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Growth features of micro- and nanocrystalline diamond films on rotating

high-aspect substrates
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As a result of E--field modeling (COMSOL Multiphysical), the functions of the main conducting platform of

the microwave reactor were expanded by combining it with a ring-shaped evanescent waveguide that ensures

substrate rotation. In this geometry, twelve-layer micro- and nanocrystalline diamond films were deposited on a

four-tooth end mill Ø12mm made of VK-6 alloy (WC+6%Co). The temperature regime of uniform heating of

the milling cutter during rotation was determined. The structure, chemical and phase composition of the substrate

and the synthesized coating were studied using scanning electron microscopy, X-ray fluorescence analysis and

Raman spectroscopy in areas equidistant from the end of the cutter with a step of 5mm over a length of 25mm.

The proposed geometry of the microwave path of the reactor ensured a favorable concentration of the E--field

and uniformity of the temperature in the substrate area. Data on grain sizes and line intensities of diamond and

ordered graphite demonstrate both uniformity of the diamond film thickness and an increase in the proportion of

microcrystalline diamond compared to nanocrystalline diamond with distance from the end. It is shown that the

coating at all points is under elastic compressive stresses increasing from the cutter tip from 0.7GPa at the end to

1.2GPa at a distance of 30mm, reaching a maximum value of 3.1GPa at a distance of 20mm.
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Introduction

Great progress achieved in the diamonds synthesis

in 1980 [1] demonstrated a successful deposition of diamond

films on the non-diamond substrates by method of chemical

vapor-phase deposition (CVD) with a hot filament (HF)
at a rate of 0.8−1.5 µm/h. In 1990 [2] the first non-

diamond films were fabricated by method of microwave

plasma-chemical vapor-phase deposition (MP CVD), and

no later than in 2009 using MP CVD method with CVD

for diamonds synthesis at a pressure of 300 kPa [3] the

record rate of 165 µm/h was reached, which in 2010 was

near 250 µm/h [4]. Such rapid progress has also been made

with regard to the diamond films quality [5–10].

This material has gained so much interest because of

a large number of applications in the aerospace and

defense industries, in particular for wear-resistant tools for

highly efficient processing of materials. Further expansion

of high-quality diamond coatings fabrication using CVD

method and on large areas remains the most important

prerequisite for their industrial application. In this regard,

the performance of a plasma reactor for specific substrate

sizes is of particular importance. Currently, only chemical

vapor-phase deposition processes using microwave plasma

with a resonant cavity system, provide high performance

due to a sufficient amount of atomic hydrogen [11].

As is known, with a large deposition surface, it is

necessary to create plasma with a high power density under

a strong electric field in the resonant cavity zone. This can

be achieved only with effective UHF communication from

the source to the substrate. In some cases, an inconsistent

plasma load may cause disturbance of the cavity at a very

high reflected fraction of the input power [12], and such

a discrepancy can lead to pronounced heating and even

burning of the walls of the reactor waveguide [5,13]. The

aspect ratio of a substrate (the ratio of critical dimensions),
which determines its shape, also indirectly affects the

geometry of the structural elements of waveguides in CVD

plasma reactors for depositing the mono- and polycrystalline

diamond films [5,13–16]. This is true for both, the flat-

surface (2D) substrates as wafers [17], and to spatial (3D)
shapes [16].
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Formation of a microwave plasma is sensitive to the

geometry of the substrate due to the edge effect, since

plasma is concentrated in areas of electric field distortion,

especially at the edge of an extensively protruding part,

thus causing a non-uniform deposition of the diamond film.

The detrimental effect of local microwave field on the

temperature rise is aggravated by an increase in the aspect

ratio of the substrate [15,18]. Carbide drills and cutters here

may serve as an example. Temperature uniformity becomes

a critical condition determining the possibility of successful

growth of a diamond film on high-dimensional substrates.

In the study [19] an original design of an evanescent

waveguide (EW) was proposed, which makes it possible

to implement the CVD deposition mode, eliminating direct

heating of low-dimensional (with a small height-to-diameter

ratio) substrates in a microwave plasma reactor. Due to

transition to indirect heating, mainly from plasma radiation,

the edge effect was significantly reduced, which provided

protection of the substrates from overheating [20]. At the

same time, the inconsistency in the dimensions of the

substrate and the conducting platform provided a great

potential for effectively using the platform area if grown

on a high-dimensional substrate.

In papers [22,23] an original design of a substrate holder

was suggested, making it possible to provide a uniform

deposition, excluding direct heating of low-dimensional

substrates in a microwave plasma reactor. The transition to

indirect heating in the ethereal region of plasma dramatically

reduced the edge effect and protected the substrates from

overheating, resulting in coatings with uniform morphology

both, in the central region and on the periphery, which

is consistent with computations of plasma power density

in the evanescent waveguide [21,22] using optical emission

spectroscopy (OES).

The synthesis of MP CVD diamond coatings on high-

dimensional substrates is also of scientific and practical

interest in the field of implantology, as it deals with

improvement of biocompatibility and extension of service

life of implants for fracture healing, joint replacement and

bone replacement. Many of the aforesaid implants in terms

of geometry represent the solids of revolution [23–25].

Earlier it was reported about the study of a micro-

nanocrystalline diamond film grown on a high-dimensional

model from a calibrated KFM-39 alloy bar (Konrad Micro

Drill 128 (Kulmbach, Germany)) in microwave plasma [26],
however, insufficient attention was paid to modeling of

E-field of UHF reactor resonator system (2.45GHz) for

conducting a stable process of plasma activation and growth,

as well as to modeling the cutter heating to obtain the

desired morphology, topography and texture on the cutting

surface, formed directly on a carbide tool of complex

shape during rotation. In this paper, an in-depth study of

these issues was conducted in order to better understand

the self-consistent excitation and steady burning of plasma

at reduced UHF power and to clarify the role of the

temperature effect of CVD growth on structural changes

in micro- and nanocrystalline (MCD/NCD) diamond films

on the cutting edges of WC−6%Co carbide cutter.

1. Materials and methods

Preparation and growth on high-dimensional substrates

were performed based on a schematic diagram for fab-

rication of diamond films on WC−Co [20] alloy. The

controlled surface of the milling cutter was chemically

etched with Murakami and Caro reagents to prevent cobalt

diffusion at the temperature of coating deposition. A barrier

layer of tungsten with a thickness of 600 nm between the

substrate and the diamond film was deposited by method of

magnetron sputtering. Figure 1 illustrates the photo of the

cutting edge of D12CH0.25x12s12x75 Z4RR cutter before

CVD growth after cobalt etching with Murakami and Caro

reagents and after deposition of W and MP CVD growth in

a mixture of CH4/H2 gases, as well as the image of REM

microstructure after preliminary treatment.

Etching was performed in an ultrasonic bath in a

cylindrical plastic container in a 70 ml reagent mixture at

a temperature of 20−29◦C. For this, the sample was dipped

in the center to the very bottom, where the ultrasound

intensity is higher and the etching solution is better mixed.

Each time the temperature gradually increased from 20

to 29◦C. Etching time in Murakami reagent — 12min,

in Caro reagent — 90 s. X-ray fluorescence (RFlA)
analysis was performed by exciting the energy dispersion

spectra of characteristic X-ray radiation at an accelerating

voltage at the cathode of 18 kV, the spot area for analysis

was 60−200 µm2. Concentration of basic elements in

WC+6%Co carbide in atomic percentage according to RFlA

on the energy-dispersive spectrometer
”
X-MAX“ (

”
Oxford

Instruments“) is given in Table 1.

As can be seen, during 12min of etching in Murakami

mixture and during 1.5min of etching in Caro mixture the

near-surface concentration of cobalt in BK-6 sample (� 2)
decreased 20-fold down to 0.25 at.%. Chemical composition

analysis both on the cutting edge and on the top of the

milling cutter showed similar results.

2. Results and discussion

2.1. Modeling of E-field of resonator system of a
UHF reactor

Initially, when modeling E-field of the resonator system

of UHF reactor with a high-dimensional UHF substrate, the

plasma reactor contained an axisymmetric sealed working

chamber [12]. A flat platform was installed inside the

chamber, coaxially with it, forming a radial microwave

waveguide with the inner end surface of the working

chamber. The central part of the waveguide is ended

with a resonant cavity. The microwave energy source is

connected to the platform and the working chamber by a

coaxial cone-shaped waveguide, the base of the inner cone

Technical Physics, 2024, Vol. 69, No. 12
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a

b c
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Figure 1. General view of the cutter edge surface (a) before the film growing by CVD method (the circle indicates the region studied

using methods of raster electron microscopy (REM) and X-ray fluorescence analysis (RFlA)); b — after cobalt etching; c — after tungsten

deposition; d — after MP CVD growth. The images of REM microstructure after etching (e) and tungsten deposition (f).

Table 1. Concentration of carbon, tungsten, cobalt and oxygen in WC+6%Co alloy according to RFlA data, energy-dispersive

spectrometer
”
X-MAX“ (

”
Oxford Instruments“)

Sample of WC+6%Co,
Concentration

Concentration
Concentration

Concentration

concentration of elements,
carbon, at.%

tungsten,
cobalt, at.%

oxygen,

at.% at.% at.%

Before etching 62.17 20.09 5.11 12.63

After etching 76.56 16.98 0.25 6.2

of the waveguide is connected to the platform, while the

base of the outer cone (in a common plane) with the base

of the inner cone is attached to the chamber’s cylindrical

wall (Fig. 2, a). In general, the geometric proportions of a

cone-shaped waveguide correspond to the ratio

ln(tgα/ tg β) = lnA/B = H/B, (1)

where α and β — the angles of inner and outer cones

with a common vertex, A — inner radius of cylindrical

part of the chamber, B — platform radius, H — distance

from the platform to the interior surface of the working

chamber. Calculations of the E-field for the chamber of the

ARDIS-100 reactor with a modified resonator geometry by

introducing an EW allowed us to simulate a self-consistent

resonance in the region of plasma excitation with a EW

without a substrate and E-field in the resonant zone with

a high-dimensional substrate. In the first case, the field

concentration is released in the substrate area from the

passive side of plasma emission. The reverse displacement

of the field in this case can lead to burnout of coaxial

waveguide. The mentioned cases are given in Fig. 2, a, b.

Computations of E-field for the chamber of ARDIS-100

reactor with the resonator geometry modified by increasing

the radius of the conducting platform made it possible to

simulate a self-consistent resonance in plasma excitation

region without a substrate and E-field in the resonant zone

with the introduction of a substrate. In contrast to the

previously considered case, the field concentration in the

Technical Physics, 2024, Vol. 69, No. 12
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Figure 2. Computations of E-field for the chamber of ARDIS-100 reactor with modified resonator geometry: a — self-consistent

resonance in the region of plasma excitation with an EW without a substrate; b — E-field in resonance zone with high-dimensional

substrate; upper insert window shows the field concentration in the substrate area on passive side of plasma emission; c — computations

of E-field for chamber of ARDIS-100 reactor with the resonant cavity geometry modified by increasing the radius of conductive platform,

self-consistent resonance in the area of plasma excitation without a substrate; d — E-field in the resonance zone with a substrate, the

insert window illustrates the field concentration in the substrate area on the passive side of plasma emission.

substrate region (Fig. 2, d, insert) moves to the active side

of plasma emission and surrounds the milling cutter along

the perimeter.

Designations taking into account the introduced changes

are given in Fig. 2, a, c, d, where B1 — the rated radius

of EW; B2 — rated radius of the major conducting

platform; H1 — distance from EW to the interior surface

of the working chamber. As can be seen, in order to

ensure a self-consistent resonance when a h high EW

is introduced in plasma excitation region, which leads to

lower distance from the EW to the working chamber

inner surface, and provided condition (1) is met, it is

Technical Physics, 2024, Vol. 69, No. 12
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necessary to match the dimensions of UHF reactor and

the conducting platform (B2). The matching radius of the

conducting platform (B2) was confirmed experimentally by

monitoring the heating temperature during growth on a

high-dimensional WC+6%Co milling cutter and subsequent

investigation of MCD/NCD microstructure of the diamond

film.

2.2. Modeling WC+6%Co cutter heating in the
UHF-reactor during CVD-deposition of the
diamond coating with rotation

Earlier it was reported about the study of a

micro-nanocrystalline diamond film grown on a high-

dimensional model from a calibrated KFM-39 bar in

microwave plasma [26]. In this paper, the heating of a

WC−6%Co carbide end cutter was simulated to evaluate

the temperature effect of plasma heating on structural

changes in MCD/NCD diamond film deposited on the

cutting edges of the milling cutter and its chip removal

grooves.

The modeling was carried out in ANSYS program with

the model breakdown into finite elements. The model itself

if a four-teeth end milling cutter (Ø12mm) inserted into

a molybdenum holder simulating the EW which protrudes

h = 15mm above the conducting platform. To insert and

orient the deposited part of the cutter the EW has a

d = 13.5mm hole, matched with the cutter diameter. The

diameter of hole in EW (molybdenum ring) was taken equal

∼ λ/2 and 2/3λ (52 and 75mm respectively). The heating

of the milling cutter in the diamond deposition mode is

modeled using a surface heater located above the model

with a bottom surface temperature of 1100−1250◦C. At

the first stage, a preliminary computation was carried out to

select the heater temperature, at the second stage, the cutter

heating was simulated when rotating around its axis in 10◦

increments, and the temperature of the cutting edge and the

chip removal groove were monitored as the most important

elements for reliable operation of the milling cutter.

Calculations of thermal field of the milling cutter heating

during diamond deposition included a computational model

of the holder and the cutter, a cross-section of the thermal

field in the cutter body and in its holder, and a model

of the milling cutter heating with rotation (Fig. 3). The

inserts illustrate the heating of sections most important for

reliable operation of the milling cutter, the temperature of

the cutting edge and the chip removal groove.

The temperature of the heater which simulates the cutter

heating from plasma ball during diamond growth, was

assumed to be 1165◦C. Further computations were per-

formed with this temperature. The temperature distribution

in the molybdenum ring and the milling cutter is shown

in Fig. 3, a. Heat transfer between objects included

radiative heating of surfaces from the lower surface of a

heater with a temperature of 1150−1250◦C, as well as

thermal conductivity in gases and solids. The model was

cooled by maintaining a constant temperature of the base

bottom surface, equal to 22◦C. A preliminary computation

was carried out to select the heater temperature at which

maximum temperature of the milling cutter would be equal

to 800◦C, optimal for the growth of the diamond coating.

Fig. 3. illustrates the results of thermal field computations

for the chamber of ARDIS-100 reactor, including heater

temperature computation depending on the required sub-

strate temperature, cutting edge maximum heating versus

growth temperature and the chip removal groove maximum

heating versus minimum temperature (shown in the insert

window), the uniform heating temperature of the milling

cutter surface and the heater profile.

The results of the temperature computation, including a

graph for calculating the heater temperature depending on

the required substrate temperature, the curves of the cutting

edge maximum heating versus growth temperature, as well

as the curve of the chip removal groove maximum heating

versus minimum temperature are shown in Fig. 4. In our

simulation, the convergence criterion was considered to be

a change in the model parameters after each iteration by no

more than 0.1%.

After that the cutter heating was simulated when rotating

around its axis with an increment of 10◦ (Fig. 4, b, c). It

can be seen from the graphs that when the milling cutter

rotates, the maximum and minimum temperatures of the

cutter working surfaces differ by no more than 60−80◦C.

Presumably, this is due to the smaller cross-sectional area

of the cutting part of the milling cutter compared to the

cylindrical model, as well as the complex profile when the

milling cutter tooth periodically approaches the heater.

2.3. Linear measurements of the cutting edge
after sharpening. Defining the cutting edge

radius.

The radius of the cutting edge was measured on a milling

cutter in the state of delivery (uncoated), after etching with

Murakami and Caro reagents, with a barrier tungsten (W)
coating and after the growth of CVD diamond film. The

radii of the cutting edge were measured at a distance

4−5mm from the cutter side. The cutters scanning and

further measurements of the cutting edge radii were carried

out using 3D-scanner MikroCAD Premium. In order to

obtain a clear image of the measured area, the milling

cutter was pre-cleaned in an ultrasonic bath in propanol,

after which 3D-scanning of the cutting edge surface was

performed. After the scanning procedure, the radii of the

cutting edges were measured. Diagrams of measuring the

cutting edge radii of WC+6%Co cutter are given in Table 2

and in Fig. 5.

2.4. Results of Raman scattering spectroscopy

Graphical representation of RS MP CVD spectroscopy

of MCD/NCD film on the cutter, including spectra of

the diamond film on WC+6%Co alloy depending on the

Technical Physics, 2024, Vol. 69, No. 12
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Figure 3. Computations of the cutter heating thermal field during diamond deposition: a — computational model of the holder and cutter;

b — cross-section of thermal field in the cutter body and in its holder; c — model of heated cutter with rotation around its axis with an

increment of 10◦. Insert windows in Fig. 3, c — heating of sections most important for reliable cutter operation: top insert window —
temperature of the cutting edge; bottom insert — temperature of the chip removal groove.

distance from the edge, as well as graphs of position, width

and intensity of the diamond peak are shown in Fig. 6, a.

The graphs are plotted based on results of measuring the

intensity of diamond line I , position of the diamond line xc ,

width of the diamond line w and grains sizes at a distance 5,

10, 15 and 20mm from the cutter vertex.

The coating material of BK-6 milling cutter is a

nanocrystalline diamond CVD film with a significant

Technical Physics, 2024, Vol. 69, No. 12
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of the chip removal groove (see Fig. 3, c, bottom insert).

Table 2. Radii of the cutting edge of WC+6%Co cutter

Type of Without After After After CVD

treatment coating, chemical sputtering diamond

surface µm etching,µm tungsten,µm growth,µm

8 5 6 10

Radius

New milling cutter (no coating)

Milling cutter with
diamond-like coating

Milling cutter with diamond
coating

Milling cutter with tungsten
sputtering

Milling cutter after etching
, ,

in Caro s and Murakami s
reagents

12 8

5

6

10

0

2

4

6

8

10

12

Figure 5. Diagram of radii measurements (in µm) on the cutting edge of WC+6%Co cutter with no coating and with coating.

content of disordered sp2-carbon and trans-polyacetylene

chains C−H. As we move away from the cutter’s end face

the intensity of the diamond line drops by about 40%.

The intensity of the diamond line ID at 1335−1338 cm−1

changes synchronically with the growth or decrease of

the size of the largest grains dmax: ID(0mm) = 57013 a.u.

(dmax=1.9µm)–ID(5mm)=59123 a.u. (dmax=2.07 µm)–
ID(10mm)=48627 a.u. (dmax=2.85µm)–ID(20mm)=
= 30966 a.u. (dmax = 2.9 µm). This dependence is no more

observed starting from 10mm point from the end face.

As can be seen, in this area there’s also no dependence

of the growth at full width at half maximum of the

diamond line wD at 1335−1338 cm−1 on the decrease of

size of the smallest grains dmin: wD(0mm) = 12.6 cm−1

(dmin = 80 nm)–wD (5mm) = 9.5 cm−1 (dmin = 80 nm)–
wD (10mm) = 9.2 cm−1 (dmin = 190 nm)–wD (20mm) =
= 9.6 cm−1 (dmin = 190 nm). Data on the grain sizes and

diamond line intensities and ordered graphite demonstrate

both the uniformity of the diamond film in thickness

and an increase in the proportion of microcrystalline

diamond compared to nanocrystalline diamond as it moves

away from the end face. Judging by position of the

diamond line of Raman scattering, the diamond material

experiences elastic stresses at all points, which increase as

15 Technical Physics, 2024, Vol. 69, No. 12
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Figure 6. Results of RS MP CVD spectroscopy of MCD/NCD film on the cutter; a — spectra of the diamond film on WC+6%Co alloy;

b — position, width and intensity of the diamond peak depending on the distance from the end face.

they move away from the end face from 0.7GPa (0mm)

to 1.2GPa (30mm) reaching maximum at 20mm−3.1GPa.

Interestingly, this is the only sample where the width of the

diamond peak does not increase, but decreases as it moves

away from the edge. The reason for this phenomenon most

likely lies in the film growth parameters. On the end face

Technical Physics, 2024, Vol. 69, No. 12
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Figure 7. REM images of MCD/NCD-film microstructure, obtained during the cutter rotation: a — near vertex; b — at a distance

of 5mm from the end face; c — at a distance of 10mm from the end face; d — at a distance of 15mm from the end face; e — at a

distance of 20mm from the end face; f — REM scanning map with with the dimension marks on a helical line of WC+6%Co cutter.

the material represents itself a disordered sp2-carbon, and

in the groove defects and at the cutting edge 35mm away

from the end face — a high-ordered clustered sp2-carbon.

2.5. Morphology of MCD/NCD diamond film
surface

REM image of MCD/NCD film microstructure obtained

by rotating the milling cutter, as well as at the vertex

and at a distance of 5, 10, 15 and 20mm from the end

face, as well as REM scanning maps with dimensional

marks on the helix are shown in Fig. 7. As can be seen,

the growth of MCD/NCD diamond film during substrate

rotation throughout the studied sections corresponds to the

Van der Drift competitive growth mechanism [27]. The

microstructure images show how the chaotically oriented

nuclei grow at different speeds, which leads to the formation

of slow and fast-growing crystallites. This growth dynamics

leads to an increase in the grain size of micro-crystallites

with increasing film thickness [28,29].

In all cases, diamond films of uniform thickness were

fabricated; when moving away from the vertex, a decrease

in the proportion of nanocrystalline diamond is observed

compared with the microcrystalline diamond. Diamond film

on the cutter at the vertex and at a distance of 5mm

away is composed of the nanocrystalline grains with a

size of about 80 nm and the microcrystalline grains with

a size of about 1.9−2.1µm, which, with a distance towards
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the shank, become larger and have a size of 2.9−3.9 µm.

According to their habitus, these grains have the shape of a

parallelepiped or an octahedron.

Comparing the maximum grain sizes of the diamond

film obtained on a cylindrical model with rotation [26],
it can be seen that at a distance of 20mm from the

end face, the average grain size is d = 62 ± 7 nm, at the

vertex —d = 51± 7 nm, between them — intermediate

values d = 58± 7 nm. Average grain size at a distance

of 10 nm from the vertex is by 13% larger than on the end.

Similarly, for the intervals 20mm — 20% and 30mm —
41%. In this case, the average grain sizes grow more slowly

as they move away from the end face, which correlates with

the local surface temperature of the sample or, in other

words, with the distance from the center of plasma cloud

as the diamond grows, where the maximum temperature

is observed. In case of a rotating cutter sample a visible

spread of habitus and grains sizes is observed, since at

the cutter vertex it makes 80−1900 nm, at a distance

of 5mm — 80−2070 nm, 10mm — 190−2850 nm, 15mm

from the end face — 110−3900 nm; and at a distance

of 20 nm from the end face — 190−2900 nm. The phase

is a MCD/NCD diamond film with germinated grains of

microcrystalline diamond.

Conclusion

1. Based on computation of E-field of the chamber

of ARDIS-100 reactor with an evanescent waveguide, a

redundant area of the conducting platform was provided

for the first time, which contributed to a self-consistent

resonance in the field of plasma excitation and uniform field

concentration around a high-dimensional substrate, starting

from the active side of plasma emission and continuing

along the perimeter of the milling cutter.

2. It was established that pre-treatment and CVD growth

have an impact on variation of the cutting edge radius: on

original WC+6%Co milling cutter — 8µm, after etching

with Co — 5µm, with applied barrier tungsten coating —
6 µm, after growth of CVD diamond film — 10µm.

3. The calculation established the surface temperature of

the milling cutter during its rotation in a microwave reactor.

Thus, on the cutting edge and in the area of the chip removal

groove, which have a smaller cross-sectional area compared

to a solid cylindrical model, the heating differs by no more

than 60−80◦C.

4. With the help of RS, it was found that the width of

the diamond peak decreases as it moves away from the

end of the milling cutter, which indicates an increase in the

diamond film quality.

5. As seen from the RS position of the diamond line,

the diamond material experiences elastic stresses at all

points, which increase as they move away from the end face

from 0.7GPa (at vertex) to 1.2GPa (at a distance of 30mm)
reaching their maximal value of 3.1 GPa at 20mm.

6. CVD growth of MCD/NCD diamond film during

rotation of the milling cutter corresponds to competitive Van

der Drift growth mechanism and a lower effect of secondary

nucleation with a decrease in the substrate temperature and

with a constant composition of the gas mixture.

7. MCD/NCD diamond films with uniform thickness were

obtained, and REM showed that with distance from the

end face of the milling cutter, the microcrystalline phase

proportion in the structure increases with higher grain sizes

from 1900 to 3900 nm, in contrast to the nanocrystalline

phase with dimensions 80−190 nm.
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Appendix

Computation of the limiting size of internal radius
of EW

The possibility of increasing the performance of MPA

CVD is associated with the transition to simultaneous

growth of several high-dimensional substrates at once. To

do this, it is necessary to know the maximum diameter

of EW inner radius, which ensures the relief of the
”
edge

effect“. The possibility of improving the microwave reactor

performance by placing in EW a group of high-dimensional

substrates in the form of carbide cutters with an average

size of 12× 75mm (diameter×length) is being considered.

Previously, it was experimentally found [19] that by

limiting the central region of the reactor’s basic conducting

platform by using an axial conducting ring it is possible

to make conditions of the film growth on a flat substrate

more uniform, in particular, the temperature distribution on

its surface becomes almost uniform. The ring’s influence

on the microwave field distribution is favorable for diamond

growth in plasma inside the ring if its radius is less than the

critical radius of the circular waveguide R < Rc for a wave

of E01 type at the operating frequency of 2.45GHz. Critical

radius of the ring was found from the expression [30]:

λc =
2π

ν01
Rc = 2.61Rc < λ, (A1)
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where λ — wavelength in free space, λc — critical

wavelength of E01 type of wave as defined by the radius R
of the waveguide, ν01 = 2.405 — root of Bessel function.

A metal ring lying on a conductive plane is a short-

circuited segment of a circular evanescent waveguide where

an axisymmetric wave field of E01 type is excited by a

vertical electrical component of the outer microwave (UHF)
field. Inside the ring, the microwave field cannot propagate

in the direction of the axis, since the wave propagation

constant in the evanescent waveguide is β = 0, i.e. the wave

phase along the height of the ring does not change, and its

amplitude decays exponentially. In this case, the field decay

inside the ring in the absence of plasma is determined by

the formula

E = E0 exp(−α · z ), (A2)

α =
ω

c

√

λ2

λ2c
− 1, (A3)

where α — decay constant. ω = 2πc/λ —angular fre-

quency of the field, c — light velocity. Filling the ring

with dense homogeneous plasma with high temperature and

effective electron collision frequency leads to an additional

exponential weakening of plasma field, which in the limit

νe ≫ ω is characterized by a depth of δ, at which the field

is diminished in e times (normal skin) [31]:

δ = 1/αs =
c
ω

√

2ncνe

nω
, (A4)

where nc — critical concentration of electrons: nc = mω2ε0
e2 ,

n — concentration of plasma electrons filling the

ring, e, m — charge and weight of electron,

ε0 = 8.854 · 10−12 F/m — electrical constant.

Ratio of the field decay constants in the ring for the

two limiting cases may be represented by parameter θ by

multiplying (P3) and (P4):

θ =
α

αc
=

√

2ncνe

nω

(

λ2

λ2c
− 1

)

. (A5)

At θ < 1, the collisional decay mechanism (P4) domi-

nates, and at θ > 1, the field decay approaches the case of

a vacuum EW filled with subcritical plasma.

Let’s estimate the parameter θ inside the ring with

a radius of R = 3.5 cm, lying on a flat base in the

reactor’s center for the operating frequency of 2.45GHz

(wavelength λ = 12.24 cm) for the case of diamond coating

synthesis under the following conditions: 4% methane

in hydrogen, flowrate of gas Q = 500 standard cubic

centimeters per minute, pressure p = 60Torr, UHF power

of P = 2.9 kW. Rotational and gas temperatures were

measured: Tg = Trot = 2600 ± 150K in the central area of

plasma. For estimates we additionally use the data on

concentration and temperature of plasma in the discharge

central area taken from computational modeling [3] for

pressure of p = 5 · 10−2 bar close to the experimental value

ne = 1011 cm−3. Te = 1.55 eV, Tg = 2500K. For the fre-

quency of 2.45GHz, ω = 1.54 · 1010, critical concentration

of plasma electrons nc = 7.45 · 1010 cm−3. The effective

frequency of electronic collisions in hydrogen [2] in the

hot central zone of the discharge is determined based on

condition of its equilibrium with the cold peripheral zone

of gas with a temperature of T0 ∼ 300K at a pressure of

p = 60 Torr through the temperatures ratio:

νe = 7 · 109 p
T0

Tg
. (A6)

When we substitute the numerical values from (P1),
(P3), (P4) and (P6) into expression (P5) we’ll obtain

parameterθ = 1.9, from which it follows that inside the ring

the field is weakened similar to the evanescent waveguide,

while electronic collisions make additional contribution to

the field decay. For instance, with the ring height of

z = 0.6 cm at the bottom inside the ring the field strength

in the absence of plasma goes down to the level of

E = E0 exp(−αz ) = exp(−0.275)E0 = 0.76E0, accordingly,

over the field (power) square it is decreased to 58%.

Taking into account the influence of plasma permeability,

the decrease in the field strength will be even greater, since

the ring is filled with plasma, which shifts the refractive

index of space towards lower refractive indicesn. This

makes it possible to bring the inner diameter of the ring

to its critical size of 90 mm, since the wavelength in

plasma becomes longer than in vacuum. When high-

dimensional carbide substrates with an average size of

12× 75mm (diameter×length) are placed inside such a

ring, a simultaneous growth on ten substrates at a time may

occur.
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