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Abstract—An electrodeless microwave jet plasma source is considered, and its various applications in the
technology of chemical vapor deposition of diamond films and dimension increasing of small diamond single
crystals synthesized at high pressures and temperatures are discussed. The plasma jet is ignited in an atmo-
spheric-pressure gas (argon) flow with hydrogen and methane additives. The operation of the microwave jet
reactor is described, and the plasma characteristics measured using emission spectroscopy are presented. The
brightly glowing atmospheric-pressure plasma jet is ignited and stably burns at a microwave power of <1 kW
supplied from a microwave oven magnetron. The specific microwave power density absorbed by the compact
plasma jet (£10* W/cm?) is comparable with that absorbed by a dc arc. The growth rate of the polycrystalline
diamond layer amounts to 40 um/h. The process of film deposition on the substrate can be controlled by

scanning the substrate surface with the jet.

DOI: 10.1134/S1063780X19060096

1. INTRODUCTION

Synthesis of diamonds by means of chemical vapor
deposition (CVD) on solid surfaces [1, 2] proceeds via
chemical reactions occurring in a gaseous medium
and involving carbon-containing precursor molecules.
The reactions are activated using various thermal
methods: hot filament [3], oxyacetylene torch [4],
plasma of dc arc discharge in a gas flow [5, 6], plasma
of RF [7] and microwave [8—11] discharges, and
plasma induced by a CO, laser beam [12]. The precur-
sor gases (CH, and C,H, hydrocarbons or vapors of
organic liquids) excited in the reactive medium are
mixed with hydrogen (H,), the atoms of which remove
nondiamond carbon phases from the surface and
return them to the gaseous medium. The formation of
the diamond phase of carbon on the substrate surface
proceeds at temperatures of 700°C < 7y < 1000°C.

At present, commercial microwave plasma-assisted
CVD (MPACVD) reactors, such as the AX 6500 reac-
tor (SEKI Diamond company, www.sekidia-
mond.com) [9] with a frequency of 2.45 GHz and
continuous microwave power of up to 6 kW, as well as
the Russian ARDIS reactor [10], the reactor chamber
of which is better matched to the waveguide transmis-
sion line compared to that of the AX 6500 reactor, are
widely used to produce diamond films. Other types of
reactors also have received wide application (see
review [8]). In those reactors, electrodeless discharge
in a gaseous medium at a sub-atmospheric-pressure
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from 7 x 103 to 3 x 10* Pa is ignited by microwave radi-
ation. The TEM mode of the coaxial line excites oscil-
lations in the radial line formed by the walls of the
axisymmetric chamber and a coaxial disk, above
which there is a cylindrical cavity assisting discharge
ignition. Plasma looks like a hemispherical cloud with
a diameter of ~6 cm ~ A/2, where A is the microwave
wavelength.

The diamond film is deposited on silicon substrates
with a diameter of more than 2 inches, which are fixed
on molybdenum disks installed below the plasma
cloud in the center of a cooled copper disk. The micro-
wave power used in such systems provides deposition
of a polycrystalline diamond film on the substrates
with a growth rate of 1—-10 um/h. The temperature of
the substrates heated by the discharge plasma is main-
ained in the range of 700—1000°C

Unlike other types of discharges, the plasma pro-
duced in an electrodeless microwave discharge makes
it possible to grow polycrystalline and single-crystal
diamond films of high purity. This is due to the
absence of impurities in hydrocarbon plasma, which
are inherent in plasmas of electrode discharges (hot
filament, arc and glow discharges, etc.), because they
are always contaminated by the evaporated electrode
material.

In this study, we propose to use another type of
MPACVD source in which plasma is generated in an
atmospheric-pressure gas (argon) jet with additives of



552

hydrogen and methane. The microwave torch is well
known in optical emission spectroscopy (OES) as a
compact brightly glowing source of electrodeless
plasma [13—15], which is convenient for the excitation
and analysis of gaseous media. Due to its small vol-
ume, the atmospheric-pressure jet burns stably at a
relatively low microwave power of <1 kW, which can be
provided by microwave oven magnetrons. The specific
microwave power density absorbed by the compact
self-compressed plasma jet (<10* W/cm?) is compara-
ble to the specific power density absorbed by a dc arc.

The goal of our experiments was to demonstrate the
possibility of using a microwave plasma jet for
MPACYVD synthesis of polycrystalline diamond films
on a substrate with an area of <1 cm?. The plasma jet
can also be used to increase the thickness of diamond
single crystals synthesized by high-pressure high-tem-
perature (HPHT) technique and, probably, to
improve the shape of diamond crystals and splice
them. The parameters of the microwave plasma jet,
such as the electron density and the gas and electron
temperatures, were measured. The experimental
results on polycrystalline and nanocrystalline dia-
mond film deposition and epitaxial surface growth of
diamond single crystals obtained using the HPHT
technique are presented.

2. EXPERIMENTAL SETUP

Samsung OM 75 P(31) magnetron / (Fig. 1) with a
frequency of 2.45 GHz (wavelength of 12.24 cm) and
power of 900 W operating in the continuous genera-
tion mode was used as the microwave plasma jet
energy source. The dominant TE;, mode is excited in
rectangular waveguide 2 and then converted into the
TEM mode of coaxial waveguide 3. The central con-
ductor of the coaxial waveguide is copper tube 4 with
an outer diameter of 6 mm, which has a narrow end
with a 1.5-mm-diameter nozzle. Plasma-forming gas
(argon) jet 5, flowing out of the nozzle with a flow rate
of 3—5 slm at a pressure of p > 1 atm, is ionized by the
microwave field to form a low-temperature plasma.
The plasma jet is separated from the nozzle by the fast
outflowing gas, whose velocity (~30—50 m/s) is
higher than the propagation velocity of the ionization
front along the gas jet toward the nozzle. The micro-
wave power is transmitted from a coaxial waveguide to
the plasma jet due to capacitive coupling between the
plasma jet and the coaxial waveguide end. This is the
main difference of the microwave torch coupling from
that of an RF inductively coupled plasma (ICP) torch
[16].

The brightly glowing core of the plasma jet with a
diameter of ~0.2 cm and length of ~A/4 = 3 cm in the
microwave discharge region (Fig. 2) contains chemi-
cally active atoms and radicals moving toward the sub-
strate with high velocities. Waveguide piston 6 is used
to match the impedances of the waveguide mode
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Fig. 1. Experimental arrangement: (/) OM 75 P(31) mag-
netron, (2) 45 X 90-mm rectangular waveguide, (3) coaxial
waveguide, (4) central conductor, (5) plasma jet, (6) tun-
ing piston, (7) circulator, (§) quartz tube, (9) reactor
chamber, (10) gas mixer, (/1) substrate holder, (/2) move-
able rod, (/3) Promin-M1 pyrometer, (/4) quartz window,
(15) exhaust gas hole, (/6) FSD-8 spectrometer,
(17) AvaSpec-3648-USB2 spectrometer, (/8) optical

fiber, and (79) focusing lens.

transducer and plasma jet 5. Before jet ignition, the
magnetron is protected from the reflected wave by a
water-cooled VFVV2-42 waveguide circulator 7,
which directs the reflected power onto the absorbing
load. Coaxial waveguide 3 is coupled to hollow wave-
guide 2 by central conductor 4. Radio transparent
tube &, installed instead of the lack part of shield 3,
separates waveguide space 2, filled with atmospheric-
pressure air, from the vacuum-sealed region of reactor
9, where the coaxial plasma jet operates. The plasma
jet is formed in monatomic argon. To synthesize dia-
mond, a hydrogen—methane mixture (methane as a
carrier of carbon atoms) is added to argon. Methane is
introduced into the argon jet through mixer 10.
Hydrogen is supplied through the space between con-
ductor 4 and quartz tube §. The diamond film is
deposited on a substrate, which is placed under the jet
on water-cooled holder /7 and can be moved vertically
with the help of movable rod /2. Since the substrate is
heated to the working temperature (750—1000°C) by
the plasma jet, the temperature of the substrate surface
can be controlled by varying the distance between the
substrate and the plasma jet end. The substrate is
placed outside the region of active microwave power
absorption by the plasma jet, which makes it possible
to locally deposit diamond films on substrates of dif-
PLASMA PHYSICS REPORTS  Vol. 45
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Fig. 2. (Color online) Photograph of a microwave plasma
jet.

ferent shapes and sizes and scan the substrates by the
jet along arbitrary trajectories.

The substrate surface temperature is monitored
using optical pyrometer /3 through quartz window /4.
The pyrometer operation is based on the equalizing
brightnesses of the object image and the pyrometric
lamp filament. In the given temperature range, the
accuracy of temperature measurements is ~20°C.

The area of diamond film deposition is ~1 cm?,
which is much larger than the cross-sectional area of
the plasma jet core (=0.1 cm?). This is due to the gas-
dynamic properties of the plasma jet, which spreads
out radially over the substrate surface, which is a bar-
rier for the gas flow. Hydrocarbon species produced in
the microwave field are transported to the substrate by
the gas jet. During plasma jet operation, gas pressure
equilibrium in the reactor chamber 9 is established
due to the natural balance between the inflow of the
gas mixture and its outflow through exhaust air hole
15 due to a slight excess of the gas pressure in the
chamber over the atmospheric pressure. The gas flow
rates were measured using float-type flowmeters
installed at the outlets of DINFLOW N10-3-30 gas
cylinder reducers. The hydrogen flow rate was mea-
sured with a ZYIA Instr. Co. flowmeter. In these
experiments, the argon and hydrogen flow rates were
varied in the ranges of 2.5—5 slm (standard liter per
minute) and 0.5—1 slm, respectively. In these experi-
ments, the methane content was from 1 to 4% relative
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to the hydrogen concentration. Varying the gas mix-
ture composition, we could change the structure of
polycrystalline diamond films from a microcrystalline
structure to nanocrystalline and ultrananocrystalline
structures.

The parameters of the discharge plasma were esti-
mated using spectral instruments with different reso-
lutions in the wavelength range of 300—1000 nm:
FSD-8 spectrometer /6 with a resolution of 10 nm
and an AvaSpec-3648-USB2 spectrometer with a res-
olution of 0.3 nm. The FSD-8 spectrometer was used
to monitor the burning mode of the plasma jet. The
electron density and gas temperature of the plasma jet
in the course of CVD diamond synthesis were deter-
mined from the contours of the Balmer lines of atomic
hydrogen and the rotational spectrum of the C, mole-
cule (the Swan spectral band of the 0—0 vibrational
transition). To this end, a spectrometer with a high
resolution of ~0.04 nm was used. The image of the
plasma jet was projected onto the input end of a quartz
fiber, the other end of which was installed near the
entrance slit of the spectrometer. Moving the end of
the fiber, we could measure the spatial distributions of
the plasma jet parameters with a spatial resolution
determined by the fiber diameter (0.3 mm for the
FSD-8 spectrometer).

3. IGNITION OF THE PLASMA JET
AND DESCRIPTION OF ITS PROPERTIES

The ignition of the discharge and its transition into
the steady-state operating mode are carried out in
three successive steps. To expel air from the chamber,
the latter is blown off with nitrogen at a pressure higher
than atmospheric. Then, argon is supplied through the
nozzle and, after the microwave generator is switched
on, gas discharge in the jet is ignited. In the initial
stage, in order to avoid explosion of flammable gases
when they are mixed with residual oxygen, nitrogen
serves as a flegmatizing agent. Then, after nitrogen
flow is cut off, hydrogen is supplied, which gradually
replaces nitrogen in the chamber. Finally, as nitrogen
is being expelled by hydrogen, methane—argon, gas
balance is established, i.e., the plasma jet reaches a
steady-state burning mode. The partial concentrations
of the gas components in the steady-state mode are
proportional to the gas flow rates: Ar : H, : CH, =
4.5:1.0:(0.02—0.04) slm.

The cross-section-averaged emission spectra mea-
sured by the FSD-8 spectrometer with a low resolu-
tion in different stages of the discharge are shown in
Fig. 3. When the plasma jet operates in nitrogen
(Fig. 3a), bright argon lines are observed in the blue
region of the spectrum, which are not resolved in
detail by the FSD-8 spectrometer. In this case, no sub-
stantial excitation of nitrogen was observed. After the
nitrogen flow is cut off and replaced with hydrogen
(Fig. 3b), the argon lines disappear and the 654-nm
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Fig. 3. (Color online) Optical emission spectra of the microwave plasma jet in different stages of the discharge measured with the
FSD-8 spectrometer: (a) jet ignition in the argon flowing out into the nitrogen atmosphere, (b) replacement of nitrogen with
hydrogen, (¢) addition of methane to argon, (d) jet plasma spectrum measured in the steady-state mode, and (e) spectrum of CN

molecules measured with the “AvaSpec” spectrometer.

H,, line of hydrogen arises. Adding methane to the gas
mixture in the presence of nitrogen (Fig. 3c) is accom-
panied by the appearance of strong emission near the
wavelength of 380 nm, which increases for up to 8 min,
as well as a less intense emission near the wavelengths
of 400, 516, and 654 nm. The emission spectrum near
380 nm, measured by using the AvaSpec spectrometer,
was identified as a 385- to 388-nm CN molecular band
with a tail on the violet side [17]. In this spectral
region, the relatively weak 'TT — 'TT C, bands (with
heads at 382.5 and 385.2 nm and tails on the violet
side) can additionally overlap with the 2~ — 2[1 CH
bands (with heads at 362.8 and 388.9 nm and tails on
the red side). As methane is fed, the H, line intensity
somewhat decreases and the Hg 486-nm line and

green emission of C, molecules (the 3T, transition
with a head at 516 nm) appear, the intensities of which
increase simultaneously and reach their maxima about
15 min after the methane flow is switched on. In the
steady-state mode, the spectra are characterized by
the intense H, and Hg hydrogen lines, as well as by the
bands of C, molecules and CH radicals (the 2A—2I1
transition with a head at 431 nm). The intensity of the
CN band reaches its minimum value only after
40 min, when nitrogen is completely replaced with
hydrogen.

The processes occurring in different stages of the
microwave jet burning is qualitatively described as fol-
lows. When the discharge is ignited, the ambient nitro-
gen does not interact with the plasma jet; thereby, it
prevents transverse arc microwave breakdown between
the nozzle and the edge of the outer coaxial electrode

of the plasma torch. Note that, in a pure argon atmo-
sphere, the plasma jet is not formed due to the trans-
verse breakdown between the electrodes. In the nitro-
gen atmosphere, the bands of the second positive sys-
tem of nitrogen, as well as argon lines, are so weak that
the FSD-8 spectrometer does not fix them. When
hydrogen is fed, it begins to react with argon, but
nitrogen remains neutral. The energy of excited argon
atoms in the plasma jet is mainly spent on the dissoci-
ation of hydrogen and excitation of its atoms. As a
result, the intensity of argon emission decreases and
the intense H,, line appears in the emission spectrum.
When methane is introduced in the discharge together
with argon, nitrogen actively interacts with methane,
producing new molecular species (CN, C,, and C,H,
hydrocarbons), and the energy of excited argon atoms
is redistributed between hydrogen and methane. In the
steady-state mode of the jet burning, weak emission of
CN molecules remains after nitrogen is completely
replaced with hydrogen, which indicates the presence
of residual nitrogen in the chamber. We note that
nitrogen can also be present as an impurity in the tech-
nical gases used in these experiments.

The dynamics of the main components of the
emission spectrum during the steady-state discharge
establishment is shown in Fig. 4. Up to 6 min after
microwave discharge ignition, the intensities of all
main spectral components grow while nitrogen is
gradually replaced with hydrogen. Then, the argon
emission intensity decreases exponentially with time,
while the emission intensities of atomic hydrogen and
C, dimer are stabilized. The steady-state discharge

PLASMA PHYSICS REPORTS  Vol.45 No.6 2019
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Fig. 4. (Color online) Dynamics of the main components
of the discharge emission spectrum (from ignition to
steady-state mode): (1) Ar, (2) H, and (3) C, band (head
of the 3 I1,, transition, 516 nm). The flow rates of the work-
ing gasesare Ar: Hy : CHy;=5:1:0.06 slm.

mode is reached in 40 min, when almost no nitrogen
remains in the chamber and the gas composition bal-
ance in the jet and in the chamber volume is reached.

The measurements with the FSD-8 spectrometer
have shown that, during deposition of diamond films,
the intensities of the H, line and the C, molecular
band are comparable.

Hydrogen plays an important role in the diamond
formation process. The presence of hydrogen ensures
the priority growth of the sp? diamond phase com-
pared to the graphite phase. This is because atomic
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hydrogen quickly gasifies graphite, returning it into
the gaseous medium in the form of hydrocarbon com-
pounds, practically not affecting the synthesized dia-
mond.

The optimal hydrogen content in argon was deter-
mined experimentally by varying the hydrogen flow
rate at two fixed argon flow rates (3 and 5 slm) and a
fixed microwave power (Fig. 5a). The H,, line inten-
sity, which is proportional to the concentration of
excited atoms, depends nonmonotonically on the
hydrogen flow rate. It grows as the hydrogen flow rate
increases to ~0.5 slm and begins to decrease when the
hydrogen flow rate exceeds 1 sim. The lower the argon
flow rate, the faster the decrease in the H line inten-
sity (see Fig. 5a; curves 1, 2). Both dependences have
maxima at a flow rate of ~1 slm, which allows us to
conclude that the content of hydrogen atoms in
plasma is optimal at this flow rate. The decline of the
dependences at higher hydrogen flow rates is appar-
ently due to the energy stored in metastable levels of
argon atoms in the plasma jet being insufficient for the
total dissociation of molecular hydrogen. We note that
an increase in the argon flow rate intensifies genera-
tion of atomic hydrogen, which is consistent with the
assumption on the key role of metastable states of
argon atoms in hydrogen dissociation.

The ratio between the methane and hydrogen flow
rates that is optimal for the growth of a diamond film
was determined from the dependence of the C, band
intensity on the methane flow rate. The growth rate of
the diamond film reaches its maximum value when
the intensity of the C, band becomes close to the H,
line intensity (being measured with the low-resolution
FSD-8 spectrometer) (Fig. 5b). The measurements
were performed on the plasma jet axisatz= 1.5 cm. In
this experiment, the ratio between the argon and
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Fig. 5. Intensities of the H, line of atomic hydrogen (654 nm) and C, dimer Swan band (516 nm) as functions of the gas flow
rates: (a) Hy, intensity vs. hydrogen flow rate for two different argon flow rates: (7) 5 and (2) 3 slm; (b) intensities of the (/) Hy,
line and (2) C, band vs. flow rate of methane—argon mixture at a constant ratio of the argon and hydrogen flow rates, Ar: H, =

4.5:1slm.
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Fig. 6. (Color online) Intensity profiles of atomic spectral lines and molecular spectral bands used to determine the parameters
of the steady-state microwave plasma jet: (a) transverse profiles of the emission intensities of (1) C,, (2) H, (3) Ar (763.5 nm),
and (4) CH; (b) longitudinal profiles of the emission intensities of (/) C, molecular band and (2) H, line. The flow rates of the

working gases are Ar: Hy : CHy=15:1:0.06 slm.

hydrogen flow rates was kept constant (Ar : H, =
4.5 : 1 slm), while the methane content in hydrogen
was varied by varying the methane flow rate from 0 to
0.09 slm. It was ascertained that 6% content of meth-
ane in hydrogen is optimal for the growth of a dia-
mond film.

Figure 6 shows the transverse and longitudinal pro-
files of the intensities (in arbitrary units) of the lines
and bands of the main spectral components observed
in the steady-state mode of diamond synthesis. Figure
6a shows the intensity profiles of the C, and CH spec-
tral bands and H,, and Ar lines were measured with the
FSD-8 spectrometer across the jet at a distance of
1.5 cm from the nozzle. Figure 6b shows the longitudi-
nal profiles (along the jet axis) of the main spectral
components (C, band and H,, line) measured in the
course of diamond film growth. The distance z is
counted from the nozzle.

In the steady-state mode of diamond film deposi-
tion, the H,, line and C, band are the brightest in the
microwave spectrum of the plasma jet. The degree of
hydrogen dissociation was qualitatively estimated from
the intensity of the H,, line, while the plasma electron
density was determined from the width of the line pro-
file. The emissions of the C, u CH bands (431 nm)
indicate that methane is decomposed with the forma-
tion of the C, molecules and, apparently, CH;
(methyl) radicals, which are often considered to be
precursors of the diamond formation. The emission of
the CH; band in the long-wavelength part of the IR
spectrum (near 16.2 um) was not detected, because it
was beyond the spectral ranges of the spectrometers.

Since the discharge plasma is inhomogeneous, the
diamond film growth can be affected by both the
plasma composition and the substrate temperature,
which depend on the substrate position under the jet.
In order to provide optimal conditions for the dia-

mond growth, the gas flow rates and the magnetron
power should be thoroughly monitored.

Thus, the diameter of the plasma core is in the
range of 2 mm < 2r < 3 mm, while its length along the
axis is 230 mm. Optimal conditions for the growth of
the diamond film take place in the region where the C,
and H, intensities are maximal (according to FSD-8
measurements) and comparable in order of magnitude
(Fig. 6b). The optimal distance from the substrate to
the nozzle was z £ 25 mm.

4. PARAMETERS OF THE ATMOSPHERIC-
PRESSURE MICROWAVE PLASMA JET.
DISCUSSION OF THE MEASUREMENT

RESULTS

The gas temperature 7, in the plasma jet has a
strong effect on the processes of diamond growth [18].
The best estimate of the gas temperature can be
obtained from the rotational temperatures determined
from the rotational spectrum of the 0—0 vibrational
band of the @°I1,—a’T], electron transition of the C,
radical [19, 20]. According to modern concepts [21],
during the diamond lattice formation, the concentra-
tion of C, radicals exceeds the CH; concentration. The
problem of measuring the gas temperature in a non-
equilibrium plasma was considered in [22]. During
CVD synthesis of a polycrystalline diamond film, the
temperature was determined by measuring the rota-
tional spectra of the C, radical in the lower part of the
plasma jet near the substrate surface [18]. The rota-
tional temperature determined from the upper level
emission was found to be ~4000 K. According to [22],
in a nonequilibrium plasma, the rotational spectral
density of a diatomic molecule should not necessarily
be in equilibrium with the gas temperature determined
by the translational molecule motion. Thermal equi-
librium is more typical of a low-pressure low-density
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Fig. 7. (Color online) Photographs and the corresponding Raman spectra of the deposited diamond films: (a) microcrystalline
film deposited on a molybdenum substrate and (b) nanocrystalline film deposited on a silicon substrate.

plasma in which no collisions occur during the life-
time of the excited state. In this case, electron impact
is the dominant mechanism of excitation. The atmo-
spheric-pressure microwave plasma jet is another lim-
iting case with a high collision frequency and relatively
long lifetimes of electronic states. During the lifetime
of the electronic state, the excited molecule can
undergo several collisions with other gas molecules.
These collisions thermalize the potentially nonther-
mal distribution of the populations of rotational levels
before a photon is emitted.

Another important parameter that has a strong
effect on the processes of CVD diamond synthesis is
the electron temperature. Plasma electron density is
usually determined from the Stark broadening of the
H, and Hg hydrogen lines of the Balmer series. How-
ever, in [23], it was demonstrated that the electron
density n, and electron temperature 7, of hydrogen
plasma can be simultaneously determined using the
spectral method based on the analysis of the n,(7,)
dependences obtained from data on three hydrogen
lines (H,, Hg, and H,) measured at a constant value of
the Stark broadening, A\, ,» = const, used as a param-
eter. This diagnostic method, called the n,(7,) inter-
section method, made it possible to determine both n,
and T, from the intersection point of the n,(7,) depen-
dences at a microwave power of 600 W. In [23], mea-
surements were performed for a microwave discharge

PLASMA PHYSICS REPORTS No. 6
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ignited in an argon flow with a hydrogen admixture at
atmospheric pressure under conditions close to those
of our experiment. This allowed us to use data of [23]
to estimate the mean electron temperature in the
microwave plasma jet, which was found to be 7, >
1.5eV. The mean electron density determined from
the Stark broadening of the Hg line [24] turned out to

be (n,) = 4x10" cm™,

5. DIAMOND FILMS OBTAINED
IN THE MODES OF HOMOEPITAXIAL,
NANOCRYSTALLINE,

AND POLYCRYSTALLINE GROWTH
OF DIAMOND IN THE MICROWAVE
PLASMA JET

Using an atmospheric-pressure microwave plasma
jet, microcrystalline [25, 26] and nanocrystalline films
were deposited on silicon [27] and molybdenum sub-
strates (Fig. 7), as well as homoepitaxial deposition of
diamond on the HPHT monocrystalline substrates
[28] was performed (Fig. 8).

A molybdenum substrate with dimensions of 15 X
15 X 2 mm (Fig. 7a) was preliminarily seeded using a
diamond powder suspension in an alcohol—acetone
solution. The seeding was performed for 14 min in a
cavity irradiated by ultrasound. Then, the substrate
was fixed on a moveable holder and installed in the
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Fig. 8. (Color online) (a, d) Macro- and (b, c, €) microscale images of the surface structure of diamond films grown on HPHT

diamond single crystals and (f) Raman spectrum of the grown film with a narrow diamond peak at 1332 cm™ .

reactor chamber under the plasma jet. The diamond
deposition was performed at a substrate temperature
of 850—1000°C at a distance of 25 mm from the noz-
zle. The flow rates of the working gases were Ar : H, :
CH, =5:1:0.01 slm. The deposition proceeded for
3 h. The mean thickness of the deposited microcrys-
talline film was 60 wm, and the deposition area was
~1 cm in diameter. The film consists of microcrystals
with (100) orientation and side dimensions of

1

~3—4 um. The Raman spectra of the films are shown
below the photographs. A narrow peak at 1332 cm™!
corresponding to diamond can be seen in the spectra
of the monocrystalline film, which were obtained by
laser probing at three different points. The nanocrys-
talline film (Fig. 7b) was deposited on the polished
surface of a 16 X 16 X 3-mm silicon substrate. The sur-
face was preliminary seeded for 20 min by using a dia-
mond nanopowder suspension in a cavity irradiated by
Vol. 45 No. 6
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ultrasound with a power of 50 W. The deposition was
performed at a substrate temperature of ~800°C at a
distance of 35 mm from the nozzle. The flow rates of
the working gases were Ar : H, : CH, = 3 : 0.6 :
0.01 slm. The deposition time was 4 h. The film is
characterized by the “cauliflower” morphology. In the
Raman spectra, protrusions typical of D and G nano-
crystalline diamond films, as well as of trans-polyacet-
ylene (TPA), are observed.

The homoepitaxial diamond growth experiments
with HPHT crystals were performed using samples
with dimensions of 4 X 4 X 1 and 4 X 4 X 2 mm. Pho-
tographs of the crystals are shown in Figs. 8a and 8d.
The morphology of the grown homoepitaxial dia-
mond layers can be seen in Figs. 8b, 8c, and 8e, while
the Raman spectrum of the grown layer is shown in
Fig. 8f. To retain crystals under the gas jet, they were
fixed on molybdenum holders using graphite-based
heat-resistant glue.

The homoepitaxial layers were deposited on the
faces (100) of HPHT diamond crystals (Fig. 8a) at a
distance of 30 mm from the nozzle at a temperature of
900—1000°C. The flow rates of the working gases were
Ar:H,:CH,=4.7:1:0.04 slm. The deposition time
was 3.5 h. The structure of the deposited transparent
epitaxial layer is characterized by the presence of typi-
cal oriented “steps” (Fig. 8b) and “pyramids”
(Fig. 8c). The thickness of the grown layer is 65 um. At
a low magnification, the transparent epitaxial dia-
mond layer deposited on the HPHT sample (Fig. 8d)
looks like water poured along the top and left edges.
The diamond layer grew from the edge to the center,
because the jet was displaced from the center of the
crystal. During the layer growth, the sample was
rotated by 90° about the axis. The deposition was per-
formed at a temperature of 800—900°C. The distance
to the nozzle was 30 mm. The flow rates of the working
gases were Ar: H, : CH,;=5:1:0.25 sim. The depo-
sition time was 2 h. The transparent epitaxial diamond
film grown on the (100) crystal face has typically ori-
ented growth “steps” with a width of 6—10 pum and
height of ~1 um. The step morphology of the film
growth (Fig. 8d) can be due to the oblique orientation
of the crystal cut relative to the (100) crystallographic
orientation. When the crystal cut is oriented parallel to
the (100) crystal surface, the morphology becomes
pyramidal (Fig. 8c). The Raman spectra of the grown
layers are characterized by the presence of a narrow
diamond peak at 1332 cm~.

6. CONCLUSIONS

A electrodeless microwave discharge freely burning
in an argon jet ejected from the torch nozzle has been
studied experimentally. The plasma jet has no contact
with the metal nozzle, because the ionization wave
front propagating along the argon jet toward the noz-
zle is permanently blown away by the fast gas flow. The
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microwave energy is transferred through the gas gap
due to the capacitive coupling between the plasma and
the coaxial torch. The burning jet is a source of pure
plasma. In the plasma jet with a gas temperature of up
to 4000 K, the methane and hydrogen admixed to the
argon jet form a reactive medium above the substrate
in which proper conditions for the diamond growth
are created. The substrate is heated to a temperature of
<1000°C, which is established due to the heat balance
between the substrate and plasma jet. The parameters
of the nonequilibrium plasma, such as the plasma
density, electron temperature, and gas temperature in
the jet, were estimated from the measured emission
spectra. It is shown that the diameter of the region on
the substrate on which the polycrystalline film was
deposited is <10 mm. According to gas-dynamic laws,
after colliding with the substrate, the narrow plasma
jet spreads over its surface. The growth rate of the dia-
mond layer amounts to 40 um/h.

The small area of the film deposition can be con-
sidered a disadvantage of the microwave plasma jet
reactor compared to other types of microwave reac-
tors, which are mainly intended to grow large-area
polycrystalline diamond films and plates. However,
these reactors are less suitable for the additional
homoepitaxial growing-up of synthetic (HPHT) dia-
mond single crystals with dimensions less than 1 cm.
In these reactors, the problem of an uneven crystal
growth followed by the formation of a polycrystalline
“necklace” arises, which limits the growth of a single
crystal.

A free microwave plasma jet seems to be more
attractive for the dimension increasing and junction of
diamond single crystals up to the size that fits the size
of film deposition region. The background microwave
field near the jet weakly affects the growth of a dia-
mond film, while the directional motion of the plasma
jet toward the substrate accelerates its growth.

Substrate surfaces of any shape and size can be pro-
cessed by scanning them with the microwave plasma
jet. Scanning by the plasma jet can also be used to grow
diamond single crystals with dimensions larger than
the diameter of the spot that can be processed by an
immovable plasma jet. This distinguishes the micro-
wave plasma jet from the reactors in which the dia-
mond film is deposited in microwave cavities strictly
satisfying the boundary conditions in order for not to
disturb the field structure. By scanning the jet, one can
deposit curved and profiled polycrystalline diamond
coatings, including nanocrystalline coatings, on flat
and cylindrical surfaces. This can be used to harden
the cutting edges of metal-working tools, in particular,
tungsten carbide cutting inserts.
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