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Abstract: Polycrystalline diamond (PCD) deposited as a thin film is an attractive material, both 

technologically and from a scientific viewpoint, due to its unique combination of properties. 

However, because many applications require the PCD to have a high quality surface finish, 

efficient and cost-effective polishing has become a critical and limiting step in advancing the 

more widespread use of PCD. The most widely-used processes for the polishing of PCD make 

use of synergies that can be achieved through applying a combination of chemical and 

mechanical inputs. This paper reviews the current state-of-the-art of such processes, which are 

mainly represented by chemical mechanical polishing (CMP) technology, for the polishing of 

polycrystalline diamond. An in-depth and informative literature survey is presented of the 

effects of the PCD characteristics and process-dependent factors such as polishing slurry 

composition, polishing pad/plate material, and polishing parameters, on the polishing/material 

removal rate and surface quality. Particular attention is given to the underlying mechanisms 

governing the material removal during polishing, which are complex and vary depending on 

the process, and are still unclear. Three main routes to material removal during the polishing of 

diamond are identified and summarized based on experimental results, chemical 

characterizations and computational simulations: interfacial mechanochemical removal, 

chemically-stimulated mechanical removal, and mechanochemical transformation of diamond. 

Finally, more recently developed polishing methods that make use of ultraviolet and plasma 

irradiations are introduced, and the limitations of existing research and future research 

directions are discussed. 

 

Keywords: Chemical mechanical polishing; Polycrystalline diamond; Material removal rate; 

Surface roughness; Oxidation; Mechanochemistry 
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1. Introduction 

Diamond is an allotrope of carbon. Its unique natural face-centered cubic crystal structure 

(Fig. 1a) makes it attractive both technologically and from a scientific viewpoint due to its 

extraordinary combination of properties [1-5]: 1. It has the highest hardness/bulk modulus of 

any material found in nature, with micro hardness up to 10000 kg/mm2, making it an excellent 

material for long-lasting micromechanical parts and machining tools;[6-11] 2. It has extremely 

high thermal conductivity (up to 22 W/(cm·K)), which makes it an ideal heat dissipation 

material for electronic devices;[12, 13] 3. Diamond offers very high light transmittance for anti-

corrosion and wear-resistant infrared optical windows and high-power laser windows;[14] 4. 

The diamond band-gap, up to 5.5 eV, is ideal for the fabrication of high reliability 

semiconductor devices;[15, 16] 5. Strong chemical stability, corrosion resistance and radiation 

resistance makes diamond suitable for applications in harsh environments;[17-19] 6. The 

nitrogen-vacancy center point defect in diamond allows photoluminescence properties that can 

be utilized, for example, in quantum computing. However, due to the scarcity of diamond in 

nature and its high price, the demand for lab grown crystalline diamonds with regular shape and 

different grain sizes has aroused research interest with a large number of scholars. In 1962, 

Eversole pioneered in producing diamond by chemical vapour deposition (CVD).[20] Diamond 

synthesis developed rapidly in the following decades to achieve low-cost and large-scale 

production of lab grown diamonds. A variety of diamond film preparation methods have 

emerged, such as microwave plasma-enhanced CVD, radio-frequency CVD, hot filament CVD, 

flame CVD and laser CVD, etc.[21-24] 

Although CVD diamond films have the same or similar intrinsic properties as natural 

diamond, the growth process tends to result in thickness asymmetry, randomly oriented crystals, 

heterogeneous grain structure, high internal stress and a rough surface. These deficiencies often 

seriously restrict the industrial application of synthetic diamond films. For example, when 

synthetic diamond is used as a super-hard coating on cutting tool surfaces, the surface roughness 

has a significant impact on the cutting efficiency, accuracy of the machined part and topography 

of the machined surface.[25] The surface roughness is also important in the application of 

diamond coatings as the heat dissipation material in integrated circuits and high-power 
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components; the heat dissipation efficiency increases with increasing contact area, which is 

lower for rough coatings.[12] Furthermore, the transparency of optical diamond coatings is 

strongly reduced by absorption due to coating impurities and the scattering of light by the rough 

diamond surface.[26] Thus, polishing of diamond surfaces has become a necessary prerequisite 

to achieve the required excellent performance in various industrial applications and in daily life. 

The characteristics of high chemical inertness, superior mechanical properties, high wear 

resistance, strong anisotropy and heterogeneity of diamond make it extremely difficult to 

machine diamond films. Therefore, effectively polishing diamond films with low damage has 

become a key issue in order to expand CVD diamond applications. 

This review aims to discuss the polishing of polycrystalline diamond (PCD) in which 

synergies between chemical and mechanical inputs are present, which is mainly represented by 

Chemical Mechanical Polishing (CMP) technology. In this review, the focus is on the material 

removal behaviors and mechanisms occurring during the polishing process. Some of the 

discussions on PCD surfaces are addressed using results from research on single crystal 

diamond (SCD), for which the mechanisms have been studied to a greater extent, especially in 

computational simulations where SCD is commonly used to model and elucidate the interfacial 

reaction processes and mechanisms. Some advanced polishing methods that have not yet been 

applied to PCD but which are promising for the near future and do not conflict with polishing 

principles, are included in this review in order to give a more comprehensive understanding of 

the current status of diamond polishing research and to inspire future research directions. 

 

1.1 Classification of polycrystalline diamond films 

Conventionally, diamond coatings are classified according to average grain size as 

microcrystalline diamond (MCD, > 100 nm), nanocrystalline diamond (NCD, 10–100 nm) and 

ultrananocrystalline diamond (UNCD, < 10 nm), see Fig. 1b.[27, 28] Prior to deposition, a 

surface to be coated needs to be pre-treated by “seeding” nano or micro diamond particles on 

the substrate surface. This is necessary to enable and improve the subsequent diamond 

nucleation. After seeding, the diamond growth process involves a hydrogen-rich chemical 

reaction for which CH4 and H2 gases are supplied to the chamber. Generally, MCD is produced 

using very low CH4 percentages (< 2%) and NCD with 1~10% CH4 (depending on seeding 
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density, desired film thickness, CVD method, reactor pressure, etc.).[29, 30] The columnar 

microstructure of MCD coarsens as the film grows, resulting in a highly faceted morphology 

with a root mean square (RMS) roughness that is usually about 10% of the film thickness. 

However, when nanoparticles are seeded using a very high nucleation density, NCD films with 

a smoother and higher quality surface compared to MCD can be produced under optimized 

deposition conditions.[2, 31, 32] In contrast to the hydrogen-rich growth environment used in 

the NCD case, UNCD films are generally grown in hydrogen-poor and argon-rich 

environments.[30] Extremely smooth surfaces with a root mean square (RMS) roughness of 

approximately 5 nm can thus be achieved. Carbon dimers (C2), which have a low activation 

energy (∼6 kcal/mol) for incorporation into the growing UNCD film, are thought to have a 

significant impact on the nucleation and growth process.[2] Compared to MCD and NCD, the 

surface roughness of UNCD is less dependent on the film thickness, which makes it possible to 

obtain ultra-smooth UNCD films that are sufficiently thick. The nanocrystalline grains (2–5 nm) 

on UNCD films are surrounded by grain boundaries consisting of carbon that is not in diamond 

form.[33] For this reason the corrosion resistance of UNCD, with a higher sp2-bonded carbon 

component (up to 5%), is less than that of MCD with its high sp3 bonding character and NCD, 

which in high quality films has <0.1% sp2.[30] This means that electrochemical corrosion 

problems can occur when UNCD coatings are used in environments such as sea water. The 

microstructure of polycrystalline diamond (PCD) has a strong effect on mechanical properties 

such as strength, toughness, and flaw size distribution.[34] The grain boundaries in diamond 

thin films are typically weaker than the grain facets, thus the reduction of grain size increases 

the grain boundary area and reduces the fracture toughness.[35] 
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Fig. 1 (a) Schematic structure of single crystalline diamond. (b) Diagrammatic presentation and 

SEM images of the cross-sectional view of different diamond phases (MCD, NCD, UNCD) 

deposited on Si substrates (Reproduced with permission [36]. Copyright 2016, Elsevier). 

 

1.2 Basic knowledge of diamond polishing 

Polishing of diamond has a decades-long history and was initially dominated by 

mechanical and chemical polishing processes. Due to its ultra-high hardness and chemical 

inertness, it is difficult to polish the diamond substrate satisfactorily using purely mechanical 

or chemical inputs: purely mechanical polishing can result in severe subsurface/surface damage, 

whereas purely chemical polishing processes generally give a low polishing rate and poor 

surface consistency.[37] These disadvantages can be avoided by using synergies between 

chemical and mechanical interactions in diamond polishing. Chemical mechanical 

polishing/planarization (CMP) is one of the most widely used surface finishing technologies 

for ultra large-area global planarization and is used for the surface planarization of integrated 

circuit chips, computer hard disks, micro mechanical systems, optical glass, etc.[38-41] 

However, traditional CMP technology has several shortcomings, especially in relation to 

polishing efficiency, environmental friendliness and processing costs. For this reason, many 

new processing methods that also make use of synergies between chemical and mechanical 

inputs are now under development, such as dynamic friction polishing (DFP), ultraviolet 

irradiation assisted polishing (UVAP), and plasma assisted polishing (PAP). The ultimate goals 

of PCD polishing with respect to most applications for diamond substrate components, which 

have been widely used in high-tech fields, should be similar to those of silicon substrates in 

integrated circuit applications. This would mean nm-level global geometric accuracy and sub-

nm level roughness, while avoiding surface and subsurface damage. In addition, the ultimate 

goal for the material removal rate (MRR) should be to make it as high as possible, for example 

hundreds of μm/h is achievable using laser polishing, which provides the highest MRR in PCD 

polishing but poor surface quality.[41] 

Performing CMP on a diamond surface was first introduced by Thornton and Wilks in 

1975,[42] and was further developed over the successive decades to obtain precision diamond 

surfaces. Since the rapid development of CVD technology in the 1980s, the CMP method has 
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been successfully applied in the precision machining of CVD diamond films with a polishing 

rate (Fig. 2a) and surface quality (Fig. 2b-d) higher than pure mechanical polishing. In a typical 

CMP process, shown schematically in Fig. 3a, the diamond sample is held in a rotating carrier 

against an elastic polishing pad where the wafer/carrier and the pad rotate in the same direction. 

The diamond surface undergoes a chemical reaction and the reaction products are continuously 

removed and taken away by the polishing slurry, which contains nanoparticle abrasives and 

oxidants and is continuously replenished. The combination of the grinding action of the 

nanoparticles and the corrosive action of the oxidants creates a high-precision surface on the 

work piece,[43] enabling global planarization with a sub-micrometer feature size. As yet, the 

mechanisms of CMP are not fully understood from a microscopic point of view. From a macro 

perspective, CMP involves a combination of chemical corrosion and mechanical grinding. Heat 

generated by the friction between the abrasive particles and the polishing surfaces provides 

additional energy for the solid-phase chemical reactions. Chemicals in the polishing slurry react 

with the surfaces of the work piece, converting the high hardness, chemically stable diamond 

into softer and easier-to-remove structures. Due to the relative motion of the diamond sample 

to be polished and the polishing pad, abrasive particles in the polishing slurry grind the reaction 

layer on the work piece, removing this reaction layer to produce an ultra-smooth surface. Key 

indicators to evaluate the efficiency and quality of the CMP process are MRR, surface 

roughness, and subsurface/surface damage. As illustrated in Fig. 3b, the process control is very 

complex. The major factors of influence include equipment components (e.g. carrier, 

conditioner, and polishing pad), polishing parameters (e.g. downforce, speed, and reciprocating 

motion) and consumables (e.g. slurry). The final processing results (MRR and polishing quality) 

are governed by the synergistic action of all the processing factors. 

Jo
urn

al 
Pre-

pro
of



 8 

 
Fig. 2 (a) The average roughness of the diamond film at different MP and CMP durations. SEM 

images of the diamond films before (b) and after MP (c) and CMP process (d). (Copied with 

permission [44]. Copyright 2007, Elsevier) 

 

 

Fig. 3 (a) Chemical mechanical polishing schematic diagram. The diamond wafer is attached 

at the backside of carrier and polished. (b) CMP factors influencing the final polishing surface 

quality (Reproduced under the terms of the Creative Commons license [38]). 

 

Chou et al.,[44] found that the diamond film surface undergoes two stages within a 5-hour 

polishing period. In the first stage, the authors established that some apexes of the crystals were 

removed, and observed many grooves and nicks on the polished diamond surface; however, the 
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original rough shape of the diamond crystals remained. In the second stage, after approximately 

one hour of the CMP process, the roughness value reduced sharply from ~800 nm to ~300 nm 

with corrosion reaction products covering the entire diamond surface. After 5 hours of polishing, 

the roughness had further decreased to 95 nm and the roughness of some local areas on diamond 

crystal facets was estimated using atomic force microscopy (AFM) to be as low as 4.5 nm. 

However, cavities and cracks at crystal boundaries are obstacles to obtaining an entirely ultra-

smooth surface with a roughness of Angstroms. Using appropriate CMP conditions, a low 

subsurface/surface damage diamond surface with an average roughness of 29 nm can be 

produced at an average MRR of 1.39 μm/h.[45] 

 

2. MRR and polished surface roughness 

The MRR, sometimes termed polishing rate, together with the final roughness of the 

polished surface, are the most important performance indicators for diamond polishing 

procedures. As mentioned earlier (see Fig. 3), polishing processes for diamond involving a 

combination of both chemical and mechanical effects, exemplified by the CMP process, are 

very complex. The MRR is affected by many factors, leading to great challenges in process 

control and achieving a predictable outcome. In general, the factors of influence can be divided 

as follows: the intrinsic properties of the diamond film itself, the composition of the slurry, the 

polishing pad and the polishing parameters. 

2.1 Effect of the intrinsic properties of diamond on the MRR 

Doping of diamond: Doping is one of the most common methods used to modify the intrinsic 

properties of PCD. Different doping elements and levels of doping have been shown to affect 

the MRR of diamond. For example, B and Si doping can improve the oxidation resistance (Fig. 

4a), which reduces the mass loss of diamond in etching and CMP processes (Fig. 4b).[46] 

However, when nitrogen is used as the doping element and incorporated within the doping 

source (N2 or urea), the oxidation rate is increased, facilitating the CMP efficiency (Fig. 4).[46] 

Topography of diamond: The grain size of the diamond film affects the surface topography,[47] 

and tribological behaviors.[48-50] The grain-size uniformity of PCD grown on Si wafer 

substrates has a strong influence on the resulting surface topography changes produced by CMP 
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because any non-uniformity over the polishing surface leads to uneven interactions between the 

polishing pad and the slurry.[51] Starting from an already low as-deposited surface roughness, 

boron-doped UNCD can be polished to sub-nanometer roughness much more easily and 

cheaply than boron doped NCD or MCD. The individual diamond crystal orientation (e.g. 

<110>, <100> or <111>) has been shown to have lesser effect on the resulting surface 

topography in CMP using a SiO2-based slurry,[52] and on the MRR in CMP using a SiO2 wheel 

in atmospheric conditions, compared with the mechanical lapping/polishing case (planarization 

by grinding using hard abrasive usually in the absence of a fluid environment).[53-55] 

 
Fig. 4 (a) Oxidation rate of diamond coated samples as a function of doping ratio. (b) Mass loss 

as a function of time during CMP of diamond coated SiC samples. Boron-doped diamond 

(BDD), silicon-doped diamond (SiDD), nitrogen-doped diamond using N2 as the doping source 

(N2DD), nitrogen-doped diamond using urea as the doping source (NDD) and MCD. (Copied 

with permission [46]. Copyright 2020, American Chemical Society) 

 

2.2 Effect of the polishing slurry on the change in surface roughness and MRR 

In the CMP of PCD, polishing slurries can contain abrasives, including non-oxide and 

oxide abrasives, and oxidants to facilitate the diamond removal. 

Effect of the abrasive in the slurry: When diamond particles are included in the slurry, 

increasing the particle size has a large positive impact on the MRR (Fig. 5a),[56] but the final 

surface roughness of the PCD after polishing is greater compared to when smaller particles are 

used.[45] With oxide abrasives such as ceria (CeO2), alumina (Al2O3) and silica (SiO2) particles 

(Fig. 5b), increasing the particle size has a similar effect on the polished surface roughness, but 

the MRR is decreased rather than increased.[57, 58] Boron carbide (B4C), a non-oxide abrasive, 

shows a similar trend to the oxide abrasives: increasing abrasive particle size decreases the 
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MRR but increases the final polished surface roughness (Fig. 5c). These observations are due 

to fundamental differences in the polishing mechanisms. Where chemical reactions dominate 

in the polishing process, as is the case with oxide and boron carbide abrasives, the MRR is 

governed by the total contact area available for chemical interaction between the particles and 

the diamond film.[56] With increasing particle size, this total contact area A decreases (A ∝ 

C1/3ф-1/3, where C is the abrasive concentration in the polishing slurry and ф the particle 

size),[59] so a greater abrasive particle size reduces the MRR. In the case of diamond abrasive 

particles, the polishing process is dominated by mechanical rather than chemical interactions. 

Since mechanical interactions are governed by the indentation volume V, which increases with 

increasing abrasive particle size (V ∝ C-1/3ф4/3), a larger particle size gives, in the case of 

diamond particles, an increased MRR.[59] It has also been shown that adding an active metal 

such as Ti to Al2O3 abrasive promotes a chemical reaction between the Ti and diamond that 

lowers the activation energy for graphitization of the diamond. Since graphitized diamond is 

easier to remove through mechanical abrasion than the original diamond, this increases the 

MRR.[60] The type of oxide abrasive used in the polishing plays an important role in the MRR 

of NCD. Werrell et al. showed that, for both basic and acidic polishing solution, the MRR 

resulting from SiO2 abrasive is much higher than when Al2O3 and CeO2 are used (Fig. 5d).[57] 

However, the mechanism for this difference remains unclear: the authors found that no single 

natural property (such as bond energy/dissociation energy (Ce–O (790 kJ/mol) > Al–O (502 

kJ/mol) ≥ Si–O (452 kJ/mol)),[61] chemical activity (Ce–O > Si–O > Al–O), mechanical 

properties (hardness and mechanical properties), etc.) was able to explain the MRR results 

sufficiently. Clearly, more in-depth and systematic studies need to be conducted in order to 

elucidate the different magnitudes of the effects of different oxide abrasives. 
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Fig. 5 The change in surface roughness or MRR of diamond samples in CMP as a function of 

particle size of (a) diamond abrasive (SCD) (Copied with permission [56]. Copyright 2018, 

Springer), (b) SiO2, Al2O3, and CeO2 abrasives (NCD) (Copied under the terms of the Creative 

Commons license [57]), and (c) B4C abrasive (SCD) (Copied with permission [56]. Copyright 

2018, Springer). (d) MRR of NCD surface (change in thickness after polishing, ∆ thickness) as 

a function of polishing time by SiO2, Al2O3, and CeO2 abrasives (Copied under the terms of the 

Creative Commons license [57]). 

Effect of non-abrasive slurry components (oxidizers, additives etc.) & pH: When performing 

CMP on diamond, increasing the oxidation of the diamond surface tends to result in a higher 

MRR and lower surface roughness (Fig. 5a and 6b). A polishing slurry with a greater oxidizing 

potential and/or a greater concentration of OH radical groups leads to a greater decrease in 

surface roughness.[62-67] There is much evidence to support this. For example, an increased 

MRR was found in the polishing of SCD when using slurries containing Fe2+, in which the 

electron abundance of Fe2+ activates the carbon bonds of the diamond substrate.[62, 64] In 

addition, when an Fe or Ni metal polishing plate is used in the CMP of SCD in the presence of 

H2O2 solution, the production of hydroxyl groups on the diamond surface by the H2O2 chemical 

oxidant also leads to an increase in MRR (Fig. 6a).[64, 65] In the polishing of polycrystalline 

NCD using an alkaline colloidal silica slurry containing different oxidation and reducing agents 

in an aqueous environment, the chemical action of these agents in the slurry was shown to give 
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a greater change in roughness than that resulting from the silica alone (Fig. 6b).[58, 63, 68] 

Furthermore, the change in roughness of NCD as a result of CMP is significantly affected by 

the pH of the aqueous environment, depending on the oxide abrasive used in the polishing slurry, 

with acidic environments giving the greatest effect (Fig. 6c).[57, 63] This is consistent with the 

MRR results shown in Fig. 5d. 

 

Fig. 6 (a) MRR and surface roughness of SCD samples by performing CMP on different types 

of metal plate in H2O2 solution: nickel (Ni), iron (Fe), copper (Cu) and 304 stainless steel 

(SUS304) (Copied with permission [65]. Copyright 2016, Elsevier). (b) The change in 

roughness of NCD films comparing pure alkaline colloidal silica slurry (SF1 slurry) with SF1 

containing different oxidation agents: hydrogen peroxide (H2O2), ferric nitrate (Fe(NO3)3) and 

potassium permanganate (KMnO4), and two reducing agents: oxalic acid (C2H2O4), and sodium 

thiosulfate (Na2S2O3) (Copied with permission [68]. Copyright 2018, Elsevier). (c) The 

decrease of RMS roughness of NCD films against CMP polishing time with basic or acidic 

slurries containing different types of abrasive particles (Copied under the terms of the Creative 

Commons license [57]). 

 

2.3 Effects of polishing pad/plate on the MRR 

Although much of the published work relating to the effect of polishing pad/plate on MRR 

was carried out on SCD, similar results may be expected for PCD. When both mechanical and 

chemical effects are present in the polishing process, the mechanical and material properties of 

the polishing pad can lead to different underlying polishing mechanisms. On the one hand, a 

greater hardness of the polishing pad, for example when metal or ceramic materials are used, 

leads to a greater MRR through micro-cracking as well as corrosion mechanisms.[66] On the 

other hand, if soft polyurethane/polyester pads are used for the CMP of diamond in combination 

with an oxidising agent and oxide abrasive slurry, the MRR and surface roughness change is 

determined by the composition of the slurry rather than the qualities of the polishing pad.[54, 

57, 68, 69] When using an iron polishing pad without slurry in an ambient environment, the 

diamond removal process is dominated by the diffusion of carbon atoms from the diamond into 
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the iron plate.[64]. It has been reported that this diffusion of carbon atoms is inhibited when an 

H2O2 bath is used,[70] but that, at least with SCD, the H2O2 bath leads to a lower surface 

roughness after CMP (Fig. 7).[64, 70] A comparison of diamond CMP using metal pads made 

of Fe, Cu, Ni, and SUS304 stainless steel, in slurry solution with an oxidation agent (H2O2) 

present, showed that, of the metals investigated, Ni produces the highest MRR (Fig. 6a).[65] 

 

Fig. 7 Cross-sectional height profiles (right column) measured over the removal mark on SCD 

surfaces after polished in water (a) without H2O2 and with (b) 0.5%, (c) 1%, and (d) 5% H2O2 

solution. (Copied with permission [70]. Copyright 2016, Elsevier) 

 

2.4 Effects of polishing parameters on the MRR 

Effect on applied load and pressure: For a given average gap between the polishing plate and 

the rough diamond substrate, the real contact pressure increases logarithmically with the applied 

load.[71] In the polishing of PCD using mechanically-stimulated chemical reactions, which will 

be discussed in detail in Chapter 3.1, experiments have shown that the MRR and surface 

roughness increases with increasing polishing pressure up to a certain point, after which they 

decrease (Fig. 8a). When using an aqueous-based polishing slurry with an abrasive, increasing 

the applied load leads to an increase in the decomposition of H2O and H2O2 and a more heavily 
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deformed diamond surface. The ensuing stimulation of chemical reaction between the oxidants, 

–OH and –H, abrasives and diamond, then leads to increased friction (not shown in Fig. 8b) 

and MRR as the contact pressure increases (Fig. 8b).[62, 67, 72]. The reduction of the MRR at 

higher pressures shown in Fig. 8a occurs because, at a certain point, the abrasive particles 

become hindered from entering the contact interface region between the PCD sample and the 

polishing disk, in this way inhibiting abrasive-induced chemical reaction.[56] Summarising, 

two effects compete with each other as the applied normal load increases: (1) decomposition of 

H2O/H2O2 and deformation of the diamond surface, which increases the chemical reactivity, 

and; (2) hindering of the abrasive particles from entering the contact interface, which reduces 

the possibility of chemical interactions occurring. Which of the two effects dominates for a 

given normal load is likely to depend on a multitude of parameters including the size/shape, 

hardness and composition of the abrasive particles, flow rate, and other factors influencing the 

chemical reactivity. 

 

Fig. 8 (a) MRR and surface roughness of PCD by performing CMP under different polishing 

pressure (Copied with permission [56]. Copyright 2018, Springer). (b) Number of carbon atoms 

removed with respect to varying applied pressures and flow rates resulting from CMP using 

10 % H2O2 aqueous and diamond abrasive (calculated by Reactive force field molecular 

dynamics (ReaxFF MD) simulations) (Copied with permission [72]. Copyright 2020, Elsevier). 

 

Rotational/sliding speed of polishing pad: Modelling and experiments on the polishing of 

CVD diamond using a FeNiCr polishing pad show a positive correlation between rotation speed 

and interfacial temperature.[71] This correlation is also supported by experiments on the 

polishing of CVD diamond films using a borosilicate glass polishing pad with and without Ti 

(Fig. 9a) and a silica polishing pad (Fig. 9b).[53, 60] In the case of CMP using an iron disk in 
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1% H2O2 solution, the MRR of SCD has been shown to increase linearly with rotational speed 

(Fig. 9c).[70] ReaxFF MD simulations show that at the initial stage of diamond CMP in aqueous 

H2O2, increasing the sliding speed significantly increases the MRR at higher contact pressures 

(Fig. 9d), whereas the MRR is less dependent on the sliding speed at low contact pressures.[73] 

However, after a long sliding distance, the MRR shows stronger dependence on the sliding 

speed and is less dependent on the contact pressure.[73] The flow rate of the slurry also depends 

on the rotational speed of the polishing pad and ReaxFF MD simulations indicate that a high 

flow rate of an aqueous H2O2 slurry increases the passivation of diamond surfaces, which 

reduces the friction and wear behavior, thus lowering the MRR (Fig. 8b).[72] 

 

Fig. 9 (a) MRR as a function of polishing speed of MCD film after CMP process by using the 

composite polishing pad without Ti (T0-B), 50 wt% Ti (T50-B) and Cu-Sn+50 wt% Ti (T50-C) 

(Copied with permission [60]. Copyright 2018, Elsevier). (b) Polishing rate of SCD under 

various rotation speed of the SiO2 polishing pad (Copied with permission [53]. Copyright 2016, 

Elsevier). (c) Removal volume of SCD linearly increases with rotation speed of the polishing 

pad in 1% of H2O2 solution (Copied with permission [70]. Copyright 2016, Elsevier). (d) The 

number of carbon atoms removed at different sliding speeds during sliding (calculated by 

ReaxFF MD simulations) (Copied with permission [73]. Copyright 2021, Elsevier). 

 

Polishing temperature: In addition to external heating, a local increase in temperature during 

CMP may also be caused by friction generated between the CMP components (abrasive, 
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pad/plate, diamond substrate).[63, 66, 71] Increasing the temperature at the polishing interface 

of the CMP process results in an increased rate of chemical reaction of the diamond substrate, 

although if the temperature becomes too high this can also cause evaporation of the slurry as 

well as decomposition of the oxidant, for example K2FeO4.[63, 66] As a result, increasing 

temperature leads to an increase in MRR up to a certain point, after which a further increase in 

temperature gives a decrease in MRR (Fig. 10). This observation may be attributed to increased 

probabilities of the oxidation reactions of diamond at higher polishing temperatures.[56] When 

using a “soft” polishing pad, such as a polyurethane pad, an increase in the temperature 

decreases the hardness of the pad, which leads to an increased contact area between the pad and 

the diamond substrate and increased wear of the diamond.[63] When the temperature is greater 

than the melting point of the oxidants, this leads to enhanced chemical activation of the slurry 

components and/or an increase in the rate of reaction between oxidant and diamond 

substrate.[66] 

 

Fig. 10 (a) MRR and surface roughness of CVD diamond by performing CMP under different 

polishing temperature. (b) Probabilities of the oxidation reactions of diamond under different 

polishing temperature. (Copied with permission [56]. Copyright 2018, Springer) 

 

2.5 Evolution of surface topography during chemical mechanical polishing 

The main purpose of CMP is to achieve rapid large-area smooth surface processing with 

ultalow subsurface/surface damage. Understanding the surface morphology changes occurring 

during the polishing process is of direct significance in guiding the optimization of CMP 

processing technology.[74] Ideally, this understanding should be gained via observation of the 

topography evolution in-situ, to gauge the effects of all joint influencing parameters including 
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the polishing duration. However, due to limitations of equipment, topography observation 

technology and surface cleaning technology, most studies have involved ex-situ topography 

characterisation. In general, higher load, speed, and oxidant concentration will result in a greater 

polishing rate, but not necessarily the best final surface topography of the polished surface. 

Excessive load and speed cause direct and serious damage to the subsurface structure and 

increase the difficulty of subsequent polishing. Moreover, although high oxidant concentration 

in the early stage is beneficial for accelerating the oxidation rate and improving the material 

removal efficiency, when most of the roughness has been removed, a high oxidant concentration 

will continue to destroy the freshly smoothened surface and prevent further reduction of surface 

roughness. For these reasons, choosing an appropriate processing parameter interval whilst 

systematically considering the coordination of various factors has become a key issue in the 

optimization of diamond polishing processes that involve both chemical and mechanical inputs. 

Fig. 11 displays SEM and AFM images showing the typical evolution of surface 

topography during the polishing of CVD NCD samples using a polishing slurry with silica 

nanoparticles. The as-grown PCD film shows crystal grains with size 100–250 nm. Compared 

to the pristine/as grown NCD (Fig. 11a), 4 hours of chemical mechanical polishing removes the 

majority of peaks and produces very smooth crystal plateaus lacking in voids or cracks and 

contamination (Fig. 11d). Measurements of the RMS roughness over 25 μm2 after different 

polishing times show a drop in roughness from 18.3 nm to 4.5 nm after the first 2 h of polishing. 

However, the rate of surface roughness decrease reduced sharply in the subsequent 2 h, giving 

a final surface roughness after 4 h polishing of 1.7 nm. A similar trend was also observed in the 

polishing of an MCD surface, as shown in Fig. 2.[44] In this case, the change in surface 

roughness experienced three stages with different roughness reduction rates during a 5 h 

polishing process. The higher polishing rate of MCD compared to the NCD case may be 

attributed to the larger grain size and greater height of the peaks and valleys of MCD. In the 

final stage, under the given process conditions, no further large changes occurred in the 

polishing rate or surface roughness of MCD and NCD.[70, 75, 76] 
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Fig. 11 SEM and AFM images of NCD films as-grown (a) and after 1 h (b), 2 h (c), and 4 h (d) 

CMP processes. The roughness values estimated over an area of 5 μm × 5 μm are displayed on 

the corresponding AFM images. (Copied under the terms of the Creative Commons license [69]) 

 

3. Material removal mechanisms 

In section 2, the review of factors affecting the MRR and surface roughness in diamond 

polishing processes demonstrates the great complexity of these processes and provides 

important clues regarding the different mechanisms that may govern material removal. Due to 

its ultra-high hardness and chemical inertness, it is difficult to mechanically abrade diamond 

using materials other than diamond itself, or to oxidize it under normal temperature and pressure 

conditions without the use of oxidising agents. A large number of theoretical analyses and 

computational simulations have been conducted to try to understand the material removal 

mechanisms of diamond when both chemical and mechanical effects are involved in the 

polishing process. Such understanding is crucial for optimizing the polishing performance. In 

general, the material removal of diamond is dominated by the synergistic interaction of 

mechanical stress/abrasion and chemical reaction. Such mechanochemical reactions refer to 

chemical reactions which are initiated or activated by external mechanical energy.[77] Under 

purely mechanical abrasive action, material removal can occur through mechanical deformation, 

scratching, crack formation and fracture under high contact pressure. However, mechanical 

interaction with diamond can also cause the diamond carbon structure itself to transform at the 

surface to a softer, more easily removed form of carbon that is also more readily oxidised. In 

addition, this same mechanical action can, through distortion of the C–C bonds, reduce the 

activation energy needed for a chemical reaction to take place at the diamond surface. 

Jo
urn

al 
Pre-

pro
of



 20 

Depending on the CMP slurry composition, chemical reactions can take place with oxide 

particles (silica, alumina, ceria, etc.), leading to easier disruption of the C–C bonds of bulk 

diamond and material removal. Other mechanically-stimulated reactions can occur with 

oxidizing and reducing agents in the CMP slurry (e.g. H2O2, Fe(NO3)3, KMnO4, H₂C₂O₄, etc.). 

These agents react readily with the diamond surface and generate a relatively soft layer 

containing C–O bonds on the diamond surface that can subsequently be removed by mechanical 

abrasive action, or lead to the formation of CO2. Note here that the conversion of diamond to 

CO2 is theoretically possible, but is only supported by simulations (see later section 3.1 and 

3.2); there is no direct experimental evidence for CO2 formation in previous studies. 

As illustrated in Fig. 12a, the reaction activation barrier (Ea) of a C–C bond converting into 

a C–O or C=O bond (red line) is very high due to the strong covalent bonds in diamond. 

However, in the case of mechanochemical reaction, external mechanical energy can assist the 

diamond bonds to climb from their ground state (C) to a deformed diamond C* state (= C + δW, 

where δW mechanical work done for the chemical reaction) (Fig. 12a), significantly lowering 

the activation barrier (grey-dotted line, Fig. 12a). The reaction potential barrier E1 between the 

C* and CO2 states then becomes much lower than Ea. The reaction process in the presence of 

mechanical stimulation can be described as follows: 

C(s, diamond) → (mechanical stress) C*                   (1) 

C* + M → CO2 + N                             (2) 

where M and N are, respectively, oxidants and reaction products. Without shear stress or 

mechanical distortion, such reactions do not occur readily under room temperature and pressure 

conditions. Thus, synchronous and coupled mechanical and chemical interactions can be 

described as mechanically-activated, shear-induced or -facilitated chemical reactions, in this 

case a C–C bond converting to CO2 over several energy peaks (activated states).[78] The MRR 

in the polishing of diamond, in the case of mechanochemical reactions, can be quantified by the 

Arrhenius equation expressed below: 

k = k0⋅e-Ea/kbT,                               (3) 

where k is the reaction rate, k0 is the pre-exponential factor, kb is the Boltzmann constant (1.38 

× 10−23 J/K), and T is temperature. The oxidation rate of diamond atoms with O2 molecules at 
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atmospheric temperature and pressure is approximately 3.7 × 10-28 g⋅mm-2 (assuming Ea for the 

chemical reactions is 220 kJ/mol).[56, 79] 

 

Fig. 12 (a) Simplified chemical coordinate of the C removal during the CMP of diamond 

(Copied with permission [56]. Copyright 2018, Springer). (b) Schematic diagram illustrating a 

diamond CMP process involving an oxidant (ferrate): carbon atoms are distorted and then 

removed by abrasive particles (Copied with permission [80]. Copyright 2020, Springer). 

 

As mentioned previously, the material removal processes involved in the 

mechanochemical polishing of diamond are complex; they depend greatly on the slurry 

composition and the magnitudes of parameters used in the polishing process and this makes it 

very challenging to elucidate the precise mechanisms involved. It is also likely that in many 

cases, if not all cases, more than one mechanism acts simultaneously and that these mechanisms 

are not mutually independent. In general however, three main routes leading to diamond 

material removal involving mechanochemistry can be distinguished: 

1. Mechanically-stimulated chemical reaction of diamond with oxide particles in the polishing 

slurry, and subsequent removal of reaction products by the slurry. Here, this route is termed 

‘interfacial mechanochemical removal’ and is exemplified by the conventional CMP 

process. 

2. Chemical reaction (mechanically-stimulated) of diamond with strong oxidising agents 

added to the polishing slurry, followed by abrasive removal of the layers formed, often 

aided by hard nanoparticles in the slurry. Here, this route is termed ‘chemically-stimulated 

mechanical removal’. 

3. Stress-induced transformation of diamond carbon, often in the presence of high carbon-

solubility catalytic transition metals and their oxides, and subsequent removal of the softer, 

more readily oxidised, transformed material. Here, this route to material removal is referred 

to as ‘mechanochemical transformation of diamond’. 
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3.1 Interfacial mechanochemical removal 

As described above, mechanical energy can cause distortion of C-C bonds and promote 

their potential energy to a more activated state in which chemical reactions can occur more 

readily at ambient temperature and pressure, Fig. 12a. When relatively soft SiO2 particles are 

used in the slurry during the CMP of diamond, purely mechanical removal of diamond is 

negligible; the mechanism of material removal is dominated by interfacial mechanically-

stimulated chemical reactions. 

To elucidate the mechanisms occurring, the reaction process taking place at the interface 

would ideally be monitored in-situ. However, this is not possible owing to the repeated action 

of multiple abrasives and the small contact areas involved, the rapidity with which carbon atoms 

are removed, and the limitations of characterization techniques. In addition, given that the 

interfacial chemical reaction and mechanical action are coupled, it is particularly difficult to 

characterize the atomic migration process and energy dissipation route at the nanoscale. 

However, theoretical analyses using MD simulation and density functional theory (DFT),[72, 

81-85] are able to provide insight into the atomistic details of the removal process with high 

temporal and spatial resolution. Previous studies have suggested that the chemical activity of 

the counter-surface significantly influences the mechanochemical reactions occurring at the 

interface by altering the activation barrier of the bonding bridge formation.[86, 87] Chemically 

active nanoparticles such as silica (SiO2), alumina (Al2O3) and ceria (CeO2), have been widely 

used in the polishing slurry in the CMP of diamond.[57, 60] Peguiron et al. duplicated the 

removal model of the diamond-silica sliding interface proposed by Thomas et al. by conducting 

DFT calculations of the atomic attrition taking place on (110) single crystalline diamond against 

silicon/silica.[69, 83] The simulations demonstrated that a shear force applied in a system with 

diamond-silicon bonds at the interface would always lead to deformation of the silicon structure 

without breakage of the C–C bonds. However, a shear force applied at a silica-diamond sliding 

interface (Fig. 13a) was shown to lead to chemical activation and weakening of the C–C bonds 

(610 kJ/mol) in the underlying bulk diamond, resulting in mechanochemical breakage of the 

C–C bonds (Fig. 13b–g). The subsequent migration of the C–C–C zigzag unit marks the onset 

of diamond wear. The strong C–O bonds (1077 kJ/mol) formed at the interface under shear are 
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crucial for the initial step in atomic attrition of the diamond surface against oxides. Werrell et 

al. hypothesized that crystalline Al2O3 or corundum should also be capable of promoting this 

mechanism.[57] Using Tight-Binding Quantum Chemical MD (TB-QCMD), Wang et al. 

discussed the influence of pressure on the friction-induced material removal at the sliding 

interface of an amorphous diamond surface.[88] A low friction coefficient of approximately 

0.02 was predicted and no interfacial bonds were formed at the contacting interfaces when no 

tensile stress was present. However, interfacial C–C bonds were formed when tensile stress was 

applied, with the number of bonds increasing with increasing stress, leading to high friction (> 

1) and atomic attrition of the diamond surface. The atomic-level wear process was associated 

with the reaction coordinates of C–C bond dissociation caused by surface hydrogen transfer 

under high tensile stress. 

 

Fig. 13 DFT simulations of a C(110) substrate rubbed by silicon oxide. (a) The aromatic zigzag 

carbon chain (black) and a pilot atom (cyan circle) challenge the connected C–C bond (red) in 

the underlying bulk diamond. (b-g) Simulation steps for C–C bond breakage caused by 

mechanochemical reactions. (Copied with permission [83]. Copyright 2016, Elsevier) 

 

Although DFT simulations can provide many local and short-lived results for chemical 

reactions with a high precision, the calculated reaction time and space-scale is restricted to a 

few picoseconds and a few hundreds of atoms due to the computational cost. Also, in such 

simulations, only the chemical reactions between nanoparticle abrasives and substrates can be 

considered; any chemical reactions resulting from oxidants in the polishing slurry, or the 

mechanical abrasion effect of components in this slurry, both of which fully participate in the 

interfacial reactions, are neglected. The ReaxFF MD method, developed by Duin et al.,[89, 90] 
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is able to probe the reaction chemistry in larger-scale space and for a longer reaction time. 

However, the ReaxFF potential function was initially developed for hydrocarbons and silicates, 

and uses a general relationship between bond distance and bond order on the one hand, and 

between bond order and bond energy on the other hand, that leads to the proper formation and 

dissociation of chemical bonds. Because the ReaxFF potential function has not been developed 

specifically for diamond, the use of ReaxFF simulations is considered to be less accurate than 

DFT calculations, even though the simulated system is much larger than that of DFT. However, 

many results of ReaxFF, such as the oxidation of diamond to C–OH, O–C–O, and C=O, have 

been confirmed experimentally by XPS. Other results have not been verified, such as the 

formation of the “Si–O–C” bonding bridge and the generation of CO2, due to the limitations of 

characterization techniques and experimental methods. The results of ReaxFF MD simulations 

provided by Shi et al. (Fig. 14a) revealed that diamond material removal by diamond 

nanoparticles in an OH radical environment can be attributed to mechanochemical interaction 

stimulated by external mechanical stress.[85] The applied mechanical stress can induce the 

decomposition of H2O to passivate the diamond surface, forming C–H, C–O and C–OH bonds 

(Fig. 14b). The C–O/C–OH bonds activate adjacent C–C bonds for subsequent atomic removal 

in the form of CO or CO2 (Fig. 14c). The combined effect of the C–O/C–OH bonds and 

mechanical shearing cause adjacent C–C bonds to be stretched and pulled away from the 

diamond substrate. The results of MD simulations by Yuan et al. indicated that increased 

pressure and sliding velocity result in a greater rate of carbon removal as a result of increased 

interfacial bonding. Moreover, even when a low pressure is applied, destabilization of the sp3 

structure at the surface can still occur after longer sliding distances, decreasing the activation 

energy for surface carbon removal.[73] 
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Fig. 14 (a) MD ReaxFF simulation model of diamond CMP in a radical OH environment. 

Structures of the abrasive (b) and the diamond substrate (c) after the CMP process. (Copied 

with permission [85]. Copyright 2019, Elsevier) 

 

To verify the mechanochemical reaction during the polishing of diamond, the chemical 

state and elemental composition of polished diamond substrates have been characterized using 

X-ray photoelectron spectroscopy (XPS) analysis.[56, 68, 69, 91] Fig. 15a shows that the C 1s 

peak (~285 eV) and O 1s peak (∼531.0 eV) were the most dominant in the survey XPS spectra 

of an NCD surface polished using a slurry containing potassium ferrate oxidant. The presence 

of O on the diamond surface after the polishing process confirms that chemical reactions took 

place.[69] Fig. 15b displays high-resolution C 1s spectra of the as-grown and 4h polished 

diamond thin films, which were deconvoluted into four chemical components: C–C (285.0 eV), 

C–H (285.5 eV), C–O (286.5 eV), and C=O (287.5 eV).[69, 92, 93] It appears from this analysis 

that the chemical termination has not changed significantly as a result of the mechanochemical 

process, although there are subtle changes in the concentrations of the different carbon species. 

However, the mechanochemical process increased the oxygen content of the diamond surface, 

which was demonstrated by a significant increase in the ratio of O 1s/C 1s after 1 h of polishing 

(Fig. 15c). The O 1s/Si 2s ratio increased with polishing time, suggesting that the oxygen signal 

in the XPS spectra originated from oxidized species other than silica. 

The overall conclusion from the XPS analysis above is that the mechanochemical process 

always leads to general oxidation and increases in the C=O and C–OH content at the diamond 

surface. OH termination of the topmost surface could expedite the interfacial bonding 

connections of SiO2 particles in the slurry solution (which are converted to Si(OH)4 (silanol) in 
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the presence of water) to the underlying diamond structure. The moving polishing pad provides 

a shear force on the silica particles that removes the particles and attached Si–OH molecules 

from the surface if the external mechanical energy is stronger than the weakened bond energy 

of the C–C bonds in the bulk diamond. An oxidized silica particle with OH terminated groups 

could also directly attach by itself, even if the diamond surface is not wet oxidized.[69] 

Subsequently, a Si–O–C bonding bridge is formed at the contacting interface between the silica 

nanoparticle and the diamond surface, and the C–C bond is broken with the help of tensile stress 

provided by the moving polishing pad. 

 

Fig. 15 (a) XPS Survey spectra of NCD substrates before and after CMP. Insert shows the XPS 

features at low binding energy. (b) C 1s spectra before (i) and after 4 h (ii) polishing, which 

were deconvoluted into diamond (C-C), hydrocarbon (C-H), ether (C-O), and carbonyl (C=O). 

(c) Elemental ratios of O 1s, F 1s, and Si 2s with respect to C 1s as a function of CMP duration. 

(Copied under the terms of the Creative Commons license [69]) 

 

3.2 Chemically-stimulated mechanical removal 

Mechanochemical reactions occur at the uppermost layers of the surface, thus giving a 

relatively low MRR but a much smoother surface and lower surface damage compared to 

material removal induced solely by mechanical interactions (Fig. 2).[87, 94] In the interfacial 

mechanochemical removal discussed in section 3.1, the polishing pad provides the shear force 

for stimulation of the chemical reaction with oxide particles and removal of the reaction 

products. However, diamond can also readily be oxidized to CO and/or CO2 by exposing it to 
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an environment that is oxygen-rich or contains strong oxidizing agents. The ensuing relatively 

soft oxide layer can subsequently be removed by the mechanical abrasion effect of hard 

nanoparticles (e.g. diamond or Al2O3) included in the slurry composition. 

A process that has received much attention in recent years is to introduce strong oxidizing 

agents such as H2O2, KNO3, NaNO3, CrO3 and K2MnO4 into the polishing slurry.[64, 65, 70, 

95, 96]. Molecular simulation studies reported by Kubota et al.[64, 65, 70] hypothesised that 

the uppermost part of the diamond surface first reacts with the oxidizing agents to form a 

chemically oxidized layer with relatively low hardness, which is then mechanically removed 

by abrasive action. In this way, the top layer of the diamond is quickly removed whilst material 

deeper in the structure is unaffected. 

Yuan et al. explained the chemical reactions of diamond with selected oxidants on the basis 

of the Gibbs free energy ΔG:[56] 

C(s, diamond) + O2(g) → CO2(g), ΔG0 = -397.259 KJ/mol             (4) 

5C(s, diamond) + 4MnO4
-(aq) + 12H+(aq) → 5CO2(g) + 4Mn2+(aq) + 6H2O(l), 

ΔG0 = −2532.669 KJ/mol                             (5) 

3C(s, diamond) + 4FeO4
2-(aq) + 20H+(aq) → 3CO2(g) + 4Fe3+(aq) + 10H2O(l),  

ΔG0 = −2532.669 KJ/mol                             (6) 

Thermodynamically, the three reactions above are spontaneous from left to right, however, 

without mechanical stimulation the reaction kinetics are unfavorable under ambient 

temperature and pressure conditions because of the high activation barrier. Clearly, the chemical 

reactivity of the surface atoms will be higher than that of atoms deeper within the bulk materials. 

However, during polishing these can also be more readily oxidized because of the 

mechanically-stimulated introduction of massive defects, such as lattice distortions, 

dislocations and cracks.[97] 

Fig. 12b schematically illustrates a diamond polishing process involving an oxidant 

(ferrate), in which carbon atoms are distorted and then removed by abrasive particles. There is 

a synergy between mechanical actions, which are driven by normal stress and shear stress, and 

chemical interactions with strong oxidants in the polishing slurry. Many investigations have 

shown that carbon atoms react readily with transition metals/high carbon soluble metals such 
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as Ti, Fe, Ni, Mo, and Cr, either added as particles to the slurry or used as the polishing pad/plate. 

The reactions lead to the formation of carbides under elevated pressure or temperature 

conditions.[45, 98, 99] Surface polishing takes place through the chemically-activated 

transformation of sp3 hybridized carbon atoms to a different hybridization structure, followed 

by diffusion into the carbon-soluble metals mentioned above, or the formation of CO2 gas. 

Kubota et al. developed a polishing method using an iron plate in aqueous H2O2 solution to 

achieve an atomically-smooth diamond surface with a damage-free subsurface/surface.[64, 65, 

70] The concentration of H2O2 solution in the polishing slurry was observed to play a crucial 

role in improving the MRR and optimizing the diamond surface roughness. The material 

removal process was described by Kubota et al as following two steps: Firstly, the stable 

diamond structure undergoes chemical/oxidation reactions whereby the OH radicals react with 

the uppermost diamond layer. Subsequently, the weakened or softened layer, which was 

produced as a result of the chemical reactions on the diamond surface in the first step, is 

removed by the mechanical action of the polishing abrasive. However, material removal 

mechanisms assisted by chemical reactions between OH radicals (in polishing slurry) and a 

diamond surface are still far from understood. Some efforts have been conducted via MD 

simulations to “virtually observe” the atomic removal process occurring during the CMP of 

diamond in real time.[67, 85, 100, 101] Guo et al. investigated the diamond CMP process using 

a silica abrasive in H2O2 solution by ReaxFF MD simulations. Fig. 16 shows carbon atoms 

removed in the form of CO, CO2 and C chains (marked in black) in a series of similar removal 

steps. The above removal pathways of carbon atoms were explained by mechanical abrasive 

action occurring after oxidation reactions between diamond and H2O2 had resulted in a soft 

layer containing C–O, C–OH or C- bonds. Compared to a CMP process in pure H2O, a greater 

number of carbon atoms were oxidized by H2O2 to form C–OH and C–O–C bonds and the 

predicted friction force was higher. It was claimed that the latter was due to stronger chemical 

reactions at the sliding interfaces, which presumably cause a higher interfacial shear strength. 

The results predicted that C atoms cannot be removed purely as a result of chemical reactions 

without mechanical abrasion, and that the removal rate is closely related to the pressure exerted 

by the nanoparticles in the slurry solution. A high load force and pressure facilitates the 

oxidation of the diamond surface, which leads to C atom removal, during the sliding 
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process.[101] 

 
Fig. 16 Atomistic mechanisms of C(100) CMP in aqueous H2O2 solution. (a) C removal (black 

atoms) in the form of CO2 (b), CO (c), and C chain (c). (Copied with permission [67]. Copyright 

2019, Elsevier) 

 

From the above, it can be concluded that the synergistic effect of chemical reaction with 

oxidizing agents and mechanical interaction can improve the removal rate without increasing 

the environmental temperature. The simulation results demonstrate that a strong oxidizing agent 

and a high mechanical stress imposed on the diamond surface can accelerate the carbon 

oxidation, simultaneously increasing the MMR. Mandal et al. characterised the chemical 

properties of NCD surfaces polished by an alkaline polishing slurry with the addition of three 

oxidants (H2O2, Fe(NO3)3, and KMnO4) and two reductants (C2H2O4 and Na2S2O3).[68] These 

additives accelerated the polishing process and resulted in a final polished diamond surface 

with less than 2 nm RMS roughness after 3 h of polishing. The survey XPS spectra shown in 

Fig. 17a suggest that there is little difference between the NCD surfaces polished using 

polishing slurries with the different redox agents. As an example (Fig. 17b), the C1s peak of the 

diamond surface polished by the polishing slurry with C2H2O4 addition was deconvoluted into 

bulk and surface sp3 C–C bonds (285 eV), graphitic carbon (284 eV), C–O/OH (286 eV), C=O 

(287.5 eV), and C(=O)OH (289 eV) groups. The constituent fractions and ratio of O 1s/C 1s 

shows little difference for the six different kinds of oxidizing and reducing agents (Fig. 17c and 

d). This indicates that the addition of reductants does not increase the density of the oxygenated 

species on the surface but improves the polishing rate by promoting the chemical reaction rate 

for the same mechanical input. 
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Fig. 17 (a) XPS survey spectra of NCD films that were polished with different redox agents. (b) 

Deconvolution of the C 1s peak obtained from the NCD surface polished by the slurry with 

C2H2O4. (c) Components (C(=O)OH, C=C, C=O, C–O/OH, and C–C) of the C 1s peak in 

polished films. (d) Ratios of O 1s/C 1s for 6 polished NCD samples. (Copied with permission 

[68]. Copyright 2018, Elsevier) 

 

3.3 Mechanochemical transformation of diamond 

A third possible mechanism that can contribute to the removal of material from a diamond 

surface is stress-induced transformation of sp3 hybridized (diamond) carbon, leading to a 

decrease in the surface hardness and an increase in the chemical activity.[102, 103] Recent 

studies have found that subsurface lattice distortion, caused by mechanical stresses, is beneficial 

to the oxidation reactions of diamond atoms and that mechanical action can in this way 

effectively accelerate material removal.[101] The main types of carbon structure are diamond, 

amorphous carbon, graphite, and lonsdaleite (hexagonal diamond).[104] Thermodynamically, 

graphite is stable at ambient temperature and pressure, whilst the other carbon lattice structures 

are metastable. 

The reaction rate of the diamond structure transforming to graphite is slow under normal 

conditions and usually occurs only at high temperatures (> 2000 K).[105] However, as 

mentioned previously, the graphitization process can be catalysed by transition metals having a 

high carbon solubility. Such transition metals lower the energy barrier for transformation and 

enable graphitization to take place at relatively low temperatures of around 970 K.[104, 105] 
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The graphite can subsequently be removed by mechanical abrasion,[104] in which case brittle 

fracture may play a large role.[80] It can also be readily oxidised because non-diamond carbon 

oxidizes faster than sp3 hybridized (diamond) carbon due to a lower activation barrier (Fig. 12) 

and because of the faster diffusion rate and shorter diffusion path of carbon in graphite 

compared to diamond.[104-106] 

Diamond polishing experiments carried out by Zhang and Xu using an Fe-containing 

polishing wheel indicated that different mechanisms took place at different polishing speeds, 

presumably through a combination of differences in both temperature and mechanical stress 

(Fig. 18).[107] A low polishing speed (less than 320 mm/s) promoted a removal mechanism 

based on micro-chipping and it was suggested that this was because the activation energy is 

insufficient to result in chemical reactions between diamond and the Fe-rich materials or to 

cause phase transformation of the diamond. At an intermediate polishing speed of 320–480 

mm/s, the MRR was reported to be greatly improved due to the formation of Fe-C products 

with low wear resistance as a result of chemical reactions between diamond and Fe. At a 

polishing speed higher than 640 mm/s, it was hypothesized that the activation energy is 

decreased sufficiently that both chemical reactions between diamond and Fe and the conversion 

of diamond to graphite can occur.[107] It was shown by TEM (Fig. 18e and f) that the diamond 

reacted initially with iron to form Fe2C, and then underwent a diamond-graphite phase 

transformation during the mechanical abrasive action. Moreover, the surface/subsurface 

damage in the Fe2C generation stage (with a thickness of 20–50 nm) was much less than in the 

diamond graphitization stage (with a thickness of ~1 μm).[107] This means that, to optimise 

this particular polishing process, the reactions should be controlled in the carbide generation 

stage to ensure high removal efficiency while minimizing the subsurface damage. 
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Fig. 18 (a) Schematic diagram of the material removal mechanism in diamond polishing with 

an Fe-containing wheel. SEM images of as-grown film (b), and polished films under the 

polishing speed of 480 mm/s (c) and 640 mm/s (d). Cross-sectional TEM images indicating the 

damaged subsurface after polishing with a speed of 480 mm/s (e) and 640 mm/s (f), with a fixed 

polishing distance of approximately 700 m. (Copied with permission [107]. Copyright 2021, 

Elsevier) 

 

There is also evidence that transition metal oxide particles can promote diamond 

transformation in polishing processes. Jin et al. investigated the role of α-Fe2O3 nanoparticles 

in the polishing processes of ultrahard nanotwinned diamond.[108] Using HRTEM 

characterization, a large amorphous region containing Fe, O, and C was observed around the 

polishing area where Fe2O3 nanoparticles had penetrated the polished substrate. This 

observation indicates that a chemical reaction had taken place involving Fe, O, and C during 

polishing. It was speculated that α-Fe2O3 has high surface energy and that this catalyses the 

diamond amorphization. 

 

4. Advanced diamond polishing methods involving a synergy between chemical and 

mechanical inputs 

In broad terms, the process of smoothing a surface through the synergistic effect of 

chemical and mechanical interactions can be thought of as a combination of chemical reactions 

(etching, oxidation, diffusion, evaporation or their complex combinations) and abrasive 

polishing. Adding powerful oxidizing agents to the polishing slurry is an efficient way to 

introduce a chemical action at the sliding interfaces and improve the material removal efficiency. 
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In addition, UV radiation and plasma radiation can act to powerfully promote oxidation 

reactions on diamond surfaces and polishing technologies using these radiation sources are 

under development to produce smooth diamond surfaces with low sub-surface damage and high 

MRR. 

4.2.1 UVAP 

Watanabe et al. investigated a novel technique using UV light-induced photochemical 

reactions to assist the mechanochemical removal process of SCD in air at room temperature 

and pressure.[109, 110] In this process (Fig. 19a), the UV light is transmitted through a rotating 

quartz plate and irradiates the diamond sample directly whilst sliding against the plate. It was 

hypothesized that the carbon atoms on the diamond surface are excited by UV irradiation, 

leading to the generation of electron-hole pairs that rapidly react with O2 and H2O molecules in 

the surrounding air to form OH radicals and reactive oxygen species. These reactive species 

have a strong oxidizing effect on the carbon atoms of the SCD surface, forming CO or CO2 gas 

as leaving products of the chemical reaction. At the same time, sp3-hybridized carbon atoms are 

graphitized to sp2 as a result of the surface temperature rise caused by the high sliding velocity 

and high pressure at the contact with the quartz plate (Fig. 19b). It was reported that the UV-

irradiated method gave a MRR for the SCD substrate of 0.56 μm/h, three times higher than that 

without UV irradiation (0.14 μm/h).[109] 

UVAP has also been successfully applied to polycrystalline diamond (MCD and NCD), 

producing a smooth surface with roughness of approximately 5.2 nm.[109] The grain size of 

the PCD strongly affects the polishing efficiency of UVAP. Fig. 19c displays the evolution of 

the Ra surface roughness with increasing polishing time on PCD surfaces with different grain 

sizes.[109] As the grain size decreased to less than 1 μm, the surface roughness (Ra) decreased 

from 30 nm to 5.2 nm within 1 h of polishing and with a comparatively high MRR of 2.0 μm/h. 

The UVAP rate could be further increased up to 6–7 μm/h by increasing the oxygen 

concentration of the chamber environment to approximately 82%. The authors attributed these 

results to the suppression of particle dropout and, because of the difference between the 

crystalline orientations of adjacent grains, uneven crystalline surfaces and a reduced contact 

area as the grain size decreases. 
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More recently, Kubota et al. have reported a further laboratory-scale development of the 

UV-assisted polishing method for single crystal diamond in vacuum conditions, which was 

termed vacuum ultraviolet assisted polishing (VUVAP).[111] Compared to UVAP in ambient 

conditions, diamond surfaces planarized by VUVAP were shown to have a cleaner, hydrophobic 

surface with less organic contamination. A hypothesis for the removal mechanism involving 

reactions between the diamond and a sapphire (α-Al2O3) polishing plate is illustrated 

schematically in Fig. 19d. Firstly, the sapphire plate surface is fully oxidized by irradiation with 

172 nm UV light and terminated with OH bonding groups. The terminated OH groups on the 

contacting surfaces then interact with each other, forming bonding bridges (C–O–Al) at the 

interfaces through a dehydration condensation reaction. Finally, the topmost C atoms are pulled 

away from the diamond surface as a result of breakage of the underlying C–C bonds induced 

by the combination of mechanical activation by relative motion and chemical reaction with the 

release of O2 and H2O molecules. In this way, a smooth diamond surface of 0.17 nm Ra is 

produced by the VUVAP process. The MRR can be calculated by measuring the difference in 

the depth of the wear track on the diamond surface, as shown in Fig. 19e and f. Based on the 

cross-sectional profiles of pristine and polished diamond surfaces, the MRR was calculated at 

33.3 nm/h and 238.1 nm/h after 1.5 h of UVAP and VUVAP, respectively. It is important to note 

that the polishing set-up and conditions (e.g. downforce/contact pressure, speed, polishing plate) 

will greatly affect the results, so it is not possible to compare these absolute values directly with 

the results of other processes described in the literature. Nevertheless, the result that the VUVAP 

rate was found to be 7 times greater than the polishing rate using the same set-up in ambient 

conditions without VUV irradiation shows promise for this new technique. 
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Fig. 19 (a) Image of home-built set-up for UVAP (Copied with permission [109]. Copyright 

2013, Elsevier). (b) Principle of UV rays irradiation polishing (Copied under the terms of the 

Creative Commons license [112]). (c) The surface roughness of various PCD substrates with 

different grain sizes as a function of UVAP duration (Copied with permission [109]. Copyright 

2013, Elsevier). (d) Schematic diagram of removal mechanism in VUVAP. The polishing rate 

was calculated by the difference in the depth of the marker track before and after UVAP (e) and 

VUVAP (f) (Copied with permission [111]. Copyright 2018, Elsevier). 

 

4.2.2 PAP 

Plasma irradiation is an effective method to create chemically reactive species; in the 

polishing of diamond it can be of benefit through the formation of a soft oxidized diamond layer, 

which can be more easily abraded, thus improving the polishing efficiency.[113] A PAP method, 

successfully used to polish GaN and SiC, was extended to the application of diamond polishing 

by Yamamura et al.[114-116] Using laboratory prototype PAP equipment (see Fig. 20a), a very 

smooth diamond surface of 0.13 nm Ra was achieved with a relatively high MRR of 2.1 μm/h. 

The PAP set-up used consisted of plasma generation and mechanical removal components. The 

plasma generating part was composed of an upper electrode and a rotating table made of 

aluminium alloy. As shown in Fig. 20a, the diamond-coated wafer was also rotated and in this 

way there was continuous alternation between the plasma irradiation treatment and the sliding 

material removal process. After chemically modifying the diamond surface by plasma-induced 

OH radicals, a 1 h polishing process improved the surface quality from 54 nm (pristine surface) 

to 0.46 nm (Fig. 20b and c). This could be further improved to 0.13 nm using a sapphire plate 

instead of a quartz plate. Micro-Raman spectroscopy was used to evaluate the 
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surface/subsurface structure of the polished diamond surface. The presence of carbon sp3-

bonding (diamond structure without blueshift at 1332 cm-1) and no sp2-bonding signal 

(graphite-like structure at 1580 cm−1), as shown in Fig. 20d and e, indicates that no structural 

deformation or phase transformation (e.g., graphitization, amorphization) occurred during the 

PAP process and that the polished diamond surface was free of residual stress. 

 

Fig. 20 (a) Schematic image of the experimental setups. A mass flow controller (MFC) was 

used to adjust the flow rate of Ar gas and a dew point meter (DPM) was employed to control 

the humidity. AFM images of SCD surface before (b) and after (c) PAP with a polishing pressure 

of 52.6 kPa and a polishing duration of 1 h. Micro-Raman spectra of C(100) before (d) and after 

(e) PAP. (Copied with permission [114]. Copyright 2018, Elsevier) 

 

In the application of PAP to the polishing of semiconducting materials SiC, GaN, and 

sapphire, surface modification by, respectively, oxidation, fluorination, and O/OH termination 

are considered as possible mechanisms for PAP.[115-117] During the PAP of SiC and GaN, the 

uppermost layer of the hard lattice structure is softened and subsequently removed without 

destroying the subsurface structure. With sapphire, the OH termination or hydration of the 

uppermost surface by plasma treatment is thought to be responsible for the accelerated removal 

rate. The authors,[115-117] suggest that the PAP mechanism for diamond (SCD) is likely to 

coincide with the above description. The authors propose that, firstly, both the SCD and 

polishing plate surfaces are completely hydroxylated/OH-terminated by the plasma irradiation 
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before the surfaces were brought in contact with each other. Subsequently, C–O–X (X refers to 

the Si atom from silicate glass or metal atoms from the polishing plate) bonding bridges are 

formed through dehydration reactions between two OH-terminated surfaces in the contact 

region. Finally, the relative motion between the SCD and polishing plate surfaces, which 

provides direct mechanical energy/shear stress, results in atom-by-atom C removal via the 

bonding bridge at the sliding interface without resulting in any graphitization or amorphization. 

Based on the above proposed removal mechanism, the oxidation reaction on the diamond 

surface induced by the plasma irradiation before the polishing process is likely to be the 

dominating factor in improving the MRR. By adding O2 gas into the plasma irradiation process 

to enhance the hydroxylation reaction in the pre-treatment stage, it has been shown that the 

MRR of PAP for SCD can be improved to 13.3 µm/h.[118] 

In more recent work, Luo et al. used an inductively coupled plasma (ICP) modified silicon 

plate to perform CMP of SCD in atmospheric conditions in the absence of a slurry.[119] The 

authors claim, based on ICP discharge emission spectra and XPS analysis, that the ICP 

generates hydroxyl groups that modify the surface of the silicon plate, which subsequently aids 

attachment of these groups to the diamond surface. The ensuing chemical reaction at the OH-

terminated silicon-diamond interface then leads to the formation of weak C–Si–O bonds that 

are easily removed by mechanical shearing, similar to the mechanism active when using silica 

slurry particles in an oxidising slurry environment. The PAP method has not yet been applied 

successfully in the polishing of PCD surfaces, however, it is reasonable to expect similar results 

as with SCD. 

Although the UVAP and PAP methods can significantly improve the polishing rate of 

diamond surfaces from several hundred nm/h to several μm/h through pre-oxidation treatments, 

these techniques are still in the laboratory research stage and the complexity of the required 

processing facilities currently inhibits widespread application. Moreover, the material removal 

mechanisms are still unclear and the existing computational simulations regarding the 

mechanochemical reactions between the polishing plate or fixed nanoparticles and UV and 

plasma irradiated diamond surfaces are still insufficient. Thus, much research is still needed 

before these techniques can be applied in an industrial setting. At the present time, CMP using 

polishing slurry remains the mainstream technology in ultra-high precision diamond surface 
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processing, especially for the large scale and for ultra-low subsurface damage. 

 

5. Perspective 

A review of the literature on the polishing of diamond using different methods reveals that 

the material removal cannot be explained or predicted on the basis of simple independently-

operating mechanical, chemical, or thermal actions at the polishing interfaces. General features 

of various polishing methods using mechanical and chemical inputs are listed in Table 1. 

Mechanical and thermochemical polishing are also listed for comparison purposes. However, 

it is not possible to make an exact comparison of cost in this review due to the great influence 

of the polishing scale, industrialization, and industry chain situation. Several polishing methods 

are still in the laboratory research stage and have not yet been implemented in an industrial 

environment or scale. 

Mechanochemical reactions, occurring between the uppermost layers of the diamond 

substrates and nanoparticles in the polishing slurry, play pivotal roles, determining the polishing 

rate and the polished surface roughness. The mechanochemical reactions enable a set of 

reactants to undergo a process in which, energetically, the reaction climbs from the initial state 

(C–C) to the final state (C=O or C-O) over at least one intermediate step (via deformed or 

oxidized diamond) with a much lower reaction activation barrier. Although a great many studies 

have been carried out on diamond polishing processes involving chemical and mechanical 

synergies, research is still needed in the following areas: 

5.1 Advanced methods 

Based on the above summary, the material removal mechanism of diamond could be 

simply described as the oxidation- and/or deformation-induced material removal by atomic 

attrition of C atoms. Recently, several advanced methods (section 4) have been proposed that 

focus on how to enhance the oxidation reactions on the diamond surface before or during the 

polishing process. However, the technology is not yet mature: the material removal efficiency 

is still insufficient to meet the growing demand for ultra-precision diamond surfaces, and the 

complexity of the required processing equipment hampers the transfer and scale-up from the 

laboratory to large-scale industrial applications. Moreover, existing computational simulations 
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of UVAP and PAP are still rather poor, requiring further investigation to improve understanding 

of the material removal mechanisms. 

5.2 Advanced polishing slurry 

Many studies are currently focused on changing the composition of the polishing slurry 

(oxidizers, transition metals/high carbon-soluble metal nanoparticles, pH, etc.) to accelerate the 

polishing rate and improve the surface quality. Since diamond is a chemically inert material, 

the development of polishing agents or nanoparticles with higher carbon reactivity is a 

promising way to further improve the diamond surface quality and provide a higher removal 

efficiency.[120] Although numerous studies concerning the effect of the polishing slurry recipe 

on the polishing efficiency and surface quality have been performed, both in a laboratory 

environment and in actual industrial processing environments, the empirical understanding 

gained is still limited. Especially for polycrystalline diamond films with surface heterogeneity 

in grain shape and grain chemistry, it is important to design the polishing slurry composition so 

as to find an appropriate balance between high MRR and surface uniformity. 

Global environmental concerns require the use of "greener" technologies to reduce slurry 

consumption.[121, 122] Other environmental impacts are present in the post-CMP cleaning 

which accompanies the CMP process, and in the removal of the particle and chemical 

contamination caused by the slurry. Thus, corrosion inhibitor -free slurry and abrasive-free 

slurry are currently being developed in order to enable a post-CMP cleaning step with easy 

removal of organic residues on the polished surfaces. The development of next-generation 

slurries remains a challenging issue in terms of the need to accommodate environmental 

requirements and at the same time introduce novel, more efficient and targeted slurry 

compositions that optimize the polishing performance. 

5.3 Multi-scale material removal mechanisms 

Up to now, most studies that have concerned material removal behaviors during the 

polishing of diamond can be divided into two types: fundamental research on atomic removal 

mechanisms using computational simulations (MD and DFT), and empirical polishing 

experiments under multi-asperity contact conditions. However, the gap between the 

experimental results and the simulation work, largely caused by algorithm and computing 

Jo
urn

al 
Pre-

pro
of



 40 

power limitations, still represents a great problem in properly elucidating the material removal 

mechanism for processes involving synergistic chemical and mechanical effects. Unfortunately, 

little experimental knowledge exists regarding the mechanochemical reactions at nano-asperity 

contacts between abrasive particles and crystalline diamond in aqueous solutions. Direct 

experimental evidence for the formation of the “Si-O-C” bonding bridge in interfacial 

mechanochemical reactions is still lacking. Unfortunately, wear debris produced in actual 

polishing conditions is expected to be lost with the polishing slurry, otherwise XPS inspection 

to determine the presence of “Si-O-C” bonds in the debris could be performed. Thus, 

appropriate wear test designs and methods for the collection of wear debris should be 

considered in the future. 

Previous experimental studies have been largely focused on the mechanical properties 

(mechanical wear resistance, hardness, etc.) of carbon-based hard films, mainly diamond like 

carbon films. Such studies have concentrated primarily on the mechanical removal behavior in 

humid air or vacuum conditions for protective coating applications, rather than towards 

diamond polishing applications.[123-125] Exploring single-asperity scratching behavior in 

relation to the multi-asperity contact condition between a diamond substrate and abrasive 

particles in the slurry solution may help to build the connection between the simulation research 

results and actual experimental data.[126, 127] There is also a need for a comprehensive study, 

from AFM-based single-asperity contact to multi-asperities contact, for actual polishing 

equipment.[128, 129] In addition, current simulations focus on SCD. Atomistic simulations of 

the material removal process on PCD and amorphous diamond surfaces, in real 

mechanochemical diamond polishing environments and including the influences of atomic 

structure, grain size, grain boundary, and element doping, are required in order to further the 

understanding of the polishing behaviors of diamond polishing processes.
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Table 1 Overview of polycrystalline diamond polishing techniques. (Mechanical and thermochemical polishing are listed as comparisons) 

Polishing 

method 
Mechanical Chemical mechanical Thermochemical DFP UVAP PAP 

Mechanism 
Phase transformation of the diamond 

in the “soft“ direction, micro-fracture 

Oxidation (mechanochemical 

reactions), abrasion 

Phase transformation, hot 

metal plate polishing, and 

thermo-diffusion etching 

Phase transformation, 

mechanical abrasion, 

chemical reaction, and 

carbon solution induced by 

frictional heating 

UV-assisted oxidation 
Plasma-assisted 

oxidation 

Environments Air 
Liquid (slurry solution), heater (> 

350 ℃) 

Controlled, heater (> 

700 ℃) 
Controlled Air/Vacuum Low pressure (2.3 kPa) 

MRR 

Tens of nm/h (traditional),[41] 

~10 µm/h (rough chipping),[130] 

200 μm/h (with ultrasonic 

vibration)[76] 

16 nm/h (alkaline colloidal silica 

slurry solution),[69] 

0.53, 0.76, 0.96, 1.39 µm/h 

(containing KClO3, KMnO4, 

H2O2 and K2S2O8

 

regents)[45] 

Several μm/h,[131] 

>7 μm/h,[132] 
~9 μm/h[44] 

Tens-hundreds of μm/h 

12 µm/h (titanium 

plate),[133] 

18, 35, 220 µm/h (cast iron, 

stainless steel 304, TiAl, 

FeNiCr alloy plate)[134] 

For SCD: 
0.56 µm/h,[109] 

0.24 µm/h (vacuum)[111] 

For PCD: 

2.0 μm/h; 6–7 μm/h (adding O2 

gas)[109] 

For SCD: 

2.1 μm/h,[114] 

13.3 μm/h (adding O2 

gas)[118] 

Reported 

roughness (Ra) 

664 nm using cutoff length of 0.08 

mm to 0.8 mm (traditional),[44] 
~1 µm (rough chipping),[130] 

~0.5 μm over an area of 0.9 × 0.7 mm 

(with ultrasonic vibration),[76] 

43.6 nm over an area of 20 µm × 20 

µm[135] 

95 nm using cutoff length of 0.08 

mm to 0.8 mm; 4.5 nm over an 

area of 3 µm × 3 µm,[44] 

2.8 nm over an area of 20 µm × 

20 µm,[135] 

1.7 nm over an area of 5 µm × 5 

µm,[69] 
1.8–2.7 nm over an area of 5 µm 

× 5 µm (with redox agents)[68] 

25 nm,[44] 

6.22±0.75 nm over an area 

of 50 µm × 50 µm[132] 

3.6 µm (titanium 

plate),[133] 

0.4 µm (cast iron, stainless 

steel 304, TiAl, FeNiCr 

alloy plate)[134] 

For SCD: 
0.21 nm over an area of 124 μm 

× 94 μm; 0.07 nm over an area of 

1 μm × 1 μm,[109] 
0.13 nm over an area of 72 μm × 

54 μm; 0.05 nm over an area of 1 

μm × 1 μm (vacuum)[111] 
For PCD: 
5.2 nm[109] 

For SCD: 

0.13 nm over an area of 

1 µm × 1 µm,[114] 

0.4 nm over 5 µm × 5 

µm (adding O2 gas) 

[118] 

Subsurface 

damage 
High Low High High Low Low 

Maturity of 

process 
Rough polishing used in industry Most widely used in industry 

Limited application in 

industry 
Laboratory Laboratory Laboratory 

Advantages 
Fewer equipment requirements, low-

cost, and flexibility 

Ultra-smooth surface, ultra-low 

subsurface/surface damage, large 

polishing area, low-cost, and 

mature industrialization. 

High MRR High MRR 
High MRR, ultra-low subsurface/ 

surface damage 

High MRR, ultra-low 

subsurface/surface 

damage 

Disadvantages 

High damage (defects and lattice 

distortion) regarding both the 

diamond and the polishing wheel, 

low MRR, high crystal orientation 

anisotropy (very low polishing rate 

on “hard direction”, such as (100) 

<110> and (111) <121>) 

Environmentally unfriendly, low 

MRR, and requires high 

temperature 

Non-uniformity of the metal 

plate heating, high-cost, 

high subsurface/ surface 

damage, and high 

complexity equipment 

(vacuum and high 

temperature) 

High polishing speed and 

pressure, high subsurface/ 

surface damage, mainly for 

rough polishing 

The complexity of polishing 

facilities, high facilities cost, and 

unclear removal mechanism. 

The complexity of 

polishing facilities, 

high facilities cost, and 

unclear removal 

mechanism. 
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