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(57) ABSTRACT 

A ?ame torch can be used to clean the surface of a contact 
sensitive object, such as a glass optic, extremely thin Work 
piece, or semiconductor Wafer by providing a reactive 
precursor gas to the feed gases of the torch. Reactive atom 
plasma processing can be used to clean the surface of a 
contaminant that chemically combines With the atomic radi 
cals of the precursor Without affecting the surface. The torch 
can also be used to modify the surface after cleaning, 
Without transferring the object or engaging in any interme 
diate processing, by supplying a second reactive precursor 
that reacts With the surface itself. The ?ame torch can be 
used to shape, polish, etch, planariZe, deposit, chemically 
modify and/or redistribute material on the surface of the 
object. 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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Strike a flame on a flame torch 

i 

Supply a first reactive precursor to the flame torch 

i 
Bring the flame torch into proximity with the surface of the 

workpiece to be cleaned 

i 
Clean the surface of the workpiece by allowing radicals of the 
precursor to combine with the contaminant to produce a gas 

and leave the surface 406 

i 

Supply another reactive precursor to the torch 

i 
Modify the surface of the workpiece by reactive atom 

processing 
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METHOD FOR NON-CONTACT CLEANING OF A 
SURFACE 

PRIORITY 

[0001] This application is a Continuation of US. patent 
application Ser. No. l0/384,506, ?led Mar. 7, 2003, Which is 
incorporated herein by reference. 

FIELD OF INVENTION 

[0002] The ?eld of the invention relates to cleaning of 
surfaces using a ?ame and reactive gases. 

BACKGROUND 

[0003] Modern materials present a number of formidable 
challenges to the fabricators of a Wide range of optical, 
semiconductor, and electronic components, many of Which 
require precision shaping, smoothing, and polishing. Fur 
ther, such a component often requires the cleaning of at least 
one surface before or after a step in the fabrication process. 
Other components simply require a ?ne cleaning separate 
from the fabrication process. Many current physical contact 
methods have the disadvantage of involving mechanical 
force at the microscopic scale that creates surface and 
possibly subsurface damage. 

[0004] The basic designs and structure of a ?ame torch are 
Well knoWn, one of Which contains a central tube that 
introduces a gas, liquid, or solid into the ?ame. This is the 
technology of ?ame photometry, a method by Which a 
material can be chemically analyZed by injecting the mate 
rial into a hot ?ame and analyZing the emission of light that 
results. 

[0005] The use of plasma to chemically treat materials is 
also knoWn. There are several knoWn methods for using 
atmospheric plasmas to treat surfaces as such as rubber, 
plastic, and metals. The use of an oxygen plasma generated 
With an ICP to clean photoresist from the surface of a Wafer 
has been described and claimed in US. Pat. No. 6,218,640. 
An ICP device can be quite complex, hoWever, and comes 
With certain limitations. An ICP device can also be relatively 
expensive, and may not alWays be an optimal system for 
cleaning materials from a surface. 

[0006] The use of an oxygen plasma to remove photore 
sist, a process called “ashing,” is Well established in the 
semiconductor community. Ashing is usually carried out in 
an reactive ion etch (RIE) chamber at reduced pressure. The 
need for a vacuum chamber increases cost and reduces 
throughput. Further, oxygen plasma processing With an RIE 
process can require a separate step to remove the “ash” from 
the Wafer. RIE methods are not directional, and therefore 
cannot be used to simply clean a speci?c area of contami 
nation from a Wafer. 

BRIEF SUMMARY 

[0007] Systems and methods in accordance With embodi 
ments of the present invention can overcome de?ciencies 
and obstacles in the prior art to produce a highly-control 
lable, precise, atmospheric, non-contact surface cleaning 
process. These systems and methods also provide improved 
processes for cleaning and rapidly shaping hard-to-machine 
materials using a single or multiple ?ame torch. 
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[0008] Systems and methods in accordance With the 
present invention can clean the surface of a Workpiece, such 
as a glass optic or semiconductor Wafer, by supplying an 
appropriate reactive precursor gas to the ?ame of a ?ame 
torch. The ?ame torch is brought into proximity With the 
surface of the Workpiece to be cleaned, or at least that 
portion of the surface to be cleaned. Reactive atom plasma 
processing can be used to clean contaminants from the 
surface of the Workpiece by chemical reaction With the 
reactive species to form gas phase products that leave the 
surface. The precursor can be mixed With process gas for the 
?ame, and the ?ame must be of a sufficient temperature to 
fragment the precursor into a stream of atomic radicals or 
molecular fragments that can react With the surface con 
taminant. Any contaminants on the surface that do not react 
With the atomic radicals remain unaffected. The surface of 
the Workpiece is similarly una?‘ected. 

[0009] Such systems and methods can also modify the 
surface of the Workpiece after cleaning, Without the need to 
transfer the Workpiece to another device or engage in any 
intermediate processing. After the surface is su?iciently 
cleaned, a different reactive precursor can be introduced into 
the ?ame torch. This precursor can be selected to react With 
the surface itself in order to accomplish surface modi?ca 
tion. The ?ame torch can then be used to shape, polish, etch, 
planariZe, and/or deposit material on the surface of the 
Workpiece. Other features, aspects, and objects of the inven 
tion can be obtained from a revieW of the speci?cation, the 
?gures, and the claims. 

BRIEF DESCRIPTION OF THE FIGURES 

[0010] FIGS. 1(a) and 1(b) are diagrams of a torch that can 
be used in accordance With one embodiment of the present 
invention. 

[0011] FIG. 2 is a diagram of an ICP torch system that can 
be used in accordance With another embodiment of the 
present invention. 

[0012] FIG. 3 is a diagram ofan MIP torch system that can 
be used in accordance With another embodiment of the 
present invention. 

[0013] FIG. 4 is a ?oWchart shoWing a process that can be 
used With the system of FIGS. 1(a) and 1(b). 

DETAILED DESCRIPTION 

[0014] When developing systems useful for reactive atom 
plasma (RAP) processing, it Was determined that certain 
parts needed to be cleaned before being processed. As used 
herein, “cleaning” refers to the selective removal of con 
taminants from a surface. A contaminant on the surface of a 
Workpiece during an etch or surface modi?cation process 
can act as a mask, causing the material beloW the contami 
nant to remain unaffected. This masking phenomenon can 
result in the formation of a plateau With the contaminant at 
the top. Altemately, the contaminant can act as a catalyst, 
causing the contaminant particles to burroW into the surface, 
With each particle potentially creating a pit in the surface. 
Either result is highly undesirable. 

[0015] Initially, all the parts to be processed Were cleaned 
manually in a class 100 clean room using Wipes and sol 
vents. While reasonably successful, the approach left behind 
a small number of particles and, more problematically, a thin 
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layer of organic material. This organic residue could not 
easily be removed With an Ar/CF4 discharge. It Was found 
that an oxygen plasma could be used to clean the surface of 
these parts, such as glass objects or semiconductor Wafers, 
prior to experiments using a RAP process. Several experi 
ments Were carried out With Wafers having an organic 
residue on the back edge. 

[0016] One solution that Was developed used an oxygen 
plasma treatment as a ?rst step in the process. A mixture of 
20% oxygen and 80% argon Was introduced into the center 
of a 100% Ar plasma. The gas mixture simpli?ed handling, 
as the material Was not subject to the particular haZard 
control of 100% oxygen. Total treatment time for a six inch 
optic ranged from about 5 to about 30 minutes, With any time 
period in that range generating a similar result. The plasma 
Was operated at 1000 Watts With an Argon ?oW of 12 l/min 
and a reactive gas ?oW of 1 l/min. The part Was moved 
rapidly under the discharge to minimiZe local heating. In the 
case of the Wafer, the Workpiece Was quickly rotated Without 
any translation since cleaning of the Wafer edge Was the 
objective. While oxygen plasmas are used in the semicon 
ductor industry to remove photoresist and other organic 
materials on the surface of Wafers, exposing a semiconduc 
tor device to an oxygen plasma can often cause damage to 
the device. Traditional plasma technology etches the entire 
Wafer surface, not just the edge contamination as desired. 
The current invention uses a directional, deterministic 
plasma tool, Which treats discreet areas of the surface and 
eliminates the need for a mask. 

[0017] The e?iciency of the cleaning process Was evident 
in the parts that Were later subjected to RAP processing. If 
exposed to the Ar/CF4 plasma Without cleaning, any ?nger 
prints Were etched permanently into the optic. Material 
removal Was monitored With optical microscopy and, in the 
case of resist removal from Wafer, by scraping the surface 
after cleaning. 

[0018] A problem existed With the presence of a contami 
nant on the backside edge of silicon Wafers. Experiments 
using oxygen plasmas generated With traditional plasma 
technology Were attempted, but these experiments resulted 
in damage to the front side of the Wafer. A RAP process 
using an ICP plasma containing oxygen Was able to clean 
aWay the unWanted material from the Wafer edge Without 
damaging the front of the Wafer. 

[0019] With a later experiment, a different embodiment of 
a RAP process Was attempted. Instead of using an ICP 
plasma, it Was speculated that a simple hydrogen-oxygen 
(HZ/O2) ?ame, adjusted to burn With an excess of oxygen, 
might be able to generate active oxygen fragments including 
oxygen radicals and oZone su?icient to clean the Wafer edge 
as the ICP plasma had done. A device using such a simple 
?ame Would be cheaper, easier to develop and maintain, and 
signi?cantly more ?exible than an ICP device. Existing 
HZ/O2 torches are principally used for quartz glass bloWing 
and by jeWelers for melting platinum. 

[0020] Several experiments Were conducted by applying 
the HZ/O2 torch to the edge of a Wafer for varying lengths of 
time. It Was found that organic material at the edge of a 
Wafer could be removed in a manner very similar to that 
produced by the ICP. For at least some applications, a simple 
?ame torch has been shoWn to produce a reactive stream of 
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oxidiZers that can be used to chemically modify surfaces, 
including such processes as cleaning, passivation, and/or 
activation. 

[0021] Initially, a standard HZ/O2 glass bloWing torch 100 
as shoWn in FIG. 1(a) Was used to attempt to clean the 
surfaces With the ?ame 106. The torch 100 had tWo input 
tubes to receive process gasses, one tube 102 to receive the 
fuel for the ?ame, such as hydrogen, and a second tube 104 
to receive the oxidiZer, such as oxygen. These gases can be 
mixed in the torch itself. Many variations can exist in the 
shape and structure of the burner in such a torch, including 
Whether the torch is a single-hole design or a multiple-hole 
design. Another variation includes a ?ash-back suppressor, 
usually located near the burner. 

[0022] The torch 100 Was then Was modi?ed by adding a 
small tube 108 at the center of the burner ori?ce, as shoWn 
in FIG. 1(b). This modi?ed HZ/O2 torch 100 can ?rst be 
ignited, then a reactive precursor such as CF4 or 02 can be 
alloWed to ?oW out of the small center tube 108. The 
temperature at the center of the HZ/O2 ?ame can be su?icient 
to fragment the CF4 into reactive species, and possibly 
atomic radicals. When the ?ame torch has a reactive pre 
cursor, such as CF4, introduced in the middle of the ?ame, 
the core of reactive atoms in the ?ame can be used for 
etching as Well as cleaning. As With other RAP techniques, 
a protective sheath is found on the outside of the reactive 
Zone. Subsequent experiments have shoWn that it is possible 
to etch small pits into the surface of SiO2 glass using such 
a torch. These pits, While smaller than pits etched using the 
ICP RAP process, have many of the same features. Whether 
the system cleans or etches depends upon the reactive 
species selected and the type of contaminant and/or surface 
present. It is possible for the same torch to clean then etch 
a surface simply by changing the reactive species injected 
into the ?ame. 

[0023] An example of this method is shoWn in FIG. 4. A 
?ame is struck on a ?ame torch 400, such as a hydrogen 
oxygen ?ame torch. A reactive precursor is supplied to the 
?ame 402. The ?ame torch is brought into proximity With 
the surface of the Workpiece to be cleaned 404. The surface 
of the Workpiece can then be cleaned by alloWing radicals or 
fragments of the reactive precursor to combine With the 
contaminant on the surface to produce a gas and leave the 
surface 406. If the surface is to be modi?ed after cleaning, 
an additional reactive precursor can be supplied to the ?ame 
408. The surface of the Workpiece can then be modi?ed 
using reactive atom processing With the ?ame having the 
second reactive precursor 410. 

[0024] A ?ame torch for use in cleaning a surface can be 
designed in several Ways. In the relatively simple design of 
FIG. 1(a), a reactive precursor gas can be mixed With either 
the fuel or the oxidiZer gas before being injected into the 
torch. Using this approach, a standard torch could be used to 
inject the precursor into the ?ame. Depending on the reac 
tive precursor, the torch head might have to be made With 
speci?c materials. For example, mixing chlorine or chlorine 
containing molecules into an HZ/O2 torch can produce reac 
tive chlorine radicals. The reactive chlorine radicals can lead 
to corrosion of common metals, such as brass or steel, that 
may make up the torch tip. Therefore, one Would need to 
substitute the torch tip With a chemically inert metal or 
ceramic. It is also likely that only a speci?c range of gas 
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mixtures Will allow for stable combustion. There is a certain 
threshold up to Which chlorine can be mixed With oxygen in 
an H2/O2 torch before the ?ame cannot support itself. 

[0025] The slightly more complex design of FIG. 1(b) can 
introduce the reactive precursor gas into the H2/O2 ?ame 
using a small tube in the center of the torch ori?ce. The 
?ame in this case is usually chemically balanced and is 
neither a reducing nor oxidiZing ?ame. In this design a 
variety of gases, liquids, or solids can be introduced coaxi 
ally into the ?ame to produce reactive components. The 
torch in this embodiment can produce, for example, 0, Cl, 
and F radicals from solid, liquid, and gaseous precursors. 

[0026] In any of the above cases, a stream of hot, reactive 
species can be produced that can chemically combine With 
the undesired “dirt” or “contaminants” on the surface of a 
part or Workpiece. When the reactive atoms combine With 
the contaminants, a gas is produced that can leave the 
surface. 

[0027] One key to the chemistry is to produce atomic 
radicals that react only With the material that needs to be 
removed, and that leave the underlying substrate unchanged. 
Other chemistries can be utiliZed that target certain materials 
present on the surface While leaving alone other materials on 
the surface. Another key consideration involves selecting a 
chemical reaction Where the products are all gaseous, such 
that no residual “ash” is left on the surface of the part or 
Workpiece 

[0028] In one example of a cleaning process using a 
system and method in accordance With the present inven 
tion, 200 mm Wafers can be cleaned by ?rst inspecting the 
Wafers to determine the nature and location of the contami 
nation. For example, under oblique illumination one con 
taminant can be seen as a thin band of blue on a backside 

edge of a Wafer. Instead of scraping the contamination off 
through physical contact, the Wafer can be mounted on a 
rotational stage and exposed to a ?ame torch With a precur 
sor that is appropriate for that contaminant. The stage can be 
rotated at an appropriate rate, such as a rate betWeen about 
2 and about 200 rpm. The contaminated area of the Wafer 
can be exposed to the ?ame until such time as the contami 
nation is removed from the surface. 

[0029] A RAP cleaning process has a number of advan 
tages over standard plasma cleaning techniques. For 
example, unlike loW-pressure RIE methods, the RAP system 
is directional. This alloWs a plasma stream to be directed 
onto a Wafer edge, While leaving the rest of the Wafer 
unexposed. A RAP system can function as a sub-aperture 
tool, making the system useful When speci?c areas need to 
be cleaned. The removal rate is also relatively high, such that 
large areas can be cleaned in a minimal amount of time. 

[0030] A RAP system can operate over a Wide range of 
pressures. Its most useful implementation is operation at or 
near atmospheric pressure, facilitating the treatment of large 
Workpieces that cannot easily be placed in a vacuum cham 
ber. The ability to Work Without a vacuum chamber also 
greatly increases throughput and reduces the cost of the tool 
that embodies the process. 

[0031] The various chemistries that can be used With a 
RAP process can be tailored to remove a speci?c material 
While leaving other materials untouched. For example, the 
cleaning of solvent residue or ?ngerprint oils from optics 
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and silicon Wafers can be accomplished Without any degra 
dation of the polished surface. Tests have shoWn that any but 
the most careful cleaning With standard methods Will leave 
small scratches in a surface. RAP cleaning techniques do not 
change the surface even at the atomic level. A ?ame system 
has been tested Where the reactive oxygen species are 
created in an oxidiZer-rich hydrogen/oxygen ?ame. The 
?ame system can easily be used With a multi-noZZle burner 
or multi-head torch to quickly cover large areas of the 
surface. For other applications, a small ?ame can be pro 
duced that affects an area on the surface as small as about 0.2 

mm full Width-half maximum (FWHM) for a Gaussian- or 
nearly Gaussian-shaped tool. Another advantage of the 
?ame system is that it does not require an expensive RF 
poWer generator nor shielding from RF radiation. In fact, it 
can be a hand-held device, provided that adequate exhaust 
handing equipment and user safety devices are utiliZed. 

[0032] Further, a ?ame torch used to clean surfaces is not 
limited to a H2—02 ?ame torch. Any ?ame torch that is 
capable of accepting a source of reactive species, and 
fragmenting the reactive species into atomic radicals that 
can react With a contaminant on the surface, can be appro 
priate. 
Other RAP Systems 

[0033] Reactive atom plasma (RAP) systems and methods 
have advantages over other surface modi?cation systems, 
such as PACE and chemical vapor machining, in that the 
number of potential products increases to include devices 
fabricated from heat sensitive components and heteroge 
neous materials that are typically di?icult to polish by 
chemical means. Polishing and planariZation are possible 
With little heat load and minimal material removal. The 
extension of such a process to cleaning of a surface further 
enhances the capabilities and scope of Work for Which RAP 
systems can be used. 

[0034] Although the use of a simple ?ame torch has many 
advantages over systems such as ICP torch systems, other 
RAP systems can be used to clean surfaces as Well. Further, 
these systems can be used to clean and etch a Workpiece 
using a single torch, Without having to transfer the Work 
piece. FIG. 2 shoWs one embodiment of a reactive atom 
plasma (RAP) system that can be used in accordance With 
the present invention. FIG. 2 shoWs a plasma torch in a 
plasma box 206. The torch consists of an inner tube 234, an 
outer tube 238, and an intermediate tube 236. The inner tube 
234 has a gas inlet 200 for receiving a stream of reactive 
precursor gas 242 from a mass ?oW controller 218. The torch 
can utiliZe di?ferent precursor gases during different pro 
cessing steps. For instance, the torch might utiliZe a precur 
sor adapted to clean a particular contaminant off a surface in 
a ?rst step, While utiliZing a precursor for redistributing 
material on the surface of the Workpiece during a second 
step. 

[0035] The intermediate tube 236 has a gas inlet 202 for 
receiving an auxiliary gas from the ?oW controller 218. The 
outer tube 238 has a gas inlet 204 for receiving plasma gas 
from the mass ?oW controller 218. The mass ?oW controller 
218 can receive the necessary gases from a number of gas 
supplies 220, 222, 224, 226, and can control the amount and 
rate of gases passed to the respective tube of the torch. The 
torch assembly can generate and sustain plasma discharge 
208, Which can be used to clean then shape or polish a 
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workpiece 210 located on a chuck 212 in the workpiece box 
214. The workpiece box 214 has an exhaust 232 for carrying 
away any process gases or products resulting from, for 
example, the interaction of the plasma discharge 208 and the 
workpiece 210. 

[0036] The chuck 212 in this embodiment is in commu 
nication with a translation stage 216, which is adapted to 
translate and/or rotate a workpiece 210 on the chuck 212 
with respect to the plasma discharge 208. The translation 
stage 216 is in communication with a computer control 
system 230, such as may be programmed to provide the 
necessary information or control to the translation stage 216 
to allow the workpiece 210 to be moved along a proper path 
to achieve a desired cleaning, shaping, and/or polishing of 
the workpiece. The computer control system 230 is in 
communication with an RF power supply 228, which sup 
plies power to the torch. The computer control system 230 
also provides the necessary information to the mass ?ow 
controller 218. An induction coil 240 surrounds the outer 
tube 238 of the torch near the plasma discharge 208. Current 
from the RF power supply 228 ?ows through the coil 240 
around the end of the torch. This energy is coupled into the 
plasma. 
[0037] As shown in FIG. 3, another RAP system that can 
be used in accordance with the present invention utilizes a 
microwave-induced plasma (MIP) source. An 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. The plasma can be 
contained in a quartz torch 300, which is distinguished from 
a standard ICP by the use of two concentric tubes instead of 
three. With a large enough bore, a torroidal plasma can be 
generated and the precursor injected into the center of the 
torch in a manner analogous to the ICP. 

[0038] A helical insert 308 can be placed between the 
outer tube 302 and the inner tube 304 of the torch 300 to 
control tube concentricity, as well as to increase the tangen 
tial velocity of gas. The vortex ?ow tends to stabilize the 
system, and the high velocity aids in cooling the quartz tubes 
302, 304. 
[0039] The main portion of the microwave cavity 312 can 
be a circular or cylindrical chamber, machined from a highly 
conductive material, such as copper. The energy from a 2.45 
GHz (or other appropriate) power supply 330 can be coupled 
into the cavity 312 through a connector 314 on one edge of 
the cavity. The cavity 312 can be tuned in one embodiment 
by moving a hollow cylindrical plunger 306, or tuning 
device, into or out of the cavity 312. The quartz torch 300 
is contained in the center of the tuning device 306 but does 
not move while the system is being tuned. 

[0040] An external gas sheath 320 can be used to shield 
the plasma 320 from the atmosphere. The sheath 320 con 
?nes and can contribute to the longevity of the reactive 
species in the plasma, and can keep the atmospheric recom 
bination products as low as practically possible. In one 
embodiment, the end of the sheath 320 is approximately 
coplanar with the open end, or tip, of the torch 300. The 
sheath 320 can be extended beyond the tip of the torch 300 
by installing an extension tube 322 using a threaded ?ange 
at the outlet of the sheath 320. The sheath itself can be 
threadably attached 318 to the main cavity 312, which can 
allow a ?ne adjustment on height to be made by screwing the 
sheath either toward or away from the cavity 312. 
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[0041] A supply of process gas 328 can provide process 
gas to both tubes 302, 304 of the torch 300. In one embodi 
ment this process gas is primarily composed of argon or 
helium, but can also include carbon dioxide, oxygen or 
nitrogen, as well as other gases, if the chemistry of the 
situation permits. Gas ?ows in this embodiment can be 
between about one and about ten liters per minute. Again, 
the gases introduced to the torch can vary on the application. 
Reactive precursor gas(es) can be introduced to clean a 
surface, followed by a different precursor gas(es) to shape or 
otherwise modify the surface of the workpiece. This allows 
a workpiece to be cleaned and processed in a single chamber 
without a need to transfer the workpiece to different devices 
to accomplish each objective. 

Chemistry 
[0042] A reactive atom plasma process in accordance with 
embodiments of the present invention is based, at least in 
part, on the reactive chemistry of atomic radicals and 
reactive fragments 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 the part being cleaned or modi?ed. 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 compo 
sitions. The products of the surface reaction in this process 
must be a gas under the conditions of the plasma exposure. 
If not, a surface reaction residue can build up on the surface 
which will impede further etching. 

[0043] In the above examples, the reactive precursor 
chemical can be introduced as a gas. Such a reactive 

precursor could also be introduced to the plasma in either 
liquid or solid form. Liquids can be aspirated into the plasma 
and ?ne powders can be nebulized by mixing with a gas 
before introduction to the plasma. RAP processing can be 
used at atmospheric pressure. RAP can be used as a sub 
aper‘ture tool to precisely clean and shape surfaces. 

[0044] A standard, commercially-available two- or three 
tube torch can be used. The outer tube can handle the bulk 
of the plasma gas, while the inner tube can be used to inject 
the reactive precursor. Energy can 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 directly with the plasma gas, although the quartz 
tube can erode under this con?guration and the system loses 
the bene?t of the inert outer gas sheath. 

[0045] Injecting the reactive precursor into the center of 
the excitation zone has several important advantages over 
other techniques. Some atmospheric plasma jet systems, 
such as ADP, mix the precursor gas in with the plasma gas, 
creating a uniform plume of reactive species. This exposes 
the electrodes or plasma tubes to the reactive species, 
leading to erosion and contamination of the plasma. In some 
con?gurations of PACE, the reactive precursor is introduced 
around the edge of the excitation zone, which also leads to 
direct exposure of the electrodes and plasma contamination. 
In contrast, the reactive species in the RAP system are 
enveloped by a sheath of argon, which not only reduces the 
plasma torch erosion but also reduces interactions between 
the reactive species and the atmosphere. 
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[0046] The inner diameter of the outer tube can be used to 
control the siZe of the discharge. On a standard torch, this 
can be on the order of about 18 to about 24 mm. The siZe can 
be somewhat frequency-dependent, With larger siZes being 
required by loWer frequencies. In an attempt to shrink such 
a system, torches of a tWo tube design can be constructed 
that have an inner diameter of, for example, about 14 mm. 
Smaller inner diameters may be used With microWave exci 
tation, or higher frequency, sources. 

[0047] 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 method of cleaning a surface of a Workpiece With a 

?ame torch, comprising: 

igniting a ?ame of the ?ame torch; 

supplying a reactive precursor to the ?ame by Way of a 
source generally arranged coaxially to the ?ame, the 
?ame generating reactive species from the reactive 
precursor as the reactive precursor interacts With the 
?ame; and 

arranging the ?ame and the Workpiece so that the reactive 
species interact With the surface; 

alloWing the reactive species to chemically combine With 
a contaminant on the surface to cause the contaminant 
to leave the surface. 

2. The method of claim 1, Wherein: 

the contaminant is a ?rst contaminant, and 

a second contaminant on the surface With Which the 
reactive species interacts does not chemically combine 
With the reactive species. 

3. The method of claim 1, Wherein: 

the reactive species includes at least one atomic radical. 
4. The method of claim 1, further comprising: 

supplying a source of fuel to the ?ame torch. 
5. The method of claim 1, further comprising: 

supplying a source of oxidiZer gas to the ?ame torch. 
6. The method of claim 1, further comprising: 

altering a chemistry of the surface of the Workpiece With 
the reactive species. 
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7. The method of claim 1, further comprising: 

shaping the surface With the ?ame. 
8. The method of claim 1, further comprising: 

rotating the Workpiece With respect to the ?ame torch. 
9. The method of claim 1, further comprising: 

selecting a concentration of the reactive precursor to be 
introduced into the ?ame torch. 

10. The method of claim 1, Wherein the ?ame torch has an 
outer tube and an inner tube; and further comprising: 

introducing a process gas through the outer tube. 
11. The method of claim 1, further comprising: 

operating the ?ame torch at about atmospheric pressure. 
12. The method of claim 1, further comprising: 

polishing the surface of the Workpiece With the ?ame. 
13. The method of claim 1, further comprising: 

planariZing the surface of the Workpiece With the ?ame. 
14. The method of claim 1, Wherein the ?ame torch 

includes multiple heads from Which respective ?ames 
extend; and further comprising: 

arranging the respective ?ames and the Workpiece so that 
the reactive species of each of the ?ames interacts With 
the surface, thereby increasing a rate of cleaning. 

15. A method of modifying a surface of a Workpiece With 
a ?ame torch, comprising: 

igniting a ?ame of the ?ame torch; 

supplying a reactive precursor to the ?ame to generate 
reactive species from the reactive precursor; and 

arranging the Workpiece doWnstream from the reactive 
species so that the reactive species interact With a 
contaminant on the surface; 

removing a gaseous phase product resulting from a 
chemical reaction betWeen the reactive species and the 
contaminant. 

16. The method of claim 15, Wherein: 

the contaminant is a ?rst contaminant, and 

a second contaminant on the surface With Which the 
reactive species interacts does not chemically react 
With the reactive species. 

17. The method of claim 15, Wherein removing a gaseous 
phase product shapes the surface. 

18. The method of claim 15, Wherein removing a gaseous 
phase product planariZes the surface. 

19. The method of claim 15, Wherein removing a gaseous 
phase product polishes the surface. 

20. The method of claim 15, Wherein removing a gaseous 
phase product cleans the surface. 


