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(57) ABSTRACT

Disclosed 1s an apparatus for generating low-temp plasma at
atmospheric pressure, comprising: a couple of electrodes
facing each other at a distance, one of them being connected
to a power supply, the other being grounded; a couple of
dielectrics with a thickness of 25 um-10 mm, positioned on
the facing surfaces of the electrodes 1n such a way as to face
cach other, one of them having at least one discharge gap
therem; and a conductor electrode having at least one tip
positioned within the discharge gap, 1n which an electric
field 1s applied at an intensity of 1-100 KV/cm through the
power supply across the electrodes by use of a pulse direct
current or an alternating current in a frequency bandwidth of
50 Hz-10 GHz while a reaction gas i1s fed between the
clectrodes, so as to mnduce a hollow cathode discharge, a
capillary discharge or the high accumulation of charges from
the discharge gap. With this structure, the apparatus prevents
the conversion of the plasma to arcs and thus gives stable,
low-temp plasma 1n a high density, and utilizes a broad
bandwidth of frequencies 1in addition to being low 1n elec-
tricity consumption and being manufactured at a low cost. At
low voltages, 1t can generate and maintain stable, low-
temperature plasma over a large area. The plasma 1s suitable
to form radicals of high energy and can be used for bonding,
polishing, cleaning, thin films deposition, sterilization,
ozone generation, printing, dyeing, etching, purification of
water and air, complete combustion of fuels, manufacture of
highly luminous lamps.
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APPAARATUS FOR GENERATING LOW
TEMPERATURE PLASMA AT ATMOSPHERIC
PRESSURE

BACKGROUND OF THE INVENTION
[0001] 1. Field of the invention

[0002] The present invention relates to an apparatus for
generating low-temperature plasma 1n a high density at
atmospheric pressure with low discharge 1nitiation and
maintenance voltages.

0003] 2. Description of the Prior Art

0004] Generally, plasma is defined as a partially ionized
gas composed of a nearly equal number of positive and
negative free charges so that it 1s electrically neutral. Sub-
ogrouped 1nto high-temperature and low-temperature plasma
according to the temperature at which 1t undergoes 10niza-
fion, plasma 1s of very high reactivity, chemically and
physically.

[0005] Low-temperature plasma is used to synthesize vari-
ous materials, such as metals, semiconductors, polymers,
nylon, plastic, paper, fiber, and ozone, or to modily surface
properties of materials with a concomitant improvement in
various physical and chemical properties such as junction
strength, dyeing properties, printability, etc. Accordingly,
low-temperature plasma finds numerous applications in
semiconductor, metal, ceramic thin film synthesis, and
cleaning fields.

[0006] Typically, low-temperature plasma can be gener-
ated 1n a vacuum vessel of low pressure. In order to maintain
such a vacuum, there 1s needed an apparatus, which 1is
expensive on the whole. Additionally, 1if materials to be
freated are large 1n size, it 1s difficult to apply plasma to
them. Another problem with plasma treatment 1s difficulty in
automation of plasma processes. Further to these, plasma
has difficulty in treating materials which show high vapor
pressures or are degassed, such as rubber, biomaterials, etc.

[0007] To avoid these problems, there have been devel-
oped various techniques, exemplified by corona discharge,
dielectric barrier discharge and glow discharge, by which
low-temperature plasma can be generated at atmospheric
pressure. These techniques are now applied to a broad range
of fields, including synthesis of chemicals, such as ozone,
sterilization, detoxification, and synthesis of materials which
are difficult to treat with plasma 1n vacuo, 1n addition to the
fields mentioned above.

[0008] A corona discharge is a discharge of electricity
appearing as a bluish-purple glow on the surface of and
adjacent to a conductor when the voltage gradient exceeds a
critical value. In general, by applying a high voltage across
two pointed electrodes made of conductive materials, such
as metal, streamer plasma 1s generated from the electrodes.
When a voltage 1s applied across two electrodes with a very
short distance therebetween, an arc 1s generated, forming
linear plasma with a very small diameter. At this time, to
prevent the plasma from being converted to arc discharge,
the voltage 1s intermittently applied or a resistance 1s pro-
vided to the electrodes.

[0009] A dielectric barrier discharge utilizes the charge
accumulation resulting from dielectric polarization to form
a reverse potential at which the discharge 1s halted, that 1s,
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it takes advantage of a pulse discharge, thereby preventing
the development of arc discharges.

[0010] In the case of a corona discharge, plasma is gen-
erated 1n the form of a streamer that 1s not homogeneous and
1s low 1n density. Additionally, because the gap between two
clectrodes 1s narrow, a corona discharge 1s difficult to apply
to targets of three-dimensional shape. Also, other problems
with the coronal discharge include noise generation and a
short electrode lifetime.

[0011] Although providing homogenous plasma, the
dielectric barrier discharge does not ensure the generation of
homogenous, diffused plasma over a large area, as in the
corona discharge. Where an additional means 1s provided for
preventing the development to an arc discharge, the diclec-
tric barrier discharge 1s low i1n plasma density, and the
distance between two electrodes 1s so narrow as to limit the
size and shape of a target to be treated.

[0012] When gases with high discharge initiation and
maintenance potentials, such as argon, oxygen and nitrogen,
are used, both the corona discharge and the dielectric barrier
discharge techniques require a high-voltage power supply.
However, the power supply 1s difficult to operate and man-
age because of 1ts being expensive and high 1n electricity
consumption.

SUMMARY OF THE INVENTION

[0013] Therefore, it is an object of the present invention to
overcome the above problems encountered 1n prior arts and
to provide an apparatus for generating low-temperature
plasma at atmospheric pressure, which has such a novel
structure of electrodes as to prevent the conversion of the
plasma to an arc discharge.

[0014] It is another object of the present invention to
provide a plasma-generating apparatus, which i1s so low 1n
discharge voltage as to greatly reduce the operating and
installment cost and electricity consumption of the power

supply equipped.

[0015] It is a further object of the present invention to
provide a plasma-generating apparatus, which can take
advantage of alternating currents and pulse direct currents 1n
a broad bandwidth of frequencies.

[0016] It is still a further object of the present invention to
provide a plasma-generating apparatus, which can discharge
in gases ol high discharge imitiation potentials, such as
nitrogen, oxygen and the air.

[0017] It 1s still another object of the present invention to
provide a plasma-generating apparatus, which can generate
a homogeneous, high-density, low-temperature plasma at a
low discharge voltage over a large area.

[0018] Based on the present invention, the above objects
could be accomplished by a provision of an apparatus for
ogenerating low-temperature plasma at atmospheric pressure,
comprising: a couple of electrodes facing each other at a
distance, one of them being connected to a power supply, the
other being grounded; a couple of diclectrics with a thick-
ness of 25 um-10 mm, positioned on the facing surfaces of
the electrodes 1n such a way as to face each other, one of
them having at least one discharge gap therein; and a
conductor electrode having at least one tip positioned within
the discharge gap, in which an electric field 1s applied at an
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intensity of 1-100 KV/cm through the power supply across
the electrodes by use of a pulse direct current or an alter-
nating current 1n a frequency bandwidth of 50 Hz-10 GHz
while a reaction gas 1s fed between the electrodes.

[0019] The plasma generated from the apparatus of the
present 1nvention 1s suitable to form radicals of high energy,
which have numerous applications 1n various fields, includ-
ing bonding, polishing, cleaning, thin films deposition, ster-
ilization, disinfection, ozone generation, printing, dyeing,
ctching of various materials such as metal, rubber, fibers,
paper, synthetic resins and semiconductors. Also, applica-
tion fields of the plasma include purification of tap water and
waste water, purification of air and automobile exhaust gas
such as SO_ and NO_, combustion of fuels, manufacture of
highly luminous lamps, etc.

BRIEF DESCRIPTION OF THE INVENTION

10020] The above and other objects, features and other
advantages of the present invention will be more clearly
understood from the following detailed description taken in
conjunction with the accompanying drawings, 1n which:

10021] FIG. 1 is a schematic diagram showing a plate
structure of electrodes 1n a cross sectional view, suitable for

use 1n an apparatus for generating low-temperature plasma
at atmospheric pressure, 1n accordance with a first embodi-

ment of the present mnvention;

10022] FIG. 2 is a schematic diagram showing a tube
structure of electrodes 1n a cross sectional view, suitable for
use 1n an apparatus for generating low-temperature plasma
at atmospheric pressure 1n accordance with a second
embodiment of the present invention; and

10023] FIG. 3 provides illustrations of tips provided to
conductor electrodes.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

10024] The application of the preferred embodiments of
the present invention 1s best understood with reference to the
accompanying drawings, wherein like reference numerals
are used for like and corresponding parts, respectively.

0025] [First Embodiment]

0026] With reference to FIG. 1, there is an electrode

structure seen 1n a cross sectional view, suitable for use 1n an
apparatus for generating low-temperature plasma at atmo-
spheric pressure, 1n accordance with a first embodiment of
the present invention. In this embodiment, the present inven-
fion employs a plate structure of electrodes 1n generating
low-temperature plasma at atmospheric pressure.

10027] As shown in FIG. 1, the apparatus has a couple of
electrodes 1 and 2 which are positioned to face each other in
accordance with the present invention. One of the two
electrodes 1s connected to a power supply 6 while the other
electrode 1s grounded. When the power supply 6 provides a
direct current, the grounded electrode 1s an anode 2 and the
clectrode connected to the power supply 6 1s set as a cathode
1. Preferably, both electrodes are made of metal such as
stainless steel, aluminum or copper.

[0028] One of diclectrics 3 and 4 is mounted on each of the
electrodes 1 and 2, respectively, and arranged 1n such a way
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as to face each other. In order to facilitate the generation of
plasma, each of the dielectrics 3 and 4 preferably ranges in
thickness from 25 um to 10 mm. In the dielectric 3 which is
mounted onto the power supply-connected electrode 1,
discharge gaps 7 are provided which run through the dielec-
tric 3 perpendicularly to its surface. On the other hand, the
dielectric 4 mounted onto the surface of the grounded
clectrode 2 has no discharge gaps. That 1s, one dielectric
with perpendicularly perforating discharge gaps 1s mounted
on the electrode 1 connected to the power supply 6 and
another dielectric with no discharge gaps 1s mounted on the
crounded electrode 2, after which the two dielectrics are
positioned 1n such a way as to face each other.

[10029] Extended from the electrode 1, conductor elec-
trodes § with a certain width (a) and a certain height (b) are
positioned within each discharge gap 7. The conductor
clectrodes 5§ have tips 8, 8' or 8" which may be 1n a form
shown 1n FIG. 3A, 3B or 3C. Upon the application of an
clectric fields from the power supply 6, the conductor
clectrodes 5 accumulate charges at the tips 8, 8' or 8" which
facilitate the discharging of the accumulated charges. In
addition, the tips 8, 8' or 8" function to control the width (a)
and height (b) of each of the discharge gaps 7.

[0030] As shown in FIG. 3A, 3B and 3C, the tips formed
on the conductor electrode § may be pomted, square or
curved M 1n shape. Other various shapes may be applied to
the tips. Preferably, the tips have a height (b) 0.1-20 times

as long as their width (a) while being present at a density of
1-100 per length of 10 mm.

[0031] Limitations in the size and number of the tips are
attributed to the fact that, when the size and number are out
of the ranges, the accumulation of charges at the tips 1s too
inetficient to lower the discharge initiation and maintenance
voltages, to obtain high-density plasma, and to generate
homogeneous plasma.

[0032] Although the apparatus having a plate structure of
clectrodes 1s 1illustrated to have the dielectric 3 on the
clectrode 1 connected to the power supply 6 and the dielec-
tric 4 on the electrode grounded, 1t should be understood that
the present invention 1s not limited to this, but may have
various structures. For example, the electrodes 1 and 2 on
which the dielectrics 3 and 4 are to be positioned may be
changed 1n position. That 1s, the dielectric 3 with discharge
cgaps 7 1s mounted onto the ground electrode 2 while the
dielectric 4 lacking discharge gaps 7 1s mounted onto the
clectrode 1 connected to the power supply 6. Additionally,
when a dielectric with discharge gaps 7 may be mounted on
one of the electrodes 17, and 2, the remaining one may be
provided with no dielectrics.

[0033] Ranging in thickness from 25 um to 10 mm, the
dielectrics are required to be resistant to high temperatures
and have superior dielectric properties. Preferably, the
dielectrics are made of a materials selected from the group
consisting of glass, alumina, boron nitride, silicon carbide,
silicon nitride, quartz, and magnesium oxide.

[0034] When no discharge gaps 7 are provided for the
dielectric 3, the generation of plasma demands high volt-
ages. The plasma generated 1s, however, low 1n density. In
contrast, when the dielectric 3 1s provided with a conductor
clectrode 5 having discharge gaps 7 and tips 8, the electric
fields applied to the electrodes 1, 2 and § are accumulated at
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the tips and thus intensified thereat, thereby bringing about
the effects of a hollow cathode discharge and a capillary
discharge 1n the discharge gaps 7. Accordingly, the voltage
needed to generate plasma can be lowered and the plasma
generated 1s high 1n density and stable.

[0035] The discharge gaps 7 which run perpendicularly
through the dielectric preferably range in width (a) from 5
um to 2 mm with a height (a) being 5-250 fold longer than
the width (b). If the width and height are out of the limait
ranges, no capillary and hollow cathode discharges are
ogenerated so that discharge inmitiation and maintenance
potentials cannot be reduced to desired values. In addition,
stable highdensity plasma cannot be generated, nor can
plasma be prevented from being converted to an arc.

0036] [Second Embodiment]

0037] With reference to FIG. 2, there is an electrode
structure seen 1n a cross sectional view, suitable for use 1n an

apparatus for generating low-temperature plasma at atmo-
spheric pressure, 1n accordance with another embodiment of
the present invention. In this embodiment, the present inven-
fion adopts a tube structure of electrodes to an apparatus
capable of low-temperature plasma generation at atmo-
spheric pressure.

[0038] As secen in FIG. 2, there is provided a tubular
electrode 1' to the 1mnner circumierence of which a dielectric
3' 1s attached. Along the central axis of the tubular electrode
1', a cylindrical core electrode 2" which 1s concentric to the
tubular electrode 1' 1s placed at a certain distance from the
dielectric 3' attached to the inner surface of the tubular
clectrode 1'. Both ends of each electrode are fixed while
being suitably insulated (not shown). To the outer circum-
ference of the core electrode 2', another dielectric 4' 1s fixed,
with a plurality of discharge gaps 7' bemng provided at
regular intervals 1n the dielectric 4'.

[0039] The thickness of each of the electrodes 3' and 4
may fall within the range set 1n the First Embodiment. Also,
the same limitations as in the First Embodiment are placed
on the width (a) and height (b) of the discharge gaps 7. On
the outer circumfierence of the core electrode 2 are posi-
tioned conductor electrodes § with such a width (a) and a
height (b) as to fit the discharge gaps 7. The conductor
clectrodes § are also provided with tips which have the
shapes shown 1n FIG. 3.

[0040] While the tubular electrode 1'1s grounded, the core
clectrode 2' 1s connected to a power supply 6.

0041] In the tube structure, however, various modifica-
fions can be made 1 arrangements, shapes and conforma-
tions of electrodes 1' and 2' and dielectrics 3' and 4'.

[0042] In order to generate plasma, an electric field is
applied at an intensity of 1-100 KV/cm through the power
supply 6 to the apparatuses of the First and the Second
Embodiments, by use of a pulse direct current or an alter-
nating current 1n a frequency bandwidth of 50 Hz-10 GHz.
In the presence of such an electric field, discharging is
conducted between the tips of the discharge gaps and the
counter electrode, to generate plasma.

10043] Using the apparatuses of the present invention,
homogenecous plasma of a large area can be generated stably.

10044] The plasma generated from the apparatuses of the
present mvention 1s applied to a variety of materials, such as
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metal, rubber, fibers, paper, and synthetic resins, €.g. plas-
fics, nylon, epoxy, etc., to change surface properties of the
materials to ones suitable for use 1n bonding, polishing, thin
f1lms deposition, dyeing, printing, etc.

[0045] Also, plasma can be directly applied for the
removal of toxicity and the purification of contaminated air.
In addition, plasma 1s used to make ozone which 1s utilized
in sterilization and disinfection of tap water, purification of
waste water, purification of automobile exhaust gases such
as SO_ and NO_, and complete combustion of fuels 1n
automobile engines. Further to these, plasma can be adopted
to manufacture very bright lamps useful for photochemical

reactions which can be applied to various surface treatment
processes, 1including semiconductor device fabrication.

[0046] For instance, reaction gases, such as air, water
vapor, oxygen, nitrogen, hydrogen, argon, helium, methane,
ammonia, tetrafluoro carbon, aectylene, propane, etc, are
fed, alone or 1n combination, between the electrodes to
which the dielectrics are attached, after which a high electric
field 1s applied through the power supply to generate plasma.
This plasma 1s usefully utilized 1n bonding, polishing, clean-
ing, thin films deposition, sterilization, disinfection, ozone
preparation, dyeing, printing, etching, purification of water,
purification of air and automobile exhaust gases, complete
combustion of fuels 1n automobile engines, manufacture of
highly luminous lamps, etc.

EXPERIMENTAL EXAMPLE

[0047] This experimental example employed the same
plasma-generating apparatus as i Second Embodiment,
which had a plate structure in which two electrode plates 1
and 2 were arranged to face each other and a dielectric 1s
provided on each of the facing surfaces of the electrode
plates 1 and 2. In one of the dielectrics 3 and 4, a plurality
of discharge gaps 7, each being 200 um width and 2 mm
high, were formed. For the conductor electrodes §, tips 8
shaped as in FIG. 3a, each having a width (a) of 2 mm and
a height (b) of 1.5 mm, were provided. Between the two
electrodes 1 and 5, which were 7 mm distant from each
other, helium gas was introduced, while a direct current
bipolar pulse electric source of 50 KHz was applied across
the electrodes to discharge at atmospheric pressure.

[0048] As a result, about 1 KV was used to initiate the
discharee with a maintenance voltage of about 0.7 KV.
Under these conditions, plasma with a high density was
stably generated without generating arcs.

[0049] At atmospheric pressure, a discharge initiation
voltage for helium gas was measured to be about 3.7 KV/cm.
If the distance between the electrodes was 7 mm, about 2.6
KV was required as a discharge initiation potential.

[0050] As described hereinbefore, the apparatuses for gen-
erating low-temperature plasma of the present invention
enjoy the following advantages:

[0051] First, the apparatus for generating plasma at atmo-
spheric pressure, adapted for the induction of hollow cath-
ode discharges, capillary discharges or highly accumulated
clectric fields, prevents the conversion of the plasma to arcs
and thus gives stable, low-temperature plasma in a high
density.
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[0052] Next, the apparatus can initiate and maintain dis-
charging at very low voltages, and utilizes a broad band-
width of frequencies, 1n addition to being low 1n electricity
consumption and being manufactured at a low cost.

[0053] Finally, the apparatus can generate homogeneous
plasma over a large area 1n a high density. The plasma 1s
suitable to form radicals of high energy, which have numer-
ous applications 1n various fields, including bonding, pol-
1shing, cleaning, thin films deposition, sterilization, disin-
fection, ozone preparation, printing, dyeing, etching,
purification of tap water and waste water, purification of air
and automobile exhaust gas, complete combustion of fuels,
manufacture of highly luminous lamps, etc. In these cases,
the plasma can bring about excellent results and reduce the
freatment time greatly.

|0054] The present invention has been described in an
illustrative manner, and 1t 1s to be understood that the
terminology used 1s intended to be 1n the nature of descrip-
tion rather than of limitation. Many modifications and varia-
tions of the present invention are possible m light of the
above teachings. Therefore, it 1s to be understood that within
the scope of the appended claims, the invention may be
practiced otherwise than as specifically described.

What 1s claimed 1s:
1. An apparatus for generating low-temperature plasma at
atmospheric pressure, comprising:
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a couple of electrodes facing each other at a distance, one
of them being connected to a power supply, the other
being grounded;

a couple of dielectrics with a thickness of 25 um-10 mm,
positioned on the facing surfaces of the electrodes in
such a way as to face each other, one of them having at
least one discharge gap therein; and

a conductor electrode having at least one tip positioned
within the discharge gap,

wherein an electric field 1s applied at an 1ntensity of 1-100
KV/cm through the power supply across the electrodes
by use of a pulse direct current or an alternating current
in a frequency bandwidth of 50 Hz-10 GHz while a
reaction gas 1s fed between the electrodes.

2. The apparatus as set forth in claim 1, wherein the
discharge gap ranges in width from 5 um to 2 mm with a
height being 5-250 times as long as the width.

3. The apparatus as set forth mn claim 1, wherein the
clectrodes are made of metal, and the tip has a height 0.1-20
times as long as 1ts width and 1s present at a density of 1-100
per 10 mm of the electrode.

4. The apparatus as set forth in claim 1, wherein the
dielectrics are made of an insulating material selected from
the group glass, alumina, boron nitride, silicon carbide,
silicon nitride, quartz, and magnesium oxide.
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