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APPARATUS AND METHOD FOR THE REDUCTION OF IMPURITIES IN
FILMS

FIELD OF THE INVENTION

[0001] The present invention relates to an apparatus and method for the
reduction of impurities, particularly boron, in films grown by CVD processes
using a plasma.

BACKGROUND TO THE INVENTION

[0002] Any reference to background art hergin is not to be construed as an
admission that such art constitutes common general knowledge in Australia or
glsawhere.

[0003] Metal containing films, such as gallium nitride (GaN}) films, have
applications in a range of devices from light emitling diodes (LEDs) {o ultraviolet
detectors to transistor devices.

[0004] These films have commanly been produced by techniques including
molecular beam epitaxy (MBE), metal organic chemical vapour deposition
(MOCVD) and remote plasma enhanced chemical vapour deposition (RPFECVD
or RPCVD). RPCVD has been employed to produce films of high guality at
lower temperatures than MOCVD, which often involves growth temperatures of
about 1000 °C to 1200 °C, to thereby reduce equipment costs and allow the
use of temperature sensitive preferred substrates for film deposition.

{0005) RPCVD uses the generation of plasma from a feed gas, such as
nitrogen, to react with a metal organic reagent and deposit the desired material
on the substrate. In this technique it is important to maintain a consistent level
of suitably energetic active gas species which are supplied to the reaction or
growth chamber from the plasma generation region being a plasma tube.

[0006] One pathway by which energetlic active gas species can be
diminished is through surface recombination on the walls of the plasma tube
within which the plasma is generated and potentially also on the walls of the
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vessels transporting the active gas species 1o the growth chamber. This surface
recombination is the recombination of atoms or molecules of, for examplg,
nitrogen which reduces the number of active atomic or molecular nitrogen
species available for reaction with the metal organic reagent.

[0007] For this reason it may be useful to construct the plasma tube from a
material which has low inherent surface recombination properties for the
particular active gas species being generated. Pyrolytic boron nitride (PBN} is a
useful material for this purpose when generating a nitrogen plasma. However,
PBN is a relatively expensive material and is difficult to machine to the desired
specifications and so the cost of manufacture of the plasma generator is raised
significantly by the inclusion of a PBN plasma tube. Further, the present
inventors have noted that sputtering of the PBN tube walls introduces significant
levels of boron as an impurity into the growing film. This reduces the quality of
the film and its suitability for certain device purposes and is a significant
drawback of this approach.

[0008] It would be useful to provide a plasma generator which allows for a
reduction in the loss of active species due 1o surface recombinations but which
does not contribute to impurity incorporation into the growing film beyond
acceptable commercial levels.

SUMMARY OF INVENTION

[0009] According 1o a first aspect of the invention, there is provided a
plasma generator comprising:

(a) a plasma tube having a gas inlet formed in a first end of the
plasma tube and g plasma outlet formed in a second end of
the plasma tube;

(b} an ionising source adjacent the plasma tube to define a first
region of the plasma tube and o expose that region to an

electromagnetic field to generate active plasma species; and
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{c) a pyrolytic boron nitride liner lining the inner walls of the
plasma tube within a second region thereot,

wherein, the pyrolytic boron nitride liner does not extend into the first
region beyond a distance which is greater than 20% of the length of the first
region.

[0010] In one embodiment, the pyrolytic boron nitride liner does not extend
into the first region beyond a distance which is greater than 10% of the length of
the first region.

[06011] In a further embodiment, the pyrolytic boron nitride liner does not
extend into the first region beyond a distance which is greater than 5% of the
length of the first region.

[0012] In one embodiment, the pyrolytic boron nitride liner does not extend
into the first region such that it does not line a portion of the inner surface of the
plasma tube which is adjacent the ionising source.

[0013] In one embodiment, the gas inlet of the plasma tube or a portion of
the plasma tube near the first end is constricted with respect to the remainder of
the plasma tube.

[0014] Suitably, the constriction takes the form of a reduced diameter region
of the gas inlet and/ar at least a portion of the first region of the plasma tube
with respect to the diameter of the second region of the plasma tube.

[0015] In one embodiment, the plasma generator is a component of an
apparatus for forming a film. The apparatus may be for depositing a group i
metal nitride film on a substrate. The apparatus may be an apparatus for
forming a film employing a plasma as a reactant. In one embodiment, the
apparatus is an BPCVD apparatus and so the plasma generator may be an
RPCVD plasma generator.
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Suitably, the apparatus may further comprise a growth chamber

comprising a Group VA plasma inlet, a Group HIA reagent inlet and a substrate

holder adapted to support one or more substrates.

[0017]

In one embodiment, the invention resides in an apparatus for

depositing a group 10 metal nitride film on a substrate, the apparatus

comprising:

(&)

a plasma generator to generate a nitrogen plasma from a nitrogen

source the plasma generator comprising

(b)

(i) a plasma tube having a gas inlet formed in a first
end of the plasma {ube and a plasma outlet formed in a second
end of the plasma tube;

(i) an ionising source adjacent the plasma tube to
define a first region of the plasma tube and to expose that region
to an electromagnetic field to generate active plasma species;

(il  a pyrolytic boron nitride liner located adjacent the
inner walls of the plasma tube within a second region thereot, the
pyrolytic boron nitride liner not exiending into the first region
beyond a distance which is greater than 20% of the length of the
first region;

a growth chamber in which 10 react a reagent comprising a group

HI metal with active nitrogen species derived from the nitrogen plasma

so as to deposit a group HI metal nitride on the substrate; and

()

a plasma inlet on the growth chamber to facilitate passage of

nitrogen plasma from the plasma generator into the growth chamber.

[0018]

[0019]

In one embodiment, the apparatus is an RPCVD apparatus.

In one embodiment, a showerhead is located between the plasma

generator and the growth chamber of the RPCVD apparatus.
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[0020] In one embodiment, the pyrolytic boron nitride liner does not extend
into the first region beyond a distance which is greater than 10% of the length of
the first region.

[0021] In a further embodiment, the pyrolylic boron nitride liner does not
extend into the first region beyond a distance which is greater than 5% of the
length of the first region.

[0022] In one embodiment, the pyrolytic boron nitride liner does not extend
into the first region such that it does notline a portion of the inner surface of the
plasma tube which is adjacent the ionising source. When the pyrolytic boron
nitride liner does not extend into the first region, the spacing between the
pyralytic baron nitride liner and the ionising source may be any distance as
described previously for the plasma generator.

[0023] Suitably, the metal organic reagent is released into the growth
chamber from the showerhead.

[0024)] The showerhead may be provided with at least one aperture through
its extent through which the plasma exiting the plasma outlet of the plasma tube
can pass through to enter the growth chamber.

[0025] In one embodiment, the at least one aperture is provided with a
pyrolytic boron nitride sheath or coating.

[0026] Preferably, the at least one aperture is a plurality of apertures and
the majority of the apertures are provided with a pyrolytic boron nitride sheath.
In ene embodiment substantially all of the apertures are provided with a
pyrolytic boron nitride sheath.

[0027] In one embodiment, a plasma cavity is defined by an upper surface
of the showerhead, opposite the plasma outlet of the plasma generator, at least
one side wall and a ceiling through which the plasma outlet of the plasma
generator opens.
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[0028] Suitably, the upper surface of the showerhead and the at least one
side wall are covered with pyrolytic boron nitride.

[0029] In one embodiment, all surfaces of the plasma cavity are lined with
one or more pyrolytic boron nitride liners which may be separate to or
continuous with the pyrolytic boron nitride liner of the plasma generator.

[0030] According to a second aspect of the invention there is provided a
method of generating a plasma including the steps of:

(a) providing a plasma generator comprising a plasma tube
having a gas inlet formed in a first end of the plasma tubs and
a plasma outlet formed in a second end of the plasma tube,
an ionising source adjacent the plasma tube to define a first
region of the plasma tube and to expose that region to an
electromagnetic field to generate active plasma species and a
pyrolytic boron nitride liner located adjacent the inner walls of
the plasma tube within a second region thereof, the pyrolytic
boron nitride liner not extending into the first region beyond a
distance which is greater than 20% of the length of the first
region;

(b)Y supplying a feed gas through the gas inlet; and

(c) exposing the gas to an electromagnetic field within the first

region,
to thereby generate a plasma.
[0031] The various components of the plasma generator may be as

described in any embodiment of the first aspect, including the embodiment of
an apparatus for depositing a group Il metal nitride film on a substrate.

[0032] In & third aspect the invention resides in a group Il metal film made
by the process of the second aspect. The film may be a group Il metal nitride
film. In one embodiment, the film is a GaN film.



WO 2015/106318 PCT/AU2015/050013

7

[0033] In a fourth aspect the invention resides in use of a group Il metal film
of the third aspect in a semiconductor device. The film may be as described for
the third aspect.

[0034] The various features and embodiments of the present invention,
referred to in individual sections above apply, as approptiate, to other sections,
mutatis mutandis. Consequently features specified in one section may be
combined with features specified in other sections as appropriate. Those
conditions of pressure, gas flow and the nature of the various apparatus
components described for the first aspect apply equally well 1o the second
aspect and are considered to have been recited in full in relation to that aspect.

[0035] Further features and advantages of the present invention will
become apparent from the following detailed description.

BRIEF DESCRIPTION OF THE DRAWINGS

[0036] In order that the invention may be readily understood and put into
practical effect, preferred embodiments will now be described by way of
example with reference to the accompanying figures wherein:

[0037] FIG 1 shows a perspective sectional view of one embodiment of an
apparatus for depositing a metal nitride film on a substrate when employing a
plasma tube with a partial PBN liner;

{0038] FIG 2 is a perspective sectional view of the apparatus for depositing
a metal nitride film on a substrate of FIG 1 but employing a constricted gas
inlet; and

[0039] FIG 3 is a SIMS graphical analysis of the level of boron, as an
impurity, found in GaN films produced with a full PBN liner, a partial PBN liner
spaced 10 mm from the RF coil and a partial PBN liner spaced 20 mm from the
RF coil.
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DETAILED DESCRIPTION OF THE DRAWINGS

[0040] The present invention is predicated, at least in part, on the finding
that the undesirable incorporation of boron, as an impurity, into a film grown by
RPCVD can be significantly reduced while still benefitling from the low surface
recombination properties of a PBN liner in the plasma tube, which may also be
referred to as the reaction tube, of the plasma generator if the liner is located
such that it is not, to any great extent, within the region of the plasma tube
which is surrounded by or immediately adjacent to the RF coils. Increasing
distances of the RF coils from the PBN liner provide, up to a point, further gains
in terms of boron impurity reduction.

[0041] In this patent specification, adjectives such as first and second, left
and right, front and back, top and bottom, etc., are used solely to define one
element or method step from another element or method step without
necessarily requiring a specific relative position or sequence that is described
by the adjectives. The terms ‘comprises’, ‘comprising’, ‘includes’, ‘including’, or
similar terms are intended to mean a non-exclusive inclusion, such that a
method, system or apparatus that comprises a list of elements does not include
those elements solely, but may well include other elements not listed.

[0042] Unless defined otherwise, all technical and scientific terms used
herein have the same meaning as would be commonly understood by thase of
ordinary skill in the art to which this invention belongs.

[0043] While the term “plasma” is used herein to discuss both the species
formed by ionization of a gas within the plasma generating region and that
which passes through the plasma {ube, plasma cavity, showerhead and into the
reaction or growth chamber of an RPCVD apparatus it will be appreciated that
the charged gas species may be largely extinguished during this journey from
plasma generating region to growth chamber and thus references o “plasma’ in

these regions will be understood as also referring to active gas species.
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[0044] According to a first aspect of the invention, there is provided a
plasma generator comprising:

{a) a plasma tube having a gas inlet formed in a first end of the
plasma tube and a plasma outlet formed in a second end of
the plasma tube;

{b) an ionising source adjacent the plasma tube to define a first
region of the plasma fube and 10 expose that region to an
electromagnetic field to generate active plasma species; and

{¢) a pyrolytic boron nitride liner lining the inner walls of the
plasma tube within a second region thereof,

wherein, the pyrolytic boron nitride liner does not exiend into the first
region beyond a distance which is greater than 20% of the length of the first

region.

[0045] By “the pyrolytic boron nitride liner does not exiend into the first
region beyond a distance which is greater than 20% of the length of the first
region” it is intended that the PBN liner will largely reside in the second region
but extends beyond that into the first region to be adjacent the ionising source
in a limited extension region only. The extension distance into the first region in
this embodiment is 20% of the length of the first region {the first region being
the portion of the plasma tube having the ionising source immediately adjacent
thereto) wherein the length is measured in the direction of travel of gas/plasma
species through the plasma tube in operation. If the ionising source in its
entirety is adjacent the plasma tube ther the length of the first region will be the
same as the length of the ionising source, such as BF cails. By way of example
only, if the length of the first region in the direction of gas/plasma species travel
is 5 cm then the pyrolytic boron nitride liner will not extend into the first region to
overlap with the ionising source by any more than 10 mm, that distance being
20% of 5 cm.
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[0046] While it is preferred, for optimal results, that there is no overlap
between the PBN liner and the ionising source the inventors have found that
recombination of energetic gas species can be reduced significantly while boron
impurities may be kept at manageable levels when a relatively small overlap,

such as 20% or less, as defined above, is present.

[0047] In one embodiment, the pyrolytic baron nitride liner does not extend
into the first region beyond a distance which is greater than 10% of the length of
the first region.

[0048] In a further embodiment, the pyrolytic boron nitride liner does not
extend into the first region beyond a distance which is greater than 5% of the
length of the first region.

[0049] In one embodiment, the pyrolytic boron nitride liner does not extend
into the first region such that it does notline a portion of the inner surface of the
plasma tube which is adjacent the ionising source. This is a preferred
embodiment wherein the PBN liner and ionising source do not overlap or, 1o put
it another way, wherein a spacing between the FBN liner and the ionising
source is maintained.

[0050] Reference to the PBN liner not lining the inner surface of the plasma
tube which is ‘adjacent’ the ionising source means that the PBN liner and the
RF coils do not, at any point, overlap along the axis of length of the plasma tube
which may also be defined as the direction of travel of gas/plasma through the
plasma tube.

[0051] In one embodiment, the pyrolytic boron nitride liner begins at a
distance greater than 0 mm to approximately 100 mm from a lower end of the
ioniging source. The lower end of the lonising source can be defined as the
point or surface of the ionising source which is closest to the PBN liner. For
example, when the ionising source is RF coils then the distance the PBN liner
begins from this source is measured from the underside of the lowest coil being
that closest to the PBN liner. Alternatively, but with the same effect achieved,
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the lower end of the ionising source can be defined as the level of the last point
of the ionising source which the travelling gas or plasma will, in operation, pass
by in its direction of travel prior to exiting the plasma tube. The spacing referred
to in the following paragraphs refates to the distance between this point and the
first point of the PBN liner which the plasma encounters on its direction of
travel, in operation.

[00562] In one embodiment, wherein the pyrolytic boron nitride liner does not
extend into the first region, the spacing between the pyrolytic boron nitride liner
and the ionising source is between greater than 0 mm to approximately 100
mm. Preferably, the spacing between the pyrolytic boran nitride liner and the
jonising source is between about 5 to about 100 mm. In one embadiment, the
spacing between the pyrolytic boron nitride liner and the ionising source is
between about 10 to 75 mm. In a further embodiment, the spacing between the
pyrolytic boron nitride liner and the ionising source is between about 15 to 50
mm. In yet a further embodiment, the spacing between the pyrolytic boron
nitride liner and the {onising source is between about 20 to about 30 mm. These
ranges include and may be selected from the group consisting of greater than
0 mm to 100 mm, greater than 0 mm to 90 mm, greater than 0 mm to 80 mm,
greater than 0 mm to 70 mm, greater than 0 mm to 60 mm, greater than 0 mm
to 50 mm, greater than 0 mm to 40 mm and greater than 0 mmto 30 mm, 1 to
100 mm, 1 to 80 mm, 1 to 80 mm, 1 to 70 mm, 1to 60 mm, 1 to B0 mm, 1 to 40
mm and 110 30 mm, 2 to 100 mm, 2 to 90 mm, 2to 80 mm, 2 o 70 mm, 2 to
60 mm, 2 to 50 mm, 2 to 40 mm and 2 to 30 mm, 5 to 100 mm, 510 90 mm, 5
to 80 mm, 5to 70 mm, 5 to 80 mm, 5 to 50 mm, 5 to 40 mm and 5 to 30 mm,
10 to 100 mim, 10 to 90 mm, 10 to 80 mm, 10 to 70 mm, 10 to 60 mm, 10 to 50
mm, 10 to 40 mm and 10 to 30 mim, 20 to 100 mm, 20 to 90 mm, 20 to 80 mm,
20 to 70 mm, 20 to 60 mm, 20 to 50 mm, 20 to 40 mm and 20 to 30 mm, 30 to
100 mm, 30 to 90 mm, 30 to 80 mm, 30 to 70 mm and 30 to 60 mm, 40 to 100
mm, 40 fo 80 mm, 40 to 80 mm, 40 to 70 mm and 40 to 80 mm as well as
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individual values of about 10 mm, 20 mm, 30, mm, 40 mm, 50 mm, 60 mm, 70
mm, 80, mm, 90 mm and 100 mm.

[0053] The PBN liner may extend from the point defined above to be
substantially adjacent the plasma outlet or to end at any point in between,

[0054)] The present inventors have found that the maintenance of a
separation, such as is described above, between the lower end of the ionising
source and the beginning of the PBN liner provides significant lowering of the
levels of boron which are incorporated into the growing film({s) while surprisingly
providing for a useful reduction in recombinations of energetic species. Without
wishing to be bound by any particular theory i is postulated that, while it is
believed that ejection of boron atems from PBN finers occurs due {o sputtering
or etching upon contact with active plasma species, such as active nitrogen
plasma species, the extent of this sputtering or etching is greatly increased
directly in the plasma forming region encompassed by the ionising source.
Thus, lowering of the PBN liner away from this region, or indeed raising of the
jonising source to be located further above the PBN liner, results in less boron
being ejected from the liner. The location of the PBN liner separate to the
region of the plasma tube encompassed by the ionising source would, based on
the understanding in the art, be expected to decrease film quality due to an
increase in the number of surface recombinations of the active nitrogen species
occurring on the non-PBN liner portion of the plasma tube but surprisingly ithas
been found that films of high quality can still be formed under the same process
conditions as with a PBN liner which covers the entire plasma tube or atleastis
present adjacent the ionising source, that is, without the need to increase gas
flow rate or ionising source power to compensate for any loss in active plasma
species. References herein to g “partial PBN liner” will be understood to refer to
an arrangement whereby such a separation between the liner and icnising
source is used.

[0055] Preferably, the pyrolytic boron nitride liner is a removable liner. The
ability to remove the liner and replace it with a new PBN liner has significant
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advantages in operation. Firstly, it provides flexibility in that process runs can be
carried out without the use of a liner for the sake of comparison or if a
substantially boron free film is desired. Secondly, when an existing PBN liner
becomes worn or damaged it can be easily replaced with minimal downtime
and avoiding the expense of replacing the entire plasma tube as would be
required if the PBN was a permanent coating.

[0056] Suitably, the pyrolytic boron nitride liner is of a thickness in the range
0.6 mm ta 1.3 mm. Preferably, the pyrolytic boron nitride liner is of a thickness
in the range 0.7 mm to 1.1 mm. Even more preterably, the pyrolytic boron
nitride liner is of a thickness in the range 0.75 mm to 0.9 mm, for example about
0.8 mm.

{0057] These ranges include 0.6 mmto1.2mm, 0.6t 1.1 mm, 0610 1.0
mm, 0.6 mm to 0.9 mm and 0.6 to 0.8 mm, 0.7 mmto 1.2 mm, 0.7 to 1.1 mm,
0.7 to 1.0 mm, 0.7 mm to 0.9 mm and 0.7 to 0.85 mm as well as individual
values of about 0.6 mm, 0.7 mm, 0.8 mm, 0.9 mm, 1.0 mm, 1.1 mm, 1.2 mm
and 1.3 mm.

[0058] In certain embodiments, the plasma tube is formed from a material
selected from the group consisting of aluminium nitride, quartz and alumina.
This material also forms the inner surface of the first region of the plasma tube
against which the PBN liner will sit. This means that the region of the plasma
tube adjacent the ionising source, referred 1o herein as the first region, will have
an inner surface which is formed from these materials rather than PBN and so
the plasma will have collisions with one of these materials when colliding with
the inner surface. In the second region of the plasma tube, being that region of
the plasma tube having the PBN liner located adjacent its inner wall(s)/surface,
the plasma active species will, when colliding with the inner surface of the
plasma tube, collide with PBN thereby reducing the incidence of surface

recombinations and hence loss of active plasma species.
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[0059] In preferred embodiments, the ionising source is a radio frequency
(RF) source or a microwave source.

[0060] Preferably, the ionising source is in the form of an RF coil. While
other ionising sources will be known to those skilled in the art further references
harein, and in particular in relation to the figures and examples, will be to an RF
coil as the ionising source. The skilled addressee, in light of the teaching herein,
would be able to apply the present invention with standard modifications anly to
incarporate ather ionising sources.

[00861] In one embodiment, the plasma generator is an RPCVD plasma
generator. RPCVD requires growth conditions which are significantly ditferent to
those needed in alternative growth processes and which can influence the
plasma generation process. For example, MBE growth conditions are very
different to those of RPCVD particularly in terms of the growth pressure and gas
flows. MBE growth is performed at much lower growth pressures {less than 1k-
4 Torr) and uses a relatively low plasma gas flow (~a few sccm) whereas
RPCVD operates at much higher pressure {~ a few Torr) and uses much higher
gas flows (few hundred to few thousand scem). Because of these differences,
RPCVD growth process, chamber parts, plasma generation and its delivery
cannot be directly compared with those of MBE.

[0062] In one embodiment, the invention resides in an apparalus for
depositing a group IH metal nitride film on a substrate, the apparatus
comprising:

(a}  aplasma generator io generate a nitrogen plasma from a nitrogen

source the plasma generator comprising

{1 a plasma tube having a gas inlet formed in & first
end of the plasma tube and a plasma outlet formed in a second
end of the plasma tube;
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(i) an ionising source adjacent the plasma tube to
define a first region of the plasma tube and to expose that region
to an electromagnetic field to generate active plasma species;

(i) a pyroiytic boron nitride liner located adjacent the
inner walls of the plasma tube within a second region thereof, the
pyrolytic boron nitride liner not extending into the first region
beyond a distance which is greater than 20% of the length of the
first region;

{b)  agrowth chamber in which to react a reagent comprising a group
I metal with active nitrogen species derived from the nitrogen plasma
$0 as {o deposit a group HI metal nitride on the substrate; and

{cy a plasma inlet on the growth chamber to facilitate passage of
nitrogen plasma from the plasma generator into the growth chamber.,

[0063) In one embodiment, the apparatus is an RPCVD apparatus.

[0064]  Suitably, the growth chamber comprises a Group VA plasma inlet, a
Group IHA reagent inlet and a substrate holder adapted to support one or more
substrates. Preferably, the gas is nitrogen and so the Group VA plasma is a
nitrogen plasma comprising active nitrogen species. Suitably, the plasma tube
gas inlet is a nitrogen gas inlet and the plasma outlet is a nitrogen plasma

outlet.

[0085] Suitably, the Group IHA reagent is a Group A metal organic
reagent. The reagents which may be employed with the present apparatus and
method, and hence the nature of the films which can be formed, are not
particularly limited. Although the embodiments discussed herein generally
employ a nitrogen plasma and a metal organic (typically a gallium containing
metal organic such as trimethylgallium or triethylgallium} as the reagents, the
utility of the present invention is not se limited.
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[0066] Further references herein to the gas flow and plasma will refer to
nitrogen and references to the metal organic reagent will be to trimethylgallium
(TMG) or triethylgalium (TEG) thereby resulting in GaN films.

100867] In one embodiment, the growth pressure in the growth chamber is
beatween about 1 to about 10 Torr, preferably betwean about 1.5 to about 6
Torr, more preferably between about 2 to about 5 Torr, for example about 2.5,
3.0,3.50r4.0 Torr.

[0068] The ranges presented include 1 to 9 Torr, 1o 8 Torr, 1 to 7 Torr, 1
to6Torr,1toS5Torrand 1 to4 Torr, 209 Torr, 2o 8 Torr, 210 7 Torr, 210 6
Torr, 210 5 Torr and 2 to 4 Torr.

[0069] The rate of flow of gas through the gas inlet, to be converted {o
plasma, will increase with increasing deposition area or increasing numbers of
substrates. Suitable exemplary flow rates may be between about 50 scom to
about 5000 scem, preferably between about 500 scem to about 4000 scem,
more preferably between about 1000 scem o about 3000 scem, for example
about 2500 scem. It will, however, be appreciated by those skilled in the art that
the exact tlow rate required will depend upon a number of factors such as the
size of the growth chamber, the deposition area and the number of substrate
wafers on which film growth is being carried out. For example, assuming similar
chamber configurations {i.e. chamber height, geometry, ete.}, if the number of
wafers or the growth area is doubled then the flow should also approximately
double for a fixed growth rate and similar film properties. The flow ranges
described above may be suitable for an apparatus employing, for example,
seven 2-inch wafers upon which film deposition is to occur.

[0070] FIG 1 shows a perspective sectional view of one embodiment of an
apparatus for depaositing a metal nitride filro on a substrate when employing a
plasma tube with a partial PBN liner.

[0071] The apparatus 100 is an RPCVD apparatus and comprises plasma
ganarator 200, showerhead 300, plasma cavity 400 and growth chamber 500.
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The plasma generator 200 comprises a plasma tube 205 which is cylindrical in
the embodiment shown. The plasma tube 205 is preferably constructed from
aluminium nitride while quartz and alumina would also be suitable. The plasma
tube 205 has, adjacent a portion of its inner surface referred to herein as a
second region, a PBN liner 210. The plasma tube is capped at its upper extent
forming a first end into which a gas inlet 215 opens. Although not shown in the
figures gas inlet 215 will be connected to a gas supply such as a nitrogen
supply. At the lower extent or second end of plasma fube 205 there is a plasma
outlet 220 which, in the embodiment shown, is simply an open end of the
plasma tube 205 but may take a number of forms such as a constricted region
or partial filter to focus and control exiting plasma species. Such plasma outlet
designs are known in the art. A portion of the plasma tube 205, referred to
herein as the first region, is immediately adjacent or encompassed by RF coils
225 to expose that region to an electromagnetic field and forms the plasma
generating zone. It will be appreciated that the PBN liner 210 does not extend
into the first region such that it does not line a portion of the inner surface of the
plasma tube 205 which is vertically aligned or immediately adjacent the RF coils
225. Thatis, there is a vertical spatial separation between the lower end 230 of
the BF coils 225 and the beginning of the PBN liner 210. 1t is this separation of
these two components, and these two relative positions or points, which
praovides the advantages discussed herein of good quality film production with
reduced boron incorporation. It will be appreciated that in all cases the
separation may nct be a vertical separalion, that is, the plasma tube may sit
horizontally within the correct apparatus but the principle of the separation
remains.

[0072] The showerhead 300 has an upper surface 305 which is provided
with a serigs of apertures. A plurality of plasma apertures 310 are shown which
allow the passage of active nitrogen plasma from the plasma outlet 220 through
the plasma cavity to enter the growth chamber 500.
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[0073] In one embodiment, the plasma apertures 310 are provided with a
pyrolytic boron nitride sheath or coating. Preferably, the majority, more
preferably substantially all, of the plasma apertures 310 are provided with a
pyrolytic boron nitride sheath. This PBN sheath will assist in reducing the
number of surface recombinations of active nitrogen atoms which oceur during
passage through the showerhead 300.

[0074] The showerhead 300 is provided with metal organic delivery
channels 315 within its interior. These channels 315 gpen, at a plurality of
points formed in the underside of the showerhead 300, into the growth chamber
500 for delivery therein of the Trimethylgallium (TMG) or Triethylgallium (TEG).
Additional apertures 320 are formed in the upper surface of the showerhead
300 and pass through its extent. These combined with view ports on the top
plasma cavity 410 ceiling allow the operation of in-situ analysis equipment, such
as a pyrometer to monitor temperature or filmetrics to monitor film thickness,
through the showerhead 300 and into the growth chamber 500,

[0075] In one embodiment, the plasma cavity 400, which will comprise
aclive gas species in use, is defined by an upper surface of the showerhead
300, opposite to the plasma outlet of the plasma generator, at least one wall or
side wall 405 and a ceiling 410 through which the plasma outlet 220 of the
plasma generator 200 opens. Suitably, the upper surface 305 of the
showerhead 300 and the at least one side wall 405 are covered with pyrolytic
boron nitride. In one embodiment, all surfaces of the plasma cavity 400 are
coated or covered with aluminium or PBN which may be separate to or
continuous with the PBN liner 210 of the plasma generator 200. In addition to
aluminium and PBN, other materials with an ability io reduce surface
recombinations of active plasma species may also be selected for coating or
covering the surfaces mentioned above.

[0076] Growth chamber 500 is of a standard design which is well known in
the art. It comprises a substrate holder 505 on which a number of substrates
510 are located. The substrate holder 505 may be of a turm table design and so
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may be rotating at high speed throughout the deposition process. Waste is
removed via an outlet (not shown in the figures).

[0077] FIG 2 is a perspective sectional view of the apparatus for depositing
a metal nitride film on a substrate of FIG 1 but employing a constricted gas inlet
215 or extenision thereof. The embodiment of FIG 2 is substantially similar to
that of FIG 1 with one additional component and sa only the relevant parts are
discussed below. However, it will be understood that all comments made in
relation ta FIG 1 apply equally well to FIG 2.

[0078] In the embodiment shawn, the gas inlet 215 of the plasma tube ora
portion of the plasma tube 205 near the first end is constricted with respect to
the remainder of the plasma tulbe 205. In the embodiment shown in FIG 2 an
insert 600 is located in the upper extent of the plasma tube 205 and is provided
with an aperture 605 through its extent which, in use, is alighed with the gas
inlet 215. This will result in a restricted gas flow being introduced into the first
region of the plasma tube 205 adjacent the RF coils 225 for plasma generation.
Due to the velocity of the gas and the geometry forced upon the flow path the
gas will pass through the first region of the plasma tube 205 with minimal
contact with the walls of the plasma tube 205, This is a particularly
advantageous embodiment as any loss of active nitrogen atoms due to
recombination with the walls of the plasma tube 205 in the first region, where no
PBN finer is available to reduce this mechanism, is greatly minimised by flow
control to prevent the surface collisions from happening. The reduced surface
collision may also reduce the boron sputtering effects in the PBN liner and
thereby may lead to a reduction in boron impurity in GaN films grown using this
constricted geometry. Thus, the constriction of the first end is a mechanism
which may work in concert with the partial PBN liner described herein to
produce an optimal result.

[0079] As discussed, suitably the constriction takes the form of a reduced
diameter region of the gas inlet 215 or plasma tube 205 with respect {o the
diameter of the second region of the plasma tube 205. It will be appreciated,
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however, that any means of constricting the gas flow through the plasma
generating zone relative to its allowed flow capacity in the second region may
achieve the same affect.

10080] According to a second aspect of the invention there is provided a
method of generating a plasma including the steps of:

{a) providing a plasma generator comprising a plasma tube
having a gas inlet formed in a first end of the plasma tube and
a plasma outlet formed in & second end of the plasma tube,
an ionising source adjacernt the plasma tube to define a first
region of the plasma tube and to expose that region to an
electromagnetic figld to generate active plasma species and a
pyrolytic boron nitride liner located adjacent the inner walls of
the plasma tube within & second region thereof, the pyrolytic
boron nitride liner not extending into the first region beyond a
distance which is greater than 20% of the length of the first
region;

(b) supplying a feed gas through the gas inlet; and

{c) exposing the gas to an electromagnetic field within the first
region,

to thereby generate a plasma.

[0081)] In one embodiment the gas is selected from the group consisting of
nitrogen, hydrogen, ammonia, helium or any inert gas. Preferably, the gas is
nitrogen.

[0082] The method is carried out using the plasma generator as described
in relation to the first aspect and FIGs 1 and 2. Thus all of the process
conditions and apparatus and plasma generator components set outfor the first
aspect apply equally well to the second aspect and are to be taken as
described in respect to same in full.
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EXPERIMENTAL

General

[0083] In the following experiments three different PBN liner arrangements
were employed in which to grow GaN films under RPCVD conditions. The exact
same process conditions were used in each case and so the only variable was
the positioning and relative length of the PBN liner.

Process Conditions

{0084 RPCVD films were grown at 3.5 Torr with a metal organic injector
flow of 1600 scom hydrogen. Triethylgallium (TEG) was used as the metal
organic reagent at a flow of 120 scecm. The plasma nitrogen flow was 2500
scem. The plasma was generated using a 2.0 kW RF source gperating at 13.58
MHz. The growth was carried put without any showerhead between the plasma

source and the wafers. The resulting growth rate was 0.6 um/hour.

[0085] For the experimental runs, one run was performed using a full
standard PBN liner which covered the entire length of the AIN plasma tube
{labelled run 959 Boron' in FIG 3). A further experiment smployed a partial
FPBN liner with the distance between the underside or lower end of the RF coil
and the top or beginning of the PBN liner set at 10 mm (labelled run “1050
Boron® in FIG 3). Finally, an experiment was also performed using the partial
PBN liner but with the distance between the lower extent of the RF coil and the
point of the PBN liner nearest that lower extent set at 20 mm. This was
achieved by taking the RF coil in run 1050 and raising it a further 10 mm
relative to the PBN liner. This experimental run was labelled run “1052 Boron' in
FIG 3.

Results

{0086] FIG 3 is a SIMS graphical analysis of the level of boron, as an
impurity, found in GaN films produced by the three experimental conditions in
terms of PBN length and relative positioning to the end of the RF coil, as
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described above. It can be clearly seen that the concentration of boron atoms in
the GaN films grown using the apparatus and method of the present invention,
i.e. with the lower end of the RF ¢oils increasingly spaced apart from a partial
PBN liner, are significantly less than that found in the GaN film grown under
exactly the same conditions but with a full PBN liner covering all of the inner
surface of the plasma tube.

[0087] Specifically, the run using a full PBN finer (uppermost ling in FIG 3 at
0.5 pm depth) resulted in a GaN film containing significantly greater levels of
boron impurities than the other two runs. This difference in purity levels will
influence the film quality with boron reduction a desirable outcome. Run 1052
employing a 20 mm spacing between PBN liner and RF coils showed lower
levels of boron, as an impurity, in the final film relative to run 1050 having a 10
mm spacing. Therefore, up to a point, increasing spacing between liner and
coils is desirable. Both films employing the partial PBN liner (runs 1050 and
1052) were otherwise of a high quality and suitable for use in typical GaN film
applications.

[0088] This SIMS analysis indicates that separating the PBN liner from the
jonising source, as described before and shown in FIGs 1 and 2, provides for a
surprising level of reduction in the levels of baron incorporated into the grown
films. As boron impurities can negatively impact upon film quality, and hence
performance, this level of controt is highly desirable for films of extremely high
quality.

{0089] The above description of various embodiments of the present
invention is provided for purposes of description to one of ordinary skill in the
related arl. It is not intended 1o be exhaustive or to limit the invention to a single
disclosed embodiment. As mentioned above, numerous alternatives and
variations to the present invention will be apparent to those skilled in the art of
the above teaching. This patent specification is intended to embrace all
alternatives, modifications and variations of the present invention.
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CLAIMS
A plasma generator comprising:

(a)  aplasma tube having a gas inlet formed in a first end of
the plasma tube and a plasma outlet formed in a second
end of the plasma tubg;

(b}  an ionising source adjacent a first region of the plasma
tube to expose that region to an electromagnetic field to
generate active plasma species; and

(¢} a pyrolytic boron nitride liner lining the inner walls of the
plasma tube within a second region thereof,

wherein, the pyrolytic boron nitride liner does not extend into the first
region bevond a distance which is greater than 20% of the length of the
first region.

The plasma generator of claim 1 wherein the pyrolytic boron nitride liner
does not extend into the first region beyond a distance which is greater
than 10% of the length of the first region.

The plasma generator of claim 1 or claim 2 wherein the pyrolytic boron
nitride liner does not extend into the first region beyond a distance which
is greater than 5% of the length of the first region.

The plasma generaior of any one of the preceding claims wherein the
pyrolytic boron nitride liner does not extend into the first region such that
it does not line a portion of the inner surface of the plasma tube which is
adjacent the ionising source.

The plasma generator of any one of the preceding claims wherein the
pyrolytic boron nitride liner is spaced from the ionising source by a
distance of between greater than 0 mm to about 100 mm.
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The plasma generator of any one of the preceding claims wherein the
spacing is between about 2 mm to about 80 mm.

The plasma generator of any one of the preceding claims wherein the
spacing is between about 5 mm to about 60 mm.

The plasma generator of any oneg of the preceding claims wherein the
pyrolytic boron nitride liner is a removable liner.

The plasma generator of any one of the preceding claims wherein the
ionising source is in the form of an RF coil.

The plasma generator of any one of the preceding claims whergin the
plasma generator is an RPCVD plasma generator.

The plasma generator of any one of the preceding claims wherein the
gas inlet is a nitrogen inlet.

The plasma generator of any one of the preceding claims wherein the
gas inlet of the plasma tube or a portion of the plasma tube near the first
end is constricted with respect to the remainder of the plasma tube.

The plasma generator of claim 12 wherein the constriction takes the
form of a reduced diameter region of the gas inlet and/or at least a
partion of the first region of the plasma tube with respect to the diameter
of the second region of the plasma tubs.

An apparatus for depositing a group 1l metal nitride film on a substrate,
the apparatus comprising:
(a)  aplasma generatorio generate a nitrogen plasma from a nitrogen

source the plasma generator comprising:

(i) a plasma tube having a gas inlet formed in a first
end of the plasma tube and a plasma outlet formed in a second
end of the plasma tube,;
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(i) an ionising source adjacent the plasma tube to
define a first region of the plasma tube and to expose that region
to an electromagnetic field to generate active plasma species;

(i) a pyrolytic boron nitride liner located adjacent the
inner walls of the plasma tube within a second region thereof, the
pyrolytic boron nitride liner not extending into the first region
beyond a distance which is greater than 20% of the length of the
first region;

{b)  agrowth chamber in which to react a reagent comprising a group
I metal with active nitrogen species derived from the nitrogen plasma
$0 as {o deposit a group HI metal nitride on the substrate; and

{cy a plasma inlet on the growth chamber to facilitate passage of
nitrogen plasma from the plasma generator into the growth chamber.

The apparatus of claim 14 wherein the apparatus is an RPCVD
apparatus.

The apparatus of claim 14 or claim 15 wherein the pyrolytic boron nitride
liner does not extend into the first region such that it does not line a
portion of the inner surface of the plasma tube which is adjacent the
ionising source.

The apparatus of any one of claim 14 to claim 16 whergin the plasma
generator is as described in any one of claim 1 to clam 13.

The apparatus of any one of claim 14 {o claim 17 further comprising a
showerhead located between the plasma generator and the growth
chamber,

The apparatus of claim 18 wherein the showerhead comprises at least
one aperture passing through its extent through which the plasma exiting
the plasma cutlet of the plasma tube can pass through to enter the
growth chamber.
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The apparatus of claim 19 wherein the at least one aperture is provided
with a pyrolytic boron nitride sheath or coating.

The apparatus of claim 20 wherein the at least one aperture is a plurality
of aperiures the majority of which are provided with a pyrolytic boron
nitride sheath.

The apparatus of any one of claim 14 to claim 21 further comprising a
plasma cavity defined by an upper surface of the showerhead, opposite
the plasma outlet of the plasma generator, at least one side wall and a

ceiling through which the plasma outlet of the plasma generator opens.

The apparatus of claim 22 wherein at least the upper surface of the
showerhead and the at least one side walt are lined with pyrolytic boron
nitride.

A method of generating a plasma including the steps of:

(a) providing a plasma generator comprising a plasma tube
having a gas inlet formed in a first end of the plasma tube
and a plasma outlet formed in a second end of the plasma
tube, an ianising source adjacent the plasma tube to defing
3 first region of the plasma tube and o expose that region
to an electromagnetic field to generate active plasma
species and a pyrolytic boron nitride liner located adjacent
the inner walls of the plasma tube within a second region
thereof, the pyrolvtic boron nitride liner not extending into
the first region beyond a distance which is greater than 20%
of the length of the first region;

{b) supplying a feed gas through the gas inlet; and

{€) exposing the gas to an electromagnetic tield within the first
region,

to thereby generate a plasma.



WO 2015/106318 PCT/AU2015/050013

25.

26,

27
The method of claim 24 wherein the growth pressure in the growth

chamber is between about 1 to about 10 Torr.

The method of claim 24 or claim 25 when carried out using the plasma
generator of any one of claim 1 to ¢laim 13 or the apparatus of any one
of claim 14 to claim 23.



