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Description
BACKGROUND OF THE INVENTION
Field of the Invention

This invention relates to an improved method
for synthesis of diamond and an apparatus used
therefor. More particularly, it relates to a method
for synthesis of diamond by a microwave plasma
CVD method according to which area of synthesis
of diamond can be markedly enlarged as com-
pared with conventional methods and an apparatus
necessary for practice of the method.

Description of the Related Art

Recently, technique for synthesis of diamond
has been remarkably developed and synthetic dia-
mond has been widely used, for example, as var-
ious protecting films, optical materials, electronic
materials and chemical industry materials.

For forming a thin film of diamond on the
surface of a substrate, it is known fo form a dia-
mond thin film on the surface of substrate by
deposition of diamond by various means such as
chemical vapor phase deposition method (CVD
method), ion beam method, and chemical transport
method using raw material gas containing a carbon
source.

Especially, method of forming a diamond thin
film at low temperatures by the chemical vapor
phase deposition method has been recently no-
ticed because continuous operation is easy and
this method is industrially advantageous.

It is important for industrialization of this CVD
method how to activate a mixed gas. There have
been known (1) the hot filaments CVD method by
which a mixed gas is led to activated state by
passing it near ignited filaments, (2) the high fre-
quency plasma CVD method by which a mixed gas
is led to activated state by applying high frequency
to infroduction part of a mixed gas to produce
plasma there by the high frequency, (3) the micro-
wave plasma CVD method by which a mixed gas is
led to activated state by introducing microwave into
gas introduction part to form plasma there by the
microwave.

Among them, especially the microwave plasma
CVD method is superior in reproducibility of ac-
tivated state and gives no consumption parts and
this is promising.

However, since in the conventional microwave
plasma CVD method, microwave oscillated from
one microwave oscillator is introduced into plasma
generator [Japanese Patent Application Kokai
(Laid-open) No. 91100/84], area of synthesis of
diamond depends on wavelength of microwave and
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when a microwave of 2.45 GHZ is used, about 50,8
mm (2 inches) in diameter is maximum. This, there
are problems that the area of synthesis is small
and use of diamond produced is limited.

SUMMARY OF THE INVENTION

The object of this invention is to provide a
method for synthesis of diamond by industrially
advantageous microwave plasma method which
solves the above problems of the conventional mi-
crowave plasma CVD methods and can increase
area of synthesis of diamond and an apparatus
suitable for practice of the method.

The inventor has found that the above object
can be accomplished by infroducing microwave
from a plurality of directions to a substrate in
synthesis of diamond by microwave plasma CVD
method. This invention is based on this finding.

That is, the first invention is a method for
synthesis of diamond which comprises contacting a
substrate with a mixed gas of carbon source gas
and hydrogen gas activated by producing plasma
with irradiation of microwave, thereby to deposit
diamond thereon, characterized in that microwave
is introduced from a plurality of directions to the
substrate. The second invention is an apparatus for
synthesis of diamond which comprises at least one
microwave oscillator which oscillates microwave, a
pluraity of waveguides for introduction of micro-
wave oscillated from said microwave oscillator from
a plurality of directions to a substrate on which
diamond is deposited and a reaction chamber
which is connected to said waveguides and in
which a diamond thin film is formed on the surface
of the substrate by generation of plasma and depo-
sition of diamond thereby.

BRIEF DESCRIPTION OF THE DRAWINGS

Fig. 1 shows diagrammatically one example of
apparatus for synthesis of diamond according to
this invention.

Fig. 2 shows diagrammatically the state of in-
froduction of microwave from various directions to
the substrate in the reaction chamber. In these
Figs. 1 and 2, 1 indicates a microwave oscillator, 2
indicates a microwave branching tube, 3 indicates
a waveguide, 4 indicates a reaction chamber and 7
indicates a substrate.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENT

In this invention, a mixed gas of carbon source
gas and hydrogen gas is used as a raw material
gas.

As the carbon source gas, mention may be
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made of, for example, alkanes such as methane,
ethane, propane, butane, pentane and hexane; al-
kenes such as ethylene, propylene, butene, pen-
tene and butadiene; alkynes such as acetylens;
aromatic hydrocarbons such as benzene, toluene,
xylene, indene, naphthalene and phenanthrene;
cycloparaffins such as cyclopropane and cyclohex-
ane; and cycloolefins such as cyclopentene and
cyclohexene.

Furthermore, as the carbon source gas, there
may also be used oxygen-containing carbon com-
pounds such as carbon monoxide, carbon dioxide,
methy! alcohol, ethyl alcohol and acetone and
nitrogen-containing carbon compounds such as
methylamine, ethylamine and aniline. Further, al-
though not single substances, the following may
also be effectively used: gasoline, kerosine, turpen-
tine oil, camphor oil, pine root oil, heavy oils, gear
oil and cylinder oil. The above various carbon com-
pounds may also be used in admixture. Among
them, preferred are carbon monoxide, carbon diox-
ide and mixed gases of them with hydrocarbon
gases because deposition rate of diamond is in-
creased.

Concentration of carbon source gas in the raw
material gas is normally 0.1-90 vol%, preferably
0.2-80 vol%. If this concentration is less than 0.1
vol%, deposition rate of diamond is low or some-
times diamond is not deposited. If more than, 90
vol%, sometimes, crystallinity is decreased.

The raw material gas may contain an inert gas
as far as the object of this invention is not damag-
ed. The inert gas includes, for example, nitrogen,
rare gases such as argon, neon and xenon. These
may be used alone or in combination of two or
more.

The substrate used in this invention is not
critical and there may be used any of, for example,
metals such as silicon, aluminum, titanium, tung-
sten, molybdenum, cobalt, chromium, nickel, cop-
per and iron, oxides, nitrides and carbides of these
metals, alloys of these metals, cermets such as
Al2Oz-Fe, TiC-Ni, TiC-Co, TiC-TiN and BsC-Fe
systems and various ceramics.

The substrate may be of any form such as, for
example, sheet, rod, wire, pipe and molded bodies
of specific shapes.

The method of this invention comprises for-
ming a diamond thin film on a substrate by con-
facting the substrate with a gas obtained by activat-
ing said raw material gas and this is characterized
in that microwave plasma CVD method is used for
the activation and the microwave is introduced from
a plurality of directions to said substrate using
microwave waveguides and thereby area of synthe-
sis of diamond is much increased than by the
conventional methods.

According to this invention, a diamond thin film
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is formed on the surface of substrate and the
surface of substrate is kept normally at 400-
1200° C, preferably at 450-1100°C. When this
temperature is lower than 400 ° C, deposition rate of
diamond is low or sometimes diamond is not de-
posited. When higher than 1200° C, the deposited
diamond is scraped by etching or deposition rate is
low.

Reaction pressure is normally 0,133-1,33 x 10°
Pa (0.001-1000 Torr), preferably 133,3-1,07 x 10°
Pa (1-800 Torr). When this is lower than 0,133 Pa
(0.001 Torr), deposition rate is low or diamond is
not deposited. When higher than 1,33 x 10° Pa
(1000 Torr), effect for increase of the pressure is
not obtained and in some case, deposition rate of
diamond decreases.

One typical embodiment of this invention is
explained referring to the apparatus shown in the
accompanying drawings. Fig. 1 diagrammatically
shows one example of the apparatus of this inven-
tion. This apparatus has microwave oscillator 1, a
plurality of waveguides 3 for introduction of micro-
wave oscillated from microwave oscillator 1 from a
plurality of directions to substrate 7 for deposition
of diamond and reaction chamber 4 which is con-
nected to said waveguides 3 and in which a dia-
mond thin film is formed on substrate 7 by produc-
tion of plasma and deposition of diamond thereby.

Said microwave oscillator 1 has oscillating
function at microwave band (frequency 1000 MHz -
100 GHz) and examples thereof are conventional
microwave tubes such as velocity modulation tube,
klystron and magnetron.

In this invention, especially ISM frequency
band can be suitably used among microwaves.

2 is a branching tube for leading the micro-
wave oscillated from microwave oscillator 1 t0 a
plurality of waveguides 3. This branching tube in-
cludes, for example, two-direction branching tube,
three-direction branching tube, T-type branching
tube and E-cornered waveguide. By using one of
them or two or more in combination, microwave
oscillated from microwave oscillator can be led to
the desired number of waveguides and can be
introduced from desired directions to the substrate.
Direction and number of the microwave can be
optionally chosen depending on the desired area of
synthesis of diamond. Moreover, microwave o0s-
cillated from one microwave oscillator may be
branched by branching tube as mentioned above
or microwave may be introduced from a plurality of
directions to the substrate by using a plurality of
oscillators without using branching tube or these
methods may be combined.

Further, by combination of the branching tube,
not only intensity of microwave can be respectively
uniformly branched, but also microwave can be
branched to intensities of desired ratio.
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In this invention, as mentioned above, micro-
wave oscillated from at least one microwave os-
cillator is fed to reaction chamber 4 in such a
manner that it is introduced from a plurality of
directions to substrate and a mixed gas of carbon
source gas and hydrogen gas is irradiated with the
microwave to form plasma thereby to activate the
mixed gas.

The mixed gas of carbon source gas and hy-
drogen gas is fed into reaction chamber 4 by gas
feeding device 5. In the reaction chamber 4, there
is placed substrate 7 on the surface of which
diamond is deposited and, if necessary, this sub-
strate 7 is heated in a heating furnace and then is
used. Feeding amount and discharging amount of
the raw material gas can be adjusted by feeding
amount adjusting valve 8 and discharging amount
adjusting valve 9.

Mixed gas in activated state reaches the sur-
face of substrate 7 to deposit diamond on this
surface of the substrate. Reaction gas after used is
evacuated by evacuating device 6.

Fig. 2 diagrammatically shows the state of mi-
crowave being introduced from various directions
to substrate 7 in the reaction chamber by
waveguide 3.

According to this invention, microwave is infro-
duced from a plurality of directions to the sub-
strate. Therefore, the area of synthesis of diamond
is at most about 50,8 (2 inches) in diameter ac-
cording to the conventional methods when a micro-
wave of, for example, 2.45 GHz is used while the
area can be increased to more than 50,8 mm (2
inches) in diameter according to this invention.
Thus, area of synthesis of diamond can be much
increased and this is industrially very advanta-
geous.

Diamond synthesized by this invention can be
suitably used as various protecting films such as
surface protecting films for cutting tools or optical
materials, electronic materials or chemical industry
materials.

The following nonlimiting examples explain this
invention in more detail.

Example 1

Carbon monoxide gas and hydrogen gas are
respectively introduced into a reaction tube con-
faining a silicon wafer of 101,6 mm (4 inches)
diameter as a substrate.

Then, output of microwave oscillator was set at
2.4 kW and uniform output, namely, 0.4 kW each
was supplied to six-branched waveguide to carry
out electrical discharging. In this case, amount of
carbon monoxide gas was 10 SCCM, amount of
hydrogen gas was 90 SCCM, substrate tempera-
ture was 900° C and reaction pressure was 6,7 x
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10° Pa (50 Torr). Reaction for 2 hours resulted in
discharging on the 101,6 mm (4 inch) wafer o
produce a diamond thin film of 10 um thick.

Raman spectroscopic analysis of this thin film
showed that no impurities other than diamond were
present.

Example 2

A diamond thin film of 8 um thick was formed
on a 101,6 mm (4 inches) diameter silicon wafer in
the same manner as in Example 1 except that
acetone was used in place of carbon monoxide.
Raman spectroscopic analysis showed that no im-
purities were present other than diamond.

Example 3

Carbon monoxide gas and hydrogen gas were
respectively introduced into a reaction tube con-
faining a silicon wafer of 76,2 x 25,4 mm (3x1 inch)
as a substrate.

Then, output of microwave oscillator was set at
0.8 kW and uniform output, namely, 0.4 kW each
was supplied to two-branched waveguide to carry
out electrical discharging. In this case, amount of
carbon monoxide gas was 10 SCCM, amount of
hydrogen gas was 90 SCCM substrate temperature
was 900° C and reaction pressure was 6,7 x 10° Pa
(50 Torr). Reaction for 2 hours resulted in discharg-
ing on the wafer of 76,2 x 25,4 mm (3x1 inch) to
form a diamond thin film of 7 um thick.

Raman spectroscopic analysis of this thin film
showed that no impurities were present other than
diamond.

Claims

1. A method for synthesis of diamond by contact-
ing a substrate with a mixed gas of carbon
source gas and hydrogen gas activated by
irradiation with microwave to produce plasma,
thereby to deposit diamond on the surface of
the substrate, characterised in that microwave
is introduced from a plurality of directions to
the substrate.

2. A method according to claim 1 wherein the
carbon source gas is at least one compound
selected from the group consisting of an
oxygen-containing carbon compound, a
nitrogen-containing carbon compound and a
hydrocarbon.

3. A method according to claim 1 wherein the
carbon source gas is an oxygen-containing
carbon compound.
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A method according to claim 1 wherein the
carbon source gas is at least one compound
selected from the group consisting of carbon
monoxide, carbon dioxide, acetone and methyl
alcohol.

A method according to calm 1 wherein the
substrate is at least one member selected from
the group consisting of a metal, a metal oxide,
a metal nitride, a metal carbide, an alloy, a
cermet, a glass and a ceramic.

A method according to claim 1 wherein the
substrate is silicon.

A method according to claim 1 wherein con-
centration of the carbon source gas in the
mixed gas is 0.1 - 90% by volume.

A method according to claim 1 wherein tem-
perature of the surface of he substrate is 400-
1, 200°C, reaction pressure is 0,133-1,33 x
10° (0.001-1,000 Torr) and microwave is of
ISM frequency band.

A method according to claim 8 wherein micro-
wave is or 2.45 GHz.

An apparatus for synthesis of diamond which
comprises at least one microwave oscillator
which oscillates microwave, a plurality of
waveguides for introducing from a plurality of
directions the microwave oscillated from said
microwave oscillator to a substrate for deposi-
tion of diamond, and a reaction chamber which
is connected to said waveguides and in which
diamond is deposited by generation of plasma
thereby to form a diamond thin film on the
surface of said substrate.

Revendications

Procédé de synthése de diamant par mise en
contact d'un mélange gazeux d'une source de
carbone gazeuse et d'hydrogéne gazeux, acti-
vé par irradiation avec des micro-ondes pour
produire un plasma, du diamant étani ainsi
déposé 4 la surface du substrat, caractérisé en
ce que les micro-ondes sont émises & partir
d'une pluralité de directions vers le substrat.

Procédé selon la revendication 1 dans lequel
la source de carbone gazeuse consiste au
moins en un composé choisi dans le groupe
consistant en un composé carboné contenant
de l'oxygéne, un composé carboné contenant
de I'azote et un hydrocarbure.
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10.

Procédé selon la revendication 1 dans lequel
la source de carbone gazeuse est un composé
carboné contenant de I'oxygéne.

Procédé selon la revendication 1 dans lequel
la source de carbone gazeuse est au moins un
composé choisi dans le groupe consistant en
monoxyde de carbone, dioxyde de carbone,
acétone et alcool méthylique.

Procédé selon la revendication 1 dans lequel
le substrat est au moins un membre choisi
dans le groupe consistant en un métal, un
oxyde métallique, un nitrure métallique, un car-
bure métallique, un alliage, un cermet, un verre
et une céramique.

Procédé selon la revendication 1 dans lequel
le substrat est du silicium.

Procédé selon la revendication 1 dans lequel
la concentration de la source de carbone ga-

zeuse dans le mélange gazeux et de 0,1 2
90% en volume.

Procédé selon la revendication 1 dans lequel
la température de la surface du substrat est de
400 3 1200°C, la pression de réaction est de
0,133 & 1,33x10°Pa (0,001 & 1,000 Torr) et les
micro-ondes appartiennent & la bande de fré-
guence ISM.

Procédé selon la revendication 8 dans lequel
les micro-ondes sont de 2,45 GHz.

Appareil pour la synthése de diamant qui com-
prend au moins un oscillateur de micro-ondes
qui produit des micro-ondes, une pluralité de
guides d'ondes qui émettent les micro-ondes
produites par ledit oscillateur de micro-ondes a
partir d'une pluralité de directions sur un subs-
frat pour le dépbt de diamant, et une chambre
de réaction qui est reliée auxdits guides d'on-
des et dans laquelle le diamant est déposé par
formation de plasma, formant ainsi un film min-
ce de diamant 3 la surface dudit substrat.

Patentanspriiche

Verfahren zur Synthese von Diamant durch
Kontaktieren eines Substrats mit einem ge-
mischten Gas aus einem Kohlenstoffquellengas
und Wasserstoffgas, welches durch Besirah-
lung mit Mikrowellen zur Erzeugung eines
Plasmas aktiviert ist, wodurch Diamant auf der
Oberfliche des Substrats abgeschieden wird,
dadurch gekennzeichnet, daf Mikrowellen
aus einer Vielzahl von Richtungen dem Sub-
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strat zugeflihrt werden.

Verfahren nach Anspruch 1 worin das Kohlen-
stoffquellengas mindestens eine Verbindung
ist, die aus der aus einer Sauerstoff enthalten-
den Kohlenstoffverbindung, einer Stickstoff ent-
haltenden Kohlenstoffverbindung und einem
Kohlenwasserstoff bestehenden Gruppe ge-
wahlt wird.

Verfahren nach Anspruch 1, worin das Kohlen-
stoffquellengas eine Sauerstoff enthaltende
Kohlenstoffverbindung ist.

Verfahren nach Anspruch 1 worin das Kohlen-
stoffquellengas mindestens eine Verbindung
ist, die aus der aus Kohlenmonoxid, Kohlendio-
xid, Aceton und Methylalkohol bestehenden
Gruppe gewihlt wird.

Verfahren nach Anspruch 1 worin das Substrat
mindestens ein Vertreter ist, der aus der aus
einem Metall, einem Metalloxid, einem Metall-
nitrid, einem Metallcarbid, einer Legierung, ei-
nem Cermet, einem Glas und einer Keramik
bestehenden Gruppe gewihlt wird.

Verfahren nach Anspruch 1 worin das Substrat
Silicium ist.

Verfahren nach Anspruch 1 worin die Konzen-
fration des Kohlenstoffquellengases in dem ge-
mischten Gas 0.1 - 90 Vol-% betragt.

Verfahren nach Anspruch 1 worin die Tempe-
ratur der Oberfliche des Substrats 400 -
1200° C und der Reaktionsdruck 0,133 - 1,33 x
10°> Pa (0,001 - 1000 Torr) betragen und die
Mikrowellen dem ISM-Frequenzband angeh&-
ren.

Verfahren nach Anspruch 8, worin die Mikro-
wellen solche mit 2,45 GHz sind.

Vorrichtung zur Synthese von Diamant, umfas-
send mindestens einen Mikrowellenoszillator,
welcher Mikrowellen oszilliert, eine Vielzahl von
Wellenleitern zur Zufiihrung der aus dem Mi-
krowellenoszillator oszillierenden Mikrowellen
aus einer Vielzahl von Richtungen zu einem
Substrat zur Abscheidung von Diamant, sowie
eine Reaktionskammer, welche mit den Wel-
lenleitern verbunden ist und in welcher Dia-
mant durch Erzeugung von Plasma abgeschie-
den wird, um dadurch einen diinnen Diamant-
film auf der Oberfliche des Substrats zu bil-
den.
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