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Description

[0001] Theinvention relates to a surface dielectric bar-
rier discharge plasma unit comprising a solid dielectric
structure provided with an interior space wherein an in-
terior electrode is arranged, further comprising a further
electrode for generating in concert with the interior elec-
trode a surface dielectric barrier discharge plasma,
wherein the plasma unit is further provided with a gas
flow path along a surface of the structure.

[0002] Solid dielectric structures having electrode
structures arranged on or embedded in the dielectric
structures are known for performing plasma processes.
A first electrode is positioned on a treating surface of the
structure, while a second electrode is placed on the op-
posite side of the dielectric structure. In such a process,
gas flows needed for the plasma process can be induced
along a treating surface of the structure.

[0003] Dedicated plasma units having an interior elec-
trode are also known. The interior electrode is obtained
via a process wherein dielectric material is partially re-
moved for forming a groove in a surface of the dielectric
structure, an electrode deposition process and a process
wherein the interior electrode is covered with dielectric
material to obtain a flat dielectric surface. Again, a second
electrode is placed on the opposite side of the dielectric
structure. Dedicated plasma units having only interior
electrodes are also known. By creating an electric field
between pairs of interior electrodes a plasma process
can be induced along a treating surface of the structure.
[0004] However, plasma treatments appear to be non-
uniform, especially when treating structures having low
or non-gas permeable materials. The gas flow is flown
in a plasma zone between the structure to be treated and
a treating surface of the solid dielectric structure and re-
acts chemically and/or physically with the structure to be
treated. As a consequence, less reactive gas particles
are available in a desired area that is remote from and
downstream to an area where the gas enters the plasma
zone, thus resulting in a non-uniform plasma treatment.
The composition of the plasma activated gas is changed
during its passage along the treating structure. As aresult
the concentration of gaseous precursor gases or parti-
cles that are added to the plasma carrier gas, may be
too high in the area where the gas enters the plasma
zone and too low in the area where the gas leaves the
plasma zone. A too high degree of precursor decompo-
sition may result in unwanted precursor fragments that
eventually cause decreased layer quality or undesirable
dust by gas phase polymerization. As partial compensa-
tion of the change of precursor gas composition along
the flow path in the plasma zone, generally a high gas
flow rate is being applied resulting in a significant loss of
unreacted precursor gas leaving the plasma zone.
[0005] It is an object of the invention to provide a sur-
face dielectric barrier discharge plasma unit according
to the preamble, wherein the disadvantage identified
above is reduced. In particular, the invention aims at ob-
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taining a surface dielectric barrier discharge plasma unit
according to the preamble enabling a more uniform and
more efficient plasma treatment. Thereto, according to
the invention, the gas flow path is oriented substantially
transverse with respect to a treating surface of the solid
dielectric structure.

[0006] By orienting the gas flow path substantially
transverse with respect to a treating surface of the struc-
ture, e.g. through or along a side surface of the solid
dielectric structure, a desired plasma treating area near
the treating surface of the structure can be reached di-
rectly by the gas flow. Accordingly, a gas flow path section
upstream to the desired area but located in a plasma
zoneis reduced and the gas can be provided more evenly
in the entire plasma region, so that a more uniform plas-
ma process is enabled. Further, the gas particles are
processed more efficiently.

[0007] Itis noted that the invention is partly based on
the insight that a combination of an interior electrode and
a further electrode can be used to counteract a surface
plasma along the gas flow path section substantially
transversely with respect to the treating surface of the
solid dielectric surface, thereby enabling an efficient plas-
ma process near the treating surface of the structure
counteracting a plasma process with the gas particles
before they reach the structure to be treated.

[0008] Moreover, by the apparatus according to the
invention, the apparatus can be scaled up to larger plas-
ma zones, thereby improving a production volume.
[0009] Further, by orienting the gas flow path substan-
tially transverse with respect to the treating surface of
the structure, the solid dielectric structure can be cooled
efficiently by the gas flow, e.g. by flowing the gas along
side surfaces of the structure or walls of the structure
defining openings through which the gas can flow to-
wards the plasma zone.

[0010] Preferably, the interior electrode is implement-
ed as an electrolyte, the electrolyte further serving as a
temperature conditioning fluid, e.g. for efficiently cooling
or heating the solid dielectric structure. In this way, con-
flicting requirements with respect to electrical isolation
and heating guiding properties of the solid dielectric
structure are elegantly circumvented. However, the elec-
trolyte can also merely serve as interior electrode, e.g. if
the temperature of the solid dielectric structure is condi-
tioned otherwise.

[0011] In an advantageous embodiment according to
the invention, the interior space in the solid dielectric
structure has been manufactured by an extruding proc-
ess, thereby enabling an efficient manufacturing method
of a plasma unit that can be scaled up relatively easily
using standard extruding processes.

[0012] Theinventionrelates furtherto a method of gen-
erating a surface dielectric barrier discharge plasma.
[0013] Other advantageous embodiments according
to the invention are described in the following claims.
[0014] By way of example only, embodiments of the
present invention will now be described with reference
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to the accompanying figures in which

Fig. 1 shows a schematic cross sectional view of a
first embodiment of a surface dielectric barrier dis-
charge plasma unit according to the invention;

Fig. 2 shows a schematic cross sectional view of a
second embodiment of a surface dielectric barrier
discharge plasma unit according to the invention;
Fig. 3 shows a schematic cross sectional view of a
third embodiment of a surface dielectric barrier dis-
charge plasma unit according to the invention;

Fig. 4a shows a schematic cross sectional view of a
first solid dielectric structure;

Fig. 4b shows a schematic cross sectional view of a
second solid dielectric structure;

Fig. 4c shows a schematic cross sectional view of a
third solid dielectric structure;

Fig. 5 shows a schematic cross sectional side view
of a fourth embodiment of a surface dielectric barrier
discharge plasma unit according to the invention;
Fig. 6a shows a schematic cross sectional view of a
fifth embodiment of a surface dielectric barrier dis-
charge plasma unit according to the invention;

Fig. 6b shows a schematic cross sectional view of a
sixth embodiment of a surface dielectric barrier dis-
charge plasma unit according to the invention;

Fig. 6¢ shows a schematic cross sectional view of a
seventh embodiment of a surface dielectric barrier
discharge plasma unit according to the invention;
Fig. 6d shows a schematic cross sectional view of a
eighth embodiment of a surface dielectric barrier dis-
charge plasma unit according to the invention;

Fig. 6e shows a schematic cross sectional view of a
ninth embodiment of a surface dielectric barrier dis-
charge plasma unit according to the invention;

Fig. 7 shows a schematic perspective partially ex-
ploded view of the surface dielectric barrier dis-
charge plasma unit of Fig. 1;

Fig. 8a shows a schematic top view of the surface
dielectric barrier discharge plasma unit of Fig. 1;
Fig. 8b shows a schematic cross sectional side view
ofthe surface dielectric barrier discharge plasma unit
of Fig. 8a;

Fig. 8c shows a further schematic cross sectional
side view of the surface dielectric barrier discharge
plasma unit of Fig. 8b;

Fig. 9 shows a schematic cross sectional view of a
tenth embodiment of a surface dielectric barrier dis-
charge plasma unit according to the invention.

Fig. 10a shows a schematic cross sectional view of
a eleventh embodiment of a surface dielectric barrier
discharge plasma unit according to the invention;
Fig. 10b shows a schematic top view of the surface
dielectric barrier discharge plasma unit of Fig. 10a;
Fig.11 shows a schematic cross sectional view of a
twelfth embodiment of a surface dielectric barrier dis-
charge plasma unit according to the invention.
Fig.12 shows a schematic cross sectional view of a
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thirteenth embodiment of a surface dielectric barrier
discharge plasma unit according to the invention.
Fig. 13 shows a schematic cross sectional view of a
first plasma apparatus;

Fig. 14 shows an additional schematic cross section-
al view of the plasma apparatus of Figure 11; and
Fig. 15 shows a schematic cross sectional view of a
second plasma apparatus.

[0015] Itis noted thatthe figures show merely preferred
embodiments according to the invention. In the figures,
the same reference numbers refer to equal or corre-
sponding parts.

[0016] Figure 1 shows a schematic cross sectional
view of a first embodiment of a surface dielectric barrier
discharge plasma unit 1 according to the invention. The
unit 1 comprises an assembly of a multiple number of
elongated shaped solid dielectric structure elements 2a,
2b, 2¢, 2d. The elements 2a, 2b, 2¢, 2d may be substan-
tially arranged in parallel forming a solid dielectric struc-
ture such that an exterior treating surface 3a, 3b, 3c, 3d
of each solid dielectric structure element 2a, 2b, 2c, 2d
substantially extends in a common treating plane T. Al-
ternatively, the elements 2a, 2b, 2¢, 2d may be arranged
so than respective exterior side surfaces of said elements
are not exactly parallel to each other. This embodiment
will be discussed in further detail with reference to Fig.
11. Further, inter spaces 4a, 4b, 4c between adjacent
solid dielectric structure elements 2a, 2b, 2c, 2d define
at least a part of gas flow paths P1, P2, P3 that extends
along a surface of the solid dielectric structure elements
2a, 2b, 2c, 2d. The gas flow paths can have further sec-
tions as described below.

[0017] Each solid dielectric structure element 2a, 2b,
2c¢, 2d is provided with an upper interior space 5a, 5b,
5¢, 5d wherein an interior electrode 6a, 6b, 6¢, 6d is ar-
ranged. Further, each solid dielectric structure element
2a, 2b, 2c, 2d comprises further, exterior electrodes 73,
7b,7c,7d, 7e, 7f, 79, 7h arranged adjacent to an exterior
surface of the solid dielectric structure. During operation
of the surface dielectric barrier discharge plasma unit 1
voltage differences are applied between exterior elec-
trodes 7a, 7b, 7c, 7d, 7e, 7f, 7g, 7Th and interior electrodes
6a, 6b, 6¢, 6d for generating a surface dielectric barrier
discharge plasma 8a, 8b, 8c, 8d. Thus, at exterior sur-
faces of the solid dielectric structure elements 2a, 2b, 2c,
2d the exterior electrodes generate in concert with the
interior electrodes 6a, 6b, 6¢, 6d the plasmas 8a, 8b, 8c,
8d.

[0018] The surface dielectric barrier discharge plasma
unit 1 according to the invention is arranged for operating
athigh gas pressures, e.g. ata gas pressures inthe range
0,1-1 bar or significantly higher than atmospheric pres-
sure, thereby enabling the treatment of a large gas vol-
ume and/or a large surface area.

[0019] During operation of the unit 1 a structure to be
treated is present substantially in the treating plane T.
By generating the plasma and by flowing gas to the treat-
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ing plane T via the gas flow paths P1, P2, P3 the structure
to be treated is subjected to a specific plasma process,
e.g. for surface activation, improvement of adhesion, dy-
ability and printability, deposition by plasma-grafting,
deposition by plasma polymerization and chemical bond-
ing of particles to the structure to be treated. In this man-
ner, physical and/or chemical characteristics of a struc-
ture can be modified. It is noted that the structure to be
treated can be placed in the treating plane T for perform-
ing a batch process. Otherwise, the structure to be treat-
ed can be moved along the treating plane T, either sub-
stantially continuously, or intermittently. By providing the
multiple gas flow paths P1, P2, P3 gas particles can flow
through the inter spaces 4 to the treating surfaces 3a,
3b, 3c, 3d at different locations, thereby rendering the
plasma process more uniform and efficient. By providing
an assembly of a multiple number of elongated shaped
solid dielectric structure elements 2a, 2b, 2c, 2d substan-
tially arranged in parallel forming a solid dielectric struc-
ture such that an exterior treating surface 3a, 3b, 3c, 3d
of each solid dielectric structure substantially extends in
a common treating plane T and by providing inter spaces
4a, 4b, 4c between adjacent solid dielectric structures,
the thus defined gas flow paths P1, P2, P3 reaches the
treating plane T at a multiple number of locations, so that
the plasma process is performed even more uniformly.
As aresult, the plasma treating process is advantageous-
ly also performed more uniformly, thereby improving the
treatment results and optionally reducing energy and
chemical precursor gases that are needed for performing
the plasma treatment.

[0020] By providing elongated shaped solid dielectric
structure elements 2a, 2b, 2c, 2d a relatively large treat-
ing surface 3a, 3b, 3c, 3d is obtained. The dielectric struc-
ture elements 2a, 2b, 2c, 2d have an elongated shape in
a direction substantially transverse with respect to the
cross sectional plane of Figure 1. At least parts of the
gas flow paths P1, P2, P3 run along exterior side surfaces
12 of the solid dielectric structure elements 2, the side
surfaces 12 extending from the exterior treating surface
3.

[0021] Alternatively, also other, non-elongated shapes
can be applied, e.g. substantially cubic shaped dielectric
structures.

[0022] The gas flow paths P1, P2, P3 running along
the exterior side surfaces 12 are oriented substantially
transverse with respect to the treating plane T wherein
a structure to be treated by the unit 1 extends during
operation of the unit 1. Similarly, the gas flow paths P1,
P2, P3 can be oriented substantially transverse with re-
spect to a treating plane T wherein a structure to be treat-
ed by the unit 1 is moved in a treating direction along
during operation of the unit 1.

[0023] Optionally, a part of the interspaces 4a, 4b, 4c
can be used to transport treated gas away from the treat-
ing surface thereby further improving the uniformity and
efficiency of the plasma treatment. In this case the flow
direction in a part of gas flow paths P1, P2, P3 is in the
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opposite direction. This option is particularly important
when treating non or low gas permeable surfaces. Op-
tionally, the gas can be re-circulated after filtration and/or
cooling.

[0024] The inter spaces 4a, 4b, 4c are provided by de-
fining a distance between exterior electrodes 7a, 7b, 7c,
7d, 7e, 7f, 7g, 7h that are adjacent with respect to each
other. The above-mentioned distance can e.g. be defined
by providing separate intermediate portions or by provid-
ing a non-flat outwardly oriented surface of the exterior
electrodes, e.g. in a direction along the gas flow paths
P1, P2, P3 and/or in a direction substantially transverse
with respect to the cross sectional plane.

[0025] Theinteriorelectrodes 6a, 6b, 6¢, 6d are formed
by an electrolyte, thus facilitating, apart from the electric
functionality, a temperature conditioning means. The sol-
id dielectric structure elements 2a, 2b, 2c, 2d can thus
be cooled and/or heated. The electrolyte can be formed
by a liquid and/or a gas. The conditioning of the plasma
activated reactive gas in a specific temperature range
can be very beneficial for treatments such as deposition
at optimum reaction speed.

[0026] Opposite to the treating plane T, the assembly
is surrounded by a metal conducting structure 9, such as
a metal cap, connected to the two most remote exterior
electrodes. Consequently, high electric field values near
edges of the exterior electrodes 7 that may lead to un-
desirable plasma formation in the flown gas in vicinity of
those edges, is counteracted.

[0027] Optionally, the solid dielectric structure 2 com-
prises a multiple number of separate interior spaces, fa-
cilitating the production of the structure by an extrusion
process. Atleast one of them may serve as atemperature
conditioning fluid channel. As shown in Figure 1, the solid
dielectric structure 2 might comprises an upper interior
space 5a, 5b, 5¢, 5d and a lower interior space 5e, 5f,
59, 5h. Thus, a lower interior space can serve as an ad-
ditional temperature conditioning channel. In general, an
interior space in the solid dielectric structure can serve
as an electrode and/or a temperature conditioning fluid
channel. It is noted here, however, that the structure 2
can also be provided with a single interior space that
serves as an electrode and optionally as an temperature
conditioning fluid channel.

[0028] If a cross section of the solid dielectric structure
is not substantially square, it might be advantageous to
provide more than one interior space in the structure,
thereby balancing internal forces in the structures, so that
production by extrusion is facilitated. Unacceptable, pos-
sible temperature depending, large stresses that may oc-
cur in the material during its manufacturing or application
for plasma treatment, are counteracted. An additional in-
terior space can be filled with an electrical isolator, such
as a gas, transformer oil or a solid dielectric, such as
epoxy. Otherwise, the additional interior space can serve
as an electrode. By manipulating the voltage of the elec-
trode in the additional interior space, e.g. by applying a
voltage similar to that of exterior electrodes, the location
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of the surface plasma can in an advantageous way be
controlled.

[0029] A minimal distance between an exterior surface
of the solid dielectric structure on the one hand and a
brim of an interior space in the structure is determined
by break through characteristics of the structure material
and by a desire to electromagnetically couple the interior
electrode and exterior (conducting) surface dielectric
barrier plasma with a minimal electrical capacitance. This
capacitance is a determining factor influencing the power
surface density of the plasma [Watt/m2]. In practice, the
above-mentioned minimal distance can as an example
be chosen between approximately 0.5 mm and approx-
imately 1 mm. However, also other distances can be ap-
plied, e.g. 2 mm or more, or 0.3 mm or less.

[0030] In the embodiment shown in Figure 1, the ex-
terior electrodes 7 cover substantially the entire side sur-
faces 12 of the solid dielectric structure 2 at a location
where the exterior electrodes 7, also called corona elec-
trodes or sharp electrodes, and the treating surfaces 3
meet each other, the exterior electrodes 7 comprise a
sharp end, thereby providing a well defined triple point
between the solid dielectric structure 2, the exterior elec-
trode and the gas induced via the gas flow paths. Since
the exterior electrodes are positioned outside the treating
plane T, a thickness of the exterior electrode can be cho-
sen relatively large compared with a situation wherein
the exterior electrodes are positioned at the treating sur-
face 3 of the solid dielectric structure 2. Further, wear of
the electrodes e.g. due to friction forces exerted by ma-
terials of the structure to be treated is avoided by the
arranging the exterior electrodes 7 at side surfaces. Fur-
ther, erosion or corrosion of the exterior electrodes 7 can
be suppressed by using relatively thick metal strips and
by effective temperature control. Also, the life time of the
exterior electrodes 7 is extended. It is noted that by ar-
ranging the exterior electrodes 7 such that they at least
partially cover exterior surfaces of the solid dielectric
structures 2, cooling of the structures 2 can be performed
by the exterior electrodes 7, e.g. by connecting the ex-
terior electrodes 7 to a cooling fin or heat sink. Further,
cooling channels can be arranged inside the exterior
electrodes 7.

[0031] The solid dielectric structure 2 has been man-
ufactured from a suitable dielectric material such as ce-
ramic, e.g. specific types of alumina, glass or glass-ce-
ramic materials. The adhesion between the dielectric ma-
terial and the exterior electrodes can e.g. be realized by
gluing the electrodes, e.g. using an epoxy resin. The glu-
ing material is preferentially either having a high dielectric
strength or having high conductivity in order to avoid elec-
tric breakdown of this material. The exterior electrode
structure may have a U shape in which the solid dielectric
structure is inserted. The exterior electrodes can be man-
ufactured from metals such as stainless steel, high car-
bon steel, platinum or tungsten, coatings or alloys.
[0032] Preferably, the interior space 5 in the solid die-
lectric structure 2 is substantially elongated so that a rel-
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atively large treating surface 3 can be provided. Then,
the interior space 5 forms a channel.

[0033] In an advantageous way, the interior space 5
in the solid dielectric structure 2 has been manufactured
by an extruding process, thereby providing a relatively
simple, robust and cheap manufacturing method of a
plasma unit 1 according to the invention. As a further
advantage, relatively long elongated interior spaces can
be realized in solid dielectric structures, in particular
structures having a single elongated interior space. Thus,
up scaling to relatively large elements, e.g. having a
length of several meters is possible. By applying an ex-
truding process, a one piece solid dielectric structure 2
can be obtained. Alternatively, when non-elongated solid
dielectric structures are required, the interior space can
be manufactured by another process e.g. milling.
[0034] The exterior electrodes 7 are in direct contact
with the solid dielectric structure 2, so that the electric
field is not merely dependent on the sharpness of the
exterior electrodes, but is further enhanced by the per-
mittivity difference between the gas and the solid dielec-
tric structure 2.

[0035] Scaling up electrodes for surface dielectric bar-
rier plasma treatment may cause a relatively high elec-
trical capacitive load. In an advantageous way, the elec-
trical power delivered to each solid dielectric barrier struc-
ture is supplied by an individual power supply unit via its
inner electrode 6 and the exterior electrode 7. Above a
specific length (typically 1-4 m) of the elongated dielectric
barrier structures, the use of a separate power supply for
each of those structures is beneficial for process control.
Alternatively, from the total number of exterior electrodes
7 being part of a plasma treating unit, groups of elec-
trodes may be connected to separate power supplies.
As a second alternative, the exterior electrodes 7 of a
single dielectric structure may be divided in segments
where each segment receives electrical power from a
separate power supply. The reduction of the electrical
capacitance per power supply may be used to operate
the surface barrier discharge when applying an alternat-
ing voltage potential between the electrodes at high fre-
quency and/or with repetitive sharp rising pulses. The
application of such pulses may result in a more uniform
distribution of surface barrier discharge filaments along
the treating surface. Further, the costs of a modular pow-
er supply system can be reduced by using cheaper com-
ponents.

[0036] Figure 2 shows a schematic cross sectional
view of a second embodiment of a surface dielectric bar-
rier discharge plasma unit 1 according to the invention.
The exterior electrodes 7 partially cover exterior side sur-
faces 12 of the solid dielectric structure 2, thereby leaving
upper sections of the exterior side surfaces uncovered.
As a consequence, the region where the surface plasma
is induced extends from the exterior treating surfaces 3
to the uncovered upper sections of the exterior side sur-
faces 12. The embodiment shown in Figure 2 allows for
the treatment of a surface by means of plasma activated
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gas, i.e. the flow of gas via the gas flow paths P1, P2, P3
between the exterior electrodes 7, in combination with a,
possibly other, gas that is fed along the treatment plane
T ofthe unit 1. This type of so-called plasma jet is effective
in case of high gas velocity since there is a short time
between production of reactive particles in the plasma
and their transport to the surface of a structure at a short
distance. In particular applications the partial decompo-
sition (scissoring) of a precursor gas before deposition
may be desirable. In specific applications polymerization
of a precursor gas, thereby forming sub-micron sized par-
ticles, is achieved before their deposition at the surface
of the structure. In particular applications it may be pre-
ferred to use different gases along gas flow paths P1, P2
and P3, e.g. for surface activation, layer or particle dep-
osition and curing or further cross-linking of this polymer
layer.

[0037] Figure 3 shows a schematic cross sectional
view of a third embodiment of a surface dielectric barrier
discharge plasma unit 1 according to the invention. The
unit 1 comprises an electrically conducting, earthed and
perforated plate 10 extending at least partially along an
exterior treating surface 3 of the solid dielectric structure
2. By providing the perforated plate 10 the distribution of
the plasma activated gas is further improved. In this case
it is preferred to apply a high gas speed, in order to limit
loss of plasma reactivity by collisions between the reac-
tive gas particles and between gas particles and the per-
forated plate before reaching the structure to be treated
downstream. Further, a safer situation is obtained since
the plate 10 is earthed. This option is advantageous when
objects are treated in a space that is accessible for a
person employing the plasma unit, e.g. for sterilization
or disinfection purposes, such as floors, furniture, instru-
ments or human skin.

[0038] Figure 4a shows a schematic cross sectional
view of a first solid dielectric structure 2 having an upper
interior space 5a and a lower interior space 5e. The upper
interior space 5a comprises a wall 11, e.g. implemented
as an electrically conducting coating, foil or a tube. The
space interior to the wall 11 is filled with a fluid, viz. a
liquid or a gas 6 for conditioning the temperature of the
solid dielectric structure 2. By providing an electrically
conducting wall 11 the temperature conditioning fluid en-
closed by an electrical conductor is thus shielded from
electromagnetic fields, thereby rendering any material
composition more stable over time. Gas flow paths P1,
P2 extends along side walls 12, the walls 12 extending
from the treating surface 3.

[0039] Figure 4b shows a schematic cross sectional
view of a second solid dielectric structure 2 wherein the
upper interior space 5a comprises a solid electrode 6,
preferably centred in the middle of the upper interior
space 5a. The electrode 6, which can be copper, is sur-
rounded by an electrically conducting, temperature con-
ditioning fluid 13 which can be an aqueous solution of a
copper sulphate.

[0040] Further, Figure 4c shows a schematic cross
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sectional view of a third solid dielectric structure 2 where-
in the upper interior space 5a is filled with an electrically
conducting, temperature conditioning fluid 6. By filling
the interior space with an electrically conducting, tem-
perature conditioning fluid the requirement of gas free
contact between the interior electrode and the solid die-
lectric structure in order to avoid undesirable plasma for-
mation has been fulfilled. Further, using a liquid electro-
lyte electrode, the problem associated with different tem-
perature dependent expansion coefficients of metal and
ceramic has been solved. Further, also the problem of a
reduced life time of thin metal coatings due to thermal/
chemical degradation has been solved. Moreover, the
embodiments of Figures 4b and 4c are superior over the
embodimentshown in Figure 4a as inserting a solid metal
rod or tube in extruded ceramic channels might be difficult
due tounavoidable airinclusion causing localised plasma
and resulting in thermal damage, and by because of the
presence of small ceramic defects and/or protrusions.
[0041] It is noted that a solid dielectric structure 2 as
shown in Figures 4a-c can be used for forming an as-
sembly is shown in Figure 1. However, such a solid die-
lectric structure 2 can also be used separately. As an
example, an elongated single solid dielectric structure 2
as shown in Figures 4a-c can be used for processing
elongated objects, e.g. a plasma treatment of a fibre, a
bundle of fibres or yarns. The gas flow paths P1, P2 are
bounded by side surfaces 12 of the solid dielectric struc-
ture 2. In case of a single solid dielectric structure 2, the
gas flow paths P1, P2 may further be bounded by further
non-electrically conducting structures arranged adjacent
the solid dielectric structure 2.

[0042] Preferably an exterior electrode is connected
to earth, thereby avoiding unsafe situations. By applying
non-zero voltages to interior electrodes, the voltage dif-
ferential between the interior and exterior electrode gen-
erates the surface dielectric barrier discharge plasma. If
desired, the voltages can also be applied otherwise, e.g.
by earthing the interior electrode and by applying the non-
zero voltage to the exterior electrode.

[0043] Figure 5 shows a schematic cross sectional
side view of a fourth embodiment of a surface dielectric
barrier discharge plasma unit 1 according to the inven-
tion. Here, an exterior treating surface 3 of the solid die-
lectric structure 2 is covered by a porous, electrically iso-
lating layer 14. Further, an individual solid dielectric struc-
ture 2 comprises three inner spaces 5a, 5e, 5i. By apply-
ing the porous, electrically isolating layer 14 a plasma
unit 1 is obtained that is suitable for treating of a gas.
Examples are removal of volatile organic compounds
such as industrial solvents, hydrocarbons, CO, NOx,
S02, H2S, soot, dust and micro-organisms, e.g. in com-
bustion gases, fuel conversion systems (e.g. fuel or bio-
mass to hydrogen), air conditioning applications, air sup-
ply systems for large buildings, hospitals, military com-
pounds etc. Preferably, the porous layer 14 comprises
gas adsorbing materials e.g. porous alumina, zeolites for
adsorbing gaseous pollutants and catalytic materials e.g.



11 EP 2 046 101 A1 12

MnOx, Au/Ti02, for plasma-assisted chemical conver-
sion. By cooling the channels, gas pollutants can be ab-
sorbed in the porous layer 14. During operation of the
unit 1, the surface plasma 8 can be switched on and off
periodically. In a plasma active period, pollutants are ox-
idized by means of plasma produced chemical species
in the porous layer 14, mainly oxidative compounds such
as O, O3, HO,, H,0,. Due to a temperature increase, a
part of the adsorbed species may be desorbed and oxi-
dized in plasma activated gas downstream of the unit 1.
In a practical embodiment, an upper inner space 5a and
a middle inner space 5e comprises electrodes while a
lower inner space 5i comprises anisolator or an electrode
having substantially the same potential as the exterior
electrodes 7.

[0044] Figures 6a-e shows a schematic cross section-
al view of a fifth to a ninth embodiment, respectively of a
surface dielectric barrier discharge plasma unit 1 accord-
ing to the invention. A pair of solid dielectric structures
2a, 2b is shown each provided with a single interior space
comprising an interior electrode 6a, 6b. In general, a solid
dielectric structure comprising one or more interior spac-
es can be manufactured easier and in a more robust way
when exterior dimensions of the dielectric structure ap-
proach elongate shaped structures than plate shaped
structures. Therefore, a solid dielectric structure ap-
proaching a square shaped form in cross sectional view
can be realized in a relatively simple way. Further, the
structures 2a, 2b have different exterior electrode 7 con-
figurations generating surface plasmas 8a, 8b at different
locations along the exterior surface of the solid dielectric
structures 2a, 2b. In particular, exterior electrodes at a
first side of the solid structures, at an opposite side of the
solid structures, at both sides of the solid structures and
connected via a bridge 7e are shown.

[0045] The injection of plasma activated gas, plasma
jet, can be combined with more localised produced plas-
ma in close vicinity of the structure to be treated. Even
different gases can be used along the structure to be
treated and through the jet. By means of the applied volt-
ages, the plasma can be more or less extended from the
jet to the structure to be treated.

[0046] In order to avoid plasma occurring on parts of
the solid dielectric structure, a corona electrode having
a gas permeable, saw tooth structure, can be applied
that is combined with a thinner, more flexible and well
attached coating that will not erode because it does not
carry the main current.

[0047] Figure 7 shows a schematic perspective par-
tially exploded view of the surface dielectric barrier dis-
charge plasma unit 1 as shown in Fig. 1. The assembly
of solid dielectric structures 2a, 2b, ..., 2j having interior
spaces 5, formed as channels, are positioned adjacent
each other with the exterior electrodes 7 placed between
them. Metal tubes 11 are pushed into the channels 5 and
the entire assembly is placed over the metal cap 9 dis-
cussed above. The metal cap is provided with an entry
15 for flowing the gas towards the gas path sections along
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side surfaces of the solid dielectric structures.

[0048] Figures 8a, 8b, 8c show a schematic top view,
cross sectional view and further cross sectional view, re-
spectively, of the surface dielectric barrier discharge
plasma unit 1 shown in Fig. 1. Ends of the interior spaces
5 are coupled via a hose connection 18 or another cou-
pling means to an electrolyte inlet channel 16 and elec-
trolyte outlet channel 17, respectively. In this way, the
electrolyte 6 serving as temperature conditioning fluid
and electrode can flow from an inlet channel entrance
En through the solid dielectric structure 2 towards an out-
let channel exit Ex. The exterior electrodes 7 extend
along distance W between a first plane A1 and a second
plane A2 transversely with respect to a longitudinal axis
of a interior space 5. Therefore, between the first plane
A2 and the second plane A2 a plasma zone is defined.

[0049] Figure 9 shows a schematic cross sectional
view of a tenth embodiment of a surface dielectric barrier
discharge plasma unit 1 according to the invention. The
unit 1 comprises a multiple number of solid dielectric
structures 2 that are arranged in two shifted rows sub-
stantially parallel with respect to each other. The struc-
tures are formed as hollow tubes 2 filled with an electro-
lyte 6. The exterior surface of the tubes 2 is covered with
a porous, electrically isolating layer 14, that is preferably
gas adsorbent. Optionally, the layer contains catalytic
material. The tubes 2 are interconnected via an earthed
exterior electrode 20, so that the exterior electrode 20
extends from a remote location into the porous, electri-
cally isolating layer for generating in concert with the in-
terior electrode 6 a surface dielectric barrier discharge
plasma. Further, the plasma unit 1 is provided with gas
flow paths P1, P2, P3, P4 along exterior surfaces of the
tubes 2. The plasma unit 1 can be operated periodically
to chemically convert adsorbed gases. Further, the plas-
ma unit 1 can be operated periodically to re-activate cat-
alytic material. In this context, periodically operating the
plasma means that the plasma process is discontinuous,
interrupted, so that the plasma process is subsequently
active and non-active. Alternatively, the plasma process
is continuous or quasi continuous to continuously treating
a structure to be treated.

[0050] Figures 10a and 10b show a schematic cross
sectional view and a schematic top view, respectively, of
a eleventh embodiment of a surface dielectric barrier dis-
charge plasma unit 1 according to the invention. In Figure
10, the solid dielectric structure 2 is substantially plate
shaped and the structure is provided with a multiple
number of slits 21 through which slits corresponding gas
flow paths P1 extend. In principle, it also possible to apply
a single slit in the plate shaped structure 2. However, by
applying a multiple number of slits the gas can be pro-
vided at the structure 2 to be treated in a more uniform
way. In Figures 10a and 10b, the unit 1 further comprises
a single metal plate 7 serving as an exterior electrode
and being located on top of the structure 2. The plate 7
is provided with slits that substantially correspond with
the slits 21 of the solid dielectric structure 2. Again, mul-
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tiple interior spaces 5, formed as channels, are provided
in the dielectric structure 2. The channels can e.g. be
manufactured by a milling or extrusion process. The
channels comprise an interior electrode, implemented as
an electrolyte so that the fluid can also serve as a tem-
perature conditioning fluid. By applying an electric volt-
age between exterior and interior electrodes, a surface
plasma 8 is obtained. The surface plasma 8 is formed at
the relatively sharp edges of the slits 21 in the metallic
plate 7 and many plasma filaments can develop through
the slits 21 in the solid dielectric structure 2 to an exterior
surface of the structure 2 opposite to the metallic plate
7. The entire surface dielectric barrier discharge plasma
unit 1 can be realized as a relatively light weight product.
The plate-like solid dielectric structure can be formed in-
tegrally or by assembling solid dielectric structure ele-
ments, e.g. by joining them together by an epoxy or glass
melt.

[0051] Thus, a gas flow path that is oriented substan-
tially transverse with respect to a treating surface of the
solid dielectric structure can be realized through an open-
ing in the solid dielectric structure, e.g. via a slit in an
integral solid dielectric structure or via an inter space be-
tween solid dielectric structure elements that are ar-
ranged adjacent to each other in an assembly of solid
dielectric structure elements forming a solid dielectric
structure. Alternatively, the substantially transversely ori-
ented gas flow path can be realized via a space exterior
to the solid dielectric structure.

[0052] Figure 11 shows a schematic cross sectional
view of a twelfth embodiment of a surface dielectric bar-
rier discharge plasma unit 41 according to the invention.
The solid dielectric structures 42 are substantially ar-
ranged in parallel. However, the exterior side surfaces
50 of the structures 42 are not exactly parallel thereby
providing a curved treating surface 43 which can be used
to treat a flexible external structure 48. Interior spaces
45 are used to provide interior electrodes 46. The flow
paths 44 between the exterior electrodes 47 are used to
transport gases towards and from the treating surface
43. Gas injection tubes 49 are use to separate gas flows
upstream and downstream from the plasma treatment
zone. The gasinjection tubes 49 may be either electrically
insulating or electrically conducting. Conductive gas in-
jection tubes may be used to electrically connect cables
from a power supply to exterior electrodes 47.

[0053] The embodiment shown in Figure 11 is partic-
ularly suitable for treatment of flexible materials which
are transported from roll to roll, such as for example tex-
tile, polymeric foil or paper. Therefore a number of solid
dielectric barrier structure elements can be arranged to
form a cylinder which can be rotated so as to facilitate
the continuous treatment of a flexible material.

[0054] As an alternative the shape of solid dielectric
barrier structure elements can be such that the plasma
treating surface 43 is at the inside of a cylindrical unit
where it can be applied for the treatment of the external
surface of cylinder shaped structures, e.g. tubes or hos-
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es.
[0055] In general any flat shaped structure can be
treated at both sides by treatment of each side of that
surface either simultaneously orin successive steps. The
exterior electrodes 47 can be U shaped and connected
to the dielectric structures 42 by means of a glue layer
with either high dielectric strength or high electrical con-
ductivity. In fig 11 the U shaped electrodes covers three
sides of the solid dielectric structure.

[0056] Figure 12 shows a schematic cross sectional
view of a thirteenth embodiment of a surface dielectric
barrier discharge plasma unit 51 according to the inven-
tion. The solid dielectric structures 52, substantially ar-
ranged in parallel, have interior spaces 55 each serving
as an interior electrode 56. A surface plasma is created
along the treating surface 53 by application of an electric
field between the interior electrodes 56a and 56b of each
solid dielectric structure, thus without using an exterior
electrode structure. By avoidance of an exterior elec-
trode, plasma induced electrode erosion is avoided and
the life time of the plasma treating unit is considerably
increased. The gas flow paths 4 running along the exte-
rior side surfaces 62 are oriented substantially transverse
with respect to the treating plane wherein a structure 58
to be treated by the unit 51 extends.

[0057] Alternatively an additional perforated exterior
electrode 63 can be placed opposite to the plasma treat-
ing surface 53. This option is particular useful for treating
a relative thick gas permeable porous structure where
the treatment by means of treating surface 53 alone
would not be sufficient. By application of an additional
electric field between the perforated electrode 63 and the
interior electrodes 56a and 56b, the spatial structure of
the surface dielectric barrier plasma can be enlarged
from a relatively thin region along the treating surface 53
to a larger volume so as to obtain a deeper penetration
of plasma in porous material 58. In order to obtain an
adjustable plasma power density and plasma volume,
two power sources v1 and v2 may be used and operated
at the same frequency but with adjustable amplitudes
and/or relative phase shift.

[0058] Figure 13 shows a schematic cross sectional
view of a first plasma apparatus 22. The apparatus com-
prises four surface dielectric barrier discharge plasma
units 1a, 1b, 1c, 1d according to an embodiment accord-
ing to the invention as described above. In particular, the
apparatus comprises a primary unit 1a, secondary units
1b, 1c and a tertiary unit 1d. As an indicative example of
the units 1, a gas and/or a precursor is fed via an inlet
15 in a plasma unit 1a to splitin a multiple number of gas
flow paths P1, P2, P3, P4 along exterior electrodes 7
reaching a treating plane T. By applying voltages be-
tween exterior and interior electrodes 7, 5 surface plas-
mas are generated in the treating plane T, thus process-
ing a structure to be treated 23. Further, the plasma ap-
paratus comprises rollers 24a, 24b and guiding means
25a, 25b for guiding the structure to be treated 23 along
the plasma units 1a, 1b, 1c, 1d, in the treating plane T.
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The apparatus 22 also comprises a unit 26 for providing
an additional gas mixture via an additional gas inlet 27
and/or for providing liquid aerosol particles via a nebuliser
29. The recirculating temperature controlled liquid is pro-
vided viainlet 28 and maintained via outlet 30 at a specific
level suitable for ultrasonic nebulising.

[0059] Figure 14 shows an additional schematic cross
sectional view of the plasma apparatus 22 for illustrating
the process in some more detail. During operation of the
apparatus 22, the structure 23 to be treated is moving
along the treating plane T in a treating direction TD. In a
first step, the structure passes the first plasma unit 1a for
a surface discharge plasma pre-treatment, followed by
a main plasma process via the secondary plasma units
1b, 1c. Subsequently, a plasma post treatment is per-
formed by means of the tertiary plasma unit 1d. Via a
main gas passage way G, also called plasma polymeri-
zation zone, between both secondary plasma units 1b,
1c¢, agasis supplied to the treatment plane T. An aerosol
containing gas is composed of a gas mixture (e.g. nitro-
gen-butadiene) fed to the unit 26, and liquid aerosols
provided via droplet nebuliser 29. The liquid 31 e.g. sty-
rene, may contain a suspension of solid sub-micron sized
particles (e.g. SiO2 particles).

[0060] Figure 15 shows a schematic cross sectional
view of a second plasma apparatus 32 comprising an
assembly of a multiple number of solid dielectric struc-
tures 2a, 2b, 2c, 2d. Treating surfaces 3a, 3b, 3c, 3d of
the solid dielectric structures surround a treating volume
33. Further, the treating surfaces are curved so as to
surround the treating volume 33. The solid dielectric
structures comprise exterior side portions 34 extending
from the treating surfaces 3 away from the treating vol-
ume 33 to enable a more or less homogeneous treatment
and effective temperature conditioning. An inter space
between exterior side surfaces of two adjacent solid di-
electric structures defines at least partially gas flow paths
P1,P2,P3, P4. During operation of the plasma apparatus
32 gas flows via the gas flow paths towards and from the
treating volume 33. In the treating volume 33 a structure
to be treated is positioned, preferably a structure having
an exterior periphery substantially coinciding with the
shape ofthe treating surfaces 3 of the dielectric structures
2. Optionally, the gas flow induce a pressure for keeping
the structure to be treated in a desired position in the
treating volume 33, e.g. in the centre of the treating vol-
ume 33 to avoid friction. As an example, bodies having
acircular cross section, such as a fiber 34, can be treated
by the plasma apparatus 32. The apparatus comprises
two solid dielectric structures 2a, 2b; 2c¢, 2d being pro-
vided with a slit, an inter space, thus defining a gas flow
path P2, P4. The solid dielectric structures 2a, 2b, 2¢, 2d
comprise inner spaces incorporating interior electrodes
for generating a surface plasma.

[0061] It is noted that the configuration can also be
designed such that more or less dielectric structures sur-
round a treating volume, e.g. six dielectric structures.
[0062] The plasma unit according to the invention can
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thus be used for several applications, such as for cleaning
gas or treating surfaces of structures, e.g. for improve-
ment of adhesion, dyability and printability, for layer dep-
osition by plasma polymerization, layer deposition by
plasma assisted grafting, particle deposition, sterilization
or disinfection purposes.

[0063] The invention is not restricted to the embodi-
ments described herein. It will be understood that many
variants are possible.

[0064] Instead of using an interior electrode and a fur-
ther, exterior electrode being arranged adjacent to an
exterior surface of the solid dielectric structure for gen-
erating a surface dielectric barrier discharge plasma, also
a pair of interior electrodes can be used for generating a
surface plasma. Further, if an exterior electrode is used,
the electrode can be placed in direct contact with the
solid dielectric structure or adjacent thereto for generat-
ing a surface plasma.

[0065] The embodiments described above comprise
interior spaces that in cross sectional view are circular
shaped. However, also other shapes can be applied, e.g.
square shaped interior spaces.

[0066] Other such variants will be obvious for the per-
son skilled in the art and are considered to lie within the
scope of the invention as formulated in the following
claims.

Claims

1. A surface dielectric barrier discharge plasma unit
comprising a solid dielectric structure provided with
an interior space wherein an interior electrode is ar-
ranged, further comprising a further electrode for
generating in concert with the interior electrode a
surface dielectric barrier discharge plasma, wherein
the plasma unit is further provided with a gas flow
path along a surface of the structure and wherein
the gas flow path is oriented substantially transverse
with respectto a treating surface of the solid dielectric
structure.

2. A plasma unit according to claim 1, wherein the fur-
ther electrode is arranged adjacent to an exterior sur-
face of the solid dielectric structure.

3. Aplasma unit according to claim 1 or 2, wherein the
interior electrode is implemented as an electrolyte.

4. Aplasmaunitaccording to claim 3, wherein the elec-
trolyte further serves as a temperature conditioning
fluid.

5. A plasma unit according to any of the previous
claims, wherein the interior electrode is enclosed by

an electrical conductor.

6. A plasma unit according to any of the previous
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claims, wherein the solid dielectric structure sub-
stantially has an elongate shape having an exterior
treating surface and an exterior side surface extend-
ing from the exterior treating surface along which
side surface at least a part of the gas flow path is
located.

A plasma unit according to any of the previous
claims, wherein the solid dielectric structure com-
prises an opening through which at least a part of
the gas flow path extends.

A plasma unit according to any of the previous
claims, further comprising an assembly of a multiple
number of solid dielectric structures substantially ar-
ranged in parallel such that an exterior treating sur-
face of each solid dielectric structure substantially
extends in a common treating plane and wherein an
inter space between adjacent solid dielectric struc-
tures defines at least a part of the gas flow path.

A plasma unit according to any of the claims 1-5,
wherein the solid dielectric structure is substantially
plate shaped, the structure being provided with a slit
through which slit the gas flow path extends.

A plasma unit according to claim 8, wherein the solid
dielectric structure is provided with a multiple number
of slits each of them defining at least a part of a gas
flow path.

A plasma unit according to any of the previous
claims, wherein the interior space in the solid dielec-
tric structure is substantially elongated.

A plasma unit according to any of the previous
claims, wherein the interior space in the solid dielec-
tric structure has been manufactured by an extruding
process.

A plasma unit according to any of the previous
claims, wherein the solid dielectric structure com-
prises a multiple number of separate interior spaces,
atleast one of them merely serving as a temperature
conditioning fluid channel.

A plasma unit according to any of the previous
claims, wherein an exterior side surface of a solid
dielectric surface is at least partially covered by an
exterior electrode.

A plasma unit according to any of the previous
claims, wherein an exterior treating surface of the
solid dielectric surface is at least partially covered
by an exterior electrode.

A plasma unit according to any of the previous
claims, further comprising an electrically conducting,
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earthed and perforated plate extending at least par-
tially along an exterior treating surface of the solid
dielectric structure.

A plasma unit according to any of the previous
claims, wherein an exterior treating surface of the
solid dielectric structure is covered by a gas adsorb-
ing, porous, electrically isolating layer.

A plasma unit according to any of the previous
claims, wherein an exterior electrode is connected
to earth.

A plasma unit according to any of the previous
claims, comprising a multiple number of solid dielec-
tric structures wherein a solid dielectric structure
forms an elongated hollow tube in which tube an
electrode is arranged, wherein the exterior surface
of the tube is covered by a porous, electrically iso-
lating layer and wherein an exterior electrode ex-
tends from a remote location into the porous, elec-
trically isolating layer.

A plasma unit according to any of the previous
claims, comprising an assembly of a multiple number
of solid dielectric structures wherein treating surfac-
es of the solid dielectric structures surround a treat-
ing volume and wherein the gas flow path is at least
partially defined by an inter space between exterior
side surfaces of two adjacent solid dielectric struc-
tures.

A method of generating a surface dielectric barrier
discharge plasma, comprising applying a voltage be-
tween an interior electrode arranged in an interior
space of a solid dielectric structure and a further elec-
trode, further comprising inducing a gas flow along
a gas flow path along a surface of the structure
wherein the gas flow path is oriented substantially
transverse with respect to a treating plane of a struc-
ture to be treated by the unit.
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