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a b s t r a c t

Diamond is an imperative material for fabricating functional components used in ultra-hard cutting
tools, infrared optical windows, high-performance heat dissipations, and other fields. However, high
surface roughness caused by competitive crystal growth in diamonds is troublesome. Besides, diamond
polishing is challenging due to extreme hardness and chemical inertness. This work is focused on highly
efficient and damage-free diamond polishing enhanced by atmospheric pressure inductively coupled
plasma (ICP) modified silicon plate. A rapid decrease in the surface roughness from Sa 308 nme0.86 nm
over 300 mm2 in 120 min proclaims ICP enhanced polishing a highly efficient technique. Simultaneously,
an atomically smooth, high-quality diamond surface is obtained with a surface roughness of Ra 0.26 nm
over 20 mm2. The polishing mechanism based on the OH* modification of silicon plate and diamond
surface, dehydration condensation reaction occurring at the interface of OH* terminated surfaces, and
subsequent mechanical shearing of carbon, is proposed. The optical emission spectra of ICP, and XPS of
the polished diamond surface endorse the material removal mechanism. The TEM and Raman analysis of
the ICP enhanced polished surfaces promote the damage-free removal of the mechanically induced
damaged layer. The ICP enhanced polishing with modified silicon plate shows great potential in damage-
free atomic processing and a promising future as a commercial diamond polishing technique.

© 2021 Elsevier Ltd. All rights reserved.
1. Introduction

Diamond is one of the most promising materials of the 21st
century, owing to excellent chemical-mechanical and optical
properties [1e3]. These exceptional properties make diamond an
irreplaceable material in modern industrial applications, such as
ultra-hard cutting tools, infrared optical windows, high-
performance heat dissipations, etc. [4e6]. Furthermore, higher
values of electric field breakdown strength (10 MV/cm), bandgap
(5.5 eV), and thermal conductivity (2000 W/MK) of single crystal
diamond (SCD) are ideal for fabricating high-performance semi-
conductor electronic components [7,8]. Unfortunately, the high
surface roughness of natural and synthetic diamonds is trouble-
some for applications seeking highly smooth diamond surfaces. For
example, high roughness can spoil the Q-factor in Micro-Electro-
Mechanical Systems (MEMS), create dispersion in surface acoustic
wave (SAW) applications, and cause light diffusion in optical ap-
plications [9]. Therefore, an efficient and high-quality diamond
polishing technology is indispensable. However, it is rather chal-
lenging to polish diamonds because of the extreme hardness and
chemical inertness.

The mechanical polishing of diamonds is the most widely used
method that employs a diamond grit metal plate called Scaife.
Initially, the diamond polishing predominantly focused on
improving the Scaife wheel performance for material removal,
which depends on the mechanical abrasion between the diamond
sample pressed against a rotating cast iron wheel [10e12]. Kubota
et al. [13] developed an enhanced diamond grit charging method
for ultra-smooth mechanical polishing of diamonds. Apart from the
typical Scaife method, various techniques have been developed to
improve mechanical polishing performance. Ralchenko et al. [14]
introduced ultrasonic vibration enhanced mechanical polishing,
reducing the surface roughness from Ra 5 mme0.5 mm (70 mm � 52
mm) in 5 min. Tang et al. [15] employed a bulk diamond substrate to
polish diamond films and obtained a material removal rate (MRR)
of 10 mm/h, much higher than the traditional mechanical polishing.
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However, mechanical polishing introduces severe damages to the
polished surfaces, such as scratches, cracks, residual stress, and
defects [12,16]. Additionally, microcleavage caused by the aniso-
tropic material removal in mechanical polishing strongly depends
on the crystal orientation and polishing direction of SCD [17,18].

In recent decades, the combination of mechanical, chemical, and
thermal polishing has been extensively used to enhance material
removal efficiency and improve polished surface quality. The
chemical-mechanical polishing (CMP), also known as thermal
oxidation polishing, utilizes mechanical polishing in conjunction
with chemicals to improve the surface quality and MRR [19e21].
Yuan et al. [19] systematically investigated the polishing perfor-
mance of 10 different CMP slurries. They found that the slurry with
potassium ferrate (K2FeO4) oxidant provides the highest MRR of
0.055 mg/h and lowest surface roughness of Ra 0.187 nm
(10 mm � 10 mm). Thomas et al. [21] employed CMP to flatten the
nanocrystalline diamond (NCD) films. The surface roughness
decreased from Ra 18.3 nme1.7 nm over 25 mm2 after 4 h of pol-
ishing at an MRR of 16 nm/h. It was established that wet oxidation
of the surface, attachment of silica particles, and subsequent
removal of carbon atoms were responsible for the material
removal. Lu et al. [22] experimentally investigated the SCD pol-
ishing performance of the sol-gel polishing tool after the CMP.
Results show that nanoscale subsurface damages, including
amorphization, dislocation, and lattice distortion, can be observed
in the soft direction. Dynamic friction polishing (DFP) [23e26] of
diamonds utilizes the heat produced by friction to convert diamond
carbon into non-diamond carbon. Subsequently, the non-diamond
carbon is removed either mechanically by the rotating metal plate
or oxidized to form CO or CO2 and evaporated. These methods
combine mechanical and chemical effects to obtain high material
removal efficiency and ultra-fine diamond polishing. However,
there are several challenges faced by mechanical, chemical, or a
combination of chemical-mechanical polishing of diamonds. Due to
the abrasive abrasion, the surface damages cannot be avoided [22].
The pollutants induced by the chemicals during CMP result in non-
diamond contamination on the polished diamond surface [9,21].
Although the CMP employing soft silica abrasives can obtain an
ultra-smooth diamond surface, the corresponding MRR is far from
satisfactory. High polishing load and fast sliding speed in DFP
induce cracks and damages the diamond surface [27,28]. Besides,
due to melting at high temperatures, the metal plate adheres a
metallic layer to the polished diamond surface, which is very
difficult to remove [29].

State of the art OH radicals (OH*) assisted diamond polishing
has attracted increasing attention in recent years. Kubota et al.
[30,31] introduced abrasive free SCD polishing, employing a
rotating iron plate immersed in hydrogen peroxide (H2O2). Ac-
cording to the results, the surface roughness was improved from Ra
1.87 nme0.13 nm (72 mm � 72 mm) after 10 h of polishing. Wata-
nabe et al. [32] utilized ultraviolet irradiation induced photo-
chemical reactions to produce OH* for the ultraprecision diamond
polishing. The obtained MRR was about 0.5 mm/h, much higher
than polishing without UV irradiation. Similarly, Kubota et al. [33]
proposed vacuum-ultraviolet (VUV) irradiation assisted SCD pla-
narization and found that the MRR of VUV assisted polishing is
about 7 times that of conventional polishing. Yamamura et al.
[34,35] developed plasma-assisted polishing (PAP) of diamonds
and obtained a damage-free surface with a surface roughness of Ra
0.46 nm (5 mm � 5 mm). The MRR of PAP was improved from
2.17 mm/h to 13.3 mm/h by adding oxygen (O2) in the plasma feed
gas. The atomic-scale smoothening and damage-free finishing of
diamonds based on the chemical reaction between OH* and the
diamond surface is a major advantage of modern techniques over
conventional methods that utilize abrasives. However, commercial
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applications of current techniques require improved polishing ef-
ficiency. Although the PAP is a promising technique with MRR up to
2.17 mm/h, the complexmachining facilities and vacuum processing
conditions are challenging for industrial application.

In this paper, atmospheric pressure inductively coupled plasma
(ICP) enhanced PAP of SCD is proposed based on the ICP generated
OH* modified monocrystalline silicon polishing plate, hereafter
written as ICP enhanced PAP. The ICP enhanced PAP improves
machining efficiency and polished surface quality. It is important to
mention that no abrasives are used for polishing, and the chemical
reactions between the modified monocrystalline silicon plate and
diamond surface are responsible for material removal from the
diamond surface. The material removal mechanism is supported by
the optical emission spectroscopy (OES) of the ICP jet, and the X-ray
photoelectron spectroscopy (XPS) of the polished diamond surface.
The polishing efficiency is determined by the rapidly decreasing
surface roughness from Sa 308 nme0.86 nm within 120 min. The
damage-free ICP enhanced PAP of diamonds is proven by the
Raman spectroscopy and high magnification transmission electron
microscopy (TEM).

2. Experimental details

2.1. Principle and experimental setup of ICP enhanced diamond
polishing

The principle of ICP enhanced PAP of SCD is shown in Fig. 1. The
ICP jet and the diamond sample are both aligned vertically on the
same concentric circle at the polishing disc to ensure that the
diamond surface is in contact with the modified plate region, as
shown in Fig. 1a. A holder fixes the diamond sample, and a load
adjusting system controls the vertically applied force. The material
removal is realized when the diamond surface is pressed against
the ICP modified silicon plate rotating about its axis. ICP plasma
generates abundance of OH* that adhere and activate the silicon
plate, as shown in Fig.1b. These OH* are transferred to the diamond
surface once it is engaged with the modified silicon surface. Be-
sides, the high-temperature ICP rapidly increases the polishing
interface temperature to hundreds of degrees, providing sufficient
activation energy for chemical bond recombination. When dia-
mond and silicon surfaces contact each other at sufficiently high
temperatures, OH* undergo dehydration condensation reaction at
the polishing interface, and form new chemical bonds, such as CeC,
CeO, SieO, SieSi, and CeOeSi. Among them, the CeC bond has the
lowest binding energy [21]. The CeC bonds break due to frictional
shear between the two surfaces, and the carbon atoms are
removed. The protrusions on the diamond surface are more likely
to capture OH* and undergo preferential chemical reaction than the
substrate. Simultaneously, the carbon atom bonding at protrusions
become weak and easily removed either chemically or mechani-
cally. This is how a rough diamond surface is polished by ICP
enhanced PAP.

The ICP enhanced PAP experimental setup consists of three-axis
numerical control (NC) platform, rotation table, plasma generator,
and workpiece motion controller, as shown in Fig. 1c. The rotation
of the workpiece shaft holding the diamond substrate is controlled
by a small motor, while the NC platform monitors the position of
the diamond substrate. The polishing load is adjusted by the
counterweight installed on the workpiece motion platform.

2.2. Materials and characterization

The polishing plate should have good thermal conductivity for
the ultra-high temperature of generated ICP plasma. According to
Ref. [34], the hardness of the polishing plate is significant to obtain



Fig. 1. Experimental setup of ICP enhanced PAP of diamonds: (a) polishing principle, (b) material removal mechanism, and (c) experimental apparatus. (A colour version of this
figure can be viewed online.)
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a damage-free diamond surface. Silicon is one of the best thermal
conductors and the second hardest among the SiO2, Al2O3, and
silicon. Therefore, silicon is chosen as the polishing plate material
because of the excellent balance between thermal conductivity and
hardness. A CMP processed monocrystalline silicon wafer with a
diameter of f100 ± 0.3 mm and thickness of 3 ± 0.025 mm, taken
from Single Side Polish Wafers Co., Ltd. (China), was used as a
polishing plate. The <100> SCDs having 4� 4� 2mm3 dimensions,
purchased from Ningbo Crysdirm Industrial Technology Co., Ltd.
(China), were used in experiments. Before ICP enhanced PAP, rough
diamond surfaces were prepared by ICP etching. In etching exper-
iments, CF4 was used as a plasma feed gas, and the surface
roughness of SCD after etching was increased to hundreds of
nanometers. The mechanically polished diamonds were used in the
subsurface damage experiments. During polishing, argon (Ar) gas
was used as ICP plasma feed, while H2O2 was mixed in the feed gas
to improve OH* number density in the discharge.

The weight of the diamond samples before and after polishing
was measured by an electronic balance (Mettler Toledo XSR105,
Switzerland) with a resolution of 0.01 mg. The MRR can be
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calculated by the following equation:

MRR¼103 � Dm
rSt

(1)

where Dm (mg) is the mass loss during polishing, r (3.45 g/cm3) is
the density, S (16 mm2) is the surface contact area, t (min) is the
processing time, andMRR (mm/h) is the corresponding removal rate
of SCD.

The polishing plate temperature was determined by an infrared
thermal camera (FLIR T660, USA), with the emissivity calibration
performed by the contact thermometer method. At first, the
infrared camera was employed to record the entire polishing pro-
cess. Then, the FLIR tools software was used to analyze and acquire
the detailed temperature of the polishing plate. The surface
roughness was measured by white light interferometer (Taylor
Hobson CCI HD, UK) and atomic force microscope (AFM, Bruker
Dimension edge, USA). The average surface roughness was
measured from three random points on the same surface. The OES
was recorded by a modular spectrometer (Ocean Optics Products
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Co., Ltd. USA). The XPS was recorded by PHI 5000 VersaProbe III
spectrometer using a monochromatic Al Ka X-ray source, with X-
ray generated at 100 mm, 25 W, 15 kV. During data acquisition,
broad and narrow survey scans of pertinent peaks were obtained at
pass energies of 280 eV and 69 eV, respectively. The sectional TEM
samples were prepared by a focused ion beam (FEI Helios Nanolab
600i, USA). The prepared samples were observed on a transmission
electron microscope (JEM-3200FS, Japan), operated at 300 kV.
Raman spectra were acquired by a laser confocal Raman spec-
trometer (Horiba LabRAM HR Evolution, France) with a 785 nm
laser source. The diamond surfaces were ultrasonically cleaned
with absolute ethanol and deionized water before XPS measure-
ments and FIB sample preparation.

2.3. Design of experiments

The material removal during polishing strongly depends on the
OH* concentration in the discharge. The OH* concentration in the
discharge depends on the reactive gas flow rate and ICP power
input. In the first set of experiments, reactive gas flow rate and ICP
power input were optimized to achieve a maximum possible con-
centration of OH*. The reactive gas flow rate varied from 2 to 6 sccm
at an increment of 1 sccm. The ICP power input was swept from 300
to 700 W with 100 W increment. Simultaneously, the maximum
OH* concentration in the discharge was identified by comparing
the OES.

In the second set of experiments, the effect of OH* concentration
on MRR was investigated. The OH* concentration was adjusted by
increasing Ar gas flow rate from 2 to 5 sccmwhile keeping the rest
of the experimental parameters constant, such as a polishing load
of 1.2 ± 0.1 N, polishing plate rotation speed 300 rpm, workpiece
speed 0 rpm, ICP power input 500 W, and polishing time 1 h.
Similarly, the effect of OH* concentration was also investigated by
performing a control group under the same experimental condi-
tions, except the reactive feed gas passing through H2O2.

In the third set of experiments, a highly rough diamond was
polished by ICP enhanced PAP at a load of 1 ± 0.1 N, polishing plate
rotation speed 300 rpm, workpiece rotation speed 30 rpm, and ICP
power 500 W. The surface roughness during polishing was recor-
ded every 20 min until the roughness did not improve further. The
damage-free nature of ICP enhanced PAP was investigated by
characterizing as-received and polished diamonds by Raman and
TEM. The experimental conditions were set the same as the pol-
ishing performance experiments with 1 h of polishing time.

3. Results and discussions

3.1. Material removal mechanism

Although OH* play a leading role in material removal during
diamond polishing [21], the lack of evidence makes it hard to
believe the hypothesis. Besides, OES can identify OH* in the ICP, but
it is hard to determine its discharge concentration. Therefore, the
OH* concentration is determined from the intensity ratio (IOH*/IAr)
variation under different conditions [36].

The OES of ICP operated at 500 W power input and the Ar flow
rate of 3 sccm with/without H2O2 vapor is shown in Fig. 2a. The
species observed in the ICP spectra are in excellent agreement with
previous studies [36,37]. Ar emission lines mainly dominate the
optical emission between 400 nm and 820 nm. However, the
hydrogen emission lines at 434 nm, 656 nm, and 486 nm were
observed when the reactive Ar gas was mixed with the H2O2. The
electron-impact excitation (e� þ H2O OH*þH*þ e�) is responsible
for OH* band emission at 306e312 nm, as shown in the inset of
Fig. 2a [38]. Similarly, the OH* can also be obtained from the H2O2
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vapor mixed with the feed gas. The electron impact dissociation of
oxygenmolecules (O2) from the air and H2O2 results in the atomic O
emission at 777 nm and 844 nm.

The effect of reactive gas flow rate and ICP power input on OH*
concentration is shown in Fig. 2b. The OH* concentration increases
with the flow rate and keeps decreasing with the rising ICP power
input unless the flow rate effect becomes insignificant at 700 W.
According to the feed gas system, Ar is mixed with the H2O2 vapor
in an enclosed vessel and then supplied to the ICP. Therefore, a
higher flow rate increases electron-impact collisions with the H2O2
vapor and produces higher OH* concentration. The situation be-
comes complicated when the discharge temperature rises rapidly
with the ICP power input. Accordingly, the flow rate of cooling Ar
gas is increased during processing, which mixes cooling gas in the
discharge and increases Ar concentration. However, the OH* con-
centration only depend on the reactive gas flow rate. So, the ratio
IOH*/IAr decreases with the increasing ICP power input. The pol-
ishing plate temperature increases with increasing ICP power
input, as shown in Fig. 2c, which is due to the electron-impact
energy transfer to the feed gas species. The polishing plate tem-
perature recorded at 500Wpower input is 262.3 C�, appropriate for
activating the chemical bonds and promoting the chemical reaction
between the modified silicon plate and diamond surface.

There is a paradox in selecting the ICP power input. The higher
input power would increase the polishing plate temperature and
accelerate the polishing process. Besides, it is the OH* radical that
plays a key role in material removal during the PAP process.
Therefore, making OH* species concentration as high as possible is
necessary for high removal efficiency. As evident from Fig. 2b, the
highest OH* concentration is produced at 400Wand is appropriate
for the polishing process. In practice, the ICP discharge appears
filamentary at low power input and high gas flow rate, resulting in
frequent failure. However, the ICP discharge becomes stable when
the power input exceeds 500 W and the gas flow rate is less than 5
sccm. Therefore, ICP is operated at 500 W power input and 5 sccm
gas flow rate in subsequent experiments.

Fig. 2d shows the effect of reactive gas flow rate on MRR. The
MRR increases from 0.79 mm/h to 1.5 mm/h with the H2O2 vapor
mixed Ar gas flow rate increasing from 2 sccm to 5 sccm. An
insignificant change in the MRR is observed with the increasing
reactive Ar flow rate without H2O2 vapor mixing. However, the
MRR is almost 0 when without ICP. This is because there is no
chemical reaction involved in material removal during polishing
process without ICP plasma modification. And the abrasive-free
and small polishing pressure lead to the absence of mechanical
shear effect during polishing. As discussed, the OH* concentration
and the chemical reaction at the polishing plate and diamond
surface interface increase when the H2O2 vapor mixed reactive gas
flow rate increases. Therefore, the corresponding MRR also
increases.

XPS has been widely used to analyze the chemical bond evo-
lution during diamond polishing [9,21]. Similarly, chemical bond
evolution at the diamond surface during ICP enhanced PAP is
analyzed by XPS, as shown in Fig. 3. The characters of O1s
(z532 eV), C1s (z285 eV), and Si2p (z102 eV) are observed in the
spectra of the polished diamond surface, and the major photo-
electron and Auger peaks are marked by blue arrows, as shown in
Fig. 3a. The polishing introduced non-diamond contamination (e.g.,
Si) on the polished surfaces. However, this level of contamination is
acceptable in previously discussed applications. The traditional
CMP also introduces such contaminants, but it does not hinder its
application inMEMS. Besides, these pollutants are easily cleaned by
hydrofluoric acid or plasma exposure.

The C1s peak is appropriate for revealing the evolution of dia-
mond surface chemistry. The deconvolution of C1s peak into four



Fig. 2. Properties of the polishing tool: (a) emission spectra of ICP, (b) effect of reactive gas flow rate and ICP power input on the OH* concentration, (c) dependence of polishing
plate temperature on the ICP power input, and (d) the effect of reactive gas flow rate on MRR. (A colour version of this figure can be viewed online.)
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peaks with binding energies (BE) 284.5 eV, 285.0 eV, and 285.8 eV
present different chemical environments, as shown in Fig. 3b. The
dominant peaks at 284.5 eV and 285.0 eV correspond to non-
diamond (sp2) and diamond (sp3) carbon, respectively [39,40]. An
additional peak at 285.8 eV belonging to CeOeSi [41,42]. The
chemical reaction between OH terminated silicon plate and dia-
mond surface forms CeOeSi bonds. The carboxyl peak (CeOH,
288.5 eV) is detected at the highest BE [43]. The ICP generated OH*
binds with the breaking chemical bonds and form OH terminated
surface that is why a carboxyl peak is observed on the diamond
surface. As discussed, two different CeC bondings, i.e., the domi-
nant phase (sp3) and the auxiliary phase (sp2), are observed on the
polished diamond surface. As a first thought, the machining related
damages might form the auxiliary phase sp2. However, breaking
the sp3 structure at a very low polishing load and disordering it
without abrasives is impossible. Besides, the TEM images (Fig. 6f)
indicate no damage to the surface after polishing. Therefore, it is
reasonable to assume that the sp2 phase is formed due to improper
chemical vapor deposition (CVD) conditions during diamond
growth.

The detailed O1s spectra fitted with multiple peaks with BE
531.0 eV, 532.2 eV, and 533.3 eV can be seen in Fig. 3c. Major peaks
at 532.2 eV and 533.3 eV belong to CeOeSi and carboxyl (CeOH)
bonds, respectively. The BE peak at 531.0 eV potentially refers to
SieO bonding [44,45]. The detailed Si2p spectra with three major
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peaks at BE of 99.9 eV, 102.3 eV, and 103.7 eV are shown in Fig. 3d.
According to the literature, the highest and lowest BE belong to
SieO (103.7 eV) and SieSi (99.9 eV) bonds [46]. The remaining peak
at 102.3 eV is SieOeC, which is consistent with the detailed spectra
in C1s and O1s [41]. The SieSi and SieO peaks belong to the debris
stripped from the silicon plate. The emission spectra in Fig. 2a
describe the presence of atomic oxygen in the ICP, therefore the
silicon surface can be oxidized due to ICP exposure. Besides, dia-
mond is harder than silicon, and the diamond protrusions act as
grits and strip off the modified silicon plate when two surfaces are
engaged. Consequently, the debris adhere to the diamond, and
SieSi and SieO bonds can be detected on the polished diamond
surface.

Up to now, it has been well established that the desired OH*
concentration in the ICP chemistry can be obtained by manipu-
lating the flow rate of H2O2 mixed Ar gas and the power input.
Besides, OH* actively participate in the material removal from the
polished diamond surface. The CeOH bonds on the diamond sur-
face confirm the OH* attachment to the silicon plate and subse-
quent transfer to the diamond surface. It is strong evidence of the
OH* termination of silicon plate and the diamond surface, which
provide the interface for further chemical reactions. Finally, the
CeOeSi bonds prove the allowance of the proposed material
removal mechanism in ICP enhanced PAP.



Fig. 3. XPS of the polished diamond surface: (a) main photoelectron and Auger signals, and deconvolution of (b) C1s, (c) O1s, and (d) Si2p. (A colour version of this figure can be
viewed online.)
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3.2. Polishing efficiency

The ICP enhanced PAP efficiency was evaluated by polishing a
rough diamond surface, as shown in Fig. 4. The Sa roughness rapidly
reduced from hundreds to tens of nanometers in the first 20 min of
ICP enhanced PAP of the diamond surface and became stable at
0.86 nm after 120 min of polishing, as seen from Fig. 4a. Fig. 4bee
shows the micro-topographies at different polishing times. The
initial surface is very rough due to micron-scaled peaks and valleys
introduced by ICP etching. After 40 min of polishing, the rough
Fig. 4. (a) Surface roughness changes with polishing time, the 2 d micro-topography image
colour version of this figure can be viewed online.)
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peaks are removed, and the Sa roughness is reduced to 30.5 nm.
However, some deep valleys and mechanically induced scratches
are visible on the polished surface. After 80 min of polishing, all the
structures either caused by mechanical polishing (subsurface
damages) or ICP etching (etched holes) are removed, and the Sa
roughness is reduced to 1.12 nm. Finally, an ultra-smooth polished
diamond surface with an atomic scale Sa roughness of 0.86 nm is
obtained after 120 min of ICP enhanced PAP.

As discussed, the Sa roughness drops very quickly at the early
stage (0e40 min) and then becomes adequately slow at the later
s with different polishing times: (b) 0 min, (c) 40 min, (d) 80 min, and (e) 120 min. (A
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stage (40e120 min) of ICP enhanced PAP. A rapid decrease in Sa
roughness at the early stage is attributed to the preferential
removal of protrusions. The OH* from the modified polishing plate
preferentially attach to the protrusions and initiate chemical re-
actions, resulting in the fast removal of peaks from the diamond
surface. It is consistent with the proposed material removal
mechanism. Furthermore, the actual contact area at the polishing
interface gradually increases with the removing protrusions, lead-
ing to a decrease in contact pressure under the same polishing load.
As a result, the mechanical shear between the diamond and the
polishing plate decreases, and so does the material removal effi-
ciency. Therefore, the surface roughness rapidly decreases at the
early stage and becomes adequately slow at the later stage of ICP
enhanced PAP. In general, the polishing efficiency of ICP enhanced
PAP is better than previous studies reporting several nanometers to
sub-nanometer improvement in the surface roughness after hours
of polishing [21,31,32,34]. Particularly, the average polishing stress
used in this study is about ~62.5 kPa, which is similar to 52.6 kPa
employed the in traditional PAP process [34]. Not to mention the
DFP [26], the best obtained Sa roughness is tens of nanometers
despite higher processing efficiency.
3.3. Survey on the polishing damages

Amechanically polished diamond surface is used to evaluate the
polishing damage of ICP enhanced PAP. The AFM images of the
diamond surface before and after polishing are shown in Fig. 5. The
mechanically polished surface contains severe scratches mainly
caused by abrasive plowing, as shown in Fig. 5a. Besides, after
60 min of ICP enhanced PAP, a damage-free surface with roughness
reduced from Ra 1.35 nme0.26 nm is obtained, as shown in Fig. 5b.
According to the A-A section profile shown in Fig. 5b, the abrasive
induced scratches are nearly 4 nm in height and depth, as seen from
Fig. 5. The AFM images of the diamond surface before and after polishing: (a) initial mechan
(d) BeB, (e) section profile at different angles from coordinate shown in Fig. 5(b). (A colou
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Fig. 5c. The ICP enhanced PAP flattened these mechanically induced
scratches below 1 nm, as described by the section profile in Fig. 5d.
Thus ICP enhanced PAP fabricated a damage-free diamond surface
without using any abrasives, which is its primary benefit over
conventional diamond polishing methods. Whereas the material
removal in ICP enhanced PAP mainly depends on the chemical re-
action between the diamond surface and the modified polishing
plate. Therefore minimal polishing load is applied to generate the
necessary mechanical shear at the polishing interface to wipe the
chemical bonding. Ultimately, no irregularity or damage is induced
on the diamond surface. It should be note that the material removal
anisotropy reported in Ref. [16] has not been found in our experi-
ments. As shown in Fig. 5e, the section heights obtained from
different directions are scaled in ± 2 nm and show little direction
dependence. As discussed before, it is the chemical reaction not the
mechanical abrasion caused the material removal so that the ma-
terial removal anisotropy can be avoided.

Fig. 6 shows the cross-sectional TEM images of the diamond
surface before and after polishing, further verifying the damage-
free nature of ICP enhanced PAP. For a better comparison, the
cross-sectional TEM images of the ICP enhanced PAP and me-
chanically polished diamond surfaces are acquired in the same
<110> crystal orientation, as shown in Fig. 6a and d, respectively.
The mechanically polished surface has a prominent amorphous
layer at the interface between the protective Pt film and the dia-
mond surface, which is induced by the abrasive plowing. The
amorphous layer is nearly 3.9 nm thick, as evident from the high-
resolution TEM image in Fig. 6c. Many dislocations are observed
at the interface between the amorphous layer and the diamond
surface, as caused by the abrasive induced distortion of the dia-
mond lattice. Unlike mechanical polishing, ICP enhanced PAP of the
diamond surface is free of subsurface damages and irregularities.
The amorphous layer free interface shown in Fig. 6f is convincing
ically polished surface, (b) ICP enhanced polished surface, section profile of (c) A-A, and
r version of this figure can be viewed online.)



Fig. 6. Subsurface investigation by high-resolution TEM: (aec) TEM images of the mechanically polished diamond surface obtained at different resolutions: (a) selected area
electron diffraction pattern, (b) low, and (c) high magnifications; (def) TEM images of ICP enhanced PAP diamond surface obtained at different resolutions: (d) selected area electron
diffraction pattern, (e) low, and (f) high magnifications. (A colour version of this figure can be viewed online.)
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evidence of the damage-free ICP enhanced PAP of the diamond. The
diamond surface remains nearly a perfect lattice with an orderly
arrangement of carbon atoms. No apparent dislocations are
observed in the atomic layer close to the Pt-diamond interface,
indicating individual carbon atom removal rather than the bulk.
Therefore, the damage-free processing of diamonds is accom-
plished owing to the atomic removal mechanism of ICP enhanced
PAP.

Raman spectroscopy is another powerful technique to charac-
terize damages and defects in carbon-relatedmaterials, particularly
Fig. 7. Raman spectrums before and after ICP enhanced PAP of the diamond. (A colour
version of this figure can be viewed online.)
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diamonds, due to its excellent sensitivity [47]. Fig. 7 shows the
Raman spectra of the ICP enhanced PAP and mechanically polished
diamond surfaces. The phonon peaks are located at 1332.4 cm�1

and 1425.5 cm�1. The sharp phonon peak at 1332.4 cm�1 represents
the diamond carbon spectrum [34]. A weak and broad intensity
peak at 1425.5 cm�1 is attributed to non-diamond carbon induced
by the mechanical shear [48]. According to Ferrari et al. [49], the
upper limit of the diamond band spectra is below 1350 cm�1.
Theoretically, the sp3 bonding can only provide modes up to
1350 cm�1. Typically, the observed Raman spectra of the diamond
are located around 1332.4 cm�1 because ideal sp3 crystallization is
not possible. The intensity peak of pure sp2 (G band) corresponding
to graphite is located at 1580 cm�1. So, the amorphous carbon (a-C)
band spectra are located between 1332.4 cm�1 and 1580 cm�1,
including different carbon bondings, such as sp3, sp2, and even sp1

phases in a-C. The abrasive action on the diamond surface distorts
the sp3 lattice structure and generates a combination of disordered
sp3 and sp2 on the mechanically polished surface. Therefore, it is
concluded that a peak at 1425.5 cm�1 represents the mechanical
polishing related defects.

Peak intensity at 1425.5 cm�1 became insignificant after ICP
enhanced PAP of the mechanically polished diamond. It is believed
that the mechanically induced amorphous layer is removed by the
ICP enhanced PAP without producing new damages, which agrees
well with the AFM and TEM results. The insignificant peak intensity
at 1425.5 cm�1 after ICP enhanced PAP does not belong to the
processing induced damages. Instead, it is caused by the crystal
lattice amorphization during diamond growth. The detection of sp2

phase in XPS results (Fig. 3b), and the absence of dislocations in
high-resolution TEM images (Fig. 5f) also advocate the same
conclusion.
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4. Conclusions

An abrasive-free diamond polishing technique enhanced by the
atmospheric ICP modified monocrystalline silicon plate is devel-
oped in this work. The following conclusions are derived from the
experimental results:

1. According to the proposed polishing mechanism of ICP
enhanced PAP, the ICP generated OH* modifies the silicon plate,
which in turn facilitates the OH* attachment to the diamond
surface. Afterward, a chemical reaction at the interface of two
OH terminated surfaces generates weak CeSieO bonds that are
easily removed due to the mechanical shear of the polishing
plate. The proposed material removal mechanism is extensively
supported by the ICP discharge emission spectra containing OH*
and the XPS results that confirm the OH* attachment to the
diamond surface.

2. The ICP enhanced PAP is a highly efficient diamond polishing
technique demonstrated by the rapid decrease in the Sa
roughness from 308 nm to 0.86 nm within 120 min polishing.
Atomically smooth diamond surface with Ra roughness of
0.26 nm over 25 mm2 was achieved by the ICP enhanced PAP.

3. The diamond surface after ICP enhanced PAP shows a perfect
lattice structure without any dislocations under high-resolution
TEM. The Raman spectra indicate that the damage layer induced
by mechanical polishing is removed by the ICP enhanced PAP.

In summary, the ICP enhanced PAP is a potential diamond pol-
ishing technique that can provide high material removal efficiency
and atomically smooth damage-free diamond surfaces
simultaneously.
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