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Abstract: SiC wafers were etched using a filament plasma of He:NF3:O2 (helium:nitrogen trifluo-
ride:oxygen) mixed gas at atmospheric pressure. When 0.5–2 sccm of NF3 was mixed to 2 slm of He
filament plasma, the etch depth and etch rate increased, but there was little change in the etch width
as the NF3 mixing amount increased. The increment of the NF3 mixing also suppressed the surface
roughening of plasma etching. The addition of O2 to the He-NF3 filament plasma slightly increased
the SiC wafer etch rate. When the NF3 mixing amount was 2 sccm, the roughness of the etched
surface increased sharply by O2 addition. On the contrary, the NF3 mixing amount was 1 sccm; the
addition of O2 reduced the roughness more than that of the pristine. The roughness of the pristine
SiC wafer specimens is in the range of Ra 0.7–0.8 nm. After 30 min of etching on a 6 mm by 6 mm
square area, the roughness of the etched surface reduced to Ra 0.587 nm, while the etch rate was
2.74 µm/h with a He:NF3:O2 of 2:1:3 (slm:sccm:sccm) filament plasma and 3 mm/s speed of raster
scan etch of the optimized roughening suppression etching recipe.

Keywords: atmospheric pressure plasma; silicon carbide; etching; dielectric barrier discharge; fila-
ment plasma

1. Introduction

The silicon carbide (SiC) material is used for the mirrors of space telescopes and
molds for glass optics manufacturing, due to the superb characteristics of high hardness,
chemical inertness, and its low specific gravity [1–3]. As a result of its high hardness, it
is not easily damaged by external scratches and has high thermal conductivity with low
thermal expansion; therefore, it is the most suitable material for space telescopes that have
to withstand extreme environments that deform or distort the optical component by high
range of temperature change [4–8]. In addition, many studies are being conducted for
using the material for high power semiconductor devices due to its wide bandgap and
excellent thermal stability [9–11].

However, SiC has a high covalent bond/ionic bond ratio of 9:1, and for this rea-
son, thermal deformation is very small but very brittle. In addition, the Young’s modu-
lus/Vickers hardness and tensile strength/shear strength ratio are about 20 and 1.5, and
those are very low comparing with metals of about 250 and 10, respectively. For these rea-
sons, it is very hard to apply the conventional metal machining method for SiC material [8].
Presently, conventional machining methods such as grinding, lapping, and chemical me-
chanical polishing (CMP) are used for manufacturing the SiC mirror, but it takes enormous
time and energy, leaving lots of surface damages such as scratches, subsurface damage
(SSD), and micro pits by the machining tools, which has an adverse effect on the telescope
performance [12–18]. In addition, for ensuring higher mirror performance, it is necessary
to machine a free-form aspherical surface beyond the spherical shape. Due to the need for
the free-form machining, the existing methods require a lot of time-consuming additional
correction machining.
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Since the SSD generation continues to occur even during the correction machining,
methods using plasma that do not require direct contact with machining tools have been
studied and developed. An ion beam figuring (IBF) method, which controls the roughness
and shape of the target surface by injecting high-energy ions onto the surface of the
material [19–22], and a reactive ion etching (RIE) method, which uses ions or radicals
activated by plasma to remove the solid substrate atoms [23–27], have been studied to
apply for the machining of SiC material. Both IBF and RIE must be performed in a vacuum
environment, and it is quite cumbersome for aspherical mirror manufacturing, where
inspection and machining are repeated during the manufacturing process.

As a solution for this problem, the methods using atmospheric pressure plasma
(APP) have been studied on SiC mirror machining. The majority of the APP generating
source for SiC material machining is a dielectric barrier discharge (DBD) plasma source.
One major method for SiC machining using DBD uses the ionizing wave injected by the
plasma generating gas flow on to the SiC surface [28–31]. Another DBD using method is
direct discharge SiC machining, in which the SiC substrate acts as one of the DBD plasma
generating electrodes, making direct contact with the processing plasma [32–37]. Since
these methods can effectively control the etching width, depth, and volume removal rate,
it can be a suitable tool for correction machining, which removes the part deviating from
the target shape after an elemental process.

The study introduced in this report is about a precision SiC machining method us-
ing APP, which uses a uniquely designed APP generator that is different from the APP
generator reported so far.

2. Materials and Methods

The plasma generation module has a DBD structure in which an annular surface DBD
(ASDBD) on the corner of the alumina disk electrode and one filament plasma between the
center of the alumina disk electrode and the wafer specimen are generated simultaneously.
The details of the generation of the filament plasma have been described in our previous
report [38]. The thickness and diameter of the alumina disk electrode are 2 mm and 20 mm,
respectively. The alumina disk electrode has a circular metal coating layer with a diameter
of 8 mm on its upper side, on which the plasma-generating voltage is applied. The bottom
side of the alumina disk is in contact with an annular ground electrode with an inner
diameter of 18 mm, and a gap of 0.2 mm formed between the annular ground electrode
and a nozzle part made of PEEK constitutes the process gas-supplying slit. The diameter
of the nozzle was 3 mm, and the distance between the bottom surface of the nozzle and the
wafer specimen was set to 3 mm.

The power supply used for plasma generation was AP PP020-01 of EESYS (Seong
Nam, Korea), which generates a bipolar pulse high voltage. In all the experiments in this
paper, the voltage pulse repetition frequency was 30 kHz and the controllable output power
setting was 100 W. With these output setting, the width of the pulse voltage was 3 µs, and
the peak to peak voltage was 10.8 kV. Mixed gas of helium (He), nitrogen tri fluoride (NF3),
and oxygen (O2) was used for the generation of the plasma, which etches SiC material.

The supply amount of the He, NF3, and O2 gas were 1–3 slm (standard liter per
minute), 0.5–11 sccm (standard cubic centimeter per minute), and 0.5–4 sccm, respectively.
The gas flow rate of each gas was controlled by a mass flow controller (MFC) model
M3030V manufactured by Line Tech (Daejeon, Korea). The maximum flow rates that the
MFCs control were 5 slm for He and 10 sccm for NF3 and O2.

A single crystal SiC wafer of 4 inches in diameter with 0.25 mm thickness manufac-
tured by iTASCO (Seoul, Korea) was cut into a size of 15 mm × 15 mm specimen and used
as an etching specimen.

The filament plasma has a large size plasma disc generated at the center of the alumina
disk electrode and a small size plasma disc on the specimen surface; those are connected to
each other by a branch-free straight plasma column. The SiC wafer specimen was etched
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by repeated moving of the filament plasma through a given moving pattern and times by
the manner in Figure 1b.

Figure 1. The experimental configuration (a) and the method of etch groove making (b).

The etch profile was measured using a NanoView Profiler of Nano System (Ansan,
Korea), and the roughness of the etched surface was compared using a photograph obtained
by irradiating a high-intensity LED light onto the specimen. The light source was LSP35FW-
0034 manufactured by AItec Systems (Yokohama, Japan), which has a maximum light
intensity of 33,600 Lux and a color temperature of 6500 K. The photos were taken by
a Nikon D700 digital camera with a lens of focal length 60 mm and F2.8 of maximum
aperture. Some specimens were analyzed by using an atomic force microscope (AFM) to
acquire the precise surface roughness (Ra) data. The AFM used for the measurements was
NX-10 from Park Systems (Suwon, Korea).

3. Results and Discussion
3.1. Filament Stability

The characteristics of the filament plasma generated between the plasma module and
SiC wafer using He-NF3 mixed gas were examined. Depending on the amount of the gas
flow rate and the composition of the He and NF3, the filament plasma has four modes as
shown in Figure 2.

Figure 2. Filament plasma modes of (a) glow jet (GJ), (b) normal filament (NF), (c) crooked filament (CF), and (d) jittering
filament (JF).

Figure 2a is a glow jet (GJ) discharge mode. This is a discharge mode that occurs when
the mixing amount of NF3 is too low, or when a non-conductive dielectric is placed in the
place of the SiC wafer in Figure 2. The SiC etching in GJ mode had a wide etching area, but
the etch rate was very small and only increased the surface roughness. Figure 2b is a normal
filament (NF) plasma mode. The filament plasma in NF mode is developed normally on
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the surface of the SiC wafer, which is suitable for the etching process. When the mixing
amount of NF3 increased beyond the NF mode range, the stability of the filament channel
begins to deteriorate, causing the filament channel to become crooked (crooked filament,
CF) and further to a jittering filament (JF). When a larger amount of NF3 than JF mode is
mixed, the voltage required to sustain the filament plasma between the alumina electrode
and the surface of the SiC wafer increases above the output voltage of the power supply,
and the filament plasma disappears. Table 1 shows the changes in filament plasma mode
according to the amount of NF3 mixing with 1, 2, and 3 slm of He.

Table 1. Filament plasma modes by He:NF3 composition change at 100 W (Pset) of applied power.

He (slm)
NF3 (sccm)

0.5 1 3 4 5 6 9 10 11

1 NF NF NF CF CF JF na na na
2 NF NF NF NF NF NF NF CF JF
3 NF NF NF NF NF NF NF NF CF

When the amount of NF3 supplied was more than 4 sccm with He 1 slm, the discharge
mode changes to the CF mode. On the other hand, when the He gas supply amount was
2 and 3 slm, the NF mode can be sustained even at the mixing amount of 9 and 10 sccm of
NF3 gas, respectively. The reason for the narrower range of NF3 mixing amount for NF
mode at 1 slm of He is that the ambient air diffused into the filament area owing to the low
nozzle jet velocity (2.36 m/s) made the voltage sustaining the stable filament plasma higher.
However, in the case of 2 and 3 slm (nozzle jet velocity: 4.72 and 7.08 m/s, respectively)
of He supply, the process gas is sufficiently transferred to the SiC surface without the
diffusion of the ambient air into the filament area. In other words, if the output power
(Pset) of the power supply is raised, the NF3 mixing range for NF mode can be extended.

3.2. 6 mm Linear Scan Etch Profile

The etch profiles of SiC wafer specimens etched by the filament plasma of 2 slm He
and 0.5, 1, 2 sccm NF3 mixed gas were checked. The main mechanisms for SiC etching in
fluorine containing plasma are divided into ion bombardment etching by high-energy ions,
chemical etching by fluorine radicals and atoms, ion active chemical etching, and inhibitor-
controlled chemical etching [4]. In the He-NF3 mixed gas plasma at atmospheric pressure
and 30kHz of low frequency voltage, it is expected that the portion of ion bombardment
etching is relatively low, whereas the portion of the chemical etching is high. The reaction
schemes of chemical etching of SiC material by fluorine atoms is as follows [4,29,39,40].

SiC (s) + (x+y) F (g)→ SiFx (g) + CFy (g) (x, y = 1 to 4) (1)

SiO2 (s) + xF (g)→ SiFx (g) + O2 (g) (x = 1 to 4) (2)

In the reaction schemes (Equations (1) and (2)), the letters s and g denote solid and gas
state, respectively, and the letters x and y mean the numbers of fluorine atoms. Equation (1)
shows a SiC removing reaction by fluorine atoms, and Equation (2) shows a reaction in
which a silicon oxide film formed by contact with oxygen in the ambient air is removed by
fluorine atoms [30,41].

After the filament plasma was formed on the surface of the SiC wafer specimen,
the specimen surface was etched by repeated moving of the filament plasma forward
and backward on a 6 mm line 80 times at a speed of 1 mm/s to make a 6 mm long etch
groove. Figure 3 shows the etch profile of the perpendicular direction to the moving line
in the middle of the etch groove etched by 0.5, 1, 2 sccm NF3, and 2 slm He mixed gas
filament plasma. All the etch profiles showed a Gaussian profile, and the etch depth and
area increased as the amount of NF3 mixing was increased. By fitting each profile with a
Gaussian distribution function, the depth (H, µm), full width of half maximum (FWHM,
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mm), and area (Area, mm2) of the profile are obtained. Here, the volume removed by
80 linear scan etchings can be calculated by multiplication of the Area by 6 mm of the scan
length. Again, the volume removal rate (VRR, mm3/h) of each filament plasma can be
calculated by the total etching time of 8 min. Table 2 summarizes the Area, H, and FWHM
for each filament plasma.

Figure 3. Etch profiles of SiC wafer specimens etched on 6 mm line with He 2 slm and NF3 0.5, 1,
2 sccm mixed gas filament plasma. (Pset: 100 W, tool moving speed: 1 mm/s, 80 times).

Table 2. Etch profile parameters of the specimens in Figure 3.

NF3 (sccm) Area (mm2) VRR (mm3/h) H (µm) FWHM (mm)

0.5 7.75 × 10−4 3.49 × 10−2 1.01 0.72
1 8.32 × 10−4 3.75 × 10−2 1.21 0.65
2 13.1 × 10−4 5.90 × 10−2 2.02 0.61

From the results in Table 1 and Figure 3, H and Area increased as the amount of
NF3 mixing increased, but there was no significant change in FWHM. The size of the
FWHM and the shape of the etch profile will be greatly affected by the size and plasma
particle distribution of the plasma disc formed on the specimen surface, and the H and
Area are related to the concentration of etching agent in the plasma disc. Hence, when
the plasma generating electrode and the applied voltage were given, the increase in NF3
mixing amount in the range of 0.5–2 sccm into 2 slm of He does not change the size of
the plasma disc and the plasma particle distribution much, while the concentration of the
etching radical increases resulting in an increase in the etching amount.

3.3. 6 by 6 mm2 Square 2D Raster Scan Etch

The plasma processing device for correction machining needs to be able to remove the
part that needs some correction after the previous process as much as desired. Therefore,
it is necessary to examine the applicability of not only the point or line etching but also
various areas of planar shapes etching.

A precision machining experiment was performed on a 6 mm by 6 mm square area
using the raster scan method. The configuration of the scanning line used in the experiment
is shown in Figure 4. In Figure 4, Va is the etch scan line and Vb is the moving line of the
plasma etch tool. Since the filament plasma does not disappear even in the moving line
of Vb, it is necessary to maximize the Vb/Va ratio in order to minimize the amount of
etching by Vb. The maximum Vb/Va of the facility used in this study is 8. We made three
etched SiC wafer specimens by using a repeated raster scan five times (30 min), as shown
in Figure 4 with 1 mm/s of Va, by using the three mixed gas filament plasmas shown
in Figure 3.
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Figure 4. The 6 mm by 6 mm raster scan etch pattern and the profile measuring line (Vb = 8·Vb).

Figure 5 shows the photographs of etched surface of the specimens. The specimen
photographs in Figure 5 were taken by a digital camera with f8 of the aperture value
and 2 s of the release time, as the specimens were placed under 5 cm from the 33.600 lux
illumination source with a 45◦ angle. Although it was not perceivable with naked eyes,
some haze that remained on the etched area was identified, as shown in the photographs in
Figure 5. The haze that remained on the specimen surface is a result of non-uniform etching
or re-deposition of etching by-products on the wafer surface during the etching process.
The haze remained was strongest when the NF3 mixing was 0.5 sccm and weakest when
the NF3 mixing was 2 sccm. The intensity of the haze on the etched surface is proportional
to the roughness of the etched surface after etching.

Figure 5. Haze on the specimen surface that remained after five times repeated etching of a 6 mm by 6 mm raster scan etch
by the mixed gas filament plasma of He 2 slm and NF3 (a) 0.5 sccm, (b) 1 sccm and (c) 2 sccm. (Va: 1 mm/s).

To check the etch depth of each specimen, the etch profile through the line from the
non-etched hill beyond the etched area of the 6 mm by 6 mm square to the center of the
etched basin was measured in the direction perpendicular to the Va scan line using the
NanoVIEW Profiler and shown in Figure 6. In Figure 6, it can be seen that the depth of
the etching increases with little change in the etch border interface as the amount of NF3
mixing increases. Referring to the etch profile in Figures 5 and 6, the etch rate increased in
proportion to the amount of NF3 mixing, but the intensity of the haze that remained on the
etched area was opposite to the result of the etched depth.
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Figure 6. Etch profiles of the specimens etched by the mixed gas filament plasma of He 2 slm and NF3

0.5, 1, and 2 sccm (black, red and blue, respectively) of 6 mm by 6 mm raster scan etch (H: etch depth).

The main mechanisms of SiC etching using plasma can be largely divided into by ion
bombardment etching and chemical etching by F atoms. Several documents report that the
roughness of the etched surface increases as etching by ion bombardment dominates. The
results in Figures 5 and 6 are consistent with the results of the previous reports, in which
the density of free F atoms increases as the amount of NF3 mixing increases, so that the
etch rate is increased and the roughness of the etched surface decreases [39,42–44].

Figure 7 shows the photographs of specimens etched by the filament plasma of 2 slm
of He and 1, 2 sccm of NF3 with the addition of O2. In several reports on RIE SiC etching,
when an appropriate amount of O2 is added into the plasma of fluorine containing etchant
for SiC etching, more fluorine atoms are liberated from the etchant gas species such as CxFy,
SF6, and NF3; thereby, the etching rate increases. However, when an excessive amount of
O2 is added, the etching rate is lowered due to the dilution effect of fluorine atoms and the
formation of a silicon oxide film on the surface [4,23–25,43]. In addition, when the content
of fluorine and oxygen particles in the plasma is increased excessively, the portion of the ion
bombardment etching is increased by elevation of the self-bias on the substrate while the
portion of the chemical etching is lowered. Therefore, the surface roughness is increased.
In addition to that, because the oxidized silicon sites that have a different etch rate are
formed non-uniformly on the SiC surface, the surface of the SiC roughens more during
the etching process [28–30,41–44]. The etch depths of the specimens in Figure 7 are not
presented in this report; the addition of O2 to the filament plasma into both cases of 1 and
2 sccm of NF3 mixing increased the etch depth by the range of 10–20%, which is consistent
with the results of the previous RIE literature as for the effect of oxygen on the SiC etch
rate. However, for the surface roughness change, it showed somewhat different results.

In the plasma of 1 sccm NF3 mixing, the remained haze intensity was reduced as the
O2 mixing increased from 1 to 3 sccm, but the 4 sccm of O2 mixing specimen showed little
rougher surface than the 3 sccm specimen. On the contrary, in the plasma in which 2 sccm
of NF3 was mixed, stronger haze remained on the etched area than any other specimens
of 1 sccm NF3 mixing specimens even by only 1 sccm of O2 mixing, and the remained
haze was getting stronger as the amount of O2 was increased. In 1 sccm of NF3 mixing
filament plasma, the O2 addition suppresses the portion of ion bombardment etching and
activates the chemical etching more. However, when 4 sccm of O2 was mixed, the portion
of ion bombardment etching starts to increase considerably. So, the remained haze starts to
increase again. Every position in the etch area meets the plasma disc five times during the
whole etch process, as previously stated. Therefore, it increases after the filament plasma
without O2 addition passed one position on the SiC specimen surface once, which exposes
the carbon-rich surface to contact with ambient air [44]. At this moment, the oxygen in the
air makes an oxidized site on the specimen surface not uniformly. When the surface that has
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the non-uniform oxidized site enters the plasma region again, this non-uniform oxidized
site prevents the uniform and smooth etching and leaves haze on the etched surface. The
filament plasma with the addition of an appropriate amount of O2 leaves a silicon-rich
surface and uniform oxidized site on the specimen surface, so that the roughening by
plasma etch can be suppressed more [30,31,44]. However, in the filament plasma of 2 sccm
of NF3 mixing, even by the addition of only 1 sccm of O2, fluorine radical and oxygen
atoms are excessively liberated in the plasma, increasing not only self bias, which enhances
the ion bombardment etching but also the chemical etching. As a result, it seems that the
high level of ion bombardment etching, the re-deposition of ion bombardment etching
by-products, and also the high level of chemical etching results in the extremely rough
surface of the etched area.

Figure 7. Specimen surface of 6 mm by 6 mm square area raster scan etch by the mixed gas filament plasma of He-NF3 and
O2. (a–e) NF3 1 sccm, (f–j) NF3 2 sccm, (a,f) O2 0 sccm, (b,g) O2 1 sccm, (c,h) O2 2 sccm, (d,i) O2 3 sccm, (e,j) O2 4 sccm.

3.4. Profile Stability and Roughness Reduction

Figure 8 shows the etch profiles of specimens etched by He:F3:O2 2:1:3 (slm:sccm:sccm,
omitted after) filament plasma for 30 min with the Va of 1 and 3 mm/s and He:NF3:O2
1:1:3 with Va of 3 mm/s. The etched area was 6 mm by 6 mm square, and the raster scan
pattern of Figure 4 was used for all the three specimens. The repetition times passing the
whole raster scan pattern of Figure 4 with 1 and 3 mm/s of Va for 30 min are 5 and 15,
respectively.

It takes 6 min to scan all the raster scan patterns of the 6 mm by 6 mm square area
once with 1 mm/s of Va and a scan line pitch of 0.1 mm. After a certain period of time has
elapsed since contact with the filament plasma, the temperature of the 15 mm by 15 mm,
0.25 mm thickness of SiC wafer specimen is stabilized at slightly elevated temperature. If
the temperature of the specimen stabilized before the first scan completed, it makes the
bottom profile uneven due to the different etch rate by the specimen temperature difference.
These facts are the reason for the uneven bottom profile of the etch specimen of He:NF3:O2
2:1:3 with Va 1 mm/s, as shown in Figure 8.

The bottom profile of the specimen of He:NF3:O2 1:1:3 of reduced He amount with Va
3 mm/s in Figure 8 shows the wave pattern. In this filament plasma, the NF3 concentration
was the highest; hence, the etch depth was deepest. However, due to the lower nozzle jet
velocity, external air is diffused into the filament plasma area, which increases the filament
plasma sustaining voltage. The change in the filament-sustaining voltage influences the
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output voltage of the power supply, which actively control the output power to keep the
setting power of 100 W. It forms a waved bottom profile.

Figure 8. Etch profile stability comparison, black solid: He:NF3:O2 1:1:3 (slm:sccm:sccm), Va 3 mm/s,
red dash: 2:1:3, Va 3 mm/s, blue dot: 2:1:3, Va 1 mm/s.

The problems of this deterioration of etching profile stability were solved by the
following means: first, increasing Va from 1 to 3 mm/s to minimize the effect of temperature
change during the first scan, and second, prevention of the inflow of ambient air into the
filament plasma by supplying He of more than 2 slm or setting the Pset higher rather than
change its output voltage.

By application of these solutions, the etch profile of the specimen of He:NF3:O2 2:1:3
with Va 3 mm/s in Figure 8 showed a very stable even bottom profile.

The surface roughness of the specimens etched with Va at 3 mm/s and the process
gas with He:NF3:O2 1:1:3 and 2:1:3 in Figure 8 were measured precisely by AFM, and the
results are represented in Figure 9. Figure 9a is the AFM result of a primitive SiC wafer. A
large amount of tool scratches remained in the final polishing process when the specimen
manufacturer produced the wafer were observed. The measured surface roughness of the
pristine SiC wafer specimen was Ra 0.749 nm. The etch depth of the 6 mm by 6 mm etched
area by He:NF3:O2 1:1:3 filament plasma for 30 min was 1.72 µm. The AFM result of this
specimen is shown in Figure 9b. The scratches on the surface of the SiC specimen shown
in the pristine specimen were slightly removed, and the Ra was also slightly reduced
to 0.732 nm. The process conditions that showed the best haze suppression and profile
stability in the results of Figures 7 and 8 were He:NF3:O2 2:1:3 with Va 3 mm/s. The etch
depth of the specimen etched by this optimized process condition for 30 min was 1.37 µm.
Although the etch rate was slightly lower than by the He:NF3:O2 1:1:3 filament plasma,
as shown in Figure 9c, the tool scratches shown on the pristine wafer were completely
removed, and the measured roughness was Ra 0.587 nm, which was rather smoother than
the pristine.
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Figure 9. AFM results of the pristine and the etched SiC wafer surface. (a) The pristine SiC wafer and the etched wafer by
the mixed gas filament plasma of He:NF3:O2 (b) 1:1:3 and (c) 2:1:3 (slm:sccm:sccm) of 15 times of 6 mm by 6 mm raster scan
etch at Va: 3 mm/s.

4. Conclusions

A He filament plasma with a single plasma column was formed between a SiC wafer
surface and an annular surface discharge with a dielectric barrier discharge plasma source
(ASDBD), and a small amount of NF3 and O2 was mixed to etch the SiC wafer. The He
filament plasma tends to become unstable as the mixing amount of NF3 increases, because
the higher concentration of NF3 in the filament plasma increases the voltage for the stable
filament plasma sustention than the supplying voltage.

In the etch profile of the SiC wafer etched by the filament plasma of mixed gas of
0.5–2 sccm of NF3 and 2 slm of He, as the mixing amount of NF3 increased, the etch rate
increased, but there was no significant change in the etch width.

The He-NF3 mixed gas filament plasma etching leaves some haze, i.e., the surface
roughness by the plasma etching, on the etched surface. The increment of NF3 mixing
decreases the remained haze intensity, while the etch rate increases. The haze remained
on the etched surface mainly due to the increment of the portion of the ion bombardment
etching having a higher rate of re-deposition of the etch by-product and the generation of
the non-uniform oxide site on the specimen surface to be etched repeatedly.

The addition of an optimized amount of oxygen to the He:NF3 2:1 (slm:sccm) filament
plasma liberates fluorine atoms from NF3 molecules more, which increases the portion
of the chemical etching compared to ion bombardment etching and makes the oxide
site on the surface etched uniformly. For these reasons, the roughening effect by the
plasma etching can be suppressed. However, when an excessive amount of NF3 and O2
were mixed to the filament plasma, the chemical etching and ion bombardment etching
increased simultaneously; thereby, the roughness of the etched surface increases greatly.
The etch rate by the optimized etch condition for suppression of the surface roughening
was 2.74 µm/h for a 6 mm by 6 mm square area. After 30 min of etching on the square area,
the roughness of the etched surface was Ra 0.587 nm, and the roughness of the pristine SiC
wafer specimens was in the range of Ra 0.7–0.8 nm.
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