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The present invention provides novel plasma sources useful in the thin film coating
arts and methods of using the same. More specifically, the present invention
provides novel linear and two dimensional plasma sources that produce linear

[57] | Abstract: and two dimensional plasmas, respectively, that are useful for plasma-enhanced

chemical vapor deposition. The present invention also provides methods of making
thin film coatings and methods of increasing the coating efficiencies of such
methods.




10

15

20

25

30

35

sinusoidal, square wave, pulsed or some other waveform. Voltage variations are often
from hegative to positive. When in bipolér form, power output delivered by two .leads is
generally about 180° out of phase.

“Thermionic” is taken to mean electron emission from a surface where emission is
greatly accelerated by high surface temperature. Thermionic temperatures are generally
about 600° C or greater.

“Work function” is taken to mean the minimum energy, in electron volts (eV),

needed to remove an electron from a solid surface to a point immediately outside the solid
surface.

“Secondary electron” or “secondary electron current’ is taken to mean electron
emission from a solid surface as a result of bombardment of that surface by a particle and
the current that is created as a result, respectively.

The inventor of the subject matter herein has surprisingly found that a long (e.g., >
0.5 meter), stable and uniform linear plasma, beneficial for PECVD processes, can be

- created without relying on closed circuit electron drift (e.g., the Hall effect). This may be

achieved by proVidi'ng least 2 electron emitting surfaces connected to each other via an
AC power, wherein the AC power source supplies a varying or alternating bipolar vbltage
to the 2 electron emitting surfaces. More specifically, the at least 2 electron emitting
surfaces are connected to one another via an AC power source such that the AC power
source appliés a bipolar voltage difference to the two electron emitting surfaces. The
bipolar power supply initially drives a first electron emitting surface to a negative voltage,
allowing plasma formation, while the second electron emitting surface is driven to a
positive voltage in order to serve as an anode for the voltage application cirduit. This then
drives the first electron emitting surface to a positive voltage and- reverses the roles of
cathode and anode. As one of the electron emitting surfaces is driven negative, a
discharge forms within the corresponding cavity. The other cathode then forms an anode,
causing electrons to escape the plasma and travel to the other side, thereby completing an
electric circuit. _

The electron emitting surfaces in accordance with the present invention generate a
plasma and the two surfaces are, in turn, further impinged upon by electrons or ions. The
ivmpingement_ of the electron emitting surfaces by electrons, or ions, resulits in éecondary
electrons emitted from the electron emitting surfaces. Secondary electron emission is
important because secondary electron flow aids in creating a densified plasma. The spéce
that exists between the two electron emitting surfaces is where the electric current
comprising electrons and/or ions flows. This space can be made to vary in dista_nce

depending on the coating parameters to be used. This distance may be between about 1
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mm to about 0.5 meters and is determined, in part, by the design of the plasma forming-
apparatus and operating gas pressure surrounding the electron emitting surfaces.

To increase the electron emission of the electron emitting surfaces, the electron
emitting surfaces may be comprised of low work function material suéh as thoriated
tungsten or other similar materials. Alternatively, the electron emitting surfaces may be
heated to a temperature range of about 600° C to about 2000° C to increase electron
emission, e.g., thermionic emission. A preferred temperature range is about 800° C to
about 1200° C. When the electron emitting surfaces are held at elevated temperatures,
less voltage is needed to create a plasma. When at elevated temperature, a range of
voltage may be from about 10 volts to about 1000 volts. A preferred range is about 30

- volts to about 500 volts. When the electron emitting surfaces are cooled by water or other

cooling means, more voltage is needed to create a plasma. When at such lower
temperatures, a range of voltage may be from about 100 volts to about 2000 voits. A
preferred range is from about 300 volts to about 1200 volts.

Electron emission may also be increased by the formation of a hollow cathode or
electron oscillation effect. When any single electron emitting surface is formed to consist of
two facing surfaces at the same electrical potential, electrons may oscillate and become
confined between those two facing surfaces. The optimal distance between electron
emitting surfaces increases with decreasing pressure. Typical operating pressures may be
from about atmospheric pressure to about 10™* millibar. A preferred operating pressure in
accordance with the present invention is from about 1 millibar to about 10 millibar.
Therefore, at an operating gas pressure of about 1 millibar, the optimal distance may be
about 2 mm to about 30 mm. A preferred distance is from about 3 mm to about 10mm. At
an operating gas pressure of about 10 millibar, the optimal distance may be from about
10 mm to about 100 mm. A preferred distance is from about 10 mm ‘to about 30 mm. The
length of the plasma in accordance with the present invention can be made as long or as
short as needed by varying the length of the electron emitting surfaces. Plasmas in
accordance with the present invention can be made to be very long, > 0.5 meters.
Preferably, plasmas in accordance with the present invention are greater than one meter
long.

The electrode emitting surfaces may also be comprised of a porous electrically
conductive material, such as metal, graphite, silicon carbide, titanium diboride. When the
design incorporates these porous materials for the electron emitting surfaces, the reactant
gas may also be delivered through these surfaces. This method of reactant gas iAnjection
tends to prevent precursor gas from contacting the walls and forming a coating.

If desired, the number of electron emitting surfaces may be increased to form an

array of electron emitting surfaces, such as those depicted in Figs. 3 and 5.
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The inventor of the subject matter herein has surprisingly found that such arrays of
electron emitting surfaces are able to form plasmas that have not only length, but also
significant width. In other words, the arrays, such as those depicted in Figs. 3 and 5, are
able to form two dimensional plasmas. Such array type PECVD sources offer an
advantage ovér those with only two electron emitting surfaces. The inventor of the subject
matter herein has also unexpectedly discovered that the “dark space” that exists between
positively and negatively biased electron emitting surfaces can be exploited for precursor
and/or reactant gas delivery into the alternating electron current space. Plasmas are
known not to stray into such “dark spaces” and, thus, the precursor and/or reactant gas
can be delivered proximate to a substrate without any significant degradation or reaction of
the precursor and/or reactant gases prior to reaching a surface of a éubstrate desired to be
coated. | '

While not necessary for creation of a uniform, long and stable plasma in

accordance with the present invention, magnets may be utilized with the plasma sources

~ described herein and offer several advantages that include, but are not limited to the
. following: 1) magnets may be used where no significant Hall Current is formed; 2) a

densified plasha may be formed by converging magnetic field lines; 3) the magnetic field
lines used to create a densified plasma may pass proximate to, or even through, a surface
of a substrate; 4) a magnetic “mirror” may be formed in the current path between electron
emitting surfaces; and 5) a densified plasma can be made to contact an additional
electrode.

The aforementioned advantages of the apparatus and plasma source in
accordance with the present invention have direct impact in the field of large area
coatings, such as large area glass coatings. Glass substrates are coated with thin films
that include, but are not limited to: 1) dielectric thin films; 2) transparent conductive thin
flms; 3) semi-conducting thin films; and 4) solar control thin films. Regarding the
aforementioned groups of coatings, properties such as crystallinity, tensile stress and
porosity can be tailored by adjusting certain deposition parameters of the plasma sources
in accordance with the present invention. |

Regarding transparent conductive thin film large area coatings, the degree of
crystallinity directly affects the degree of conductivity of transparent conductive films.
Conventionally, most transparent conductive layers are deposited, by sputtering or CVD,
when the substrate is at elevated temperature. It is the elevated temperature of the
substrate that gives the deposited transparent conductive material the energy needed to
rearrange into a crystallinity optimal for electrical conductivity. The need to elevate the
temperature of the éubstrate, such a glass substrate, gives rise to a number of drawbacks.

These drawbacks include, but are not limited to: 1) heating and cooling of a substrate; 2)
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apparatus that can handle heating and cooling of the substrate; 3) the cost associated with

heating and cooling of the substrate; and 4) the time required to heat and cool a substrate
tends to be long (at least 1 hour). The plasma source of the PECVD device in accordance

with the present invention circumvents these drawbacks because transparent conductive

thin films can be deposited without the requirement of a substrate at elevated temperature.
Rather than a substrate at elevated temperature being the energy source that facilitates
the rearrangement to an optical crystallinity, that energy can be provided by the plasma
itself, and the aforementioned drawbacks can be eliminated. _

Regarding dielectric thin film large area coatings, PECVD type methods are difficult
to implement for large surface area coatings. Most dielectric films for such large area
surface coatings are deposited by sputtering type methods. These methods have been
used for production of dielectric coatings that are relatively thin, about 0.1 um or less.
Thus, to date, thick, about 0.1 ym or more, dielectric coatings for large. surface aréa
coatings have been limited. The plasma source of the PECVD device in accordance with
the present invention circumvents this limitation because it enables the use of high rates of

~ deposition, e.g., at least about 0.2 um/second or more. A preferred rate of deposition is

about 0.3 um/second. A most preferred rate of deposition is about 0.5 ym/second. This
high rate of deposition, in turn, allows for a thicker dielectric coating rwhen the PECVD
device in accordance with the present invention is adapted for large area sqrfacé coating.'

Regarding semiconductor thin film large area coatings, such as thin film silicon on
glass for photovoltaic applications, conventional semiconducting thin -film debo_sition
methods are limited by a slow rate of material deposition. The plasma éource of the
PECVD device in accordance with the present invention circumvents this limitation
because enables the use of high rates of deposition, e.g., at least about 0.2 um/second or
more. This high rate of deposition, in turn, allows for a thicker semiconductor thin film
coating when the PECVD device in accordance with the present invention is adapted for
large area surface coating. .

The different materials that can be deposited by the PECVD device and methods in
accordance the present invention are not particularly limited to dielectric materials,
transparent conductive materials and/or semiconducting materials. If desired, organic
materials can be deposited with the PECVD device and methods in accordance with the
present invention. For example, an organic monomer that is subjected to a plasma from
the PECVD device described herein would be provided with sufficient energy to undergo
polymerization.

The following embodiments of the present invention are not intended to be limiting
in any way. Those of skill in the art will recognize and appreciate how to adapt the devices

11
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and methods described herein without departing from the spirit or scope of the present
invention.

An embodiment of present invention is shown in Figure 2, which depicts an
arrangement of two electron emitting surfaces 51 and 52 that are connected to an
alternating current bipolar electrical power source (not shown) such that the voltages of
surfaces 51 and 52 are out of electrical phase with one another. Voltages may run from
300 to 1200 volts and typically when one surface is negatively biased the other is
positively biased. However, both electron emitting surfaces may be either positively or
negatively biased, as long as there is sufficient voltage difference to drive plasma
formation. Polarity may be switched at some predetermined frequency, usually between
about 10 Hz to 10° Hz. A preferred range of frequency in accordance with the present
invention is about 10° Hz to 107 Hz. The embodiment of the present invention shown in
Fig. 2 demonstrates the compact nature of the PECVD source, which is approximately 18
mm wide and 30 mm in height. These dimensions are much smaller than most known and
conventional plasma sources. The distance from the bottom of the PECVD device of Fig. 2
to substrate 11 may be from about 3 mm to about 100 mm. A pi'eferred distance is from
about 6mm to about 50mm. Typically, the substrate 11 will be moving at a predetermined
rate below the plasma source, but may be stationary if desired. _

A precursor gas may be injected through inlet tube 55 into precursor manifold 54
so that the precursor gas then enters the plasma current region through a row of holes 56
and then interacts with the plasma. Advantageously, the created plasma provides a large
amount of energy that is available to activate, ionize, and/or break up the precursor gas
molecules at very high rates such that highly efficient coatings may be deposited on large
area substrate 11. When the device of Fig. 2 is adapted for PECVD, deposition rates "
exceeding those reported for other linear, large area deposition sources can be realized.
Surprisingly, deposition rates may be as high as 0.5 um/second or higher. Insulation layer
53 restricts plasma generation to the region between electron emitting surfaces 51 and 52.
In other words, insulation layer 53 restricts the plasma from leaving the space defined by
electron emitting surfaces 51 and 52 and entering the environment. ‘

Surprisingly, the plasma formed between the two surfaces 51 and 52 spreads out
linearly and uniformly along the length of the surfaces. The operation of the PECVD device
of Fig. 2, a plasma is generated that is approximately 200 mm long. However, the plasma
may be several meters long and still maintain stability and uniformity. The specific
dimensions of the PECVD device of the present invention can be modified from those
discussed herein to change the plasma length, as will be recognized and appreciated by‘
those of skill in the art in view of the disclosure herein. The plasma current in the fegion
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. between surfaces may be relatively high, in the range of 1 or 2 amps per 25 mm of length.

Total power consumption by the device is high and may be 10s of kWs per unit of length.

Fig. 2, and the remaining figures, shows the manifolds and other components of
the PECVD sources described herein as open-ended for purposes of illustration only.
Typically, the ends would be closed to contain any of the reactant gases, precursor gases
and the plasma, as will be recognized and appreciated by those of skill in the art.

Shown in Figure 3 is an embodiment of the PECVD source of the present
invention. Fig. 3 is similar to Fig. 2 in that both embodiments depict electron emitting
surfaces disposed parallel with respect to each other. In Fig. 3, however, the number of
electrode emitting surfaces has been increased from 2 to 10, to form an array of electron
emitting surfaces. The exact number of electron emitting surfaces is not particularly limited
and may be adjusted as desired, as will be recognized and appreciated by those of skill in
the art in view of the disclosure herein. Typically, 4 to 20 electron emitting surfaces may be
used, but more than 20 may be used, if desired. As the number of eléctron .émitting
surface pairs is increased, so is the deposition rate capability of the PECVD device. The
already high possible deposiﬁon rate of at least about 0.2 ym/second may be doubled if
the number electron emitting surfaces is increased to four, or tripled if increased to six
(e.g., 2 electron emitting surfaces corresponds to a deposition raté of at least about 0.2

Mm/second; 4 electron emitting surfaces corresponds to a deposition rate of at least about

0.4 um/second; 6 electron emitting surfaces corresponds to a deposition rate of at least
about 0.6 um/second). This increase in deposition rate may be continued to be scaled up
as more electron surface pairs are added to the array. v

To create a region of electron flow between each adjacent electron emitting
sdrface, the electron emitting surfaces are alternately electrically connected to the poles of
a bipolar power supply or pulsed power source (not shown). Preferably, the connection is
made such that for any given surface, the voltages of the two surfaces on either side are
out of phase with the one in the middle. Thus, a first electron emitting surface 40 and a
second electron erﬁitting surface 41 are powered by an alternating or pulsed voltage and
are out of phase with one another. Subsequent electron emitting surfaces'in the remaining
array can be biased in such a way that every other surface of the array is electrically in
phase. Electrical connections are made such that each electron emitting surface has on
either side an electron emitting surface which is out of phase except for the electron
emitting surfaces at either end of the array. An insulating wall 42 is disposed on the
outside of the electron emitting surfaces in order to inhibit plasma formation outside of the
array.

On the side of the PECVD device away from substrate 11 is a series of manifolds

~ for reactant gas and precursor gas. Reactant gas manifolds 43 exist for eaéh electron
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current space and are positioned so reactant gas may flow along the electron: emitting
surface. Precursor gas manifolds 44 are positioned so the precursor gas priniarily‘ flows
through the center of the electron current flowing space. This positioning of reactant gas
manifolds 43 and precursor manifolds 44 is to reduce deposition of precursor materials on
the electron emitting surfaces 41 and 40. Accordingly, each electron flowing ‘space has
three associated manifolds. Precursor gas manifolds 44 may be fed by different precursor
gases so that a multilayer deposition is formed on substrate 11 as it moves past the
PECVD source of Fig. 3. As a non-limiting example, if a glass coating system of:
glass/SiO./TiO,/Sn0O, is desired, three consecutive precursor gas' manifolds may be

supplied with the appropriate precursor gases that comprise silicon, titanium and tin,

‘respectively.

Reactant gas manifolds 43 may also be fed by different gas materials. As a non-
limiting example, if an oxynitride type layer is desired, the reactant gas manifold may be
supplied with oxygen and nitrogen. Reactant and precursor gases flow from the manifolds
43 and 44 through holes 45 in insulating wall 42. Three manifolds 46 are cut short in Fig. 3
to show the rows of holes 45 for gas flow into the current flowing space.

" For the coating or surface treatment of large area substrates, the array may be
elongated to lengths of at least 2 to 3 meters, as will be recognized and appreciated by
those 6f skill in the art in view of the disclosure herein. In Fig. 3, elongation would occur in
the upward direction, or coming out of the plane of the paper. ’

The entire array may be driven by one power supply (not shown). Surprisingly,
from one power supply, not only is the plasma uniformly distributed along the length of
each surface, but also it is uniformly distributed from electron emitting surface to electron
emitting surface of the array, thereby creating a two dimensional plasma. This two
dimensional uniform spread of plasma allows for unexpectedly high rates of deposition,
about 0.5 um/second or higher, of materials onto a substrate surface by PECVD.

The inventor of the subject matter described herein has found-that elongated
hollow cathodes can surprisingly be used as a PECVD source for coating large area
surfaces. Hollow cathodes are two surfaces that are generally parallel with respect to each
other wherein the surfaces are biased with electric voltage and are out of phase with each
other, similar to the electron emitting surfaces described herein. When biased at the

_proper voltage, the surfaces generate a plasma and the surfaces are then impinged upon

by electrons or other ions.

Figure 4 shows a dual hollow cathode in accordance with the present invention.
Hollow cathode 12 is disposed in close proximity to another hollow cathode 13. It is noted
that the hollow cathodes are comprised of electron emitting materials. Electrically
insulating material 14 is disposed around the hollow cathodes and restricts the plasma
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from traveling outside of the hollow cathodes to the environment. The areas of electrqn
oscillation 16, which takes place between the hollow cathodes, and secondary electron
current 15 are shown in Fig. 4. The PECVD source is disposed with a precursor gas

~manifold 17 and precursor gas inlet tube 19 for delivery of precursor gases intended to be

deposited. Tubes 18 are also provided for delivery of reactant gases.

In the PECVD device of Fig. 4, between each of the hollow cathodes 12 and 13, a
space 20, known as dark space, exists. A dark space between the dual hollow cathodes
shown in Fig. 4 does not comprise a plasma or allow current flow between the cathodes,
and thus, offers a channel for flow of precursor gases. It is advantageous to flow the
precursor gases in the dark space 20 between the dual hollow cathodes because the
absence of a plasma in the dark space 20 ensures that the precursor gases do not react or

degrade prior to reaching the substrate 11 to be coated. In other words, no ionization of

precursor or reactant gases can occur in the dark space. Optionally, if desired, the dark

space 20 can be filled with an insulating material if gas flow is not desired within the space.
The width of dark space 20 is dependent on pressure and may be from about 0.3 mm to
about 3 mm in the pressure range of about 1 millibar to about 10” millibar. o

For the coating or surface treatment of large area substrates, the hollow cathodes
may be elongated to lengths of at least 2 to 3 meters. In Fig. 4, elongation wduld occur in
the upward direction, or coming out of the plane of the paper.

Shown in Figure 5 is an embodiment of a hollow cathode PECVD source of the
present invention. Fig. 5 is similar to Fig. 4 in that both embodiments depict hoilow
cathodes disposed adjacently. In Fig. 5, however, the number of hollow cathodes has
been increased from 2 to 4, to form an array of hollow cathodes disposed adjacently. The
exact number of hollow cathodes is not particularly limited and may be adjusted as
desired, as will be recognized by those of skill in the art in view of the disclosure herein.
Typically, 4 to 8 hollow cathodes may be used, but more than 8 may be used, if desired.

The hollow cathodes of Fig. 5 are equipped with electron emitting surfaces 31 and
38 that facilitate oscillations between the two surfaces. In the device of Fig. 5, electron
emitting surfaces 31 are electrically connected with voltages alternating in phase. Electron
emitting surfaces 38 are out of phase with electron emitting surfaces 31. Thus, each
electron emitting surface of the array would have on either side an electron emitting
surface which is out of voltage phase. Slot 32 is for flow of current and plasma to adjacent
electron emitting surfaces. The space 33 between the hollow cathodes denotes the dark
space. The dark space 33 may be optionally filled by a solid insulator. The width of dark
space is dependent on pressure and may be from about 0.3 mm to about 3 mm in the
pressure range of about 1 millibar to about 10 millibar. The dark space 33 may be used

for precursor gas flow from precursor feed tubes 36 and manifolds 37 to the region of
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electron current 39 between the electron emitting surfaces 31 and 38 and the substrate 11.
The outer faces of the hollow cathodes at each end of the array and in the back of the
array are covered by insulating material 34 to reduce plasma formation in the back or
sides of the PECVD device of Fig. 5. | ‘ _

Reactant gas may be supplied directly into the region of electron oscillation through
tubes 35. Different reactant gases may also be supplied through tubes 35. As a non-
limiting example, if an oxynitride type layer is desired, the reactant gas manifold may be
supplied with oxygen and nitrogen.

Precursor gas manifolds 36 may be supplied different precursor gases so that a
multilayer deposition is formed on substrate 11 as it moves past the PECVD source of Fig.
5. As a non-limiting example, if a glass coating system of: glass/SiOle i0,/Sn0O; is desired,
three consecutive precursor gas manifolds may be supplied with the appropriate precursor
gases that comprise silicon, titanium and tin, respectively. In cases where very high
deposition réte is desired for a single material, the same precursor gas may be injected
into more than one precursor manifold 36. The deposition rate of at least about 0.2
um/second that is achieved with this configuration may then be multiplied by the number of
hollow cathode pairs. (e.g., one pair of hollow cathodes corresponds to a deposition rate of
at least about 0.2 ym/second; two pair of hollow cathodes corresponds to a deposition rate
of at least about 0.4 um/second; three pair of hollow cathodes corresponds to a depo_sition
rate of at least about 0.6 um/second).

For the coating or surface treatment of large area substrates, the hollow cathodes
may be elongated to lengths of at least 2 to 3 meters. In Fig. 5, elongation would occur in
the upward difection, or coming out of the plahe of the paper.

Shown in Fig. 6 is a PECVD source in accordance with the present invention that
can be described as an “in-line” PECVD source. The PECVD source of Fig. 6 is adapted to
allow precursor and/or reactant gases to pass through the region 25 of plasma current.
Electrically conductive walls comprising a plurality of electrode surfaces 21‘, 22, 23 and 24

are disposed adjacently and electron oscillation takes place between electrode surfaces of

these walls, such as that between electrode surfaces 21 and 22 and 23 and 24. A bipolar

power supply 29 can be used to connect to electrode surfaces 21 and 22 and 23 and 24.
Electron oscillation occurs when electrode surfaces 21 and 22 are negatively biased with

_ respect to electrode surfaces 23 and 24. This respective bias is then reversed in polarity at

some frequency such that surfaces 23 and 24 become negatively biased with respect to
surfaces 21 and 22. This reversing of polarity forms an alternating plasma current through
plasma region 25. Although not shown, electrically conductive walls comprising electrode
surfaces 21, 22, 23 and 24 may be covered on the outer surfaces by electrical insulation to

suppress plasma formation on the outside of the walls.
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The electrode surfaces 21, 22, 23 and 24 can be electrically isolated from each
other by electrical insulators 30. Electrical isolators 30 may also be disposed between
electrically conductive walls comprisihg electrode surfaces 23 and 24 and gas manifolds
26, 27 and 28. Manifold 26 may be used for precursor gas delivery, whereby the precursor
gas travels down the center between electrically conductive walls comprising electrode
surfaces 21, 22, 23 and 24. Reactant gas manifolds 27 and 28 allow for reactant gases to
travel along these walls to prevent undesirable deposition from precursor.

Thus, the arrangement of “in-line” PECVD source can be thought of as a “plasma
gamet” that. the reactant and/or precursor gases are forced to “run” thrqugh.l In this

arrangement, the chance that the reactant and/or plasma gases become energized is

dramatically increased because of the distance the gases must traverse and the exposure
to the highest plasma energy in the plasma region to reach the substrate 11. For the
coating or surface treatment of large area substrates, the. apparatus may be elongated to
lengths of at least 2 to 3 meters. In Fig. 6, elongation would occur in the upward direction,
or coming out of the plane of the paper.

Figure 7 shows a PECVD source in accordance with the present invention that can
also be described as an “in-line” PECVD source. The PECVD source of Fig. 7 is adapted
to allow precursor and/or reactant gases to pass through the region 25 of electron’
oscillation and plasma formation. Electrically conductive walls comprising a plurality of
electrode surfaces 21, 22, 23 and 24 are disposed adjacently and electron oscillation takes
place between the electrode surfaces of these walls, such as that between electroqe
surfaces 21 and 22 and 23 and 24. A bipolar power supply can be used to connect to
electrode surfaces 21 and 22 and 23 and 24. The electron oscillation occurs when

electrode surfaces 21 and 22 are negatively biased with respect to electrode surfaces 23

"and 24. At some frequency, respective bias polarity is reversed between surfaces 21, 22,

23 and 24. Although not shown, electrically conductive walls comprising electrode surfaces
21, 22, 23 and 24 may be covered by electrical insulation to suppress plasma formation on
the outside of the walls.

Electrode surfaces 21, 22, 23 and 24 can be electrically isolated from each other
by electrical insulators 30. Electrical isolators 30 may also be disposed between
electrically conductive walls comprising electrode surfaces 23 and 24 and gas manifolds
26, 27 and 28. Fig. 7 shows the ends of the plasma forming walls and manifolds as open
for purposes of illustration. Typically, the ends would be closed to contain any of the
reactant gases, precursor gases and the plasma, as will be recognized by those of skill in
the art in view of the disclosure herein. Manifold 26 may be used for precursor gas
delivery, whereby the precursor gas travels down the center betwe'en electrically
conductive walls comprising electrode surfaces 21, 22, 23 and 24. Reactant gas manifolds
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27 and 28 allow for reactant gases to travel along these walls to prevent undesirable

‘deposition from precursor.

Thus, the arrangement of the “in-line” PECVD source of Fig. 7 can be thought of as
even more of a “plasma gamet” than the arrangement of Fig. 6 because the distance the
reactant and/or precursor gases must traverse to reach the substrate 11 is even longer
than that of Fig. 6. For the coating or surface treatment of large area substrates, the
apparatus may be elongated to lengths of at least 2 to 3 meters. In Fig. 7, elongation

“would occur in the upward direction, or coming out of the plane of the paper.

Figure 8 shows is a PECVD source in accordance with the present invention that
includes the addition of magnets. The addition of a magnetic field aids in steering the
electrons out of the normally straight current path between eIectroh émitting surfaces.
Thus, a densification of the plasma may be formed somewhat remotely from the plasma

generating apparatus. If the magnetic field lines incorporate a “magnetic mirror” effect, a

-surprisingly dense and energetic localization of the plasma may be formed. This densified

region may also be elongated into a uniform high energy plasma strip for use in surface
modification or coating of large area substrates.

The magnetic mirror phenomenon is known in the field of plasmé physics. . The
magnetic mirror effect exists where electric and magnetic fields are both present to
accelerate and steer electron movement. If the magnetic field lines converge at some
point, the electrons moving towards and into the convergence tend to be reflected back

and caused to reverse direction. In.the area of magnetic convergence, the electron density

“increases per unit area to create a region of negative electrical bias. Due to the negative

charge present, positive ions may be accelerated out of this region and these ions may, in
turn, impinge upon a surface.

In the plasma source of Fig. 8, electrons are generated by first electron emitting
surface 70 and by second electron emitting surface 71. In Fig. 8,‘the electron emitting
surfaces are hollow tubes comprising walls for confining an oscillatihg electron plasma.
Tubes 79 supply gas to tubes 70 and 71. Typically, this would be an inert gas, a reactant
gas or a mixture thereof. Other types of electron emitting surfaces may be Substituted for
the ones generating the oscillating electron plasmas. Slots (not shown) are made in tubes

- 70 and 71 to create an exit path for the electrons and ions of the generated plasma. The

electron emitting surfaces are powered by an alternating current, bipolar power supply (not
shown). This creates an alternating, back and forth, electron flow through plasma path 72
and through magnetic mirror region 74. The alternating flow of electrons tends to spread
and uniformly distribute the plasma when the apparatus is elongated. The inventor has
surprisingly found that plasma lengths approaching four meters can retain uniform and
stable plasma characteristics. Densified plasma region 74 is surprisingly uniform ovei‘
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these lengths and imparts a surprisingly large amount of energy to the surface .of substrate
11. In the case of substrate 11 being, for example, a 3 mm thick glass monolith or glass
ribbon, the temperature rises within a few seconds sufficient to cut the glass Iiriearly along
the line of the plasma. It is desirable to keep substrate 11 moving .to avoid localized
thermal damage, particularly if the substrate is a glass, a polymer or any other material
that is subject to heat damage.

The region of densified plasma 74 is kept in contact with substrate 11 by having
6ne or more magnetic poles 75 on the opposite side of the substrate from the electron
emitting surfaces. One portion of the magnetic field passes from near the electron emitting
surfaces, through the plasma area 72 then through the substrate 11 in region 77 to the
pole behind the substrate. The other portion of magnetic circuit is comprised of the field
flowing through pole pieces 78 and 79. These would typically be made of a maghetically
conducting material, such as iron. Between pole piece parts 77 and 78 the magnetic field
passes through substrate 11 into region 76.

Greater energy or energy spread over a larger area can be realized by increasing
the number of magnetic poles behind substrate 11. Typically, to facilitate the magnetic
circuit, an odd number of poles is maintained behind substrate 11. Many other
configurations are 'possible if multiple pairs of electron emitting surfaces are incorporated
as well as additional magnetic poles. These additional configurations will be recognized
and appreciated by those of skill in the art in view of the disclosure herein.

Block 80 in Fig. 8 may correspond to a number of different hardware components.
In its simplest._form, it may be a wall enclosing the plasma space for purposes of pressure
control, gas confinement, shielding or other mechanical uses. Block 80 may be an
additional source of deposition atoms such as a sputtering source, an evaporation source
or a gas manifold for distribution of a precursor gas. Such configurations will be recognized
and appreciated by those of skill in the art in view of the disclosure herein.

The device of Fig. 8 is particularly advantageous if this densification of the plasma
is in contact with a substrate surface and depositing atoms from deposition sources pass
through the densified plasma region 74 prior to adhering to the substrate. If depositing
atoms or molecules pass through the densified plasma region 74, the additional energy
imparted to the depositing materials can result in desirable properties being imparted to
the deposited layer. The advantageous properties‘ imparted to the deposited layer may
include, but are not limited to, enhanced barrier properties, Iayér density and enhanced
crystallinity. Moreover, crystallization may also be accomplished or enhanced by post
treatment and rapid annealing of an existing coating. A

The device of Fig. 8 may also be effective at chemically modifying a surface by thé

plasma energy, by ion bombardment, or highly reactant gas species contained within the
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plasma. For the coating or surface treatment of large area substrates, the apparatus may
be elongated to lengths of at least 2 to 3 meters. In Fig. 8, elongation would occur in the
upward direction, or coming out of the plane of the paper. |

Figure 9 shows a PECVD source in accordance with the present invention that
includes the addition of a third electrode. This third electrode may function to accelerate
ions out of the plasma formed by the dLlaI electron emitting surfaces by the application of
an electrical voltage applied to this third electrode. This voltage is separate from the
voltage applied to the electron emitting surfaces and may be non-changing positive or
negative bias (direct current) or varied in some form of an alternating voltage. The
alternating voltage may be continuously changing or pulsed. It may be s'ynchronized to
the voltage of the electron emitting surfaces. The proper voltage requirements will be
deterrhined by the desired application of the PECVD source of Fig. 9, as will be recognized
and appreciated by those of skill in the art in view of the disclosure herein. 'The third
electrode may be configured with magnetic fields to confine or steer electrons in some
specific manner. Other combinations of equipment and positioning of the third electrode
will be recognized and appreciated by those of skill in the art. | _

| In Fig. 9, the plasma is farmed by first electron emitting surface 100 and by second
electron ‘emitting surface 101. The electron emitting surfaces 100 and 101 are of the
electron oscillation type. They may be optionally water cooled by the four water cooling
tubes 102. Plasma 103 is formed between and within the facing surfaces of each of the
two electron emitting surfaces 100 and 101. Electrically conductive third electrode 105 is
insulated from direct electrical contact with the electron emitting surfaces by insulators 104
on either end. A uniquely long yet very compact, in width and height, beam of ions may be
accelerated towards or away from electrode 105.

A practical application of the PECVD source of Fig. 9 may be made by connecting
third electrode 105 to a power supply capable of high current, high voltage negative
pulses. When pulsed in this manner, positive ions are accelerated towards the surface of
third electrode 105 resulting in sputtering, or erosion by ion bombardment, of this surface.
The sputtered atoms are primarily directed outward from the electrode surface to form a
coating on substrate surface 11. Coating by this method allows deposition of materials
typically difficult to do by magnetron sputtering, such as magnetic materials. The plasma
103 is an unusually effective source of ions for this application due to its density and high
plasma current. The potential length of this sputtering method is not effectively available by
other hardware. For the coating or surface treatment of large area substrates, the
apparatus may be elongated to lengths of at least 2 to 3 meters. In Fig. 9, elongation

would occur in the upward direction, or coming out of the plane of the paper.
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The PECVD source of Fig. 9 may also have application as an ion bombardment
source. Biasing of third electrode 105 positively either by a steady (direct ‘current) or
alternating voltage, ions may be accelerated towards the substrate. ‘

Figure 10 shows another embodiment of a PECVD source in accordance with the
present invention. Fig. 10 shows a dual hollow cathode design wherein the facing electron
emitting surfaces 81, 82, 83, and 84 forming two regions of electron oscillation 92 and 93
with a plasma current between them comprise porous conductive materials. Surprisingly,
the electron oscillation effect is maintained when facing electron emitting surfaces 81, 82,
83, and 84 do not consist of a solid conductive wall. Surfaces 81, 82, 83, and 84 may
comprise wire screen structures, sintered porous metal, drilled plates or any conductive
material allowing a throughput of gas or plasma constituents. In some cases, it is
advantageous for the pores of the porous electron emitting surfaces to provide a straight
through path for accelerated particles, such as ions, to pass through without colliding with
a solid. The porosity of the electron emitting surfaces may be as much as much as about
75% to as little as about 0.1%. A preferred range is about 50% to about 1%. Pores may
comprise a variety shapes including, but not limited to, slots, square or round holes. The
electron emitting surfaces may be made from a conductive foam or sintered material. ‘

Gas entry into the plasma region may be configured in many ways. In Fig. 10,
operating gas is injected through tube 88 then through a hole 90 in electrically insulating -
wall 85. Spacing of the insulating walls 85 may be spaced from about 2 mm apart to abod_t
1 meter apart. Surprisingly, the plasma spreads out uniformly regardless of the spacing. If |
the source is elongated (upward in the orientation of Fig. 10), it may be made from about
10 mm to about 4 meters in length. The plasma spreads uniformly throughout this length
and a large two dimensional plane of plasma may be made, if desired.

In Fig. 10, optional magnets 86 with accompanying pole pieces 87 are shown. In
this configuration, plasma 92 and 93 is concentrated on substrate 11 by converging field
lines of the magnet positioned on the opposite side of substrate 11 from the plasma
forming apparatus. Magnetic field lines pass through the substrate in the region where
plasma 92 contacts the surface and in region 91 through the magnetically conducting pole
pieces 87. Insulating wall 89 isolates the plasma region from the magnet.

Figure 11 shows a PECVD source in accordance with the present invention. Fig.
11 shows the electron emitting surfaces of Fig. 6 repeated into an array. In this
configuration, the oscillating electron plasma forming pair of facing surfaces 110 and 111
is duplicated in a'row. The number of electron emitting pairs may be from one, as in Fig. 6,
to tens of pairs. All may be electrically connected to one bipolar power supply 117 through
two wires 118 and 119. The entire row of facing electron surfaces 111 closest to the

substrate 11 may be electrically connected together by wire 119 to generate plasma 114.
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The entire row of facing electron emitting surfaces 110 may be electrically connected

together by an alternating voltage out of phase with row 111 through another wire 118 to
generate plasma 11>3. Surprisingly, despite being driven by one power supply, the plasma
is uniformly distributed in the width direction across all pairs of the array. When the source
is elongated to as long a 4 meters, the plasma is also uniform in length. _

The precursor gases and reactive gases may be distributed through separate gas
manifolds 114 and 115. Preferably, the precursor gas is injected through the center
manifold 114. The reactive gas is preferably injected through manifolds 115 in a manner
which flows the reactive gas along the electron emitting surfaces 110 and 111 to reduce
coating,vof these surfaces. Optionally, electron emitting surfaces 110 and 111 may be
cooled through water cooling channels 112. '_

The array of Fig. 11 may be used to deposit coating materials on substrate 11 at
extremely h'igh deposition rates when one precursor is used. Deposition rates may be
achieved which are presently beyond the capability of conventional PECVD devices, about
0.5 pm/second. The apparatus may also be operated with different prebursor gases .
injected into different electron emitting surface pairs to create a multilayer coating stack.
The capability to create a multilayer stack from one device which may be as narrow as‘
50mm and yet up to 4 meters long is also not available using conventional PECVD coating
technology.

Exampie 1

A silicon dioxide coating made from the PECVD device of Fig. 5 is described
below. The PECVD device has a total length of about 150 mm and a width of about 50
mm. The distance from the bottom of the hollow cathode electrodes to a top surface of a
glass substrate was fixed at 11 mm. A total of four hollow cathodes were disposed
adjacently and connected to an AC power source. Precursor gas was supplied to dark
space 33 via feed tubes 36 and was supplied at a rate of 100 sccm. The precursor gas
was 100% tetramethyldisiloxane. Reactant gas was supplied to the hollow cathode space
via feed tubes 35. The reactant gas was 100% oxygen and was supplied at a rate of 300
sccm. Substrate 11 was a piece of soda-lime float glass and wés held stationary under the
PECVD source of Fig. 5. The AC power supply source used was an Advanced Energy PE-
I, 40kHz AC power supply source. The size of the coated area on substrate 11 was 50
mm x 100 mm. Results of the coating process are given in Table 1.
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Voltage (volts) Current (amps) Power (watts) Coating time Thickness
(seconds) (microns)

354 8.4 3000 10 . 6.0

Table 1. Deposition parameters for the thin film
coating described in Example 1.

As can be seen from Table 1, a thin film coating of silicon dioxide was deposited on
a stationary glass substrate for 10 seconds to produce a silicon dioxide thin film that is 6
microns thick. This works out to a deposition rate of 0.6 um/second. No other PECVD
device of which the inventor is currently aware of is capable of such high deposition rates.
The optical properties of the silicon dioxide film were qualitatively inspebted with an optical
microscope to show the coating had a high degree of smoothness and a low degree of
haze. Also, tensile stress was qualitatively evaluated by separating the silicon dioxide
coating from the substrate and observing any “curling” of the coating. If significant tensile
stress was present in the coating, it would be expected to curl. However, no Curling was
observed, and thus, the silicon dioxide coating of Example 1 was deemed to have low .

tensile stress.

While the present invention has been described with respect to specific
embodiments, it is not confined to the specific details set forth, but includes various
changes and modifications that may suggest themselves to those skilled in the art, all
falling within the scope of the invention as defined by the following claims. |
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PLASMA SOURCE AND METHODS FOR DEPOSITING THIN FILM COATINGS USING
PLASMA ENHANCED CHEMICAL VAPOR DEPOSITION A

<

A divisional application IV of Philippine Patent Application No. 1-2011-500255 filed on Qa NG

™
“Ue «
o

February 3, 2011 &
BACKGROUND OF THE INVENTION

FIELD OF THE INVENTION
The present invention relates generally to a plasma source for deposition of thin
films and chemical modification of surfaces. More particularly, the present invention relates
to a linear plasma source for plasma enhanced chemical vapor deposition (CVD).

DISCUSSION OF THE BACKGROUND
All United States Patents and Patent Applications referred to herein are hereby
incorporated by reference in their entireties. In the case of covnflict, the present
spebification, including definitions, will control. ‘
The deposition of thin films can be accomplished by many fechniques, the most
common including chemical deposition, physical deposition and mixtures of the two. For
chemical . deposition, well-known techniques' are plating, chemical solqtion deposition

- (CSD) and chemical vapor deposition (CVD). Plating and CSD generally utilize liquid

chemical precursors while CVD generally utilizes gaseous chemical prchréOrs. These
techniques can be done at atmospheric pressure or under vacuum conditions. For physical
deposition, well-known techniques are thermal evaporation, sputtering, pulsed laser
deposition and cathodic arc deposition. These physical deposition techﬁiques generally
utilize vacuum conditions in order to deposit the desired thin film materials. With reSpect
to chemical deposition, the most common technique is CVD, whereas for physical
deposition, the most common technique is sputtering.

CVD generally requires that an energy source be included in order to create
conditions such that a precursor gas will adhere, or stick, to a substrate surface.
Otherwise, adhesion to a surface will not occur. For example, in a pyrolytic CVD prbcess
whereby a thin film coating is desired on a flat glass substrate, it is typical for the glass
substrate to be heated. The heated glass substrate acts as the CVD energy source and
when the precursor gas contacts the heated glass substrate, the precursor gas adheres to
the hot glass surface. The heated surface also provides the energy needed to cause the
precursor gas to chemically react to form the final thin film coating composition.

A plasma is also able to act as the energy source for CVD type processes, known
as plasma enhanced CVD, or PECVD. A plasma is composed of a partially ionized gas

.and free electrons, and each component has the ability to move somewhat independently.

This independent movement makes the plasma electrically conductive, SUCh that it can

e
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respond to electromagnetic fields. This electrical conductivity provides PECVD processes
with a number of advantages over other known chemical and physical deposition
techniques. _' | ‘

In a PECVD process, the depositing material is typically derived from a precursor
gas. Examples of such precursor gases are welil-known to those of skill in the art. For
example, if an Si-based thin film is to be deposited, a common precursor gas is silane,
SiHs. When SiH, is subject to a source of plasma, the plasma can act to raise the energy
level of the silane molecule to the point where it will react with a surface and attach as a
solid layer. More specifically, the SiH, becomes ionized, with its electrons moving to a
higher energy level. This is accompanied by subsequent stripping off of the hydrogen
atoms. The ionized molecules have open reactant sites available and, if in the presence of
a reactant gas such as oxygen, can readily form a thin fiim of SiO,. If the ionized
molecules are not in the presence of a reactant gas, a thin film of silicon can be formed.
The precursor gas chemistry exists for a plethora of elements, and thus, there is a large
availability of elements and materials that can be deposited by PECVD. Without limitation,
the types of thin films that can be deposited by PECVD are transparent conductive oxide -
thin film coatings, solar control and optical thin film coatings and semiconductor thin film
coatings. Other types of thin film coatings that are able to be deposited by PECVD will be
recognized and appreciated by those of ordinary skill in the art. v

Thus, creating a plasma in proximity to a surface is a common industrial practice,
particularly in the coating industry. Many devices have been developed to create and
shape plasrhas. Most known devices create a cylindrically shaped plasma plume, which
have numerous practical applications for coatings and surface treatment. However, linear
plasmas potentially have more practical applications. Linear plasmas can be made to work |
over large substrate surface areas, which is useful for large area glass coating, web
coating and multipart batch coating.

To date, most known PECVD apparatuses are for small scale (i.e. < 1 m?)
depositions since most plasma sources are very short and can only coat small areas.
Thus, PECVD applied to large area coating has been difficult to implement. However,
there have been PECVD apparatuses designed for coating large area surfaces. These
include, without limitation, magnetron sources, anode layer ion sources and Madocks
sources. '

However, there are drawbacks associated with using the aforementioned PECVD
apparatuses for coating large area surfaces. Magnetron sources, for example, tend to
quite bulky, typically 150mm wide by 300mm deep, and require magnets. Also, when used
for PECVD, the surface of a magnetron source tends to become coated with the material

being deposited, and thus, the magnetron becomes insulated, which can lead to arcing
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and other complications. Furthermore, the sputtered material contaminates the material

" being deposited. Anode ion layer sources, for example, suffer from similar drawbacks as

magnetron sources in that they tend to be bulky, require magnets, as well as.become
coated. Furthermore, anode ion layer sources tend to deposit PECVD materials at a low
rate, 0.1 um/second. Madocks sources, for example, suffer from the drawbacks of being .
bulky and requiring magnets, as well as low coating efficiencies, about 15%. Moreover, all
three of the aforementioned sources rely on closed circuit electron drift (e.g., the Hall
effect) to create a uniform plasma.

It is possible to create a uniform plasma without the reliance upon closed circuit
electron drift, or the Hall effect. A common approach to doing this is to have two electron

-emitting surfaces aligned substantially parallel with respect to each other, wherein the

electron emitting surfaces are connected to each other in a bipolar and out of phase
manner via an AC power source. When a voltage difference is applied to both electron
emitting surfaces, a plasma can be created. The polarities between the two electron
emitting surfaces are switched from positive to negative at some predetermined frequency
and the plasma becomes spread out and uniform. ' »

Plasma sources based on parallel electron emitting surfaces have been developed.
One such source is a hollow cathode source, such as that described in U.S. Patent No.
6,444,945. More specifically, the plasma source described in U.S. Patent No. 6,444,945
includes a structure made up of two hollow cathode shapes connected to a bipolar AC
power supply, as shown in Figure 1. The plasma source includes first and second hollow .
cathode structures 1 and 2. The two hollow cathode structures 1 and 2 are electrically
connected by wires 6 to an AC power source 5 which generates an AC current to drive the
formation of plasma 3. While one of the hollow cathode structures is subjected to a
negative voltage, the other hollow cathode structure is subjected to a positive voltage,
creating a voltage difference between the holiow cathode structures and causing current to
flow between the structures, thereby completing the electric circuit. Optionally, magnets 4
may be disposed in proximity to the openings of each hollow cathode to enhance the
plasma current between hollow cathode structures 1 and 2. However, U.S. Patent No.
6,444,945 does novt address the use of the disclosed hollow cathodes for any PECVD
process or for large area surface coating.

Thus, there remains a need in the large area coating art for a plasma source, or a
PECVD source, that can create a uniferm and stable plasma of considerable Iength, ie.,
greater than 0.5 meters in length. There also remains a need in the art for a PECVD
source that is compact and can deposit a coating with high coating efﬁéiengies. There
further remains a need in the art for a PECVD source and process that consumes less

energy during operation such that overall operating costs are reduced.
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SUMMARY OF THE INVENTION

In an aspect of the invention, there is provided a stable, uniform and long plasma.

In an aspect of the invention, there is provided a plasma source that is able to form
a stable, uniform and long plasma.

In an aspect of the invention, there is provided a pair of electron emitting surfaces
that act as a linear plasma source.

In an aspect of the invention, there is provided a series of electron emitting -
surfaces that act as a two dimensional plasma source. _

In another aspect of the invention, there is provided a method of forming a stable,
uniform and long linear plasrha.

In anothér aspect of the invention, there is provided a method of forming a stable,
uniform and long two dimensional plasma. ,

In another aspect of the invention, there is provided a plasma that acts as an
energy source for precursor gases.

In another aspect of the invention, there is provided a method of deliverihg
precursor gases to the plasma source.

in yet another aspect of the invention, there is provided a method of forming large
area coatings using a stable, uniform and long plasma.

In yet another aspect of the invention, there is provided a densified plasma created
with the aid of magnets.

In yet another aspect of the invention, there is provided a method of bending a

densified plasma source.

In yet another aspect of the invention, there is provided a method of increasing the
coating efficiency of a coating deposited by a PECVD process.

In yet another aspect of the invention, there is provided a PECVD device that is
conducive to secondary electron flow.

These and other aspects are achieved, in accordance with the principles of a
preferred embodiment of the invention, by providing least 2 electron emitting surfaces A
connected to each other via an AC power source, wherein the AC power source supplies a
varying or alternating bipolar voltage to the 2 electron emitting surfaées. More specifically,
the at least 2 electron emitting surfaces are connected to one another via an AC power
source such that the AC power source applies a bipolar voltage difference to the two
electron emitting surfaces. The bipolar power supply initially drives a first electron emitting
surface to a negative voltage, allowing plasma formation, while the second electron
emitting surface is driven to a positive voltage in order to serve as an anode for the voltage
application circuit. This then drives the first electron emitting surface to a positive voltage
and reverses the roles of cathode and anode. As one of the electron emitting surfaces is
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driven negative, a discharge forms within the corresponding cavity. The other cathode then
forms an anode, causing electrons to escape the plasma and travel to the anodic side,
th‘ereby completing an electric circuit.

The arrangement of the electron emitting surfaces in accordance with the present
invention may operate in two general modes, normal and thermionic. In normal mode, the
temperature of the electron emitting surfaces is kept relatively low and controlled by water

cooling or other cooling methods. The cathode, when in normal mode, requires a few

~hundred to a few thousand volts to operate, with electron current remaining relatively low.

In thermionic mode, the electron emitting surfaces are aillowed to rise in temperature from
plasma heating effects or from a separate heating device. When the electron emitting
surfaces reach high temperatures, electron emission rises by at Iéast an order of
magnitude higher than that of a cold cathode, resulting in a high cathode discharge current
at a relatively low voltage. The temperature required to reach thermionic mode and the
electron voltage required for efficient operation will be partially dependent on the work
function of the material of the cathode.

When desired, magnets and/or additional electrodes may be used in conjunction
w:th the arrangement of electron emitting surfaces in accordance with the present
invention. The use of magnets and/or additional electrodes results in densification of the
plasma created by the PECVD sources of the present invention. The plasma source in
accordance with the present invention may be used, without limitation, in any of a variety
of applications in which stable, uniform and long plasmas are required, such as large area
coatings for coating, for example, monolithic glass and/or glass ribbon.

The present invention offers a number of distinct advantages and design features
over prior art plasma sources. These include, but are not limited to: 1) the appafatus for.
the creation of the plasma in accordance with the present invention can be made to be
highly compact, with a distance between two electron emitting surfaces as small as about

0.5 mm and a total height of less than about 60 mm; 2) the plasma source can be made to

‘be linear and long, e.g., > 0.5 meters; 3) the electron emitting surfaces can be kept clean

by gas protection and/or by thermal evaporation (e.g., the surfaces do not become
coated); 4) a precursor gas can be thermally and/or electrically energized for higher
reactivity; 5) the plasma source is capable of high plasma current per unit length; 6) the
plasma source can create a plasma density that exceeds those of capacitive or diode type
systems; and 7) the plasma created from the plasma source may be made two
dimensional.

~ The inventor of the subject matter herein has surprisingly found that the
aforementioned advantages lead to: 1) high secondary electron current between-

secondary electron surfaces; 2) high deposition rate of large area coatings; 3) large area
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coatings that may be microns thick but have low stress; 4) large area coatings that may be
microns thick but are smooth; and 5) large area coatings that are microns thick but have
low haze.

BRIEF DESCRIPTION OF THE DRAWINGS
. Figure 1 shows a prior art hollow cathode apparatus.

Figure 2 shows a basic linear PECVD device in accordance with the present
invention.

Figure 3 shows an array of the basic linear PECVD device of Fig. 2.

Figure 4 shows a dual hollow cathode in a PECVD device in accordance with the
present invention. '

Figure 5 shows an array of hollow cathodes in a PECVd device in accordance with
the present invention,

Figure 6 shows an “in-line” arrangement of the PECVD device in accordance with
the presént invention.

Figure 7 shows another “in-line” arrangement of the PECVD device in accordance
with the present invention.

Figure 8 shows a PECVD device in accordance with the present invention that
comprises magnets. '

Figure 9 shows a PECVD device in accordance with the present invention that
comprises a third electrode.

Figure 10 shows a PECVD device in accordance with the present invention that
comprises a series of porous walls. '

Figure 11 shows an “in-line” PECVD device in accordance with the present

invention

DETAILED DESCRIPTION OF THE INVENTION

While the present invention may be embodied in many different forms, a-number of
illustrative embodiments are described herein with the understanding that the present
disclosure is to be considered as providing examples of the principles of fhe invention and
such examples are not intended to limit the invention to preferred embodiments described
and/or illustrated herein. The various embodiments are disclosed with sufficient detail to
enable those skilled in the art to practice the invention. It is to be understood that other
embodiments may be employed, and that structural and logical changes may be made
without departing from the spirit or scope of the present invention. '

As referred to herein, “dark space” is taken to mean a narrow zone or area around

an electrode whereby plasma current is very low. Generally, two oppositely charged
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plasma electrodes or a plasma electrode and a ground potential conductor spaced -apart
by the dark space distance will exhibit substantially no current flow between them.

“Hollow Cathode” is taken to mean a plasma forming device typically comprised of
primarily facing cathodic surfaces and a third proximal anodic surface. The fa_cing cathodic

~surfaces are spaced such that electrons oscillate between the negatjve'electric fields of

the surfaces and are thereby confined.

“Precursor gas” is taken to mean a gas in molecular form containing a chemical
element or elements to be condensed into a solid coating. The elements to be condensed
from the precu‘rsor gas may include metals, transition metals, boron, carbon, sllicon
gérmanium and/or selenium. Generally, a precursor molecule is unreactant or not prohe to‘
attaching on a surface until energized, partially decomposed, or fully decomposed by an
energy source, whereupon a chemical fragment of the precursor gas containing the
desired chemical element for coating becomes chemically able to bond to or condense
upon a surface in a solid form. The condensed portion of the precursor compound may be

primarily a pure element, a mixture of elements, a compound derived from the precursor

compound constituents or a mixture of compounds.

“Reactant gas” is taken to mean oxygen and/or nitrogen. It is often desirable to
deposit compounds on a surface which may not be chemically available fron_1 the precursor
gas alone. Often, reactant gases such as oxygen or nitrogen are added to the CVD
process to form oxides or nitrides. Other reactant gases may comprise fluorine, chlorine,
other halogens or hydrogen. A reactant gas may be differentiated from a precursor gas by
the fact that even when energized or chemically decomposed, condensable molecular
entities are not formed. Generally, reactant gases or reactant gas fragments cannot by
themselves grow a solid deposition but they can react and bécome chemically
incorporated into a solid deposition derived from precursor gases or other solid deposition
sources.

“Substrate” is taken to mean either a small area or large area item to be coated or
have its surface chemically modified by this invention. Substrate referred to herein can be
compriéed of glass, plastic, inorganic materials, organic materials or any other material
that has a surface to be coated or modified. |

‘Plasma” is taken to mean an electrically conductive gaseous medium comprising
both free electrons and positive ions. |

“Hall current” is taken to mean an electron current caused by crossed electric and
magnetic fields. In many conventional plasma forming devices the Hall current forms a
closed circulating path or “racetrack” of electron flow.

“AC power” or “AC power source” is taken to mean electric power from an

alternating source wherein the voltage is changing at some frequency in a manner that is
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- CLAIMS: Regey.

13 ~ ‘

1. A product including a substrate and a coating deposited on the substrate, wherein =~ /% X
the coating is formed using a plasma enhanced chemical vapor deposition (PECVD) <
method comprising the following steps:

a) providing a plasma that is linear that is made substantially uniform over its
length in the substantial absence of Hall current; |

b) providing precursor and reactant gases proximate to the plasma;

¢) providing the substrate, wherein at least one surface of the substrate‘ to be
coated is proximate to the plasma;

d) energizing, partially decomposing, or fully decomposing the precursor gas; and

e) depositing the coating on the at least one surface of the substrate using

' PECVD; ’

wherein the depositing includes bonding or condensing a chemical fragment of the
precursor gas containing a desired chemical element for coating on the at least one
surface of the substrate. o

2. A product according to claim 1, wherein the coating comprises mulitiple layers.

3. A product according to claim 1, wherein the coating is one of a dielectric coating, a
transparent conductive coating, a semi-conducting coating, and a solar control coating.

4, A product according to claim 3, wherein the coating is a semi-conducting coating
comprising silicon.

5. A product according to claim 1, wherein the coating comprises metals, transition

metals, or combinations thereof.

6. A product according to claim 1, wherein the coating comprises boron, carbon,
silicon, germanium, or combinations thereof.

7. A product according to claim 1, wherein the coating comprises an oxide, a nitride,
or an oxynitride.

8. A product according to claim 7, wherein the thin film coating comprises one of an
oxide of silicon, titanium, and tin.

24
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- 9. A product including a substrate and a coating deposited on the substrate, wherein

the coating is formed using a plasma enhanced chemical vapor deposition (PECVD)
method comprising the following steps:

a) providing a plasma that is two dimensional and is made substantiaily uniform in
two dimensions in the substantial absence of Hall cUrrent;

b) providing precursor and reactant gases proximate to the plasma;

c) providing the substrate, wherein at least one surface of the substrate to be
coated is proximate to the plasma;

d) energizing, partially decomposing, or fully decomposing the precursor gas; and

e) depositing the coating on the at least one surface of the substrate using
PECVD;
wherein the depositing includes bonding or condensing a chemical fragment of the
precursor gas containing a desired chemical element for coating on the at least one
surface of the substrate. ‘

10. A product according to claim 9, wherein the coating comprises mulitiple layers.

11. A product according to claim 9, wherein the coating is one of a dielectric coating, a

transparent conductive coating, a semi-conducting coating, and a solar control coating.

12. A product according to claim 11, wherein the coating is a semi-conducting coating
comprising silicon.

13. A product according to claim 9, wherein the coating comprises metals, transition

metals, or combinations thereof.

14. A product according to claim 9, wherein the coating comprises boron, carbon,
silicon, germanium, or combinations thereof.

15. A product according to claim 9, wherein the coating comprises an oxide, a nitride,

or an oxynitride.

16. A product according to claim 15, wherein the coating comprises one of an oxide of
silicon, titanium, and tin.

17. A product including a substrate and a coating deposited on the substrate, wherein

the coating is formed using a plasma enhanced chemical vapor deposition (PECVD)

method comprising the following steps:
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a) providing a plasma that is linear that is made substantially uniform over its
length in the substantial absence of Hall current;

b) providing precursor and reactant gases proximate to the plasma;

¢) providing the substrate, wherein at least one surface of the substrate to be
coated is proximate to the plasma;

d) energizing, partially decomposing, or fully decomposing the precursor gas; and

e) depositing the coating on the at least one surface of the substrate using
PECVD;
wherein the energizing, partially decomposing, or fully decomposing the precursor gas
forms condensable molecular entities which adhere to the at least one surface of the
substrate.

18. A product according to claim 17, wherein the coating comprises multiple layers.

19. A product according to claim 17, wherein the coating is one of a dielectric coating,

a transparent conductive coating, a semi-conducting coating, and a solar control coating.

20. A product according to claim 19, wherein the coating is a semi-conducting coating

comprising silicon.

21. A product according to claim 17, wherein the coating comprises metals, transition

metals, or combinations thereof.

22. A product according to claim 17, wherein the coating comprises boron, carbon,

silicon, germanium, or combinations thereof.

23. A product according to claim 17, wherein the coating comprises an oxide, a nitride,

or an oxynitride.

24. A product according to claim 23, wherein the coating comprises one of an oxide of

silicon, titanium, and tin.

25. A product including a substrate and a coating deposited on the substrate, wherein
the coating is formed using a plasma enhanced chemical vapor deposition (PECVD)
method comprising the following steps:

a) providing a plasma that is two dimensional and is made substantially uniform in
two dimensions in the substantial absence of Hall current;

b) providing precursor and reactant gases proximate to the plasma;
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c) providing the substrate, wherein at least one surface of the substrate to be
coated is proximate to the plasma;

d) energizing, partially decomposing, or fully decomposing the precursor gas; and

e) depositing the coating on the at least one surface of the substrate using
PECVD,;
wherein the energizing, partially decomposing, or fully decomposing the precursor gas
forms condensable molecular entities which adhere to the at least one surface of the

substrate.
26. A product according to claim 25, wherein the coating comprises multiple layers.

27. A product according to claim 25, wherein the coating is one of a dielectric coating,

a transparent conductive coating, a semi-conducting coating, and a solar control coating.

28. A product according to claim 27, wherein the coating is a semi-conducting coating

comprising silicon.

29. A product according to claim 25, wherein the coating comprises metals, transition

metals, or combinations thereof.

30. A product according to claim 25, wherein the coating comprises boron, carbon,

silicon, germanium, or combinations thereof.

31. A product according to claim 25, wherein the coating comprises an oxide, a nitride,

or an oxynitride.

32. A product according to claim 31, wherein the coating comprises one of an oxide of

silicon, titanium, and tin.

27



FIG. 1

AGC FLAT GLASS NORTH AMERICA, INC
ASAHI GLASS CO,, LTD.

AGC GLASS EUROPE
Applicants




s e,

SS R

56 -

ﬂi},i}?mu

- 31

oL

TAB.Ommn

S

FIG. 2

AGC FLAT GLASS NORTH AMERICA, INC
ASAHI GLASS CO,, LTD.

AGC GLASS EUROPE
Applicants




FIG. 3

AGC FLAT GLASS NORTH AMERICA, INC

ASAHI GLASS CO., LTD.

AGC GLASS EUROPE

Applicants

nandez & Gatmaitan

]
N
S
3]
/2]
2
Q .
> >,
[/ Jan}



FIG. 4

AGC FLAT GLASS NORTH AMERICA, INC
ASAHI GLASS CO., LTD.

AGC GLASS EUROPE
Applicants

SyCip Salazar Mernandez & Gatmaitan




FIG. 5

AGC FLAT GLASS NORTH AMERICA, INC
ASAHI GLASS CO,, LTD.

AGC GLASS EUROPE
Applicants

SyCip Salazar Hernandez & Gatmaitan
By:




FIG. 6

AGC FLAT GLASS NORTH AMERICA, INC
ASAHI GLASS CO,, LTD.

AGC GLASS EUROPE
Applicants

SyCip Salazar Hernandez & Gatmaitan
By:




FIG. 7

AGC FLAT GLASS NORTH AMERICA, INC
ASAHI GLASS CO., LTD.
AGC GLASS EUROPE

Applicants

SyCip Salazar Bernandez & Gatmaitan
By:

T. Manuel



FIG. 8

AGC FLAT GLASS NORTH AMERICA, INC
ASAHI GLASS CO,, LTD.

AGC GLASS EUROPE
Applicants

SyCip Salazar H¢rnandez & Gatmaitan
By:




FIG. 9

AGC FLAT GLASS NORTH AMERICA, INC
ASAHI GLASS CO., LTD.

AGC GLASS EUROPE
Applicants

SyCip Salazar Herpandez & Gatmaitan
By:




FIG. 10

AGC FLAT GLASS NORTH AMERICA, INC
ASAHI GLASS CO., LTD.

AGC GLASS EUROPE
Applicants

rnandez & Gatmaitan

uel



FIG. 11

AGC FLAT GLASS NORTH AMERICA, INC
ASAHI GLASS CO,, LTD.

AGC GLASS EUROPE
Applicants

SyCip Salazar Hernandez & Gatmaitan
By:

Engi T. Manuel



	Page 1 - BIBLIOGRAPHY
	Page 2 - DESCRIPTION
	Page 3 - DESCRIPTION
	Page 4 - DESCRIPTION
	Page 5 - DESCRIPTION
	Page 6 - DESCRIPTION
	Page 7 - DESCRIPTION
	Page 8 - DESCRIPTION
	Page 9 - DESCRIPTION
	Page 10 - DESCRIPTION
	Page 11 - DESCRIPTION
	Page 12 - DESCRIPTION
	Page 13 - DESCRIPTION
	Page 14 - DESCRIPTION
	Page 15 - DESCRIPTION
	Page 16 - DESCRIPTION
	Page 17 - DESCRIPTION
	Page 18 - DESCRIPTION
	Page 19 - DESCRIPTION
	Page 20 - DESCRIPTION
	Page 21 - DESCRIPTION
	Page 22 - DESCRIPTION
	Page 23 - DESCRIPTION
	Page 24 - DESCRIPTION
	Page 25 - CLAIMS
	Page 26 - CLAIMS
	Page 27 - CLAIMS
	Page 28 - CLAIMS
	Page 29 - DRAWINGS
	Page 30 - DRAWINGS
	Page 31 - DRAWINGS
	Page 32 - DRAWINGS
	Page 33 - DRAWINGS
	Page 34 - DRAWINGS
	Page 35 - DRAWINGS
	Page 36 - DRAWINGS
	Page 37 - DRAWINGS
	Page 38 - DRAWINGS
	Page 39 - DRAWINGS

