gas aggregation, condensation expansion, ioniz-
ation, acceleration, magnetic filtering, and neutralization.
Unlike monatomic ion beams, GCIB consists of clusters con-
taining tens to thousands of atoms, each with very low energy.
When bombarding a material surface, GCIB primarily acts
on the near-surface region and achieves surface smoothing
through lateral sputtering effects, thereby significantly redu-
cing subsurface damage!'%3:141 This feature has already been
demonstrated in silicon surface polishing! %!,

Figure 9 illustrates schematics of the GCIB apparatus and
principle!!°®). Monatomic ion beams exhibit deeper penetra-
tion depths and are more likely to cause extensive subsur-
face damage, whereas gas clusters typically range from 1 nm
to 100 nm in diameter, carry only a few charges, and pos-
sess extremely low per-atom energies. As a result, damage
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is confined to the near-surface region. These characteristics
enable GCIB to simultaneously remove material and achieve
effective surface planarization, which is difficult to accomplish
with other ion beam techniques.

In diamond processing, studies have shown that Ar-GCIB
can effectively reduce the surface roughness of CVD dia-
mond, but it also tends to induce graphitization. In com-
parison, O,-GCIB does not cause graphitization but exhibits
limited smoothing capability!'%’!. More recently, mixed-gas
GCIB has opened new avenues for diamond polishing. For
example, Ar/SF¢-GCIB not only prevents obvious graphitiza-
tion but also enhances the removal rate through the formation
of volatile SF¢ generated by reactions between F and C atoms,
achieving nanometer-scale surface roughness (Ra ~ 0.5—
0.6 nm)!1%8:1991 'The experimental results further demonstrate
that under identical processing conditions, SF¢-GCIB achieves
a higher etching rate than Ar-GCIB without degrading the
crystallinity of diamond. Through a combination of coarse and
fine polishing, the surface roughness of CVD diamond has
been significantly reduced from hundreds of nanometers to a

Ra of 0.6 nm, thereby meeting the stringent requirements for
direct bonding in high-power device applications! %1,

In summary, GCIB, with its advantages of low damage,
high smoothness, and process flexibility, has emerged as a
promising technique for precision polishing of diamond sur-
faces. Current research primarily focuses on the selection of
gas species, optimization of process parameters, and multi-
step or mixed-gas irradiation strategies, laying a solid found-
ation for achieving atomically smooth and damage-free dia-
mond surfaces.

2.5. Dynamic friction polishing (DFP)

Dynamic friction polishing (DFP) is a contact-based method
that removes diamond material via frictional heating between
the sample and a rotating metallic disc. This thermal energy
activates solid-phase reactions, converting diamond to graph-
itic carbon and inducing diffusion, oxidation, and mechanical
wear for efficient material removal. The DFP method oper-
ates at room temperature, effectively leveraging the frictional
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heat generated during polishing, without requiring specialized
equipment to heat the polishing disk or the diamond sample.
A schematic of DFP is provided in Figure 10.

When the thermochemical reaction is initiated, the con-
tact temperature between the polishing disk and the diamond
surface reaches a critical threshold. The MRR is influenced
by various polishing parameters, including the polishing disk
material, applied pressure, and disk rotation speed. DFP typ-
ically requires high-pressure conditions to generate the elev-
ated temperatures—generally exceeding 700 °C—necessary
for effective polishing. Among these parameters, the pressure
applied to the diamond and the rotation speed of the polish-
ing disk are particularly critical. If either the speed or pressure
is too low, material removal is hindered. Only when the pres-
sure or speed exceeds a certain threshold will further increases
in these parameters lead to higher removal rates. At a pres-
sure of 2.2 MPa and a speed of 16 m-s~!, material removal
is negligible. Below 10 m-s~!, higher pressures yield min-
imal polishing rates. Above a 12 m-s~! threshold, however,
the removal rate depends on both parameters, scaling nearly
linearly with the sliding speed at fixed pressures. The dia-
mond’s initially rough surface (R max = 10 um) results in
a small contact area, causing high contact stress at rough sur-
face points. As a result, under a constant polishing load, the
initial MRR peaks at 1 260 um-h~!, and the surface rough-
ness decreases from around 1.7 um to 0.2 um within two
minutes of polishing!'!'!. Higher loads promote higher MRRs
and smoother surfaces; nevertheless, excessively high com-
binations of speed and pressure result in surface/subsurface
cracks!!1>=1141 " Additionally, under high-pressure conditions,

the substantial temperature rise induced by interfacial friction
promotes both the chemical reaction and diffusion of carbon
atoms. Increased frictional forces and shear stresses at the dia-
mond surface further exacerbate crack formation, particularly
in the contact regions of surface asperities!>*.

Although DFP can achieve ultra-smooth diamond surfaces
with a roughness <5 nm (even as low as 1 nm), subsurface
damage extends to a depth of approximately 10 pm in (100)
SCD, manifesting as micro-cleavage fault zones, transition
zones, and compression zones, as shown in Figure 1111151,
The debris layer adhered to the diamond surface after DFP
contained metal oxides and non-diamond carbon phases. The
layer adhering directly to the diamond grains consists pre-
dominantly of amorphous carbon, demonstrating direct phase
transformation from diamond to amorphous carbon during
DFP!!16] For PCD, individual grains with orientations of
(100), (110), and (111) have a roughness <0.5 nm. However,
in regions containing multiple grain boundaries, the Ra rough-
ness of PCD can reach 5.7 nm. Mechanical sliding, coupled
with frictional heat, causes uneven thermal expansion and
contraction in multi-oriented crystals, leading to increased
roughness! 71,

DFP is highly effective for the initial coarse processing
of diamonds. However, preventing the occurrence of surface
and subsurface cracks remains a critical challenge. Cracking
is primarily caused by excessive pressure and speed. DFP
requires high-pressure and high-speed experimental paramet-
ers to ensure that the wafer reaches high temperatures (typ-
ically above 700 °C) for removal. Therefore, a core issue
to resolve is lowering the temperature required for thermal
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reactions. Diamond exists as a metastable allotrope and can be
converted into more thermodynamically stable form of graph-
ite under certain conditions. A considerable activation energy
barrier lies between diamond and graphite, making the reverse
transformation—from graphite to diamond—possible only at
elevated temperatures above 1 000 °C and under high-pressure
environments.

Studies indicate that transition metals can accel-
erate diamond graphitization and lower the reaction
temperature! !'3-1"1, Thus, polishing disks can be developed
using transition metals to exploit diamond graphitization,
converting diamond into graphite or other amorphous carbon
phases. The resulting non-diamond phases can be removed
through mechanical, diffusion, and oxidation processes,
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enabling effective diamond polishing. The polishing disk is a
key component in DFP, requiring excellent catalytic capability
as well as superior high-temperature mechanical properties,
oxidation resistance, and wear resistance.

When diamond and iron plates are directly rubbed under
room-temperature atmospheric conditions, the high temperat-
ures generated during friction promote carbon diffusion and
graphitization, effectively removing scratches from the dia-
mond surface!'?%. Fe-Ni-Cr alloy polishing disks, prepared
using mechanical alloying and hot-press sintering techniques,
exhibit increased hardness, oxidation resistance, and a higher
MRR (3.7 um-min~—') compared to traditional 304 stainless
steel and cast iron polishing disks!'*!!. Additionally, W-Mo-
Cr polishing disks further increase the diamond removal rate
to 1.5 um-min~' while showing extremely low wear rates and
high grinding ratios, demonstrating excellent wear resistance
and polishing efficiency!'??!. Polishing with a 0Cr18Ni9 stain-
less steel disk at 100 m-s~! and pressures of 0.17-0.31 MPa
yields an MRR of 36-51 um-h~!l123], Furthermore, by adding
nickel and iron powders to the polishing pad and performing
high-speed polishing (1 800—4 200 rpm), the roughness of the
diamond surface can be significantly reduced to Ra 0.25 nm
and PV 2.30 nm, further improving the surface quality of the
polished diamond!'?*). These studies demonstrate that optim-
izing the polishing disk materials and process parameters can
significantly increase the efficiency and surface quality of dia-
mond polishing.

2.6. Mechanical polishing (MP)

Mechanical polishing (MP) can be categorized into fixed
abrasive polishing and free abrasive polishing. In fixed abras-
ive polishing, diamond abrasives are embedded onto a grind-
ing disc or wheell'”!, and polishing is achieved through
the mechanical action of protruding diamond abrasive grits
against the workpiece surface. This approach provides a stable
grinding force, but abrasive wear and failure can comprom-
ise polishing quality. Under high pressure, deep scratches
on the polished surface or damage to the diamond disc may
occur. Therefore, it is of great significance for controlling
damage and obtaining high-quality surfaces to focus on the
brittle—plastic transformation mechanism of hard and brittle
materials. For example, Li et al.['*¢! developed a normal
scratch force theoretical model driven by the strain rate effect,
and verified the strain rate sensitivity coefficient of brittle
and hard materials, such as GaN. The results revealed that
the brittle—plastic transition and subsurface damage behavior
exhibited a significant strain rate dependence, which not only
deepened the understanding of the influence of abrasive coup-
ling effect on the evolution of surface microstructure, mater-
ial removal, and damage accumulation, but also provided the-
oretical guidance for parameter optimization in brittle solid
grinding. In contrast, free abrasive polishing involves suspend-
ing diamond grits in a liquid medium. The abrasives move
freely with the liquid, which helps reduce surface damage
to the workpiece!!?’). However, controlling the distribution
and movement of abrasives is challenging, often resulting

in inconsistent surface roughness. Therefore, this approach
requires more stringent control over the uniformity and dis-
persibility of the grit distribution. Furthermore, free abrasive
polishing typically has a lower efficiency compared to fixed
abrasive polishing.

2.6.1. Fixed abrasive polishing. ~ Precise control of the pol-
ishing parameters is critical for achieving satisfactory surface
and subsurface quality during diamond mechanical polishing.
Inadequate control of these parameters can lead to surface
damage, such as scratches and pits, as well as subsurface dam-
age like crystallite defects or even microcracks!'?%!. Key para-
meters, such as the polishing pressure and rotational speed,
significantly affect the polished surface morphology and dam-
age features. For example, when diamond wheels are used,
larger diamond grits may induce irregularly spaced micro-
cracks perpendicular to the polishing direction due to stick-
slip motion on the polishing disc, as shown in Figure 120121,
To minimize such damage, Kubota et al. evenly distributed
micron-sized diamond abrasives on the polishing plate and
carefully controlled the process parameters, which enabled
an average surface roughness of 0.1-0.3 nm on SCD to be
achieved!'*°!, Similarly, Lu et al. reported surface roughness
Sa values of 0.548 nm to 4.20 nm when using vitrified bond
diamond wheels at rotation speeds of 750 rpm and 1 050 rpm
to polish PCD, with no subsurface damage observed!'?8],
However, at a speed of 1 350 rpm, subsurface defects such
as stacking faults, micro-cracks several microns deep, and a
15 nm thick graphite layer were observed!'?®]. Further studies
revealed that during PCD polishing, a new ripple-like struc-
ture with a <110> orientation was formed on the diamond
surface, attributed to the uneven distribution of defect carbon
atoms, resulting in a periodic surface pattern!!*!!. In contrast,
polishing with SiO, wheels exhibited isotropic behavior, with
minimal difference in the polishing rates along the <110> and
< 100> directions on the (100) surface. It also led to minimal
surface and subsurface damage, and no dark contrasts asso-
ciated with lattice distortion or crystal defects were observed
via SEM!!32], These studies suggest that by optimizing the pol-
ishing parameters and selecting appropriate tools, both surface
and subsurface damage can be effectively minimized, enabling
high-quality surface finishes.

Significant breakthroughs have been made through improv-
ing the tooling technology to increase the diamond polish-
ing efficiency. Xin et al.['3*! used a high-speed spin polishing
device equipped with highly self-sharpening diamond wheels
to polish PCD, achieving ultra-low surface roughness of Ra
0.523 nm. Nevertheless, the removal rate was extremely low at
only 32.4 um-h~!, underscoring the trade-off between surface
quality and efficiency. To address this limitation, Xu et al.['34]
developed a titanium-containing alumina wheel by incorpor-
ating Ti into the wheel matrix, which enabled an MRR of
5.57-56.35 um-h~! in the polishing of diamond. The per-
formance of the new wheels outperformed that of traditional
metal wheels. In subsequent work, Xu et al. fabricated a new
ceramic wheel by incorporating iron, cerium (Ce)!'*!, and
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Til'3¢] into an aluminum (Al) matrix, which further increased
the MRR to 120.2 um-h~'113¢1, Zhou et al.['3”) used a vacuum
micro-evaporation coating technology to deposit a uniform
Ti thin film on diamond grains, producing a novel diamond
wheel with an MRR as high as 1 662 nm-min~!, while also
improving the surface quality. Nevertheless, high-efficiency
processing often comes at the cost of increased surface dam-
age. For example, Li et al.''3! fabricated a CuO-reactive resin
matrix diamond wheel for 2-inch PCD, achieving a removal
rate of 118.8 um-h~! but exhibiting severe surface damage,
including deep cracks, pits, and a roughness of Ra 4.65 nm. In
summary, the “hard grinding hard” processing strategy, while
effective in improving efficiency, resulted in significant wear
of the grinding tool.

During polishing of diamond, anisotropy plays a critical
role in determining both the polishing efficiency and sur-
face quality. Significant differences in Young’s modulus, bulk
modulus, shear modulus, and Poisson’s ratio of different crys-
tallographic faces of diamond led to different threshold val-
ues for damage initiation on each crystal face!'**:1401, This
anisotropy causes substantial differences in MRR in differ-
ent directions!'4!!, where even minor changes in the polishing
angle can lead to distinctly different polishing outcomes!!'#?].
For example, polishing along hard crystallographic directions
typically produces higher surface roughness, whereas polish-
ing in softer directions results in smoother surfaces!'?’!. In
the polishing of PCD, anisotropic effects are even more pro-
nounced because of the random orientation of the grain types
and their heterogeneous textures! 43!, Furthermore, the wheel
rotation direction also affects the anisotropy behavior dur-
ing polishing!!'**!, further complicating the process control.
In terms of polishing parameters, higher scratching speeds
and pressures can increase the MRR, but they also exacerbate
wear on the polishing disc or wheel, leading to severe surface
and subsurface damage!'*!. The residual stresses generated
during polishing can induce micro-cracks or even fractures
in the diamond matrix, further compromising the structural
integrity and performance of the workpiece. Therefore, while

striving for high efficiency, it is crucial to consider the com-
bined effects of anisotropy and process parameters on surface
quality to avoid excessive damage.

When combined with optimized processing conditions and
proper tool orientation selection, MP enables controllable fab-
rication of diamond tools with surface roughness down to the
sub-nanometer scale and cutting edge sharpness at the nano-
meter level, providing a reliable pathway for ultra-precision
diamond tool manufacturing. Zong et al. proposed a simple
and efficient thermomechanical lapping process using a cast
iron scaife covered by diamond grits with a size of 0.1 pum,
in which material removal is primarily governed by carbon
atom diffusion, accompanied by partial graphitization and
oxidation. During MP, surface carbon atoms continuously
detach from the crystal lattice, sustaining the wear process and
enabling tool sharpness in the range of 2-9 nm!'4%- 1471 Further
studies revealed that factors such as vibration of the lapping
apparatus, surface quality of the lap, spindle precision, grind-
ing pressure, and speed significantly affect the contact accur-
acy and, consequently, the edge radius. Under optimized con-
ditions, ductile-mode lapping can produce high-quality tools
with an edge radius of 3040 nm and a rake face roughness of
Ra 0.7 nm!!431,

In summary, the interplay between anisotropy, process
parameter, and surface/subsurface damage in diamond polish-
ing is complex. Future research should focus on optimizing the
polishing direction, precisely controlling the process paramet-
ers, and developing innovative polishing tools to maximize the
MRR while minimizing surface and subsurface damage. Such
efforts are essential to achieve efficient, high-quality diamond
polishing.

2.6.2. Free abrasive polishing.  In free abrasive polishing,
diamond grits of various sizes are mixed with water to form a
polishing slurry, which is used for polishing with a cast iron
disk!49-1501 Owing to the low rotational speed of the polish-
ing disk, typically only a few tens of revolutions per minute,
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this method effectively minimizes the risk of surface and sub-
surface cracking, making it particularly suitable for polishing
large size diamond wafers. The surface roughness of the dia-
mond wafer can be reduced from several microns to the nano-
meter range, but the process is time-consuming, often requir-
ing several dozen hours, with a removal rate typically ranging
from 4 pm-h~! to 15 um-h~!'5!] Research indicates that the
abrasive concentration and particle size, polishing pressure,
and polishing speed are key factors affecting both the MRR
and surface quality!!®-1>1-1331 By optimizing the oscillation
amplitude of the polishing head, polishing disk, and polish-
ing head speed, for instance, the surface PV value of a 2-inch
PCD after polishing was controlled to 2.4 um, with a surface
roughness of Ra 139 nm and an MRR of 10.1 pm-h=!l154],
These studies demonstrate that optimizing abrasive combina-
tions and process parameters can enhance polishing efficiency,
while maintaining high surface quality. Future research may
further explore the integration of novel abrasives and polishing
technologies to achieve higher efficiency and reduce damage
in diamond polishing. MP remains a key method for fabric-
ating high-performance diamond tools. Traditional polishing
with 0.25 um diamond abrasives on the (110) crystal plane
yields a residual roughness of about 1 nm rms, while dry pol-
ishing with a tin lap in air can further reduce the roughness to
below 0.1 nm rms, with a lateral resolution of approximately
100 nm!'1,

The key advantage of mechanical polishing lies in its abil-
ity to obtain nanometer-level surface roughness on large-
sized wafers. As a rough polishing method, MP enables
global planarization, which is essential for applications such as
optical windows where high wafer shape accuracy is required.
However, its polishing efficiency is relatively low compared
with that of advanced approaches such as laser polishing and
dynamic friction polishing.

2.7 Chemical mechanical polishing (CMP)

Chemical mechanical polishing (CMP) synergistically integ-
rates chemical etching and mechanical abrasion. This pro-
cess relies on slurry-based chemical agents to generate a
softened reaction layer on the material surface, enabling con-
trolled material removal! 13!, Moreover, the mechanical fric-
tion between the slurry’s nano-abrasives and the polishing
pad removes this reaction layer, achieving efficient and uni-
form material removal in dynamic equilibrium, ultimately
resulting in an atomically smooth surface. CMP is widely
used to achieve atomic surface globally!'3’!. However, in
traditional CMP, toxic and corrosive slurries are normally
employed, resulting in pollution of the environment!'>8!. To
overcome this challenge, novel green CMP was developed
for diamond!">°1, copper!'®°1, silicon!'®!!, sapphire!'%?!, fused
silical 31, alloy!'®*], and quartz glass!'®]. Using the green
CMP, an atomic surface is acquired for potential use in
the semiconductor, microelectronics, and optoelectronics
industries!'%°1. Nevertheless, the most important thing is that
these studies are a great contribution to the conventional CMP

and manufacturing, effectively reducing the pollution to the
environment! 671,

The schematic diagram of CMP is depicted in Figure 13.
The three key elements of CMP are the polishing slurry, pol-
ishing pad, and polishing parameters. In CMP, the mechanical
action not only directly participates in material removal but
also promotes the decomposition of oxidizing agents, accel-
erating the chemical reactions. Jin et al.l'®*! developed a sys-
tem to monitor the interface frictional force in real time dur-
ing polishing. The experiments revealed that when the friction
coefficient was between 0.060 and 0.065, the polishing system
was in a mixed lubrication state, which provided the optimal
polishing conditions. Yuan et al.l'®! developed a polishing
head integrating real-time friction force measurement, achiev-
ing a removal rate of 0.055 mg-h~!. Thermodynamic analysis
demonstrated that the composition of the oxidized diamond
reaction products critically governs both the surface quality
and removal efficiency.

Owing to its high hardness, brittleness, and chemically
stable nature at room temperature, diamond is difficult to pol-
ish efficiently via traditional “hard-to-hard” methods and is
prone to substantial surface and subsurface damage. Thus,
improving the oxidation degree of the diamond surface is a
core issue in CMP processing. Extensive research has been
conducted worldwide on designing and optimizing polishing
slurries to overcome this challenge. Temperature is a key factor
affecting the activity of chemical agents. Cheng et al.['”"]
heated the polishing pad to 70 °C and used KMnQ, and diluted
H,S0O4 solution as oxidants, reducing the surface roughness of
the diamond to Ra 20 nm, with local roughness Ra < 10 nm.
However, heating the polishing pad leads to evaporation of the
polishing slurry, reducing oxidation efficiency, which in turn
limits the removal rate. Studies have shown that the pH value,
composition, and particle size of the abrasives in the slurry
significantly affect the polishing rate, with smaller abras-
ive particles usually achieving higher polishing rates!!”!-1721,
Additionally, the diamond (111) crystal face yields a lower
roughness than the (100) crystal face after polishing!!”3!.
Yang et al.['’# controlled the temperature by adding liquid
nitrogen to the slurry, finding that low temperatures effect-
ively suppressed the removal rate of diamonds, keeping it
within the nanometer range, and thus achieving atomic-scale
material removal. Strong oxidants such as potassium fer-
rate (K,FeQy), potassium permanganate (KMnQ,), potassium
dichromate (K,Cr,07), and hydrogen peroxide (H,O,) are
widely used in diamond CMP slurries, but these oxidants often
struggle to balance the surface quality and removal rate. For
example, a K,FeOy slurry achieved an Ra of 0.478 nm sur-
face roughness but with an MRR of only 160 nm-h~!l!73],
The root cause of the diamond polishing problem lies in the
inability of existing oxidants to fully oxidize their surface.
Hydroxyl radicals (¢OH), as strong oxidants second only to
F, in nature, can be generated through the Fenton reaction.
The Fenton reaction, using an iron catalyst (Fe) and H,0O,,
generates ®OH. The core principle involves Fe’* reacting
with H,O, to form Fe3T and eOH, with Fe3* further react-
ing with H,O, to regenerate Fe?>*. Various Fenton reaction



Int. J. Extrem. Manuf. 8 (2026) 032004

Multi-physical field coupling polishing of diamond for atomic-scale...
Yuan S et al.

Conditioner

Carrier

Platen

—
g

L : C., ’ %
e o &

A

Pad top '

-

Pz C\

Membrane
Wafer

Particle

Figure 13. Schematic of CMP equipment and wafer—pad interactions: (a) CMP equipment, (b) wafer—pad interactions, (c) details of
particle—film interactions, and (d) SEM image of the top surface of the pad. Reproduced from!**). CC BY 4.0.

types include classic Fenton reactions! !¢

tions (using UV light to enhance the reaction efficiency)!
electro-Fenton reactions (continuously generating H,O, and
Fe?* through electrolysis)!!’®), and modified Fenton reac-
tions (using other transition metals, iron complexes, or solid
catalysts)[17%1,

With respect to the literature on Fenton polishing slur-
ries for diamond CMP, the type of abrasives (such as silica
(5101591 boron carbide (B4,C)!'8%, alumina (AL O5)!'7],
ceria (CeO)!'"M, and diamond abrasives!'8')), abrasive
particle size!'”!), slurry pH value!!’!!, and additives!''®?! sig-
nificantly influence the polishing effect. Under the combined
influence of Fenton reaction solutions and diamond abrasives,
the MRR of SCD can reach 586.43 umz, which is 1.56 times
higher than that of the Fenton reaction alone!'83], Additionally,
the type of Fenton reaction also impacts polishing perform-
ance. Kubota et al.l'?0:18%185] immersed diamond wafers in
H,0O, solution with cast iron pads under high pressure (1
MPa) and high rotational speed (500 rpm), achieving an Ra
of 0.058 nm surface roughness, but with an MRR of only
200 nm-h~!. Yuan et al.['% developed different types of
Fenton polishing slurries, achieving an Sa of 0.076 nm surface
roughness and an MRR of 881 nm-h~! in a new homogeneous-
type modified Fenton polishing slurry containing diamond
abrasives. Additionally, the use of solid-phase catalysts such
as Fe;O,4 ensures continuous and stable Fenton reactions with
higher catalytic efficiency!'®”). The optimized slurry achieved

, photo Fenton reac-
177]

a removal rate of 742.7 nm-h~! and Ra of 0.292 nm surface
roughness! 88/,

Along with optimizing the polishing slurry, enhancing the
polishing pad design is essential for improving the diamond
removal rates. For example, sol-gel (SG) technology has been
used to prepare semi-fixed abrasive polishing pads!!8?-1901,
while increasing the removal rate to 500 nm-h~!, leading to
issues like significant pad wear. Kim and Kang!'°!! deposited
diamond on a silicon nitride substrate to create new polish-
ing pads that showed excellent performance in MRR, chemical
stability, and durability but still resulted in subsurface damage
due to hard abrasive polishing. Moreover, optimizing process
parameters!'°2) or increasing the types and concentrations of
oxidants in the slurry can increase the oxidation rate of dia-
mond surfaces, but the improvement in MRR remains limited.

In summary, CMP is applied for the planarization of dia-
mond substrates used in high-power electronic devices and
quantum sensing chips, emphasizing its capability to achieve
an Ra < 1 nm, but also noting its low MRR and slurry cost,
which can be limiting for large-area wafer-scale processing.
The core challenge in diamond CMP processing lies in bal-
ancing surface quality with MRR. By optimizing slurry com-
position, improving polishing pad design, and controlling pro-
cess parameters, the polishing efficiency and quality can be
improved. However, further research is needed to explore new
oxidants, catalysts, and polishing techniques to achieve effi-
cient, low-damage diamond polishing.
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2.8. Energy field-assisted polishing

Energy field-assisted polishing is a technology that uses
external energy fields (such as lasers, ultraviolet light, plasma,
and ultrasonic waves) to assist traditional mechanical polish-
ing methods. The objective of energy field-assisted polishing
is to improve the material removal efficiency, enhance the
surface quality, and minimize subsurface damage. Its under-
lying principle lies in utilizing an external energy field to
alter the physical and chemical properties of the material
surface—either by reducing hardness or increasing surface
activity—thereby facilitating material removal. This approach
significantly enhances the efficiency and surface finish of
conventional mechanical polishing, particularly for ultra-hard
materials (e.g., diamond) and components with complex geo-
metries. However, these methods generally face issues like
high equipment costs and complex processes. Further optim-
ization of the technology, cost reduction, and expanding its
application scope is needed in the future.

2.8.1. Ultraviolet-assisted polishing (UVAP). Ultraviolet-
assisted polishing (UVAP) works by exciting catalysts in the
polishing slurry!!*3! or directly irradiating the workpiece sur-
face with UV light to induce surface electronic transitions,
weaken chemical bonds, and increase surface reactivity. This
makes the material more likely to chemically react with the
polishing slurry, and the mechanical action then removes the
reaction products.

The UV light-mechanical synergistic mechanism enables
efficient and low-damage polishing to achieve nano-level sur-
face precision at room temperature. UVAP has been applied
to materials such as SiCH194-1901  GaN[197-1991  apd §;jl2001,
and has since been extended to diamond processing!?%'l.
Research has shown that under UV light, photocatalysts
exhibit strong oxidative properties. For example, a polish-
ing slurry containing P25 TiO, reduced the diamond surface
roughness from Ra 33.6 nm to Ra 2.6 nm within 8 hours!?%%],
Nanodiamonds (ND) and CuFe layered double hydroxide

(LDH) were used as catalysts to increase the removal rate
of diamond from 260 nm-h~! to 370 nm-h~!. Additionally,
Xiong et al. demonstrated that the combination of UV light
and the Fenton reaction further increased the generation effi-
ciency of eOH through friction and wear experiments, as
shown in Figure 1412931 UV light irradiation of H,O, solu-
tion promotes the generation of large amounts of eOH, yield-
ing the highest MRR of 4.888 pm?-min—'1?°*l. By optim-
izing the slurry parameters (such as pH = 3, light intens-
ity = 100 mW-cm 2, Fe;0, concentration = 2 wt%, H,0,
concentration = 10 wt%), the removal rate of PCD can be
increased to 285.4 um?-min~'2%1, Using Al,0; polishing
pads, an MRR of 713.5 nm-h~! can be achieved, whereas SiO-
pads yield a super-smooth surface with an Ra of 0.26 nm!?%1,

The core of UVAP lies in the use of UV light to irradi-
ate the polishing slurry or pad, promoting the generation of
strong oxidative products, and thereby enabling MRR. The
current polishing devices of UV-irradiated disc are presented
in Figure 15. For instance, UV light irradiation of the slurry on
the polishing pad!'3?) or the polishing liquid in a beaker!2%+-207]
yields ultra-smooth surfaces below Ra < 0.1 nm, with mater-
ial removal rates of up to 698.7 nm-h~!. Yuan et al. developed
a novel Fenton slurry and UVAP testing device using JGS
glass as a polishing pad. UV light irradiated the workpiece and
slurry from beneath the polishing pad, resulting in a surface
roughness of Ra 0.071 nm and a removal rate of 1 021 nm-h~!,
with a subsurface damage layer of only 0.6 nm!?%!, During
PCD polishing, the highest MRR achieved was 666.9 nm-h~!,
with a surface roughness of Ra 2.58 nm!**l. To further
improve the polishing efficiency, Yu et al. developed a green
photocatalyst, PB/TiO,, made from nontoxic PB and TiO,,
which broadened the pH range of the Fenton reaction. After
CMP experiments, the diamond surface roughness was only
0.079 nm, with a damage layer thickness of only 0.66 nm, and
the MRR reached 1 168 nm-h—![2101,

In addition to directly irradiating the polishing slurry, UV
light can also be used to irradiate the polishing pad to enhance
the polishing effect. Mutsumi et al.’>'"-213] used quartz glass
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as a polishing pad and irradiated it with UV light, achiev-
ing a surface roughness of Ra 0.35 nm and a removal rate
of 0.5 um-h_l. However, this method relies on high mechan-
ical pressure and rotational speeds (600-2 000 rpm), leading
to severe pad wear and no use of polishing slurry, limiting its
application. Kubota and Takita'**! used sapphire as a polishing
pad and irradiated it with UV light under vacuum, achieving an
RMS surface roughness of less than 0.1 nm but with a removal
rate of only 238.1 nm-h~!.

To address the issues associated with high-speed polish-
ing, Jiang et al.l?'?! developed a UV-assisted low-speed pol-
ishing technique for diamond, employing a #45 steel polish-
ing pad and embedding the diamond specimen in quartz glass.
The UV light penetrates the quartz and irradiates the contact
interface between the diamond and the pad, thereby promot-
ing phase transformation and oxidation processes on the dia-
mond surface. This method enables efficient material removal
at low speeds and yields an ultra-smooth diamond surface with
a roughness of Ra = 0.18 nm and Rq = 0.26 nm. In sub-
sequent studies, Wu et al.l>'*] further optimized the process
with sample rotation and lateral oscillation, which signific-
antly improved polishing uniformity, with a surface rough-
ness Sa less than 0.175 nm over a 160 pum x 140 um area.
The theory of rupture of C—C bonds initiated by graphitiza-
tion was proposed, and low-gas-pressure UV-assisted polish-
ing was initially developed for highly efficient atomic-scale

smooth diamond polishing. The MRR reached 15.8 um-h~!,
which was considerably higher than that of previously repor-
ted damage-free polishing techniques!?!3!.

UVAP, leveraging the light-mechanical synergistic mech-
anism, offers unique advantages for efficient, low-damage
diamond processing. Recent research has balanced surface
quality and removal efficiency by optimizing photocatalysts,
slurry formulations, and process parameters. However, chal-
lenges such as tool wear from high-speed polishing, com-
plex equipment needs, and the anisotropy of PCD still need
to be addressed. Future research may focus on developing
more efficient photocatalytic systems, wear-resistant polish-
ing pads, and multi-physical field coupling techniques to fur-
ther enhance ultra-precision diamond processing.

2.8.2. Plasma-assisted polishing (PAP). Plasma-assisted
polishing (PAP) is a composite polishing technology that com-
bines plasma activation with mechanical polishing. It lever-
ages high-energy particles in the plasma, such as ions, elec-
trons, and free radicals, to chemically react with the surface of
the material, creating volatile compounds or softening the sur-
face layer. The mechanical action then removes the material
efficiently. Compared with traditional mechanical polishing,
PAP significantly improves polishing efficiency while redu-
cing subsurface damage. It has been successfully applied in



Int. J. Extrem. Manuf. 8 (2026) 032004

Multi-physical field coupling polishing of diamond for atomic-scale...
Yuan S et al.

Modified I
surface

I iep
plasma

Diamond
sample

Polishing
plate

Rotation

Polishing
disc motor

Diamond

Figure 16. PAP device and its effect. (a) Schematic diagram of the device. (b) Photo of the device. (c) Surface morphology and subsurface
damage after polishing. (a)—(c) Reprinted from'*>!, Copyright (2021), with permission from Elsevier.

the polishing of materials such as SiC!?!6-218] GaN[219-2201,

and Lu, 0312212221 and the method has since been extended to
diamond polishing.

The key to PAP technology is the use of plasma to activ-
ate the polishing pad or diamond surface to promote chemical
reactions. For example, Yamamura modified glass polishing
pads in a vacuum environment by using water vapor or O,
as reactive gases, enabling the surface of the pad to adsorb
eOH. When SCD interacts with the modified polishing pad,
the ¢OH radicals react with the carbon atoms on the diamond
surface, resulting in oxidation and achieving ultra-smooth sur-
faces with an Ra of 0.46 nm and an MRR of 2.1 pum-h~ %231,
Building on this, Deng et al. further explored the mechan-
ism of plasma-modified silicon polishing pads and discovered
that eOH effectively removed carbon atoms from the diamond
surface through dehydration condensation reactions at the

interface, reducing the SCD roughness to 0.86 nm!**!, while
the PCD roughness was 10.7 nm!??*], The related device and
results are shown in Figure 16. Furthermore, Yuan et al.l?3],
developed an atomic-scale planarization method for PCD
that combined eOH-mediated plasma oxidation and CMP.
The oOH plasma pretreatment formed a uniform ~30 nm-
thick modified layer comprising carbon—oxygen mixed and
oxygen—rich regions. Subsequent CMP removal of this layer
resulted in atomic-level flatness with a surface roughness of
Sa 0.366 nm.

However, the short lifetime of eOH (on the nanosecond
scale) limits its oxidation effect, preventing a significant
increase in polishing efficiency. To address issues like pad
wear and surface profile accuracy, Liu et al.l>?®! proposed
a strategy of continuously irradiating quartz glass polishing
pads with plasma. Under a polishing pad speed of 300 rpm,
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plasma activation simultaneously removed subsurface dam-
age caused by MP, ultimately achieving a diamond sur-
face with an Sq roughness <0.5 nm and an increase in
the initial MRR to 13.3 um-h~!??71_ This result demon-
strated that plasma activation could effectively suppress pad
wear while maintaining the integrity of the polished sur-
face. To further optimize this process, Yu et al. developed
a composite method combining inductively coupled plasma
(ICP) etching and DFP. First, O, plasma treatment was
used to generate a sp> amorphous carbon layer on the SCD
surface, followed by MP to remove the softened amorph-
ous layer, which achieved ultra-precise surfaces with an
Ra of 0.185 nm!??81,

To minimize or even entirely eliminate atomic-scale dam-
age to the outermost surface layer caused by direct mech-
anical contact, a noncontact polishing technique known as
plasma-assisted etching (PaE) has been developed'??!:2%21,

20

This method utilizes the high chemical reactivity of active
species in the plasma to generate a modified surface layer on
the sample, which is subsequently removed via wet chemical
etching, resulting in a completely damage-free surface. The
schematic illustration of the hybrid process combining PaE
with low-pressure polishing is shown in Figure 17. To further
increase processing efficiency, PaE is often employed in com-
bination with low-pressure mechanical polishing in an altern-
ating sequence. In this hybrid process, the duration of low-
pressure polishing is significantly shorter than that of conven-
tional CMP, thereby substantially minimizing the thickness of
the subsurface damage layer caused by mechanical contact.
Moreover, when plasma-assisted etching is used as the final
processing step, surfaces with nearly perfect crystalline struc-
tures can be achieved. This endows the method with remark-
able potential for damage-free processing of chemically inert
crystalline materials!?%-2301,
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Despite the significant advantages of PAP and PaE in dia-
mond polishing, several challenges remain for their practical
application. For instance, when using glass or silicon as the
polishing pad, the high hardness of diamond in direct contact
with the pad leads to rapid pad wear and difficulty in main-
taining profile accuracy. Additionally, the transient and local-
ized nature of plasma activation makes it challenging to con-
trol the reaction uniformity. Future research should focus on
developing methods to stabilize long-lifetime active particles
and innovative designs for wear-resistant polishing pad mater-
ials, aiming to scale up PAP technology for ultra-precision pro-
cessing applications.

2.8.3. Laser-assisted polishing (LAP). Laser-assisted pol-
ishing (LAP) represents a hybrid approach that synergistic-
ally combines laser-induced surface modification with mech-
anical material removal, aiming to achieve high-efficiency and
high-quality polishing of hard and brittle materials such as dia-
mond. The fundamental principle of LAP relies on the thermal
effect of laser irradiation, which induces localized melting,
graphitization, phase transformation, or oxidation on the dia-
mond surface. This surface-modified layer is then selectively
removed by subsequent mechanical polishing, thereby realiz-
ing a significant increase in the material removal rate (MRR)
while maintaining acceptable surface integrity. The schematic
diagram of LAP is illustrated in Figure 18.

Typically, nanosecond-pulsed lasers are employed in LAP
due to their relatively low cost and high energy efficiency.
Such lasers can generate a thick graphitized or softened
layer on the diamond surface, which is more easily removed
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mechanically compared with pristine diamond. Consequently,
LAP achieves higher removal rates and improved processing
efficiency compared with conventional mechanical polishing
methods, making it particularly suitable for machining super-
hard and brittle materials. However, the thermal nature of
nanosecond laser irradiation inevitably introduces challenges.
Excessive thermal loading may cause undesirable effects, such
as heat-affected zones, surface roughening, and severe subsur-
face damage, all of which can degrade the optical and mech-
anical performance of the final component. Moreover, achiev-
ing a uniform and controlled modification layer remains a
key technical bottleneck, as uneven graphitization or oxidation
may lead to inconsistent material removal and surface defects.

Recent studies have explored strategies to optimize LAP.
For example, Yan et al.[?*'! proposed thermal stress control at
coating interfaces and demonstrated a novel process of precise
graphitization on a diamond surface through laser induction
and mechanical cleavage, ultimately enabling rapid conver-
sion of the diamond coating surface to graphene while con-
trolling the thickness and roughness. Moreover, Liu et al.l33]
proposed an innovative laser processing strategy using thin
film coatings, where a 36 nm gold film was first deposited
on the SCD surface. The gold film ensures uniform laser
energy absorption, preventing uneven processing caused by
local energy distribution variations. After treatment with nano-
second laser pulses, a continuous self-maintaining graphite
layer formed on the diamond surface. This approach allowed
for the uniform removal of several micrometres of mater-
ial, achieving a surface roughness of Sq = 7.81 um. The
“energy buffering” function of the gold film solved the prob-
lem of uneven laser absorption on the bare diamond sur-
face, providing a controlled pre-processing method for rough
diamond machining. However, the laser-treated surface still
exhibited a serrated appearance and relatively high rough-
ness, requiring subsequent fine polishing (such as CMP) to
remove the graphite layer and achieve nanometer-level surface
precision.

The efficiency and quality of LAP are highly dependent
on the synergistic optimization of process parameters. The
laser energy density, scanning speed, and gold film thickness
influence the uniformity and thickness of the graphite layer,
which in turn affects the efficiency of the subsequent MP.
Future research needs to further explore the dynamic mech-
anisms of laser-mechanical synergy and develop femtosecond
or picosecond laser processes that produce low heat-affected
zones (HAZ), balancing processing efficiency with subsur-
face integrity. Moreover, combining laser pre-treatment with
other polishing techniques (such as ultraviolet catalytic pol-
ishing) could form a “rough-fine” integrated composite pro-
cessing chain, opening new avenues for high-efficiency ultra-
precision processing of superhard materials. By refining the
understanding of laser processing dynamics and integrating it
with mechanical polishing methods, LAP holds great potential
for advancing the ultra-precision machining of hard materials
like diamond, reducing damage while improving both the effi-
ciency and surface quality.
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2.8.4. Ultrasonic-assisted polishing (UAP). Ultrasonic-
assisted polishing (UAP) utilizes high-frequency ultrasonic
vibrations (typically 2040 kHz) to induce cavitation effects
within the polishing slurry. When the ultrasonic wave propag-
ates through the liquid medium, it generates alternating com-
pression and rarefaction cycles, leading to the formation of
cavitation bubbles. The violent collapse of these bubbles pro-
duces localized high temperature (up to thousands of Kelvin)
and high pressure (several hundred MPa), which can tem-
porarily soften the diamond surface, activate surface atoms,
and enhance the chemical reactivity of the slurry. In addi-
tion, ultrasonic agitation improves the uniform dispersion of
abrasive particles, increasing their kinetic energy and collision
frequency with the workpiece surface. Together, these effects
significantly enhance the MRR compared with conventional
mechanical polishing.

Ralchenko et al.l’’! demonstrated the potential of UAP by
polishing PCD in an ultrasonic bath with diamond slurry. As
shown in Figure 19, under the action of an ultrasonic trans-
ducer, the abrasive particles repeatedly impact the surface,
leading to a drastic reduction in roughness. The average sur-
face roughness Ra decreased from approximately 5 pum to
0.5 wm within only 5 minutes of processing, demonstrating
the remarkable efficiency of the UAP. However, a subsurface
damage layer of approximately 6 um thickness occurs, which
necessitates subsequent fine polishing or chemo-mechanical
finishing for full removal. Hybrid approaches—such as com-
bining UAP with PAP or CMP are emerging as promising solu-
tions to achieve a balance between high efficiency and atomic-
level surface quality.

Despite its advantages, UAP still faces challenges in
achieving atomically smooth, damage-free surfaces, particu-
larly for applications requiring sub-nanometer roughness and
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intact lattice integrity. Future research should emphasize in
situ monitoring of cavitation dynamics, numerical modeling
of bubble collapse effects, and integration with real-time feed-
back control systems. These efforts could enable precise tun-
ing of the cavitation energy and process parameters, paving
the way for reproducible, damage-free ultrasonic polishing of
diamond suitable for extreme manufacturing applications such
as high-power optical components and quantum devices.
Energy-field-assisted polishing technologies have demon-
strated unique advantages for processing diamond components
that must perform reliably under extreme service conditions.
Compared with purely mechanical or chemical approaches,
these hybrid techniques utilize external energy fields to activ-
ate surface reactions, soften the near-surface layer, or enhance
slurry transport, thereby achieving a balance between high
removal rates and minimal subsurface damage. PAP, in par-
ticular, enables damage-free surface finishing by generating
chemically reactive species (e.g., O radicals and CFy species)
that selectively etch the sp*-bonded diamond lattice. When
integrated with mechanical action, PAP can reach material
removal rates of up to 1 um-h~! while maintaining roughness
below 1 nm, making it highly suitable for large-area infrared
windows and high-power laser optics, where both surface flat-
ness and optical transparency are critical. LAP leverages loc-
alized thermal activation to reduce the hardness of the dia-
mond surface and facilitate ductile-mode removal, offering
strong potential for polishing thick heat spreaders or large-area
power electronic substrates, where high throughput is essen-
tial. UVAP enhances surface oxidation kinetics at relatively
low temperatures, while UAP promotes slurry renewal and
reduces the polishing force, minimizing the risk of brittle frac-
ture on thin or delicate substrates. These methods are partic-
ularly promising for quantum device substrates and precision
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optical components, where lattice integrity must be preserved
to avoid degrading coherence times or optical performance.
Overall, energy-field-assisted polishing approaches address
a crucial challenge of extreme manufacturing: achieving
atomic-level surface integrity under conditions that also
demand scalability and throughput. The synergistic combina-
tion of chemical activation, thermal softening, and mechanical
removal of these materials offers a pathway toward ACSM.

3. State-of-the-art polishing mechanism for dia-
mond

Manufacturing technologies evolve through three dis-
tinct phases: an initial empirical craftsmanship stage
(Manufacturing I), a classical continuum mechanics-
governed stage (Manufacturing II), and a quantum-dominated
stage where classical theories breakdown (Manufacturing
III)119:23:2321° A processing scales transition from the micro-
and nanoscale to the atomic scale, both the objects and
mechanisms of manufacturing involve direct interactions
at the atomic level. Consequently, a fundamental under-
standing of the mechanisms governing atomic-scale mater-
ial removal, migration, and addition becomes essential for
enabling ACSM!2+:25:233.2341 Dyring the polishing process
of diamond, material removal is influenced by the coup-
ling effects of parameters such as the polishing fluid, pol-
ishing pad/disc, polishing pressure, and polishing speed,
making it difficult to quantitatively express the relationship
between each parameter and atomic removal. As a result,
researchers mostly use single-point contact models to study
the microscopic removal of materials, gradually revealing the
influence of each individual factor on atomic-level mater-
ial removal?*-2%]_ However, experimental instruments are
unable to obtain the dynamic microscopic atomic details or the
specifics of chemical reactions and mechanical effects, thus
failing to fully explain the atomic removal mechanism. The
advent of simulation modeling has provided new insights into
the study of atomic-scale mechanisms!?*’!. The main meth-
ods currently include first-principles calculations, molecu-
lar dynamics (MD)[238:239] " and reactive force field molecu-
lar dynamics (ReaxFF MD)[2%01_ For instance, Li et al.[?*!]
employed an MD model of dual abrasive particles and GaN
crystals to understand the complex interactions between the
workpiece material and the abrasive particles, which deepened
the understanding of the damage accumulation and material
removal caused by the interaction between abrasive particles,
providing a feasible method for the development of ordered
abrasive wheel designs. Additionally, the damage mechanism
induced by abrasive particles in SiC was outlined, with a par-
ticular emphasis on the crucial role of the mixed energy field
in reducing brittle damage and improving removal efficiency,
which not only clarified the intrinsic interaction between the
workpiece material and the abrasive particles but also provided
valuable insights for the optimization of brittle material pro-
cessing techniques!?*?!. ReaxFF MD bridges the gap between
first-principles and classical MD, enabling the calculation of
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chemical reactions involving hundreds of thousands of atoms
at the nanosecond time scale. It not only handles complex
chemical reactions but also studies the mechanical properties
and surface reactions of materials. The ReaxFF MD method
has been used to study the interactions between chloride ions
and copper oxide!>**!, oxidation of nickel surfaces!?**!, dis-
sociation of water on TiO}**! All2#0]  Sil247] and Fel248]
surfaces, and it has successfully simulated the friction pro-
cesses of Sil?49-2331 Cul?3%:251 | g]ass[26-25%1 and diamond-
like materials/260-2621,

Based on the overview of polishing methods, diamond pol-
ishing mechanisms can be categorized into four types: micro-
fracture removal, graphitization removal, oxidation removal,
and chemical etching.

3.1. Micro-fracture removal mechanism

This method uses diamond wheels or microparticles in a
“hard-to-hard” approach, relying on the mechanical force of
the abrasive particles to induce micro-fracture removal. After
polishing, the diamond surface often exhibits numerous pits.
Under high-pressure processing conditions, defects such as
surface collapse, cracks, and pits are easily formed, even lead-
ing to fragments, resulting in poor surface quality after pro-
cessing. Typical methods include MP and UAP.

The removal mechanisms of diamond during MP have
long been a subject of debate, and various explanations have
been proposed'?%3). Early studies highlighted the influence of
crystallographic orientation. Tolkowsky attributed this pro-
cess to micro-cleavage along the (111) plane, based on the
anisotropy of MP rates and the observation of micro-chips
on the surface!”®*!. Bowden suggested that thermal wear,
involving carbonization or burning at elevated temperatures,
dominated the process!?®3!. Brezoczky argued that electro-
static attraction generated by triboelectric charging in the
nanometer-to-tens-of-nanometers gap between abrasive grains
and the diamond surface facilitated the detachment of car-
bon atoms!?*’!, Couto reported that in the “hard” orienta-
tion, diamond is removed through fracture or micro-chipping,
while in the “soft” orientation, the surface is characterized
by nanometer-scale grooves!?®’-2681 Grillo and Field further
proposed that the transformation of diamond from sp* bond-
ing to sp?> bonding occurs during grinding along the “soft”
direction, producing amorphous carbon?*?-27°1_ While these
models provided valuable insights, they were often limited
to either the “soft” or “hard” orientation, lacking a unified
explanation. To address this, Zong et al.>’!l introduced the
brittle-to-ductile transition theory to systematically describe
the material removal behavior during grinding. According to
this model, when the dynamic grinding depth is smaller than
the critical cutting depth, plastic deformation dominates sur-
face removal in both “soft” and “hard” orientations, leading
to a brittle—ductile transition. Experimental studies combined
with AFM measurements confirmed that the nanogroove mor-
phology observed on different planes and orientations agrees
well with the predicted critical cutting depths, thereby explain-
ing the anisotropy of the removal rates!'43-2711,
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Figure 20. Evolution of subsurface damage at varying depths. (a) Defect depth vs. polishing velocity and penetration depth vs. beam energy.
(b)—(d) Transmission mode optical images at 12 m-s~!, 35.8 ms™', and 60 m-s~!. (e)—(g) CL images at 10 kV for the same velocities.
Reprinted from!!!>!, Copyright (2020), with permission from Elsevier.

Further investigations revealed that intrinsic point defects
in natural SCD, such as nitrogen and phosphorus, significantly
reduce the external stress required for plastic deformation. For
instance, when the (110) plane is used as the rake face, the
actual stress during grinding is only about one-ninth of the the-
oretical strength along the “soft” direction'?’?!, This suggests
that conventional MP cannot directly achieve the theoretical
limit of edge sharpness. In addition, factors such as vibrations
of the MP apparatus, lap surface quality, spindle balance and
accuracy, pressure, and speed critically influence the contact
precision and ultimately determine the edge radius!'“8!. The
understanding of diamond grinding mechanisms has evolved
from early cleavage, wear, and transformation-based models
to the more comprehensive brittle-to-ductile transition frame-
work. Current studies indicate that under appropriate MP con-
ditions, material removal is predominantly governed by plastic
deformation, while removal rates and surface morphology
exhibit a pronounced crystallographic orientation dependence.

Diamond wheels and abrasives often induce micro-fracture
removal. While a nanometer-scale ultra-smooth surface can
be achieved, subsurface damage to the diamond matrix is
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inevitable during processing. Subsurface defects can range
from minimal to partial damage, forming micro-fracture
zones, transition regions, and compression zones, which
can ultimately lead to subsurface fractures, as shown in
Figure 20!''31, After polishing diamond with wheels, the dif-
ferences in performance are observed in different directions.
When diamond is polished with a softer silica wheel, the
polishing differences across various crystal orientations are
reduced, and the polishing rate becomes more isotropic. The
wear reaction between diamond and silica wheels is primar-
ily a chemical reaction, where diamond undergoes plastic
removall 132,

During the MP of diamond, polishing in a specific direc-
tion yields a high-quality surface, while polishing in other
directions not only makes material removal more difficult
but also leads to a poorer surface. This issue is more pro-
nounced in PCD and is caused by the anisotropy of diamond.
First-principles and MD simulations can effectively explain
the anisotropy mechanisms at the atomic level. MD simula-
tions show that after MP, the damage layer on the diamond
surface consists of amorphous sp® and sp? carbon'?’3!. The
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disordered transformation from sp? to sp> within the diamond
is the main reason why the wear rate depends on the sur-
face orientation and sliding direction'>’4. The anisotropy in
the removal rate is determined by the concentration of sp?
hybridized carbon in the generated amorphous layers and
debris!?7>-276] The appearance of amorphous defects, disloca-
tions, and slip in the diamond matrix causes the friction surface
to generate von Mises shear strain, which is the reason for the
anisotropic friction force!?’’!. First-principles simulations can
model the formation and rupture of interface bridging bonds
during abrasive particle scratching and removal from the dia-
mond surface, providing an explanation for the differences in
atomic removal from the perspective of bond energy!?’8-27°1,
MD simulations, being an empirical computational method,
have advantages in studying the mechanical removal process
and material anisotropic tool wear, but they can only describe
mechanical effects and not chemical reactions. The limitations
of first-principles simulations mainly lie in the small spatial
scale (dozens of atoms) and temporal scale (picosecond level).

3.2. Graphitization removal mechanism

The graphitization removal mechanism involves the use of
high-energy laser beams (such as lasers) to interact with the
diamond surface, achieving material removal through photo-
thermal effects (localized high-temperature graphitization or
sublimation) or photochemical decomposition (breaking C—C
bonds). High-frequency vibrations are applied at the polish-
ing interface, and heat generated by friction triggers local-
ized chemical reactions (such as the formation of a graph-
ite layer through reaction with Fe-based polishing pads), fol-
lowed by mechanical action to remove the softened material.
Representative processing methods include LP, LAP, and DFP.

Single laser experiments are employed to explore the laser
ablation of diamond by nanosecond laser pulses. For low-
energy-density single-pulse lasers, due to the graphitization
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effect, the laser causes surface expansion; while for high-
energy-density laser pulses, due to the vaporization effect, it
leads to surface depression; the schematic of diamond abla-
tion at different fluences is illustrated in Figure 212891,

Current researches on graphitization removal primarily
focus on the use of transition metal elements to develop
novel polishing pads or incorporate transition metals into dia-
mond wheels, aiming to explore how the type of polishing
pad influences diamond removal. Different alloys are selec-
ted to prepare metal polishing pads, including OCr18Ni9 stain-
less steell!23], Mn-Cu and Mn-Ni alloys[zsu, and W-Mo-Cr
alloys!?82:2831 On the diamond surface, micro-convex peaks
undergo a graphitization transformation, forming a softer,
more easily oxidized graphite phase with stronger diffusion
ability. The graphite phase is removed under the combined
effects of mechanical action, oxidation, and diffusion. After
diamond is polished with a Mn-Ni-based alloy polishing pad,
a higher removal rate can be achieved!?8!!.

Another approach involves doping transition metals into
diamond wheels, which are subsequently used to grind the dia-
mond surface. For instance, when a titanium—alumina wheel
is used, a chemical reaction occurs between the diamond and
the titanium in the wheel. After grinding, the diamond sur-
face exhibits graphitization. The combination of graphitiz-
ation and mechanical cracks is the primary reason for the
higher MRR during grinding!'**. Adding iron and cerium
metals to traditional alumina wheels has been found to pro-
duce carbon—iron compounds in the grinding debris. This
indicates that a chemical reaction occurs between the diamond
and polishing pad under high-speed rotation, and the frictional
heat generated by high-speed friction leads to the graphitiza-
tion removal of the diamond!'*>!. Guo et al. employed first-
principles calculations to develop interaction models between
diamond and various metal atoms, including chromium, iron,
cobalt, titanium, platinum, aluminum, and copper. These find-
ings suggest that when a metal features empty d-orbitals and
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aligns with diamond along specific crystallographic planes,
the unpaired electrons in the metal’s valence shell can inter-
act with the electrons of diamond atoms, resulting in chemical
bond formation. This interaction promotes the gradual conver-
sion of diamond into graphite. Moreover, the metal’s catalytic
efficiency in inducing diamond graphitization correlates pos-
itively with the number of its unpaired electrons. Conversely,
transition metals with fully paired valence electrons exhibit
no catalytic effect on diamond graphitization!!'®-11%1 The
unpaired electrons in the iron surface atoms pair with the elec-
trons in the diamond surface atoms, forming chemical bonds
that produce an adsorption effect, causing the carbon atoms to
move.

3.3. Oxidation removal mechanism

The oxidation removal mechanism involves the use of meth-
ods such as chemical corrosion, photochemical reactions, and
plasma activation of the surface to oxidize the diamond sur-
face, forming a softer oxide layer. This oxide layer is then
removed through the collaborative action of mechanical pol-
ishing (using nanomaterials) and the abrasive mechanical
shear force. Representative processing methods include CMP,
UVAP, and PAP.

Comprehensive studies of diamond polishing mechanisms
depend on the use of multi-scale surface analysis techniques,
such as using transmission electron microscopy (TEM) to
detect subsurface damage after polishing!'®’!, scanning elec-
tron microscopy (SEM) for surface morphology imaging! %1,
Raman spectroscopy and X-ray diffraction (XRD) for mater-
ial composition and atomic structure analysis!?®!, X-ray pho-
toelectron spectroscopy (XPS) for qualitative or quantitative
element analysis'>®®), and atomic force microscopy (AFM)
for high-precision surface roughness measurements!>*/. The
AFM results indicate that after diamond polishing, atomic-
level smooth surfaces can be achieved with a P-V of 0.939 nm,
Ra of 0.052 nm, and RMS of 0.065 nm. The TEM results
show that the lattice structure of the diamond matrix remains
intact after polishing, with almost no crystal distortions or
other damages!'?°!. Using an SG polishing pad on diamond,
the TEM results indicate a subsurface damage layer ranging
from 2.0 nm to 3.3 nm, including amorphization, dislocations,
and lattice distortions!'%°!. XPS reveals that adding reducing
agents to a silica polishing slurry accelerates the attachment
of Si or O atoms to the diamond surface, thereby promoting
material removall?%41,

The atomic oxidation of diamond is elucidated using a high-
temperature and high-pressure oxygen by a developed scan-
ning electron microscopy, which is important for atomic-level
polishing. The crystal geometry of the diamond sample and
schematic illustration of the self-developed operando variable
pressure scanning electron microscope (VP-SEM) system are
shown in Figure 2212831,

One important oxidation mechanism in diamond polishing
is #OH, which has received widespread attention. When TiO,
is used as a catalyst in Fenton polishing slurry, upon exposure
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to ultraviolet light with wavelengths shorter than 387.5 nm,
UV light excites valence band electrons in TiO; to the con-
duction band, generating holes that oxidize surface-adsorbed
OH™/H,O0 to yield reactive «OH. The ¢OH then oxidizes the
carbon atoms in the diamond, forming species such as C-O,
C=0, and O=C-OH structures. Therefore, during the polish-
ing process, mechanical action enhances the chemical inter-
action between carbon and eOH!?%!, Additionally, plasma
excitation generates «OH, and water vapor or O, is used as a
reactive gas to modify the polishing pad. The modified pol-
ishing pad can adsorb eOH, and when the workpiece con-
tacts the pad through rotational friction, material removal
occurs, or the material surface is directly modified!?>3-227-2281,
During polishing, ¢OH and H* adsorb onto the diamond sur-
face, forming C-H, C-O, and C=0O groups, and the TEM
results show that the subsurface damage layer in polished
diamonds is less than 1 nm thick with a roughness under
0.1 nm!15%-186.208.2101 "Since oOH decays in nanoseconds, its
short-lived nature makes it a challenge to fully utilize its oxid-
ation potential. To gain a deeper atomic-level understand-
ing of the oxidation mechanism of e¢OH on diamond, Yuan
et al. introduced ReaxFF MD simulations into the CMP pro-
cess of diamond for the first time. They discovered that «OH
oxidation exhibits anisotropy on different crystal faces!?®’!.
Adsorption activates C—C bonds in the diamond lattice.
Abrasive particles form interfacial C—C bridge bonds with the
lattice, facilitating carbon removal!?%8-28°1_ Concurrently, Fe?*
ions with unpaired electrons combine with lattice carbon, fur-
ther activating C—C bonds and promoting bridge bond form-
ation. Under combined chemical—mechanical action, atomic
removal occurs!'®!1. Crucially, abrasive mechanical disrup-
tion destabilizes covalent bonds, lowering chemical activa-
tion energies!>*"1. Polishing pressure can catalyze the decom-
position of H,O and H,0,, allowing them to adsorb on
the diamond surface in the form of C-H, C-O, and C-OH
groups, thereby passivating the diamond. Passivating the sur-
face reduces friction and wear by lowering the friction force
and coefficient on the diamond surface!?>’!!. The forms of atom
removal during polishing include C—C single bridge bond
removal and C—C multiple bridge bond removal. After polish-
ing, subsurface damage in diamond workpieces occurs primar-
ily in the form of amorphous carbon damage. In macroscopic
terms, the polishing pressure, polishing speed, and other pro-
cess parameters influence the number of C—C and C-O-C
bridge bonds formed at the interface, which in turn affects the
interface friction, friction coefficient, removal rate, and surface
quality!>°2-2%3] Defects in diamond make atoms more prone
to oxidation; if initial defects are too large, significant damage
to the matrix can occur, accompanied by abrasive wear!?**,
ReaxFF MD simulations revealed that H,O, plasma treatment
modifies PCD surfaces via energy-dependent mechanisms.
The modified layer comprises carbon—oxygen mixed and
oxygen—rich regions, evolving through three distinct stages
governed by the eOH incident energy: (i) ¢OH adsorption on
the topmost surface; (ii) #OH adsorption with concurrent C—C
bond dissociation; and (iii) ®OH penetration and subsurface
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Figure 22. Crystal geometry of diamond and schematic of the operando VP-SEM system. (a) SEM images of diamond crystals. (b)—(e)
Enlarged SEM images with atomic models of the (100) and (111) facets. (f) Schematic of the VP-SEM system with online mass spectrometer

for real-time gas analysis. Reprinted with permission from!%

C—C bond dissociation. The posttreatment analysis is shown
in Figure 23[2%1,

Under UV irradiation, H,O, and H,O undergo photodisso-
ciation into reactive species (¢OH/eOH + H™), while dia-
mond simultaneously generates electron—hole pairs through
valence-to-conduction band excitation. The eOH is more
likely to combine with the holes and adsorb on the surface,
promoting diamond oxidation and modification. Under mech-
anical action, the eOH radicals adsorbed on the diamond sur-
face detach, and the carbon atoms connected to «OH form
interface bridge bonds with the abrasive. The carbon atoms
from the abrasive, affected by ultraviolet light and chem-
ical reactions, weaken the strength of the C—C bonds in
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1. Copyright (2025) American Chemical Society.

the matrix, making the C atoms from the matrix more eas-
ily removed by the diamond abrasive!??®!, The atomic level
surface is garnered with an Sa of 0.079 nm, and material
removal rate is 1 168 nm-h~! by UVAP, and the atomical
mechanism is illustrated in Figure 24>'%1, Liu et al. sim-
ulated the PAP process via ReaxFF MD and revealed dia-
mond carbon removal via two pathways: (i) covalent attach-
ment to quartz through C—O-Si bonds, or (ii) transformation
into graphitic/gaseous species. This material removal is driven
synergistically by oxygen radical oxidation and bond-strain-
induced lateral forces from the C—O-Si linkages'**>!. During
the UVAP process, extensive C—C bond fractures occur, and
atomic wear is achieved through the combined effect of O
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Reproduced from!?*>!, CC BY 4.0.

atoms, ultraviolet energy, and interface chemical bond pulling
forces!?131,

3.4. Physical sputtering and chemical etching removal mech-
anism

The physical sputtering and chemical etching removal mech-
anism involves the use of electrochemical reactions, plasma
(e.g., oxygen/argon plasmas), ion beam (e.g., Ar™, Ga™) to
bombard the surface, and material removal through ion sput-
tering or chemical reactions. The comparison of (a) mon-
atomic and (b) cluster ion beam characteristics is shown in
Figure 25. Owing to the difficulty in controlling these reac-
tions, the sputtering or etching rate on the material’s surface
can vary significantly. As a result, it is challenging to form a
uniform oxide layer, unlike the oxidation removal process.
The modification mechanisms of diamond under IBP are
primarily reflected in structural damage, phase transforma-
tions, evolution of electrical properties, and doping effects.
At the initial stage, energetic ions lose energy mainly through
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nuclear stopping, producing extensive displacement damage,
such as vacancies, interstitial atoms, and collision cascades.
With increasing fluence, diamond evolves from a defect-
rich crystalline state into an amorphous structure, and even-
tually undergoes graphitization once the critical fluence is
exceeded'?*°!. The morphology and structure of the damage
layer strongly depend on the mass and energy of the incid-
ent ions: heavy ions generate denser collision cascades and
more severe damage, whereas light ions result in shallower
damage distributions. Overall, the modification process is gov-
erned by a complex interplay of ion species, energy, fluence,
and temperature.

Under 30 kV Ga™ ion irradiation, a damage layer with a
thickness of ~43 nm was observed on the surface of CVD dia-
mond. This layer exhibits a bilayer structure: the a-C I layer,
rich in sp?-bonded carbon, originates mainly from direct Ga
implantation, while the a-C II layer, dominated by sp* carbon,
is largely caused by carbon recoil atoms!®3). The evolution
of the modified structure is highly dependent on the fluence:
when the dose is below the critical value, carbon atoms in the
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modified layer tend to be substituted by Ga atoms; once the flu-
ence exceeds the threshold, carbon and Ga atoms are randomly
distributed, leading to complete amorphization. Importantly,
the wear resistance of ion-modified diamond tools improves
significantly with increasing fluence. This enhancement is
attributed to changes in surface energy, the shortening of C—
C bond lengths around C—Ga bonds, the increase in surface
hydrophobicity, and the strengthening of both C—Ga and adja-
cent C—C bond energies!*!1.
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Furthermore, molecular dynamics simulations have elu-
cidated the orientation-dependent mechanisms of ion-beam-
induced sputtering at the atomic scale. Under identical irra-
diation conditions, the (110) orientation of diamond exhibits
greater ion penetration depth and larger damaged areas, indic-
ating higher sensitivity to ion-induced damage. Consequently,
the (110) surface is more prone to amorphization and graph-
itization transitions than other orientations!®®!. The ion-beam
modification of diamond is governed by a combination of
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defect generation, amorphization and graphitization trans-
itions, bond structure reconfiguration, and crystallographic
orientation effects. These insights provide an essential theoret-
ical foundation for achieving high-precision, low-damage pol-
ishing and surface modification of diamond.

Plasma polishing works by introducing reactive gases such
as oxygen and carbon tetrafluoride (CF,) into the plasma torch.
These gases are dissociated upon excitation, generating eOH
and highly reactive oxygen/fluorine species. At high temperat-
ures, these reactive species react with the carbon atoms on the
diamond surface, forming volatile products such as CO, CO,,
or CF, and facilitating the efficient and selective removal of
carbon atoms through chemical etching!?*7!.

In plasma polishing, there are two modes: the etching mode
and the polishing mode. Temperature is the key factor influen-
cing the transition between these modes during plasma treat-
ment of the diamond surface. At temperatures below 1 000
°C, plasma reactions predominantly involve random etching.
These reactions primarily occur along surface defects (such
as dislocations and grain boundaries) or high-activity regions,
forming square etching pits (related to surface damage) or
deep etching pits (related to dislocations inside the crystal).
In this mode, material removal is uneven, which tends to
increase surface roughness. When the temperature exceeds
1 000 °C, high temperatures increase the thermal vibrations
of surface atoms, promoting reactions at high-activity sites
(such as protruding atoms). In this mode, the plasma select-
ively removes surface protruding atoms through a “peak shav-
ing and valley filling” mechanism, gradually exposing lower-
activity atoms beneath, ultimately resulting in an atomically
smooth surface!*°1,

The diamond surface, due to its incomplete crystal struc-
ture, forms atoms with different dangling bonds (1 to 3
dangling bonds), with atoms having three dangling bonds
being the most chemically reactive. The fluorine atoms in
the plasma preferentially react with and remove these highly
reactive atoms (with three dangling bonds), exposing the
atoms underneath. If the newly exposed atoms still have
three dangling bonds, they will continue to be preferen-
tially etched until only low-reactivity atoms (with two or one
dangling bond) remain on the surface. At this point, atoms
with two dangling bonds (the next most reactive) are select-
ively removed, leaving atoms with a single dangling bond and
resulting in a surface that approaches perfect crystalline align-
ment. This process achieves a continuous reduction in surface
roughness by selectively etching high-activity atoms, leading
to an atomically smooth surface!*’!. ReaxFF MD simulations
also show that as C atoms are removed during the plasma etch-
ing process, C atoms with higher etching priorities (1- and 2-
coordinate C atoms) dominate the tip regions of pyramid-like
protrusions and are preferentially removed, leading to the flat-
tening of PCD films!!%%],

The smoothing mechanism of the GCIB involves both
physical and chemical contributions. When inert gases such
as Ar are used, smoothing is primarily achieved through kin-
etic energy transfer and lateral sputtering!?*®!. The physical
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smoothing effect of GCIB is primarily attributed to three
factors: (i) efficient energy transfer, (ii) surface atom dynam-
ics, and (iii) selective material removal, which together facilit-
ate the fabrication of ultra-smooth surfaces!>’!. Among these,
selective removal is considered the key mechanism. Xie
et al.l33! proposed that differences in sputtering rates and atom
relocation play a dominant role in this process. When clusters
impact the surface at near-normal incidence, surface atoms
are ejected and redeposited isotropically around the impact
site. In contrast, impacts on inclined surfaces induce preferen-
tial downward displacement of atoms, thereby filling adjacent
valleys. At the same time, protruding regions (hills) present
higher sputtering rates than valleys do, leading to a gradual
reduction of topographical height differences. Through val-
ley filling and hill erosion, the surface is progressively leveled,
ultimately enabling nanoscale or even atomic-scale planariza-
tion. In addition to physical effects, GCIB smoothing can also
be dominated by chemical mechanisms when reactive gases
such as O, or SFg are employed as the cluster source!'?’!, In
this case, the bombardment process not only removes surface
atoms through sputtering but also promotes chemical reac-
tions at the impact site. The incident clusters dissociate upon
collision, generating highly reactive species that interact with
surface carbon atoms. These reactions increase the sputter-
ing yield by forming volatile products, such as CO, CO,
or CF,, which are readily desorbed from the surfacel!%%:191,
This chemically assisted material removal not only acceler-
ates the etching process but also suppresses graphitization,
thereby maintaining the crystallinity of the diamond sur-
face. Consequently, reactive-gas GCIB can achieve efficient
smoothing without introducing significant subsurface damage,
and is particularly effective for fine polishing processes aimed
at achieving nanometer- or atomic-level surface quality.

4. Conclusions and prospects

4.1. Conclusions

Diamond, the hardest known natural material, exhibits excep-
tional chemical stability, with negligible reactivity to acidic
or alkaline reagents under ambient conditions. However, its
inherent brittleness, challenges in material removal, and sus-
ceptibility to processing-induced damage significantly con-
strain its practical applications. The polishing technology of
diamond is a core challenge in achieving atomic-level sur-
face integrity. This paper systematically covers laser polishing
(LP), mechanical polishing (MP), ion beam polishing (IBP),
gas cluster ion beam polishing (GCIBP), plasma polishing,
dynamic friction polishing (DFP), chemical mechanical pol-
ishing (CMP), ultraviolet-assisted polishing (UVAP), plasma-
assisted polishing (PAP), laser-assisted polishing (LAP),
ultrasonic-assisted polishing (UAP), and other major tech-
niques. It reveals the inherent connections and applicability
boundaries of the four major material removal mechanisms.
More details with respect to the comparison of different pol-
ishing methods are concluded in Table 1.
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Table 1. Comparisons of different polishing methods.
Method Core Mechanism Roughness MRR Advantages Limitations
LP/LAP Thermal effects, Dozens of 12.04 um3 g~ 1491 Noncontact, high Heat-affected zone,
graphitization nanometers!*°! efficiency expensive
equipment,
low precision
IBP Physical sputtering Rms 0.1 nm!3!! 300 nm-h 132 Low damage, high Expensive
surface quality, local equipment, low
shaping efficiency
Plasma polishing Chemical etching Sa 3.4 nm!!% 127 pm-min~'1%! Low damage, high Complex
surface quality and equipment, low
efficiency plane precision
GCIBP Physical sputtering Ra 0.6 nm!!'*! N/A Lower damage than IBP,  Complex
+ Chemical etching smooth plane equipment, low
MRR
DFP Graphitization <5 nm! '3 1260 m-h~ 1% High efficiency, strong Requires precise
adaptability temperature control,
subsurface damage
MP Mechanical friction Sa0.548 nm''?! 1202 um-h =% Simple, low cost Low efficiency,
subsurface damage
CMP Chemical corrosion $a0.079 nm!'#1 881 nm-h~![186 Global planarization, High consumable
+ Mechanical friction high precision costs
UVAP Photochemical + Ra 0.071 nm!*® 1168 nm-h~!121)  Room temperature, low Dependent on
Mechanical synergy damage photosensitive
agents,
expensive
equipment
PAP Plasma activation Sq0.13nm?*! 2.1 um-h 122 Atomic-level precision, Complex equipment

+ Mechanical polishing

low stress

(i) Micro-fracture removal: this mechanism dominates mater-
ial removal in MP and UAP, enabling rapid stripping of
the material. However, it is accompanied by sub-surface
damage and roughness anisotropy. It is suitable for coarse
processing scenarios.

(i1) Graphitization removal: achieving through Fe/W-
based polishing pads, this mechanism facilitates the
diamond—graphite phase transition at high temperat-
ures (>700 °C), with a material removal rate of up to
3.7 um-min~!. However, challenges related to sub-surface
micro-cleavage and delamination remain. It is also suitable
for coarse processing scenarios.

(iii) Oxidation removal: this mechanism relies on chemical
corrosion, photochemical reactions, and plasma activation
to activate the diamond surface, forming a softer oxide
layer. This oxide layer is then removed through the abras-
ive to obtain an atomic-level surface. Thus, it is suitable
for fine processing scenarios.

(iv) Physical sputtering and chemical etching removal: this
mechanism involves the use of plasma (e.g., oxygen/ar-
gon plasmas), ion beam (e.g., Ar+, Ga+) to bombard the
surface, and material removal through ion sputtering or
chemical reactions. When a mixed gas is used to excite
high-activity particles, this technique preferentially etches
the protrusions on the diamond surface with an extremely
high MRR. However, owing to the difficulty in controlling
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these reactions and defects in crystal structure, the etching
rate on the material’s surface can vary significantly. As a
result, it is also suitable for coarse processing scenarios.

Studies confirm that multi-energy field collaborative
strategies (e.g., laser-induced graphitization + plasma fine-
tuning + UV-Fenton reactive oxidation) can overcome the
limitations of individual technologies, creating a new bal-
ance between processing efficiency, surface quality, and
sub-surface damage. These advances lay the foundation for
the application of diamond in extreme conditions, such as
quantum devices and high-power laser windows.

4.2. Prospects for diamond polishing

The pursuit of atomic-scale surface perfection in diamond pol-
ishing represents not only a technological frontier but also a
scientific imperative for extreme manufacturing fields. Given
the demand for defect-free diamond surfaces with atomic-level
roughness, future research must be pursued in the following
directions:

1. Atomic-scale removal mechanisms
Current mechanical/chemical polishing methods lack atomic-
level determinism. The convergence of artificial intelligence
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(AI) and in situ transmission electron microscopy (TEM) char-
acterization will be the direction of future pursuit. By lever-
aging Al to decode atomic-scale material removal mechan-
isms, reinforcement learning to optimize anisotropic polishing
trajectories, and generative models to engineer functional lat-
tice defects. Integrating molecular dynamic (MD) simulations
with in situ TEM characterization coupled with Al-adaptive
controllers can decode abrasive—diamond interactions, elu-
cidating transitions driven by stress and interfacial chemistry
to enable predictive material removal process from the per-
spective of atomic scale.

2. Atomic-scale processing approach

Future breakthroughs will emerge from multi-physics
approaches like femtosecond laser-friction hybrid polishing,
merging ultrafast ablation with mechanical shear to achieve
crack-free atomic-layer removal. Machine learning-enhanced
models will decode laser-plasma-mechanical interactions,
enabling atomic-level control through a predictive process.
Concurrently, hybrid atomic manufacturing paradigms—such
as alternating mechanochemical polishing with hydrogen
plasma reconstruction—will bridge macro-scale efficiency
and atomic precision, realizing self-limiting material removal
while aligning with extreme manufacturing principles. When
coupled with Al-adaptive controllers, this achieves self-
correcting polishing, while compensating tool wear—paving
the way for industrial atomic manufacturing.

3. Defect detection for surface/subsurface damage

Rather than viewing surface defects, the integration of
machine learning into surface and subsurface damage detec-
tion holds transformative potential for diamond polishing
technologies. Future research should prioritize the devel-
opment of hybrid machining learning models that syner-
gize physics-based simulations with data-driven approaches,
enabling robust defect classification even with limited labeled
datasets. Deep learning architectures, such as convolutional
neural networks, could be optimized for multimodal data
fusion (e.g., combining ultrasonic, X-ray, and thermographic
signals) to enhance the detection sensitivity for submicron-
scale subsurface cracks. Additionally, generative adversarial
networks may address data scarcity by synthesizing realistic
defect patterns under diverse material conditions.

To sum up, the transition from micron-scale abrasion to
atom-by-atom manipulation will redefine the boundaries of
diamond processing. Success in this domain demands cross-
disciplinary convergence, combining insights from tribo-
chemistry, quantum materials science, and extreme-scale
computational modeling. By embracing these challenges,
researchers can unlock diamond’s full potential as a substrate
for atomic-scale devices while establishing foundational prin-
ciples applicable to other ultrahard materials.
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