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Abstract 
As a highly efficient and damage-free figuring technique, atmospheric-pressure plasma chemical vaporization machining (AP-PCVM) 
technique was proposed. Since AP-PCVM is a noncontact chemical figuring technique without applying a mechanical load to the 
substrates, it has been successfully applied for the ultra-smooth surface figuring of single component materials, such as X-ray 
mirrors made of Si and quartz crystal wafers. But in the case of multi-component material, AP-PCVM has difficultly in figuring 
because of the different removal rate of different component. In this report, we investigated the etching characteristics of AP-
PCVM conducted on reaction-sintered silicon carbide (RS-SiC), which composed of SiC and Si. As the result, it was found that the 
different etching rate of the different components lead to the large surface roughness. A smooth surface was obtained in the 
optimum gas composition in which the etching rate of Si was equal to the SiC. 
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1. Introduction  

Silicon carbide (SiC) ceramic is a very good candidate material 
for semiconductor device fabrication equipment parts, optical 
mirror devices in space telescope systems and molds for optical 
components because of its excellent properties.  However, SiC 
ceramic is a kind of difficult-to-machine material owing to its 
high hardness and chemical inertness. Conventional methods 
such as turning and grinding using diamond are used to form a 
shape with high precision, high efficiency and low cost. 
However, scratches and an subsurface damage (SSD) layer are 
inevitably formed on the machined surface. To overcome the 
problem of the poor machinability of difficult-to-machine 
material such as SiC, as a highly efficient and damage-free 
figuring technique, atmospheric-pressure plasma chemical 
vaporization machining (AP-PCVM) was proposed. AP-PCVM is 
an ultraprecision figuring technique that uses the F radicals to 
change the surface of substrates to a volatile reaction product 
to form an objective shape. Since AP-PCVM is a noncontact 
chemical figuring technique that does not apply a mechanical 
load to substrates, an SSD layer is not formed in the removal 
process. AP-PCVM has been widely applied for the figuring of X-
ray mirrors made of Si and for the thickness correction of 
quartz crystal wafers, and shape accuracy and thickness 
uniformity with nanometer-order have been achieved [1-2]. 

In recent years, not only single-crystal SiC, some 
multicomponent SiC ceramics have also been of interest in 
many engineering fields, such as reaction-sintered silicon 
carbide (RS-SiC). With the excellent properties, such as high 
specific stiffness, low density, low coefficient of thermal 
expansion, high thermal conductivity, RS-SiC is a very candidate 
material for optical mirror devices in space telescope systems 
and molds for optical components [3]. Due to the different 
chemical properties of the different components in 
multicomponent materials, although AP-PCVM has been 
successfully applied for the figuring of single-component 

materials, there have been no reports of its application to 
multicomponent materials such as RS-SiC. In this study, 
experiments were conducted to investigate the optimal oxygen 
ratio in the gases used in AP-PCVM to obtain a RS-SiC with a 
smoothly etched surface. 

2. Experimental setup

The main part of the experimental setup used in this study 
consists of a microwave power supply unit, a gas supply system 
and a plasma generator. Fig. 1 shows a schematic view of the 
plasma generator. Argon gas was supplied as a carrier gas into 
the ceramic tube installed at the center of the plasma 
generator, which is surrounded by a cavity resonator. A 
microwave electric field with a frequency of 2.45 GHz was 
applied to generate an electric field whose maximum intensity 
was near the tip of the ceramic tube where the argon atoms 
were ionized and atomic radicals were generated. The argon 
plasma was ignited at the first time. Simultaneously, argon, CF4

and O2 were supplied as the process gases from another gas 
inlet offset from the center. At this time, collisions occurred 
between argon in the active state originating from the center 
of the plasma generator and argon, CF4 and O2 in the ground 
state. As a result of the collisions, F radicals and O radicals, 
which contributed to etching, were generated at the second 

Figure 1. Schematic view of the plasma generator 



time. The reason why the CF4 was ionized at the second time 
but not ionized directly by the microwave electric field is that 
the F radicals are very reactive, and would have corroded the 
ceramic tube, decreasing its lifetime, and contamination due to 
the precipitation of substances originating from the etched 
ceramic tube would have interfered with the etching process. 

3. Results and discussion

We first investigated the etching characteristics of a RS-SiC. 
The carrier gas was Ar (500 sccm) and the process gases were 
Ar (1000 sccm), CF4 (50 sccm) and O2 (50 sccm). The working 
gap between the tip of the nozzle and the sample surface, the 
microwave power and the etching time were 6.0 mm, 59 W 
and 60 s, respectively. Fig. 2 shows a scanning electron 
microscope (SEM) image of the surface of a RS-SiC prepared by 
diamond lapping and energy dispersive spectroscopy (EDS) 
spectra of point A, B, and C. It can be observed that the regions 
between the SiC grains are filled with Si. Although the surface 
roughness was excellent (2.9 nm Sq), many scratches were 
formed on the surface. Fig. 3 shows a SEM image of the center 
of the removal spot processed by AP-PCVM and EDS spectra of 
point A, B, and C. In contrast to the image in Figure 2, it can be 
seen that the Si regions between SiC grains have been lost. 
Only SiC can be observed on the surface and the surface 
roughness deteriorated to 43.9 nm Sq. It is assumed that the 
difference between the etching rates of Si and SiC led to the 
large surface roughness. Thus, to obtain a RS-SiC with a smooth 
etched surface, it is essential to optimize the gas composition 
to make the etching rate of SiC equal to that of Si. A study on 
the relationship between the oxygen ratio in a process gas and 
the etching rate has been reported by Mogab et al. for a low-
pressure CF4-O2 plasma etching process [4]. Their results
showed that the addition of O2 to a CF4 plasma markedly 
increases the optical emission intensity from atomic fluorine, 
but the etching rate is not strictly proportional to the density of 
F radicals because of the competitive reaction between F 
radicals and O radicals for active Si surface sites. 

To investigate the AP-PCVM etching characteristics and find 
the process gas composition for which the etching rate of SiC 
equal to that of Si, a similar experiment was conducted on 4H-
SiC (0001) and Si (100) substrates using different [O2/(O2+CF4)] 
ratios. By analysing the experimental results, we found that the 
gas composition for which the etching rate of Si (100) coincides 
with that of 4H-SiC (0001) has an oxygen fraction of between 
80% and 90%. We already know that the reason for the large 
surface roughness of a RS-SiC in AP-PCVM is the difference 
between the etching rates of Si and SiC. Thus, we consider that  

Figure 2. SEM image of the surface prepared by diamond lapping and 
EDS spectra of point A, B and C

Figure 3. SEM image of the center of the removal spot processed by 
AP-PCVM with an O2 fraction of 50% and EDS spectra of point A, B, and 
C. 

Figure 4. SEM image of the center of the removal spot processed by 
AP-PCVM with an O2 fraction of 90% and EDS spectra of point A, B, and 
C. 

a smooth surface can be obtained when the etching rate of Si 
coincides with that of SiC. To investigate this hypothesis, an 
experiment was conducted on a RS-SiC with an oxygen fraction 
of 90% and the result are shown in Fig. 4. The figures showed 
that Si and SiC was removed in the same etching rate. Both of 
Si and SiC were observed on the surface after being etched. 
The surface roughness improved to 14.9 nm Sq.

4. Conclusions

As a highly efficient and damage-free figuring technique, AP-
PCVM has already been successfully applied to figuring single-
component materials. Through this study, we have confirmed 
that for a multicomponent material such as RS-SiC, AP-PCVM 
with the optimum gas composition can also be used to obtain a 
smooth surface without forming SSD.  
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