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A MICROWAVE PLASMA REACTOR FOR MANUFACTURING
SYNTHETIC DIAMOND MATERIAL

Field of Invention

The present invention relates to a microwave plasma reactor for manufacturing

synthetic diamond material using chemical vapour deposition techniques.

Background of Invention

Chemical vapour deposition (CVD) processes for synthesis of diamond material are
now well known in the art. Useful background information relating to the chemical
vapour deposition of diamond materials may be found in a special issue of the Journal
of Physics: Condensed Matter, Vol. 21, No. 36 (2009) which is dedicated to diamond
related technology. For example, the review article by R.S Balmer ef al. gives a
comprehensive overview of CVD diamond materials, technology and applications
(see “Chemical vapour deposition synthetic diamond: materials, technology and

applications” J. Phys.: Condensed Matter, Vol. 21, No. 36 (2009) 364221).

Being in the region where diamond is metastable compared to graphite, synthesis of
diamond under CVD conditions is driven by surface kinetics and not bulk
thermodynamics. Diamond synthesis by CVD is normally performed using a small
fraction of carbon (typically <5%), typically in the form of methane although other
carbon containing gases may be utilized, in an excess of molecular hydrogen. If
molecular hydrogen is heated to temperatures in excess of 2000 K, there is a
significant dissociation to atomic hydrogen. In the presence of a suitable substrate

material, diamond can be deposited.

Atomic hydrogen is essential to the process because it selectively etches off non-
diamond carbon from the substrate such that diamond growth can occur. Various
methods are available for heating carbon containing gas species and molecular
hydrogen in order to generate the reactive carbon containing radicals and atomic
hydrogen required for CVD diamond growth including arc-jet, hot filament, DC arc,

oxy-acetylene flame, and microwave plasma.
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Methods that involve electrodes, such as DC arc plasmas, can have disadvantages due
to electrode erosion and incorporation of material into the diamond. Combustion
methods avoid the electrode erosion problem but are reliant on relatively expensive
feed gases that must be purified to levels consistent with high quality diamond
growth. Also the temperature of the flame, even when combusting oxy-acetylene
mixes, is insufficient to achieve a substantial fraction of atomic hydrogen in the gas
stream and the methods rely on concentrating the flux of gas in a localized area to
achieve reasonable growth rates. Perhaps the principal reason why combustion is not
widely used for bulk diamond growth is the cost in terms of kWh of energy that can
be extracted. Compared to electricity, high purity acetylene and oxygen are an
expensive way to generate heat. Hot filament reactors while appearing superficially
simple have the disadvantages of limited dissociation to form active species and
restriction to use at lower gas pressures which are required to ensure relatively

effective transport of their limited quantities of atomic hydrogen to a growth surface.

In light of the above, it has been found that microwave plasma is the most effective
method for driving CVD diamond deposition in terms of the combination of power

efficiency, growth rate, growth area, and purity of product which is obtainable.

A microwave plasma activated CVD diamond synthesis system typically comprises a
plasma reactor vessel coupled both to a supply of source gases and to a microwave
power source. The plasma reactor vessel is configured to form a resonance cavity
supporting a standing microwave. Source gases including a carbon source and
molecular hydrogen are fed into the plasma reactor vessel and can be activated by the
standing microwave to form a plasma in high field regions. If a suitable substrate is
provided in close proximity to the plasma, reactive carbon containing radicals can
diffuse from the plasma to the substrate and be deposited thereon. Atomic hydrogen
can also diffuse from the plasma to the substrate and selectively etch off non-diamond

carbon from the substrate such that diamond growth can occur.

A range of possible microwave plasma reactors for diamond film growth via a
chemical vapour deposition (CVD) process are known in the art. Such reactors have a

variety of different designs. Common features include: a plasma chamber; a substrate
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holder disposed in the plasma chamber; a microwave generator for forming the
plasma; a coupling configuration for feeding microwaves from the microwave
generator into the plasma chamber; a gas flow system for feeding process gases into
the plasma chamber and removing them therefrom; and a temperature control system

for controlling the temperature of a substrate on the substrate holder.

US6645343 (Fraunhofer) discloses an example of a microwave plasma reactor
configured for diamond film growth via a chemical vapour deposition process. The
reactor described therein comprises a cylindrical plasma chamber with a substrate
holder mounted on a base thereof. A gas inlet and a gas outlet are provided in the
base of the plasma chamber for supplying and removing process gases. A microwave
generator is coupled to the plasma chamber via a high-frequency coaxial line which is
subdivided at its delivery end above the plasma chamber and directed around an upper
peripheral region of the plasma chamber to an essentially ring-shaped microwave
window in the form of a quartz ring. The invention as described in US6645343
focuses on the ring-shaped microwave window and discloses that the coupling of
microwaves in the reactor chamber is distributed in a circularly symmetric fashion
over the entire ring surface of the microwave window. It is taught that because the
coupling is distributed over a large surface, high microwave power levels can be
coupled without high electric field intensities developing at the microwave window

thus reducing the danger of window discharge.

The present inventors have identified several potential problems with the coupling
configuration described in US6645343 for feeding microwaves from the microwave

generator into the plasma chamber:

(1) The upper housing section may be prone to over-heating in use due to
high temperature plasma formed in the reactor chamber. The arrangement
described in US 6645343 doesn’t address the issue of extracting waste
energy from the upper housing section. In time this wall may become
very hot leading to eventual failure of the annular window seal and of the
annular window itself. The funnel shaped coaxial line entirely surrounds

the upper portion of the chamber and so it is difficult to envisage how any
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(i)

(ii1)

(iv)

coolant could be supplied to the upper portion of the chamber in the
described arrangement.

US 6645343 mentions the possibility that the connection for supplying
process gas can face the substrate holder and can be directed
approximately centrally towards the substrate holder. However, US
6645343 does not describe any means of achieving this arrangement. As
described above, the funnel shaped coaxial line entirely surrounds the
upper portion of the chamber and so it is difficult to envisage how any
process gases could be supplied centrally to an upper portion of the
chamber and directed towards the substrate holder. The only possibility
would appear to involve feeding process gases down through the central
inner conductor of the coaxial feed. In the arrangement described in US
6645343, the inner central conductor of the coaxial feed extends from an
upper wall of the rectangular waveguide from the microwave generator to
the funnel-shaped transition area. If services such as process gases and/or
coolant are to be provided to the upper housing of the plasma chamber,
they must be contained in a relatively restricted passage within the inner
central conductor over a considerable distance.

In the arrangement described in US 6645343, the inner central conductor
of the coaxial feed extends from an upper wall of the rectangular
waveguide from the microwave generator thus providing an electrically
grounded point. Accordingly, the waveguide transition must be designed
to operate with a grounded inner conductor. One of the potential
disadvantages of this design is the requirement to make the distance
between the grounded inner conductor and the short circuit of the
rectangular waveguide to be a half guided wavelength. If not precisely
configured, this can adversely affect power coupling into the chamber.
Having the inner conductor of the coaxial waveguide electrically floating
in the waveguide is in many respects a simpler and more convenient
method of transferring power from a rectangular to a coaxial waveguide
but has the disadvantage of losing the grounded point at which services
such as water and gas can be introduced.

In US 6645343, the ring-shaped microwave window forms a portion of

the side wall of the reactor chamber between upper and lower housing
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v)

sections. As such, the ring-shaped microwave window may be placed in
compression by the overlying upper housing section which may cause
damage to the microwave window. Furthermore, it may be difficult to
easily and reliably form a vacuum seal between the upper and lower
housing sections at the ring-shaped microwave window. In order to solve
this problem it may be possible to modify the arrangement described in
US 6645343 such that the grounded inner conductor has the added
function of providing a mechanical anchor point through which tension
can be applied to resist the opposing pressure caused by the reduced
pressure inside the cavity compared to that outside. To help achieve an
effective seal it is possible to use a tensioning spring arrangement that
maintains a consistent force on the annular window and its seals.
However, this arrangement adds complexity. Furthermore, if it is desired
to use a floating inner conductor no mechanical link is possible and an
alternative must be sought.

In US 6645343, a complicated funnel-shaped coaxial line is described for
guiding the microwaves to the ring-shaped microwave window forming a
portion of the side wall of the plasma chamber. Such a complicated
waveguide structure having multiple transitions is not considered to be
desirable for optimum power handling and efficient coupling of

microwaves into the plasma chamber.

It is an aim of certain embodiments of the present invention to address one or more of

these problems.

Summary of Invention

According to certain embodiments of the present invention there is provided a

microwave plasma reactor for manufacturing a synthetic diamond material via

chemical vapour deposition, the microwave plasma reactor comprising:

a plasma chamber;

a substrate holder disposed in the plasma chamber for supporting a substrate

on which the synthetic diamond material is to be deposited in use;
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a microwave coupling configuration for feeding microwaves from a
microwave generator into the plasma chamber; and

a gas flow system for feeding process gases into the plasma chamber and
removing them therefrom,

wherein the microwave coupling configuration for feeding microwaves from
the microwave generator into the plasma chamber comprises:

an annular dielectric window formed in one or several sections;

a coaxial waveguide having a central inner conductor and an outer conductor
for feeding microwaves to the annular dielectric window; and

a waveguide plate comprising a plurality of apertures disposed in an annular
configuration with a plurality of arms extending between the apertures, each aperture

forming a waveguide for coupling microwaves towards the plasma chamber.

According to further embodiments of the present invention there is provided a method
of manufacturing synthetic diamond material using a chemical vapour deposition
process, the method comprising:

providing a microwave plasma reactor as described above;

locating a substrate over the substrate holder;

feeding microwaves into the plasma chamber;

feeding process gases into the plasma chamber; and

forming a layer of synthetic diamond material on the substrate.

Brief Description of the Drawings

For a better understanding of the present invention and to show how the same may be
carried into effect, embodiments of the present invention will now be described by

way of example only with reference to the accompanying drawings, in which:

Figure 1 shows a cross-sectional view of a microwave plasma reactor configured to

deposit synthetic diamond material using a chemical vapour deposition technique;

Figure 2 shows a plan view of a waveguide plate for use in the microwave plasma

reactor of Figure 1;
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Figure 3 shows a perspective view of the waveguide plate;

Figure 4 shows an example of how the waveguide plate and an annular dielectric

window can be arranged for insertion into a microwave plasma reactor; and
Figure 5 shows a cross-sectional view of a microwave plasma reactor illustrating an
example of how the waveguide plate and annular dielectric window can be mounted

in the reactor.

Detailed Description of Certain Embodiments

The present inventors concur with the prior art teaching that it can be advantageous to
couple microwave power into a plasma chamber for CVD diamond growth via an
annular dielectric window. However, as described in the background section, one
problem with providing such an arrangement is that the coaxial waveguide structure
required to couple microwaves though an annular dielectric window encloses a wall
portion of the plasma chamber making it difficult to provide coolant and/or process
gas to this wall portion and/or to provide mechanical support to a central inner

conductor of the coaxial waveguide.

In order to solve this problem, the present inventors have designed a new microwave
coupling configuration for feeding microwaves from the microwave generator into the
plasma chamber. The new microwave coupling configuration comprises a waveguide
plate comprising a plurality of apertures disposed in an annular configuration, each
aperture forming a waveguide for coupling microwaves from the coaxial waveguide
towards the plasma chamber. The waveguide plate further comprises a plurality of
arms extending between the apertures. The plurality of arms may define one or more
channels for supplying coolant and/or process gas. Alternatively, or additionally, the
plurality of arms may provide mechanical support for components disposed in an

axially central region.

This configuration has been found to be advantageous as it allows microwave power
to be coupled into the plasma chamber via an annular dielectric window while also

allowing of the provision of coolant and/or process gases to regions of the plasma
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chamber enclosed by the waveguide structure. As such, the arrangement solves

problems (i) and (i1) described in the background section.

In addition to the above, the waveguide plate can be configured to support the central
conductor of the coaxial waveguide. Accordingly, the central conductor can be
formed as an electrically floating post which is not required to be grounded on an
upper wall of the rectangular waveguide from the microwave generator. As described
in the background section, it has been found that an inner conductor which is
electrically floating in the waveguide is in many respects a simpler and more
convenient method of transferring power from a rectangular to a coaxial waveguide.
While in prior art arrangements, this has the disadvantage of losing the grounded
point at which services such as coolant water and process gas can be introduced,
certain embodiments of the present invention provide an alternative and much more
convenient route for supplying such services via channels in the waveguide plate. As

such, this arrangement solves problem (iii) described in the background section.

Furthermore, the waveguide plate can be configured to couple together upper and
lower portions of the plasma chamber and avoid large compressive stresses on the
annular dielectric window in use without the use of a mechanical anchor point
through a central conductor of the coaxial waveguide. Furthermore, the annular
dielectric window may comprise two opposing surfaces through which microwaves
are coupled into the plasma chamber and seals may be provided on said two opposing
surfaces. This allows for a reliable seal to be formed between upper and lower
portions of the plasma chamber and at the dielectric window. As such, this

arrangement solves problem (iv) described in the background section.

Finally, the plurality of apertures can be configured to couple microwaves into the
plasma chamber in a direction parallel to a central axis of the plasma chamber. This
allows for a more simple coaxial waveguide structure when compared with the
arrangement described in US 6645343, As such, this arrangement solves problems

(v) described in the background section.

Figure 1 shows one embodiment of a microwave plasma reactor according to an

embodiment of the present invention. The microwave plasma reactor comprises the
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following basic components: a plasma chamber 2; a substrate holder 4 disposed in the
plasma chamber for holding a substrate 6; a microwave generator 8, for forming a
plasma 10 within the plasma chamber 2; a microwave coupling configuration 12 for
feeding microwaves from the microwave generator 8 into the plasma chamber 2; and
a gas flow system comprising a gas inlet 13 and a gas outlet 16 for feeding process

gases into the plasma chamber 2 and removing them therefrom.

It should also be noted that while the microwave plasma reactor illustrated in Figure 1
has a separate substrate holder disposed in the plasma chamber, the substrate holder
may be formed by the base of the plasma chamber. The use of the term “substrate
holder” is intended to cover such variations. Furthermore, the substrate holder may
comprise a flat supporting surface which is the same diameter (as illustrated) or larger
than the substrate. For example, the substrate holder may form a large flat surface,
formed by the chamber base or a separate component disposed over the chamber base,
and the substrate may be carefully positioned on a central region of the flat supporting
surface. In one arrangement, the flat supporting surface may have further elements,
for example projections or grooves, to align, and optionally hold, the substrate.
Alternatively, no such additional elements may be provided such that the substrate

holder merely provides a flat supporting surface over which the substrate is disposed.

The microwave coupling configuration 12 comprises a coaxial waveguide 14
configured to feed microwaves from a rectangular waveguide 16 to an annular
dielectric window 18. The coaxial waveguide 14 comprises an inner conductor 20
and an outer conductor 22. The inner conductor 20 is a floating post in the illustrated
embodiment which is not attached to an upper wall of the rectangular waveguide 16
but rather terminates within the waveguide at a transition region between the

rectangular waveguide 16 and the coaxial waveguide 14.

The annular dielectric window 18 is made of a microwave permeable material such as
quartz. It forms a vacuum-tight annular window in a top portion of the plasma
chamber 2. The microwave generator 8 and the microwave coupling configuration 12
are configured to generate a suitable wavelength of microwaves and inductively

couple the microwaves into the plasma chamber 2 to form a standing wave within the
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plasma chamber 2 having a high energy anti-node located just above the substrate 6 in

use.

The microwave coupling configuration 12 further comprises a waveguide plate 24 and
supply channels 26 for supplying coolant and/or process gas. The waveguide plate is
illustrated in more detail in Figures 2 and 3. It comprising a plurality of apertures 28
disposed in an annular configuration, each aperture 28 forming a waveguide for
coupling microwaves from the coaxial waveguide into the plasma chamber. The
waveguide plate also comprises a plurality of channels 26 extending between the
apertures suitable for supplying coolant and/or process gas from an outer
circumferential region to an inner axial region. The waveguide plate may be formed
by machining a single piece of metallic material. Alternatively, the waveguide plate
may be formed from multiple components which can be connected together. For
example, the central portion of the waveguide plate could be formed of a separate
component which is connected to an outer portion in which the plurality of apertures

are disposed.

It may be noted that the waveguide plate does not comprise any apertures in a central
region thereof. It has been found to be advantageous to inductively couple
microwaves into the plasma chamber in a peripheral region of the plasma chamber
near upper corners of the chamber. Furthermore, if a central portion of the waveguide
plate is left free of microwave waveguide apertures then more space is available for
providing one or more gas inlet nozzles in a central portion opposite to the substrate
for injecting process gases towards the substrate in use. A preferred inner diameter
for the annular configuration of apertures will be dependent on the operational
frequency of reactor. For a microwave frequency f in the range 400 MHz to 500
MHz, the annular configuration of apertures may have an inner diameter no less than
500 mm, 600 mm, or 700 mm. For a microwave frequency fin the range 800 MHz to
1000 MHz, the annular configuration of apertures may have an inner diameter no less
than 250 mm, 300 mm, or 400 mm. For a microwave frequency f in the range 2300
MHz to 2600 MHz, the annular configuration of apertures may have an inner diameter

no less than 90 mm, 110 mm, or 130 mm.

10
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It is also advantageous for most of the circumference of the annular configuration to
be formed by the apertures rather than the arms disposed between the apertures. The
arms are advantageously only sufficiently large to provide support for the central
portion of the waveguide plate and for allowing process gas and/or coolant channels
to pass between the apertures. For example, the apertures may account for over 250°,
290°, 310° or 330° of the 360° circumference of the annular aperture configuration.
An upper limit of 350° may be applied or otherwise the arms become too narrow to
provide mechanical support and for allowing process gas and/or coolant channels to

pass between the apertures.

Figure 4 shows an example of how the waveguide plate and the annular dielectric
window can be arranged for insertion into a microwave plasma reactor. The annular
dielectric window 18 is disposed adjacent the waveguide plate 24 such that the

apertures 28 in the waveguide plate are aligned with the annular dielectric window 18.

Figure 5 shows a cross-sectional view of a microwave plasma reactor illustrating an
example of how the waveguide plate and annular dielectric window can be mounted
in the reactor. The same reference numerals as used in Figure 1 have been used for
corresponding parts in Figure 5. Some of the components of the reactor are not
shown in Figure 5 for reasons of clarity as Figure 5 is intended to focus on a suitable

mounting arrangement for the waveguide plate and the annular dielectric window.

In the illustrated arrangement, an outer peripheral portion 34 of the waveguide plate is
disposed between the outer conductor 22 of the coaxial waveguide 14 and a side wall
of the plasma chamber. An outer peripheral portion of the annular dielectric window
18 is disposed between the waveguide plate and the side wall of the plasma chamber.
An inner portion of the annular dielectric window 18 is held between an inner portion
36 of the waveguide plate and a further plate 38. The apertures 28 in the waveguide
plate are aligned with the annular dielectric window 18 and channels for supplying
coolant and/or process gas pass between the apertures into the inner portion 36 of the
waveguide plate. The annular dielectric window 18 may be mounted to the
waveguide plate using elastomer o-rings 32. In this arrangement the further plate 38
can be attached to the waveguide plate 24 with a portion of the dielectric window 18

disposed and held therebetween via elastomeric o-rings 32.

11
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The waveguide plate as illustrated in Figures 1 to 5 fulfils several advantageous
functions:
(1) it allows injection of coolant and/or process gases;
(i1) it supports a floating central coaxial conductor;
(ii) it forms a coupling between the upper and lower parts of the plasma
chamber;
(iv) it feeds microwaves from the coaxial waveguide into the plasma chamber;
and

(V) it supports an annular dielectric window.

Other alternative arrangements may be envisaged which will fulfil one or more of
these advantageous features. For example, in the previously described arrangement
the waveguide plate is positioned adjacent the annular dielectric window.
Furthermore, the waveguide plate is positioned between the coaxial waveguide and
the annular dielectric window. However, in an alternative arrangement the annular
dielectric window may be mounted between the coaxial waveguide and the
waveguide plate. Yet another possibility is for the dielectric window to be segmented
with each segment being mounted in a corresponding aperture within the waveguide
plate. Alternatively still, two waveguide plates may be provided with an annular
dielectric window sandwiched therebetween. Yet another possibility is to locate the
waveguide plate further up the coaxial waveguide so that it is spaced apart from the
annular window. In such an arrangement, the waveguide plate may form a ring

comprising a plurality of apertures disposed within the coaxial line.

In the illustrated embodiment, the plurality of apertures in the waveguide plate are
configured to couple microwaves into the plasma chamber in a direction parallel to a
central axis of the plasma chamber. In this arrangement, the waveguide plate is
disposed in a plane perpendicular to a central axis of the plasma chamber and forms a
portion of an upper wall in the plasma chamber. However, the waveguide plate could
be located within a coaxial waveguide which couples microwaves into a side wall of
the plasma chamber in a modified version of the arrangement disclosed in US
6645343, That said, such an alternative is considered to be an inferior solution as it

has been found that coupling microwaves into the plasma chamber in a direction

12
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parallel to the axis of the chamber is more efficient and avoids the need for a more
complex coaxial feed configuration. As such, even if channels for coolant and/or
process gas are not provided in the waveguide plate, and/or no floating post is
provided, the waveguide plate according to the present invention is still advantageous

for coupling microwaves into the plasma chamber in an efficient and simple manner.

The plurality of apertures are preferably configured to have a periodic rotational
symmetry. For example, if n apertures are provided, the apertures are configured
symmetrically around a circle to have n fold rotational symmetry. A symmetric
arrangement is preferred to avoid asymmetries in the electric field within the plasma
chamber formed as a result of asymmetries in the apertures. That said, it is also
envisaged that it may be possible to introduce small asymmetries in the aperture
configuration without unduly affecting the uniformity of the electric field in the
plasma forming region above the growth surface of the substrate or otherwise
compensate for non-uniformities in the apertures using, for example, mode cancelling

blocks which are discussed later in this specification.

The annular dielectric window as previously described is formed of a single complete
ring of dielectric material. However, in an alterative arrangement the annular
dielectric window may be formed of a plurality of separate arcuate segments, each

segment sealed across a corresponding aperture of the waveguide plate.

In the previously described arrangement, the waveguide plate comprises an outer
peripheral portion which is disposed between the outer conductor of the coaxial
waveguide and an outer wall of the plasma chamber. Furthermore, the waveguide
plate comprises a central portion which extends across the plasma chamber. The
central portion of the waveguide plate extends across the plasma chamber at an end
opposite to an end at which the substrate holder is disposed and the inner conductor
forms a floating conductor supported by the central portion of the waveguide plate.
However, it is envisaged that the waveguide plate may also be used with a grounded
inner conductor while still avoiding the requirement to supply coolant and/or process

gases down the central coaxial conductor.

13
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In one configuration the one or more channels extending between the apertures in the
waveguide plate comprise at least one channel configured to supply process gas to
one or more injection ports arranged opposite the substrate holder for injecting
process gas towards the substrate holder. This configuration allows an axial gas flow
arrangement to be disposed at the same end of the chamber as the microwave
coupling configuration. Alternatively the microwave coupling configuration may be

disposed at the same end of the plasma chamber as the substrate holder.

A central portion of the waveguide plate can support a conductive surface disposed
opposite the substrate holder. The conductive surface may be formed by the
waveguide plate or may be formed by a separate metallic body which is connected to
a central portion of the waveguide plate. One or more gas inlet nozzles may be
disposed in the conductive surface for injecting process gas towards the substrate
holder. In one configuration, the conductive surface is curved and extends towards a
central region of the plasma chamber. For example, the conductive surface may form
a cone-shaped body. Such a conductive surface is useful as it can aid in preventing
plasma formation in an upper region of the plasma chamber. Effectively, the
conductive surface can mask off a high electric field region in use. That is, the
conductive surface can be located to enclose a high electric field anti-node region
which would exist in a corresponding chamber which did not comprise the conductive

surface extending towards a central region of the plasma chamber.

The conductive surface may form a bowl of uniform curvature, a pointed cone, or any
intermediate conical structure. In one preferred arrangement, the conductive surface is
a conical surface. The conical surface most preferably has a rounded tip. The conical
surface may be configured to be approximately orthogonal to the electric field vector
of the resonance mode of the cavity thereby minimizing perturbations in the electric
field as a result of the introduction of the conical body into the resonance cavity. It is
possible to eliminate a high electric field anti-node without unduly affecting the basic
electric field profile in a lower part of the chamber by placing a conductive metal
surface orthogonal to the electric field in the region of an upper high electric field
anti-node to effectively eliminate the upper high electric field region. While the
resonant frequency of the chamber should not be unduly altered, the Q factor of the

chamber will reduce due to a reduction in the stored energy in the cavity while the

14
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energy dissipated per cycle remains the same or increases slightly with the increased

surface area.

The cone-shaped conductive surface can extend up to one quarter wavelength of the
plasma chamber. Placing the cone-shaped conductive surface at the driven end of the
chamber where the microwaves are coupled into the chamber ensures that the phase
of the reflected wave is correct with respect to the conductive surface. The
waveguide plate according to embodiments of the present invention allows a cone-
shaped conductive member to be conveniently supported in a central region at the
driven end of the chamber with microwaves being coupled into the chamber around a
peripheral region of the cone shaped conductive member via the apertures in the
waveguide plate. An alternative possibility is to place the cone-shaped conductive
surface at the non-driven end (i.e. at an end of the chamber where microwaves are not
coupled into the chamber) resulting in an arrangement where the annular dielectric
window is positioned around the substrate although this arrangement could lead to
damage of the dielectric window. One advantage of locating the cone-shaped
conductive surface and the annular dielectric window at the same end of the plasma
chamber is that the cone-shaped conductive surface can form an annular recess in the
plasma chamber and the annular dielectric window can be disposed in said recess.

This arrangement aids in protecting the annular dielectric window in use.

The waveguide plate may include 2, 3, 4, 5, 6, 7 or more apertures. It has been found
that varying the number of apertures can affect the efficiency at which microwaves
are coupled into the plasma chamber. According to certain arrangements, the
waveguide plate comprises an odd number of apertures, most preferably a prime
number of apertures. For example, the waveguide plate may comprise 3, 5, or 7

apertures.

Each aperture is in effect equivalent to a rectangular waveguide. A three way
aperture can help to maximize the length of the aperture. Four and six way
alternatives have both been found to be deficient from the point of view of mode
stability. Despite the presence of several apertures, the power can be predominantly
coupled into the cavity in a TMoms mode. There are effects from the symmetry of the

apertures visible in the form of the generation of high order modes i.e. TMym, (Where

15
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1 does not equal zero). Thus a three way aperture in which all three apertures are
excited in phase will couple to the TMsp, series of modes while the four and six way
apertures might be expected to couple with the much higher order TMgm, and TM2mn
modes. In practice however, the four and six way apertures are prone to parasitic
modes. Thus a four or six way aperture can couple into the TM,p, modes. Overall the
effect is that the four and six way apertures can produce asymmetries in the plasma
that result in either the plasma moving off centre or splitting two ways. The three way
aperture gives a stable three way pulling effect that is less undesirable than the more
serious one way and two way break-up modes that occur with other configurations.
Instabilities can be dealt with using mode cancelling blocks which are basically metal
bodies that produce a perturbation to the local electric field that is intended to cancel
that of the three way mode produced by the apertures. The position of these metal
blocks can be established empirically. By placing them in regions of high wall
current (i.e. where the H field is high) the blocks can be used to disrupt the unwanted
mode. As such in one arrangement a plurality of mode cancelling blocks are disposed
on an inner wall of the plasma chamber, for example on a side wall or on a base of the
chamber, the mode cancelling blocks being configured to compensate for
electromagnetic perturbations caused by the plurality of apertures. The mode
cancelling blocks are spaced apart so as to be symmetrically related to the aperture
configuration. For example, the number of mode cancelling blocks may be equal to
the number of apertures provided in the waveguide plate, the mode cancelling blocks
being positioned to have a symmetry which corresponds to the aperture arrangement.
For example, if three apertures are provided in the waveguide plate then three mode
cancelling blocks may be mounted around the plasma chamber wall in a lower portion
of the plasma chamber and arranged symmetrically so as to cancel perturbations in the
electric field caused by the apertures. Alternatively, the number of mode cancelling
blocks may be an integer multiple of the number of apertures while still being
arranged to be symmetrically related to the aperture configuration. The mode
cancelling blocks can be adhered to an inner wall of the plasma chamber or may be
integrally formed by a wall of the plasma chamber. Another possible alternative to
the three way aperture is to use a five or seven way aperture. Because these are prime
numbers they are resistant to over-moding with lower order two way modes etc. In

this case the mode cancelling blocks may not be required.
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It is further advantageous to supply microwave energy to a plasma chamber via
apertures having a specific radial width. A ratio of the annular gap (in a radial
direction) provided by the apertures in the waveguide plate to that of a diameter of the
plasma chamber may be in the range 1/10 to 1/50, 1/20 to 1/40, 1/25 to 1/35, or
optionally approximately 1/30. This annular gap may be provided by locating the
apertures adjacent the side wall of the plasma chamber with the outer conductor of the
coaxial waveguide being comparable in diameter to the diameter of the resonance
cavity of the plasma chamber and the inner conductor being only slightly smaller than
the outer conductor to achieve a ratio as previously specified for the annular gap. By
varying the ratio of the diameters of these two conductors it is possible to find an
optimum point at which a match to the chamber is achieved. In an alternative
arrangement, the apertures may be placed away from the side walls of the plasma
chamber, e.g. at an intermediate position between the centre and an edge of the top

plate.

2%
2

It should be noted that while terms such as “top”, “base”, “upper” and lower” are used
in this specification when describing the plasma reactor, it is possible to invert the
reactor. As such, these terms refer to the location of the reactor components relative
to each other and not necessarily their location relative to the earth. For example, in
standard usage, the substrate will be supported by the base of the chamber which will
form the lower wall of the chamber relative to the earth. However, it is possible to
invert the reactor such that the base of the chamber supporting the substrate will form
the upper wall of the chamber relative to the earth.  In the inverted orientation gas
flow towards the substrate may be parallel to principle thermally driven convection
currents (which are in an upwards direction due to the large amount of heat generated

in the plasma which is below the substrate in an inverted arrangement). This inverted

arrangement may have some benefits for certain applications.

Embodiments of the present invention improve uniformity in a CVD diamond growth
process. Improvement in uniformity can be measured by one or more of the
following parameters: thickness uniformity of a CVD diamond film (across the
deposition area); uniformity of one or more quality parameters of the diamond
material (e.g. colour, optical properties, electronic properties, nitrogen uptake, boron

uptake, and/or boron activation level); in polycrystalline diamond material, uniformity
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of texture, surface morphology, grain size, etc...;

2

or in single crystal diamond
material where growth takes place on an array of single crystal diamond substrates on
a substrate carrier, uniformity of thickness, morphology, edge twinning, lateral
growth, etc..., between each single crystal. The key parameters chosen for assessing
uniformity depend on the synthesis process, the economics of fabricating the final

product from the synthesis product, and the requirements of the final product itself.

While this invention has been particularly shown and described with reference to
preferred embodiments, it will be understood to those skilled in the art that various
changes in form and detail may be made without departing from the scope of the

invention as defined by the appendant claims.
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Claims

1. A microwave plasma reactor for manufacturing a synthetic diamond material
via chemical vapour deposition, the microwave plasma reactor comprising:

a plasma chamber;

a substrate holder disposed in the plasma chamber for supporting a substrate
on which the synthetic diamond material is to be deposited in use;

a microwave coupling configuration for feeding microwaves from a
microwave generator into the plasma chamber; and

a gas flow system for feeding process gases into the plasma chamber and
removing them therefrom,

wherein the microwave coupling configuration for feeding microwaves from
the microwave generator into the plasma chamber comprises:

an annular dielectric window formed in one or several sections;

a coaxial waveguide having a central inner conductor and an outer conductor
for feeding microwaves to the annular dielectric window; and

a waveguide plate comprising a plurality of apertures disposed in an annular
configuration with a plurality of arms extending between the apertures, each aperture

forming a waveguide for coupling microwaves towards the plasma chamber.

2. A microwave plasma reactor according to claim 1, wherein the waveguide

plate comprises an odd number of apertures

3. A microwave plasma reactor according to claim 2, wherein the waveguide

plate comprises a prime number of apertures

4. A microwave plasma reactor according to claim 3, wherein the waveguide

plate comprises 3, 5, or 7 apertures.

5. A microwave plasma reactor according to any preceding claim, wherein the

waveguide plate is positioned adjacent the annular dielectric window.
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6. A microwave plasma reactor according to any preceding claim, wherein the
waveguide plate is positioned between the coaxial waveguide and the annular

dielectric window.

7. A microwave plasma reactor according to any preceding claim, wherein the
annular dielectric window is positioned between the coaxial waveguide and the

waveguide plate.

8. A microwave plasma reactor according to any preceding claim, wherein the
annular dielectric window comprises two opposing surfaces through which
microwaves are coupled into the plasma chamber and seals are provided on said two

opposing surfaces.

9. A microwave plasma reactor according to any preceding claim, wherein the
plurality of arms define one or more channels for supplying coolant and/or process

gas.

10. A microwave plasma reactor according to claim 9, wherein the one or more
channels comprise at least one channel configured to supply process gas to one or
more injection ports arranged opposite the substrate holder for injecting process gas

towards the substrate holder.

11. A microwave plasma reactor according to any preceding claim, wherein the
plurality of apertures are configured to couple microwaves towards the plasma

chamber in a direction parallel to a central axis of the plasma chamber.

12. A microwave plasma reactor according to any preceding claim, wherein the

plurality of apertures are configured to have a periodic rotational symmetry.
13. A microwave plasma reactor according to any preceding claim, wherein the

waveguide plate comprises an outer peripheral portion which is disposed between the

outer conductor of the coaxial waveguide and an outer wall of the plasma chamber.

20



WO 2012/084659 PCT/EP2011/072823

14. A microwave plasma reactor according to any preceding claim, wherein the
waveguide plate comprises a central portion which extends across the plasma

chamber and is supported by the plurality of arms extending between the apertures.

15. A microwave plasma reactor according to claim 14, wherein the central
portion of the waveguide plate extends across the plasma chamber at an end opposite

to an end at which the substrate holder is disposed.

16. A microwave plasma reactor according to claim 14 or 15, wherein the inner
conductor forms a floating conductor supported by the central portion of the

waveguide plate.

17. A microwave plasma reactor according to any one of claims 14 to 16, wherein
the central portion of the waveguide plate supports a conductive surface disposed

opposite the substrate holder.

18. A microwave plasma reactor according to claim 17, wherein the conductive
surface is located within the plasma chamber over a high electric field anti-node
region which would exist in a corresponding plasma chamber which did not comprise

the conductive surface.

19. A microwave plasma reactor according to claim 17 or 18, wherein the

conductive surface is cone-shaped.

20. A microwave plasma reactor according to claim 19, wherein the cone-shaped

conductive surface comprises a rounded tip.
21. A microwave plasma reactor according to claim 19 or 20, wherein the cone-
shaped conductive surface forms an annular recess in the plasma chamber and the

annular dielectric window is disposed in said recess.

22. A microwave plasma reactor according to any preceding claim, wherein a

plurality of mode cancelling blocks are disposed on an inner wall of the plasma
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chamber, the mode cancelling blocks being spaced apart so as to be symmetrically

related to the aperture configuration.

23. A microwave plasma reactor according to any preceding claim, wherein a ratio
of an annular gap provided by the apertures in the waveguide plate to that of a
diameter of the plasma chamber is in the range 1/10 to 1/50, 1/20 to 1/40, 1/25 to
1/35, or is approximately 1/30.

24, A method of manufacturing synthetic diamond material using a chemical
vapour deposition process, the method comprising:
providing a microwave plasma reactor according to any preceding claim,;
locating a substrate over the substrate holder;
feeding microwaves into the plasma chamber;
feeding process gases into the plasma chamber; and

forming a layer of synthetic diamond material on the substrate.
25. A method according to any one of claim 24, wherein the microwave plasma

reactor is inverted whereby a base of the plasma chamber supporting the substrate

forms an upper wall of the plasma chamber relative to earth.

22



