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Review of Plasma Methods for Material Removal 
Plasmas have been used for decades for a variety of applications including lightlng 
(neon signs), material manufacturing and etching and cutting. A plasma is generated 
by exciting a gas to high temperature where the electrens and nuclei of the atoms 
dissociate. The phenomenon exists in nature over a wide range of pressures, trom 
the dilute ionized gas clouds of interstellar space to the dense reactive core at the 
centre of a star. In industrial applications, the most common plasma variant has 
been the low-pressure discharge. 

Plasma etching at reduced pressure is extensively used in the semiconductor 
industry for processing of a wide variety of matenals including semiconductors, 
metals and glasses [3]. Removal mechanisms and removal rates have been studled 
in detail and are well understood. With pressures in the 10 to 20 millitorr range, ion 
and electron densities are on the order of 109 to 1010 cm·3. These reactive ions are 
believed responsible tor the majority of material removal. Consequently, the 
technique is known as reactive ion etch (RIE). Material is removed by surface 
chemica! reactions in which the ions combine with surface material to form a volatile 
compound, which leaves the surface as a gas. RIE (and ether plasma-based etching 
processes) is restricted to matenals that wil1 form a volatile compound in reaction to 
the ions. 

Over the years, RIE has been optimized to etch uniformly across a platen of waters; 
oftencovering an areasas large as a square meter. Thus, RIE is net optimized as a 
sub-aperture tooi and is unsuitable for making curved surfaces. RIE etch rates are 
also reasonably low, and not a practical approach tor removing large amounts of 
material, as would be necessary tor shaping aspherical opties. Finally, RIE is a 
highly anisotropic etching process, and cannot make rough surfaces smooth. 

A modified RIE tor polishing at reduced pressure has been built using a capacitively 
coupled discharge [4-7]. Named "Plasma Assisted Chemica! Machining (PACE), the 
system has been successful in shaping fused silica. lnstead of a blanket uniform 
etch, PACE can etch in a specific spot. Thus, like a precision machine tooi, PACE 
can scan across a surface removing material trom selected regions. In the first 
application of PACE, Bollinger et.al.[4] noted that a 1" diameter discharge controlled 
material removal to better than 1 % with removal rates from 0 to 1 0 urn/min. The 
tootprint and the rates could be varled during the process by changing plasma 
parameters such as power and reactive gas flow. In subsequent analysis, the parts 
showed no evidence of subsurface damage, no surface contamination and no 
distortien at the edge of the optie (roll-off). Material removal could be predieled trom 
a linear superposition of the static foetprint Control algorithms were developed to 
permit fabrication of a spherical optie from knowledge of static behaviour [5]. 

An updated low-pressure system with a 13 mm capacitively coupled discharge was 
built to shape and polish single crystal silicon and silicon over silicon carbide [7]. 
While the results for sub-surface damage ware similar to previous studies [4-6] the 
authors also eensidared the evolution of surface roughness and its relationship to 
previous process steps. Not surprisingly, they found that greater sub-surface 
darnaga resulted in an increase in roughness. 

A major limitation of the capacitively coupled discharge is the requirement that the 
workpiece be either conductive or less than 10 mm thick. In addition, etch rates are 
dependant on the thickness of the material being etched. Above 1 0 mm the rates 
were too low to be of much use for shaping, but could find some application in 
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damage layer removal (20 nm/min) [6]. PACE also requires a vacuum, which drives 
up the cost of production and lowers throughput. The converganee rate for PACE is 
typically low, rasuiting in a long and arduous (expensive) process. These limitations 
have prevented PACE from being a commercial success. 

The RAP Process 
The Reactive Atom Plasma (RAP) process being developed uses an atmospheric 
pressure discharge. Presently, the most common application of these relatively high 
pressure systems plasmas is in analytica! chemistry where a plasma is used to break 
down chemica! compounds into their component atoms. The concentration of 
excited atoms is determined through spectroscopie analysis. High pressure plasmas 
can also be used to deposit material on a surface. For example, one of the first uses 
of inductively coupled plasma terehes (and one of the inspirations tor RAP 
processing) was demonstraled by Reed [1, 2] who grew single crystal sapphire by 
depositing AI20s using an atmospheric pressure argon discharge. 

RAP uses an inductively-coupled gas plasma (ICP) to rapidly remove material. The 
RAP process has saveral key advantages including a large dynamic range of 
material removal rates, chemica! selectivity, and stabie tooi shape. RAP processing 
can also produce extremely smooth surfaces on some materials. 

The process uses a commercially 
available radio frequency power 
souree to generata a plasma of argon 
(Figure 1). The energy is inductively 
coupled to the discharge using a non
contact electrode consisting of a 
copper coil. A second gas stream 

Copper colls lor 
containing a reactive atom precursor, tnductlvely..coupled --

} Excllatlon Region 

} Plasma Discharge 

in our case, CF4 introduces fluorins ~nergy souree 

into the plasma. The CF4 is broken 
down into individual carbon and 
fluorine atoms and ions. The stream 
of reactive fluorine and carbon atoms 
are directed onto the surface of the 
glass. The reaction produces SiF4 
and C02. Both are present in the gas 

Si02 (1u .. d 

quartz)workpiece ~:-~ 

Figure 1: Schematic diagram of RAP 
device. 

phase and quickly leave the reaction zone after they are formed. The residual glass 
surface is smooth and contaminant-tree. Because of the design of the plasma we 
can achleve stabie and controllable material removal - creating a sub-aperture tooi. 

The RAP discharge acts like a stabie tooi with a Gaussian shape (Figure 2). The 
rate at which material is removed is a tunetion of the concentratien of reactive 
chemica! (in this case, the gas CF4) in the plasma. This gives the tooi a major 
advantage over all other material removal technologies: removal rates can be 
precisely controlled over 7 orders of magnitude (from 1 mm/minute to less than one 
nanometer per minute). With 7 orders of magnitude range in removal rate, the RAP 
device can be used tor rough shaping, removing many microns of material, and final 
figuring, involving the removal of only a few angstroms of material in one process. 

RAP processing has saveral important advantages because it is a chemica! rather 
than a mechanica! process. lt is chemically selective and can be used to specifically 
remove contaminants from a surface. Because it is non-contact, it does not introduce 
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subsurface damage into the materiaL Not only does this cut the time and cost of 
polishing but it also allows manufacturers to polish very thin and fragile surfaces that 
would break under the pressure of conventional polishing. Finally, because of its 
chemica! selectivity, RAP processing can be applied to a number of ultra-hard 
materials such as silicon carbide (used in machine tools, high power electronics, and 
LEDs) and diamond. 

Figure 2a. A profile maasurement 
of a trench carved in Si02 
glass by the RAP device. The 
depth of the trench is controll
ed by the concentratien of 
reactive gas and dweil time. 
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Abstract 
In this study, we attempted to develop a desk-top 4-axes machine "TRIDER-)(" 
mounting a ELID system. This paper describes concepts and history of the machine, 
and detailed investigations on the performance of the machine. A convex mirror was 
ground using the desk-top 4-axes machine "TRIDER-X" mounting an ELID system. 
Good form accuracy was achieved. 

1. INTRODUCTION 
The miniaturization and reduction of the weight of portable acoustic equipment, 

portable picture equipment, and small size record instrument are being rapidly 
pursued and achieved in the recent years. This had led to growing demands for the 
miniaturization of high precision electrooie parts, optical system parts, mechanism 
elements that compose those apparatus as wen as high dimensional accuracy of 
these parts. Especially for optical system parts, contiguration accuracy and surface 
roughness are demanded at the nanometer order. The impravement of surface 
roughness is increasing required for mechanism elements in addition to optica! 
system parts in recent years. The ELID grinding method is able to satisfy the 
microfabrication requirement of these parts. This paper describes the grinding 
characteristics of convex mirror surfaces using a desk-top 4-axes machine "TRI DER
X" mounting an ELID [Eiectrolytic ln-process Dressing] system [1], and it mounting a 
full-closed loop control for processing accuracy. Results of grinding experiments 
indicated that high efficient grinding with a good form accuracy could be achieved 
successfully. 

2. DESK-TOP 4-AXES MACHINE 
2-1. Concept of desk-top machine 
The concepts of this desk-top machine are high efficient surface grinding, three 
dimensienat forrn surface grinding, three dimensional forrn machining and driller, 
easy-to-carry through the reduction of machine weight, compact machine body, easy
to-operate using a PC based NC controller unit, high rigidity to design structure of 
machine. 
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