Office de la Propriete Canadian CA 2794895 A1 2011/10/06

Intellectuelle Intellectual Property
du Canada Office (21) 2 794 895
g,lnngL%?rri‘fgaena " mfgtfy”%ya‘r’]‘; " 12 DEMANDE DE BREVET CANADIEN
CANADIAN PATENT APPLICATION
13) A1
(86) Date de depot PCT/PCT Filing Date: 2010/03/31 (51) ClLInt./Int.Cl. HO5H 1/24 (2006.01)

(87) Date publication PCT/PCT Publication Date: 2011/10/06 | (71) Demandeur/Applicant:
(85) Entree phase nationale/National Entry: 2012/09/238 COLORADO STATE UNIVERSITY RESEARCH

FOUNDATION, US
(86) N° demande PCT/PCT Application No.: US 2010/029473
(72) Inventeurs/Inventors:

(87) N publication PCT/PCT Publication No.: 2011/123124 KOO, IL-GYO, US:
COLLINS, GEORGE J., US

(74) Agent: MCFADDEN, FINCHAM

(54) Titre : DISPOSITIF A PLASMA A INTERFACE LIQUIDE-GAZ
(54) Title: LIQUID-GAS INTERFACE PLASMA DEVICE

10~ WORKPIECE

13._| PRECURSOR(S)
SOURCE

IONIZABLE
16 MEDIA 34
SOURCE 134

POWER

14 SOURCE

LIQUID

41 SOURCE

FIG. 1

(57) Abrégée/Abstract:
A plasma system for treating a workpiece Is disclosed. The plasma system Includes: a plasma device including an electrode formed
from a metal alloy and a dielectric layer covering the electrode, the dielectric layer including a distal portion extending distally past a

B

.

'

e
ok [ [ f
RO . e s
. M "c'-'-.n:‘-:{\: .«me . m s
.
.

A7 /7]
o~

C an a dg http:vopic.ge.ca - Ottawa-Hull K1A 0C9 - atp.//cipo.ge.ca OPIC

OPIC - CIPO 191




CA 2794895 A1 2011/10/06

en 2 194 895
13) A1

(57) Abrege(suite)/Abstract(continued):

d
18

e

stal end of the electrode by a predetermined distance; a liquid source configured to supply a liquid to a workpiece; an ionizable
edia source coupled to the plasma device and configured to supply ionizable media thereto; and a power source coupled to the
ectrode and configured to ignite the ionizable media at the plasma device to form a plasma effluent in the presence of the liquid,

whereby the plasma effluent reacts with the liquid to form at least one reactive species that interacts with the workpiece.
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(57) Abstract: A plasma system for treating a workpiece 1s disclosed. The plasma system includes: a plasma device including an

electrode o1

'med from a metal alloy and a dielectric layer covering the electrode, the dielectric layer including a distal portion ex-

tending distally past a distal end of the electrode by a predetermined distance; a liquid source contfigured to supply a liqud to a
workpiece; an 10nizable media source coupled to the plasma device and configured to supply 1onizable media thereto; and a power
source coupled to the electrode and configured to ignite the ionizable media at the plasma device to form a plasma effluent in the
presence of the liquid, whereby the plasma effluent reacts with the liquid to form at least one reactive species that interacts with
the workpiece.
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LIQUID-GAS INTERFACE PLASMA DEVICE

CROSS-REFERENCE TO RELATED APPLICATION

[0001] The present application claims the benefit of and priority to International
Application No. PCT/US2009/045708 filed by Moore et al. on May 29, 2009, which claims
the benefit of and priority to U.S. Provisional Application Serial No. 61/057,667 entitled
“PLASMA-BASED CHEMICAL SOURCE DEVICE AND METHOD OF USE THEREOF”
filed by Moore et al. on May 30, 2008, the entire contents of both of which are incorporated

by reference herein.

BACKGROUND

Technical Field

[0002] The present disclosure relates to plasma devices and processes for surface
processing and material removal or deposition. More particularly, the disclosure relates to an
apparatus and method for generating and directing chemically reactive, plasma-generated
species in a plasma device along with excited-state species (€.8., energetic photons) that are
specific to the selected ingredients.

Background of Related Art

[0003] Electrical discharges in dense media, such as liquids and gases at or near
atmospheric pressure, can, under appropriate conditions, result in plasma formation. Plasmas
have the unique ability to create large amounts of chemical species, such as ions, radicals,
electrons, excited-state (e.g., metastable) species, molecular fragments, photons, and the like.
The plasma species may be generated in a variety of internal energy states or external kinetic
energy distributions by tailoring plasma electron temperature and electron density. In

addition, adjusting spatial, temporal and temperature properties of the plasma creates specific

changes to the material being irradiated by the plasma species and associated photon fluxes.



CA 02794895 2012-09-28
WO 2011/123124 PCT/US2010/029478

Plasmas are also capable of generating photons including energetic ultraviolet photons that
have sufficient energy to initiate photochemical and photocatalytic reaction paths In

biological and other materials that are irradiated by the plasma photons.

SUMMARY

[0004] Plasmas have broad applicability to provide alternative solutions to industrial,
scientific and medical needs, especially workpiece surface processing at low temperature.
Plasmas may be delivered to a workpiece, thereby affecting multiple changes in the
properties of materials upon which the plasmas impinge. Plasmas have the unique ability to
create large fluxes of radiation (e.g., ultraviolet), ions, photons, electrons and other excited-
state (e.g., metastable) species which are suitable for performing material property changes
with high spatial, material selectivity, and temporal control. Plasmas may also remove a
distinct upper layer of a workpiece but have little or no effect on a separate underlayer of the
workpiece or it may be used to selectively remove a particular tissue from a mixed tissue
region or selectively remove a tissue with minimal effect to adjacent organs of different tissue
type.

[0005] One suitable application of the unique chemical species is to drive non-
equilibrium or selective chemical reactions at or within the workpiece to provide for selective
removal of only certain types of materials. Such selective processes are especially sought in
biological tissue processing (e.g., mixed or multi-layered tissue), which allows for cutting and
removal of tissue at low temperatures with differential selectivity to underlayers and adjacent
tissues. This is particularly useful for removal of biofilms, mixtures of fatty and muscle
tissue, debridement of surface layers.

[0006] The plasma species are capable of modifying the chemical nature of tissue

surfaces by breaking chemical bonds, substituting or replacing surface-terminating species
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(e.g., surface functionalization) through volatilization, gasification or dissolution of surface
materials (e.g., etching). With proper techniques, material choices and conditions, one can
remove one type of tissue entirely without affecting a nearby different type of tissue.
Controlling plasma conditions and parameters (including S-parameters, V, 1, ®, and the like)
allows for the selection of a set of specific particles, which, in turn, allows for selection of
chemical pathways for material removal or modification as well as selectivity of removal of
desired tissue type. The present disclosure provides for a system and method for creating
plasma under a broad range of conditions including tailored geometries, various plasma
feedstock media, number and location of electrodes and electrical excitation parameters (e.g.,
voltage, current, phase, frequency, pulse condition, etc.).

[0007] The supply of electrical energy that ignites and sustains the plasma discharge
is delivered through substantially conductive electrodes that are in contact with the 1onizable
media and other plasma feedstocks. The present disclosure also provides for methods and
apparatus that utilize specific electrode structures that improve and enhance desirable aspects
of plasma operation such as higher electron temperature and higher secondary emission. In
particular, the present disclosure provides for porous media for controlled release of chemical
reactants.

[(0008] Controlling plasma conditions and parameters allows for selection of a set of
specific particles, which, in turn, allows for selection of chemical pathways for material
removal or modification as well as selectivity of removal of desired tissue type. The present
disclosure also provides for a system and method for generating plasmas that operate at or
near atmospheric pressure. The plasmas include electrons that drive reactions at material
surfaces in concert with other plasma species. Electrons delivered to the material surface can

initiate a variety of processes including bond scission, which enables volatilization in
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subsequent reactions. The electron-driven reactions act synergistically with associated fluxes
to achieve removal rates of material greater than either of the reactions acting alone.

[0009] The present disclosure provides for a system and method for treating tissue in
a liquid media. In particular, the present disclosure provides for a plasma device that
generates a plasma within a liquid media. The liquid media provides for higher density
radicals, cooler environment and more chemical reaction sites for the plasma generated
therein. This results in an increased chemical reaction rate between the plasma and liquid
media than the reaction rate between atmospheric gases and the plasma. Liquids can provide
1,000 times higher concentrations of ions than gases, which results in increased chemical
kinetics at similar conditions (e.g., temperature, pressure). In addition, liquids can create
selective chemical dissolution on a plasma-modified surface. Once tissue is modified by a
plasma, the surface terminations of the tissue are more reactive toward the compounds in the
liquid than unmodified portions of the tissue. The liquid media provides for increase
solubility between a plasma-treated surface and a solvent and can, therefore, be used to
control desired chemical reactions. Further, the liquid media can be used to remove the heat
from the plasma and the tissue surface.

[0010] The present disclosure also provides for systems and methods for whitening
teeth. Hydrogen peroxide (H20,) is commonly used as a tooth-whitening agent. HzO: is
applied directly (e.g., pure liquid form) or produced via chemical reactions from other
compounds (e.g., carbamide peroxide). Various light sources are utilized to expedite the
whitening reactions (e.g., flash lamps, ultraviolet light sources, etc.). These methods require
relatively high volume concentration of hydrogen peroxide to be effective, at least 10% by
volume concentration or more (e.g., 35% by volume). Lower concentrations (e.g., 5% to

about 10%) require extended treatment time. In addition, use of high levels of hydrogen

peroxide raises patient safety concerns. High concentration of hydrogen peroxide results in
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increased tooth sensitivity, mucosal irritation, alteration of enamel surface, damage to soft
tissue (e.g., gums) as well as carcinogenic risks.

[(0011] The present disclosure provides for a system and method of whitening teeth
without using an external bleaching agent (e.g., external source of hydrogen peroxide). The
method involves submerging the teeth in deionized water (e.g., via irrigation) and inserting a
plasma generation device having a dielectrically covered electrode into the water. The
plasma device generates a plasma in the water which produces relatively low concentration of
hydrogen peroxide, about 0.03 % by volume (several hours of plasma exposure), thereby
reducing the safety risks associated with conventional hydrogen peroxide bleaching methods.

[0012] A plasma system for treating a workpiece is disclosed. The plasma system
includes: a plasma device including an electrode formed from a metal alloy and a dielectric
layer covering the electrode, the dielectric layer including a distal portion extending distally
past a distal end of the electrode by a predetermined distance; a liquid source configured to
supply a liquid to a workpiece; an ionizable media source coupled to the plasma device and
configured to supply ionizable media thereto; and a power source coupled to the electrode
and configured to ignite the ionizable media at the plasma device to form a plasma effluent in
the presence of the liquid, whereby the plasma effluent reacts with the liquid to form at least
one reactive species that interacts with the workpiece.

[0013] A method for treatment of a workpiece is also disclosed. The method
includes: supplying a liquid to a workpiece; positioning a plasma device adjacent to the
workpiece; supplying ionizable media to the plasma device; and igniting the ionizable media
at the plasma device sufficient to form a plasma effluent at a distal portion thereof in the
presence of the liquid, whereby the plasma effluent reacts with the liquid to form at least one

reactive species that interacts with the workpiece.
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[0014) A method for treatment of a workpiece 1s contemplated by the present
disclosure. The method includes: supplying a liquid to a workpiece; positioning a plasma
device adjacent to the workpiece, wherein the plasma device includes an electrode formed
from a metal alloy and including a dielectric layer slidably disposed over the electrode, the
dielectric layer including a distal portion extending distally past a distal end of the electrode
by an exposure distance; supplying ionizable media and at least one precursor feedstock to
the plasma device; igniting the ionizable media and the at least one precursor feedstock at the
plasma device sufficient to form a plasma effluent at the distal portion in the presence of the
liquid, whereby the plasma effluent reacts with the liquid to form at least one reactive species
that interacts with the workpiece; and adjusting at least one of a submersion distance of the

plasma device and the exposure distance to regulate temperature of the plasma effluent.

BRIEF DESCRIPTION OF THE DRAWINGS

[0015] The accompanying drawings, which are incorporated in and constitute a patt
of this specification, illustrate exemplary embodiments of the disclosure and, together with a
general description of the disclosure given above, and the detailed description of the

embodiments given below, serve to explain the principles of the disclosure, wherein:

[0016] Fig. 1 is a schematic diagram of a plasma system according to the present
disclosure;
[0017] Fig. 2 is a perspective, cross-sectional view of a plasma device according to

the present disclosure;

[0018] Fig. 3 is a side, cross-sectional view of the plasma device of Fig. 2 according
to the present disclosure;

[0019]) Fig. 4 is a front, cross-sectional view of the plasma device of Fig. 2 according

to the present disclosure;
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[0020] Fig. 5 is a flow chart diagram of a method of plasma tissue treatment
according to the present disclosure;

[0021] Fig. 6 is a flow chart diagram of another method of plasma tissue treatment
according to the present disclosure;

[0022] Fig. 7 is a flow chart diagram of a further method of plasma tissue treatment
according to the present disclosure;

[0023) Figs. 8A and 8B shows photographs illustrating lesions formed on bone tissue
using plasma according to the present disclosure;

[0024) Fig. 9 shows a photograph illustrating a lesion formed on bone tissue using
plasma according to the present disclosure;

[0025] Fig. 10 shows a series of photographs illustrating effects of plasma on tooth
whitening according to the present disclosure;

[0026] Figs. 11A and 11B show scanning electron microscope images of a tooth
whitened using plasma according to the present disclosure;

[0027] Fig. 12 shows an emission spectra of radicals generated by plasma according
to the present disclosure;

[0028] Fig. 13 shows an emission spectra of hydroxyl radicals generated by plasma in
deionized water in the presence and in the absence of catalysts according to the present
disclosure;

[0029] Fig. 14 shows an emission spectra of hydrogen alpha radicals generated by
plasma in deionized water in the presence and in the absence of catalysts according to the
present disclosure;

(0030} Fig. 15 shows an emission spectra of hydrogen beta radicals generated by
plasma in deionized water in the presence and in the absence of catalysts according to the

present disclosure; and
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[0031]) Fig. 16 shows a bar graph of absorbance of methylene blue in deionized water

in the presence and in the absence of catalysts according to the present disclosure.

DETAILED DESCRIPTION

[0032] Plasmas are generated using electrical energy that is delivered as either direct
current (DC) electricity or alternating current (AC) electricity at frequencies from about 0.1
hertz (Hz) to about 100 gigahertz (GHz), including radio frequency (“RF”, from about 0.1
MHz to about 100 MHz) and microwave (“MW?”, from about 0.1 GHz to about 100 GHz)
bands, using appropriate generators, electrodes, and antennas. Choice of excitation
frequency, the workpiece, as well as the electrical circuit that is used to deliver electrical
energy to the circuit affects many properties and requirements of the plasma. The
performance of the plasma chemical generation, the delivery system and the design of the
electrical excitation circuitry are interrelated -- as the choices of operating voltage, frequency
and current levels (as well as phase) effect the electron temperature and electron density.
Further, choicés of electrical excitation and plasma device hardware also determine how a
given plasma system responds dynamically to the introduction of new ingredients to the host
plasma gas or liquid media. The corresponding dynamic adjustment of the electrical drive,
such as via dynamic match networks or adjustments to voltage, current, or excitation
frequency may be used to maintain controlled power transfer from the electrical circuit to the
plasma.

[06033] Referring initially to Fig. 1, a plasma system 10 is disclosed. The system 10
includes a plasma device 12 that is coupled to a power source 14, an ionizable media source
16 and a precursor source 18. Power source 14 includes any suitable components for

delivering power or matching impedance to plasma device 12. More particularly, the power

source 14 may be any radio frequency generator or other suitable power source capable of
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producing power to ignite the ionizable media to generate plasma. The plasma device 12
may be utilized as an electrosurgical pencil for application of plasma to tissue and the power
source 14 may be an electrosurgical generator that is adapted to supply the device 12 with
electrical power at a frequency from about 0.1 MHz to about 2,450 MHz, in embodiments,
from about 1 MHz to about 160 MHz. In another embodiment, electrical power may be
supplied at two or more different frequencies (e.g., 13.56 MHz and 60 MHz). The plasma
may also be ignited by using continuous or pulsed direct current (DC) electrical energy as
well as continuous or pulsed RF energy or combinations thereof.

[0034] The precursor source 18 may be a bubbler or a nebulizer configured to
aerosolize precursor feedstocks prior to introduction thereof into the device 12. The precursor
source 18 may also be a micro droplet or injector system capable of generating predetermined
refined droplet volume of the precursor feedstock from about 1 femtoliter to about 1 milliliter
in volume. The precursor source 18 may also include a microfluidic device, a piezoelectric
pump, or an ultrasonic vaporizer.

[0035] The system 10 provides a flow of plasma through the device 12 to a workpiece
“W” (e.g., tissue). The workpiece “W” may be any type of material or object suitable for
plasma treatment. Plasma feedstocks, which include ionizable media and precursor
feedstocks, are supplied by the ionizable media source 16 and the precursor source 18,
respectively, to the plasma device 12. During operation, the precursor feedstock and the
ionizable media are provided to the plasma device 12 where the plasma feedstocks are ignited
to form plasma effluent containing ions, radicals, photons from the specific excited species
and metastables that carry internal energy to drive desired chemical reactions in the
workpiece “W?” or at the surface thereof. The feedstocks may be mixed upstream from the
ignition point or midstream thereof (e.g., at the ignition point) of the plasma effluent, as

shown in Fig. 1 and described in more detail below.
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|0036) The ionizable media source 16 provides ionizable feedstock to the plasma
device 12. The ionizable media source 16 is coupled to the plasma device 12 and may
include a storage tank and a pump (not explicitly shown). The ionizable media may be a
liquid or a gas such as argon, helium, neon, krypton, xenon, radon, carbon dioxide, nitrogen,
hydrogen, oxygen, etc. and their mixtures, and the like, or a liquid. These and other gases
may be initially in a liquid form that is gasified during application.

[0037] The precursor source 18 provides precursor feedstock to the plasma device 12.
The precursor feedstock may be either in solid, gaseous or liquid form and may be mixed
with the ionizable media in any state, such as solid, liquid (e.g., particulates or droplets), gas,
and the combination thereof. The precursor source 18 may include a heater, such that if the
precursor feedstock is liquid, it may be heated into gaseous state prior to mixing with the
ionizable media.

[0038] In one embodiment, the precursors may be any chemical species capable of
forming reactive species following plasma drive dissociation, such as ions, electrons, excited-
state (e.g., metastable) species, molecular fragments (e.g., radicals) and the like, when ignited
by electrical energy from the power source 14 or when undergoing collisions with particles
(electrons, photons, or other energy-bearing species of limited and selective chemical
reactivity) formed from ionizable media 16. More specifically, the precursors may include
various reactive functional groups, such as acyl halide, alcohol, aldehyde, alkane, alkene,
amide, amine, butyl, carboxlic, cyanate, isocyanate, ester, ether, ethyl, halide, haloalkane,
hydroxyl, ketone, methyl, nitrate, nitro, nitrile, nitrite, nitroso, peroxide, hydroperoxide,
oxygen, hydrogen, nitrogen, and combination thereof. In embodiments, the chemical
precursors may be water, halogenoalkanes, such as dichloromethane, tricholoromethane,

carbon tetrachloride, difluoromethane, trifluoromethane, carbon tetrafluoride, and the like;

peroxides, such as hydrogen peroxide, acetone peroxide, benzoyl peroxide, and the like;
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alcohols, such as methanol, ethanol, isopropanol, ethylene glycol, propylene glycol, alkalines
such as NaOH, KOH, amines, alkyls, alkenes, and the like. Such chemical precursors may
be applied in substantially pure, mixed, or soluble form.

10039} The precursors and their functional groups may be delivered to a surface to
react with the surface species (e.g., molecules) of the workpiece “W.” In other words, the
functional groups may be used to modify or replace existing surface terminations of the
workpiece “W.” The functional groups react readily with the surface species due to their
high reactivity and the reactivity imparted thereto by the plasma. In addition, the functional
groups are also reacted within the plasma volume prior to delivering the plasma volume to
the workpiece.

[0040] Some functional groups generated in the plasma can be reacted in situ to
synthesize materials that subsequently form a deposition upon the surface. This deposition
may be used for stimulating healing, killing bacteria, and increasing hydrophilic or
hydroscopic properties. In addition, deposition of certain function groups may also allow for
encapsulation of the surface to achieve predetermined gas/liquid diffusion, e.g., allowing gas
permeation but preventing liquid exchange, to bond or stimulate bonding of surfaces, or as a
physically protective layer.

[0041] The precursor source 18 and the ionizable media source 16 may be coupled to
the plasma device 12 via tubing 13a and 13b, respectively. The tubing 13a and 13b may be
combined into tubing 13c to deliver a mixture of the ionizable media and the precursor
feedstock to the device 12 at a proximal end thereof. This allows for the plasma feedstocks,
e.g., the precursor feedstock and the ionizable gas, to be delivered to the plasma device 12
simultaneously prior to ignition of the mixture therein.

[0042] In another embodiment, the ionizable media source 16 and the precursors

source 18 may be coupled to the plasma device 12 via the tubing 13a and 13b at separate



CA 02794895 2012-09-28
WO 2011/123124 PCT/US2010/029478

connections, €.g., the first connection 31 and a second connection 29, respectively, such that
the mixing of the feedstocks occurs within the plasma device 12 upstream from the ignition
point. In other words, the plasma feedstocks are mixed proximally of the ignition point,
which may be any point between the respective sources 16 and 18 and the plasma device 12,
prior to ignition of the plasma feedstocks to create the desired mix of the plasma eftluent
species for each specific surface treatment on the workpiece “W.”

[0043] In a further embodiment, the plasma feedstocks may be mixed midstream, e.g.,
at the ignition point or downstream of the plasma effluent, directly into the plasma. More
specifically, the first and second connections 31, 29 may be coupled to the device 12 at the
ignition point, such that the precursor feedstocks and the ionizable media are ignited
concurrently as they are mixed (Fig. 1). It is also envisioned that the ionizable media may be
supplied to the device 12 proximally of the ignition point, while the precursor feedstocks are
mixed therewith at the ignition point.

[0044] In a further illustrative embodiment, the ionizable media may be ignited in an
unmixed state and the precursors may be mixed directly into the ignited plasma. Prior to
mixing, the plasma feedstocks may be ignited individually. The plasma feedstock is supplied
at a predetermined pressure to create a flow of the medium through the device 12, which aids
in the reaction of the plasma feedstocks and produces a plasma effluent. The plasma

according to the present disclosure is generated at or near atmospheric pressure under normal

atmospheric conditions.

The system 10 also includes a liquid source 40 that may include a pump or may be a gravity-
fed system. The liquid source 40 is configured to supply a liquid media 34 (Fig. 4) to the
workpiece “W” by submerging or otherwise irrigating the workpiece “W.”

[00435) With reference to Figs. 1-4, the device 12 includes an electrode 22. As

shown in Fig. 2, the electrode 22 has a substantially cylindrical tubular shape having lumen
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29 (Fig. 3) defined therein. The electrode 22 may be formed from a conductive material
suitable for ignition of plasma such as metals and metal-ceramic composites. In one
embodiment, the electrode 22 may be formed from a conductive metal including a native
oxide or nitride compound disposed thereon.

[0046] The eclectrode 22 is coupled to the power source 14 that drives plasma
generation, such that the energy from the power source 14 may be used to ignite the plasma
feedstocks flowing through the device 12. More specifically, the ionizable media and the
precursors flow through the device 12 through the lumen 29. When the electrode 22 is
energized, the plasma feedstocks are ignited and form a plasma effluent which is emitted
from the distal end of the device 12 onto the workpiece “W.”

[0047] In one embodiment, the device 12 may include an optional return electrode.
The return electrode may be shaped as a ring and may be disposed distally of the electrode
22. In another embodiment, the electrode 22 may be used without a return electrode since
coupling is provided through the workpiece “W.”

[0048] As shown in Figs. 2-4, the electrode 22 includes a dielectric layer 24 that
covers inner and outer surfaces 30, 32 of the electrode 22. The layer 24 may be formed from
an insulative or semiconductive material deposited as a film onto the inner conductor (e.g.,
atomic layer deposition) or as a dielectric sleeve or layer. In one illustrative embodiment, the
insulative layer 24 may be a native metal oxide. The layer 24 limits the plasma action to the
distal portion of the electrode 22 and provides for the creation of a plasma effluent 31 having
high energy electrons.

[0049] In addition, the layer 24 provides for capacitive coupling between the
electrode 22 and the ionizable media and/or precursor feedstock. The resulting capacitive

circuit element structure provides for a net negative bias potential at the surface of the

electrode 22, which attracts the ions and other species from the plasma effluent. These
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species then bombard the layer 24 and release the electrons generating additional high energy
electrons.

[0050] The layer 24 may be a native oxide, or a native nitride of the metal from
which the electrode 22 is formed, or may be a deposited layer or a layer formed by ion
implantation. In one illustrative embodiment, the electrode 22 is formed from an aluminum
alloy and the layer 24 is aluminum oxide (Al2O;) or aluminum nitride (AIN). In another
illustrative embodiment, the electrode 22 is formed from a titanium alloy and the layer 24 is
titanium oxide (TiO3) or titanium nitride (TiN).

[0051] The electrode 22 and the layer 24 may also be configured as a heterogeneous
system. The electrode 22 may be formed from any suitable electrode substrate material (e.g.,
conductive metal or a semi-conductor) and the layer 24 may be disposed thereon by various
coating processes. The layer 24 may be formed on the electrode 22 by exposure to an
oxidizing environment, anodization, electrochemical processing, ion implantation, or
deposition (e.g., sputtering, chemical vapor deposition, atomic layer deposition, etc.).

[0052] In embodiments, the layer 24 may also be formed from suitable dielectric
polymeric materials, such as polytetrafluoroethylene, polypropylene, polyethylene,
fluorcethylpropylene, and combinations thereof.

[0053] The high energy electrons are generated in part by the materials of the
electrode 22 and in particular by the layer 24. Materials having high secondary electron
emission property, ¥, in response to ion and/or photon bombardment are suitable for this task.
Such materials include insulators and/or semiconductors. These materials have a relatively
high y, where y represents the number of electrons emitted per incident bombardment
particle. Thus, metals generally have a low y (e.g., less than 0.1) while insulative and

semiconductor materials, such as metallic oxides have a high y, from about 1 to about 10 with
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some insulators exceeding a value of 20. Thus, the layer 24 acts as a source of secondary

emitted electrons, in addition to limiting the plasma to the distal end of the electrode 22.

[0054) Secondary electron emission, y, may be described by the formula (1):
[0055] (1) Y= rsecondary/ ["ion
[0056] In formula (1) y is the secondary electron emission yield or coefficient,

Isecondary 1S the electron flux, and I'jo, is the ion flux. Secondary emission occurs due to the
impacts of plasma species (ions) onto the layer 24 when the ion impact collisions have
sufficient energy to induce secondary electron emission, thus generating y-mode discharges.
Generally discharges are said to be in y-mode when electron generation occurs preferentially
at electrode surfaces (i.e., y > 1) instead of in the gas (an a-mode discharge). In other words,
per each ion colliding with the layer 24, a predetermined number of secondary electrons are
emitted. Thus, ¥ may also be thought of as a ratio of the 'secondary (€.8., the electron flux) and
[ion (€.2., the ion flux).

[0057] These ion collisions with the surface of the layer 24, in turn, provide suificient
energy for secondary electron emission to generate y discharges. The ability of coating
materials such as layer 24 to generate y discharges varies with several parameters, with the
most influence due to the choice of materials having a high y as discussed above. This
property allows coatings 24 to act as a source of secondary emitted electrons or as a catalytic
material to enhance selected chemical reaction paths.

[0058] Over time the layer 24 may thin or be removed during the plasma operation. In
order to maintain the layer 24 to continually provide a source of secondary emitted electrons,
the layer 24 may be continually replenished during the plasma operation. This may be
accomplished by adding species that reformulate the layer 24 on the electrode 22. In one
embodiment, the precursor source 18 may provide either oxygen or nitrogen gas to the device

12 to replenish the oxide or nitride coating.
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[0059] Secondary electron emission forms a sheath layer 132 about the electrode 22.
The sheath layer has a working range R, which is representative of the thickness of energetic
electron sheath layer 132 disposed about the inner circumference of electrode 22. In other
words, the range R, indicates a region with a greatly increased concentration of electrons
with relatively high energies that drive reactions in the gas phase. The coating on the
electrode 22 can increase or enhance working range R, of energetic secondary electrons. In
particular, varying the thickness of the coating can be used to adjust the working range R;. A
gap distance A shows the zone where the concentration of energetic secondary electrons is
relatively lower. Coating the electrodes, as discussed above, reduces gap distance A. In
some embodiments, distance A may be reduced to zero and/or working range R; may overlap
thereby creating a hollow cathode effect. Namely, the range R, is large enough to fully
envelop the inner diameter D of the lumen 29.

[0060] Formation of the sheath layer 132 may also be controlled by the supply of the
ionizable media and the precursors. lonizable media and the precursors are selected that are
relatively transparent to the energetic electrons released during secondary emission from the
surface of the coating. As stated above, the plasma is generated at atmospheric pressure.
Due to the increased entropy at such pressure, the generated electrons undergo a multitude of
collisions in a relatively short period of time and space forming the sheath layer 132.

[0061] Generation of the high energy electrons is also controlled by the supply of the
ionizable media and the precursors. Ionizable media and the precursors are selected that are
relatively transparent to the energetic electrons released during secondary emission from the
surface of the electrode 22. As stated above, the plasma is generated at atmospheric pressure.
Due to the increased entropy at such pressure, the generated electrons undergo a multitude of

collisions in a relatively short period of time and space forming the high energy electrons.

(0062} The reaching distance of the high energy electrons is defined by a formula (2):
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[0063) (2) Thickness = 1/No
[0064]) In formula (2), N is the number of scattering centers, which may be the

molecules of the ionizable media, the precursors and the atmospheric gases. Thus, N defines
the media density. The variable, o, is the average particle cross-section of the scattering
centers. The thickness of the high energy electrons is inversely proportional to the product of
N and o. Thus, decreasing N and o allows for generating more high energy electrons. A
lower 6 may be provided by using specific ionizable media compounds with molecules
having a low cross-section, such as hydrogen and helium. The variable N may be lowered by
heating the ionizable media to reduce the gas density and limiting the amount of media
provided to the lowest amount needed to sustain the plasma reaction.

[0065] With respect to Fig. 4, the present disclosure provides for a system and
method of generating the plasma effluent 31 in a liquid media 34. The workpiece “W?” is also
submerged in the liquid media 34 allowing the plasma effluent 31 to perform treatment
thereof. The plasma effluent 31 is formed within the lumen 29 and is restricted by the
dielectric layer 24. In particular, the dielectric layer 24 includes a distal portion 36 that
extends distally past a distal end 38 of the electrode 22 by a predetermined distance “/.”
[0066] The liquid media 34 may be saline, deionized water or an aqueous solution of
various salts (e.g., NaCl) and/or other chemical precursors from about 1x10* M to about
1x10% M. In embodiments, dilute acids may also be added to the liquid media 34, including
HCl, H,SO,4 and the like having pH from about 3 to about 5. In embodiments, bases such as,
NaOH, KOH, may also be added. Various reactive gases such as chloride, flouride, ozone,
bromine, and the like may also be added to the liquid media 34.

[0067] In embodiments, catalysts 40 may be added to the liquid media 34 as shown in

Fig. 4. In another embodiment, catalysts 40 may be embedded in the dielectric layer 24,

Catalysts 40 may be added in amounts from about 1 % to about 50 % by volume, in
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embodiments from about 10 % to about 40 % by volume. Exemplary catalysts 40 include
metal oxides such as TiO; or any other suitable catalysts 40 that generate hydroxide radicals
when mixed with water. The catalysts 40 may be in the form of nanoparticles having a

volume average diameter from about 0.1 nm to about 1,000 nm, in embodiments from about

5 nm to about 500 nm. Addition of catalysts 40 reduces interface temperature between the
plasma effluent 32 and the liquid media 34 since catalysts 40 aid in the generation of reactive
radicals at low power.

[0068] In one embodiment, DC bias may be supplied to the electrode 22 in addition to
the RF power. This allows for control over the mobility of the charged particles into the
plasma effluent 31. In particular, the DC bias accelerates the charged particles allowing them
to reach the workpiece “W.” The charge particles accumulate at the plasma/liquid interface
35 and modify the chemical reactions at the plasma/liquid interface 35 from an equilibrium or
bulk state to a non-equilibrium state. The non-equilibrium state gives rise to a selective
chemical reaction at the plasma/liquid interface 35, which aids in controlling specific
chemical reactions and selective removal processes.

[0069] During use, the electrode 22 may be submerged in the liquid media 34 up to a
desired depth, such that the distal portion 36 is disposed a predetermined submerged distance
“&° from the workpiece “W.” The submerged distance “d” may be adjusted by simply
moving the device 12 in and out of the liquid media 34. In another embodiment, the
dielectric layer 34 may be slidably disposed aver the electrode 22 allowing for adjustment of
the distance “/” by moving the dielectric layer 34 along the electrode 22,

{0070] This configuration prevents the generation of arcing and plays an important
role in controlling the chemical reaction between the plasma effluent 31 and the liquid media

34 at the plasma/liquid interface 35. Submerging of the distal portion 36 concentrates the

plasma effluent 31 into discharging within the liquid media 34. The submerged distance “d”
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is directly proportional to the temperature of the plasma effluent 31. Thus, the deeper the
electrode 22 is submerged, the hotter the plasma effluent 31 becomes. Conversely,
withdrawing the electrode 22 from the liquid media 34 decreases the temperature of the
plasma effluent 31. This is due to the heat removal properties of the liquid media 34, since
the distance “d” directly relates to the exposure of the plasma effluent 31 to the liquid media
34, which acts as a heatsink. This relationship between the submerging distance “d”” and the
temperature may be used to generate particular surgical effects at the workpiece “W.” In
particular, varying the temperature of the plasma effluent 31 directly effects the hemostasis
effect thereof.

[0071] The liquid media 34 and the workpiece “W” may be placed within a container
23. The container 23 may be formed from a conductive material and may be coupled to a

ground terminal 27 of the generator 14. In another embodiment, the ground terminal 27 may
be an electrode that is placed in the vicinity of the electrode 22 within the liquid media 34.
[0072] As discussed above, the ionizable media and the precursor feedstocks are
supplied through the lumen 29 and energy is supplied to the electrode 22 to ignite the mixture
to form the plasma effluent 31. The ionizable media may be selected to include components
(e.g., Ar, He, etc.) that assist plasma action and/or improve plasma chemical processes of
breaking down feedstocks into reactive species. The plasma effluent 31 is ignited and
sustained by electrical energy that is delivered through the electrode 22.

[0073] The plasma effluent 31 is injected into the liquid media 34, thereby generating
additional chemical reactions between the volatized components of the ionized media and
feedstocks and constituents of the liquid media 34 (e.g., water molecules, ions, etc.). This
results in further dissociation (e.g., breaking down of molecular components into

constituents) of feedstocks, media, etc. and dispersion thereof into the liquid media 34. More

specifically, interaction between the plasma effluent 31 and the liquid media 34 allows for
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local in-situ generation of radicals and metastable atoms and/or molecules that react with the
surface of the workpiece “W.” In addition to chemical reactions, the physical force due to the
flow of the plasma effluent 31 also acts on (e.g, etches) the workpiece “W” with increased
chemical reaction rates.

[0074] Fig. 5 illustrates a method of applying the plasma effluent 31 to the workpiece
“W?” submerged in the liquid media 34. In step 200, the liquid media 34 is supplied locally to
the workpiece “W” via irrigation and other suitable techniques to submerge the workpiece
“W” In the liquid media 34. In step 202, the plasma device 12 is also submerged into the
liquid media 34. The submerged depth “4” and the exposure distance “/” may be adjusted to
achieve a desired temperature of the plasma effluent 31 as discussed above. The layer 24
may include a marking on the outside surface thereof to indicate the maximum submersion
depth of the electrode 22. In step 204, the ionizable media and precursor feedstocks are
supplied to the plasma device 12 and are ignited in step 206 therein to form the plasma
effluent 31 within the liquid media 34. The plasma effluent 31 interacts with the liquid media
34 to form chemically reactive species that bombard the surface of the workpiece “W.” The
plasma device 12 may be maintained at the workpiece “W” for any period of time until the
desired tissue effect is achieved. Certain tissue effects may be achieved in relatively short
period of time (e.g., bone etching) whereas other procedures (e.g., destruction of the bone
tissue) may require dwell times from about 1 minute to about 2 minutes.

[0075] The plasma device 12 may also be utilized for whitening teeth. In this
embodiment, the liquid media 34 may be deionized water, carbamide peroxide, an aqueous
basic solution with sodium hydroxide and other suitable bases, as well as other suitable
' hydroxide (OH") and hydrogen (H") radical doners. The teeth may be submerged in the

liquid media 34 (e.g., via irrigation and circulation of the deionized water through the mouth).

The plasma device 12, namely, the electrode 22 is submerged into the liquid media 34 to a
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desired depth. The plasma device 12 may be provided with suitable chemical precursors
suitable for removing foreign matter (e.g., stains, plaque, etc.) disposed on tooth enamel, such
as oxygen, nitrogen dioxide, carbon dioxide and mixtures thereof. In another embodiment,
the plasma device 12 may be used without chemical precursor feedstocks since deionized
water provides suitable chemical feedstocks for the whitening procedure.

[0076] In a further embodiment, the liquid media 34 may also include a precursor
feedstock dissolved therein. The supplied precursors feedstocks or feedstocks dissolved in
the liquid media 34 may be chosen for their selectivity in reacting with the foreign matter
(e.g., stains, plaque, etc.) disposed on tooth enamel. In other words, the selected precursor
feedstocks have higher chemical reactivity with the foreign matter relative to the chemical
reactivity with the enamel tissue. Without being limited to any particular theory, it is believed

that one specific reaction illustrated by formula (3) may be responsible for the bleaching

action:
[0077] 3) H,O0+e—>OH +H +¢
[0078] The reaction depicted by formula (3) occurs at the plasma/liquid interface 35

and is characterized by the formation of hydroxide (OH") and hydrogen (H") radicals due to
the energy supplied to the water molecules by the plasma effluent 31. In addition, other
radicals may also be formed at the plasma/liquid interface 35, such as oxides and hydrides.
The generated radicals bombard the build-up of foreign matter on the teeth thereby whitening
the teeth. More specifically, the radicals and other plasma-generated species break the bonds
of the build-up into constituent compounds, which are then dissolved in the liquid media 34.

[{0079]) Fig. 6 illustrates a method of applying the plasma effluent 31 to whiten teeth.
In step 300, the liquid media 34, namely, deionized water, is supplied locally to the teeth via

irrigation and other suitable techniques to surround the teeth in the liquid media 34. The

liquid media 34 is supplied in a sufficient amount to at least partially submerge a portion of a
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tooth. In step 302, the plasma device 12 is also submerged into the liquid media 34. The
submerged depth “4” and the exposure distance “’ may be adjusted to achieve a desired
temperature of the plasma effluent 31 as discussed above. The distal portion 34 may be
placed directly in contact with the teeth. In step 304, the ionizable media is supplied to the
plasma device 12 and is ignited in step 306 therein to form the plasma effluent 31 within the
liquid media 34. The plasma effluent 31 interacts with the liquid media 34 to form
hydroxide, hydrogen, hydride and oxide radicals as well as other plasma-generated species
that bombard the surface of the teeth. The plasma device 12 may be maintained at the teeth
for any period of time until the desired whitening effect is achieved. Certain tissue effects
may be achieved in relatively short period of time (e.g., plaque removal) whereas other
procedures (e.g., stain removal) may require longer dwell times.

[0080] In one embodiment, the plasma device 12 may be used to apply hydrophobic
compounds such as hexamethyldisiloxane (“HMDSO”) and CF; to the workpiece “W” to
generate a hydrophobic coating on the surface thereof. The hydrophobic compounds may be
supplied to the plasma through the precursor source 18. The hydrophobic compounds are
mixed with the ionizable media and are volatized within the plasma device 12 and are then
deposited on the workpiece “W” by the plasma effluent 31. Hydrophobic plasma-applied
coating may be suitable for preventing bacterial growth on living tissue. In embodiments, the
hydrophobic coating may be applied to the teeth to minimized growth of bacteria once the
foreign matter has been removed from enamel of teeth.

[0081] Fig. 7 illustrates a method of applying the plasma effluent 31 to cartilage
tissue in an abrasion arthroplasty procedure. In step 400, the liquid media 34 is supplied
locally to the workpiece “W” (e.g., cartilage) via irrigation and other suitable technigues to

submerge the workpiece “W” in the liquid media 34. In step 402, the plasma device 12 is

also submerged into the liquid media 34. The submerged distance “d” and the exposure



CA 02794895 2012-09-28
WO 2011/123124 PCT/US2010/029478

distance “/” may be adjusted to achieve a desired temperature of the plasma effluent 31 as
discussed above. In step 404, the ionizable media and precursor feedstocks are supplied to
the plasma device 12 and are ignited in step 406 therein to form the plasma effluent 31 within
the liquid media 34. The plasma effluent 31 interacts with the liquid media 34 to form
chemically reactive species that bombard the surface of the workpiece “W.” The plasma
device 12 may be maintained at the workpiece “W” for any period of time until the desired
tissue effect is achieved. Certain tissue effects may be achieved in relatively short period of
time (e.g., bone etching) whereas other procedures (e.g., destruction of the bone tissue) may
require dwell times from about 1 minute to about 2 minutes. In step 408, the hemostasis
eftect of the plasma effluent 31 is monitored. Since the goal of the abrasion arthroplasty
procedure 1s to generate as many stem cells as possible via bleeding, hemostasis must be
minimized. In step 410, the submersion depth “d” is adjusted to maintain a desired degree of

hemostasis or lack thereof.
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EXAMPLE 1 — Bone Etching

[0082] Figs. 8A and 8B illustrate the effect of the above-discussed plasma effluent on
bone tissue supplied thereto in a liquid environment. In each example, bone tissue was
submerged in deionized water and NaCl was added to the water to provide chloride ions (e.g.,
from NaCl) as a chemical precursor for forming localized lesions. The electrode was
submerged nto the liquid and plasma generation was initiated and maintained for two (2)
minutes. The'lesion in Fig. 7A was formed using an electrode having a distal portion that is
submerged to the submersion distance “d” of larger than 2mm, whereas Fig.7B shows the
effects formed by an electrode having a distal portion submerged to the submersion distance
“d” of less than 2 mm. The effects of using smaller “d” are more pronounced as illustrated in
Fig. 7B, which shows charring and other tissue removal due to the hotter temperature
developed at the plasma effluent. The plasma effluent produced by the device at a shallow
depth results in less charring but still removes the bone tissue. Lack of charring is due to a
shallow submersion depth, which lowers the heat of the plasma effluent and its hemostasis
eftect.

[0083] Fig. 9 shows another photo illustrating the effects of application of the plasma
eftfluent on bone tissue. Bone tissue was submerged in dejonized water and NaCl was added
to the water to provide chloride ions (e.g., from NaCl) as a chemical precursor for forming
localized lesions. The electrode was submerged into the liquid and plasma generation was
initiated and maintained for two (2) minutes. An electrode having a distal portion submerged

to the submersion distance “d” of more than 2mm was used to form the lesion. The plasma

removed the bone tissue to the marrow region, which was also removed.
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EXAMPLE 2 — Tooth Whitening

[0084] Fig. 10 illustrates the effectiveness of the above-discussed plasma on tooth
whitening. Fig. 10 shows six photographs of a tooth taken prior to treatment and at various
points in the treatment process, namely, at one, two, three, four and eight minutes. The tooth
was submerged in deionized water and the electrode was brought in proximity with the tooth
(e.g., submerged into the liquid). Argon gas was supplied to the plasma device and plasma
generation was initiated and maintained for eight minutes. The photos illustrate the gradual
progression of the treatment process and complete removal of the stain from the tooth.

[0085] Figs. 11A and 11B illustrate enlarged photos of the tooth. Fig. 11A shows the
tooth at x170 magnification illustrating the plasma treated region and a non-treated region
and Fig. 11B shows the tooth at x750 magnification in the treated region. The plasma-
treated region shows a relatively smooth surface when compared with the non-treated region.
The smooth surface is indicative of undamaged tooth enamel surface structure.

[0086] Fig. 12 illustrates emission spectra of the plasma species produced by the
plasma. The labeled peaks show the primary species identified in the plasma, as the
hydroxide, hydrogen, oxygen and argon species. This supports the above-discussed

explanation for the formula (3) being the primary vehicle of radical generation.
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EXAMPLE 3 — Catalysts in Liquid Media

[0087] Titanium oxide (TiO3) catalysts were added into deionized water and plasma
was generated within the water medium. The effectiveness of TiO, catalysts was measured
by spectroscopy of hydroxyl (OH) and hydrogen (H) radicals, namely, H beta and H alpha
radicals. As illustrated in Figs. 13-15, which show the comparison of measured intensity for
the hydroxyl, H beta and H alpha radicals were generated in deionized water and deionized
water having nanoparticles of TiO,. The increased intensity is indicative of a higher
concentration of the radicals, which are attributed to the addition of the catalysts.

[0088] Fig. 16 shows the absorption of methylene blue in pure deionized water and in
deionized water including nanoparticles of TiO;. Methylene blue is a common indicator
chemical of hydroxyl radicals since methylene blue reacts with hydroxyl radicals, which
causes a change in color from blue to clear. The sample with nanoparticles had a lower
absorption, indicating a higher reaction ratio with the hydroxyl radicals than the pure
deionized water sample. In the pure deionized water sample, the absorption value is higher
since a larger amount of methelyne blue remained unreacted due to lower production of the

hydroxyl particles due to the lack of the nanoparticles of TiOs.
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[0089] Although the illustrative embodiments of the present disclosure have been
described herein with reference to the accompanying drawings, it is to be understood that the
disclosure is not limited to those precise embodiments, and that various other changes and
modifications may be effected therein by one skilled in the art without departing from the
scope or spirit of the disclosure. In particular, as discussed above this allows the tailoring of

the relative populations of plasma species to meet needs for the specific process desired on

the workpiece surface or in the volume of the reactive plasma.
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What is claimed is:
. A plasma system for treating a workpiece, comprising:

a plasma device including an electrode formed from a metal alloy and a dielectric
layer covering the electrode, the dielectric layer including a distal portion extending distally
past a distal end of the electrode by a predetermined distance;

a liquid source configured to supply a liquid to a workpiece;

an ionizable media source coupled to the plasma device and configured to supply

ionizable media thereto; and

a power source coupled to the electrode and configured to ignite the ionizable media
at the plasma device to form a plasma effluent in the presence of the liquid, whereby the
plasma efﬂuent reacts with the liquid to form at least one reactive species that interacts with

the workpiece.

2. A plasma system according to claim 1, wherein the dielectric layer is slidably

disposed over the electrode.

3. A plasma system according to claim 1, wherein the metal alloy is selected from the

group consisting of an aluminum alloy and a titanium alloy.

4. A plasma system according to claim 3, wherein the dielectric layer is selected from

the group consisting of an oxide, a nitride, a native oxide and a native nitride.

5. A plasma system according to claim 1, wherein the liquid is an aqueous solution of a

compound selected from the group consisting of salts, bases, acids and reactive gases.



CA 02794895 2012-09-28
WO 2011/123124 PCT/US2010/029478

6. A plasma system according to claim 1, wherein the liquid includes catalyst

nanoparticles having a volume average diameter from about 0.1 nm to about 1,000 nm.

7. A method for treatment of a workpiece, comprising:

supplying a liquid to a workpiece;

positioning a plasma device adjacent to the workpiece;

supplying ionizable media to the plasma device; and

igniti'ng the ionizable media at the plasma device sufficient to form a plasma effluent
at a distal portion thereof in the presence of the liquid, whereby the plasma effluent reacts

with the liquid to form at least one reactive species that interacts with the workpiece.

8. A method according to claim 7, wherein the plasma device includes an electrode
formed from a metal alloy and including a dielectric layer covering the electrode, the
dielectric layer including a distal portion extending distally past a distal end of the electrode

by an exposure distance.

9. A method according to claim 8, further comprising:

submerging the distal portion in the liquid to a desired submersion distance.

10. A method according to claim 9, further comprising:

adjusting the submersion distance to regulate temperature of the plasma effluent.

11. A method according to claim 8, wherein the dielectric layer is slidably disposed over

the electrode.
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12. A method according to claim 11, further comprising:

sliding the dielectric layer to adjust the exposure distance.

13. A method according to claim 7, wherein the liquid is an aqueous solution of a

compound selected from the group consisting of salts, bases, acids and reactive gases.

14. A method according to claim 7, wherein the liquid includes catalyst nanoparticles

having a volume average diameter from about 0.1 nm to about 1,000 nm.

5. A method for treatment of a workpiece, comprising:

supplying a liquid to a workpiece;

positioning a plasma device adjacent to the workpiece, wherein the plasma device
includes an electrode formed from a metal alloy and including a dielectric layer slidably

disposed over the electrode, the dielectric layer including a distal portion extending distally

past a distal end of the electrode by an exposure distance;

supplying ionizable media and at least one precursor feedstock to the plasma device;

igniting the tonizable media and the at least one precursor feedstock at the plasma

device sufficient to form a plasma effluent at the distal portion in the presence of the liquid,

whereby the plasma effluent reacts with the liquid to form at least one reactive species that

interacts with the workpiece; and

adjusting at least one of a submersion distance of the plasma device and the exposure

distance to regulate temperature of the plasma effluent.

16. A method according to claim 15, wherein the metal alloy is sclected from the group

consisting of an aluminum alloy and a titanium alloy.
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17. A method according to claim 16, wherein the dielectric layer is selected from the

group consisting of an oxide, a nitride, a native oxide and a native nitride.

18. A method according to claim 15, wherein the liquid is an aqueous solution of a

compound selected from the group consisting of salts, bases, acids and reactive gases.

20. A method according to claim 15, wherein the liquid includes catalyst nanoparticles

having a volume average diameter from about 0.1 nm to about 1,000 nm.
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Absorption of Methylene blue
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