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Abstract

The unique properties of CVD diamond make it a compelling choice for high power electronics.
In order to achieve industrial use of CVD diamond, one must simultaneously obtain an excellent
control of the film purity, very low defect content and a sufficiently rapid growth rate. Currently,
only microwave plasma-assisted chemical vapour deposition (MPACVD) processes making use
of resonant cavity systems provide enough atomic hydrogen to satisfy these requirements.

We show in this paper that the use of high microwave power density (MWPD) plasmas is
necessary to promote atomic hydrogen concentrations that are high enough to ensure the
deposition of high purity diamond films at large growth rates. Moreover, the deposition of
homogeneous films on large surfaces calls for the production of plasma with appropriate shapes
and large volumes. The production of such plasmas needs generating a fairly high electric field
over extended regions and requires a careful design of the MW coupling system, especially the
cavity.

As far as MW coupling efficiency is concerned, the presence of a plasma load represents a
mismatching perturbation to the cavity. This perturbation is especially important at high
MWPD where the reflected fraction of the input power may be quite high. This mismatch can
lead to a pronounced heating of the reactor walls. It must therefore be taken into account from
the very beginning of the reactor design. This requires the implementation of plasma modelling
tools coupled to detailed electromagnetic simulations. This is discussed in section 3.

We also briefly discuss the operating principles of the main commercial plasma reactors
before introducing the reactor design methodology we have developed. Modelling results for a
new generation of reactors developed at LIMHP, working at very high power density, will be
presented. Lastly, we show that scaling up this type of reactor to lower frequencies (915 MHz)
can result in high density plasmas allowing for fast and homogeneous diamond deposition on up
to 160 mm diameter surfaces.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

The significant progress made on CVD diamond synthesis
these last few years, especially with respect to purity and
crystalline defect content [1-5], generated new interest in this
material for a large number of applications. However, CVD
diamond production at high growth rates and on large areas
remains a critical prerequisite for industrial usage. In this
respect, reactor performance plays an essential role.

The first part of this paper is dedicated to the influence
of the deposition process parameters, and more particularly

0953-8984/09/364202+16$30.00

the MWPD, on the production rate of the growth species and
CVD diamond growth kinetics. From these results, a number
of recommendations that would hopefully enable one to obtain
simultaneously large growth rates and high film quality can be
made.

The second part of this paper deals with the design of
plasma reactors that make use of a resonant cavity. We present
a detailed methodology based on microwave engineering and
plasma modelling and which allowed us to develop microwave
plasma reactors that operate in a very stable fashion at very

© 2009 IOP Publishing Ltd  Printed in the UK
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high MWPD. This new generation of plasma devices prevents
overheating of the reactor walls and other system components.

2. CVD diamond growth key parameters

CVD diamond growth is a complex process, the full
description of which is rather difficult. It requires knowing the
gas composition in front of the growing surface and describing
the details of surface kinetics including adsorption—desorption,
abstraction and migration phenomena. The complexity of the
surface structure made up of steps and terraces and subject
to reconstruction processes has also to be taken into account.
Although there is currently no model that describes all aspects
of CVD diamond growth, some simplified approaches do
provide an understanding of the influence of some deposition
process parameters on some features of the growth kinetics.
The model proposed by Harris and Goodwin [6-8]
describes the growth of CVD diamond in a very simple way.
This model assumes that diamond growth involves only two
species, H and CH3, and five reactions. The diamond growth
proceeds by incorporation of growth units consisting of methyl
radicals. This incorporation is made possible by the creation of
open sites available for growth (denoted Cd*). This is ensured
by the abstraction of the hydrogen atoms chemisorbed on the
diamond surface. The main abstraction process is induced by
H atoms generated in the gas phase and results in the formation
of H, molecules. The CHj radical can be adsorbed on the
site opened by the abstraction process. It then undergoes
subsequent abstraction reactions to become fully integrated
in the diamond lattice. From this simplified kinetic scheme,
where the fundamental roles of atomic hydrogen emerge, it
is possible to derive an expression for the growth rate Gyjop)
of {100} diamond planes which depends on the H and CHj3
surface concentrations (equation (1), see [6—8] for notation) :

ns< ky >[CH3]s [HI
ki + ko i—;+[H]S ’

Giooy = k3 (D

nq
We have developed two plasma models to compute the gas
phase concentrations of H and CHj3 as a function of the
deposition parameters (pressure, microwave power, methane
concentration). These model results were then used to infer
the effect of the process parameters on the CVD diamond
growth kinetics. The first model is a 2D self-consistent
plasma model [9, 10] that accurately describes all the
physico-chemical phenomena taking place in a pure hydrogen
microwave plasma (electromagnetic coupling, energy transfer,
chemistry and transport). It yields the spatial distribution of
all relevant plasma properties, such as atomic hydrogen and
electron densities, gas and electron temperatures, microwave
power density, etc, for an axisymmetrical reactor geometry.
Figure 1 shows the evolution of the distribution of these
quantities, in our laboratory reactor (described in section 3.4
below), for a working pressure that ranges from 50 to 300 mbar.
The MW power has been adjusted at each pressure so as to
maintain a constant plasma volume. We first observe that the
power is deposited non-uniformly in the plasma. An enhanced
power deposition is especially obtained near the substrate

surface. This phenomenon, which was previously described
in [11], is the consequence of the Poynting vector distribution
around the plasma that leads to a radial penetration of the
microwaves in the discharge.

We also notice that the electron temperature drops from
15000 to 10000 K within this pressure range. This is due
to the increase in electron—heavy species collision frequency
which results in an enhanced energy transfer from the electron
to heavy species with a subsequent increase of the gas
temperature that varies from 2200 to 3600 K. Considering the
contributions of the different reactions to the H production
rate, one can show that, at low pressure, H is mainly produced
by direct electron-impact dissociation (e~ + Hy, — e~ 4 2H)
while it is mainly produced by thermal dissociation of H,
molecules (H, + H — 3H) at high pressure [11], as can be
seen in figure 2(a). This result clearly shows that the large
increase in atomic hydrogen density at high pressure is linked
to the rise of gas temperature that varies by more than 1400 K.

As far as CHj production is concerned, we used
a 1D model that describes the coupled phenomena of
chemistry, energy transfer, species and energy transport in
a hydrogen/methane plasma. The model takes into account
28 species and 130 reactions [12]. It requires some input
data related to the process control parameters, the collision
frequencies and the transport coefficients. It assumes that
the microwave power density distribution is similar to the
one obtained for pure H, plasma using the 2D self-consistent
model. The results showed that CH3 production at low pressure
takes place in the plasma bulk. Its kinetics is governed by
H-atom concentration (through the reaction CH; + H+ M <
CH,4 + M, M being a third body; cf figure 2(b)).

At high pressure, CH3 production is still due to CHy
dissociation through collisions with H atoms, via the reaction
CH; + H = CHjs + H,. It mainly takes place very close
to the surface (see the inset in the right panel of figure 2(b)).
In fact, the production rate of CHj3 also depends on the
gas temperature. An optimal CHj3 production is obtained
for gas temperature values in the range 1200-2200 K. Such
a temperature range corresponds, for the working pressure
considered here, to a plasma region that is located no more than
a few millimetres above the substrate surface, as illustrated in
figure 3.

For the LIMHP reactors used for monocrystalline diamond
deposition (cf figure 19), we plotted the evolution of the
operating point in terms of H-atom and CHj-radical surface
concentrations, as introduced by Goodwin [8], for different
pressure and input power discharge conditions. This diagram,
represented in figure 4, shows the lines of constant growth rate
and quality (cf equation (1)). The film quality is defined as
the sp, defect density that is proportional to Gyiooy/ [H]g [8].
Different diamond deposition processes can be compared
using this kind of map. Using our modelling results, it
is possible to follow the operating point of our deposition
process as a function of the working pressure and the methane
concentration. For 1% methane in the feed gas, the increase
of the pressure from 50 to 300 mbar leads to a three orders
of magnitude increase of the atomic hydrogen concentration
at the surface and one order of magnitude increase of CHj
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Figure 1. From left to right, spatial distributions of microwave power density (MWPD), electron density (N.), electron temperature (7;), gas
temperature (7) and atomic hydrogen density ([H]) for a pure hydrogen plasma ignited inside the LIMHP reactor (cf figure 19), for different
working pressures, obtained from our self-consistent H-only plasma model (MWPD, N, and [H] are shown on a logarithmic scale). For each
working pressure, the MW power was tuned so as to maintain a constant plasma volume.

concentration. This results in a growth rate of several tens
of um h~! at 300 mbar. Also, it is worth mentioning that
increasing methane concentration at high pressure leads to a
significant increase of the growth rate without compromising
the film quality.

The methane concentration that can be used in the process
described here cannot exceed an upper limit of about 10%.
This limit is imposed by the occurrence of soot formation
at high methane concentration, which can deteriorate the
film quality, thus leading to a strong decrease in the process
performance. The process map shows all the advantages
of working at the highest possible pressure. This allows
increasing simultaneously the growth rate and the film quality.
As a practical example, we have achieved deposition of high
purity films at a growth rate exceeding 70 umh~' when
working at high pressure (>400 mbar) [13].

However, the use of high power density plasmas often
leads to a strong heating of the reactor metallic walls. It
may also damage the quartz window at the top of the reduced
pressure vessel where the plasma is ignited. The reactor

must therefore be carefully designed to provide stable process
conditions at high microwave power density and over long
deposition times.

In summary, we can see that the use of MW as
the production means for atomic hydrogen is especially
advantageous for several reasons. First, MW plasmas promote
high gas temperatures (>3200 K) as needed for an efficient H
production by thermal dissociation of H,, unlike for example
hot filament sources which are limited to around 2500 K.
Second, as we will see in section 3 and illustrated by
figure 4, MW reactors allow for design flexibility which can be
used to improve plasma homogeneity over large surfaces and
simultaneously obtain large growth rates. The careful design
steps needed to achieve such reactor performance will be the
main topic of the remainder of this paper.

3. Microwave plasma reactor design

Unlike for most other materials, plasma-assisted CVD requires
relatively high pressures in the case of diamond. For this
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Figure 2. Axial balance of (a) atomic hydrogen and (b) CH; radicals for working pressures of 50 mbar (left) and 300 mbar (right), derived
from the 1D H,/CH,4 model. These results were obtained with 4% methane concentration in the feed gas.

reason, diffusion phenomena are limited and it is necessary to
produce the plasma (and therefore the associated high electric
field region) near the deposition substrate. Moreover, the
high gas temperatures and the large thermal conductivity of
hydrogen yield large heat fluxes at the reactor walls which
must be dealt with. Hence, resonant electromagnetic cavities
with appropriate field structures are used for the construction
of diamond deposition microwave plasma reactors.

3.1. Basic principles of MW plasma reactors based on
resonant cavities

One of the first advantages of this type of cavity comes
from the resonance phenomenon itself. Indeed, when an
electromagnetic cavity is excited at its resonant frequency
(which depends on the geometry and dielectric content), it can
hold a much higher electric field, thus providing easier plasma
ignition. Another advantage of a resonant cavity resides in the
electric field structure, which can be appropriately chosen to
promote a high electric field in the low pressure region where
the plasma is to be ignited without using electrodes. The skill
in designing plasma reactors resides in matching the electric

field structure so as to locally enhance the field strength in front
of the substrate and to obtain the largest possible region with
an enhanced and uniform field. A major difficulty is due to
the presence of the plasma load that perturbs the cavity tuning
and which must be taken into account from the beginning. We
will come back later to the challenge of anticipating the cavity
mismatch due to the plasma, particularly at high pressure.

There are two resonance mode types, TE and TM,
depending on whether the electric or magnetic field,
respectively, is orthogonal to the cavity axis. The boundary
conditions on the cavity metal walls impose zero tangential
components for the electric field, which forces the field to
be normal to the surface. Consequently, transverse electric
modes cannot have high electric field regions in contact with
the metallic walls (cf figure 5), which means that the ignited
plasmas will not be in contact with the substrate holder.

For this reason, transverse magnetic modes are often used
in plasma reactor design and in particular TM,,,, modes are
the most suitable. The first index for the mode number (here 0)
indicates that the electric field structure is axisymmetric, which
will yield a circular plasma. The indices m and n represent
the number of electric field maxima (or lobes) in the radial
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Figure 3. Evolution of the CH; density (full symbols, left-hand
scale) and of the gas temperature (empty symbols, right-hand scale)
axial profiles obtained for the LIMHP reactor (cf figure 19) from the
1D H,/CH, model. The methane concentration is kept fixed at 4%
and the pressure ranges from 50 to 300 mbar. The dotted line
indicates the threshold temperature of 2200 K, below which CHj;
radicals can form. Note that, for each discharge condition,
production of CHj starts when the gas temperature decreases below
the threshold value of 2200 K.

and axial directions, respectively. Figure 6 shows the structure
of TMy;,, modes with the m index ranging from 1 to 3, and
for the n index varying from O to 3. The modes surrounded
by a red dashed line have been used for the design of various
reactors [9, 14-22], some of which will be described below.

3.2. MW cavity coupling techniques

In this section, we will address MW cavity coupling
techniques, by which the selected resonant mode is excited
and MW energy can be efficiently transmitted from the power
supply to the plasma load. One must make sure that the
exciting field, either electric or magnetic, possesses at least
one component that is similar to the field of the cavity mode
that we wish to excite. We can differentiate between the
electric coupling usually performed through an antenna, and
the magnetic coupling that can be achieved with either a
magnetic loop or slots. Let us first examine the case of
electric coupling. Figure 7 shows the electric field structure
of the TMy,, resonant cavity mode by itself and the structure
of the resultant cavity field excited by an antenna through a
coaxial port. We clearly see the continuity of the electric field
between the antenna and the cavity, and we can observe that
the resonance mode is efficiently excited. This is the most
commonly used coupling technique found in commercial MW
plasma reactors.

Let us now consider magnetic coupling for MW cavities.
Magnetic coupling, achieved via magnetic loops positioned
on the cavity side walls (in order to make the magnetic field
induced by the coil oriented in the same direction as the
magnetic field of the cavity mode to be excited), is rarely used
because of the limited power that can be coupled. Indeed, the
power being carried by a coaxial cable cannot exceed about
100 W. This technique was improved by the use of slots, which
allows for larger power coupling and avoids the use of coils
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—+—1% CH,

1E-8 4"

a

[CH,] (mole/cm’)

1E-9 4

1E-10 4 .

1E-11 —r
1E-11

1E-10 1E-9 1E6

[H] (mole/em®)

Figure 4. Process map in [CH;]-[H] space showing the operating
ranges of the main CVD diamond growth processes (from [8]). The
evolution of the operating point of the LIMHP reactor (cf figure 19)
as a function of working pressure (from 50 to 300 mbar) and methane
concentration (from 1 to 8%) has been added.

that cause some perturbations of the local electric field inside
the cavity.

Another example of a cavity system is the one shown in
figure 8. It uses the TMy;, resonant mode. The coupling
is achieved with a toroidal waveguide, the length of which
is an integer number of guided wavelengths (4 in this case).
The waveguide is connected to the cavity through slots. This
reactor is commercialized by the IPLAS Company [23]. EM
simulations show that the TMy;, mode is excited effectively
inside the cavity. The magnetic field distribution depicted in
figure 9 gives an understanding of how the cavity is coupled.
The magnetic field in the waveguide switches from clockwise
to counterclockwise rotation every half-wavelength. The
openings along the waveguide are located so as to select the
sections where the magnetic field in the waveguide rotates in
the same direction as the magnetic field of the cavity mode to
be excited.

An essential element associated with both electric and
magnetic coupling schemes is the dielectric window. It is
generally made of quartz and delimits a reduced pressure zone
inside the cavity. It is easy to understand the need for such
a window by observing the electric field distributions shown
in figures 7 and 8. In the absence of such a window, all of the
cavity will experience the same pressure and the plasma will be
ignited in the regions with high electric field that are generally
located near the coupling element that transfers the power from
the excitation field to the cavity mode (near the antenna in
figure 7 and along the slots in figure 8). This is, of course,
often not desirable. The use of the quartz window allows us to
properly select a single region of maximum electric field in the
reduced pressure zone (near the substrate surface). The plasma
can be ignited only in this region and the formation of parasitic
plasmas can be avoided.

From a purely electromagnetic standpoint, there are three
main design steps to a resonant cavity microwave plasma
reactor. These are: (i) the choice of the resonant mode with
an appropriate electric field structure, (ii) the choice of the
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Figure 5. Example showing the electric field distribution of TE and TM modes (here, TE,;, on the left and TMy,, on the right) in a cylindrical
cavity. For each mode, we represent iso-surfaces of field strength and a vector plot in the cavity longitudinal cut plane.
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Figure 6. Details of the electric field distribution in TMy,,,, cylindrical cavity modes, for m and n indices ranging respectively from 1 to 3 and
from O to 3. The cavities were dimensioned so that their resonant frequencies remain identical and are to scale. Modes surrounded by a red

dashed line have already been used for reactor design [9, 14-22].

coupling structure (which can be either electric or magnetic)
and (iii) the choice of the dielectric window (shape and
location). The main commercial reactors used for diamond
deposition have been designed according to the principles
above.

3.3. Overview of the main MPACVD diamond growth reactors

The various MPACVD reactors can be differentiated according
to the resonance mode chosen, the coupling technique and the
shape and location of the quartz window used.

In the case of the reactor shown in figure 7, the reduced
pressure zone is inside a quartz bell jar. This is positioned so
as to have only the lower maximum field lobe of the cavity
mode inside the low pressure zone. Figure 10 illustrates the
different steps of this designing principle for this bell jar type
reactor initially designed at Michigan State University [15, 16].
Figure 10(d) shows the spatial distribution of H-atom density
obtained at 200 mbar as predicted from the simulations of this
cavity using the self-consistent model discussed previously.
Because the reactor dimensions used in the simulations were
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Figure 7. Illustration of the resonant cavity electric coupling technique, with excitation from an antenna. The mode considered here is TMy;,
for a cylindrical cavity, with its field structure shown on the left. The antenna is introduced at the top of the cavity through a coaxial port
(right) and produces an intense electric field in the direction common with the mode field structure.

Figure 8. Illustration of the magnetic coupling technique for resonant cavities, through the use of slots, here arranged along the cavity vertical
wall with a toroidal waveguide. The mode considered in this example is TMy,, for a cylindrical cavity. The waveguide length is an integer
number of guided wavelength (here 4) and the slots are positioned every other half-wavelength. The quartz window in this reactor consists of
a tube located inside the cavity to avoid plasma ignition at the slot’s location. This reactor is developed commercially by the IPLAS

Company [23].

roughly estimated from the paper published by the group
at MSU, this simulation should be considered only as an
illustrative example. This will also be the case for the other
commercial reactors considered in this paper.

One of the most commonly used plasma reactors is the
ASTEX system (now called SEKI) which makes use of a
TMy;3 mode and an antenna coupling system [17]. The
peculiarity of this reactor comes from its dielectric window,
which is a plate that is positioned far from the plasma in order
to prevent overheating (cf figure 11).

The last generation of ASTEX reactor uses a non-
cylindrical cavity [14]. This reactor presents several
peculiarities. The main mode excited in this cavity is the
TMj;; mode, as imposed by the central cylindrical component.
However, we also find secondary radial lobes which are related
to a TM,; mode type (cf figure 12). This cavity is therefore
a multimode cavity. The microwaves are injected from the
bottom of the cavity (cf figure 12). The dielectric window, here
a quartz tube, is not directly exposed to the plasma, which gives

this reactor excellent power handling capabilities. Plasma
modelling shows that the discharge is quite extended in size,
which can be explained by the peculiar field structure in this
cavity.

Another example of a reactor with a non-cylindrical
cavity is the AIXTRON reactor, developed at the Fraunhofer
Institute [24, 25], which uses an ellipsoidal cavity. Despite
its large dimensions, this innovative cavity shape has the
advantage of showing only two main field maxima, located at
the foci of the ellipsoid (cf figure 13).

Figure 14 shows how the TMy;, field distribution from a
cylindrical cavity evolves when the cavity transitions from a
cylindrical to an ellipsoidal geometry. The sequence of three
field maxima along the cylindrical cavity axis is transformed
into two main maxima located at the foci separated by a
smaller secondary maximum for the ellipsoidal cavity. The
reactor cavity mode can thus be similarly derived from the
cylindrical TMy3¢ resonance mode. Generally, the transition
from a cylindrical cavity to an ellipsoidal cavity results in the
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Figure 9. Details of the magnetic field distribution in a transverse cut
plane for the cavity from figure 8, showing the magnetic coupling
principle. The cavity openings are chosen to only select the
waveguide sections where the magnetic field is rotating in the same
direction as the cavity field, thereby exciting the resonance mode.

weakening of all the field maxima except the two maxima
located at the foci.

From the practical point of view, the coupling in the
ellipsoidal cavity is achieved through an antenna at one of
the foci while the plasma is ignited at the other focus. This
configuration allows for a large quartz bell jar which moves
the quartz walls away from the plasma, as shown in the plasma
simulation of figure 13.

3.4. Influence of the plasma on cavity behaviour

We have discussed the principles of plasma reactor design from
a purely electromagnetic point of view. However, the electric
field structure inside the cavity also depends on its dielectric
content, namely the plasma load. In this section, we follow the
analysis made in [10] to examine the incidence of the presence
of such a complex dielectric medium on the cavity behaviour.
As with any other isotropic medium, an electromagnetic
wave propagating in a plasma is transverse (i.e. E and H
are orthogonal to the wavevector k). If one neglects the

collisions between particles, the dispersion relation for a wave
propagating at a frequency f = w/2m, in a non-magnetized
homogeneous plasma with electron density 7., is given by

0* = wi + kP with w, =

where wp is the plasma frequency, c¢ the speed of light, m.
and e the electron mass and charge respectively, and gy the
vacuum permittivity [26]. We can then introduce the plasma
permittivity ep (through the phase velocity vp, = ¢/ /ep =
w/k):

ep = eo(1 — (0p/w)°). 3)

This relationship allows us to define the critical electronic
density, at a given frequency, called the cutoff plasma density,
for which the plasma permittivity vanishes:

ne = eomea)z/e2. 4)

For a frequency of w/2mr = 2.45 GHz, the critical density n,
is equal to 7.45 x 10'° cm™> (this density becomes 1.04 x
10" ecm™ at 915 MHz). If one now takes into account
electron—neutral collisions, through the collision frequency v,
the plasma permittivity can be written as

(1-%575)
Ep = & 1

C1+i(v/w)
where v can be approximated for a pure hydrogen discharge
with 102 (P(mbar)/ Tgxy) [16]. The previous expression can be
rewritten to emphasize the real and imaginary parts of &p:

&)

ep=¢o(e' —ie) =¢ (l —M>
P = &0 0 T+ (/o)
. [ (W/w)(wp/w)?
- (W) ©

The wavenumber k is related to plasma permittivity through
the following expression:

K = ki (ep/e0)- (7

An electromagnetic wave will propagate in a plasma over long
distances (i.e. with relatively little damping), if n. < n., or

1l

Figure 10. Different design steps for a microwave plasma reactor (example of the MSU reactor [15, 16]): (from left to right) choice of the
cavity mode (TMjy,); introduction of the MW coupling system; introduction of the dielectric window (quartz bell jar) and modelling of pure

H, plasma at 200 mbar obtained with our self-consistent model.
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Figure 11. Illustration of the design principle for the ASTEX reactor using a TMy;3 resonant mode (left panel). The coupling is provided by
an antenna and the dielectric window is a quartz plate located approximately at the cavity mid-plane [17] (central panel). In the rightmost

panel, we present modelling of a 200 mbar H, plasma.

Figure 12. Illustration of the design for the second-generation ASTEX reactor [14], which makes use of a non-cylindrical resonant cavity.
The main cavity mode is TMy;; (central lobes, shown by the blue dashes in the centre of the left panel), as imposed by the central cylindrical
component. Note also the secondary radial field maxima (side lobes, indicated by red dashes), typical of a TM,; mode (cf figure 6). In the
right panel, we show modelling of a 200 mbar H, plasma.

Figure 13. Illustration of the AIXTRON reactor design exploiting an ellipsoidal resonant cavity [24, 25]. The electric field structure in this
cavity shows two very pronounced maxima at the two ellipsoid’s foci, corresponding to the power coupling and plasma ignition locations,
respectively. In the rightmost panel, we show modelling of a 200 mbar H, plasma.

9
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Figure 14. Evolution of the electric field structure for modes TMy, and TM36 from cylindrical (left) to ellipsoidal (right) cavities. The side

graphs indicate the axial profiles of electric field strength.
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Figure 15. Evolution of the MW skin depth (in cm) at 2.45 GHz in a plasma (left) and of the power reflection coefficient (right) as a function
of the (wp/w) and (vy/w) ratios (following [10]). The location of the operating point of the LIMHP reactor (cf figure 19), as a function of
pressure, computed from the modelling results shown in figure 1, is also featured in the graphs. These values were calculated considering a
point near the centre of the plasma discharge, along the cavity axis and 20 mm above the substrate surface. (a) Skin depth (cm) at 2.45 GHz

and (b) power reflection coefficient.

equivalently if Re(k) > Im(k). In the case where n. > n. (one
then speaks of an over-dense plasma and Re(k) < Im(k)), the
wave amplitude is damped as exp[Im(k)z]. The skin depth of
the wave in the plasma (6) is then defined as [10]

8 = —1/Im(k) (8)

which is determined only by the ratios wp/w and v/w. For the
MW plasmas of interest here, these parameters range typically
from 1 to 5. Figure 15(a) shows the evolution of the MW skin
depth at 2.45 GHz (or a wavelength of 12.2 cm) as a function of
these ratios, as computed from equations (6) and (8). We note
that typical skin depths are of the order of a few centimetres,
which is consistent with the order of magnitude of the obtained
plasma sizes. Indeed, a much smaller skin depth would prevent
the penetration of the wave inside the plasma, while a larger

10

skin depth would mean that the MW would cross the plasma
without depositing any power within it.

Simulation results obtained from our self-consistent model
and yielding the (wp, vy, N) quantities allow us to compute
the plasma dielectric properties (8, &', €”), which are reported
in figure 16, for plasmas of 50 and 200 mbar pressure,
respectively. We notice that the total particle density N is
much smaller at the plasma centre, as a direct consequence of
the discharge temperature distribution (cf figure 1). This also
explains the much smaller collision frequency in the discharge
core. The plasma frequency distribution is, however, directly
linked to the electron density distribution (cf figure 1 and
equation (2)). The ratios wp/w and v/w provide us with
the MW skin depth inside the plasma, as the pressure varies
from 50 to 300 mbar (we have considered here a location
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Figure 16. From left to right, spatial distribution of total particle density (N), (vy/w) and (wp/w) ratios, and of the normalized real (¢") and
imaginary (¢”) parts of the plasma dielectric constant, in the LIMHP reactor (cf figure 19), at 50 (top row) and 200 mbar (bottom row), as

determined from the plasma model (cf figure 1).

at the centre of the plasma along the reactor axis, 20 mm
above the substrate surface). We see (cf figure 15) that the
skin depth varies from 26 to 14 mm as the pressure is raised.
The modelling results also allow us to compute the real and
imaginary parts of the plasma dielectric constant ep, which are
shown in figure 16 (at 50 and 200 mbar). The imaginary part
of ep, responsible for the MW absorption by the plasma, varies
from 1.2 at 50 mbar to nearly 2.8 at 200 mbar pressure.

The plasma can also reflect part of the incident MW power.
The reflection coefficient R, defined as the ratio of the reflected
power to the incident power, can be written as a function of the
wavenumber k [10]:

2

ko — k . ©)

ko + k

Pr
=3

With the help of equations (6) and (7), it is possible to
determine the variations of R as a function of the (wp/w) and
(v/w) ratios as shown in figure 15(b). Plasma modelling results
give us the evolution of the reflection coefficient as pressure is
increased from 50 to 300 mbar (at the centre of the plasma
discharge, 20 mm above the substrate surface).

We find that the reflection coefficient remains small
(below 20%) for pressures less than 200 mbar and increases
considerably at higher pressures to reach 27% at 300 mbar.
One must, however, emphasize that the relationship for R
as given in equation (9) assumes an abrupt transition from
‘vacuum’ to the full plasma density while a more realistic
ramp-up of the electron density strongly reduces the reflected
power, as suggested by experimental results (where we see
almost no reflected power even at high MWPD).

The plasma presence also modifies the cavity resonant
frequency [27]. This mismatch becomes more and more
pronounced as the power density is raised, i.e. when the
electron density is increased.
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In order to illustrate this effect, let us examine the case
of the LIMHP first-generation reactor, designed in 1990. It is
also a bell jar type reactor with a TMyy3 cavity mode as shown
in figure 17. The choice of this resonance mode allows for
the use of a relatively wide cavity (here 250 mm diameter),
which is very useful for the implementation of spectroscopic
plasma diagnostics that require, in some cases, several large
access windows (four for CARS spectroscopy [21] or two
for absorption spectroscopy [28]). At that time, we did
not yet have the numerical tools described in this paper.
This reactor was therefore tuned semi-empirically, through a
relatively long and cumbersome trial-and-error process. We
nevertheless observe a relatively good correlation between the
electric field structure in the empty cavity and the plasma
shape obtained at low pressure (25 mbar), when the plasma
load does not represent a strong perturbation to the cavity
behaviour. However, when we increase the microwave power
density, the cavity tuning becomes more and more difficult
to achieve and the reflected power, partially compensated
through an impedance matching system, causes more and more
pronounced heating of all the metallic walls, as shown by the
thermal imaging presented in figure 18. This heating, which
becomes detrimental for pressures above 150 mbar, is mainly
linked to the cavity detuning due to the plasma load which had
not been anticipated during the reactor design.

It is to circumvent these heat load problems that we
designed a new reactor, dedicated to higher power density
operations in 1994. The quartz bell jar of the first version
reactor, difficult to cool, was replaced with a window located at
the top of a TMy;, cavity, which allowed us to keep the plasma
diagnostic capabilities of the reactor. The MW coupling to the
cavity is achieved via a circular waveguide segment at the top
of which the MW is injected by an antenna (cf figure 19). The
lower part of the cavity is made of a movable metallic plate
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Figure 17. LIMHP bell jar reactor designed in 1990: (left) TMy,3 cavity mode; (centre) electric field distribution inside the coupled cavity
with its substrate holder and quartz bell jar; (right) photograph of an H, plasma at 25 mbar and 600 W power.

x

Figure 18. Thermal imaging of the bell jar reactor from figure 17, working respectively at 50 mbar (left) and 200 mbar (right) pressures. The

highest temperature recorded at 200 mbar lies above 60 °C.

(in good electric contact with the vertical wall of the cavity),
which enables modifying the geometrical size of the cavity and
its matching. The substrate holder can be moved vertically,
independently of the plate position. In order to improve the
reactor heat load management, the cavity and the coupling
system are entirely water-cooled through a double wall. Lastly,
particular attention was paid to the quality of the vacuum in
this device in order to improve the quality of the diamond films
deposited.

This reactor can deliver high power density plasmas (cf
figure 1), with an efficient thermal management which limits
the overheating of the reactor wall. It is particularly well suited
to the deposition of high purity monocrystalline diamond
films [3], since in addition to the care taken about the vacuum
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quality inside the vessel, the plasma is relatively far from
the reactor walls and the quartz window, thereby limiting
potential contamination of the films. This reactor, however,
still suffers from two main limitations. The first comes from
the relatively small dimensions of the plasma which does not
allow for deposition of diamond films homogeneously enough
over surfaces larger than 40 mm in diameter. Secondly, even if
the heat load problems are treated through an efficient cooling
of all the walls, we still have a significant cavity mismatch at
high power density. Although it is possible to modify the cavity
geometry so as to considerably reduce the reflected power, the
heating observed on certain parts of the waveguide and the
coupling structure indicates that the MW design of the reactor
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Figure 19. LIMHP stainless steel reactor designed in 1994: (left) TMy,, cavity mode; (centre) electric field distribution inside the coupled
cavity with its substrate holder and quartz window; (right) photograph of an H, plasma at 100 mbar.
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Figure 20. Design and optimization methodology for MW plasma reactors used at LIMHP, relying on electromagnetic modelling coupled to

self-consistent plasma modelling.

is not optimized and that the energy efficiency of the deposition
process can be still improved.

In conclusion, the strong coupling between the MW
electric field distribution and the plasma requires a self-
consistent treatment in order to optimize the reactor design and
to obtain large size plasmas operating steadily at high MWPD.

3.5. MW plasma reactor design methodology

We have developed a methodology aiming at improving the
microwave design of plasma reactors in order to facilitate
stable operation for long deposition times at high power
density. This method is detailed in figure 20. After having
chosen the resonance mode, the coupling structure and the
dielectric window (geometry and location), one proceeds with
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the cavity dimensioning with the help of an electromagnetic
solver in order to get a cavity resonance at 2.45 GHz, while
ensuring a large electric field zone in front of the substrate
holder. One then solves for the plasma inside this cavity, with
the help of our self-consistent model, yielding the shape and
composition of the plasma, as well as the cavity detuning. If the
results are not satisfactory, the cavity dimensions are modified
and the process is iterated. This optimization is made under
high MWPD (i.e. high pressure) discharge conditions, since
correcting for detuning at low power density is usually not a
problem.

We have recently undertaken such an optimization
procedure on our first-generation LIMHP bell jar reactor in
order to be able to use the reactor at higher power density.
This study was motivated by the fact that reactors of the
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Figure 21. Optimization of the first-generation LIMHP bell jar reactor, following figure 20 (three left panels). The plasma shape coming from
the self-consistent model is in perfect agreement with the experimental results (rightmost panel; pressure: 200 mbar).

a)

b)

75 mm

c)

Figure 22. Evolution of the plasma shape and homogeneity (modelling of the atomic hydrogen distribution at 200 mbar) for the different
generations of LIMHP reactors: (left) stainless steel reactor (1994), (centre) second-generation bell jar reactor (2007) [29], (right)

third-generation reactor (2008).

bell jar type have a major advantage when one wishes to
use doping impurities (such as boron or phosphorus) during
growth in order to provide the deposited diamond material
with semiconductor properties. Indeed, the use of boron
contaminates irreversibly the reactor walls and it is then almost
impossible to deposit new intrinsic diamond films even after
a single exposure of the reactor to this sort of contamination.
Moreover, ideally, one reactor per doping level is required
if one wishes to obtain reproducible diamond films with
controlled properties. In the case of bell jar type reactors, it is,
however, possible to considerably reduce these memory effects
by simply changing the quartz bell.

To achieve higher power operation, we have increased
the diameter of the quartz bell jar to move the quartz walls
away from the plasma. We also modified the cavity geometry
to obtain higher power density plasma with a better radial
homogeneity. The results shown in figure 21 confirm that
the homogeneous plasma shape obtained experimentally is in
perfect agreement with our self-consistent model predictions.
This new bell jar reactor, which demonstrated excellent
performance for working pressures as high as 200 mbar and
good handling of heat fluxes to the walls, is now commercially
available through the PLASSYS Company [29].
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We have since developed a new generation of reactor at
LIMHP yielding large area plasmas, working stably at very
high MWPD. In addition to the attention devoted to the MW
and plasma reactor design (cavity and MW coupling system
optimization), we also paid particular attention to the handling
of heat loads in the reactor (optimization of the cooling of the
reactor’s sensitive components) and to the shape and location
of the quartz window. We show in figure 22 modelling results
exhibiting the significant improvements obtained, both with
respect to the shape and homogeneity of the plasma. The
first tests performed on our prototype, at 300 mbar pressure
over long deposition times (several days), have confirmed the
homogeneity of the deposited films over a 3 inch diameter
surface and exhibited excellent thermal load handling.

In order to increase plasma dimensions beyond 3 inches,
it is necessary to lower the excitation frequency. Indeed, the
size of plasma ignited in a resonant cavity is about half the
MW wavelength, i.e. about 6 cm at 2.45 GHz. This dimension
increases to 16 cm when the frequency is lowered to 915 MHz.
Scaling up the reactors at low frequency therefore allows one to
develop devices able in theory to deposit diamond on surfaces
up to 6 inches in diameter.

Plasma modelling results for this ‘scaled-up’ prototype
working at 915 MHz are reported in figure 23. They show the
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Figure 23. Evolution of the plasma shape (modelling of the atomic hydrogen distribution at 200 mbar) for the third-generation LIMHP
reactor (cf figure 22) scaled up to 915 MHz (right). The figure is to scale.

distribution of atomic hydrogen that can be obtained in such
a device. This reactor, which is currently being built in our
laboratory, should allow us to grow diamond films on surface
areas up to 160 mm in diameter.

We see in this figure that, at a pressure of 200 mbar and for
optimal and stable working conditions, the atomic hydrogen
density obtained at 915 MHz is almost two times higher
than that obtained at 2.45 GHz. However, the MW power
density in the low frequency plasma case is significantly much
reduced. Indeed, the plasma volume ratio between 915 MHz
and 2.45 GHz is of the order of (160/75)3, i.e. about a factor of
10, if we assume a hemispherical plasma. The ratio of injected
powers being 4.3, we get a power density approximately two
times smaller at low frequency. Details about this surprising
result (doubling of the atomic hydrogen density while halving
the MWPD) will be given in a forthcoming paper.

The ratio of plasma diameters obtained at 915 MHz and
2.45 GHz is not exactly proportional to the ratio of excitation
wavelengths (2.13 instead of 2.68). It is rather a function of the
skin depths that characterizes the plasma obtained at the two
frequencies (3.5 cm at 2.45 GHz versus 8.5 cm at 915 MHz).

To conclude, plasma excited at 915 MHz can deposit
diamond on a surface area up to 4.5 times larger than plasma
excited at 2.45 GHz, in conditions favourable to faster growth
and better film quality. Low frequency plasma processes are
therefore, from a purely economic and industrial point of view,
much more interesting.

4. Conclusion

In this work, we have shown the importance of working at high
pressure in order to obtain simultaneously high growth rates
and high film quality.

We have also proposed a work methodology, based on
careful electromagnetic and plasma modelling, that yields high
density, large area plasmas. However, important heat fluxes
to the walls linked to the use of high power density plasma
require efficient cooling of sensitive reactor components and
optimization of the microwave coupling structure as well as
the shape and location of the dielectric window inside the
cavity. The substrate holder must also be carefully designed
to provide precise control of the surface temperature, which
becomes particularly challenging at high pressure.

15

This methodology was successfully used in our laboratory.
It allowed us to obtain reactors that work stably, at high
pressure (300 mbar), and that can deposit homogeneous
films over up to 75 mm diameter surfaces, at 2.45 GHz.
The first tests undertaken on a prototype fully validated the
predictions made by our plasma model. Scaling up to 915 MHz
has revealed the potentialities of low frequency reactors for
industrial uses. Such a new device is currently being built
in-house and experimental tests of the modelling need to be
performed in order to definitely state the advantages of low
frequency operation.
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