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(57) ABSTRACT 

Reactive atom plasma processing (RAP) can be used to 
shape, polish, planariZe, and clean surfaces of difficult 
materials With minimal subsurface damage. An improved 
RAP device utilizes a microWave—induced plasma (MIP) 
source instead of a conventional ICP torch to modify these 
surfaces. The use of MIP provides for a smaller footprint, 
?ner detail, simpler and enhanced movement capabilities, 
loWer heat load, feWer shielding requirements, and cheaper 
construction and operation than ICP. 

This description is not intended to be a complete description 
of, or limit the scope of, the invention. Other features, 
aspects, and objects of the invention can be obtained from a 
revieW of the speci?cation, the ?gures, and the claims. 
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APPARATUS AND METHOD USING A 
MICROWAVE SOURCE FOR REACTIVE ATOM 

PLASMA PROCESSING 

CROSS-REFERENCED CASES 

[0001] The following applications are cross-referenced 
and incorporated herein by reference: 

[0002] US. patent application Ser. No. 10/008,236 
entitled “Apparatus and Method for Reactive Atom Process 
ing for Material Deposition,” by Jeffrey W. Carr, ?led Nov. 
7, 2001. 

FIELD OF INVENTION 

[0003] The ?eld of the invention relates to the modi?ca 
tion of surfaces using a gas plasma. 

BACKGROUND 

[0004] US. patent application Ser. No. 10/008,236 dis 
closes the use of reactive atom plasma processing to modify 
surfaces of dif?cult materials With minimal subsurface dam 
age. The apparatus and methods of various embodiments use 
a conventional inductively-coupled plasma (ICP) torch. The 
Workpiece and plasma torch are moved With respect to each 
other, such as by translating and/or rotating the Workpiece, 
the plasma, or both. The plasma discharge from the ICP 
torch can be used to shape, planariZe, polish, clean and/or 
deposit material on the surface of the workpiece, as Well as 
to thin the Workpiece. The processing causes no damage to 
the Workpiece underneath the surface, and can involve 
removing material from, and/or redistributing material on, 
the surface of the Workpiece. 

[0005] FIG. 1 shoWs one embodiment of a RAP system as 
disclosed in prior application Ser. No. 10/008,236. FIG. 1 
shoWs an ICP torch in a plasma box 106. The torch consists 
of an inner tube 134, an outer tube 138, and an intermediate 
tube 136. The inner tube 134 has a gas inlet 100 for receiving 
a stream of precursor gas 142 from the mass ?oW controller 
118. The gas inlet 100 can also be used for receiving a 
depositional precursor gas stream 140, or a material (as 
particles or in solution) to be deposited on the surface of a 
Workpiece. The intermediate tube 136 has a gas inlet 102 for 
receiving an auxiliary gas from the How controller 118. The 
outer tube 138 has a gas inlet 104 for receiving a plasma gas 
from the mass ?oW controller 118. The mass ?oW controller 
118 receives the necessary gasses from a number of gas 
supplies 120, 122, 124, 126, and controls the amount and 
rate of gasses passed to the respective tube of the ICP torch. 
The coils generate a plasma discharge Within the torch 108, 
and this discharge can be used to, for example, shape or 
polish a Workpiece 110 located on a chuck 112 in the 
Workpiece box 114. In this embodiment, the plasma box 106 
and Workpiece box 114 are separate, alloWing the plasma 
discharge 108 and/or torch to pass at least partially betWeen 
the plasma 106 box and the Workpiece box 114. The 
Workpiece box 114 has an exhaust 132 for carrying aWay any 
process gases or products resulting from, for example, the 
interaction of the plasma discharge 108 and the Workpiece 
110. In other embodiments, there may not be separate boxes 
for the plasma torch and the Workpiece. 

[0006] The torch itself can be seen in greater detail in FIG. 
2. An induction coil 140 surrounds the outer tube 138 of the 
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torch near the plasma discharge 144. Current from the RF 
poWer supply ?oWs through the coil 140 around the end of 
the torch. This energy is coupled into the plasma. Also 
shoWn are the excitation Zones 142, into Which the reactive 
precursor is injected, and the plasma envelop 146, Which can 
be for example a sheath of argon gas. 

[0007] In a system using a conventional ICP torch for 
reactive atom plasma processing (RAP), the current from an 
RF generator, such as a 13.56 MHZ RF generator, ?oWs 
through a tWo to four turn copper load coil around the top of 
the torch. The energy is coupled into the plasma through an 
annular “skin region” that is located on the outer edge of the 
plasma nearest the load coil. The plasma can be supported in 
a quartZ tube by the plasma gas, Which can be introduced 
tangentially to form a stabiliZing vortex. The plasma has its 
loWest density along the central axis and the droplets or gas 
easily penetrate the discharge. For analytical applications, 
the sample is introduced in a solution. As the droplets travel 
through the plasma they becomes progressively desolvated, 
atomiZed, excited, and ioniZed. 

[0008] For RAP applications, a standard, commercially 
available three tube torch can be used, such as one having 
three concentric tubes as discussed above. The outer tube 
can handle the bulk of the plasma gas, While the inner tube 
can be used to inject the reactive precursor. Energy is be 
coupled into the discharge in an annular region inside the 
torch. As a result of this coupling Zone and the ensuing 
temperature gradient, a simple Way to introduce the reactive 
gas, or a material to be deposited, is through the center. The 
reactive gas can also be mixed With the plasma gas to 
provide a Wider footprint (tool siZe), although the quartZ 
tube can erode under this con?guration. 

[0009] The use of a conventional ICP torch can come With 
certain limitations and attributes, hoWever, that may be less 
than desirable for speci?c applications. For instance, the 
footprint of an ICP torch may be too large for ?ne-scale 
modi?cations. The How of host gas for an ICP torch is a 
source of expense, and it Would be more cost effective to use 
a loWer ?oW rate in order to reduce the cost-per-part 
processed by the system. A device using an ICP torch can be 
someWhat bulky, limiting the mobility and ease-of-use of the 
device. Due to its siZe, the part often has to be rotated and/or 
translated With respect to the torch. An ICP torch can also 
place a relatively high heat load on the part being processed, 
Which may be unacceptable for certain Workpieces and 
materials. 

[0010] An ICP torch requires a certain amount of shield 
ing, Which adds to the cost of the device. A plasma box, 
Which itself can be bulky and add additional expense, is 
often used to shield an operator from radio frequency energy 
generated during a process, and/or from UV light produced 
by a plasma. The parts that make up the ICP torch itself are 
also relatively expensive, and are not highly-available. 

[0011] One area of technology that has been studied With 
respect to plasma sources, particularly in the 1980’s, 
involves the use of atmospheric pressure microWave induced 
plasmas. A microWave-induced plasma (MIP) typically con 
sists of a quartZ tube surrounded by a microWave cavity or 
Waveguide. A microWave source produces microWaves that 
?ll the cavity and cause the electrons in the plasma support 
gas to oscillate. These oscillating electrons collide With other 
atoms in the ?oWing gas to create and maintain a high 
temperature plasma. 
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[0012] The amount of research into MIP has been slight 
When compared to the amount of activity in the ?eld of radio 
frequency ICP, and is mostly focused in tWo areas unrelated 
to surface modi?cation. The initial research activity centered 
on MIP as a spectroscopic source using helium as the host 
gas, typically directed toWard applications in analytical 
spectroscopy. The research focused on relatively energetic 
helium plasmas to excite the high energy transitions of 
non-metals such as halogens. 

[0013] Early MIP Work suggested that such a plasma Was 
unable to easily vaporiZe liquid samples. Not surprisingly, 
the most common application Was as a detector for a gas 
chromatography. More recent research dealt With the use of 
MIP as a source for mass spectroscopy, or as a source for the 

detection of non-metals. Technical reasons for this use 
include the spectral interference betWeen argon lines and the 
emission spectra of nonmetals. It has not been suggested or 
demonstrated, hoWever, that MIP may be useful in material 
modi?cation. 

BRIEF SUMMARY 

[0014] Systems and methods in accordance With the 
present invention overcome de?ciencies and obstacles in the 
prior art to provide improved reactive atom plasma process 
ing for certain applications. A system and method in accor 
dance With the present invention can modify the surface of 
a Workpiece using a microWave-induced plasma torch con 
?gured to modify the surface of a Workpiece using a reactive 
atom plasma process. A translator can move the microWave 
induced plasma torch With respect to the Workpiece, such as 
by translating and/or rotating the torch With respect to the 
Workpiece according to a speci?ed pattern. The microWave 
induced plasma torch can operate at atmospheric pressure, 
can have a footprint betWeen about 0.5 mm and about 10 
mm, and can operate at a poWer ranging from about 35 W 
to above 3 kW. 

[0015] A gas source can direct a How of process gas into 
the microWave induced plasma torch, Which can include tWo 
concentric tubes to receive the process gasses. A How 
regulator can maintain the How of process gas betWeen 
about 0.5 l/min and about 14 l/min. AmicroWave cavity can 
surround at least a portion of the microWave-induced plasma 
torch, Which can receive microWaves from a microWave 
source in order to excite atoms in the plasma. Ahelical insert 
can be placed betWeen the tWo concentric tubes in order to 
hold the spacing of the tubes, as Well as to increase the 
velocity of the gasses ?oWing through the tubes and cool the 
tubes themselves. An external poWer source, such as a 2.45 
GHZ poWer source, can be used to supply energy to the 
microWave cavity. The cavity itself can be tunable, such as 
through use of a moveable plunger. A gas sheath can be 
attached to the cavity to shield the microWave-induced 
plasma from the atmosphere. 

[0016] Once such a system is in place, the surface of a 
Workpiece can be modi?ed in one-, tWo-, or three dimen 
sions. The plasma can be used to remove material, redeposit 
material, redistribute material, and deposit additional mate 
rial on the surface of the Workpiece. This can alloW the 
system to be used accomplish tasks such as cleaning, pol 
ishing, shaping, and thinning the Workpiece. 

[0017] Other features, aspects, and objects of the invention 
can be obtained from a revieW of the speci?cation, the 
?gures, and the claims. 
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BRIEF DESCRIPTION OF THE FIGURES 

[0018] FIG. 1 is a diagram of an ICP system as disclosed 
in related application Ser. No. 10/008,236. 

[0019] FIG. 2 is a diagram of an ICP torch that can be used 
With the system of FIG. 1. 

[0020] FIG. 3 is a diagram of an MIP system that can be 
used in accordance With one embodiment of the present 
invention. 

[0021] FIG. 4 is a diagram of an MIP torch that can be 
used With the system of FIG. 3. 

DETAILED DESCRIPTION 

[0022] A microWave-induced atmospheric pressure 
plasma can be an appropriate atomiZation tool for several 
applications of a reactive atom plasma process. A micro 
Wave-induced plasma (MIP) source has proven to have a 
number of attributes that complement, or even surpass in 
some applications, the use of an ICP tool or a ?ame as an 

atomiZation source. Some of these advantages include a 
smaller footprint, Which can be as loW as about 0.5 mm or 
less, or from about 1 mm or less to about 10 mm or more, 
as Well as a smaller and simpler device that can operate on 
loWer ?oW rates of host gas and can even be run on air, 
nitrogen or oxygen. FloW rates for one MIP device can range 
betWeen about 0.5 l/min to about 13 l/min or so, although 
?oW rates of less than 0.5 l/min and above 13 l/min are also 
possible. Host gases can include, for example, Argon, 
Helium, nitrogen, air, CF4, oxygen and/or hydrogen. In fact, 
any gas phase material or combination thereof could be 
used. 

[0023] The plasma can be run at a very loW poWer, such 
as from about 35 Watts to about 3 kW. Less energy is needed 
to fragment the precursor than Would be needed for an ICP 
or ?ame, especially if a high ?oW, loW poWer helium design 
is selected. This can result in less heat load on the part, 
Which is preferable for certain temperature-sensitive appli 
cations. The tuning or matching netWork is relatively 
uncomplicated, simplifying construction and loWering cost. 
The smaller siZe of both the cavity and the tuning netWork 
facilitate the translation of the MIP source, meaning there 
may no longer be any need to translate large parts or 
Workpieces. 

[0024] The MIP approach simpli?es the mechanics needed 
to hold a Workpiece, and can reduce the Workpiece motion 
to a high speed rotary stage, for example. Through the use 
of a small atomiZation source and tuning netWork, Which can 
be as small as 5% the siZe of a current ICP unit, or roughly 
100 mm in diameter and 15 mm thick, for example, the 
source could be moved at high speed With ?ve or six degrees 
of freedom. The ability to tilt and rotate the tool around its 
axis of curvature permits the fabrication of Workpieces With 
steep Wall angles, for example, Without the need for tool 
shape calculations that add to the complexity of the motions. 
Movement of the torch over the surface of a Workpiece can 
include the translation, rotation, tilt, and height adjustment 
of the torch With respect to the surface of the Workpiece, for 
example, in order to properly modify the Workpiece accord 
ing to a tWo- or three-dimensional pattern. 

[0025] Further, the atomiZation source is much easier to 
shield than a standard ICP torch, and can be operated in an 
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open room or on the side of a building, if necessary. The 
simpler device can also be made cheaper and easier than an 
ICP torch system. An MIP can be built using the abundant 
and cheap supply of components for microWave ovens, for 
example. Like the ICP, the MIP can create an annular 
discharge under certain operating conditions. This provides 
the advantage of a stable plume of reactive atoms an a sheath 
of inert gas to shield the radicals from the atmosphere. 

[0026] One type of cavity that can be used With systems 
and methods in accordance With the present invention is a 
Beenakker cavity. For reactive atom processing Work, an 
MIP based on the Bennacker design or one of the many 
improved versions has a number of advantages. If the 
diameter is great enough, the plasma is annular in nature, so 
the sample can be injected directly into the center of the 
energy Zone. As in the ICP design, this is bene?cial because 
the reactive species Would be oriented in a more determin 
istic fashion, and Would be shielded from the atmosphere by 
the noble gas plasma. 

[0027] Existing Beenakker cavities are optimiZed for 
spectroscopic emission, but serve Well in a number of 
reactive atom plasma processing applications. Axial plasmas 
With central sample injection and small compact designs 
running on loW poWer, as Well as readily available consumer 
electronics, are suitable for many applications. Some of the 
larger, or higher poWer, units run above 1 kW, the same 
poWer as a standard ICP, and have How rates as high as 13 
l/min. These systems also tend to have larger torches. For 
example, the self-servingly named Okamoto cavity uses a 
tWo tube torch With a 10 mm OD and an 8 mm ID. When the 
tubes are that large, especially With helium as the plasma 
gas, the discharges are clearly axial. 

[0028] When designing or selecting a microWave source, 
it is useful to set forth the important characteristics to be 
achieved. In one example, a primary concern is that the tool 
have a smaller diameter. Of secondary importance is the fact 
that the system should require less shielding than an ICP 
source. Of further importance, the cost of components 
making up the MIP source, as Well as the operating cost, 
should be loWer than for the ICP source. 

[0029] As shoWn in FIG. 3, the plasma can be contained 
in a quartZ torch 200, Which is distinguished from a standard 
analytical ICP by the use of tWo concentric tubes instead of 
three. With a large enough bore or high frequency, the 
plasma can be generated and the precursor injected into the 
center of the torch in a manner analogous to the ICP. The 
system can be built With a three tube torch, but there is no 
need for the extra tube in many applications. At 2.45 GHZ, 
smaller tubes, such as those about 1 mm to about 2 mm or 
less, produce axial plasmas. The sub-millimeter plasmas can 
be used as small tools, but the reactive gas may need to be 
mixed With the main body of the plasma gas if it is to be 
fragmented for certain applications. To prevent erosion, the 
torch can be fabricated from a chemically inert material. In 
the case of ?uoride plasmas, for example, an alumina tube 
can be used. The torch can be a ?xed, single piece, one or 
tWo tube design, or can be made de-mountable in the manner 
of some ICP torches, such that the tubes are individually 
held and separately replaced. An advantage to a de-mount 
able system is that the length of the outer tube can be 
increased, alloWing the plasma to cool doWn While prevent 
ing reactive radical atoms from interacting With the 
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entrained air. The operational setting of the torch can depend 
on several factors, including poWer and reactive precursor 
load. 

[0030] A helical insert 208 can be placed betWeen the 
outer tube 202 and the inner tube 204 of the torch 200 to 
control tube concentricity, as Well as to direct and increase 
the velocity of gas. The vortex ?oW purportedly stabiliZes 
the system, and the high velocity aids in cooling the quartZ 
tubes 202, 204. 

[0031] The main portion of the microWave cavity 212 can 
be a circular or cylindrical chamber, seen here in cross 
section. The microWave cavity can be machined from a 
highly conductive material, such as copper. The energy from 
a 2.45 GhZ (or other appropriate) poWer supply 230 can be 
coupled into the cavity 212 through a connector 214 on one 
edge of the cavity. The impedance betWeen the poWer cable 
and the cavity can be matched by any appropriate means, 
such as by utiliZing tuning stubs along the cable. 

[0032] The cavity 212 can be tuned in one embodiment by 
moving a holloW cylindrical plunger 206, or tuning device, 
into or out of the cavity 212. The quartZ torch 200 is 
contained in the center of the tuning device 206 but does not 
move While the system is being tuned. Since the cavity is not 
cooled, purged, or evacuated in this embodiment, there is no 
need for a seal betWeen the tWo tubes. 

[0033] The torch 200 can protrude several millimeters 
beyond the cavity 212. This distance can be determined by 
the speci?c application, and can vary from a feW millimeters 
to ten centimeters or more. The plasma 210 can extend Well 
beyond the cavity 212 as Well, and for many embodiments 
Will not be quenched until the plasma is Well beyond the end 
of the outer tube 202. HoWever, there are situations Where 
the plasma 210 has visibly decayed before the end of the 
torch 200 is reached. 

[0034] An external gas sheath 220 can be used to shield 
the plasma 220 from the atmosphere. The sheath 220 can 
contribute to the longevity of the reactive species in the 
plasma, and can keep the atmospheric recombination prod 
ucts as loW as practically possible. In one embodiment, the 
end of the sheath 220 is approximately coplanar With the 
open end, or tip, of the torch 200. The sheath 220 can be 
extended beyond the tip of the torch 200 by installing an 
extension tube 222 using a threaded ?ange at the outlet of 
the sheath 220. The sheath itself can be threadably attached 
218 to the main cavity 212, Which can alloW a ?ne adjust 
ment on height to be made by screWing the sheath either 
toWard or aWay from the cavity 212. A supply of process gas 
228 can provide process gas to both tubes 202, 204 or the 
torch 200. In one embodiment this process gas is primarily 
composed of argon or helium, but can also include carbon 
dioxide, oxygen or nitrogen, as Well as other host gasses, if 
the chemistry of the situation permits. Gas ?oWs in this 
embodiment can be betWeen about one and about ten liters 
per minute. 

[0035] An MIP device may not be preferable to an ICP for 
all applications, hoWever, particularly for large-scale appli 
cations. Smaller MIP devices may not have enough energy 
to vaporiZe a suf?ciently large concentration of reactive gas. 
If the How rates are loW, the limitation on poWer, about 300 
Watts for the simpler MIP cavities, can result in a loWer 
maximum concentration of reactive gas. The MIP also may 
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not planariZe over large areas due to the lower operating 
temperature, and the proper conditions to set up a large 
equilibrium environment may not be present. For many 
applications, the ICP may remain the tool of choice due to 
its inherently larger footprint as Well as those properties 
discussed above. 

[0036] Achuck 226 can be used to hold the Workpiece 224 
to be modi?ed. The chuck 226 can be in communication 
With a translation stage, Which is adapted to translate and/or 
rotate the Workpiece 224 on the chuck 226 With respect to 
the plasma discharge 210. The translation stage can be in 
communication With a computer control system, such as 
may be programmed to provide the necessary information or 
control to the translation stage to alloW the Workpiece 224 to 
be moved along a proper path to achieve a desired modi? 
cation of the Workpiece. The computer control system can be 
in communication With the microWave poWer supply 232, 
and can provide the necessary information to any mass ?oW 
controllers or to the poWer supply 230 coupled to the cavity. 

[0037] The system can also include a sample chamber to 
contain the Workpiece during processing. The main compo 
nents inside such a sample chamber, With the exception of 
the sample, can include translation stages and a chuck. The 
chuck can be a relatively simple vacuum system, Which can 
be mounted to the rotary stage and connected to a pump, 
such as a carbon vane pump, through a rotary or other 
appropriate connection. The chuck can be smaller than, or 
equal in siZe to, the siZe of the part. If the chuck protrudes 
past the part, a small amount of chuck material may deposit 
on the edge or surface. 

[0038] Devices such as rotometers, mass ?oW controllers, 
and simple on/off valves (pulsed control) can be used to 
meter gas ?oW. A system can, for example, use mass ?oW 
controllers With pieZoelectric transducers to monitor gas 
How on all lines as needed. ApoWer source and control panel 
can be rack mounted. This can be a commercial unit useful 
for loW pressure capacitively coupled discharges. The rack 
can also contain the stage controller and the electronics for 
the mass ?oW controllers. 

[0039] There can be several mass ?oW controllers con 
trolling gas introduction. Having several controllers in series 
and/or parallel with How ranges such as from 10 l/min to 0.1 
l/min can provide a variety of gas mixtures, Which in turn 
can alloW for more complicated reactive chemistry. The 
main gas ?oW, such as may contain a plasma gas, can serve 
to supply the discharge With a ?oWing stream of, for 
example, argon. The How rate can be changed over a fairly 
Wide range, such as from Zero to about 100 l/min, depending 
on the RF poWer level used. If the How is too fast, the plasma 
may “bloW out.” A large ?oW rate can result in a dilution of 
both the reactive gas and of the energy put into the system. 
This could be vieWed as a good or a bad thing, depending on 
the application. Excessive ?oW rates also increase the cost of 
the per hour gas consumables. 

[0040] While FIG. 3 shoWs an MIP design that can be 
used in accordance With one embodiment of the present 
invention, many other designs and con?gurations can be 
implemented With similar results. The dimensions of such a 
design can be dictated by the choice of operating parameters. 
There are a number of parameters that can be speci?ed in 
designing a tool for an RAP application. First, the poWer of 
a device can be from about 100 Watts to about 2,000 Watts 
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or more, With higher poWer typically necessitating higher 
?oW. A preferred range for certain devices is betWeen about 
500 Watts and about 1000 Watts. A frequency of 2.45 GHZ 
is appropriate for such devices, although frequencies near 
2.45 GHZ, above 2.45 GHZ, and beloW 2.45 GHZ may also 
be appropriate. 

[0041] The main gas ?oW rate in this design is from about 
2 l/min to about 10 l/min, speci?cally for argon or helium, 
although ?oW rates beloW about 2 l/min and above about 10 
l/min may also be appropriate. In certain devices, a main gas 
?oW rate of about 5 l/min is used. The inner diameter of the 
cavity in this design is about 3 mm, although the cavity can 
be at least as large as 10 mm. One such device has an inner 
diameter of about 5 mm and an outer diameter of about 6 
mm. The length of the cavity in this design is a fraction of 
the Wavelength. A 2.45 GHZ frequency translates into a 
Wavelength of 1.22 meters. This design can be signi?cantly 
smaller than that, such as on the order to about 6 cm 
internally. Smaller tubes can generate axial plasmas instead 
of cylindrical plasmas, and may not be useful for many 
applications as the reactive precursor in these instances can 
be mixed With the main plasma gas. 

[0042] To a certain degree, ?xing the tube diameter has 
little effect on the overall cavity design. A ?nal system can 
include an insert Wherein the central portion of the cavity is 
replaceable in order to accommodate different plasma siZes. 
A more narroW tube can result in an axial plasma With a 
sub-millimeter footprint. The design can be a single tube 
design, With the gasses being premixed before introduction 
into the discharge region. The tube can be manufactured out 
of a chemically resistant material, such as alumina for 
?uorine plasmas. 

[0043] Chemistry 

[0044] Areactive atom plasma process in accordance With 
embodiments of the present invention is based, at least in 
part, on the reactive chemistry of atomic radicals formed by 
the interaction of a non-reactive precursor chemical With a 
plasma. In one such process, the atomic radicals formed by 
the decomposition of a non-reactive precursor interact With 
material on the surface of a part being shaped. The surface 
material is transformed to a gaseous reaction product and 
leaves the surface. A variety of materials can be processed 
using different chemical precursors and different plasma 
compositions. The products of the surface reaction in this 
process must be a gas under the conditions of the plasma 
exposure for material removal to take place. If not, a surface 
reaction residue may build up on the surface Which Will 
impede further etching. The reactive precursor chemical can 
be introduced to the plasma as a gas, liquid, or solid. Liquids 
can be aspirated into the plasma and ?ne poWders can be 
nebuliZed by mixing With a gas before introduction to the 
plasma. 

[0045] A small torch erosion problem may exist due to a 
minor portion of the precursor not entering the central Zone 
but instead going around the outside of the plasma. An 
increase in skin depth (i.e. a thicker energy coupling Zone) 
can constrict the central channel, possibly restricting the 
precursor How and alloWing some to escape to the periphery. 
One of the advantages of systems in accordance With the 
present invention is that there is little to no electrode or 
noZZle erosion. 
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[0046] Precision Shaping 

[0047] Using conditions such as those described above, it 
is possible to get a stable, predictable, reproducible distri 
bution of reactive species that is roughly Gaussian in nature, 
although other distributions are possible and may be appro 
priate for certain applications. For many applications, it may 
only be desirable that the distribution be radially symmetric. 
For example, an 18 mm inner diameter torch may have a 
spread of about 30 mm. As the exposure time is increased or 
decreased, a hole can get deeper or shalloWer, but its Width 
may not vary greatly. Therefore, the tool shape produced by 
the plasma system can be extremely shalloW and broad, 
Which can relax the requirements for precision X-Y posi 
tioning of the tool or the part. 

[0048] An important factor in this process is the fact that 
the footprint of the plasma discharge can be stable and 
reproducible, and dependent upon controllable parameters. 
Fairly similar etch rates can be produced if similar systems 
are run under identical conditions, and the same system can 
be highly reproducible from day to day. For extremely 
precise surfaces, the footprint of the tool may need to be 
measured before each removal step. It may also be possible, 
hoWever, to determine the footprint as a byproduct of the 
iterative shaping process. 

[0049] If any shape on the part is required, other than a 
Gaussian depression of various depths, it may be necessary 
to translate and/or rotate the torch relative to the part, 
although it may still be useful to translate and/or rotate the 
part With respect to the torch, or each With respect to the 
other. If the torch is loWered into the part, a depression or pit 
can result. If the torch translates across the part, a trench may 
be produced. The ?oor of the trench can take on the 
characteristics of the distribution of reactive species in the 
torch, and also can be determined by hoW closely the torch 
paths approach each other on subsequent passes. In such a 
process, a rough part can be measured for Which a fairly 
accurate estimate of the footprint is knoWn, such as from 
previous experiments. The ?nal desired part shape may be 
knoWn, and a pathWay for the tool can be calculated to get 
the ?nal shape from all of the input variables, including such 
input variables as initial part shape, plasma conditions, dWell 
time, and removal behavior of the Workpiece material. When 
completed, the part shape could be accurately measured and 
compared With the desired shape. The difference may be the 
error in the assumption of the footprint shape. For uniform 
material removal in certain applications, the speed of the 
torch across the surface may need to be constant. For some 
applications it may be necessary to vary all parameters 
simultaneously including tool position, part position, gas 
?oW rate, gas ?oW composition and excitation energy. 

[0050] Deposition 
[0051] One process that can be used in accordance With 
embodiments of the present invention utiliZes the plasma to 
put doWn a coating on the surface of the Workpiece. The 
plasma can also be used to subtly alter the chemistry of the 
surface. A slight addition of oxygen in the plasma at the 
beginning of the process, for example, can clean any organic 
material from the surface. Reactive surfaces can be created 
for enhanced bonding of subsequent layers, or can be capped 
to prevent corrosion. Alternatively, a controlled and limited 
production of surface oxide, nitride, or other suitable mate 
rial can be put doWn as a passivation layer. 
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[0052] Shaping and Smoothing Heterogeneous Materials 

[0053] In one application in accordance With the present 
invention, a heterogeneous material can be etched using the 
plasma. When a heterogeneous surface is etched, the result 
ant surface may not be as smooth as an etched homogeneous 
surface. This difference can be attributed to variable etch 
rates betWeen heterogeneous grains, as Well as preferential 
etching along grain boundaries. This effect, hoWever, may be 
limited. 

[0054] The chemistry in the plasma can be altered to favor 
deposition over removal, and a layer of the same material, or 
a different material, can be quickly deposited. To accomplish 
this, a suitable reactive chemical precursor can be used. For 
the deposition of amorphous SiO2, for example, a range of 
chemical compounds containing silicon may be suitable, 
including but not limited to silanes and SiO2 particles. For 
the deposition of other materials, different chemical precur 
sors can be used. Such a chemical precursor can be intro 

duced in a solid, liquid, or gaseous form. Liquids can be 
aspirated into the plasma, and poWders of solids can be 
nebuliZed and introduced With a gas. 

[0055] This neW layer may be more amenable to the 
smoothing process. Back-etching of this deposited layer can 
alloW the shaping of smooth surfaces on an originally rough 
and heterogeneous substrate. Alternatively, Wet chemical 
etching can be used to remove surface damage on a con 
ventionally polished part. The resulting rough surface then 
could be coated using the plasma jet and back-etched to 
achieve a smooth precision surface. 

[0056] The foregoing description of preferred embodi 
ments of the present invention has been provided for the 
purposes of illustration and description. It is not intended to 
be exhaustive or to limit the invention to the precise forms 
disclosed. Many modi?cations and variations Will be appar 
ent to one of ordinary skill in the art. The embodiments Were 
chosen and described in order to best explain the principles 
of the invention and its practical application, thereby 
enabling others skilled in the art to understand the invention 
for various embodiments and With various modi?cations that 
are suited to the particular use contemplated. It is intended 
that the scope of the invention be de?ned by the folloWing 
claims and their equivalence. 

What is claimed is: 
1. A tool for modifying the surface of a Workpiece, 

comprising: 

a microWave-induced plasma torch con?gured to modify 
the surface of a Workpiece using a reactive atom plasma 
process. 

2. A tool according to claim 1, further comprising: 

a translator that can move the microWave-induced plasma 
torch With respect to the Workpiece. 

3. A tool according to claim 1, Wherein: 

the microWave-induced plasma torch is adapted to operate 
at atmospheric pressure. 

4. A tool according to claim 1, Wherein: 

the microWave-induced plasma torch has a footprint of 
about 0.5 mm. 
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5. A tool according to claim 1, wherein: 

the microWave-induced plasma torch has a footprint from 
about 1 mm to about 10 mm. 

6. A tool according to claim 1, further comprising: 

a source of process gas adapted to direct a How of process 
gas into the microWave-induced plasma torch. 

7. A tool according to claim 5, further comprising: 

a How regulator adapted to maintain the How of process 
gas betWeen about 0.5 l/min and about 14 l/min. 

8. A tool according to claim 5, Wherein: 

said source of process gas includes gasses selected from 
the group consisting of argon, helium, CO2, CF4, 
oxygen, nitrogen, and hydrogen. 

9. A tool according to claim 1, Wherein: 

said microWave-induced plasma torch operates at a poWer 
betWeen about 35 W and about 3 kW. 

10. A tool according to claim 2, Wherein: 

said translator can move the microWave-induced plasma 
torch With at least ?ve degrees of freedom. 

11. A tool according to claim 1, further comprising: 

a microWave cavity surrounding at least a portion of the 
microWave-induced plasma torch. 

12. Atool according to claim 11, Wherein said microWave 
cavity is based on a design selected from Beenakker-based 
cavities and Okamoto-based cavities. 

13. A tool according to claim 1, Wherein: 

said microWave-induced plasma torch includes tWo con 
centric tubes. 

14. A tool according to claim 1, Wherein: 

said microWave-induced plasma torch is a quartZ torch. 
15. A tool according to claim 1, Wherein: 

said microWave-induced plasma torch is fabricated from 
a chemically inert material. 

16. A tool according to claim 13, Wherein: 

said microWave-induced plasma torch includes tWo con 
centric tubes being rigidly ?xed to each other. 

17. A tool according to claim 13, Wherein: 

said microWave-induced plasma torch includes tWo con 
centric tubes being individually held. 

18. A tool according to claim 1, further comprising: 

a helical insert in said microWave-induced plasma torch. 
19. A tool according to claim 13, further comprising: 

a helical insert positioned betWeen the tWo concentric 
tubes. 

20. A tool according to claim 11, further comprising: 

a poWer source adapted to couple energy to the micro 
Wave cavity. 

21. A tool according to claim 11, further comprising: 

a 2.45 GHZ poWer source adapted to couple energy to the 
microWave cavity. 

22. A tool according to claim 11, further comprising: 

a tuning device for tuning the microWave cavity. 
23. A tool according to claim 1, further comprising: 

a gas sheath adapted to shield the microWave-induced 
plasma torch from the atmosphere. 
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24. A tool according to claim 2, further comprising: 

a chuck to hold the Workpiece, the chuck in communica 
tion With said translator. 

25. A tool according to claim 1, further comprising: 

a sample chamber to contain the Workpiece during the a 
reactive atom plasma process. 

26. A system for modifying the surface of a Workpiece, 
comprising: 

a microWave-induced plasma con?gured to modify the 
surface of a Workpiece using a reactive atom plasma 
process; and 

a translator that can move the microWave-induced plasma 
With respect to the Workpiece. 

27. A chemical reactor for modifying the surface of a 
Workpiece, comprising: 

a microWave-induced plasma torch; 

a microWave cavity surrounding at least a portion of the 
microWave-induced plasma torch; and 

a translator that can move the microWave-induced plasma 
torch With respect to the surface of the Workpiece; 

Whereby the torch can modify the surface of the Work 
piece in the chamber using a reactive atom plasma 
process. 

28. A chemical reactor according to claim 27, further 
comprising: 

a temperature regulator for affecting at least one of: 

(a) the rate of removal and 

(b) the rate of deposition of material from the surface 
of the Workpiece by the torch 

by controlling at least one of the position of the 
Workpiece, the poWer, the plasma gas ?oW rate, and 
the distance of the Workpiece from the plasma torch. 

29. A method for shaping a surface of a Workpiece, 
comprising: 

moving a microWave-induced plasma torch over the sur 
face of the Workpiece; and 

using reactive atom plasma processing to shape the sur 
face of the Workpiece With the discharge from the 
microWave-induced plasma torch. 

30. A method according to claim 29, further comprising: 

adding material to the surface of the Workpiece With the 
discharge from the microWave-induced plasma torch. 

31. A method according to claim 29, Wherein: 

using reactive plasma processing to shape the surface of 
the Workpiece further comprises removing material 
from the surface of the Workpiece. 

32. A method according to claim 29, Wherein: 

using reactive plasma processing to shape the surface of 
the Workpiece further comprises polishing the surface 
of the Workpiece. 

33. A method according to claim 29, further comprising: 

altering the chemistry of the surface of the Workpiece With 
the plasma. 
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34. A method according to claim 29, further comprising: 

tuning a microwave cavity surrounding at least a portion 
of the microWave-induced plasma torch. 

35. A method according to claim 29, Wherein: 

using reactive atom plasma processing to shape the sur 
face of the Workpiece occurs at atmospheric pressure. 

36. A method according to claim 29, further comprising: 

directing a How of process gas into the microWave 
induced plasma torch. 

37. A method according to claim 36, further comprising: 

maintaining the How of process gas betWeen about 0.5 
l/min and about 14 l/min. 

38. A method according to claim 29, further comprising: 

operating the microWave-induced plasma torch at a poWer 
betWeen about 35 W and about 3 kW. 

39. A method according to claim 29, further comprising: 

surrounding at least a portion of the microWave-induced 
plasma torch With a microWave cavity. 

40. A method according to claim 29, further comprising: 

increasing the velocity of process gas using a helical 
insert in the microWave-induced plasma torch. 

41. A method according to claim 29, further comprising: 

coupling energy to a microWave cavity surrounding at 
least a portion of the microWave-induced plasma torch. 

42. A method according to claim 29, further comprising: 

coupling energy to a microWave cavity surrounding at 
least a portion of the microWave-induced plasma torch 
using a 2.45 GHZ poWer source. 

43. A method according to claim 29, further comprising: 

shielding the microWave-induced plasma torch from the 
atmosphere using a gas sheath. 

44. A method according to claim 29, Wherein: 

using reactive atom plasma processing to shape the sur 
face of the Workpiece causes minimal or no damage to 
the Workpiece underneath the surface. 

45. A method according to claim 29, further comprising: 

moving the Workpiece With respect to the microWave 
induced plasma torch. 

46. A method according to claim 29, further comprising: 

creating a reactive species in the plasma. 
47. A method according to claim 29, further comprising: 

placing a precursor in a center tube of the microWave 
induced plasma torch. 

48. A method according to claim 29, further comprising: 

placing a precursor in the microWave-induced plasma 
torch and creating a reactive species in the plasma. 

49. A method according to claim 29, further comprising: 

placing a precursor in the microWave-induced plasma 
torch. 

50. A method according to claim 29, further comprising: 

controlling the mass flow of a precursor into the plasma. 
51. A method according to claim 29, further comprising: 

selecting a concentration of precursor to be introduced 
into a center tube of the microWave-induced plasma 
torch. 
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52. A method according to claim 29, further comprising: 

introducing a plasma gas through an outer tube of the 
microWave-induced plasma torch. 

53. A method according to claim 29, further comprising: 

controlling the siZe of a discharge by selecting the inner 
diameter of an outer tube of the microWave-induced 
plasma torch. 

54. A method according to claim 29, further comprising: 

producing a volatile reaction on the surface of the Work 
piece. 

55. A method according to claim 29, further comprising: 

planariZing the surface of the Workpiece With the micro 
Wave-induced plasma torch. 

56. A method according to claim 29, further comprising: 

using a precursor solution to control the etch rate of the 
microWave-induced plasma torch. 

57. A method according to claim 29, further comprising: 

using a precursor to control the etch rate of the micro 
Wave-induced plasma torch, the precursor being any 
one of a solid, liquid, or gas. 

58. A method for planariZing a surface of a Workpiece, 
comprising: 
moving a microWave-induced plasma torch over the sur 

face of the Workpiece; 

removing material from the surface of the Workpiece 
using a discharge from the microWave-induced plasma 
torch; and 

using reactive atom plasma processing to redeposit the 
removed material on the surface of the Workpiece. 

59. A method according to claim 58, further comprising: 

depositing material on the surface of the Workpiece using 
the microWave-induced plasma torch. 

60. A method according to claim 58, further comprising: 

maintaining the temperature of the plasma from the 
microWave-induced plasma torch. 

61. A method according to claim 58, further comprising: 

altering the chemistry of the surface of the Workpiece With 
the microWave-induced plasma torch. 

62. A method according to claim 58, further comprising: 

polishing the surface of the Workpiece With the micro 
Wave-induced plasma torch. 

63. A method according to claim 58, further comprising: 

controlling the removal rate at Which material is removed 
from the surface of the Workpiece. 

64. A method according to claim 58, further comprising: 

controlling the deposition rate at Which material is depos 
ited onto the surface of the Workpiece. 

65. A method according to claim 58, further comprising: 

controlling the redeposition rate at Which material 
removed from the surface during processing is rede 
posited on the surface. 

66. A method for cleaning a surface, comprising: 

moving a microWave-induced plasma torch With respect 
to a Workpiece; and 

using reactive atom plasma processing to deposit and 
remove material from the surface of the Workpiece. 
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67. A method for redistributing a material on a surface, 
comprising: 

moving a microWave-induced plasma torch With respect 
to the surface of a Workpiece; and 

using reactive atom plasma processing to deposit and 
redistribute material on the surface of the Workpiece. 

68. Atool for shaping the surface of a Workpiece, the tool 
being able to accomplish the folloWing steps: 

position a microWave-induced plasma torch With respect 
to a Workpiece; 

move the microWave-induced plasma torch relative to the 
surface of the Workpiece; and 

use reactive atom plasma processing to deposit material 
on the surface of the Workpiece and shape the surface 
With the discharge from the microWave-induced plasma 
torch. 

69. A tool for shaping the surface of a Workpiece, com 
prising: 

means for moving a microWave-induced plasma torch 
relative to the surface of a Workpiece; and 

means for using reactive atom plasma processing to 
deposit material on the surface of the Workpiece and 
shape the surface With the discharge from the micro 
Wave-induced plasma torch. 

70. A tool for shaping the surface of a Workpiece, com 
prising: 

a microWave-induced plasma torch; 

a translator that can translate the microWave-induced 
plasma torch With respect to the surface of the Work 
piece; and 

Wherein said microWave-induced plasma torch is con?g 
ured to deposit material and shape the surface of a 
Workpiece using a reactive plasma process. 
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71. A chemical reactor for shaping the surface of a 
Workpiece, comprising: 

a plasma processing chamber including a microWave 
induced plasma torch; 

a translator that can translate at least one of a Workpiece 

and said microWave-induced plasma torch, Whereby 
said microWave-induced plasma torch can shape the 
surface of the Workpiece using a reactive plasma pro 
cess; and 

a temperature regulator for affecting the at least one of the 
rate of removal and the rate of deposition of material by 
controlling at least one of the position of the Workpiece, 
the poWer, the plasma gas flow rate, and the distance of 
the Workpiece from the plasma torch. 

72. A tool for modifying the surface of a Workpiece, 
comprising: 

a microWave-induced plasma torch con?gured to modify 
the surface of a Workpiece using a reactive atom plasma 
process, the plasma torch having a central aXis running 
the length of torch and a tip at one end of the torch for 
discharging a plasma; and 

a microWave cavity surrounding at least a portion of the 
tip of the torch, the microWave cavity having a cylin 
drical shape and being positioned relative to the plasma 
torch such that a circumference of the cavity is orthogo 
nal to the central aXis of the plasma torch. 

73. A tool according to claim 72, Wherein: 

said microWave-induced plasma torch is adapted to be 
positioned such that the central aXis is orthogonal to the 
surface of the Workpiece. 


