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ABSTRACT

Low defect smooth substrates are essential to achieve high quality diamond epitaxial growth and high performance devices. The optimization
of the Ar/O2/CF4 reactive ion etching (RIE) plasma treatment for diamond substrate smoothing and its effectiveness to remove subsurface
polishing damage are characterized. An O2/CF4 RIE process and the effect of different process parameters (inductively coupled plasma, platen
power, and pressure) were initially examined. This process, however, still produced a detrimental effect to surface roughness, with etch pits
across the surface of the sample. The addition of argon to the process achieved near-zero surface pit density and reduced roughness by
20%–44% after 6 and 10 μm etching. Iterative high-resolution X-ray diffraction measurements provided a nondestructive tool to examine the
effectiveness of polishing damage removal and in this case reduced after removal of 6 μm of material from the surface of the diamond substrate
with the smoothing treatment.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5094751

I. INTRODUCTION

Diamond is a material with exceptional properties, showing
promise for a diverse range of technical applications, such as power
electronics, quantum technologies, and biotechnology.1–5 High
quality epitaxial diamond growth is reliant on low defect smooth
substrates; this is crucial to successfully produce high performing
diamond devices.

Two categories of defects can pose a challenge to achieving
high quality epitaxy: bulk defects inherent to the substrate material
and polishing-induced damage. The latter is introduced during the
polishing and smoothing of diamond substrates in the form of pits
and dislocations. The polishing process, most commonly scaife
polishing, relies on a mechanical friction-based process to remove
materials from the surface.6 Dislocations introduced by this process
are able to propagate during epitaxial growth into the newly
formed material and are extremely detrimental to device perfor-
mance as they degrade carrier transport and lifetimes.7,8 Novel
low-damage polishing methods are being developed but are not
currently widely used.9,10

Polishing damage is thought to extend under the processed
surface of the diamond substrate into the near-surface/bulk region.
A few estimates or precise assessments are reported to date and
those that range from hundreds of nanometers up to 10 μm of
polishing-induced damage in the material.7,11–13 Surface plasma
treatments before epitaxial growth have, therefore, been suggested
as a method of removing this damaged region to improve the
quality of the substrate and minimize defect propagation during
epitaxial growth. Such an optimal treatment must fulfill a number
of requirements: efficient material removal rate, polishing damage
reduction (rather than simply replacing it with further damage),
and surface roughness maintenance or ideally reduction.

Among the range of techniques available to remove materials
from a surface, reactive ion etching (RIE), or better, inductively
coupled plasma (ICP) RIE, are suggested as the most suitable
methods available. The use of ICP RIE enables the ion densities in
the plasma to be decoupled from the applied RF plasma power,
adding a useful extra experimental parameter for process optimiza-
tion and is the form of RIE used in this work. A wide range of RIE
gas mixtures has been reported in the literature with varying
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success with regard to the achieved surface quality.7,14–17 Only a
few, using Ar/O2, Ar/Cl2, or CF4/O2, reported a reduction in
surface roughness.18–21 Ar/Cl2 offered the largest smoothing effect;
however, the etch rate was slower than that for CF4/O2, and the
measurements were achieved on samples with very low starting
roughness. As such, in the work reported here, the plasma process
from Ando et al. was taken as the most promising starting point
for the purpose of further process development.18

Initially, a CF4/O2 plasma was optimized to impart minimal
etch pit density and roughness change to the surfaces of (100)
single crystal diamond substrates. Argon was added to the process
gases to address the remaining surface roughening issues and
achieve a surface smoothing effect. The removal of subsurface pol-
ishing damage was then probed with the aid of the high resolution
X-ray diffraction (HRXRD) characterization method. Previously,
the effectiveness of polishing damage removal on diamond was
characterized through epilayer growth and device fabrication.13,21,22

HRXRD was performed here after repeated etching steps had
removed materials from the surface. This technique has been reported
in the literature to study polishing damage in silicon carbide23 and
was applied here to determine the effectiveness of the RIE process
and estimate the extent of the polishing damage (as a function of
depth). This approach offers a nondestructive qualitative assessment
of polishing damage depth on diamond substrates. The substrates
can be iteratively processed to reveal a complete picture of the depth
of the damage present in a given sample set, relative to initial quality.
This also enabled the precise evaluation of the effectiveness of
Ar/O2/CF4 plasma for diamond substrate preparation.

II. EXPERIMENTAL

The effects of different plasma parameters were probed to deter-
mine an optimal ICP RIE treatment for diamond surface smoothing.
All substrates were synthetic 4� 4 mm2 (100) Sumitomo type Ib
substrates characterized with atomic force microscopy (AFM-Bruker
Dimension ICON) prior to and after processing. The samples were
mechanically polished by the manufacturer, with characteristic lines
and striations of scaife polishing observed in AFM scans. Roughness
measurements presented throughout this work are a mean of the
roughness measured across five 20� 20 μm2 scans and its standard
deviation to provide a representative value and range for the sample.

The effect of ICP power and platen power was initially exam-
ined by treating each sample with ICP power set to 200, 300, and
400W and 100W or 200W of platen power. Other process param-
eters were fixed, at 26 sccm O2 and 4 sccm CF4 at 10 mTorr for
15 min. The four least roughened samples were then processed
with the same gas parameters and fixed ICP power at 400W,
platen power at 100W while the pressure was varied from 5 mTorr
to 10, 15, and 20 mTorr, respectively, for 15 min.

Treatment OC (Table I) was determined following the exami-
nation of ICP RIE O2/CF4 parameter effects on the surface of the
processed substrates. Repeatability was tested by processing a new
substrate to remove 5 μm from the surface and its effects were
examined with AFM and scanning electron microscopy (SEM).

Treatment AOC (Table I) included the addition of argon into
the gas mix. A new substrate was processed to remove 3.2 μm from
the surface and examined with AFM and SEM. Repeatability of the
effects of Ar/O2/CF4 was tested across seven samples.

The etch rate of the different treatments was determined as
the slope of measured etch depth against etch time. A 300 μm thick
polycrystalline diamond shadow mask was used to block etching in
certain regions during ICP RIE processing, and etch depth was mea-
sured with a Dektak Stylus Profilometer. The etch depths achieved
on samples were extrapolated from the linear etch rate. All plasma
treatments were done in an STS multiplex pro-inductively coupled
deep reactive ion etcher with samples mounted on a ceramic wafer
and back-cooled to 20 �C.

The effect of treatment AOC on crystal quality and polishing
damage was examined with high resolution X-ray diffraction
(PANALYTICAL X’pert Pro Materials Research Diffractometer).
X-ray and AFM measurements were performed on a given substrate
(GD07-5D) after 0.5 μm, 1 μm, 2 μm, 4 μm, 6 μm, and 8 μm
Ar/O2/CF4 ICP RIE.

III. RESULTS

A. O2/CF4 and Ar/O2/CF4 ICP RIE optimization

The mean roughness of the as-received polished samples used
here for plasma optimization ranged between 1.32 and 2.62 nm.
Their roughness was subsequently measured after the O2/CF4 treat-
ment with a range of ICP and platen power settings (Figs. 1 and 2).
It is apparent that ICP power had a minimal effect on surface
roughness; measured roughness was within the standard deviation
of the as-received roughness values (Fig. 1). In contrast, doubling
the platen power from 100W to 200W increased the surface
roughness by 50%–100% (Fig. 2). This roughness increase likely
corresponded to the formation of pits across the surface, with a
higher pit density and depth observed in samples processed at 200
W platen power compared to 100W, as illustrated in AFM images
typical for regions across both surfaces in Fig. 3.

Surface roughness was also observed to increase with increas-
ing process pressure (Fig. 4). The sample processed at 5 mTorr was
the only sample whose roughness remained within the standard
deviation of average roughness measured prior to etching. Again,
roughening of the surface correlated with the formation of etch pits
across the surface, appearing to align along the striation marks left
by the original polishing process (Fig. 5).

TABLE I. Process parameters for treatments OC and AOC.

Treatment Ar (sccm) O2 (sccm) CF4 (sccm) ICP (W) Platen (W) Pressure (mTorr) Etch rate (nm/min)

OC … 26 4 400 100 5 60.5
AOC 100 11 4 250 300 5 61.5
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Observations of the effect of the power and pressure settings
were used to define the optimized process labeled treatment OC.
It was subsequently characterized, and its effect over a longer etch
time was examined. After a 5 μm deep etch, the average roughness
of the sample had increased from 3.33 nm to 4.56 nm. The
observations of little change in roughness on previous samples
were not reproduced, and aligned etch pits were found across the
surface of the sample (Fig. 6). The etch rate was measured to be
60 nm/min.

The process was modified to include argon into the gas mix
(treatment AOC). In this case, after a 3.2 μm etch, the average
surface roughness of the sample was reduced from 3.9 nm to
2.4 nm (Fig. 7). AFM and SEM observations revealed extremely
sparse near-to-zero surface pit density. Repeats of this process
produced a further smoothing effect with reductions in surface
roughness between 20% and 44% relative to the as-received rough-
ness on four substrates after 6–10 μm etch. Three substrates pre-
sented roughness increases of 4.5 and 78% after 6 μm and 43 %
after 10 μm etch, respectively. The etch rate of the treatment AOC
was determined to be 62 nm/min.

FIG. 2. Effect of ICP power on surface roughness at 200 W platen power with
O2/CF4. The average roughness of the samples in this case increases signifi-
cantly, between 50% and 100% compared to the as-received.

FIG. 1. Effect of ICP power on surface roughness at 100 W platen power with
O2/CF4. The average roughness of the samples after plasma treatment is within
the standard deviation range of the as-received roughness measurements.

FIG. 3. Comparison of the surface of samples by AFM (20� 20 μm2 scans),
processed at (a) 100 W platen power (b) and 200 W platen power with O2/CF4.
The surface roughness increased by 50%–100 % compared to as-received
measurements with higher platen power, most likely due to the formation of
deep etch pits (black circular features) across the surface. Parallel lines across
the surface are striations from the original polishing process.

FIG. 4. Effect of process pressure on surface roughness at 400 W ICP power
and 100 W platen power with O2/CF4. The average roughness increased to a
larger extent at higher pressures, whereas no change in roughness was
observed at 5 mTorr.
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B. Characterization of polishing damage removal

The roughness of a given sample (GD07-5D), etched iteratively
with treatment AOC was then characterized with AFM, showing a
reduction overall as it was etched down to 8 μm (Fig. 8).

Figure 9 presents the reciprocal space map for (004) and (113)
as-received after polishing and after 4 μm and 6 μm were removed
with treatment AOC on substrate GD07-5D. After observing no
significant change after each previous etch, the diffuse scattering
at the tails of the peaks reduced significantly after the 6 μm etch.
Additionally, no change was observed to the full width half
maximum, as the bulk crystal quality remained unaffected by the
treatment.

IV. DISCUSSION

ICP RIE etching clearly offers a large degree of tunability to the
plasma etching process to achieve a treatment for diamond substrates

with a reasonable etch rate while minimizing any damage or rough-
ening of the surface.

The O2/CF4-based process, treatment OC, etched the diamond
via a predominantly chemical process. Oxygen ions are able to
oxidize and break the carbon bond, removing atoms from the
surface of the sample. The fluorine ions are also highly reactive and
enhance this process. The presence of fluorine was considered essen-
tial to avoid any effect from contamination present in the etching
chamber, silicon, in particular, which is known to cause micromask-
ing on diamond.18,24

The downside of the chemical nature of the etch was the
preferential etching of defective areas of the diamond surface by

FIG. 5. Comparison of the surface of samples processed with AFM (20� 20 μm2

scans) at (a) 5 mTorr and (b) 10 mTorr. The surface roughness increased with
increasing pressure, most likely due to the formation of deep etch pits across the
surface. The etch pits were aligned along the polishing marks, with some beginning
to merge into larger, deeper etch pits.

FIG. 6. Effect of the treatment OC on the sample surface after 5 μm etch
(SEM). Etch pits and defects are observed across the surface, aligned with the
polishing marks.

FIG. 7. Effect of treatment AOC on the sample surface, a comparison between
(a) as-received and (b) after 3.2 μm etch (AFM, 20�20 μm2 scans). The
surface is similar to the as-received surface with no formation of etch pits and
reduction in surface roughness.

FIG. 8. Average surface roughness of a given sample (GD07-5D) depending on
etch depth with treatment AOC. The surface roughness followed a trend in
reduction as the plasma process was used to remove increasing thicknesses of
the material from the surface.
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oxygen ions. Well-documented in the literature as a method for
revealing defect sites for surface defect analysis, this was likely the
mechanism at play in the formation of etch pits across the surface
of the samples. Here, polishing defects were particularly highlighted
where the pits lined up with polishing lines observed with both
AFM and SEM.25–29

The effect of changing ICP power, platen power, and pressure
was examined to establish an etch process, minimizing the preferen-
tial etching of such defects by oxygen to maintain the as-received
surface roughness. The ICP power controls the ion density in the
plasma, which appeared to have very little effect on the surface
roughness of etched samples as shown in Fig. 1. As such, it was max-
imized to boost the etch rate, directly proportional to ICP power.

On the other hand, platen power, determining the bombard-
ment energy of the ions in the plasma, had a strong impact on
sample surface roughness (Figs. 2 and 3). An explanation would be
that increasing the bombardment energy increases the energy of
oxygen ions at the surface of the sample and enhances the preferen-
tial chemical etching of defects. Minimal platen power was pre-
ferred for the chemical process.

A low process pressure also resulted in smoother etching of
diamond. The process pressure determines the amount of reactive

species available to etch the sample. An increase in reactive species
could explain the increase in observed preferential etching of
defects (Figs. 4 and 5).

The chemical nature of treatment OC, however, posed the
problem of sample dependence and repeatability given that surface
defect density varies between substrates. Even after optimization,
preferential etching of defective areas still occurred. The bulk and
polishing defect density may also vary across samples. The etch
recipe developed may, therefore, smooth a sample with a low or
average defect density but when applied to a sample with worse
polishing damage, preferential etching of defects will increase the
surface roughness. This supports the different observations made
after the 5 μm etch (Fig. 6) and also raised the question of compa-
rability between different samples for such a process optimization.

Following these findings, argon was introduced into the gas
mix to change the nature of the etch process by adding a physical
mechanism to the otherwise chemically promoted processes.19 In
treatment AOC, argon is the primary active etching species, similar
to an ion milling process with ions impacting the surface and
physically breaking bonds. Oxygen ions gained a new role as ions
reacting with the carbon atom by-products of the milling and
removing them from near the surface by forming CO or CO2.

FIG. 9. Reciprocal space mapping with HRXRD: comparison between (a) as-received, (b) after 4 μm etch, and (c) after 6 μm etch (b) for (004) and (113). The diffuse scat-
tering remained unchanged between (a) and (b) and reduced following treatment AOC to 6 μm depth.
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The power settings were modified to accommodate for the
change in the etch mechanism and to ensure that the ion milling
was not too aggressive and maintain a smooth surface. Previously
reported etching work by the authors using Ar/O2 ICP RIE for
device fabrication highlighted the potential problem of an aggres-
sive plasma with high ICP power at 500W and a platen power of
200W forming craterlike features on the surface.30 Reduced ion
density and maximized bombardment energy was hence considered
important when defining treatment AOC.

The physical nature and properties of treatment AOC success-
fully removed materials from the surface of the sample, while
reducing surface roughness, and importantly, with repeatability to
etch depths up to 10 μm.

Finally, HRXRD characterization showed the effectiveness of
treatment AOC at removing subsurface polishing damage, as indi-
cated by the observed change in diffuse scattering presented in
Fig. 9. This was a novel nondestructive validation for a plasma
treatment on (100) single crystal diamond substrates with regard to
successful removal of polishing damage. The use of this method
took away the need for destructive epitaxial growth or device fabri-
cation to determine polishing damage reduction and could be a
quality control method for high quality epitaxy and devices. In
addition, it offered an estimate of the depth of polishing damage:
beyond 6 μm in the case of the examined sample. Further work
repeating this iterative characterization on multiple substrates could
provide an average depth of polishing damage on diamond sub-
strate sets.

V. CONCLUSION

In conclusion, an Ar/O2/CF4 ICP RIE process has been devel-
oped for use on (100) single crystal diamond substrates. It success-
fully produced repeatable, smooth, pit-free surfaces and was shown
to reduce subsurface polishing damage. The use of an iterative
etch-HRXRD characterization process is suggested as a nondestruc-
tive protocol to determine an average polishing damage removal
and depth, values of importance to fully harness the opportunities
offered by the exceptional properties of diamond.
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