
EP 0 335 675 B1 Description The instant invention relates generally to
microwave energy apparatus for sustaining a substantially uni- form plasma
over a relatively large area and more particularly to a novel microwave
energy apparatus for ef- 5   fecting a uniform microwave initiated glow
discharge plasma over a large area. The microwave energy appa- ratus
includes a vacuum vessel for sustaining a plasma, a source of process gas,
and microwave applicator adapted to either radiate microwave energy or
transmit microwave energy via evanescent waves into the in- terior of said
vacuum vessel. The microwave energy apparatus further includes an isolating
window for sep- arating the microwave applicator from the plasma region
developed in the vacuum vessel. The microwave en- 10 ergy apparatus is
adapted to effect a substantially uniform plasma reaction upon a substrate
disposed within the near field distance of the microwave applicator. Due to
the recent proliferation of the kitchen microwave oven, "microwave" has
become literally a house- hold word. As a result of the knowledge gained by
the mass production of these ovens, the per kilowatt cost of efficient
microwave energy sources has fallen precipitously, opening a broad range of
new applications in 15  both commercial and industrial settings. One
application is the use of microwave energy to efficiently initiate and
sustain plasmas for use In plasma treatment processes, semiconductor
etching, thin film deposition proc- esses and other processes. While the
conventional microwave oven Is designed to be adequate to uniformly heat
food products through the use of mechanical means to average out microwave
energy non-uniformities and while taking ad- 20  vantage of the relatively
long thermal relaxation times of the food products which are being heated,
the same techniques cannot be used for the task of uniformly exciting gases
to create a plasma because of their short relaxation times. The fans and
other mechanical "microwave dispersers used In oven technology, are unable,
regardless of how fast they can practically turn, to assure a uniform
dispersion of microwave energy, on a time scale appropriate to plasma
excitation. To accomplish the uniform microwave excitation of a plasma
other 25  means must be employed. Prior examples of microwave plasma
deposition techniques are illustrative of the state of the art and
highlight both the problems encountered in Increasing the energy uniformity
and the ad- vantages provided by the novel microwave plasma generating
structure of the instant invention. Commonly assigned, US-A-4517223 and
4504518 to Ovshinsky, et al, both entitled METHOD OF MAK- ING AMORPHOUS
SEMICONDUCTORALLOYS AND DEVICES USING MICROWAVE ENERGY, the disclo- 30
sures of which are Incorporated herein by reference, describe processes for
the deposition of thin films onto small area substrates in a low pressure,
microwave glow discharge plasma. As specifically noted in these Ov-
shinsky, et al patents, operation In the disclosed low pressure regimes not
only eliminates powder and poly- meric formations in the plasma, but also
provides the most economic mode of plasma deposition. While these patents
describe a truly remarkable regime of low pressure and high energy density,
deposition utilizing mi- 36  crowave energy, ie., at substantially the
minimum of the Paschen curve, the problem of uniformity of depos- ition
over large areas remains unaddressed. Turning now to microwave applicators
for large area substrates, commonly assigned US-A-4729341 of Fournier, et
al. for "METHOD AND APPARATUS FOR MAKING ELECTROPHOTOGRAPHIC DEVICES", the
disclosure of which Is incorporated by reference, describes a low pressure
microwave initiated plasma process 40  for depositing a photoconductive
semiconductor thin film on a large area cylindrical substrate using a pair
of radiative waveguide applicators in a high power process. However, the
principles of large area deposition de- scribed therein are limited to
cylindrically shaped substrates, such as electrophotographic
photoreceptors, and the teachings provided therein are not directly
transferable to large area, generally planar substrates. Many workers In
the field have disclosed methods of processing thin films utilizing the
high power of mi- 45  crowave sustained plasmas. However, microwave plasmas
have not been altogether appropriate for large sur- face area and/or low
pressure deposition. This Is because of the non-uniformity of the resulting
surface treat- ment, a consequence of the non-uniformity of the energy. One
attempt to provide greater uniformly was the use of a slow wave microwave
structure. A problem that is Inherent In slow wave structures, however is
the very rapid fall off of microwave coupling into the plasma as a function
of distance transverse to the microwave 50  applicator. This problem has
been addressed in the prior art by various structures that vary the spacing
of the slow wave structure from the substrate to be processed. In this way
the energy density at the surface of the substrate is constant along the
direction of movement of the substrate. For example, US-A-3814983 to Weiss-
floch. et al for "APPARATUS AND METHOD FOR PLASMA GENERATION AND MATERIAL
TREATMENT WITH ELECTROMAGNETIC RADIATION and US-A-4521717 to Kieser, et al,
for "APPARATUS FOR PRO- 55  DUCING A MICROWAVE PLASMA FOR THE TREATMENT OF
SUBSTRATE IN PARTICULAR FOR THE PLASMA POLYMERIZATION OF MONITORS THEREON",
both address this problem by proposing various 



spatial relationships between the microwave applicator and the substrate to
be processed. The slowwave structure is described, forexample in
US-A-3814983 toWeissfloch, et al,for APPARATUS 2    EP 0  335 675 B1 AND
METHODS FOR PLASMA GENERATION AND MATERIAL TREATMENT WITH ELECTROMAGNETIC
RADIATION" and in US-A-4521717 to Kisser, et al, for "APPARATUS FOR
PRODUCING A MICROWAVE PLASMA FOR THE TREATMENT OF SUBSTRATES, IN PARTICULAR
FOR THE PLASMA-POLYMERIZA- TION OF MONITORS THEREON". More particularly,
the Weisefloch, et al patent discloses the problems en- 5   countered in
obtaining uniform field intensity. Weisefloch. et al discloses that in
order to obtain the uniform electric field intensity necessary fora plasma
of uniform power density along the full length of the slow wave waveguide
structure, it is necessary to incline the waveguide structure at an angle
with respect to the sub- strate. Inclination of the slow wave waveguide
structure to achieve uniformity with respect to the substrate leads to an
inefficient coupling of microwave energy into the plasma. 10
Recognizing this deficiency of the slow wave structure, Kieser, et al
proposed the use of two waveguide structures in an anti-parallel
arrangement. In this way the energy inputs of the two structures are
superim- posed one upon the other. More particularly, Kieser, et al
described that the conditions resulting from super- posing of two energy
inputs, I.e., two microwave applicators, can be further improved if the two
slow wave applicators are set at an angle to each other such that the
planes normal to the medians of the applicators 15 intersectata straight
line which extends parallel to the surfaces ofthe substrate to be treated
and at rightangles to the travel direction of the substrate. Moreover,
Kieser, et al recommend that in order to avoid destructive interference of
the wave field patterns of the two applicators, the applicators should be
displaced from each other transversely of the travel direction of the
substrate by a distance equal to half of the space between the cross-bars
of the waveguide. Kieser, et al disclose that in this way the microwave
field pattern is substantially 20  suppressed. The problem of plasma
uniformity and more particularly, energy uniformity is treated by J.
Asmussen and his co-workers, for example In T. Roppel, et al "LOW
TEMPERATURE OXIDATION OF SILICON USING A MI- CROWAVE PLASMA DISC SOURCE",
J. Vac. Sci. Tech. B-4 (January-February 1986) pp. 295-298 and M. Dahimene
and J. Asmussen "THE PERFORMANCE OF MICROWAVE ION SOURCE IMMERSED IN A MUL-
25  TICUSP STATIC MAGNETIC FIELD" J. Vac. Sci. Tech. B-4 (January-February
1986) pp. 126-130. In these as well as other papers, Asmussen and his
co-workers describe a microwave reactor which they refer to as a microwave
plasma disc source ("MPDS"). The plasma is reported to be in the shape of a
disc or tablet, with a diameter that is a function of microwave frequency.
Acritical advantage claimed byAsmussen and his co-work- er is that the
plasma disc source is scalable with frequency, that is, at the normal
microwave frequency of 2.45 30  gigahertz the plasma disc diameter is 10
centimeters and the plasma disc thickness is 1.5 centimeters but that the
disc diameter can be Increased by reducing the microwave frequency.
Asmussen and his co-workers disclose that in this waythe plasma geometry is
scalable to large diameters, potentially yielding a uniform plas- ma
density over a large surface area. However, Asmussen only describes a
microwave plasma disc source which is designed for operation at 2.45
gigahertz, where the plasma confined diameter is 10 centimeters and 35  the
plasma volume is 118 cubic centimeters. This is far from a large surface
area. Asmussen and his co-work- ers, however, propose a system designed for
operation at the lowerfrequency of 915 megahertz, saying that the lower
frequency source would provide a plasma diameter of approximately 40
centimeters with a plasma volume of 2000 cubic centimeters. Asmussen and
his co-workers further describe that the microwave plasma disc source can
be used as a 40  broad beam ion source or as a plasma source for material
processing and can be scaled up to discharge di- ameters in excess of 1
meter by operating at still lower frequencies, for example 400 megahertz.
The micro- wave plasma disc source of Asmussen and his co-workers, while,
In principle, providing the relatively large surface area requires
frequency adjustment to do so. There are severe economic consequencies of
this ap- proach to variation of the dimensions of a plasma processing
machine. Only 2.45 GHz magnetrons have been 45  developed to be both
inexpensive and to have large power capabilities. High power microwave
sources at other fixed frequencies remain expensive and variable frequency
high power microwave sources are extremely ex- pensive. Furthermore, the
deposited material qualityand deposition rate is dependenton excitation
frequency. This changing frequency to increase plasma dimensions may entail
compromises in material quality and film de- 



50  position rate. Additionally, the magnets which are used in the system
disclosed by Asmussen must be made larger In size, and different Infield
strength as the excitation frequency is changed. Thus, as a means of chang-
ing the plasma dimensions, Asmussen's approach has the disadvantage of
rigidly coupling other Important de- position parameters and therefore
reducing operational flexibility. Workers at Hitachi have described, for
example In US-A-4481229 to Suzuki, et al the use of electron cy- 55
clotron resonance to obtain a high power plasma having relatively high
degree of uniformity over a limited sur- face area. However, the Hitachi
patent does notteach, noreven suggest a method by which uniform large area
plasmas may be achieved. Moreover, the use of electron cyclotron resonance
imposes the added requirement of an additional highly uniform magnetic
field structures In the microwave apparatus, and may be restricted 3    EP
0 335 675 B1 in operation to only those very low pressure regimes where
electron collision times are long enough to allow the cyclotron resonance
condition to be achieved. US-A-4517223 and 4729341 referred to above,
describe the necessity of using very low pressures in very high microwave
power density plasmas. The use of low pressures is necessary in order to
obtain high depos- 5   ition rates and/.or high gas utilization;
US-A-4517223 and 4729341 emphasize the criticality of low plasma pres- sure
in order to economically carry out the plasma processes. However, the
relationship between high depos- ition rates, high gas utilization, high
powerdensity, and low pressure furtherlimits the utility of slowwave struc-
tures and electron-cyclotron resonance methods. The limitations of the slow
wave structure and of the eleo- tron-cyclotron resonance methods are
obviated and the deposition rates and low pressure regimes described 10  In
the aforementioned US-A4517223 and 4729341 are obtained by the method and
apparatus described here- inbelow. Accordingly the Invention comprises a
microwave plasma apparatus comprising a vacuum vessel; means for
introducing a process gas into the vessel; a microwave applicator for
propagating microwaves from a-mi- crowave source into the interior of the
vessel to generate a plasma region; means for supporting a substrate 15
within the vessel; and means which allow the passage of microwave radiation
for Isolating the applicator from the plasma region; and characterised in
that the applicator comprises an elongated wave guide having at least one
aperture in one longitudinal wall therof, and means for regulating
microwave energy radiated from the aper- ture so that where the
concentration of microwave energy is greatest the outlet area for the
emitted radiation is least whereby the density of the plasma region is
regulated. 20      The isolating means is preferably cylindrically or
hemi-cylindrically shaped so as to encapsulate at least that portion of the
applicator means which extends into the vessel, though other generally
smoothly curved surfaces may be employed with equal success. A vacuum seal
is disposed between the cylindrically shaped isolating means and the vessel
wall, so that a pressure differential may be maintained between the
Interior and the exterior of the cyiindrically-shaped isolating means.
Accordingly, pressure (vacuum) maintaining 25  means is provided to
maintain the pressure vacuum0 of said vessel disposed exteriorly of said
cylindrically- shaped isolating means at a pressure approximating that
required for plasma operation near the minimum of a modified Paschen curve.
The thickness of the circumferential wall of the isolating means is
designed to with- stand that pressure differential which exists between the
exterior and Interior thereof. The apparatus may perform different plasma
operations. In a first embodiment, at least one deposit pre- 30  cursor
gas, e.g., a semiconductor element-containing gas, is introduced into the
interior of the vacuum vessel for depositing a material, as a metal, a
semiconductor alloy material, a superconducting alloy material, or a
dielectric (including organic polymeric material) onto the substrate means.
In another preferred embodiment, precursor gases are provided so as to
decompose and deposit an insulating film onto the substrate. In yet an-
other preferred embodiment at least one etchant-containing precursor gas is
provided for introduction into the 35  interior of said vessel, whereby
said apparatus is adapted to etch the surface of a deposit or of a
substrate means. The apparatus preferably further includes applicator
cooling means. The cooling means may be a flux of air adapted to flow about
the interior of the isolating means. In another preferred embodiment, the
cooling means may Include a concentric enclosure formed interiorly of and
shaped similarly to said isolating means 40      so as to define a conduit
between said isolating means and said concentric enclosure. it is into this
conduit that a coolant fluid, examples of which include water, oils or
freon, is adapted to flow. It is to be specifically noted that In an
alternative embodiment, the cylindrically-shaped isolating means 



of the instant patent application may further be employed with a
conventional slow wave microwave applicator, which slowwavestructure Is
adapted to couple microwave energy through an evanescentwave Intothe
vessel. 45  In other words, the ability to utilize this isolating means
ensures that said isolating means can be thermally cooled to a sufficiently
low temperature that relatively high power microwave energy can be
introduced into the vacuum vessel and excite a high electron density plasma
without the heat which is associated therewith cracking said Isolating
means. in orderthat the present Invention may be more readily understood,
embodiments thereof will now be de- 50  scribed by way of example and with
reference to the accompanying drawings, in which: Figure 1 is a
cross-sectional view taken through a vacuum vessel illustrating an
embodiment of the struc- tural elements of the instant invention; Figure 2
is a partial perspective view illustrating a first embodiment of the
radiative microwave applicator of the instant Invention with spacedly
disposed discrete apertures formed through one face thereof, 55      Figure
3 is a partial perspective view Illustrating a second embodiment of the
radiative microwave appli- catorof the instant Invention with a single
elongated aperture formed through one face thereof and shutter means
disposed thereover, Figure 4 is a perspective view of a vacuum vessel of
reduced dimension and of the type depicted in Figure 4    EP 0 335 675 B1
1, partially cut-away, illustrating a single, elongated substrate
operatively disposed relative to the radiative microwave applicator so as
to have a plasma operation performed on the upper surface thereof, Figure 5
is a perspective view of a vacuum vessel of reduced dimension and of the
type depicted in Figure 1, partially cut-away, illustrating a continuous
web of substrate material operatively disposed relative to 5      the
radiative microwave applicator so as to have a plasma operation performed
on the upper surface there- of, and Figure 6 is a perspective view of a
vacuum vessel of reduced dimension and of the type depicted in Figure 1,
partially cut-away, illustrating a plurality of spaced, discrete small away
substrates operatively disposed relative to the radiative microwave
applicator so as to have a plasma operation performed on the upper 10
surfaces thereof. The instant invention is a microwave energy apparatus for
sustaining a substantially uniform plasma within an evacuated vessel. By
maintaining the vessel atsub-atmospheric pressures, it is possible to
operatethe plas- ma at a pressure approximately that required for operation
near the minimum of the modified Paschen curve. Low pressure also allows
for a longer mean free path of travel for the plasma excited species,
thereby contri- 15  buting to overall plasma uniformity. In this way, it is
possible for the microwave energy apparatus to sustain a uniform plasma
reaction upon a substrate disposed within the near field distance of the
microwave source. Figure 1, illustrates in cross-sectional view a microwave
energy apparatus 10 for sustaining a substantially uniform microwave plasma
over a relatively large area. By "large area is meant a body having at
least one dimension greaterthan one microwave wavelength, and preferably
greaterthan twelve inches. The apparatus 20  10 includes, inter alia, a
vacuum vessel 12, the walls of which are preferably formed of a durable,
corrosion resistant material such as stainless steel. The vacuum vessel 12
further includes a pump-out port 14 adapted for suitable connection to a
vacuum pump, which vacuum pump is provided to maintain the interior of the
va- cuum vessel 12 at an appropriate sub-atmospheric pressure (vacuum) to
sustain the plasma process therein. The vacuum pump is further adapted to
remove reaction products from the Interior of said vessel 12. 25      The
vessel 12 further includes at least one process gas input line 16 connected
to a process gas input manifold 18 which manifold 18 is operatively
disposed so as to uniformly distribute process gases into the in- terior of
said reaction vessel 12, and specifically into the plasma region 20
thereof. The process gas input mani- fold 18 is operatively disposed
between at least a pair of process gas containment means 22 and 24. The
proc- ess gas containment means 22, 24 contain the process gas introduced
by the manifold 18 into the plasma re- 30    gion 20 ofthevacuumvessel 12.
Also presentwithin the plasma region 20 are means forsupporting a substrate
or substrates 26. Though not shown, the vacuum vessel 12 may further
include means for maintaining the sub- strate at a desired temperature,
e.g., heating means or cooling means. As will be discussed In detail
hereinbelow, the substrate may include, but is not limited to, a single
elon- gated member, a plurality of small substrates or a continuous web of
substrate material. It is to be specif ically 35  noted however, that while
the plasma region 20 is disposed at the bottom of the vacuum vessel 12, due
to the 



highly uniform nature of the plasma sustained by the microwave energy
apparatus 10, the plasma region 20 may in fact be located on the top,
bottom or sides of the vacuum vessel 12. Indeed, as illustrated in Figure 1
in phantom, the plasma region 20a may be located anywhere within the vessel
12. The substrate may be lo- cated at any distance from the microwave
plasma source, though in a preferred embodiment, it is located a 40
distance from said plasma source which does not exceed the near field
distance of the microwave plasma source. This allows for relatively high
gas utilization rates. The microwave energy apparatus 10 further includes a
microwave applicateur means 40 which extends at least partially into the
interior of said vacuum vessel 12. The microwave applicator means 40 is
adapted to radiate microwave energy from a source thereof, into the
interior of said vacuum vessel 12 for initiating and 45  maintaining a
plasma of the process gases introduced Into said vessel 12 by process gas
manifold 18. As is illustrated in Figure 1, microwave applicator means 40
comprises a substantially rectangular waveguide means 42 having an end
portion 44 at the terminal end portion thereof extended into the vessel 12.
Whilst shown sealed, the end portion may be open so as to avoid standing
waves. The waveguide means 42 includes a plurality of apertures formed
through one face thereof. The apertures 50  are of dimensions and spacing
to allow the waveguide to uniformly radiate microwave energy. Illustrated
in greater detail in Figure 2 is a partial perspective view of the
microwave applicator means 40, including the rec- tangular waveguide 42
having terminal end portion 44, and a plurality of spacedly disposed
apertures, 46 48, 50, 52 and 54 formed through one face thereof. As is
further illustrated in Figure 2, apertures 46 and 48 are operatively
blocked, as by waveguide material to prevent microwave energy from
radiating therefrom. It is to 55   be understood that the density of the
microwave energy radiated by the microwave applicator means 40 can be
distributed in a desired, controllable manner simply by blocking and
unblocking various ones of the aper- tures formed through said wavegulde
means 42. The inventors of the instant invention have found that the size
of the aperture is of great significance, in 5    EP 0 335 675 B1 that the
leak rate through any one of said apertures is strongly dependent upon the
size of that aperture. While the size of the aperture may be either larger
or smaller than a wavelength of microwave energy, in the em- bodiment of
Figure 2 it is preferred that the apertures be the size of, or smaller than
one wavelength of micro- wave energy. Additionally, the inventors have
found that by partially unblocking the apertures as illustrated in 5
Figure 2, the apparatus 10 is capable of sustaining a plasma which is
substantially uniform. Alternatively, and as Is Illustrated in Figure 3,
the microwave applicator means 140 may include a micro- wave waveguide
means 142 having an open end portion thereof 144 and a single elongated,
rectangular aper- ture 146 which is larger than a wavelength of microwave
energy, and formed through substantially the entire length and width
dimension of one face of said rectangular microwave waveguide means 142.
The open end 10 portion is adapted to avoid standing wave problems, though
a sealed end portion may be employed for a given application. The
applicator means 140 so configured allows microwave energy to radiate from
the entire aper- ture 146, though without regulation, the concentration of
microwave energy Is greatest at the end of the aper- ture nearest the
source of microwave energy. The concentration of the microwave energy, and
consequently the density of the plasma may however be regulated by
employing at least one elongated either straight or 15  slightly curved
metallic microwave shutter 150 operatively affixed to said microwave
waveguide means 142 by a single connection 152 consisting of, for example,
a pin 153 through a channel 155, on the side of said waveguide means
nearest to the source of microwave energy. Disposed at the opposite end of
said elongated aperture 146, and along the edges of said aperture, are
dielectric insulator means 154 fabricated from, for example glass or
teflon. The dielectric insulator means 154 are adapted to form a insulating
barrier between 20 the waveguide means 142 and the microwave shutter 150.
This is necessary since the microwave shutter 150 may be grounded to the
waveguide means 142 only at the connection 152. Additional contact between
the shutter 150 and the wavegulde 142 will cause a so called sizzling
ground, i.e., an arcing contact The applicator means shown and discussed in
detail in connection with Figures 2 and 3 are of the type generally known
as "leaky" microwave structures in that microwave energy is allowed to leak
or radiate there- 25 from through a plurality of apertures. Alternatively,
though not illustrated herein, the microwave applicator means may be a slow
wave microwave structure. The slow wave structure delivers a significant
part of mi- crowave energy by means of evanescent waves. This type of slow
wave structure was discussed hereinabove with reference to the Weissfloch,
et al and Kieser, et al patents. The microwave energy apparatus 10 of the 



instant invention substantially obviates the shortcomings inherent in slow
wave structures, i.e., the rapid fall 30 off applied energy coupled to the
plasma as a function of distance along the transverse to the microwave
struc- ture. This shortcoming is substantiallyobviated herein by Inter
alia, the use of means for isolating the microwave applicator from the
plasma region, thereby allowing the applicator to sustain a more uniform
plasma. Returning now to Figure 1, the apparatus 10 further comprises
isolating means 60 for isolating the micro- wave applicator means 40 from
the plasma region 20 within the vacuum vessel 12. The isolating means 60 is
35 preferably fabricated from a dielectric material which is substantially
transparent to microwave energy. A pre- ferred material from which said
isolating means 60 may be fabricated is quartz, though it is to be
understood that many other materials may be employed with equal success.
The isolating means 60 should further be con- figured in a shape designed
to optimize its ability to withstand forces due to the presence of a
pressure dif- ferential. In this manner, the thickness of the isolating
means may be minimized to providefor effective thermal 40  cooling whereby
high microwave powerdensities may be employed without deleteriously
effecting the isolating means. To this end, a preferred shape forsaid
isolating means is a cylindrical or hemi-cylindrical shape adapted to
encapsulate at least that portion of the applicator means 40 which extends
into the vacuum vessel 12. A cylindrical or hemi-cylindrical shape Is
preferred to for example a planar shape, because a cylinder may be made
thinner than a planarshape due tothe strength inherent in a cylinder. Thus,
a thin cylinder is capable 45 of withstanding pressures which would require
a much thicker planar plate. Additionally, a thick plate cannot be
maintained at a uniform, relatively low temperature, as can a thin
cylinder. Thus, a planar plate may be sub- ject to thermal degradation, in
a microwave plasma apparatus particularly at elevated power levels. By con-
trast, the thin cylindrical isolating means 60 may be uniformly cooled, and
thus does not experience thermal degradation, and therefore does not impose
practical limitations upon the amount of power which may be ap- 50 plied.
Additionally, the applicator means 40 should be operatively disposed within
the isolation means 60 and spaced apart from the circumferential wall
thereof. So disposed, the applicator means 40 may extend partially through
the vacuum vessel 12, without being exposed to the plasma region 20
contained therein. The cylindrical isolating means 60 of Figure 1 is
configured so as to be coextensive with at least one di- 55 mension of the
vacuum vessel 12, and protrude through at least a first and second wall
portion of said vacuum vessel 12. The cylindral Isolating means 60 are
fixed through the walls of the vacuum vessel 12 by means of two collar
fittings 62 and 64. Collar fittings 62 and 64, like reaction vessel 12 are
preferably fabricated from a suitable non-corrosive material such as
stainless steel, with the collar fittings 62 and 64 preferably being 6
EP 0 335 675 B1 mountably joined to the vessel 12. Collar fitting 62
comprising an open end portion 66 extended from a con- nection flange 68.
Connection flange 68 is affixed directly to a side wall of the vacuum
vessel 12, and includes an opening 70 co-extensive with the circumference
of the cylindrical isolating means 630 and adapted to receive cylindrical
isolating means 60. Open end portion 66 extends from said connection flange
68, and is adapted 5   to receive at least two O-rings 72, 74, which
O-rings 72, 74 are adapted to effect a vacuum and water barrier between the
Interior of said vacuum vessel 12 and outside ambient conditions. Between
O-rings 72, 74 is dis- posed a cooling channel 73, through which a cooling
medium such as water may be circulated so as to maintain the O-rings at a
uniformly low temperature. The O-rings 72, 74 are preferably adapted to
maintain the vacuum and water seal at substantially elevated temperatures,
i.e., temperatures in excess of 100 Centigrade. 10     The cylindrical
isolating means 60 passes through opening 70, connection flange 68, and the
open end portion 66. In this way, o-rings 72, 74 are urged against the
outside circumference of said cylindrical isolating means 60. The
compression of the o-rings 72, 74 against the cylindrical isolating means
60 results in an air tight, water tight seal. It is important to note that
the location of o-rings 72,74 is well outside the plasma region 20 of the
apparatus 10. This is noteworthy because by keeping the o-rings out of the
plasma region 20, they 15  are not exposed to the excessive temperatures
associated with microwave plasmas, i.e., temperatures in ex- cess of 500
centigrade. Had the o-ring seals been located within the plasma region, as
shown in the afore- mentioned US-A-4729341, special (and costly) high
temperature resistant seals would have been required, greatly increasing
the complexity and cost of the apparatus 10. The cylindrical isolating
means 60 may extend beyond the outside terminal edge of said open end
portion 20  66. This portion of the cylindrical isolating means 60 must
thus be equipped with microwave containment means 80. The microwave
containment means 80 is typically fabricated from a metal microwave
containment canister 



operatively affixed around the outside circumference of the cylindrical
isolating means 60, and in electrical contact with said open end portion 66
by grounding fingers 82. The microwave containment canister is fabri- cated
so as to be coextensive with that portion of cylindrical isolating means 60
which extends beyond the open 25  end portion 66. Additionally, the
microwave containment means 80 further includes an open end portion 84 over
which is disposed a metallic microwave blocking mesh 86 adapted to contain
stray microwaves therewi- thin. The mesh 86 is also adapted to allowforthe
passage of a flux of cooling airthrough the cylindrical isolating means 60.
Alternatively, and as is illustrated in phantom in Figure 1, the open end
portion 84 of the microwave containment canister 80 may be attached to a
dummy load adapted to absorb excess microwave radiation. 30  This
embodiment is particularly useful at high power levels, where excess
reflected microwave energy causes reflection modes which may degrade the
uniformity of the microwave plasma. The vacuum vessel 12 is further adapted
to receive the cylindrical Isolating means 60 through at least a second
wall portion thereof, preferably the wall portion opposite the wall portion
upon which collar fitting 62 is mounted. Collar fitting 64 is disposed on
said opposite wall position, substantially in line with collar fitting 35
62. Collar fitting 64 comprises an open end portion 90 extended from a
connection flange 92. Connection flange 92 is affixed directly to the
opposite wall position and includes an opening 94 coextensive with the cir-
cumference of the cylindrical isolating means 68, and adapted to receive
the isolating means 60. The open end portion 90 extends from the connection
flange 92, and is adapted to receive at least two O-rings 96, 98 which are
adapted to effect a vacuum and water barrier between the plasma region 20
within the vacuum vessel 40  12 and the surrounding ambient conditions.
Between O-rings 96,98 is disposed a cooling channel 97, through which a
cooling medium such as water may be circulated so as to maintain the
O-rings at a uniformly low tem- perature. The O-rings 96,98 like O-rings
72,74 are adapted towithstand elevated temperatures. The cylindrical
Isolating means 60 is passed through opening 94, through connection flange
92 and open end portion 90 whereby O-rings 96, 98 are urged against the
outside circumferential edge of said cylindrical isolating means 46 60. The
compression of said 0-rings is the mechanism by which an air tight, water
tight seal is effected. Also, O-rings 96, 98, like O-rings 72, 74, are well
out of the plasma region 20, and therefore not subjected to deg- radation
thereby. By effecting an air-tight, water tight seal around the outer
circumference of the cylindrical isolating means 60, it is possible to
maintain the plasma region 20 atsubstantially sub-atmospheric pressures,
while the interior 50  of the cylindrically isolating means 60 is
maintained at atmospheric pressures, and Is directly exposed to am- bient
conditions. This is In fact an advantage in the operation of the apparatus
10. By maintaining the vacuum vessel at sub-atmospheric pressures, it is
possible to operate the apparatus 10 at a pressure approximating that
required foroperation near the minimum of a modified Paschen curve.
Additionally, the low pressures allow for a longer mean free path of travel
for the plasma species, thereby contributing to overall plasma uniformity.
55   Since the interior of the cylindrical isolating means 60 is exposed to
ambient conditions, a flux of cooling air may be maintained therethrough so
as to prevent the excessive heating which may be associated with micro-
wave plasmas. Alternatively, a microwave transmissive cooling medium such
as silicon oil may be circulated within the cylinder to maintain a uniform,
cool temperature. The cylindrical isolating means 60, extending be- 7    EP
0 335 675 B1 yond the open end portion 90 must be sheathed within a
metallic microwave containment means 100, of the type described
hereinabove. The microwave containment means 100 is disposed adjacent to
connection plate 102 which affects a connection between the microwave
applicator means 40, and a source of microwave en- ergy. 5      As
described hereinabove, and as Is illustrated in Figure 1, the apparatus 10
defined a plasma region 20 into which is disposed a substrate 28, at a
distance not in excess of the distance defined by the near field dis- tance
of the microwave applicator means 40. In a first embodiment and as is
illustrated In Figure 4 where like reference number refer to like
structures, the substrate 28 disposed into said plasma region 20 may take
the form of a single, elongated planar or slightly curved substrate member.
Said planar substrate member 28 is 10  operatively disposed between the
process gas containment means 22, 24 and within the near field distance of
the applicator means 40. In anotherembodiment illustrated in Figure5, the
substrate member28 maytake theform of an elongated, substantially
continuous roll of substrate material 30. In the case of a continuous roll
of substrate the apparatus 10 Is modified so as to allow the continuous
progress of substrate material therethrough. Required modifica- 



15  tions would include gate means 32 adapted to allow the free passage of
the substrate member Into and out of the vacuum vessel 12, while
maintaining the vacuum and containing both the process gases and the
microwave plasma. A preferred gate means 32 for containing the reaction
gases and microwave plasma within the vacuum vessel 12 is disclosed in
US-A-4438723 to Cannella, et al, the disclosure of which is incorporated
herein by reference. In yet another embodiment, and as Is illustrated in
Figure 6, the substrate comprises a plurality of 20  individual work pieces
34 supported In the plasma region 20 by substrate support means 26, and
operatively disposed so as to have a plasma operation performed upon the
upper surfaces thereof. As was discussed hereinabove, while each embodiment
Is illustrated with the substrate members 28 dis- posed below the
applicator means 40, due to the substantially uniform nature of the plasma,
the plasma region may be located anywhere within the near field distance of
the applicator means 40. The input gas manifold 18 25   may provide into
the plasma region 20 a process material as metallic material, semiconductor
material, and dielectriomaterial upon the substrate. In yet
anotherembodiment, the precursor gases introduced into the plas- ma region
decompose and deposit a clear, hard film onto the substrate. In another
embodiment at least one etchant precursor gas may be Introduced into the
plasma region 20, whereby the apparatus 10 is adapted to etch the surface
of a substrate means located therewithin. An example of a deposition
follows hereinafter. 30 EXAMPLE The microwave deposition apparatus 10
described hereinabove was employed to fabricate a hard, clear silicon based
coating upon a plurality of individual glass substrates. The exact steps by
which the above de- 35  scribed apparatus 10 is used to fabricated such
coatings and deposits will be described hereinbelow. A plurality of
substrate means fabricated of glass were cleaned by common cleaning agents
well known to those skilled in the art. The glass substrates were loaded in
the plasma region 20 of apparatus 10 described hereinabove. After placing
the glass substrates within the plasma region 20, the apparatus 10 was
closed and sealed soas to effectan airtightseal between the interior of the
vessel and the surrounding ambient conditions. 40  The interior of the
vessel was then evacuated to a pressure of approximately 2,7 to 3,3 Pa (20
to 25 millitorr). Thereafter, the interior of said chamberwas purged in an
argon gas environment for a period of approximately one-half hour.
Afterpurgingforapproximatelyone-half hour, the chamberwas evacuated to a
background pres- sure of approximately 0,4 to 0,5 Pa (3 to 4 millitorr).
Thereafter, preferred feedstock gases were introduced to the interior of
said chamber through said Input gas manifold 18 according to the following
recipe: 46 Gas                                Flow Rate [err] 55 After
initiating theflowof thesefeedstockgases into the interiorof the vacuum
vessel, a microwave plasma was initiated, and at a frequency of 2.45 GHz at
a power of approximately 5 kilowatts. The microwave plasma was maintained
fora period of time adapted to deposita coating. During the operation ofthe
microwave plasma, 8    EP 0 335 675 B1 a flux of cooling air was directed
through the cylindrical isolating means 60 so as to maintain a uniform low
temperature. Thereafter, microwave plasma was extinguished, and the flow of
process gases to the vacuum vessel 12 was terminated. After extinguishing
the plasma and terminating the flow of process gases to the vacuum vessel
12, the 5   interior of the reaction vessel was purged with argon, and the
reaction vessel was vented to ambient conditions. Thereafter, the reaction
vessel was opened and the substrate was removed for examination which
revealed a uniform, clear hard silicon based coating. 10 Claims 1. A
microwave plasma apparatus comprising: a vacuum vessel (12); means (16) for
introducing a process gas into the vessel; 15            a microwave
applicator (42) for propagating microwaves from a microwave source into the
interior of the vessel to generate a plasma region; means (26) for
supporting a substrate within the vessel; and means (60) which allow the
passage of microwave radiation for Isolating the applicator from the 



plasma region; 20            and characterised in that the applicator
comprises an elongated wave guide (42,142) having at least one aperture
(46,48,50,52,54,146) in one longitudinal wall thereof, and means (150) for
regulating micro- wave energy radiated from the aperture so that where the
concentration of microwave energy is greatest the outlet area for the
emitted radiation is least whereby the density of the plasma region is
regulated. 25  2.  Apparatus according to claim 1, and further
characterised in that the applicator is rectangular in cross- section. 3.
Apparatus according to claim 1 or claim 2, and further characterised in
that the applicator has a single aperture (146). 4. Apparatus according to
claim 3 and still further characterised in that the regulating means
comprise a shutter (150) extending at least partially and spaced from the
aperture. 5. Apparatus according to claim 4, and still further
characterised In that the spacing between the plane of the shutter and the
aperture varies along the length of the shutter. 6. Apparatus according to
any one of the preceding claims, and still further characterised in that
the means for isolating is substantially cylindrical or hemi-cylindrical in
shape. 7. Apparatus according to any one of the preceding claims, and still
furthercharacterised in that means (14) 40       are provided for
maintaining a pressure differential between the interior of the isolating
means and the plasma region. 8.  Apparatus according to any one of the
preceding claims and still further characterised in that it comprises means
(32) for passing a substrate as a continuous web (30) through the vessel.
46 Patentansprflche 1. Mikrowellenplasmavorrichtung, mit: so
einem Unterdruckkessel (12); einer Einrichtung (16) fOr die Einfihrung von
Prozeagas In den Kessel; elnem Mikrowellenapplikator(42) fOrdie Ausbreitung
von Mikrowellenvon einer Mikrowellenquelle In das Innere des Kesseis, um
elnen Plasmabereich zu erzeugen; einer Einrichtung (28) fOr das Tragen
einer Tragerschicht innerhalb des Kessels; und 65            ainer
Einrichtung (60), welche den DurchlaS von Mikrowelenstrahlung erlaubt und
den Applikator von dem Plasmabereich trennt; und ist dadurch
gekennzelchnet, dae der Applikator ainen langgestrecktan, In seiner einen
LAngswand zumindesteine itffnung (46,48,50,52,54,146) aufwelsenden
Wellenleiter(42, 142) und eine Einrichtung 9    EP 0 335 675 B1 a flux of
cooling air was directed through the cylindrical isolating means 60 so as
to maintain a uniform low temperature. Thereafter, microwave plasma was
extinguished, and the flow of process gases to the vacuum vessel 12 was
terminated. After extinguishing the plasma and terminating the flow of
process gases to the vacuum vessel 12, the 5 interior of the reaction
vessel was purged with argon, and the reaction vessel was vented to ambient
conditions. Thereafter, the reaction vessel was opened and the substrate
was removed for examination which revealed a uniform, clear hard silicon
based coating. 10   Claims 1. A microwave plasma apparatus comprising: a
vacuum vessel (12); means (16) for introducing a process gas into the
vessel; 15            a microwave applicator (42) for propagating
microwaves from a microwave source into the interior of the vessel to
generate a plasma region; means (26) for supporting a substrate within the
vessel; and means (60) which allow the passage of microwave radiation for
isolating the applicator from the plasma region; 20            and
characterised in that the applicator comprises an elongated wave guide
(42,142) having at least one aperture (46,48,50,52,54,146) in one
longitudinal wall thereof, and means (150) for regulating micro- wave
energy radiated from the aperture so that where the concentration of
microwave energy is greatest 



the outlet area for the emitted radiation is least whereby the density of
the plasma region is regulated. 25  2. Apparatus according to claim 1, and
further characterised in that the applicator is rectangular in cross-
section. 3. Apparatus according to claim 1 or claim 2, and further
characterised in that the applicator has a single aperture (146). 30 4.
Apparatus according to claim 3 and still further characterised in that the
regulating means comprise a shutter (150) extending at least partially and
spaced from the aperture. 5. Apparatus according to claim 4, and still
further characterised in that the spacing between the plane of the shutter
and the aperture varies along the length of the shutter. 35 6. Apparatus
according to any one of the preceding claims, and still further
characterised in that the means for isolating Is substantially cylindrical
or hemi-cylindrical in shape. 7. Apparatus according to any one of the
preceding claims, and still further characterised in that means (14) 40
are provided for maintaining a pressure differential between the interior
of the isolating means and the plasma region. 8. Apparatus according to any
one of the preceding claims and still further characterised in that it
comprises means (32) for passing a substrate as a continuous web (30)
through the vessel. 46 Patentansprilche 1.  Mlkrowellenplasmavorrichtung,
mit 50            elnem Unterdruckkessel (12); einer Einrichtung (16) fir
die Einfflhrung von Prozelgas in den Kessel; elnem
Mikrowellenapplikator(42)furdieAusbreitungvon Mikrowelienvon
inerMikroweilenqueile in das Innere des Kesseis, urn elnen Plasmabereich zu
erzeugen; elner Elnrichtung (26) fOr das Tragen einer Trlgerschicht
innerhalb des Kessels; und sU            lner Einrichtung (60). welche den
Durchiall von Mikrowelienstrahlung erlaubt und den Applikator von dern
Plasmabereich trennt; und lst dadurch gekennzelchnet, dalS der Applikator
elnen langgestrecdten, In seiner elnen LIngswand zumnindestelne 6ffrung
(48,48,50,52,54,146) aufwelsenden Wellenileiter(42,142) und elne
Einrichtung 9    EP 0 335 675 B11           1 11111 1I111111111 1111 11111
*C  L  N   S* (150) far die Regelung von, von der 6ffnung ausgestrahlitn
Mikrowellenenergie hat, so dall dort, wo die Konzentration von
Mikrowellenenergie am gr8Bten lot, derAuslaBbereich fOr dle ausgestrahite
Strahlung am niedrigsten let, wodurch die Dichte des Plasmaberelchs
regullert wird. s   2. Vorrichtung nach Anspruch 1, ferner dadurch
gekennzeichnot, daB derApplikator im Querschnitt recht- winidig ist. 3.
Vorrichtung nach Anspruch I oder 2, ferner dadurch gekennzeichnet, daB der
Applikator eine Einzeloff- nung (146) hat. 10  4. Vorrichtung nach Anspruch
3, ferner dadurch gekennzebchnet, dae die Reguliereinrichtung einen Ver-
schlul (150) aufwelst, dersich zumindesttbilweise aberdie Offnung
erstrecktund von dieser beabstandet ist. 5. Vorrichtung nach Anspruch 4,
ferner dadurch gekennzelchnet, daB sich der Abstand zwischen der Ebene 15
des Verschlusses und der tffnung entlang der Lange des Verschlusses
verfindert. 6. Vorrichtung nach elnem der vorstehenden Ansprlche, dadurch
gekennzeichnet, daB die Einrichtung ffir das Isolberen im wesentlichen
zyiinderfdrmlg oder halbzylinderformig lst. 20  7. Vorrichtung nach ehnem
beliebigen der vorstehenden AnsprOche, dadurch gskennzeichnet, daB Einrich-
tungen (14) far das Aufrechtorhalten einer Druckdifferenz zwlschen dem
Inneren der Isoliereinrichtung und dem Plasmaberebch vorgesehen Ist. S.
Vorrichtung nach ehnem der vorstehenden Ansprflche, dadurch gekennzeichnet,
daB diese eine Elnrich- 26      tung (32) far den Durchlal olnes, eln
Endlosband (30) reprAsentierenden Tragers durch den Kessel Ist.
Revendlcatlons 



30  1. Appareil g6n6ratbur de plasma a hyperfrequence comprenant: une cuve
A vide (12); un moyen (18) pour introduire un gaz de traitement dan la
ouve; un applicateur hyperfr6quence (42) pour faire se propager des ondes
hyperfr6quence provenant d'une source hyperfrequence a l'inteieur de la
cuve afln de generer une r6gion de plasma; 35           un moyen (26) pour
supporter un substrata l'interieur de la cuve; et des moyens (60) qui
permettent le passage d'un rayonnement hyperfr6quence pour isoler l'appli-
cateur de Ia reglon de plasma; caract6rise en ce que rapplicateur comprend
un guide d'ondes allonge (42, 142) ayant au moins une ouverture (46, 48,
50, 52, 54, 146) pratiqu6e dans l'une de ses parois longitudinales, et un
moyen 40      (150) pour r6guler l'6nergle hyperfrequence rayonn6e par
rouverture de facon que lorsque la concentra- tion en 6nergbo
hyperfrequence attbint un maximum, la superfbice de la sortie de
rayonnement 6mis soit minimale, afin de regulr is densite de Ia reglon de
plasma. 2. Apparell solon la revendication 1, caracteris6 en outre en ce
quo l'applicateur pr6sente une section trans- 45      versalo
rectangulaire. 3. Appareil solon les revendications I ou 2, caracteris6 en
outre en ce que l'applicateur pr6sentb une seule ouverture (146). 4.
Apparell solon la revendication 3, caracteris6 on outre en ce que les
moyens regulateurs comprennent J      un obturateur (150) prolongeant au
moins partiellement, et 6tant espace de l'ouverture. 5. Appareil selon Is
revenldication 4, caracterls6 en outre en ce quo l'espacement entre le plan
de robturaotur et l'ouverture varie le long de la longuour de l'obturatbur.
a5  6. Appareil selon l'une quelconque des revendlcations pr6cedentbs,
caracteris6 en outre en ce que le moyen d'isolation a une forms
sensiblement cylindrique ou seml-cylindrique. 7. Appareil selon rune
quelconque des revendications prec6dentes, caract6ris6 on outre en ce quo
des 10    EP~~~~~~~~~~ 1133167111 1!11111 11l111 11111 lill1 1111 EP 0335
075B Si                       L N moyens (14) sont prdvus pour malntenir
une presston diffarentielle entre l'intbrieur du moyen d'isolatlon et la
region de plasma. 8.  Apparell salon lune quelconque des revendications
precddentes, caractdrisd en outre en oe qu'il 5       comprend un moyen
(32) pourfaire passer un substrat sous la forms d'une bands continue (30) A
travers la cuve. 10 15 20 26 30 35 40 46 50    


