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COMPLAINT FOR PATENT INFRINGEMENT
Plaintiff Diamond Coating Technologies LL C files this Complaint for patent

infringement against Nissan Motor Co., Ltd. and Nissan North America, Inc.
(collectively, “Defendants’). Plaintiff Diamond Coating Technologies LLC
aleges:
THE PARTIES

1 Plaintiff Diamond Coating Technologies LLC (“DCT") is a limited
liability company duly organized and existing under the laws of Delaware with its
principal place of business in 3945 Freedom Circle, Suite 900, Santa Clara, CA
95054-1226.

2. DCT is the assignee and owner of four patents at issue in this action,
U.S. Patent Nos. 5,629,086; 6,066,399; 6,071,103; and 6,354,008.

3. DCT is informed and believes, and on that basis alleges, that

Defendant Nissan Motor Co., Ltd. (“NMC”) is a Japanese corporation having a
registered head office at 2, Takara-cho, Kanagawa-ku, Y okohama-shi, Kanagawa
220-8623, Japan, and global headquarters at 1-1, Takashima 1-chome, Nishi-ku,
Y okohama-shi, Kanagawa 220-8686, Japan. NMC is the parent corporation of
Nissan North America, Inc. NMC, through its various entities, designs,
manufactures, markets, distributes and sells Nissan and Infinity automobiles in
California and multiple other locations in the United States and worldwide.

4, DCT is informed and believes, and on that basis alleges, that Nissan
North America, Inc. (“NNA™) is a corporation duly organized under the laws of the
State of California and having its principal place of business at One Nissan Way,
Franklin, TN 37067. NNA is NMC's headquarters for management of North
American operations and manufacturing. NNA manufactures and distributes

Nissan and Infinity vehicles and sells these vehicles through its network of dealers.
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JURISDICTION AND VENUE
5. This Court has subject matter jurisdiction pursuant to 28 U.S.C. 88
1331 and 1338(a) because this action arises under the patent laws of the United
States, 35 U.S.C. 88 1 et seq.
6. Venue is proper in this federa district pursuant to 28 U.S.C. 88
1391(b)-(c) and 1400(b).

7. Defendants have done business in this District, have sold infringing

products in this District, and continue to sell infringing products in this District,
entitling DCT to relief.
INFRINGEMENT OF U.S. PATENT NO. 5,629,086

8. On May 13, 1997, United States Patent No. 5,629,086 (the “’086
patent”) was duly and legally issued for an invention entitled “Hard-Carbon-Film-
Coated Substrate and Apparatus for Forming the Same.” DCT was later assigned
the ' 086 patent and continues to hold all rights and interest in the 086 patent. A
true and correct copy of the ' 086 patent is attached hereto as Exhibit A.

0. Defendants have infringed and continue to infringe the '086 patent.
Defendants manufacture, sell, import and/or offer for sale Nissan and Infinity
vehicles utilizing parts coated with infringing hard carbon films. For example,
defendants sell vehicles with engines containing parts, including, but not limited to,
valve lifters and pistons, with infringing hard carbon film coatings. The use of hard
carbon film coatings allows for a reduction of engine friction, wear reduction, and
improved engine fuel efficiency. DCT isinformed and believes, and on that basis
alleges, that Nissan engine models containing parts with infringing hard carbon film
coatings include, but are not limited to, HR16DE, MR16DDT, MRAS8DE,
QR25DE, VQ35DE, VQ37VHR, VR48DETT. DCT expressly aso accuses al
Nissan engine models not identified above that use the infringing hard carbon film
coating. Defendants’ vehicles with engines and other components containing parts

with hard carbon film coating infringe the * 086 patent under 35 U.S.C. § 271.
2
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10. Defendants acts of infringement have caused damage to DCT, and
DCT is entitled to recover from Defendants the damages sustained by DCT as a
result of Defendants wrongful acts in an amount subject to proof at trial.
Defendants’ infringement of DCT's exclusive rights under the '086 patent will
continue to damage DCT, causing irreparable harm for which there is no adequate
remedy at law, unless enjoined by this Court.

INFRINGEMENT OF U.S. PATENT NO. 6,066,399

11. On May 23, 2000, United States Patent No. 6,066,399 (the “’399
patent”) was duly and legally issued for an invention entitled “Hard Carbon Thin
Film and Method of Forming the Same.” DCT was later assigned the ' 399 patent
and continues to hold all rights and interest in the *399 patent. A true and correct
copy of the’ 399 patent is attached hereto as Exhibit B.

12. Defendants have infringed and continue to infringe the '399 patent.

Defendants manufacture, sell, import and/or offer for sale Nissan and Infinity
vehicles utilizing parts coated with infringing hard carbon films. For example,
defendants sell vehicles with engines containing parts, including, but not limited to,
valve lifters and pistons, with infringing hard carbon film coatings. The use of hard
carbon film coatings allows for a reduction of engine friction, wear reduction, and
improved engine fuel efficiency. DCT isinformed and believes, and on that basis
alleges, that Nissan engine models containing parts with infringing hard carbon film
coatings include, but are not limited to, HR16DE, MR16DDT, MRAS8DE,
QR25DE, VQ35DE, VQ37VHR, VR48DETT. DCT expressly aso accuses al
Nissan engine models not identified above that use the infringing hard carbon film
coating. Defendants’ vehicles with engines and other components containing parts
with hard carbon film coating infringe the * 399 patent under 35 U.S.C. § 271.

13. Defendants acts of infringement have caused damage to DCT, and
DCT is entitled to recover from Defendants the damages sustained by DCT as a

result of Defendants wrongful acts in an amount subject to proof at trial.
3
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Defendants’ infringement of DCT's exclusive rights under the *399 patent will
continue to damage DCT, causing irreparable harm for which there is no adequate
remedy at law, unless enjoined by this Court.
INFRINGEMENT OF U.S. PATENT NO. 6,071,103
14.  On June 6, 2000, United States Patent No. 6,071,103 (the “’103

patent”) was duly and legally issued for an invention entitled “Member Having

Sliding Contact Surface, Compressor and Rotary Compressor.” DCT was later
assigned the *103 patent and continues to hold all rights and interest in the *103
patent. A true and correct copy of the’103 patent is attached hereto as Exhibit C.

15. Defendants have infringed and continue to infringe the 103 patent.
Defendants manufacture, sell, import and/or offer for sale Nissan and Infinity
vehicles utilizing parts coated with infringing hard carbon films. For example,
defendants sell vehicles with engines containing parts, including, but not limited to,
valve lifters and pistons, with infringing hard carbon film coatings. The use of hard
carbon film coatings allows for a reduction of engine friction, wear reduction, and
improved engine fuel efficiency. DCT isinformed and believes, and on that basis
alleges, that Nissan engine models containing parts with infringing hard carbon film
coatings include, but are not limited to, HR16DE, MR16DDT, MRAS8DE,
QR25DE, VQ35DE, VQ37VHR, VR48DETT. DCT expressly aso accuses al
Nissan engine models not identified above that use the infringing hard carbon film
coating. Defendants’ vehicles with engines and other components containing parts
with hard carbon film coating infringe the ’ 103 patent under 35 U.S.C. § 271.

16. Defendants acts of infringement have caused damage to DCT, and
DCT is entitled to recover from Defendants the damages sustained by DCT as a
result of Defendants wrongful acts in an amount subject to proof at trial.
Defendants' infringement of DCT’s exclusive rights under the 103 patent will
continue to damage DCT, causing irreparable harm for which there is no adequate

remedy at law, unless enjoined by this Court.
4
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INFRINGEMENT OF U.S. PATENT NO. 6,354,008
17.  On March 12, 2002, United States Patent No. 6,354,008 (the “’ 008
patent”) was duly and legally issued for an invention entitled “Sliding Member,

Inner and Outer Blades of an Electronic Shaver and Film-Forming Method.” DCT
was assigned the ' 008 patent and continues to hold all rights and interest in the ’ 008
patent. A true and correct copy of the’ 008 patent is attached hereto as Exhibit D.

18. Defendants have infringed and continue to infringe the '008 patent.
Defendants manufacture, sell, import and/or offer for sale Nissan and Infinity
vehicles utilizing parts coated with infringing hard carbon films. For example,
defendants sell vehicles with engines containing parts, including, but not limited to,
valve lifters and pistons, with infringing hard carbon film coatings. The use of hard
carbon film coatings allows for a reduction of engine friction, wear reduction, and
improved engine fuel efficiency. DCT isinformed and believes, and on that basis
alleges, that Nissan engine models containing parts with infringing hard carbon film
coatings include, but are not limited to, HR16DE, MR16DDT, MRAS8DE,
QR25DE, VQ35DE, VQ37VHR, VR48DETT. DCT expressly aso accuses al
Nissan engine models not identified above that use the infringing hard carbon film
coating. Defendants’ vehicles with engines and other components containing parts
with hard carbon film coating infringe the * 008 patent under 35 U.S.C. § 271.

19. Defendants acts of infringement have caused damage to DCT, and
DCT is entitled to recover from Defendants the damages sustained by DCT as a
result of Defendants wrongful acts in an amount subject to proof at trial.
Defendants' infringement of DCT’s exclusive rights under the '008 patent will
continue to damage DCT, causing irreparable harm for which there is no adequate
remedy at law, unless enjoined by this Court.

WILLFUL INFRINGEMENT
20. Upon information and belief, the Defendants infringement of any or

al of the above-named patents is willful and deliberate, entitling DCT to increased
5
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damages under 35 U.S.C. § 284 and to attorney’s fees and costs incurred in
prosecuting this action under 35 U.S.C. § 285.

21. Defendants had prior knowledge of the patented technology because
DCT provided notice of the patents to Defendants in 2008 and 2011. Moreover,
DCT met with Defendants and attempted unsuccessfully to negotiate a license with
them.

JURY DEMAND
22. DCT demandsatrial by jury on all issues.
PRAYER FOR RELIEF
WHEREFORE, Plaintiff DCT requests entry of judgment in its favor and

against Defendants as follows:

a) Declaration that Defendants have infringed directly, and/or indirectly,
U.S. Patent Nos. 5,629,086, 6,066,399, 6,071,103, and 6,354,008;

b) Permanently enjoining Defendants and their respective officers,
agents, employees, and those acting in privity with them, from further infringement,
contributory infringement and/or inducing infringement of U.S. Patent Nos.
5,629,086, 6,066,399, 6,071,103, and 6,354,008;

¢  Awarding the damages arising out of Defendants' infringement of U.S.
Patent Nos. 5,629,086, 6,066,399, 6,071,103, and 6,354,008, including enhanced
damages pursuant to 35 U.S.C. § 284 together with prejudgment and post-judgment
interest, in an amount according to proof;

d  An award of attorney’s fees pursuant to 35 U.S.C. § 285 or as

otherwise permitted by law; and
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1 For such other costs and further relief as the Court may deem just and proper.
- Dated: September 23, 2013 KATHRYN P. HOEK
3 OLEG ELKHUNOVICH

JOSEPH S. GRINSTEIN
4 SUSMAN GODFREY L.L.P.
5
6 By: /Ziét 7 %mé,
! Kfattgrr%/er{/zﬂoﬁkai ntiff DCT
8
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[57] ABSTRACT

A hard-carbon-film-coated substrate includes in stacked
sequence a substrate, an intermediate layer, and a hard
carbon film. The substrate consists of a metal or an alloy
mainly composed of Ni or Al, or stainless steel. The inter-
mediate layer is mainly composed of Ru, Si, Ge or carbon,
or is a mixed layer including Ru, Si, or Ge mixed with at
least one of carbon, nitrogen or oxygen, with a composition
gradient across its thickness. An apparatus for forming the
coated substrate especially includes means for forming the
intermediate layer and means for forming the hard carbon
film in the same vacuum chamber.

29 Claims, 11 Drawing Sheets
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HARD-CARBON-FILM-COATED SUBSTRATE
AND APPARATUS FOR FORMING THE
SAME

CROSS-REFERENCE TO RELATED
APPLICATION

This is a DIVISIONAL of U.S. patent application Ser. No.
08/259,480, filed Jun. 14, 1994,

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to a substrate coated with a
hard carbon film which is applicable to a cutter such as an
electric shaver or a thin-film head, and a method of and an
apparatus for forming the same.

2. Description of the Background Art

In order to improve adhesion between a substrate such as
a ceramic substrate or a silicon substrate and a diamond-like
carbon film, it has generally been proposed to form an
intermediate layer between the substrate and the diamond-
like carbon film. Japanese Patent Laying-Open No.
1-317197 (1989) discloses a technique of forming an inter-
mediate layer mainly composed of silicon on a substrate by
plasma CVD, and then forming a diamond-like carbon film
on the intermediate layer. The intermediate layer improves
the adhesion of the diamond-like carbon film to the substrate
as compared with the case of directly forming a diamond-
like carbon film on a substrate.

However, no studies have been conducted relating to the
formation of an intermediate layer between a diamond-like
carbon film and a substrate of nickel (Ni), aluminum (Al) or
stainless steel for application to a cutter such as an electric
shaver cutter.

On the other hand, an apparatus described in Japanese
Patent Laying-Open No. 3-175620 (1991) is known for
forming a hard carbon film by plasma CVD. This apparatus
is adapted to form a diamond-like carbon film, which is a
hard carbon film, on a substrate by bias plasma CVD
employing an ECR (electron cyclotron resonance) plasma
CVD apparatus.

FIG. 12 typically illustrates such a conventional apparatus
for forming a diamond-like carbon film. Referring to FIG.
12, microwave supply means 1 generates a microwave that
passes through a waveguide 2 and a microwave inlet win-
dow 3 to be guided to a plasma generation chamber 4. This
plasma generation chamber 4 is provided with a discharge
gas inlet pipe 5 for introducing a discharge gas such as argon
(Ar) gas. Further, a plasma magnetic field generator 6 is
provided around the plasma generation chamber 4. Due to
the action of a high-frequency magnetic field which is
formed by the microwave and a magnetic field generated by
the plasma magnetic field generator 6, a plasma of high
density is formed in the plasma generation chamber 4. This
plasma is guided to a vacuum chamber 8 in which a substrate
7 is arranged, along the magnetic field diverged by the
plasma magnetic field generator 6.

The vacuum chamber 8 is provided therein with a reaction
gas inlet pipe 9 for introducing methane (CH,) gas serving
as a raw material gas. The methane gas which is introduced
into the vacuum chamber 8 by the reaction gas inlet pipe 9
is decomposed by action of the plasma, to form a carbon
film. A high-frequency power source 10, with a frequency of
13.56 MHz, for example, is provided externally of the
vacuum chamber 8 for applying a prescribed high-frequency
voltage (RF voltage) to a substrate holder 11, thereby
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developing a negative self-bias in the substrate 7. Ions travel
in the plasma at a lower speed than electrons, and hence,
unlike the electrons, the ions cannot follow the potential
deflection during application of the RF voltage. Thus, a large
quantity of electrons are emitted toward the substrate 7 due
to application of the RF voltage, whereby a negative self-
bias is developed in the substrate 7. Thus, positive ions
contained in the plasma are drawn to form a diamond-like
carbon film on the substrate 7.

In such a conventional apparatus, the substrate 7 is
mounted on the substrate holder 11 which is provided in the
vacuum chamber 8, and thereafter the vacuum chamber 8 is
evacuated for forming a film. Thus, this apparatus can treat
only one substrate, or two substrates at the most, in a single
film forming operation.

In the conventional apparatus, further, discharge is also
caused in the vicinity of a portion of the substrate that is
mounted on the substrate holder, i.e. a portion of the
substrate that is not to be provided with a film. This effect
disadvantageously increases the temperature of the sub-
strate.

SUMMARY OF THE INVENTION

An object of the present invention is to provide a hard-
carbon-film-coated substrate comprising a substrate of a
metal or an alloy which is mainly composed of Ni or Al, or
stainless stecl, and a hard carbon film provided thereon, with
excellent adhesion between the substrate and the hard car-
bon film.

Another object of the present invention is to provide a
hard carbon film forming apparatus that can simultaneously
treat a plurality of substrates in a single process while
preventing excess temperature increase of the substrates, for
effectively forming hard carbon films on the substrates.

The concept of the hard carbon film according to the
present invention also includes a crystalline carbon film or
amorphous diamond-like carbon film.

A hard-carbon-film-coated substrate according to a first
aspect of the present invention comprises a substrate con-
sisting of a metal or an alloy mainly composed of Ni or Al,
or stainless steel, an intermediate layer mainly composed of
Ru formed on the substrate, and a hard carbon film formed
on the intermediate layer.

According to the first aspect of the present invention, the
intermediate layer mainly composed of Ru is provided
between the substrate and the hard carbon film. Adhesion
between the substrate and the hard carbon film is improved
by such an intermediate layer.

The intermediate layer is preferably a mixed layer of Ru
and at least one element of carbon, nitrogen and oxygen. The
composition ratio of such a mixed layer is preferably graded
along its thickness. In other words, the mixed layer prefer-
ably has a graded composition structure or gradient with a
higher Ru content closer to the substrate and a higher content
of carbon, nitrogen and/or oxygen closer to the hard carbon
film.

Amethod of forming the diamond-like carbon film coated
substrate according to the first aspect of the present inven-
tion comprises a step of emitting ions of an inert gas toward
a substrate arranged in a vacuum chamber while simulta-
neously emitting material atoms for forming an intermediate
layer from an evaporation source toward the substrate
thereby forming an intermediate layer on the substrate, and
a step of supplying a reaction gas containing carbon into the
vacuum chamber for forming a plasma and emitting the
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plasma toward the intermediate layer thereby forming a hard
carbon film on the intermediate layer.

A hard-carbon-film-coated substrate comprising an inter-
mediate layer that is a mixed layer of Ru and at least one
element of carbon, nitrogen and oxygen can be formed by
any of the following methods.

One method according to the first aspect of the present
invention comprises a step of supplying a reaction gas
containing carbon into a vacuum chamber with a gradually
increasing supply quantity for forming a plasma, and emit-
ting the plasma toward a substrate arranged in the vacuum
chamber while also emitting ions of an inert gas toward the
substrate and simultaneously emitting material atoms for
forming an intermediate layer from an evaporation source
toward the substrate at a gradually reducing evaporation rate
thereby forming an intermediate layer consisting of a mixed
layer of the material atoms and carbon, nitrogen and/or
oxygen on the substrate. The method further comprises a
step of supplying a reaction gas containing carbon, nitrogen
and/or oxygen into the vacuum chamber for forming a
plasma, and emitting the plasma toward the intermediate
layer thereby forming a hard carbon film on the intermediate
layer.

A hard-carbon-film-coated substrate according to a sec-
ond aspect of the present invention comprises a substrate
consisting of a metal or an alloy mainly composed of Ni or
Al, or stainless steel, an intermediate layer mainly composed
of Si or Ge formed on the substrate, and a hard carbon film
formed on the intermediate layer.

According to the second aspect of the present invention,
an intermediate layer mainly composed of Si or Ge is
provided between the substrate and a diamond-like carbon
film. Adhesion between the substrate and the diamond-like
carbon film is improved by such an intermediate layer.

According to the second aspect of the present invention,
the intermediate layer is preferably a mixed layer of Si or Ge
and carbon, nitrogen or oxygen whose composition ratio is
graded along its thickness. The mixed layer preferably has a
higher Si or Ge content closer to the substrate and a higher
carbon, nitrogen or oxygen content closer to the hard carbon

When the hard-carbon-film-coated substrate according to
the second aspect of the present invention is used for an
inner blade of an electric shaver, the intermediate layer is
preferably in a range of 50 to 8000 A in thickness.

When the hard-carbon-film-coated substrate according to
the second aspect of the present invention is used for an
outer blade of an electric shaver, on the other hand, the
intermediate layer is preferably within a range of 50 to 4000
A in thickness.

The effect of improving adhesion is reduced if the inter-
mediate layer is too thin, while no further improvement in
the adhesion is achieved if the thickness is increased beyond
the aforementioned range.

A method of forming the hard-carbon-film-coated sub-
strate according to the second aspect of the present invention
comprises a step of sputtering material atoms for forming an
intermediate layer by irradiation with ions of an inert gas,
thereby forming an intermediate layer on a substrate
arranged in a vacnum chamber. This method further com-
prises a step of supplying a reaction gas containing carbon
into the vacuum chamber for forming a plasma and emitting
the plasma toward the intermediate layer, thereby forming a
hard carbon film on the intermediate layer.

One method according to the second aspect of the present
invention comprises a step of supplying a reaction gas
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containing carbon, nitrogen or oxygen into a vacuum cham-
ber with a gradually increasing supply quantity for forming
a plasma and emitting the plasma toward a substrate
arranged in the vacuum chamber while sputtering material
atoms for forming an intermediate layer by irradiating the
same with ions of an inert gas with a gradually reducing or
decreasing amount of irradiation, thereby forming an inter-
mediate layer consisting of a mixed layer of the material
atoms and carbon, nitrogen or oxygen. This method further
comprises a step of supplying a reaction gas containing
carbon into the vacuum chamber for forming a plasma and
emitting the plasma toward the intermediate layer, thereby
forming a hard carbon film on the intermediate layer.

According to this method, it is possible to form an
intermediate layer having a graded structure.

A hard-carbon-film-coated substrate according to a third
aspect of the present invention comprises a substrate con-
sisting of a metal or an alloy mainly composed of Ni or Al,
or stainless steel, an intermediate layer mainly composed of
carbon formed on the substrate, and a hard carbon film
formed on the intermediate layer.

According to the third aspect of the present invention, the
intermediate layer mainly composed of carbon is provided
between the substrate and a diamond-like carbon film.
Adhesion between the substrate and the diamond-like car-
bon film is improved by such an intermediate layer.

When the hard-carbon-film-coated substrate comprising a
carbon thin film as the intermediate layer is used for an inner
blade of an electric shaver, the carbon thin film is preferably
within a range of 50 to 8000 A in thickness, while it
preferably has a thickness of 50 to 4000 A when the
hard-carbon-film-coated substrate is used for an outer blade
of an electric shaver.

The effect of improving adhesion is reduced if the inter-
mediate layer is too thin, while no further improvement in
adhesion is achieved if the thickness is in excess of the
aforementioned range.

A hard-carbon-film-coated substrate according to the third
aspect can be formed by the method according to the second
aspect of the present invention.

A method according to a fourth aspect of the present
invention is adapted to form a hard carbon film on a
substrate, and comprises a step of generating a plasma of an
inert gas by electron cyclotron resonance, a step of applying
a high-frequency voltage to a substrate so that a self-bias
developed in the substrate is not more than —20 V, and a step
of emitting the plasma of the inert gas toward the substrate
through an opening of a shielding cover which is provided
above the substrate while supplying a reaction gas contain-
ing carbon gas into the plasma for forming a hard carbon
film on the substrate.

In the method according to the fourth aspect of the present
invention, the inert gas is preferably Ar gas, and the reaction
gas containing carbon is preferably CH, gas. Such Ar gas
and CH, gas are preferably supplied at partial pressures of
at least 1.0x10™* Torr and not more than 20.0x10™* Torr.

A hard carbon film forming apparatus according to a fifth
aspect of the present invention is adapted to form a hard
catbon film on a substrate, and comprises a vacuum
chamber, a substrate holder which is rotatably provided in
the vacuum chamber, a shielding cover having an opening
therein, which is provided to enclose a peripheral surface of
the substrate holder, plasma generation means for generating
a plasma in the vacuum chamber and emitting the plasma
toward the substrate through the opening, reaction gas inlet
means for supplying a reaction gas containing carbon into
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the plasma which is generated from the plasma generation
means, and a high-frequency power source for applying a
high-frequency voltage to the substrate holder so that a
self-bias which is developed in the substrate goes negative.

Ahard carbon film forming apparatus according to a sixth
aspect of the present invention is adapted to form an
intermediate layer on a substrate for further forming a hard
carbon film on the intermediate layer, and comprises a
vacuum chamber, a substrate holder which is rotatably
provided in the vacuum chamber, a shielding cover having
first and second openings therein, which is provided to
enclose a peripheral surface of the substrate holder, plasma
generation means for generating a plasma in the vacuum
chamber and emitting the plasma toward the substrate
through the first opening, reaction gas inlet means for
supplying a reaction gas containing carbon into the plasma
which is generated from the plasma generation means, a
high-frequency power source for applying a high-frequency
voltage to the substrate holder so that a self-bias which is
developed in the substrate goes negative, and intermediate
layer forming means provided in the vacuum chamber for
emitting material atoms for forming an intermediate layer
toward the substrate through the second opening.

An apparatus according to a seventh aspect of the present
invention is an exemplary apparatus according to the sixth
aspect, and is characterized in that the intermediate layer
forming means comprises an evaporation source provided in
the vacuum chamber for emitting the material atoms for
forming an intermediate layer toward the substrate through
the second opening, and an ion gun for emitting ions of an
inert gas toward the substrate through the second opening
simultaneously with emission of the material atoms from the
evaporation source.

An apparatus according to an eighth aspect of the present
invention is another exemplary apparatus according to the
sixth aspect, and is characterized in that the intermediate
layer forming means comprises a target consisting of the
material atoms for forming an intermediate layer, which
target is provided in the vacuum chamber for sputtering the
material atoms toward the substrate through the second
opening, and an ion gun for emitting ions of an inert gas
toward the target for sputtering the same.

In the apparatus according to the present invention, the
plasma generation means is preferably an electron cyclotron
resonance plasma CVD apparatus.

In the apparatus according to the present invention, the
shielding cover is preferably separated from the peripheral
surface of the substrate holder at a distance of not more than
a mean free path of the gas molecules, and more preferably
%o of the mean free path of the gas molecules.

In the apparatus according to the present invention, the
shielding cover is preferably maintained at a prescribed
potential, and is more preferably grounded.

In the apparatus according to the present invention, the
material atoms for forming an intermediate layer are atoms
of Si, Ru, carbon or Ge, or a mixture of Si, Ru, carbon or Ge
and at least ome of carbon, nitrogen and oxygen, for
example, and the hard carbon film is formed at least indi-
rectly on a substrate consisting of a metal or an alloy mainly
composed of Ni or Al, or stainless steel, for example,
through such an intermediate layer.

The apparatus according to the present invention com-
prises the substrate holder which is rotatably provided in the
vacuum chamber. Therefore, it is possible to mount a
plurality of substrates on the substrate holder, thereby
increasing the number of substrates that can be treated with
a single evacuation.
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In the apparatus according to the present invention, the
shielding cover is provided to enclose the peripheral surface
of the substrate, so that the plasma which is generated from
the plasma generation means is emitted through the opening
of the shielding cover for forming the hard carbon film on
the substrate. Due to such a shielding cover, it is possible to
prevent the occurrence of discharge at locations other than
those where it is intended to form the film, thereby sup-
pressing a temperature increase of the substrate.

A method of forming the hard-carbon-film-coated sub-
strate according to a ninth aspect of the present invention
comprises a step of supplying a gas containing material
atoms for forming an intermediate layer into a vacuum
chamber for forming a plasma and emitting the plasma
toward a substrate thereby forming an intermediate layer on
the substrate. This method further comprises a step of
supplying a reaction gas containing carbon into the vacuum
chamber for forming a plasma and emitting the plasma
toward the intermediate layer thereby forming a hard carbon
film on the intermediate layer.

According to the sixth aspect of the present invention, the
intermediate layer forming means is provided for emitting
the material atoms for forming an intermediate layer toward
the substrate through the second opening of the shielding
cover. Therefore, it is possible to form the intermediate layer
as well as the hard carbon film with a single evacuation.
Further, it is possible to control the formation of the hard
carbon film and that of the intermediate layer independently
of each other. Thus, it is possible to form the hard carbon
film after a desired intermediate layer is formed on the
substrate.

Further, it is possible to control the material composition
ratio of the intermediate layer as desired by alternately
repeating deposition of the carbon film by plasma CVD
throngh the first opening and deposition of the material
atoms for forming an intermediate layer through the second
opening. Thus, it is possible to bring the material composi-
tion ratio of the intermediate layer into a graded structure
gradually approaching the composition of the hard carbon
film toward the hard carbor film. Due to formation of the
intermediate layer having such a graded structure, it is
possible to further improve adhesion between the substrate
and the hard carbon film.

In the apparatus according to the fifth aspect of the present
invention, the substrate holder is provided in the vacuum
chamber, so that a number of substrates can be mounted on
the substrate holder. Thus, it is possible to increase the
number of substrates that can be treated in a single evacu-
ation.

The shielding cover is provided around the substrate
holder, whereby it is possible to prevent the occurrence of
discharge in the vicinity of a substrate portion other than that
which is to be provided with the film. Thus, it is possible to
form the film while maintaining the substrate at a low
temperature, whereby it is unnecessary to consider the heat
resistance of the substrate.

The apparatus according to the sixth aspect of the present
invention is further provided with the intermediate layer
forming means. Thus, it is possible to form the intermediate
layer on the substrate in a single evacuation step.

Further, it is possible to change the material composition
ratio of the intermediate layer by alternately forming thin
films by the plasma generation means and by the interme-
diate layer forming means and changing the respective thin
film forming conditions. Thus, it is possible to form an
intermediate layer having a graded structure, thereby further
improving the adhesion between the substrate and the hard
carbon film.



Case 8:13-cv-01481-JVS-JPR Document 1 Filed 09/23/13 Page 25 of 135 Page ID #:25

5,629,086

7

The foregoing and other objects, features, aspects and
advantages of the present invention will become more
apparent from the following detailed description of the
present invention when taken in conjunction with the
accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic sectional view showing a hard
carbon film forming apparatus in an embodiment according
to the fifth aspect of the present invention;

FIG. 2 is a plan view showing a portion around a forward
end of a reaction gas inlet pipe provided in the embodiment
shown in FIG. 1;

FIG. 3 illustrates the relations between film forming times
and substrate temperatures in an example of the present
invention and comparative examples;

FIG. 4 is a schematic sectional view showing a hard
carbon film forming apparatus in an embodiment according
to the seventh aspect of the present invention;

FIG. § iliustrates the relation between a film forming time
and a CH, flow rate in the formation of an intermediate layer
having a graded structure with the apparatus of the embodi-
ment according to the seventh aspect of the present inven-
tion;

FIG. 6 illustrates the relation between the film forming
time and an evaporation rate in the formation of the inter-
mediate layer having a graded structure with the apparatus
of the embodiment according to the seventh aspect of the
present invention;

FIG. 7 is a schematic sectional view showing a hard
carbon film forming apparatus in an embodiment according
to the eighth aspect of the present invention;

FIG. 8 illustrates the relation between a film forming time
and a CH, flow rate in the formation of an intermediate layer
having a graded structure with the apparatus of the embodi-
ment according to the eighth aspect of the present invention;

FIG. 9 illustrates the relation between the film forming
time and an ion current density in the formation of the
intermediate layer having a graded structure with the appa-
ratus of the embodiment according to the eighth aspect of the
present invention;

FIG. 10 is a sectional view showing a diamond-like
carbon film directly formed on a substrate according to an
example of the present invention;

FIG. 11 is a sectional view showing an intermediate layer
formed on a substrate and a diamond-like carbon film
formed thereon according to another example of the present
invention;

FIG. 12 is a schematic sectional view showing a conven-
tional hard carbon film forming apparatus;

FIG. 13 illustrates the relations between partial pressures
for supplying Ar gas and values of film hardness in a method
of forming a hard carbon film according to the present
invention; and

FIG. 14 illustrates the relation between a self-bias devel-
oped in a substrate and film hardness in the method of
forming a hard carbon film according to the present inven-
tion.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

FIG. 1 is a schematic sectional view showing an exem-
plary apparatus for forming a hard carbon film according to
the present invention. Referring to FIG. 1, a plasma gen-
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eration chamber 4 is provided in a vacuum chamber 8. An
end of a waveguide 2 is mounted on the plasma generation
chamber 4, while microwave supply means 1 is provided on
another end of the waveguide 2. A microwave that is
generated in the microwave supply means 1 passes through
the waveguide 2 and a microwave inlet window 3, to be
guided into the plasma generation chamber 4. The plasma
generation chamber 4 is provided with a discharge gas inlet
pipe 5 for introducing a discharge gas such as argon (Ar) gas
into the plasma generation chamber 4. Further, a plasma
magnetic field generator 6 is provided around the plasma
generation chamber 4. A plasma of high density is formed in
the plasma generation chamber 4 by the actions of a high-
frequency magnetic field formed by the microwave and a
magnetic field generated by the plasma magnetic field
generator 6.

A cylindrical substrate holder 12 is provided in the
vacuum chamber 8. This cylindrical substrate holder 12 is
rotatable about a shaft (not shown) which is arranged
perpendicularly to wall surfaces of the vacuum chamber 8.
A plurality of substrates 13 are mounted on a peripheral
surface of the substrate holder 12 at regular intervals.
According to this embodiment, 24 nickel (Ni) substrates 13
are mounted on the peripheral surface of the substrate holder
12. A high-frequency power source 10 is connected to the
substrate holder 12.

A cylindrical shielding cover 14 of a metal is provided
around the substrate holder 12 at a prescribed distance. This
shielding cover 14 is connected to a ground electrode. This
shielding cover 14 is adapted to prevent discharge across
portions of the substrate holder 12 other than those intended
for film formation and the vacaum chamber 8 caused by the
RF voltage that is applied to the substrate holder 12 in
formation of the films. The substrate holder 12 and the
shielding cover 14 are so arranged that the distance ther-
ebetween is not more than the mean free path of gas
molecules. The mean free path of the gas molecules is less
than or equal to the mean distance that ions and electrons
that are generated by some cause and accelerated by an
electric field can travel with no collision. The distance
between the substrate holder 12 and the shielding cover 14
is set to be not more than the mean free path of the gas
molecules, so as to reduce the probability that ions and
electrons will collide with the gas molecules, thereby pre-
venting a chain progression of ionization.

The distance between the substrate holder 12 and the
shielding cover 14 is preferably set to be not more than Vio
of the mean free path of the gas molecules, in particular.
According to this embodiment, the distance between the
substrate holder and the shielding cover 14 is set at about 5
mm, which is not more than %10 of the mean free path of the
gas molecules.

The shielding cover 14 has an opening 15. The plasma is
drawn from the plasma generation chamber 4 and passes
through the opening 15, to be emitted toward the respective
substrate 13 mounted on the substrate holder 12 at a position
at the opening 15. The vacuum chamber 8 is provided
therein with a reaction gas inlet pipe 16. A forward end of
the reaction gas inlet pipe 16 is located above the opening
15. FIG. 2 is a plan view showing a portion around the
forward end of the reaction gas inlet pipe 16. Referring to
FIG. 2, the reaction gas inlet pipe 16 includes a gas inlet part
164 for introducing CH, gas into the vacuum chamber 8
from the exterior, and a gas discharge part 16b perpendicu-
larly connected with the gas inlet part 16a. The gas discharge
part 16b is arranged perpendicularly to a direction A of
rotation of the substrate holder 12, to be positioned upstream
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of the direction of rotation above the opening 15. The gas
discharge part 16b is provided with a plurality of holes 21
which are downwardly directed at an angle of about 45°.
According to this embodiment, eight holes 21 are provided
at spacing intervals that are gradually made narrower from
the center toward both sides. Thus, the CH, gas which is
introduced from the gas inlet part 164 is substantially
uniformiy discharged from the respective holes 21.

An example for forming diamond-like carbon films serv-
ing as hard carbon films on nickel substrates through the
apparatus shown in FIG. 1 is now described. -

First, 24 Ni substrates 13 were mounted on the peripheral
surface of the substrate holder 12 at regular intervals. Then,
the vacuum chamber 8 was evacuated to 10~ to 10~ Torr,
and the substrate holder 12 was rotated at a speed of about
10 rpm. Then, Ar gas was supplied from the discharge gas
inlet pipe 5 of an ECR plasma generator at 5.7x10™ Torr,
while a microwave of 2.45 GHz frequency and 100 W power
was supplied from the microwave supply means 1, so that an
Ar plasma formed in the plasma generation chamber 4 was
emitted onto the surface of each substrate 13. At the same
time, an RF voltage of 13.56 MHz frequency was applied to
the substrate holder 12 from the high-frequency power
source 10, so that a self-bias developed in each substrate 13
was —20 V. CH,, gas was supplied from the reaction gas inlet
pipe 16 at 1.3x10> Tormr. The CH, gas supplied from the
reaction gas inlet pipe 16 was decomposed by an action of
the plasma so that carbon entered an ionic or neutral active
state having high reactivity to be emitted onto the surface of
each substrate 13.

The aforementioned step was carried out for about 15
minutes, to form a diamond-like carbon film of 1200 A in
thickness on the surface of each substrate 13. FIG. 10 is a
sectional view showing a diamond-like carbon film formed
on each substrate 13 in the aforementioned manner. Refer-
ring to FIG. 10, a diamond-like carbon film 21 is formed on
the substrate 13.

FIG. 3 illustrates the relation between a fiim forming time
and a substrate temperature in the aforementioned Example
(hereinafter referred to as “Example 1”), in comparison to
data of a comparative example 1 in which diamond-like
carbon films were formed similarly to Example 1 except that
the substrate holder was not rotated, and a comparative
example 2 in which diamond-like carbon films were formed
in an apparatus without a shielding cover and without
rotation of a substrate holder. As understood from FIG. 3, the
substrate temperature was about 45° C. in Example 1 at a
time 15 minutes after starting film formation, while the
substrate temperatures at that same point in time in com-
parative examples 1 and 2 were about 60° C. and about 150°
C. respectively. The substrate temperature was extremely
increased in comparative example 2, conceivably because
discharge was caused between the vacuum chamber and
portions of the substrate holder other than those for forming
the films. The substrate temperature in comparative example
1 was lower than that in comparative example 2, which
shows that it is possible to reduce the substrate temperature
by providing the shielding cover. The substrate temperature
in Example 1 was lower than that in comparative example 1,
conceivably because in Example 1, the portions heated by
plasma discharge were successively moved as the substrate
holder was rotated, to suppress the increase in substrate
temperature. According to the present invention, it is pos-
sible to select the type of the substrates without consider-
ation of heat resistance, since the increase of the substrate
temperature can be suppressed.

The apparatus shown in FIG. 1 was employed to apply RF
voltages to substrates so that self-biases developed in the
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substrates were —50 V while CH, gas was supplied from the
reaction gas inlet pipe at partial pressures of 3.0x10~* Torr,
1.0x107® Torr and 1.3x10™> Torr respectively, for investi-
gating the relations between the partial pressures and values
of hardness of the resulting diamond-like carbon films as
formed.

FIG. 13 illustrates the relations between the partial pres-
sures for supplying Ar gas and the values of Vickers hard-
ness of the films, which were measured on the basis of JIS
G0202.

As shown in FIG. 13, the values of hardness of the films
were about 3000 Hv regardless of the partial pressures for
supplying Ar gas. Further, substantially similar results were
obtained also when the partial pressures for supplying CH,
gas were changed. Thus, it is understood to be possible to
form diamond-like carbon films having prescribed values of
film hardness on substrates regardless of the partial pres-
sures for supplying Ar gas and CH, gas.

Then, the Ar gas and the CH,, gas were supplied at partial
pressures of 5.7x10~* Torr and 1.0x102 Torr respectively,
while the output from the high-frequency power source was
changed to vary the self-biases developed in the substrates.
FIG. 14 illustrates the relation between the self-bias devel-
oped in each substrate and film hardness of the diamond-like
carbon film as formed.

As shown in FIG. 14, the film hardness was at a low value
of about 500 Hv when the self-bias developed in each
substrate was 0 V. The film hardness increased correspond-
ingly with the absolute value of the self-bias voltage as it
varied through the range of 0 V to —20 V. The film hardness
was at a high value of about 3000 Hv when the self-bias was
—20 V. This film hardness of about 3000 Hv substantially
remained unchanged when the self-bias was reduced below
—20 V. Thus, it is understood that it is possible to form
diamond-like carbon films of about 3000 Hv in hardness on
substrates by setting the RF voltage of the high-frequency
power source so that the self-bias developed in each sub-
strate is not more than —20 V, regardless of the partial
pressures for supplying Ar gas and CH, gas.

Aresult similar to that shown in FIG. 14 was obtained also
when the partial pressures for supplying Ar gas and CH, gas
were varied in a range of 1.0x10™* to 20.0x10™* Torr.

Another embodiment, for forming intermediate layers on
substrates and then forming diamond-like carbon films serv-
ing as hard carbon films on the intermediate layers, will now
be described.

FIG. 11 is a sectional view showing an intermediate layer
22 formed on a substrate 13, and a hard carbon film 21
formed on this intermediate layer 22.

FIG. 4 is a schematic sectional view showing a hard
carbon film forming apparatus according to this embodiment
of the present invention. Referring to FIG. 4, a shielding
cover 44 is provided around a substrate holder 12 which is
arranged in a vacuum chamber 8. This shielding cover 44 is
provided with first and second openings 45 and 43. Accord-
ing to this embodiment, the first and second openings 45 and
43 are formed in substantially opposite positions. The first
opening 45 is formed similarly to the opening 15 shown in
FIG. 1, so that a forward end of a reaction gas inlet pipe 16
is located above the first opening 45, similarly to the
apparatus shown in FIG. 1.

An evaporation source 41 is provided under the second
opening 43, for evaporating material atoms for forming
intermediate layers by an electron beam and emitting the
same toward substrates 13. An ion gun 42 is provided in the
vicinity of the evaporation source 41, for emitting ions of an
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inert gas for supplying the material atoms evaporated from
the evaporation source 41 with energy. According to this
embodiment, the inert gas is Ar gas, and the intermediate
layer forming means comprise the evaporation source 41
and the ion gun 42. The evaporation source 41 and the ion
gun 42 emit the material atoms for forming intermediate
layers onto the substrates 13 through the second opening 43.

Other structures of this embodiment are similar to those of
the embodiment shown in FIG. 1. Thus, elements corre-
sponding to those in FIG. 1 are denoted by the same
reference numerals, and a redundant description thereof is
omitted.

Another inventive example will now be described,
namely an example for forming intermediate layers from a
single element, and then forming diamond-like carbon films
on the intermediate layers.

Similarly to the above described Example 1, 24 Ni
substrates 13 were mounted on a peripheral surface of the
substrate holder 12 at regular intervals. The vacuum cham-
ber 8 was evacuated to 107> to 1077 Torr, and the substrate
holder 12 was rotated at a speed of about 10 rpm. Then, the
ion gun 42 was supplied with Ar gas, so that Ar ions were
ejected and emitted onto the surface of each substrate 13. At
this time, the Ar ions were set at an acceleration voltage of
400 eV and ion current density of 0.3 mA/cm?®. Simulta-
neously with the emission of the Ar ions, the evaporation
source 41 was driven to evaporate Ru atoms, for emitting the
same onto the surface of each substrate 13. The Ru evapo-
ration rate was set to be 420 A /min. in terms of a film
forming rate on each substrate 13.

The aforementioned step was carried out for about 5
minutes, to form an intermediate layer of Ru having a
thickness of 200 A on the surface of each substrate 13,

Then, the emission of Ru atoms from the evaporation
source 41 and the emission of Ar ions from the ion gun 42
were stopped, and thereafter Ar gas was supplied from a
discharge gas inlet pipe 5 of an ECR plasma generator at
5.7x10™* Torr while a microwave of 2.45 GHz frequency
and 100 W power was supplied from microwave supply
means 1, to emit an Ar plasma formed in a plasma generation
chamber 4 onto the surface of each substrate 13. At the same
time, an RF voltage of 13.56 MHz frequency was applied
from a high-frequency power source 10 to the substrate
holder 12 and CH, was supplied from a reaction gas inlet
pipe 16 at 1.3x107® Torr, so that a self-bias of —20 V
developed in each substrate 13.

The aforementioned step was carried out for about 15
minutes, to form a diamond-like carbon film of 1200 A in
thickness on the intermediate layer that had been formed on
each substrate 13.

As aresult of the aforementioned two steps, a layered thin
film including the intermediate layer 22 of Ru formed on the
surface of each substrate 13 and the diamond-like carbon
film 21 formed on the intermediate layer 22, was obtained as
shown in FIG. 11. Due to such formation of the intermediate
layer 22, it is possible to relax stress in the diamond-like
carbon film 21, thereby improving the adhesion between the
substrate 13 and the diamond-like carbon film 21. The stress
in the diamond-like carbon film 21 can be relaxed conceiv-
ably because it is possible to relax thermal stress caused by
a difference in thermal expansion coefficients between the
substrate 13 and the diamond-like carbon film 21, due to the
presence of the intermediate layer 22.

Another inventive example will now be described,
namely an example for forming mixed layers of material
atoms and carbon as intermediate layers and then forming
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diamond-like carbon films thereon. In this example, an
apparatus similar to that shown in FIG. 4 was employed.

Similarly to the above described Example 1, 24 Ni
substrates 13 were mounted on the peripheral surface of the
substrate holder 12 at regular intervals. The vacuum cham-
ber 8 was evacuated to 107° to 10~ Torr, and the substrate
holder 12 was rotated at a speed of about 10 rpm.

Then, Ar gas was supplied from the discharge gas inlet
pipe 5 of the ECR plasma generator at 5.7x10™ Torr, while
a microwave of 2.45 GHz frequency and 100 W power was
supplied from the microwave supply means 1 to emit an Ar
plasma formed in the plasma generation chamber 4 onto the
surface of each substrate 13. At the same time, an RF voltage
of 13.56 MHz frequency was applied to the substrate holder
12 from the high-frequency power source 10 while CH, gas
was supplied from the reaction gas inlet pipe 16, so that a
self-bias of —20 V was developed in each substrate 13. The
supply quantity of the CH, gas was gradually increased with
time as shown in FIG. 5, to be 100 sccm, i.e., 1.3x107> Torr,
after a lapse of 5 minutes.

Simultaneously with the aforementioned film formation
by the ECR plasma generator, Ar ions were emitted from the
ion gun 42 and Ru atoms were emitted from the evaporation
source 41 to the surface of each substrate 13. At this time,
the Arions were set at an acceleration voltage of 400 eV and
ion current density of 0.3 mA/cm?. Further, the Ru evapo-
ration rate was gradually reduced with time from 420 A/min.
in terms of a film forming rate on each substrate 13 to reach
0 A/min. after a lapse of 5 minutes, as shown in FIG. 6. The
emission of the Ar ions from the ion gun 42 was stopped
when the Ru evaporation rate reached 0 A/min., i.e., after a
lapse of 5 minutes

As hereinabove described, carbon film formation by
plasma CVD and Ru evaporation were simultaneously car-
ried out in the first and second openings 45 and 43
respectively, to form an intermediate layer containing Ru
and C in a mixed state. According to this Example, the
aforementioned step was carried out for about 5 minutes, to
form a mixed layer of Ru and C having a total thickness of
200 A on the surface of each substrate 13. As shown in
FIGS. § and 6, the evaporation volume of Ru was reduced
and the amount of carbon film formation was increased with
time. Thus, the intermediate layer had a graded structure or
composition gradient such that the Ru content was gradually
reduced and the C content was gradually increased as the
distance from the surface of each substrate 13, increased.

Then, a diamond-like carbon film was formed on each
intermediate layer. CH, gas was supplied from the reaction
gas inlet pipe 16 at a constant partial pressure of 1.3x107>
Torr, to continuously carry out film formation by the ECR
plasma generator in the aforementioned step. This step was
carried out for about 15 minutes, to form a diamond-like
carbon film of 1200 A in thickness on the intermediate layer
that had been formed on each substrate 13.

As aresult, a layered film including an intermediate layer
consisting of Ru and C having a graded structure and a
diamond-like carbon film was formed on each substrate 13.
Such an intermediate layer having a graded structure can
further improve the adhesion between the substrate and the
diamond-like carbon film as compared with the aforemen-
tioned intermediate layer consisting of a single element.

An evaluation test was conducted to evaluate the adhesion
of diamond-like carbon films formed by the apparatus of the
aforementioned embodiment. Samples were prepared by
directly forming diamond-like carbon films on Ni substrates
(Example 1), by forming intermediate layers consisting of
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Ru on Ni substrates and then forming diamond-like carbon
films on the intermediate layers (Example 2), by forming
intermediate layers of mixed layers consisting of Ru and C
on Ni substrates and then forming diamond-like carbon films
on the intermediate layers (Example 3), and by employing
an Si evaporation source for forming intermediate layers
consisting of Si on Ni substrates and then forming diamond-
like carbon films on the intermediate layers (Example 4).
Adhesion was evaluated by an indentation test with constant
loads (1 kg) employing Vickers indenters. 50 samples were
prepared for each Example, and the numbers of those
causing separation of the diamond-like carbon films formed
on the Ni substrates were counted. Table 1 shows the results.

TABLE 1
Example Example Example Example
1 2 3 4
Number of Samples 43 7 0 16

Causing Separation

As obvious from Table 1, the numbers of samples causing
separation were reduced in Examples 2, 3 and 4, which were
provided with the intermediate layers, as compared with
Example 1, which was not provided with an intermediate
layer. Thus, it is understood that it is possible to improve the
adhesion of the diamond-like carbon films by providing the
intermediate layers. Particularly from Example 3, it is
clearly understood that it is possible to remarkably improve
the adhesion of the diamond-like carbon films by forming
the intermediate layers of Ru and C having graded struc-
tures.

Comparing Examples 2 and 4 with each other, it is
understood that Ru is superior to Si as material atoms for
forming intermediate layers with respect to Ni substrates.

FIG. 7 is a schematic sectional view showing a hard
carbon film forming apparatus according to still another
embodiment of the present invention. Referring to FIG. 7, a
shielding cover 44 is provided around a substrate holder 12
which is arranged in a vacuum chamber 8. The shielding
cover 44 has a first opening 45 similar to the opening 15
shown in FIG. 1, so that a forward end of a reaction gas inlet
pipe 16 is located above the first opening 45, similarly to the
apparatus shown in FIG. 1.

A target 46 of material atoms for forming intermediate
layers is provided under a second opening 43 of the shield-
ing cover 44. Further, an ion gun 47 is provided in the
vicinity of the target 46, for emitting jons of an inert gas to
the target 46 thereby sputtering the target 46. According to
this embodiment, the inert gas is Ar gas and the intermediate
layer forming means comprises the target 46 and the ion gun
47, while thin-film heads 48 are mounted on the substrate
holder 12 as substrates. The target 46 and the ion gun 47 emit
the material atoms for forming intermediate layers onto the
thin-film heads 48 through the second opening 43.

The ions from the ion gun 47 are applied not only to the
target 46 but also to the thin-film head 48.

Other structures of this embodiment are similar to those of
the embodiment shown in FIG. 1. Thus, elements corre-
sponding to those in FIG. 1 are denoted by the same
reference numerals, and a redundant description is omitted.

A further inventive example will now be described,
namely an example for forming intermediate layers from a
single element, and then forming diamond-like carbon films
thereon.

Similarly to the above described Example 1, 24 thin-film
heads 48 were mounted on a peripheral surface of the
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substrate holder 12 at regular intervals. The vacuum cham-
ber 8 was evacuated to 10~° to 1077 Torr, and the substrate
holder 12 was rotated at a speed of about 10 rpm. Then, Ar
gas was supplied to the ion gun 47, so that Ar ions were
ejected and emitted onto a surface of the target 46 consisting
of Si. At this time, the Ar ions were set at an acceleration
voltage of 900 eV and ion current density of 0.3 mA/cm?.

The aforementioned step was carried out for about 2
minutes, to form an intermediate layer of Si having a
thickness of 60 A on the surface of each thin-film head 48.

Then, the emission of the Ar ions from the ion gun 47 was
stopped and Ar gas was supplied from a discharge gas inlet
pipe 5 of an ECR plasma generator at 5.7x10~* Torr, while
a microwave of 2.45 GHz frequency and 100 W power was
supplied from microwave supply means 1, to emit an Ar
plasma formed in a plasma generation chamber 4 onto the
surface of each thin-film head 48. At the same time, an RF
voltage of 13.56 MHz frequency was applied to the substrate
holder 12 from a high-frequency power source 10 and CH,
gas was supplied from a reaction gas inlet pipe 16 at
1.3x107 Torr, so that a self-bias of ~20 V was developed in
each thin-film head 48.

The aforementioned step was carried out for about 2.5
minutes, to form a diamond-like carbon film of 200 A in
thickness on the intermediate layer that had been formed on
each thin-film head 48.

As aresult of the aforementioned two steps, a layered thin
film was formed on the surface of each thin-film head 48,
including the intermediate layer of Si and the diamond-like
carbon film formed thereon. Due to such formation of an
intermediate layer, it is possible to relax stress in a diamond-
like carbon film, thereby improving the adhesion between a
substrate and the diamond-like carbon film. The stress in the
diamond-like carbon film can be relaxed conceivably
because it is possible to relax the thermal stress caused by
the difference in thermal expansion coefficients between the
substrate and the diamond-like carbon film, due to the
presence of the intermediate layer. Further, the intermediate
layer is formed with higher adhesion since the Ar ions are
applied not only to the target but also to each thin-film head
during formation of the intermediate layer.

Another inventive example will now be described,
namely an example for forming mixed layers of material
atoms and carbon as intermediate layers and forming
diamond-like carbon films thereon. Also in this example, an
apparatus similar to that shown in FIG. 7 was employed.

First, 24 thin-film heads 48 were mounted on the periph-
eral surface of the substrate holder 12 at regular intervals.
The vacuum chamber 8 was evacuated to 10~ to 1077 Torr,
and the substrate holder 12 was rotated at a speed of about
10 rpm.

Then, Ar gas was supplied from the discharge gas inlet
pipe 5 of the ECR plasma generator at 5.7x10™* Torr while
a microwave of 2.45 GHz frequency and 100 W power was
supplied from the microwave supply means 1, to emit an Ar
plasma formed in the plasma generation chamber 4 to the
surface of each thin-film head 48. At the same time, an RF
voltage of 13.56 MHZ frequency was applied from the
high-frequency power source 10 to the substrate holder 12
and CH, gas was supplied from the reaction gas inlet pipe
16, so that a self-bias of —20 V was developed in each
thin-film head 48. At this time, the supply quantity of the
CH, gas was gradually increased with time to reach 100
scem, ie., 1.3x1073 Torr, after a lapse of 3 minutes, as
shown in FIG. 8.

Simultaneously, with the film formation by the ECR
plasma generator, Ar ions were emitted onto the surface of
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the target 46 from the ion gun 47. At this time, the Ar ions
were set at an acceleration voltage of 900 eV and ion current
density of 0.3 mA/cm?. The ion current density was gradu-
ally reduced with time to reach 0 mA/cm? after a lapse of 3
minutes, as shown in FIG. 9.

As hereinabove described, carbon film formation by
plasma CVD and Si sputtering were simultaneously carried
out in the first and second openings 45 and 43 respectively,
to form a mixed layer of Si and C as an intermediate layer.
According to this embodiment, the aforementioned step was
carried out for about 3 minutes, to form a mixed layer of Si
and C having a total thickness of 60 A on the surface of each
thin-film head 48. As shown in FIGS. 8 and 9, the quantity
of Si was reduced and the amount of carbon film formation
was increased over time. Thus, this intermediate layer had a
graded structure or composition gradient such that the Si
content was gradually reduced and the C coatent was
gradually increased as the distance from the surface of each
thin-film head 48 increased.

Then, a diamond-like carbon film was formed on each
intermediate layer. CH, gas was supplied from the reaction
gas inlet pipe 16 at a constant partial pressure of 1.3x107>
Torr, to continuously carry out film formation by the ECR
plasma generator in the aforementioned step. This step was
carried out for about 2.5 minutes, to form a diamond-like
carbon fitm of 200 A in thickness on the intermediate layer
of each thin-film head 48.

As aresult, alayered film including the intermediate layer
of Si and C having a graded structure and the diamond-like
carbon film was formed on each substrate. Such an inter-
mediate layer having a graded composition or structure can
further improve the adhesion between the substrate and the
diamond-like carbon film as compared with the aforemen-
tioned intermediate layer consisting of a single element.

A further inventive example will now be described,
namely an example for forming intermediate layers mainly
composed of Si on Ni substrates and then forming diamond-
like carbon films on the intermediate layers according to the
second aspect of the present invention through the apparatus
shown in FIG. 7.

The vacuum chamber 8 was evacuated to 10~ to 107
Torr, and the substrate holder 12 was rotated at a speed of
about 10 rpm. 24 Ni substrates were mounted on the
substrate holder 12 at regular intervals. The ion gun 47 was
supplied with Ar gas, to emit Ar ions onto the surface of the
target 46. At this time, the Ar ions were set at an acceleration
voltage of 900 eV and ion current density of 0.3 mA/cm?,
while the sputtered Si was evaporated on each substrate at an
evaporation rate of 30 A/min.

The time for the Si sputtering step was changed to vary
the thicknesses of the Si intermediate layers formed on the
Ni substrates to 30 A, 50 A, 100 A and 500 A (Example 5).

Diamond-like carbon films of 1200 A in thickness were
formed similarly to Example 1 on the intermediate layers
having different thicknesses, which were obtained in the
aforementioned manner.

An evaluation test for adhesion was carried out on the
diamond-like carbon films obtained in the aforementioned
manner. The adhesion evaluation test was carried out simi-
larly to that for Examples 1 to 4 described above.

Table 2 shows the results.
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TABLE 2
Example 5
Example 1  30A 50A 1004 5004

Number of Samples 43 16 o 0 0

Causing Separation

As clearly understood from Table 2, the diamond-like
carbon films were generally separated when the intermediate
layers were less than 50 A in thickness, while no such
separation was recognized when the film thicknesses
exceeded 50 A.

It is conceivable that a sufficient range for the thickness of
the intermediate layer is up to about 5000 A when the
hard-carbon-film-coated substrate according to the present
invention is applied to an outer blade of an electric shaver.
The adhesion is not further nnproved even if the thickness
exceeds 5000 A Therefore, it is conceivable that a thickness
of about 4000 A is sufficient for an intermediate layer that
is mainly composed of Si in the present invention. It is also
conceivable that a thickness of about 5000 A is sufficient for
the diamond-like carbon film. ¥ the thickness of the
diamond-like carbon film exceeds 5000 A, then internal
stress could easily be caused and deform the substrate as a
result.

Another inventive example will now be described,
namely an example for forming mixed layers of Si and
carbon as intermediate layers.

Mizxed layers of Si and carbon were formed similarly to
the aforementioned Example for forming mixed layers of Si
and C as intermediate layers. Samples were prepared by
varying the thicknesses of the intermediate layers to 30 A,
50 A, 100 A and 500 A (Example 6). Further, diamond-like
carbon films were formed on the intermediate layers to a
thickness of 1200 A. Adhesion of the diamond-like carbon
films was evaluated in the samples obtained in the afore-
mentioned manner, similarly to the above.

Table 3 shows the results.

TABLE 3
Example 6
Example 1 304 5084 1004 5004
Number of Samples 43 14 0 [ 0

Causing Separation

As clearly understood from Table 3, the diamond-like
carbon films were generally separated when the intermediate
layers of SiC were less than 50 A in thickness, while no such
separation was recognized when the film thicknesses
exceeded 50 A. Thus, the intermediate layer is preferably at
least 50 A in thickness, also when the intermediate layer is
prepared from SiC.

Then, nitrogen gas was introduced as a reaction gas
containing nitrogen from the gas inlet pipe 16 shown in FIG.
7 into the vacuum chamber 8, to form mixed layers of Si and
nitrogen as intermediate layers. The nitrogen gas was sup-
plied at a partial pressure of 1.8x10™* Torr. Diamond-like
carbon films were formed on the intermediate layers, under
conditions similar to those in Example 6. Consequently,
results similar to those shown in Table 3 were obtained.

Further, mixed layers of Si and oxygen were formed as
intermediate layers, and then diamond-like carbon films

Page 29 of 135 Page ID #:29
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were formed on these intermediate layers. A reaction gas
containing oxygen was prepared from oxygen gas, and
supplied at a partial pressure of 1.8x10™* Torr. Diamond-like
carbon films were formed on the intermediate layers, under
conditions similar to those in Example 6. Consequently,
results similar to those shown in Table 3 were obtained.

Further, Ge was employed in place of Si as an interme-
diate layer. The evaluation of adhesion was performed
similarly to Examples 5 and 6. Consequently, results similar
to those shown in Tables 2 and 3 were obtained.

An example according to the third aspect of the present
invention will now be described. According to this example,
carbon thin films were formed as intermediate layers. An
apparatus similar to that shown in FIG. 7 was employed for
forming the carbon thin films, with a carbon target. Ar ions
were set at an acceleration voltage of 900 eV and ion current
density of 0.3 mA/cm? The times for forming the carbon
thin films were changed to vary the thicknesses of the carbon
thin films serving as intermediate layers to 30 A, 50 A, 100
Aand 500 A (Example 7). Diamond-like carbon films were
formed on the intermediate layers having different thick-
nesses obtained in the aforementioned manner, similarly to
the above Example 5, and then were subjected to an adhe-
sion evaluation test. Table 4 shows the results.

TABLE 4
Example 7
Example 1 304 504 1004 5004
Number of Samples 43 15 o] 0 0

Causing Separation

As clearly understood from Table 4, the diamond-like
carbon films were generally separated when the intermediate
layers were less than 50 A in thickness, while no such
separation was recognized when the film thicknesses
exceeded 50 A. Thus, the intermediate layer is preferably at
least 50 A in thickness, also when the layer is formed by a
carbon thin film. Further, the intermediate layer is preferably
not more than 4000 A in thickness when the hard-carbon-
film-coated substrate is used for an outer blade of an electric
shaver, while it is preferably not more than 8000 A in
thickness when the hard-carbon-film-coated substrate is
used for an inner blade, for reasons similar to those dis-
cussed above regarding the example according to the second
aspect of the present invention.

In the present invention, an intermediate layer may be
formed by plasma CVD. In this case, a gas containing
material atoms for forming an intermediate layer is supplied
into a vacuum chamber 8 from a reaction gas inlet pipe 16
to form a plasma and emit the plasma toward a substrate
thereby forming the intermediate layer on the substrate.

While each of the above embodiments and examples has
been described with reference to an ECR plasma generator
serving as plasma generation means, the present invention is
not restricted to this but another plasma CVD apparatus such
as a high-frequency plasma CVD apparatus or a DC plasma
CVD apparatus is also employable.

The invention is also directed to an apparatus for forming
a hard carbon film on a substrate, comprising: a vacuum
chamber; a substrate holder being rotatably provided in said
vacuum chamber; a shielding cover, partially provided with
an opening, being arranged to enclose a peripheral surface of
said substrate holder; plasma generation means for gener-
ating a plasma in said vacuum chamber and emitting said
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plasma toward said substrate through said opening; reaction
gas inlet means for supplying a reaction gas containing
carbon into said plasma being generated from said plasma
generation means; and a high-frequency power source for
applying a high-frequency voltage to said substrate holder so
that a self-bias being developed in said substrate goes
negative.

The invention is further directed to an apparatus for
forming an intermediate layer on a substrate and forming a
hard carbon film on said intermediate layer, comprising: a
vacuum chamber; a substrate holder being rotatably pro-
vided in said vacuum chamber; a shielding cover, partially
provided with first and second openings, being arranged to
enclose a peripheral surface of said substrate holder; plasma
generation means for generating a plasma in said vacuum
chamber and emitting said plasma toward said substrate
through said first opening; reaction gas inlet means for
supplying a reaction gas containing carbon into said plasma
being generated from said plasma generation means; a
high-frequency power source for applying a high-frequency
voltage to said substrate holder so that a self-bias being
developed in said substrate goes negative; and intermediate
layer forming means being provided in said vacuum cham-
ber for emitting material atoms for forming said intermedi-
ate layer toward said substrate through said second opening.

The intermediate layer forming means may comprise: an
evaporation source being provided in said vacuum chamber
for emitting said material atoms for forming said interme-
diate layer toward said substrate through said second
opening, and an ion gun for emitting ions of an inert gas
toward said substrate through said second opening simulta-
neously with said emission of said material atoms from said
evaporation source. Alternatively, the intermediate layer
forming means may comprise: a target, consisting of said
material atoms for forming said intermediate layer, being
provided in said vacuum chamber for sputtering said mate-
rial atoms toward said substrate through said second
opening, and an ion gun for emitting ions of an inert gas
toward said target for sputtering said target.

The plasma generation means may be an electron cyclo-
tron resonance plasma CVD apparatus. The shielding cover
may be separated from said peripheral surface of said
substrate holder by a distance of not more than a mean free
path of gas molecules. Especially, the shielding cover may
be separated from said peripheral surface of said substrate
holder by a distance of not more than %10 of a mean free path
of gas molecules. The shielding cover may be maintained at
a prescribed potential. Alternatively, the shielding cover may
be grounded.

The material atoms for forming said intermediate layer
may be those of Si, Ru, carbon or Ge, or a mixture of Si, Ru,
carbon or Ge and at least one of carbon, nitrogen and
oxygen. The substrate may consist of a metal or an alloy
being mainly composed of Ni or Al, or stainless steel. The
self-bias being developed in said substrate is —20 V, for
example.

Although the present invention has been described and
illustrated in detail, it is clearly understood that the same is
by way of illustration and example only and is not to be
taken by way of limitation, the spirit and scope of the present
invention being limited only by the terms of the appended
claims.

What is claimed is:

1. A hard-carbon-film coated substrate comprising:

a substrate that consists of stainless steel or of a metal or

alloy at least mainly composed of Ni or Al;
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an intermediate layer arranged on said substrate that
comprises Ru and at least one element selected from
carbon, nitrogen and oxygen and that has a composi-
tional gradient across its thickness; and

a predominantly amorphous hard carbon film arranged on

said intermediate layer;

wherein said compositional gradient comprises a pre-

dominant proportion of Ru at a side of said interme-
diate layer adjacent said substrate and a predominant
proportion of said at least one element selected from
carbon, nitrogen and oxygen at a side of said interme-
diate layer adjacent said hard carbon film.

2. The coated substrate of claim 1, wherein said interme-
diate layer is mainly composed of Ru.

3. The substrate of claim 1, wherein said intermediate
layer consists of Ru and said at least one element selected
from carbon, nitrogen and oxygen.

4. The coated substrate of claim 1, wherein said hard
carbon film is a film of diamond-like carbon.

5. The coated substrate of claim 1, wherein said hard
carbon film has a Vickers hardness of about 3000.

6. The coated substrate of claim 1, wherein said interme-
diate layer provides an improved adhesion of said hard
carbon film through said intermediate layer onto said sub-
strate as compared to an adhesion of said hard carbon film
directly onto said substrate.

7. The coated substrate of claim 1, wherein said interme-
diate layer has a thickness of 50 A to 8000 A.

8. The coated substrate of claim 1, wherein said interme-
diate layer has a thickness of from 50 A to 4000 A.

9. A hard-carbon-film coated substrate comprising:

a substrate that consists of stainless steel or of a metal or
alloy at least mainly composed of Ni or Al;

an intermediate layer that is arranged directly on said
substrate and in contact therewith, and that comprises
Si and at least one element selected from carbon,
nitrogen and oxygen and that has a compositional
gradient extending entirely across its thickness; and

a predominantly amorphous hard carbon film arranged on

said intermediate layer;

wherein said compositional gradient comprises a pre-

dominant proportion of Si at a side of said intermediate
layer adjacent said substrate and a predominant pro-
portion of said at least one element selected from
carbon, nitrogen and oxygen at a side of said interme-
diate layer adjacent said hard carbon film.

10. The coated substrate of claim 9, wherein said inter-
mediate layer is mainly composed of Si.

11. The coated substrate of claim 9, wherein said inter-
mediate layer consists of Si and said at least one element
selected from carbon, nitrogen and oxygen.

12. The coated substrate of claim 9, wherein said hard
carbon film is a film of diamond-like carbon.

13. The coated substrate of claim 9, wherein said hard
carbon film has a Vickers hardness of about 3000.

14. The coated substrate of claim 9, wherein said inter-
mediate layer provides an improved adhesion of said hard
carbon film through said intermediate layer onto said sub-
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strate as compared to an adhesion of said hard carbon film
directly onto said substrate.

15. The coated substrate of claim 9, wherein said inter-
mediate layer has a thickness of from 50 A to 8000 A.

16. The coated substrate of claim 9, wherein said inter-
mediate layer has a thickness of from 50 A to 4000 .

17. A hard-carbon-film coated substrate comprising:

a substrate that consists of stainless steel or of a metal or

alloy at least mainly composed of Ni or Al;

an intermediate layer arranged on said substrate that

comprises Ge and at least one element selected from
carbon, nitrogen and oxygen and that has a composi-
_tional gradient across its thickness; and

a predominantly amorphous hard carbon film arranged on

said intermediate layer;

wherein said compositional gradient comprises a pre-

dominant proportion of Ge at a side of said interme-
diate layer adjacent said substrate and a predominant
proportion of said at least one element selected from
carbon, nitrogen and oxygen at a side of said interme-
diate layer adjacent said hard carbon film.

18. The coated substrate of claim 17, wherein said inter-
mediate layer is mainly composed of Ge.

19. The coated substrate of claim 17, wherein said inter-
mediate layer consists of Ge and said at least one element
selected from carbon, pitrogen and oxygen.

20. The coated substrate of claim 17, wherein said hard
carbon film is a film of diamond-like carbon.

21. The coated substrate of claim 17, wherein said hard
carbon film has a Vickers hardness of about 3000.

22, The coated substrate of claim 17, wherein said inter-
mediate layer provides an improved adhesion of said hard
carbon film through said intermediate layer onto said sub-
strate as compared to an adhesion of said hard carbon film
directly onto said substrate.

23. The coated substrate of claim 17, wherein said inter-
mediate layer has a thickness of from 50 A to 8000 A.

24. The coated substrate of claim 17, wherein said inter-
mediate layer has a thickness of from 50 A to 4000 A.

25. A hard-carbon-film coated substrate comprising:

a substrate consisting of a metal or an alloy mainly

composed of Ni or Al, or stainless steel,

an intermediate layer mainly composed of carbon

arranged directly on and in contact with said substrate;
and

a hard carbon film arranged on said intermediate layer.

26. The coated substrate of claim 25, wherein said inter-
mediate layer has a thickness of from 50 A to 8000 A.

27. The coated substrate of claim 25, wherein said inter-
mediate layer has a thickness of from 50 A to 4000 A.

28. The coated substrate of claim 25, wherein said hard
carbon film is a film of diamond-like carbon.

29. The coated substrate of claim 25, wherein said inter-
mediate layer provides an improved adhesion of said hard
carbon film through said intermediate layer onto said sub-
strate as compared to an adhesion of said hard carbon film
directly onto said substrate.
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HARD CARBON THIN FILM AND METHOD
OF FORMING THE SAME

BACKGROUND OF THE INVENTION

Field of the Invention

The present invention relates to a hard carbon thin film
and a method of forming the hard carbon thin film.

Description of Related Art

Hard carbon thin films exhibit excellent hardness,
resistivity, chemical stability and the others, and have gath-
ered expectations for their applications to functional thin
films for electronic devices and semiconductors, e.g. pro-
tective coatings on sliding parts for compressors such as
rotary compressors, protective coatings on blades such as
electric shaver blades, protective coatings on masks for
screen deposition as well as on squeegees, constituent film
layers of solar cells, protective coatings on thin film mag-
netic heads, and protective coatings on SAW devices.

In the above applications, poor adhesion of the hard
carbon thin film to an underlying layer becomes problematic
occasionally. A technique to improve its adhesion to the
underlying layer such as a substrate has been proposed
which provides a silicon interlayer between the underlying
layer and the hard carbon thin film (See, for example,
Japanese Patent Laying-Open No. Hei 1-317197 (1989)).

Although the conventional techniques such as mentioned
above have a potential advantage of imparting increased
adhesion, delamination of the hard carbon thin film from the
underlying layer is disadvantageously occasioned when
influenced by the internal stress of the hard carbon thin film
which becomes greater as a thickness thereof increases.
Also, the interlayer must be formed in a separate step which
results in a complicated fabrication.

In view of the above, there has been a continuing need for
a hard carbon thin film which is capable of exhibiting an
improved adherence to an underlying layer such as a sub-
strate.

A crystalline hard carbon thin film, as generally called a
diamond thin film, is typically formed through thermal
decomposition of a material gas such as methane using a hot
filament. Such a technique is however accompanied by the
elevation of a substrate temperature up to about 1000° C.
which limits the material type of a substrate to be used. Also,
the diamond thin film thus formed generally exhibits a large
surface irregularity, which necessitates post-polishing
thereof to smooth the surface, such as for use as a surface
acoustic wave device.

A diamond-like thin film mainly consisting of non-
crystalline or amorphous components has also been known
as illustrative of the hard carbon thin film. Such a diamond-
like thin film is generally formed using a plasma CVD
technique which permits the formation thereof at a reduced
substrate temperature around a room temperature. The
diamond-like thin film thus formed is superior in surface
smoothness but is generally inferior in surface hardness to
the diamond thin film.

Accordingly, there remain a need for a technique which is
capable of forming diamond thin films having smaller
surface irregularities at reduced substrate temperatures, and
another need for a technique which is capable of forming
diamond-like thin films having increased surface hard-
nesses. Such needs would be met if a technique is provided
which can control to some extent those mechanical proper-
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ties of the diamond and diamond-like thin films to form hard
carbon thin films with tailored properties. However, such a
technique has not been reported up to date.

SUMMARY OF THE INVENTION

It is an object of the present invention to provide a hard
carbon thin film which exhibits a satisfactory hardness as
well as a good adhesion to an underlying layer such as a
substrate, and a method of forming the hard carbon thin film.

It is another object of the present invention to provide a
method for forming a hard carbon thin film which can
control a proportion of crystalline and non-crystalline com-
ponents in the thin film as well as its film properties such as
hardness and surface smoothness.

A hard carbon thin film in accordance with a first aspect
of the present invention characteristically has a graded
structure in which a ratio of sp® to sp> carbon-carbon
bonding (hereinafter referred to as “sp/sp ratio”) in the thin
film decreases in its thickness direction from a film/
underlayer interface toward a surface of the thin film.

A hard carbon thin film in accordance with a second
aspect of the present invention comprises two or more layers
having respective individual sp*/sp> ratios different from
each other, so that the sp®/sp> ratio in the thin film decreases
in a stepwise manner in its thickness direction from a
film/underlayer interface toward a surface of the thin film.

A hard carbon thin film in accordance with a second
aspect of the present invention characteristically has a
graded structure in which the sp?/sp” ratio in the thin film in
its thickness direction decreases from a film/underlayer
interface to a minimum and increases therefrom toward a
surface of the thin film.

A hard carbon thin film in accordance with a fourth aspect
of the present invention characteristically comprises three or
more layers having respective individual sp/sp> ratios dif-
ferent from each other, so that the sp?/sp> ratio in the thin
film decreases in a stepwise manner in its thickness direction
from a film/underlayer interface to a minimum and increases
therefrom in a stepwise manner toward a surface of the thin
film.

The sp? and sp> carbon-carbon bondings indicate different
forms of chemical bonding between carbon atoms. It is
generally known that the carbon-carbon bonding in the
diamond thin film is predominantly sp® while that in a
graphite is predominantly sp®. It is also known that an
amorphous diamond-like carbon thin film, as well as a
partially crystalline diamond-like carbon thin film, may have
a structure in which both sp* and sp> carbon-carbon bond-
ings are distributed therethrough. In the present invention,
such a sp?/sp> ratio is characteristically varied in a film
thickness direction as described earlier.

In the present invention, the sp?/sp> ratio is varied pref-
erably in the range of 0-3. Accordingly, the present inven-
tion is intended to include the case where the sp?/sp” ratio is
zero, i.e., the carbon-carbon bonding in the thin film is
essentially devoid of sp® and predominantly of sp°.

In general, the increased sp®/sp ratio, accordingly the
increased proportion of sp* carbon-carbon bonding tends to
cause a decrease in internal stress to provide better adhesion
to an underlying layer such as a substrate. On the other hand,
the reduced sp*/sp” ratio, accordingly the increased propor-
tion of sp® carbon-carbon bonding tends to produce a film
with increased hardness and internal stress.

The sp?/sp° ratio as specified in the present invention can
be determined such as by an electron energy loss spectros-
copy (EELS).
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In the present invention, the hard carbon thin film is
contemplated to include a crystalline diamond carbon thin
film, an amorphous diamond-like carbon thin film, and a
diamond-like carbon thin film having a partial crystalline
structure. Accordingly, the change of sp?/sp> ratio in a
thickness direction of a thin film may be accompanied by the
change in proportion of crystalline and non-crystalline com-
ponents in the thickness direction of the film.

The hard carbon thin film according to the present inven-
tion can be formed using generally-employed film-forming
techniques. Foremost among those techniques are plasma
CVD techniques including an ECR plasma CVD technique.
A hot-filament CVD technique may also be used. Such
techniques as to physically form thin films may also be
applicable which include a sputtering technique and an ion
beam deposition technique using an ion gun. Furthermore,
the thin film may be formed using any combination of the
above-mentioned plasma CVD, hot-filament CVD, sputter-
ing and ion-beam deposition techniques.

The hard carbon thin film of the present invention may be
formed on an underlying layer such as a substrate through an
interlayer interposed therebetween. The material types of the
interlayer include Si, Ti, Zr, W, Mo, Ru, Ge and oxides,
nitrides and carbides thereof. The interlayers comprised of
such materials can be formed such as by a magnetron RF
sputtering technique. For example, any of those metallic
elements can be sputtered in an argon plasma to form the
interlayer. An oXygen or nitrogen gas may be introduced into
a chamber during the sputtering to form the interlayer
comprised of oxides or nitrides of any of those elements. The
interlayer is formed to a typical thickness in the range of
20A-300A.

Afirst method for forming the hard carbon thin film of the
present invention using a plasma CVD technique is charac-
terized in that ion species, associated with formation of the
thin film, in a plasma are varied in kinetic energy with
film-forming time, so that the sp?/sp> ratio in the hard carbon
thin film is varied in its thickness direction. In order to vary
the kinetic energies of those ion species, an acceleration
voltage may be applied to them by applying a voltage to a
grid disposed between a plasma generation chamber and a
substrate, for example.

A second method for forming the hard carbon thin film of
the present invention using a plasma CVD technique is
characterized in that a varied amount of a hydrogen gas is
admitted to a reaction system for its change with film-
forming time, so that the sp*/sp> ratio in the thin film is
varied in its thickness.

A third method for forming the hard carbon thin film of
the present invention using a plasma CVD technique is
characterized in that a substrate temperature is varied with
film-forming time, so that the sp?/sp” ratio in the thin film
formed on the substrate is varied in its thickness direction.

A fourth method for forming the hard carbon thin film of
the present invention using a plasma CVD technique is
characterized in that the proportion of ion species associated
with formation of the thin film is varied with film-forming
time, so that the sp®/sp° ratio in the thin film is varied in its
thickness direction. Those ion species associated with for-
mation of the thin film include CH;* and CH,,*, for example.
The sp®/sp® ratio in the thin film can be varied in its
thickness direction by varying the proportion of those ion
species with film-forming time.

The above-described first through fourth methods may be
performed independently or in any combination thereof.

Furthermore, the hard carbon thin film of the present
invention can be formed using a technique in accordance
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with a fifth aspect of the present invention which will be
described hereinafter.

The film-forming method of the present invention char-
acteristically utilizes a plasma CVD process in varying the
ion species associated with formation of the thin film to
thereby varying the composition or structure of the thin film
in its thickness direction. The composition or structural
gradient in a thickness direction of the thin film can be
produced such as by varying the sp?/sp” ratio in a thickness
direction of the thin film, e.g., by varying the ion species,
such as CH;* and CH," as described above as being
associated with formation of the thin film, with film-forming
time.

In accordance with a fifth aspect of the present invention,
a method is provided for forming a hard carbon thin film
through decomposition of a material gas. A characteristic
feature of the method is that the material gas is decomposed
using a technique of exposing them to heat or/and to a
plasma whereby the film properties of the resulting hard
carbon thin film can be controlled.

The method in accordance with the fifth aspect of the
present invention combines a thermal decomposition
technique, which is suited for formation of hard carbon thin
films having higher degrees of crystallinity such as diamond
thin films, and a plasma-assisted decomposition technique
which is suited for formation of hard carbon thin films
having a major proportion of amorphous components such
as diamond-like thin films, to thereby control a proportion of
crystalline and non-crystalline components in the hard car-
bon thin film and accomplish the control of its film proper-
ties such as hardness and surface smoothness.

IMustrative of the thermal decomposition technique is a
technique which thermally decomposes the material gas by
exposing them to heat from a hot filament disposed above a
substrate on which the hard carbon thin film is to be
deposited.

Exemplary techniques of forming the hard carbon thin
films through plasma-assisted decomposition of the material
gas include generally-employed plasma CVD, radio-
frequency (RF) plasma CVD, DC plasma CVD, and electron
cyclotron resonance (ECR) plasma CVD techniques. The
ECR plasma CVD technique is preferred when desired to
form wide-area hard carbon thin films.

In one embodiment practicing the method in accordance
with the fifth aspect of the present invention, the film
formation through the thermal decomposition of the material
gas is followed by the additional film formation through the
plasma-assisted decomposition of the material gas. As dis-
cussed earlier, the use of thermal decomposition technique is
effective in forming the hard carbon thin film having a
higher degree of crystallinity. The succeeding film formation
thereon using the plasma-assisted decomposition technique
is affected by the higher degree of crystallinity of the
underlying hard carbon thin film to result in formation of the
additional hard carbon thin film having an increased degree
of crystallinity or hardness as a whole.

In another embodiment practicing the method in accor-
dance with the fifth aspect of the present invention, the film
formation through the thermal decomposition of the material
gas is effected while the film formation through the plasma-
assisted decomposition of the material gas is in progress.
Such a simultaneous occurrence of the thermal and plasma-
assisted decomposition of the material gas results in forma-
tion of the hard carbon thin film having a higher degree of
crystallinity or hardness than when formed solely through
the plasma-assisted decomposition of the material gas.
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In the fifth aspect of the present invention, whether the
hard carbon thin film formed has a crystalline diamond
nature or an amorphous diamond-like nature depends upon
the film-forming conditions respectively through the thermal
decomposition and plasma-assisted decomposition of the
raw material gas. Accordingly, the suitable control of these
film-forming conditions results in formation of the hard
carbon thin film having tailored film properties.

Also, whether the hard carbon thin film formed has a
crystalline diamond nature or an amorphous diamond-like
nature can be determined such as by a Raman spectroscopy,
as will be described hereinafter.

In a further narrowed aspect of the present invention, a
method for forming a hard carbon thin film comprises a first
step and a subsequent second step. In the first step, a hard
carbon thin film is formed using a first technique incorpo-
rating at least a film-forming technique through thermal
decomposition of a material gas. The first step is followed by
the second step in which an additional hard carbon thin film
is formed thereon using a second technique incorporating at
least a film-forming technique through decomposition of the
material gas by a plasma.

In the first step, a hard carbon thin film is formed by using
the first technique incorporating at least the film-forming
technique through thermal decomposition of a material gas.
Accordingly, the hard carbon thin film may be formed by
solely using the film-forming technique through thermal
decomposition of the material gas. If desired, the first
technique may further incorporate another film-forming
technique, such as the film-forming technique through
plasma-assisted decomposition of the material gas, for
simultaneous practice with the film-forming technique
through thermal decomposition of the material gas.

In the second step, the additional hard carbon thin film is
formed thereon using the second technique incorporating at
least the film-forming technique through plasma-assisted
decomposition of the material gas. Accordingly, a hard
carbon thin film may be formed by solely using the film-
forming technique through plasma-assisted decomposition
of the material gas. If desired, the second technique may
further incorporate another film-forming technique, such as
the film-forming technique through thermal decomposition
of the material gas, for simultaneous practice with the
film-forming technique through plasma-assisted decompo-
sition of the material gas.

Since in the first step, the hard carbon thin film is formed
by using the first technique incorporating at least the film-
forming technique through thermal decomposition of the
material gas, a relatively high degree of crystallinity can be
imparted to the resulting hard carbon thin film. In the second
step, the second technique is used to form the additional hard
carbon thin film on the hard carbon thin film having the
higher degree of crystallinity resulting from the first step, so
that the relatively high degree of crystallinity of the under-
lying hard carbon thin film favorably affects the succeeding
formation of the additional hard carbon thin film in the
second step. Therefore, the hard carbon thin film can be
formed which has a relatively high degree of crystallinity or
hardness as a whole. Also, since the second technique
incorporates at least the film-forming technique through
plasma-assisted decomposition of the material gas, amor-
phous components may be produced in the overlying hard
carbon thin film formed by using the second technique,
thereby imparting a relatively good surface smoothness,
approaching at best to that of the diamond-like thin film, to
the resulting hard carbon thin film.
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In accordance with the present aspect, the second tech-
nique incorporating at least the film-forming technique
through plasma-assisted decomposition of the material gas
at a relatively low temperature, when practiced subsequent
to the first technique incorporating at least the film-forming
technique through thermal decomposition of the material
gas, imparts a smooth surface as well as an increased degree
of crystallinity or hardness as a whole to the overlying hard
carbon thin film.

In the fifth aspect of the present invention, in addition to
admitting the material gas, a method further admits a hydro-
gen gas to a reaction system to thereby control film prop-
erties of the resulting hard carbon thin films. Introduction of
the hydrogen gas contributes to removal of graphite com-
ponents to permit selective formation of diamond thin films
which have higher degrees of crystallinity and hardness.

Also in the fifth aspect of the present invention, a hard
carbon thin film is formed on a substrate through an inter-
layer provided therebetween. The formation of the hard
carbon thin film through the interlayer improves its
characteristics, e.g. adhesion or adherence to the substrate.
The interlayer may be comprised of a thin film of Si, Ti, Zr,
Ge, or oxides or nitrides thereof. The film thickness of the
interlayer is not particularly specified, but is preferably in
the range of 20A-1000A.

In a sixth aspect of the present invention, a method is
provided which forms an amorphous carbon coating on a
substrate. Characteristically, a substrate is at its surface
cleaned prior to formation of the hard carbon thin film
thereon, and/or the hard carbon thin film is at its growth
surface cleaned during formation thereof. The precleaning
of the substrate serves to remove dusts, surface irregularities
and scratches, which if present, provide undesirable growth
surfaces on the substrate, to assure an uniform growth of the
amorphous carbon coating on the substrate. Also, the clean-
ing or etching during coating formation serves to eliminate
irregularity or unevenness of the coating growth surface to
further insure the uniform growth of the amorphous carbon
coating.

Ion or energy beam irradiation may be effected to clean
the substrate surface prior to coating formation and/or the
coating growth surface during the coating formation. In the
ion beam irradiation, inert gas ions such as an Ar gas ion
may be emitted such as by an ion gun. The condition of ion
beam emission is not particularly specified, but generally at
an ion current density of 0.01-5 mA/cm?, an acceleration
voltage of 20-10,000 ¢V, and an inert gas partial pressure of
1x107°-1x107" Torr.

An electron or laser beam may be employed to effect the
energy beam irradiation. The electron beam may be emitted
under a typical current density condition of 1x107~1x10*
A/em®. The laser beam may be emitted under a typical
power density condition of 1x1073-1x10° W/cm?. Laser
beam sources include excimer, argon, YAG, CO?, He—Cd,
semiconductor, ruby lasers. Such an energy beam is gener-
ally scanned over the substrate surface or the coating growth
surface. The energy beam may be provided in a pulsed form,
if necessary.

Also in the sixth aspect of the present invention, in order
for the substrate surface to be cleaned, the substrate may be
irradiated with a plasma prior to coating formation thereon.
The plasma may be an inert gas plasma, for example. A
voltage may be applied to the substrate for acceleration of
the produced plasma onto the substrate. For example, a
radio-frequency voltage may be applied to the substrate so
that a negative voltage is generated in the substrate which
preferably has an absolute value of 20 V or higher.
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In the case where the cleaning or etching is effected
during coating formation, such a treatment preferably com-
pletes after the lapse of about one tenth of a total film-
forming process from the start of coating formation.

For the method for forming an amorphous carbon film in
accordance with the sixth aspect of the present invention,
applicable film-forming techniques include general vapor
phase epitaxial techniques, e.g., CVD techniques as repre-
sented by plasma CVD techniques such as the ECR plasma
CVD technique and hot-filament CVD technique, sputtering
and vacuum deposition techniques.

In accordance with the sixth aspect of the present
invention, the surface cleaning treatment either prior to or
during coating formation results in formation of an amor-
phous carbon coating which exhibits a surface roughness
h,,.. not exceeding one fifth of a thickness thereof. Under a
selected cleaning condition, an amorphous carbon coating
may be formed which exhibit a surface roughness h,,, not
exceeding one tenth of a thickness thereof. The values of
surface roughness has can be determined by using a stylus-
based technique, and indicated by root-mean-square devia-
tions from a mean surface.

An amorphous carbon coating in accordance with the
sixth aspect of the present invention characteristically
exhibits, immediately after formation thereof, a surface
roughness h,,,,. not exceeding one fifth, preferably one tenth
of a thickness thereof. The amorphous carbon coating in
accordance with the sixth aspect of the present invention
exhibits such a surface roughness immediately after forma-
tion thereof, i.e., before any post-processing, such as
polishing, is applied to a coating surface immediately after
formation thereof.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic cross-sectional view of one embodi-
ment of a hard carbon thin film in accordance with a first
aspect of the present invention;

FIG. 2 is a graph showing a varied sp®/sp> ratio in a
thickness direction of the hard carbon thin film shown in
FIG. 1,

FIG. 3 is a schematic cross-sectional view of one embodi-
ment of a hard carbon thin film in accordance with a second
aspect of the present invention;

FIG. 4 is a graph showing a varied sp*/sp> ratio in a
thickness direction of the hard carbon thin film shown in
FIG. 3,

FIG. 5 is a graph showing a varied sp*/sp> ratio in a
thickness direction of one embodiment of a hard carbon thin
film in accordance with a third aspect of the present inven-
tion;

FIG. 6 is a graph showing a varied sp®/sp> ratio in a
thickness direction of one embodiment of a hard carbon thin
film in accordance with a fourth aspect of the present
invention;

FIG. 7 is a schematic constituent diagram of an exemplary
ECR plasma CVD apparatus for forming hard carbon thin
films in accordance with the present invention;

FIG. 8 is a graph showing a first exemplary pattern of an
acceleration voltage varied with film-forming time for appli-
cation to a grid in accordance with one embodiment of the
present invention;

FIG. 9 is a graph showing a first exemplary pattern of a
supply pressure, varied with film-forming time, to which a
hydrogen gas is admitted in a reaction system in accordance
with one embodiment of the present invention;
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FIG. 10 is a graph showing a second exemplary pattern of
an acceleration voltage varied with film-forming time for
application to a grid in accordance with another embodiment
of the present invention;

FIG. 11 is a graph showing a second exemplary pattern of
a supply pressure, varied with film-forming time, to which
a hydrogen gas is admitted in a reaction system in accor-
dance with another embodiment of the present invention;

FIG. 12 is a graph showing a substrate temperature varied
with film-forming time in accordance with one embodiment
of the present invention;

FIG. 13 is a graph showing a third exemplary pattern of
an acceleration voltage varied with film-forming time for
application to a grid in accordance with still another embodi-
ment of the present invention;

FIG. 14 is a graph showing a third exemplary pattern of
a supply pressure, varied with film-forming time, to which
a hydrogen gas is admitted in a reaction system in accor-
dance with still another embodiment of the present inven-
tion;

FIG. 15 is a graph showing a fourth exemplary pattern of
an acceleration voltage varied with film-forming time for
application to a grid in accordance with still another embodi-
ment of the present invention;

FIG. 16 is a graph showing a fourth exemplary pattern of
a supply pressure, varied with film-forming time, to which
a hydrogen gas is admitted in a reaction system in accor-
dance with still another embodiment of the present inven-
tion;

FIG. 17 is a schematic cross-sectional view of an exem-
plary film-forming apparatus for embodying a method in
accordance with a fifth aspect of the present invention;

FIG. 18 is a schematic cross-sectional view of the appa-
ratus of FIG. 17 wherein a substrate holder is so rotated as
for a substrate to face toward a target;

FIG. 19 is a schematic cross-sectional view of another
exemplary film-forming apparatus for embodying the
method in accordance with the fifth aspect of the present
invention;

FIG. 20 is a schematic cross-sectional view of an exem-
plary amorphous coating forming apparatus for embodying
a method in accordance with a sixth aspect of the present
invention; and

FIG. 21 is a graph showing a relationship between surface
roughness of amorphous carbon coatings formed in accor-
dance with the sixth aspect of the present invention and a
time period during which a substrate is exposed to ion
radiation for cleaning thereof prior to formation of the
amorphous carbon coatings.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

FIG. 1 is a schematic cross-sectional view of one embodi-
ment of a hard carbon thin film in accordance with a first
aspect of the present invention. Formed on a substrate 1 is
a hard carbon thin film 2.

FIG. 2 is a graph showing the changes of sp®/sp° ratio in
a thickness direction of the hard carbon thin film 2 of FIG.
1. As shown in FIG. 2, the sp?/sp ratio decreases in the
thickness direction of the film, i.e., toward its surface from
a film/substrate interface. It follows that the hard carbon thin
film 2 has an increased sp”/sp> ratio and accordingly a
reduced internal stress in the vicinity of the film/substrate
interface, and has good adhesion to the substrate 1. Also, the
hard carbon thin film 2 has a decreased sp*/sp” ratio and
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accordingly increased hardness and internal stress in the
vicinity of its surface.

FIG. 3 is a schematic cross-sectional view of one embodi-
ment of a hard carbon thin film in accordance with a second
aspect of the present invention. Formed on the substrate 1 is
a hard carbon thin film 3 comprised of plural layers 3a
through 3e stacked on the substrate 1.

FIG. 4 is a graph showing the changes of sp*/sp° ratio in
a thickness direction of the hard carbon thin film 3 of FIG.
3. As shown in FIG. 4, the sp?/sp> ratio decreases in a
stepwise manner from layer to layer in the thickness direc-
tion of the film, i.e., toward its surface from a film/substrate
interface. As can be seen from FIG. 4, in this particular
embodiment, each layer has a substantially uniform sp*/sp>
ratio through its thickness, and the layers are stacked on the
substrate in a sequence of decreasing sp>/sp’ ratio to con-
stitute the hard carbon thin film 3. The lower-most layer 3a
adjacent to the substrate 1 comprises a composition having
the greatest sp®/sp> ratio and accordingly the least internal
stress for better adherence to the substrate 1. The upper-most
layer 3¢ adjacent to the surface of the hard carbon thin film
3 comprises a composition having the least sp*/sp° ratio and
accordingly the greatest internal stress and hardness.

FIG. § is a schematic cross-sectional view of one embodi-
ment of a hard carbon thin film in accordance with a third
aspect of the present invention. A hard carbon thin film in
accordance with the present embodiment is formed on a
substrate in the same manner as the embodiment shown in
FIG. 1. The sp®/sp> ratio gradually decreases from a
substrate/film interface to a minimum at an intermediate of
the thin film, and then increases therefrom toward a surface
of the thin film. Accordingly, the hard carbon thin film
comprises compositions having the greater sp*/sp° ratios and
the less internal stresses in the respective vicinities of the
substrate/film interface and the film surface. The hard carbon
thin film is at its intermediate less in the sp*/sp> ratio, and
accordingly higher in both film hardness and internal stress.
As a result, the hard carbon thin film has a smooth surface
due to the greater sp>/sp> ratio.

FIG. 6 is a schematic cross-sectional view of one embodi-
ment of a hard carbon thin film in accordance with a fourth
aspect of the present invention. A hard carbon thin film of
this embodiment is constructed by stacking plural layers 3a
through 3e on the substrate 1 in the same manner as the
embodiment shown in FIG. 3. As can be seen from FIG. 6,
the sp?/sp> ratio decreases in a stepwise manner from a
lower-most layer adjacent to a substrate/film interface to a
minimum at an intermediate layer, and then increases there-
from in a stepwise manner toward an upper-most layer
adjacent to a surface of the thin film. Accordingly, the
lower-most and upper-most layers have the greater sp*/sp>
ratios and the lower internal stresses, respectively. The
intermediate layer has the least sp?/sp> ratio, and accord-
ingly the higher film hardness and internal stress. Also, the
hard carbon thin film has an extremely smooth surface for its
greater sp>/sp ratio. As a result, the hard carbon thin film in
accordance with the fourth aspect has a smooth surface due
to the greater sp*/sp> ratio and is still high in its overall
hardness.

FIG. 7 is a schematic cross-sectional view showing an
exemplary ECR plasma CVD apparatus which is capable of
forming the hard carbon thin film of the present invention.
Referring to FIG. 7, a vacuum chamber 18 has a plasma
generation chamber 14 to which one end of a waveguide 12
is connected. Another end of the waveguide 12 is mounted
to a microwave supplying means 11. A microwave generated
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in the microwave supplying means 11 passes through the
waveguide 12 and a microwave inlet window 13 to be
guided into the plasma generation chamber 14.

The plasma generation chamber 14 is provided with a gas
inlet line 15 for introducing a discharge gas such as argon
(Ar), as well as a raw material gas such as methane (CH,)
or hydrogen (H,), into the plasma generation chamber 14.
Also, a plurality of plasma magnetic field generators 16 are
mounted circumferentially of the plasma generation cham-
ber 14. A high density ECR plasma can be generated within
the plasma generation chamber 14 through the interaction of
a high-frequency magnetic field produced by the microwave
and a magnetic field generated by the plasma magnetic field
generators 16.

The vacuum chamber 18 encloses a substrate holder 17 on
which a substrate 10 is placed. In this embodiment,
employed as the substrate 10 is a sliding part of a rotary
compressor, i.e., a vane (made of high-speed tool steel).

Located in an area between the plasma generation cham-
ber 14 and the substrate 10 is a grid 19 to which a cathode
of a direct-current power source 20 is connected for apply-
ing a negative voltage to the grid 19. The application of
negative voltage to the grid 19 imparts an accelerating
energy to positive ions in the plasma within the plasma
generation chamber 14 so that the positive ions are accel-
erated onto the substrate 10. Therefore, the ion Kinetic
energy in the plasma can be controlled by regulating the
voltage to be applied to the grid. In specific, the ion kinetic
energy can be increased by applying an increased accelera-
tion voltage to the grid 19.

EXAMPLE 1

The apparatus shown in FIG. 7 is employed to form a hard
carbon thin film having a graded structure in which the
sp>/sp> ratio decreases continuously in a uniform manner in
a thickness direction of the film, i.e., toward its surface from
a film/substrate interface.

The vacuum chamber 18 is first evacuated to a pressure of
10731077 Torr. Then, Ar and CH,, gases are introduced into
the plasma generation chamber 14 at respective pressures of
2.5x107* Torr. and 3.0x10™* Torr. to convert them into
plasmas within the plasma generation chamber 14.

Next, the varying acceleration voltage is applied to the
grid 19 in such a controlled fashion that it is maintained at
2 kV for the first one minute period at the initial stage of film
formation and decreased with film-forming time to a final
value of 200 V, as shown in FIG. 8. Concurrently, an H, gas
is introduced through the gas inlet line 15 into the plasma
generation chamber 14 in such a controlled fashion that its
supply pressure starts to rise after the lapse of one minute at
the initial stage of film formation and continuously increases
with film-forming time to a final value of 5.0x107> Torr., as
shown in FIG. 9.

A hard carbon thin film is thus formed on the substrate 10.
The obtained hard carbon thin film was measured for the
sp?/sp° ratios in its thickness direction by an electron energy
loss spectroscopy (EELS). As a result, the sp®/sp> ratio was
found to be 3 for the substrate-neighboring film portion
formed during the first one minute period at the initial stage
of film formation while the sp?/sp> ratio was found to be
zero for the film surface portion in which the C—C bonding
was essentially devoid of sp® and predominantly sp>. Also,
the substrate-neighboring film portion was found as com-
prising amorphous diamond-like carbon while the film sur-
face portion as comprising crystalline diamond.

The surface portion of the hard carbon thin film obtained
was measured for hardness to reveal a value of 7000 Hv
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(Vickers hardness). For comparative purposes, the accelera-
tion voltage applied to the grid was maintained at 2 kV from
the start till the completion of film formation to form a hard
carbon thin film of Comparative Example 1-1 which was
measured for hardness to reveal a value of 4000 Hv.

Also, in order to evaluate the adherence of the obtained
hard carbon thin film to the substrate, a constant load (2 kg)
indentation test was carried out using a Vickers penetrator.
Fifty sample pieces were used for the test, and the number
of sample pieces which showed delamination was counted
as indicating the level of adherence of the hard carbon thin
film. For comparative purposes, a hard carbon thin film of
Comparative Example 1-2 was formed with no acceleration
voltage applied to the grid during film formation, which was
duly subjected to the indentation test using a Vickers pen-
etrator as similar to the above. The number of sample pieces
which showed delamination was found to be 0 for the hard
carbon thin film of Example 1 according to the present
invention, and 26 for the hard carbon thin film of Compara-
tive Example 1-2.

As can be appreciated from the foregoing, in addition to
being high in hardness, the hard carbon thin film in accor-
dance with the present invention is excellent in adherence.

EXAMPLE 2

The apparatus shown in FIG. 7 is employed to form a hard
carbon thin film having a graded structure in which the
sp/sp° ratio decreases in a stepwise manner (one step in this
Example) in a thickness direction of the film, i.e., toward its
surface from a film/substrate interface.

The vacuum chamber 18 is first evacuated to a pressure of
107°-1077 Torr. Then, Ar and CH,, gases are introduced into
the plasma generation chamber 14 at respective pressures of
2.5x10™" Torr. and 3.0x10™" Torr. to convert them into
plasma within the plasma generation chamber 14.

Next, the varying acceleration voltage is applied to the
grid 19 in such a controlled fashion that it is maintained at
2 kV for the first one minute period at the initial stage of film
formation and thereafter maintained at 200 V until the
completion of film formation, as shown in FIG. 10.
Concurrently, an H, gas is introduced through the gas inlet
line 15 into the plasma generation chamber 14. As shown in
FIG. 11, the H, gas supply is commenced after the lapse of
one minute period at the initial stage of film formation and
thereafter maintained at 5.0x10~> Torr. until the completion
of film formation.

Ahard carbon thin film is thus formed on the substrate 10.
The obtained hard carbon thin film was measured for the
sp>/sp ratios in its thickness direction by an electron energy
loss spectroscopy (EELS). As a result, the sp?/sp° ratio was
found to be 3 for the substrate-neighboring film portion
formed during the first one minute period at the initial stage
of film formation, while the sp?/sp> ratio was found to be
zero for the remaining overlying film portion in which the
C—C bonding was essentially devoid of sp* and predomi-
nantly sp>. Also, the substrate-neighboring film portion was
found as comprising amorphous diamond-like carbon while
the remaining overlying film portion as comprising crystal-
line diamond carbon.

The surface portion of the hard carbon thin film obtained
was measured for hardness to reveal a value of 8000 Hv. For
comparative purposes, the acceleration voltage applied to
the grid was maintained at 2 kV from the start till the
completion of film formation to form a hard carbon thin film
of Comparative Example 2-1 which was measured for
hardness to reveal a value of 4000 Hv.
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Also, in order to evaluate the adherence of the obtained
hard carbon thin film to the substrate, a constant load (2 kg)
indentation test was carried out using a Vickers penetrator.
Fifty sample pieces were used for the test, and the number
of sample pieces which showed delamination was counted
as indicating the level of adherence of the hard carbon thin
film. For comparative purposes, a hard carbon thin film of
Comparative Example 2-2 was formed with no acceleration
voltage applied to the grid during film formation, which was
duly subjected to the indentation test using a Vickers pen-
etrator as similar to the above. The number of sample pieces
which showed delamination was found to be 0 for the hard
carbon thin film of Example 2 according to the present
invention, and 26 for the hard carbon thin film of Compara-
tive Example 2-2.

As can be appreciated from the foregoing, in addition to
being high in hardness, the hard carbon thin film in accor-
dance with the present invention is excellent in adherence.

EXAMPLE 3

The apparatus shown in FIG. 7 is employed to form a hard
carbon thin film having a graded structure in which the
sp>/sp> ratio decreases continuously in a uniform manner in
a thickness direction of the film, i.e., toward its surface from
a film/substrate interface.

The vacuum chamber 18 is first evacuated to a pressure of
1071077 Torr. Then, Ar and CH,, gases are introduced into
the plasma generation chamber 14 at respective pressures of
2.5x107* Torr. and 3.0x10™* Torr. to convert them into
respective gas plasmas within the plasma generation cham-
ber 14.

The constant acceleration voltage of 1 kV is applied to the
grid 19 during film formation.

As shown in FIG. 12, a substrate temperature is set at 20°
C. (room temperature) for the first one minute period at the
initial stage of film formation. After the one minute period,
heating is applied to increase the substrate temperature so
that it approaches about 800° C. when 3 minutes elapse from
the start of film formation. The substrate temperature is
thereafter maintained at 800° C. until the completion of film
formation. Besides, an H, gas is introduced into the plasma
generation chamber 14, which is maintained at 5.0x107>
Torr. during film formation.

A hard carbon thin film is thus formed on the substrate 10.
The obtained hard carbon thin film was measured for the
sp>/sp° ratios in its thickness direction by an electron energy
loss spectroscopy (EELS). As a result, the sp®/sp> ratio was
found to be 3 for the substrate-neighboring film portion
formed during the first one minute period at the beginning of
film formation, while the sp?/sp> ratio was found to be zero
for the remaining overlying film portion in which the C—C
bonding was essentially devoid of sp* and predominantly
sp°. Also, the substrate-neighboring film portion was found
as comprising amorphous diamond-like carbon while the
remaining overlying film portion as comprising crystalline
diamond carbon.

The surface portion of the hard carbon thin film obtained
was measured for hardness to reveal a hardness of 7000 Hv.

Also, in order to evaluate the adherence of the obtained
hard carbon thin film to the substrate, a constant load (2 kg)
indentation test was carried out using a Vickers penetrator.
Fifty sample pieces were used for the test, and the number
of sample pieces which showed delamination was counted
as indicating the level of adherence of the hard carbon thin
film. The results demonstrated that no sample piece showed
delamination.
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As can be appreciated from the foregoing, in addition to
being high in hardness, the hard carbon thin film in accor-
dance with the present invention is excellent in adherence.

EXAMPLE 4

In this Example, the apparatus shown in FIG. 7 is
employed to form a hard carbon thin film having a graded
structure in which the sp®/sp> ratio once decreases from a
substrate/film interface to a minimum at an intermediate
thickness of the thin film, and then increases therefrom
toward a surface of the thin film.

The vacuum chamber 18 is first evacuated to a pressure of
107°-1077 Torr. Then, Ar and CH,, gases are introduced into
the plasma generation chamber 14 at respective pressures of
2.5x10™" Torr. and 3.0x10™" Torr. to convert them into
respective gas plasmas within the plasma generation cham-
ber 14.

Next, the varying acceleration voltage is applied to the
grid 19 in such a controlled fashion that it is maintained at
2 kV for the first one minute period at the initial stage of film
formation, decreased with film-forming time to a minimum
value of 200 V when 10 minutes elapse from the start of film
formation, and increased to a final value of 2 kV, as shown
in FIG. 13. Concurrently, an H, gas is introduced into the
plasma generation chamber 14 by varying its supply pres-
sure in such a controlled fashion that it starts to increase with
film-forming time after the lapse of one minute period at the
initial stage of film formation, reaches a maximum value of
5.0x1073 Torr. when 10 minutes elapse from the start of film
formation, and decreases with film-forming time to zero one
minute before the completion of film formation, as shown in
FIG. 14.

Asurface portion of the hard carbon thin film thus formed
was measured for hardness to reveal a value of 6000 Hv, and
also determined for surface roughness (R,,,.) to reveal a
value of 20 A, when measured by a surface roughness tester,
which accounted for an extremely smooth surface of the
hard carbon thin film.

EXAMPLE 5

In this Example, the apparatus shown in FIG. 7 is
employed to form a hard carbon thin film having a graded
structure in which the sp?/sp> ratio once decreases in a
stepwise manner from a substrate/film interface to a mini-
mum at an intermediate thickness of the thin film, and then
increases therefrom in a stepwise manner toward a surface
of the thin film.

The vacuum chamber 18 is first evacuated to a pressure of
10~°~107" Torr. Then, Ar and CH, gases are introduced into
the plasma generation chamber 14 at respective pressures of
2.5x107* Torr. and 3.0x10™* Torr. to convert them into
plasma within the plasma generation chamber 14.

Next, the varying acceleration voltage is applied to the
grid 19 in such a stepwise manner that it is maintained at 2
KV during an initial 4-minute film-forming period, at 1 kV
during a second 4-minute film-forming period, at 200 V
during a third 4-minute film-forming period, at 1 kV during
a fourth 4-minute film-forming period, and at 2 kV during a
final 4-minute film-forming period, as shown in FIG. 15.
Concurrently, an H, gas is introduced into the plasma
generation chamber 14 by varying its supply pressure in
such a stepwise manner that it is maintained at zero during
the initial 4-minute film-forming period, at 2.5x10~> Torr.
during the second 4-minute film-forming period, at 5.0x107>
Torr. during the third 4-minute film-forming period, at
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2.5x107> Torr. during the fourth 4-minute film-forming
period, and at zero during a final 4-minute film-forming
period, as shown in FIG. 16.

A surface portion of the hard carbon thin film thus formed
was measured for hardness to reveal a value of 7000 Hv, and
also determined for surface roughness (R,,,.) to reveal a
value of 20 A, when measured by a surface roughness tester,
which accounted for an extremely smooth surface of the
hard carbon thin film.

Although the ECR plasma CVD technique was employed
in the above Examples, the other techniques such as an RF
plasma CVD technique may also be employed to form the
hard carbon thin film.

In order to vary the sp®/sp° ratio in a thickness direction
of the hard carbon thin film, several techniques are
employed in the above Examples which include varying the
acceleration voltage applied to the grid, varying the supply
amount of hydrogen introduced into the reaction chamber,
and varying the substrate temperature. Another technique
may also be employed to vary the sp?/sp° ratio in a thickness
direction of the hard carbon thin film, which varies a
negative bias voltage produced by application of a high-
frequency power to the substrate. Alternatively, the sp*/sp>
ratio can be varied in a thickness direction of the hard carbon
thin film by introducing oxygen into a reaction system to
thereby controlling development of sp* C—C bonding.

Although the vane, a sliding part of a rotary compressor,
is used as the substrate in the above Examples, the present
invention is not limited thereto and other sliding parts
including an electric shaver blade, a mask for screen depo-
sition and a squeegee may also be used as the substrate.
Also, the hard carbon thin film of the present invention is
applicable for use as a constituent layer of a solar cell, a
protective coating on a thin film magnetic head, and a
protective or propagation film for surface acoustic wave
devices.

Although the sliding part is described in the above
Examples as comprising high-speed tool steel, the material
type of the sliding part is not limited thereto. Applicable
materials include other steels, iron-based alloys, cast iron
(MoNiChro cast iron), aluminum alloys, carbons
(aluminum-impregnated carbon), ceramics (oxides, nitrides
and carbides of Ti, Al, Zr, Si, W, and Mo), Ni-based alloys,
stainless steel.

In accordance with the first through fourth aspects of the
present invention, the hard carbon thin film is provided
which is high in hardness and assures excellent adherence to
an underlying layer such as a substrate.

FIG. 17 is a schematic cross-sectional view showing an
exemplary apparatus for forming a hard carbon thin film in
accordance with the fifth aspect of the present invention.
Referring to FIG. 17, a vacuum chamber 28 is provided with
a plasma generation chamber 24 to which one end of a
waveguide 22 is connected. A microwave supplying means
21 is mounted to another end of the waveguide 22. A
microwave generated in the microwave supplying means 21
passes through the waveguide 22 and a microwave inlet
window 23 to be guided into the plasma generation chamber
24. The plasma generation chamber 24 is provided with a
discharge gas inlet line 25 for introducing a discharge gas
such as argon (Ar) into the plasma generation chamber 24.
A plurality of plasma magnetic field generators 26 are
mounted circumferentially of the plasma generation cham-
ber 24. A high density plasma can be generated within the
plasma generation chamber 24 through the interaction of a
high-frequency magnetic field produced by the microwave
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and a magnetic field generated by the plasma magnetic field
generators 26. The vacuum chamber 28 encloses a substrate
holder 27 to which a high-frequency power source 30 is
connected for applying a bias voltage to a substrate during
film formation.

Asubstrate 33 is held on the substrate holder 27. Aleading
end of a raw material gas supply tube 29 is located above the
substrate holder 27 for introducing into the vacuum chamber
28 a material gas for use in formation of a hard carbon thin
film. Also disposed above the substrate 33 is a filament 34
for thermally decomposing the raw material gas supplied
from the raw material gas supply tube 29.

Positioned below the substrate holder 27 is a target 31 (Si
target in this Example) for use in formation of an interlayer.
A high-frequency power source 32 is connected to the target
31 to enable generation of an Ar plasma between the
substrate holder 27 and the target 31.

Examples will now be given below which utilize the
apparatus shown in FIG. 17 in forming hard carbon thin
films.

EXAMPLE 6

A silica glass is used as the substrate 33. Si is first
deposited on the substrate 33 to form an interlayer. As shown
in FIG. 18, the substrate holder 27 is rotated so that the
substrate 33 is oriented to face toward the target 31 located
below the substrate 33. In this arrangement, the vacuum
chamber 28 is evacuated to a pressure of 107°-107" Torr.
Then, the Ar gas is supplied at 5.7x10~* Torr. from the raw
material gas supply tube 29. The high-frequency power
source 32 supplies an RF voltage to the target 31 to generate
the Ar plasma between the target 31 and the substrate holder
27. The target 31 is sputtered by ions in the plasma to form
the interlayer (film thickness of 300 A) comprised of Si.

Next, the substrate holder 27 is again rotated to return to
its initial position as shown in FIG. 17. In such a position,
CH, and H, gases are supplied from the raw material gas
supply tube 29 at 5.0x10~* Torr. and 2.0x10~> Torr., respec-
tively. A voltage of 13 V is applied to the filament 34 which
is accordingly heated to a temperature of about 2000° C.
Upon exposure to heat from the filament 34, the CH, gas is
thermally decomposed to result in formation of a diamond
thin film on the substrate 33. The film formation is continued
for about 5 minutes so that the diamond film is formed on the
substrate 33 to a thickness of about 500 A, wherein the
substrate temperature is increased to 400° C.

The subsequent reduction in the voltage applied to the
filament allows the filament temperature to drop to 1000° C.
from about 2000° C. The microwave supplying means 21
supplies a microwave at 2.45 GHz and 100 W. Concurrently,
the Ar gas is supplied at 5.7x10~* Torr. from the discharge
gas inlet line 25 to generate the Ar plasma within the plasma
generation chamber 24. The Ar plasma is directed onto the
substrate 33. Simultaneously with this process, the high-
frequency power source 30 applies a 13.56 MHz RF voltage
to the substrate holder 27 so that a self-bias voltage of —50
V is generated in the substrate, and the CH, and H, gases are
supplied at 1.3x10~> Torr. and 2.0x10~* Torr., respectively
from the raw material gas supply tube 29. The CH, gas is
decomposed by the Ar plasma directed toward the substrate
33, and a diamond thin film is formed on the substrate 33.
In this manner, the diamond thin film is deposited to a
thickness of about 2000 A. As a result, the diamond thin film
is formed on the substrate 33 to a total thickness of about
2500 A. The substrate temperature is in the range of
250-300° C. during this process.
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The results of Raman spectroscopic analysis revealed a
sharp peak at 1330 cm™ to demonstrate a typical diamond
nature of the diamond thin film formed on the substrate 33.
This diamond thin film was also measured for hardness and
surface roughness, the results of which are given in Table 1.
The surface roughness was measured using a contact-type
surface profile tester.

EXAMPLE 7

The procedure of Example 6 was repeated to form a thin
film, except that the supply pressure of H, gas was reduced
to a half of that used in Example 6. The results of Raman
spectroscopic analysis revealed the significant increase in
amount of amorphous components in the thin film to dem-
onstrate its structural shift, i.e. from a polycrystalline dia-
mond thin film to a thin film containing amorphous com-
ponents. Besides, the thin film obtained was measured for
hardness and surface roughness, the results of which are
given in Table 1.

COMPARATIVE EXAMPLE 3

The diamond thin-film forming process of Example 6,
which relied the thermal decomposition of the CH, gas on
its exposure to heat from the filament 34, was continued for
about 25 minutes to form a diamond thin film having a
thickness of about 2500 A on the substrate 33, wherein the
substrate temperature approached about 1000° C. The dia-
mond nature of the thin film obtained was confirmed by
Raman spectrum. The thin film obtained was measured for
hardness and surface roughness, the results of which are
given in Table 1.

TABLE 1
Vickers Surface
Hardness (Hv) Roughness (um)
Exp. 6 8000 0.1
Exp. 7 5000 0.05
Comp.Exp. 3 9000 2

As can be readily appreciated from Table 1, the film
formation through thermal decomposition of the raw mate-
rial gas is able to provide a very hard diamond thin film with
a smooth surface when followed by the film formation
through both thermal and ECR plasma-assisted decomposi-
tion of the raw material gas. Also, although the substrate
temperature approached 1000° C. in Comparative Example
3, as stated earlier, the maximum substrate temperature was
400° C. in Example 6, which demonstrates the ability of the
combined film forming process to form the diamond thin
films at lower temperatures.

Also, it will be appreciated from the comparison between
Examples 6 and 7 that the regulated supply of the hydrogen
gas enables the control of amorphous components in the
hard carbon thin films. That is, as the larger amount of
hydrogen gas is supplied, the more crystalline components
are incorporated in the resulting hard carbon thin film. Stated
differently, as the smaller amount of hydrogen gas is
supplied, the more amorphous components are incorporated
in the resulting hard carbon thin film.

EXAMPLE 8

In this example, subsequent to formation of a diamond
thin film by using a hot filament for thermally decomposing
a raw material gas, the ECR plasma-assisted decomposition
of the raw material gas was solely effected to form an
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additional thin film. That is, the procedure of Example 6 was
repeated to form a hard carbon thin film, except that the
substrate was heated to about 400° C. using a heater accom-
modated in the substrate holder 27, instead of applying the
voltage to the filament 34 for heating thereof. The results of
Raman spectroscopic analysis revealed a sharp peak at 1330
cm™! to demonstrate a typical diamond nature of the hard
carbon thin film obtained. This diamond thin film was
measured for hardness and surface roughness to exhibit
values of 4500 Hv and 0.01 um, respectively.

EXAMPLE 9

The procedure of Example 8 was followed to form a thin
film, with the exception that the substrate temperature was
maintained at room temperature during the film formation
through the ECR plasma-assisted decomposition of the
material gas, i.e., no heating was applied to the substrate.
The results of Raman spectroscopic analysis revealed a main
peak at 1530 cm™ and a shoulder peak at 1400 cm™ to
demonstrate a typical diamond-like nature of the thin film
obtained. The diamond-like thin film obtained was measured
for hardness and surface roughness, the results of which are
given in Table 2.

COMPARATIVE EXAMPLE 4

The procedure of Example 9 was followed to form a thin
film, except that the diamond film forming process using a
hot filament for thermally decomposing the raw material gas
was eliminated, an Si interlayer was formed directly on the
substrate, and the substrate temperature was maintained at
room temperature during the film forming process through
the ECR plasma-assisted decomposing of the material gas to
form a thin film having a thickness of about 2500 A on the
Siinterlayer. The thin film obtained was determined as being
the diamond-like thin film. The hardness and surface rough-
ness of the thin film obtained are shown in Table 2.

TABLE 2
Vickers Surface
Hardness (Hv) Roughness (um)
Exp. 9 3500 0.005
Comp.Exp. 4 3000 0.004

As can be readily appreciated from Table 2, the additional
film formation utilizing the ECR plasma subsequent to the
film formation through the thermal decomposition of raw
material gas, in accordance with the fifth aspect of the
present invention, enables the provision of a very hard
diamond-like thin film.

EXAMPLE 10

The procedure of Example 6 was repeated to form a
diamond thin film, except that a voltage of 7 V was applied
to the filament. The results of Raman spectroscopic analysis
demonstrated that the thin film obtained contained a higher
proportion of amorphous components compared to the thin
film obtained in Example 6. The thin film obtained was
measured for hardness and surface roughness to exhibit
values of 6000 Hv and 0.07 um, respectively.

EXAMPLE 11

In this Example, the Ar and nitrogen gasses equal in
amount were supplied respectively at 5.7x10™* Torr. to
convert them into gas plasmas which sputtered the Si target
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to form an Si nitride interlayer. That is, the procedure of
Example 11 was followed to form a diamond thin film,
except that an Si nitride interlayer, instead of the Si
interlayer, was formed. The hardness and surface roughness
of the diamond thin film obtained were 8000 Hv and 0.1 ym,
respectively.

EXAMPLE 12

In this Example, the Ar and oxygen gasses equal in
amount were supplied respectively at 5.7x10™* Torr. to
convert them into gas plasmas which sputtered the Si target
to form an Si oxide interlayer. That is, the procedure of
Example 11 was followed to form a diamond thin film,
except that an Si oxide interlayer, instead of the Si interlayer,
was formed. The hardness and surface roughness of the
diamond thin film obtained were 8000 Hv and 0.1 um,
respectively.

EXAMPLE 13

In this Example, a hard carbon thin film having a graded
structure of varied sp?/sp° ratios in accordance with the first
aspect of the present invention was formed utilizing a
method in accordance with the fifth aspect of the present
invention.

First, the vacuum chamber 28 was evacuated to a pressure
of 107°-1077 Torr. Then, the Ar gas was supplied at 5.7x
10~* Torr. to produce the Ar plasma between the target 31
and the substrate holder 27 so that ions in the plasma
sputtered the Si target, forming an Si interlayer.

After the Si interlayer forming process using a magnetron
sputtering technique was terminated, the Ar gas was sup-
plied at 5.7x10~* Torr. from the discharge gas inlet line 25
of the ECR plasma generator. Concurrently, the microwave
supplying means 21 supplied a microwave at 2.45 GHz and
100 W to generate the Ar plasma within the plasma genera-
tion chamber 24 for direction onto the substrate 33. Simul-
taneously with this process, the high-frequency power
source 30 applied a 13.56 MHz RF voltage to the substrate
holder 27 so that a self-bias voltage of =50 V was generated
in the substrate 33, and the CH, and H, gases were supplied
at 1.3x107> Torr. and 2.0x107* Torr., respectively from the
reactive gas supply tube 29. As a result, a hard carbon thin
film was formed to a thickness of 1000 A.

Subsequent to termination of the above film-forming
process using the plasma, the CH, and H, gases were
supplied at 5.0x10™* Torr. and 2.0x107> Torr., respectively
from the reactive gas supply tube 29, while a voltage of 13
V was applied to the filament. The process was continued for
about 10 minutes to form a diamond thin film having a
thickness of about 1000 A on the substrate 33.

Consequently, the hard carbon thin film was formed to a
total thickness of 2000° C.

In this Example, the hard carbon thin film thus obtained
revealed the structural transition from a thin film structure
containing amorphous components to a polycrystalline dia-
mond thin film structure, i.e. the structural transition from an
sp>-rich film structure to an sp>-rich film structure in its
thickness direction from the substrate/film interface toward
its surface.

In the above Example 7, the reduction of the H, gas
supply pressure served to increase in amount of the amor-
phous components in the hard carbon thin film. However,
the similar results can be attained by reducing the ECR
plasma density. It is therefore possible to control film
properties by adjusting the plasma density.
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Although it is described in the above Examples to form
the interlayer on which the hard carbon thin film is subse-
quently formed, the fifth aspect of the present invention is
not limited thereto, and includes the case where the hard
carbon film is formed directly on the substrate.

Also, although the above Examples specify the thermal
decomposition of raw material gases as being effected by
exposure to the hot filament, the fifth aspect of the present
invention is not limited thereto.

Also, although the above Examples employ the film-
forming technique solely through thermal decomposition of
reactive gases in a first film-forming step for forming an
initial hard carbon thin film, the fifth aspect of the present
invention is not limited thereto, and includes an exemplary
case where the first film-forming step relies the film forma-
tion on the decomposition of reactive gases by both heat and
plasma. Also, where the film-forming process through
decomposition of the reactive gases by both heat and plasma
is carried out in both the first and second film-forming steps,
the film-forming conditions respectively in the first and
second steps may be varied from each other to impart
different proportions of crystalline and non-crystalline com-
ponents to the resulting hard carbon thin films.

FIG. 19 is a schematic cross-sectional view showing
another exemplary apparatus for forming a hard carbon thin
film in accordance with the fifth aspect of the present
invention. This apparatus is so constructed to be able to carry
out a parallel-plate plasma CVD process. This apparatus is
also enclosed in a vacuum chamber (not shown). As shown
in FIG. 19, an electrode 41 is connected to a high-frequency
power source 45. A substrate 43 is placed on an opposite
electrode 42 to which a high-frequency power source 46 is
connected for supplying a bias voltage to the substrate 43. A
raw material gas inlet 47 is located in the vicinity of the
substrate 43 for supplying the raw material gas therefrom.
Disposed between the electrode 41 and the opposite elec-
trode 42 is a filament 44 for exposing heat to the material gas
to cause decomposition thereof.

The present invention is applicable not only to the ECR
plasma CVD method, but also to the parallel-plate plasma
CVD method as can be embodied using the apparatus of
FIG. 19.

In accordance with the fifth aspect of the present
invention, the proportion of crystalline and non-crystalline
components in a hard carbon thin film can be adjusted to
provide controlled film properties, e.g. the controlled hard-
ness and surface roughness of the hard carbon thin film. This
not only permits formation of a crystalline diamond thin film
with a smooth surface at relatively low temperatures, but
also permits formation of a very hard amorphous diamond-
like thin film.

FIG. 20 is a schematic cross-sectional view showing an
exemplary apparatus for forming an amorphous carbon
coating in accordance with the sixth aspect of the present
invention. The apparatus is capable of carrying out the ECR
plasma CVD process to form the amorphous carbon coating,
e.g. a diamond-like thin film, and is adapted to be able to
produce and emit ions or plasmas for surface cleaning.

Referring to FIG. 20, an upper interior portion of a
vacuum chamber 57 defines a plasma generation chamber 54
to which a microwave generator 51 is connected through a
waveguide 52. A microwave inlet window 53 is disposed at
the connection between the waveguide 52 and the plasma
generation chamber 54. The plasma generation chamber 54
is also equipped with a discharge gas inlet line 55 for
introducing a discharge gas such as argon (Ar) into the
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plasma generation chamber 54. Plural plasma magnetic field
generators 56 are mounted circumferentially of the plasma
generation chamber 54.

A reaction chamber defined interior of the vacuum cham-
ber 57 includes a substrate holder 59 and is connected to a
reactive gas inlet line 61 for introducing a reactive gas into
the vacuum chamber 57. A substrate 58 is held on the
substrate holder 59 to which a high-frequency power source
is connected. An ion gun 62 is mounted interior of the
vacuum chamber 57 for emitting Ar ions toward the sub-
strate 58.

The formation of the diamond-like thin film, as illustra-
tive of the amorphous carbon coating, utilizing the apparatus
shown in FIG. 20 is explained by way of specific examples
which follow.

EXAMPLE 14

First, the vacuum chamber 57 is evacuated to a pressure
of 107°-1077 Torr. Then, the ion gun is operated to emit Ar
ions to the substrate 58 so that the substrate 58 is irradiated
with the Ar ions for a predetermined time period. The ion
emitting condition is set at an ion current density of 0.3
MA/cm?, an acceleration voltage of 400 eV, and an Ar gas
partial pressure of 3x107> Torr. In this example, the Ar ion
irradiation was continued for 5 minutes, 10 minutes, 20
minutes, or 30 minutes.

After the ion gun operation is discontinued, the Ar gas is
supplied at 5.7x10™* Torr. from the discharge gas inlet line
55 of the ECR plasma generator. Concurrently, the micro-
wave generator 51 supplies a microwave at 2.45 GHz and
200 W to generate the Ar plasma within the plasma genera-
tion chamber 54 for direction onto the substrate 58. The CH,
gas is supplied at 1.3x107> Torr. from the reactive gas inlet
line 61. The CH,, gas supplied from the reactive gas inlet line
61 is decomposed due to the action of the Ar plasma to
produce film-forming species which are converted into
highly reactive ions or neutral active species for acceleration
onto a surface of the substrate 58. As a result, a diamond-like
thin film is formed on the substrate 58. During the above
process, the high-frequency power source 60 applies a 13.56
MHz RF voltage to the substrate holder 59 so that a self-bias
of =50 V is generated in the substrate 58.

The above leads to formation of the diamond-like thin
film, i.e. the amorphous carbon coating on the substrate 58.
The amorphous carbon coating is formed to a thickness of
100 A, 500 A, or 1000 A.

For comparative purposes, the above procedure is fol-
lowed to form on the substrate 58 an amorphous carbon
coating to a thickness of 100 A, 500 A, or 1000 A, except
that no ion irradiation was effected.

The amorphous carbon coatings thus obtained were mea-
sured for surface roughness. The surface roughness was
measured by a stylus-based testing (load: 30 mg, stylus
travel speed: 25 sec/mm) using a stylus having a spherical
point with a radius of about 2.5 um, the results of which were
indicated by h,,,; (root-mean-square deviation).

FIG. 21 is a graph showing the surface roughness of
respective amorphous carbon coatings having different
thicknesses. As can be readily appreciated from FIG. 21, the
exposure of the substrate to ions emitted, prior to coating
formation thereon, serves to impart a marked reduction in
surface roughness to the resulting amorphous carbon coat-
ings. The surface roughness of the resulting amorphous
carbon coatings is demonstrated as being maintained essen-
tially constant if the ion irradiation is continued for the
period exceeding 10 minutes. As also apparent from FIG. 21,
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when the cleaning treatment of substrate surface was per-
formed prior to coating formation thereon in accordance
with the sixth aspect of the present invention, the surface
roughness of the resulting amorphous carbon coating was
reduced to one fifth or less of the thickness thereof.

Next, among the amorphous carbon coatings obtained, the
coatings formed on the substrate after irradiated with ions
for 10 minutes were measured for coefficient of kinetic
friction using a load of 20 g and an alumina ball of 10 mm
in diameter. For comparative purposes, the amorphous car-
bon coatings formed on the substrate which had not been
exposed to ions prior to coating formation thereon were also
measured for coefficient of kinetic friction. The measure-
ment results are given in Table 3. In Table 3, “with ion
irradiation” is intended to refer to this Example, and “with-
out ion irradiation” to Comparative Example.

TABLE 3
Film Thickness
100A  500A 1000A
Friction With Ton 0.10 0.15 0.13
Coefficient Irradiation
Without Ion 0.12 0.18 0.17
Irradiation

As clearly shown in Table 3, the amorphous carbon
coatings formed on the respective substrates which were
cleaned at surfaces thereof by irradiation with ions prior to
application of the coatings thereon exhibit lower friction
coefficients at different film thicknesses compared to those
of Comparative Example.

EXAMPLE 15

In this Example, the ion irradiation was effected during
coating formation to clean or etch a coating growth surface
by bombardment of high-velocity ions.

First, the vacuum chamber 57 is evacuated to a pressure
of 107°-107" Torr. Then, the ion gun is operated to emit Ar
ions under the same condition as in Example 14 to irradiate
the substrate 58 with the Ar ions.

Concurrently, the Ar gas is supplied at 5.7x10™* Torr.
from the discharge gas inlet line 55 and the microwave
generator 51 supplies a microwave at 2.45 GHz and 200 W
to generate the Ar plasma within the plasma generation
chamber 54 for direction onto the substrate 58. The CH,, gas
is supplied at 1.0x107> Torr. from the reactive gas inlet line
61. The CH, gas supplied from the reactive gas inlet line 61
is decomposed due to the action of the Ar plasma to produce
film-forming species which are converted into highly reac-
tive ions or neutral active species for acceleration onto a
surface of the substrate 58. As a result, an amorphous carbon
coating is deposited on the substrate 58.

As analogously to Example 14, the high-frequency power
source 60 applies a 13.56 MHz RF voltage to the substrate
holder 59 so that a self-bias of —=50 V is generated in the
substrate 58 during the above process.

The amorphous carbon coating is formed to a thickness of
100 A, 500 A, or 1000 A. The amorphous carbon coatings
thus obtained were measured for surface roughness in the
same manner as in Example 14, the results of which are
given in Table 4. Also, for comparative purposes, the amor-
phous carbon coatings formed without ion irradiation during
formation thereof were also measured for surface roughness,
the results of which are also given in Table 4.
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TABLE 4
Film Thickness
100A  500A 1000A
Friction With Ton 10A 454 88A
Coefficient Irradiation A A A
Without Ion 25A 115A 220A
Irradiation

As can be appreciated from Table 4, cleaning or etching
the coating growth surface by exposure thereof to the Ar ions
during coating formation, in accordance with the sixth
aspect of the present invention, serves to impart reduced
surface roughness, i.e. increased surface smoothness to the
resulting amorphous carbon coating.

EXAMPLE 16

In this Example, a plasma treatment was performed to
clean or etch the substrate surface.

First, the vacuum chamber 57 was evacuated to a pressure
of 107°-107" Torr. Then, the Ar gas is supplied at 5.7x10™*
Torr. from the discharge gas inlet line 55, while the micro-
wave generator 51 supplies a microwave at 2.45 GHz and
200 W, to generate the Ar plasma within the plasma gen-
eration chamber 54. Concurrently, the high-frequency power
source 60 applies a 13.56 MHz RF voltage to the substrate
holder 59 so that a self-bias voltage of =50 V is generated in
the substrate 58. The Ar plasma generated within the plasma
generation chamber 54 is thereby accelerated onto a surface
of the substrate 58 to effect cleaning of the substrate surface.
After irradiation with the Ar plasma for 10 minutes, an
amorphous carbon coating is formed on the substrate in the
same manner as in Example 14.

The amorphous carbon coating is formed to a thickness of
100 A, 500 A, or 1000 A. The amorphous carbon coatings
thus obtained were measured for surface roughness in the
same manner as in Example 14, the results of which are
given in Table 5.

TABLE 5
Film Thickness
100A  500A 1000A
Friction With Ton 10A 454 88A
Coefficient Irradiation A A A
Without Ion 25A 115A 220A
Irradiation

As can be appreciated from Table 5, cleaning or etching
the substrate surface by irradiation with the Ar plasma prior
to coating formation thereon also serves to impart reduced
surface roughness, i.e. increased surface smoothness to the
resulting amorphous carbon coating.

In summary, the hard carbon thin films having excellent
surface smoothness can be formed in accordance with the
fifth or sixth aspect of the present invention, which accord-
ingly have utilities as for coating materials and the others.

The hard carbon thin film formed in accordance with the
present invention can provide excellent characteristics when
applied, for example, to shaver blades, thin-film magnetic
heads, magneto-optical disks, sliding parts for compressors,
antireflection coatings for use in the manufacture of
semiconductors, heat sinks for semiconductor devices, sur-
face acoustic wave devices.
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What is claimed is:

1. A hard carbon thin film arrangement comprising a hard
carbon thin film having a surface and an interface opposite
said surface with a thickness direction extending through
said thin film from said interface to said surface, and having
a graded carbon composition in which a ratio of sp to sp>
carbon-carbon bonding in said thin film decreases in said
thickness direction from said interface to a minimum at an
internal location of said thin film between said interface and
said surface, and increases from said minimum at said
internal location toward said surface of said thin film.

2. The hard carbon thin film arrangement of claim 11,
wherein said thin film comprises at least two layers having
respective individual sp?/sp> carbon-carbon bonding ratios
different from each other so that said ratio of sp® to sp>
carbon-carbon bonding in said thin film decreases in said
thickness direction in a stepwise manner from said interface
to said minimum at said internal location and increases
therefrom in a stepwise manner toward said surface of said
thin film.

3. The hard carbon thin film arrangement of claim 1,
wherein said ratio of sp* to sp> carbon-carbon bonding is
varied in the range of -0 to 3.

4. The hard carbon thin film arrangement of claim 1,
wherein said hard carbon thin film is a crystalline diamond
carbon thin film, an amorphous diamond-like carbon thin
film, or a diamond-like carbon thin film having a partial
crystalline structure.

5. The hard carbon thin film arrangement of claim 1,
further comprising a substrate and an interlayer between said
thin film and said substrate, wherein said interface of said
thin film is in contact on said interlayer.

6. The hard carbon thin film arrangement of claim 5,
wherein said interlayer comprises at least one material
selected from the group consisting of Si, Ti, Zr, W, Mo, Ru,
Ge, and oxides, nitrides, and carbides thereof.

7. A method for forming the hard carbon thin film
arrangement of claim 1, using a plasma CVD technique,
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comprising imparting and varying an acceleration energy to
film-forming ion species in a plasma so as to change kinetic
energies thereof during a film-forming time while depositing
said ion species, thereby forming said graded carbon com-
position of said thin film.

8. A method for forming the hard carbon thin film
arrangement of claim 1 using a plasma CVD technique,
comprising admitting and varying an amount of a hydrogen
gas in a reaction system during a film-forming time while
depositing said thin film, thereby forming said graded car-
bon composition of said thin film.

9. A method for forming the hard carbon thin film
arrangement of claim 1 using a plasma CVD technique,
comprising varying a substrate temperature during a film-
forming time while depositing said thin film, thereby form-
ing said graded carbon composition of said thin film.

10. A method for forming the hard carbon thin film
arrangement of claim 1 using a plasma CVD technique,
comprising supplying varying film-forming ion species dur-
ing a film-forming time while depositing said ion species,
thereby forming said graded carbon composition of said thin
film.

11. A method for forming the hard carbon thin film
arrangement of claim 1 using a plasma CVD technique,
comprising carrying out a combination of a first film-
forming process through thermal decomposition of a raw
material gas and a second film-forming process through
plasma-assisted decomposition of said raw material gas, in
such a manner so as to form said graded carbon composition.

12. A hard carbon thin film having a surface exhibiting a
surface roughness h,,,. of not more than one fifth of a
thickness of said thin film immediately after formation
thereof.

13. The hard carbon thin film of claim 12, wherein said
surface roughness is not more than one tenth of said thick-
ness of said thin film.
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MEMBER HAVING SLIDING CONTACT
SURFACE, COMPRESSOR AND ROTARY
COMPRESSOR

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to a member having a
sliding contact surface, a compressors and a rotary com-
pressor respectively incorporating the member.

2. Description of Related Art

The rotary compressors for use in refrigerating facilities,
air-conditioning equipments and the like have been placed
under heavier duty conditions with their recent improve-
ments in performance and capability.

In such rotary compressors, a leading end of a vane is
brought into constant contact with a peripheral sliding
portion of a roller such as by biasing means. This disadvan-
tageously produces sludges interior of a cylinder housing the
vane and the roller. These sludges cause blockages in a
refrigeration system, specifically in a capillary tube to result
in a reduced refrigeration capability of the system.

When the situation goes worst, it possibly becomes
impossible to supply a refrigerant carrier through the cap-
illary tube to thereby give a destructive damage to the rotary
COMpIessor.

Accordingly, there remains a need to provide a member
having a sliding contact surface, such as for use in
compressors, rotary compressors and the like, which pro-
duces less sludges and has an improved wear resistance
relative to conventional members and which can be steadily
used for a prolonged period of time.

SUMMARY OF THE INVENTION

It is an object of the present invention to provide a
member having a sliding contact surface which has a supe-
rior wear resistance and is steadily workable for a long
period of time, and to provide a compressor and a rotary
compressor using such a member.

In accordance with a first aspect of the present invention,
a member is provided which includes a main body having a
sliding contact surface, a hard carbon film provided on the
sliding contact surface and a mixed layer formed within a
thickness region of the main body adjacent to the sliding
contact surface. The mixed layer is comprised of carbon and
a constituent element present in the thickness region of the
main body and has a carbon content gradient in its thickness
direction so that a carbon content in a thickness portion
thereof closer to an outer surface of the mixed layer is higher
than in a thickness portion thereof remoter from the outer
surface of the mixed layer.

In a preferred embodiment of the invention in accordance
with the first aspect, the mixed layer is formed by introduc-
ing carbon into the region within the main body and adjacent
to the sliding contact surface thereof.

The member in accordance with the first aspect has the
hard carbon film on the sliding contact surface to exhibit an
excellent wear resistance. Also, the formation of the mixed
layer adjacent to the sliding contact surface of the main body
provides a good adherence of the main body to the hard
carbon film so that the member can be steadily used for a
prolonged period of time without experiencing delamina-
tion.

In accordance with a second aspect of the present
invention, a member is provided which includes a main body
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having a sliding contact surface, an interlayer provided on
the sliding surface of the main body, a hard carbon film
provided on the interlayer and a mixed layer formed within
a thickness region of the interlayer and adjacent to an outer
surface of the interlayer. The mixed layer is comprised of
carbon and a constituent element of the interlayer and has a
graded carbon content in its thickness direction so that a
carbon content in a thickness portion closer to an outer
surface of the mixed layer is higher than in a thickness
portion remoter from the outer surface of the mixed layer.

In a preferred embodiment in accordance with the second
aspect, the mixed layer is formed by introducing carbon into
an interlayer region adjacent to the outer surface of the
interlayer.

The interlayer may be formed of Si, Ti, Zr, Ge, Ru, Mo,
W, or oxides, nitrides or carbides thereof, for example.

The member in accordance with the second aspect pro-
vides the hard carbon film on the sliding contact surface
through the interlayer to exhibit a superior wear resistance.
The formation of the interlayer between the hard carbon film
and the main body provides an improved adhesion between
the hard carbon film and the main body. Also, the formation
of the mixed layer within the interlayer adjacent to its outer
surface imparts a further improvement in the adhesion of the
hard carbon film.

The term “present invention” will be hereinafter used to
explain the matters common to the first and second aspects
of the present invention.

In the present invention, the mixed layer is formed
adjacent to the sliding contact surface of the main body or
to the outer surface of the interlayer. The thickness of the
mixed layer is preferably not less than 5 A, more preferably
in the range of 5 A-1 um, still more preferably in the range
of 10 A-200 A. If the mixed layer is thinner, the expected
improvement in adhesion may not result. If the thickness of
the mixed layer exceeds 1 um, the adhesion can not be
necessarily improved in proportion to the thickness incre-
ment.

In the present invention, the mixed layer has a carbon
content gradient in its thickness direction so that a carbon
content in a thickness portion thereof adjacent or closer to its
outer surface is higher than in a thickness portion thereof
opposite to or remoter from its outer surface. The mixed
layer has a concentrated portion having a maximum carbon
content within the mixed layer. Such a concentrated portion
is preferably present on the outer surface of the mixed layer
or within a thickness region occupying 50% or less of a total
thickness of the mixed layer from its outer surface. The
carbon content in the concentrated portion of the mixed
layer is preferably not smaller than 20 atomic percent, more
preferably not smaller than 40 atomic percent.

As described above, it is preferable to form the mixed
layer by introducing carbon into the region within the main
body adjacent to its outer surface or into the region within
the interlayer adjacent to its outer surface. Such an intro-
duction of carbon can be effected by imparting a kinetic
energy to active species of carbon such as carbon ions and
allowing them to strike on the outer surface of either the
main body or the interlayer. Specifically, the carbon intro-
duction can be effected by allowing the carbon ions to strike
on an outer surface of a substrate to which a negative
self-bias voltage is being applied.

The hard carbon film in the present invention may com-
prise a diamond thin film, a film having a mixed diamond
and amorphous structure, or an amorphous thin carbon film.
The film having the mixed structure and the amorphous
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carbon film are those generally termed as diamond-like
carbon films. The diamond-like carbon film generally con-
tains hydrogen. The diamond-like film with a smaller hydro-
gen content exhibits an increased hardness and improved
wear resistance. On the other hand, the diamond-like carbon
film with a larger hydrogen content exhibits an reduced
internal stress and improved adherence to an underlayer. It
is accordingly preferred that the hard carbon film in accor-
dance with the present invention has a hydrogen content
gradient in its thickness direction so that a hydrogen content
in a thickness portion thereof remoter from its outer surface
is higher than in a thickness portion thereof closer to its outer
surface. The provision of such a hydrogen content gradient
imparts to the resulting hard carbon film the improved wear
resistance and adherence to the underlayer. In the present
invention, the hard carbon film may contain at least one
additive element selected from the group consisting of Si, N,
Ta, Cr, F and B. The inclusion of such an additive element
results in a reduced friction coefficient and enhanced wear
resistance of the hard carbon film. The inclusion of the
additive element is preferably in the range of 3—60 atomic
percent, more preferably in the range of 10-50 atomic
percent. It is also preferred that the hard carbon film has a
content gradient of the additive element in its thickness
direction so that a content of the additive element in a
thickness portion of the hard carbon film adjacent to its outer
surface is higher than in a thickness portion thereof remoter
from its outer surface. The provision of such a content
gradient within the hard carbon film reduces the friction
coefficient of the thickness portion adjacent to its outer
surface and thereby enhances its wear resistance film more
effectively.

The compressor of the present invention is characterized
by employing the above-described member having a sliding
contact surface of the present invention. In an exemplary
case of a reciprocating compressor having a cylinder and a
piston, the present invention is applicable to the cylinder
having an inner peripheral surface for providing a sliding
contact surface, and/or the piston having an outer peripheral
surface for providing a sliding contact surface. In accor-
dance with the first aspect, the hard carbon film is provided
on the inner peripheral surface of the cylinder and the mixed
layer is formed within the cylinder adjacent to its inner
peripheral surface. The hard carbon film is also formed on
the outer peripheral surface of the piston and the mixed layer
is formed within the piston adjacent to its outer peripheral
surface. In accordance with the second aspect, the interlayer
is placed on the inner peripheral surface of the cylinder. The
mixed layer is formed within the interlayer adjacent to its
outer surface and the hard carbon film is provided on the
interlayer. In case of the piston, the interlayer is placed on
the outer peripheral surface of the piston. The mixed layer is
formed within the interlayer adjacent to its outer surface and
the hard carbon film is provided on the interlayer.

In one embodiment of the rotary compressor in accor-
dance with the present invention, a vane constitutes a main
body of the member of the present invention to define a
sliding contact surface at its leading end or side portion. In
the first aspect, a hard carbon film is provided at least on the
leading end or side portion of the vane. A mixed layer is
formed within the vane adjacent at least to an outer surface
of the leading end or side portion of the vane. In the second
aspect, an interlayer is provided at least on the leading end
or side portion of the vane, and the hard carbon film is
provided on the interlayer. The mixed layer is formed within
the interlayer adjacent to its outer surface.

In another embodiment of the rotary compressor in accor-
dance with the present invention, a roller constitutes a main
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body of the member of the present invention to define a
sliding contact surface at its outer peripheral surface. In the
first aspect, a hard carbon film is provided at least on the
outer peripheral surface. A mixed layer is formed within the
roller adjacent to its outer peripheral surface. In the second
aspect, an interlayer is provided on the outer peripheral
surface of the roller, and the hard carbon film is provided on
the interlayer. A mixed layer is formed within the interlayer
adjacent to its outer surface.

In still another embodiment of the rotary compressor in
accordance with the present invention, a cylinder constitutes
amain body of the member of the present invention to define
a sliding contact surface at an inner surface of a cylinder
channel. In the first aspect, a hard carbon film is provided on
the inner surface of the cylinder channel. A mixed layer is
formed within the cylinder wall adjacent to the inner surface
of the cylinder channel. In the second aspect, an interlayer
is provided on the inner surface of the cylinder channel, and
the hard carbon film is provided on the interlayer. A mixed
layer is formed within the interlayer adjacent to its outer
surface.

The rotary compressor in accordance with a third aspect
of the present invention includes a roller, a cylinder and a
vane. A hard carbon film is formed on at least a leading end
or side portion of the vane, an outer peripheral surface, or an
inner surface of a cylinder channel.

In the third aspect, an interlayer may be formed between
the hard carbon film and any of the vane, the outer peripheral
surface of the roller and the inner surface of the cylinder
channel. The types of the interlayer materials employed in
the above second aspect may be applicable to the interlayer
in the third aspect.

Again, in the third aspect, the hard carbon film may
contain hydrogen. If that is the case, it is preferred that the
hard carbon film has a hydrogen content gradient in its
thickness direction so that a hydrogen content in a thickness
portion thereof remoter from its outer surface is higher than
in a thickness portion thereof closer to its outer surface.

Again, in the third aspect, the hard carbon film may
contain at least one additive element selected from the group
consisting of Si, N, Ta, Cr, F and B. It is preferred that the
hard carbon film has a content gradient of the additive
element in its thickness direction so that a content of the
additive element in a thickness portion thereof adjacent to its
outer surface is higher than in a thickness portion thereof
remoter from its outer surface.

In the present invention, the material types of the main
body of the member is not particularly specified and
includes Fe-based alloys, cast irons (Mo—Ni—Cr cast
irons), steels (high-speed tool steels), aluminum alloys,
carbons (aluminum impregnated carbons), ceramics (oxides,
nitrides and carbides of Ti, Al, Zr, Si, W, and Mo), Ni alloys,
and stainless steels.

In accordance with the present invention, the hard carbon
film having a high hardness can be formed on a substrate in
a manner to be securedly adhered thereto. Therefore, the
member of the present invention exhibits the improved wear
resistance and can be steadily used for a prolonged period of
time.

The compressors and rotary compressors incorporating
such a member produces less sludges even after their
prolonged drives so that they can be steadily employed for
a prolonged period of time.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic cross-sectional view showing one
embodiment in accordance with a third aspect of the present
invention;
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FIG. 2 is a schematic cross-sectional view showing
another embodiment in accordance with the third aspect of
the present invention;

FIG. 3 is a schematic cross-sectional view showing still
another embodiment in accordance with the third aspect of
the present invention;

FIG. 4 is a schematic cross-sectional view of an exem-
plary ECR plasma CVD apparatus as employed in the
embodiments in accordance with the present invention;

FIG. 5 is a graph showing the relation between the
film-forming period and the self-bias voltage in the embodi-
ments in accordance with the present invention;

FIGS. 6(a) through 6(c)are graphs showing the relations
of the self-bias voltage respectively to the hardness, internal
stress and hydrogen content;

FIG. 7 is a graph showing the relation between the
film-forming period and the self-bias voltage in the embodi-
ments in accordance with the present invention;

FIG. 8 is a schematic cross-sectional view showing a
general structure of a rotary compressor;

FIG. 9 is a schematic cross-sectional view showing one
embodiment in accordance with a first aspect of the present
invention;

FIG. 10 is an enlarged cross-sectional view showing a
vane of the embodiment shown in FIG. 9 and its vicinities;

FIG. 11 is a graph showing the relation between the
film-forming period and the self-bias voltage in the embodi-
ments in accordance with the present invention;

FIG. 12 is a schematic cross-sectional view showing
another embodiment in accordance with the first aspect of
the present invention;

FIG. 13 is a schematic cross-sectional view showing still
another embodiment in accordance with the first aspect of
the present invention;

FIG. 14 is a schematic cross-sectional view showing one
embodiment in accordance with a second aspect of the
present invention;

FIG. 15 is an enlarged cross-sectional view showing a
vane of the embodiment shown in FIG. 14 and its vicinities;

FIG. 16 are graphs showing composition gradients in a
thickness direction of a mixed layer in the embodiments in
accordance with the present invention;

FIG. 17 is a schematic cross-sectional view of another
exemplary ECR plasma CVD apparatus as employed for the
embodiments in accordance with the present invention;

FIG. 18 is a schematic cross-sectional view showing
another embodiment in accordance with the second aspect of
the present invention;

FIG. 19 is a schematic cross-sectional view showing still
another embodiment in accordance with the second aspect of
the present invention; and

FIG. 20 is a perspective view of a scroll for use in a scroll
type compressor.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

FIG. 8 is a schematic cross-sectional view showing a
general construction of a rotary compressor.

Referring to FIG. 8, the rotary compressor includes a
closed container 1, a crank shaft 2 driven by an electric
motor (not shown), a roller mounted eccentric to the crank
shaft. The roller 3 is made of Mo—Ni—Cr cast iron.

A hollow cylinder 4 of cast iron is disposed to accom-
modate the roller 3 therein.
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The hollow cylinder 4 has a channel 5 within which a
vane 6, as hereinafter described, reciprocates. The vane 6
partitions a space interior of the hollow cylinder 4 into a
high-pressure part and a low-pressure part. The vane 6 is
made of high-speed tool steel (SKH51).

The vane 6 is urged against the roller 3 by a spring 7.

An 1inlet tube 8 is provided to supply a refrigerant carrier
into the interior of the hollow cylinder 4. The refrigerant
carrier pressurized and heated within the hollow cylinder 4
is exhausted through an exhaust tube 9.

The operation of the rotary compressor as constructed in
the manner as described above will be now explained.

When the electric motor drives the crank shaft 2, the roller
3 mounted eccentric to the crank shaft 2 moves circumfer-
entially along an inner surface of the hollow cylinder 4 while
rotating. Since the vane 6 is urged against the roller 3 by
both a pressurized gas and the spring 7, the vane 6 is
constantly brought into contact with a periphery of the roller
3. Accordingly, a rotational motion of the roller 3 is trans-
lated into a reciprocating motion of the vane 6 within the
cylinder channel 5.

As such a reciprocating motion is continued, the refrig-
erant carrier is suctioned through the inlet tube 8 into the
interior of the hollow cylinder 4 within which it is com-
pressed to increase its temperature and pressure before
discharged through the exhaust tube 9 to outside of the
rotary compressor.

FIG. 1 is a schematic cross-sectional view of the vane 6
carrying a hard carbon coating film thereon, which can be
employed for the rotary compressor of the present invention.

In practicing the present invention, the hard carbon film
may be in the form of a diamond thin film, a thin film having
a mixed diamond and amorphous carbon structure, or an
amorphous carbon thin film.

The interlayer may be formed of Si, Ti, Zr, Ge, Ru, Mo,
W, or, oxides, nitrides or carbides thereof.

In the embodiment as shown in FIG. 1, an interlayer 61 of
Si is formed on the vane 6. A hard carbon film 62 is formed
on the interlayer 61 to define an interface therebetween. The
hard carbon film 62 has a composition for better adherence
onto the vane 6.

More preferably, the hard carbon film 62 may have a
graded composition such that a hydrogen content therein
decreases continuously from a portion 62a adjacent to the
interface to an outer surface of a film layer 62b.

Since the hydrogen content is higher toward the portion
62a adjacent to the interface, a thickness portion of the hard
carbon film 62 adjacent or closer to the interlayer 61 has
reduced internal stress and hardness. This serves to prevent
the hard carbon film 62 from delaminating from the inter-
layer 61.

Although the hydrogen content is above described to be
continuously varied in a thickness direction of the hard
carbon film 62, such a hydrogen content gradient may be
rendered stepwise by providing a hydrogen-richer layer(s)
and a hydrogen-poorer layer(s) in the hard carbon film 62.

FIG. 2 is a schematic cross-sectional view of the roller 3
carrying thereon a hard carbon film, which can be employed
for the rotary compressor of the present invention.

FIG. 2 also shows one applicable form of the hard carbon
film in accordance with the present invention.

In the embodiment as shown in FIG. 2, formed on the
roller 3 is an interlayer 31 of Si. A hard carbon film 32 is
formed on the Si interlayer 31 to define an interface ther-
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ebetween. The hard carbon film 32 has a composition for
better adherence to the roller 3.

More preferably, the hard carbon film 32 may have a
graded composition such that a hydrogen content therein
decreases continuously from a portion 32a adjacent to the
interface to a film layer 32b.

Since the hydrogen content is higher toward the portion
324 adjacent to the interface, a thickness portion of the hard
carbon film 32 closer to the interlayer 31 has reduced
internal stress and hardness. This serves to prevent the hard
carbon film 32 from delaminating from the interlayer 31.

Although the hydrogen content is above described to be
continuously varied in a thickness direction of the hard
carbon film 32, such a hydrogen content gradient may be
rendered stepwise by providing a hydrogen-richer layer(s)
and a hydrogen-poorer layer(s) in the hard carbon film 32.

FIG. 3 is an enlarged cross-sectional view of the cylinder
channel 5 carrying thereon a hard carbon film, which can be
employed for the rotary compressor of the present invention.

FIG. 3 also shows another applicable form of the hard
carbon film in accordance with the present invention.

In the embodiment shown in FIG. 3, formed on an inner
surface of a cylinder channel 5 is an interlayer 51 consisting
of Si. A hard carbon film 52 is formed on the interlayer 51
to define an interface therebetween. The hard carbon film 52
has a composition for better adherence to the inner surface
of the cylinder channel 5.

More preferably, the hard carbon film 52 may have a
graded composition such that a hydrogen content therein is
continuously reduced from a portion 52a adjacent to the
interface to a film layer 52b.

Since the hydrogen content is higher toward the portion
52a adjacent to the interface, a thickness portion of the hard
carbon film 52 closer to the interlayer 51 has reduced
internal stress and hardness. This serves to prevent the hard
carbon film 52 from delaminating from the interlayer 51.

Although the hydrogen content is above described to be
continuously varied in a thickness direction of the hard
carbon film 52, such a hydrogen content gradient may be
rendered stepwise by providing a hydrogen-richer layer(s)
and a hydrogen-poorer layer(s) in the hard carbon film 52.

FIG. 4 is a schematic diagram of an exemplary ECR
plasma CVD apparatus which can be employed to form the
hard carbon film in the present invention.

Referring to FIG. 4, disposed interior of a vacuum cham-
ber 108 are a plasma generation chamber 104 and a reaction
chamber within which substrates, such as vanes 113 are
positioned. One end of a waveguide 102 is connected to the
plasma generation chamber 104. Another end of the
waveguide 102 is mounted to a microwave supplying means
101.

The microwaves generated within the microwave supply-
ing means 101 pass through the waveguide 102 and a
microwave inlet window 103 to be guided into the plasma
generation chamber 104.

Connected to the plasma generation chamber 104 is a
discharge gas inlet line 105 for introducing a discharge gas
such as argon (Ar) into the plasma generation chamber 104.
A plurality of plasma magnetic field generators 106 are
mounted circumferentially of the plasma generation cham-
ber 104.

A drum-shaped vane holder 112 is provided within the
reaction chamber in the vacuum chamber 108 so as to be
rotatable about an axis which perpendicularly crosses a page
surface of the drawing. A motor (not shown) is connected to
the vane holder 112.
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A plurality of vanes 113 (twenty four in this embodiment)
are arranged circumferentially of the vane holder 112 at
regular intervals. A high-frequency power source 110 is
connected to the vane holder 112. A hollow cylindrical
shielding cover 114, made of metal, radially surrounds the
vane holder 112 to define therebetween a spacing of about 5
mm. The shielding cover 114 is connected to a grounded
electrode. The shielding cover 114 functions to prevent
generation of discharges between the vacuum chamber 108
and a vane holder area excluding target film-forming loca-
tions thereon, which discharges will be otherwise generated
when a radio frequency (RF) voltage is applied to the vane
holder 112 for film formation.

The shielding cover 114 has an opening 115. A plasma
from the plasma generation chamber 104 is directed to pass
through the opening 115 to impact the vanes 112 mounted on
the vane holder 112. The vacuum chamber 108 is equipped
with a reaction gas inlet line 116. A leading end of the
reaction gas inlet line 116 is positioned above the opening
115.

In the case where the hard carbon film 32 is formed on the
peripheral surface of the roller 3, a drum-shaped holder may
not be employed. Then, the roller 3 is connected to the
high-frequency power source 110. The shielding cover 114
is configured to be spaced about 5 mm from the roller 3 and
is connected to the grounded electrode.

The aforementioned film forming apparatus may be
employed to form the hard carbon film of the embodiment
shown in FIG. 1 in the following exemplary procedures.

The vacuum chamber 108 is first evacuated to a pressure
of 1073-1077 Torr., followed by rotation of the vane holder
112 at a speed of about 10 rpm. The Ar gas at 5.7x10™* torr.
is then supplied from the discharge gas inlet line 105 while
a 2.45 GHz, 100 W microwave is supplied from the micro-
wave supplying means 101, so that an Ar plasma is gener-
ated within the plasma generation chamber 104 to strike a
surface of each vane 6.

Simultaneously with the above, a CH, gas at 1.3x107>
Torr. is supplied through the reaction gas inlet line 116 while
a 13.56 MHz RF power from the high-frequency power
source 116 is supplied to the vane holder 112. Here, the RF
power is supplied to the vane holder 112 in a controlled
fashion so that a self-bias voltage generated in each of the
vanes 113 is varied through a range from 0 V at the start of
the film-forming to =50 V at completion of the film-forming
(in 15 minutes after the start), as shown in FIG. 5.

The hard carbon film of 5000 A thick was formed on each
of the vanes 6 in accordance with the aforementioned
procedures.

FIG. 6 are graphs showing the relations of the self-bias
voltages produced in the vane holder respectively to the
hardnesses, internal stresses and hydrogen contents of the
hard carbon films formed at those self-bias voltages.

In operating the aforementioned film-forming apparatus
of FIG. 4, a specific self-bias voltage produced in the vane
holder was maintained constant to form a hard carbon film
at the specific self-bias voltage. The hard carbon film thus
obtained was measured for its properties including hardness,
internal stress and hydrogen content. The measured values
are given in FIG. 6.

As can be seen from FIG. 6, the self-bias voltage of 0 V
results in the formation of a hard carbon film having a
Vickers hardness of about 800 Hv, an internal stress of about
5 GPa, and a hydrogen content of about 60 atomic percent.

On the other hand, the self-bias voltage of =50 V results
in the formation of a hard carbon film having a Vickers
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hardness of about 3000 Hv, an internal stress of about 6.5
GPa, and a hydrogen content of about 35 atomic percent.

It is believed that the changes in the respective properties
as shown in FIG. 6 have been reflected in a thickness
direction of the above embodiment of the hard carbon film
formed at varied self-bias voltages from O to -50 V.

Therefore, the portion 62a of the hard carbon film 62
adjacent to the interface has lower hardness and internal
stress to exhibit better adherence to the interlayer, and
accordingly to the vane 6.

On the other hand, the film layer 62b has a higher
hardness to provide an adequate surface hardness as
demanded for the hard carbon films.

The hard carbon film 62 was formed in the same manner
as in the above embodiment, with the exception that the
self-bias voltage was maintained at 0 V during a first
5-minute period from the start of film formation and at -50
V during a subsequent 10-minute period that completed in
15 minutes from the start, as shown in FIG. 7. The resulting
hard carbon film formed on the vane 6 had a film thickness
of 5000 A and a Vickers hardness of 3000 Hyv.

For comparative purposes, a hard carbon film was formed
in the same manner as in the above embodiment, with the
exception that the self-bias voltage produced in the vane
holder was maintained at O V during the film formation. The
resulting hard carbon film formed on the vane 6 had a film
thickness of 5000 A and a Vickers hardness of 800 Hv.

The hard carbon film was tested for adherence. In evalu-
ating the adherence, a constant load (1 kg) indentation test
was conducted using a Vickers penetrator. For evaluating the
adherence of differently formed hard carbon films, fifty
samples were prepared for each and the number of samples
which showed the delamination of the hard carbon film 62
from the vane 6 was counted as indicating the level of the
adherence thereof. Those hard carbon films subjected to
such an evaluation included a hard carbon film which was
formed at the varied self-bias voltages from 0 V to =50 V
upon the Si interlayer 61 (100 A thick) previously formed
upon the vane 6, another hard carbon film which omitted the
Siinterlayer 61 to form directly upon the vane 6 at a constant
self-bias voltage of =50 V maintained after the lapse of five
minutes from the start of film formation till the completion
of film formation, and another hard carbon film which was
formed on the Si interlayer 61 at a constant self-bias voltage
of =50 V maintained after the lapse of five minutes from the
start of film formation till the completion of film formation.
The evaluation results are shown in Table 1.

TABLE 1
Si Self-Bias Number of Samples
Interlayer Voltage (V) Experienced Delamination
Absent -50 45
Present -50 5
0—50 0

As can be seen from Table 1, in the case where the Si
interlayer 61 was not formed on the vane 6, i.c., the hard
carbon film 62 was directly formed on the vane 6, forty five
samples thereof were found to delaminate from the vane 6
even though formed at the self-bias voltage of —50 V. On the
other hand, in the case where the Si interlayer 61 was formed
on the vane 6, i.e., the hard carbon film 62 was formed on
the interlayer 61 at the constant self-bias voltage of -50 V,
only five samples thereof were observed to delaminate from
the interlayer 61.
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Furthermore, in the case where the Si interlayer 61 was
formed on the vane 6, i.c., the hard carbon film 62 was
formed on the Si interlayer 61 at the varied self-bias voltages
from 0 V to =50 V, no sample thereof showed delamination.

The above results demonstrate that the hard carbon film
for use in the present invention has improved hardness and
adherence sufficient to impart a wear-resistance to sliding
contact surfaces of various member such as of the vane 6,
roller 3 and cylinder channel 5. Such a hard carbon film
coating serves to reduce sludge production at the sliding
contact surfaces of those members.

In the above embodiments, the ECR plasma CVD appa-
ratus is employed to form the hard carbon film. However, it
is to be understood that this is not intended to exclude the use
of the other suitable techniques for the film formation.

As will be appreciated from the above descriptions, the
present invention provides a vane, roller or cylinder channel
on which a hard carbon film is formed to impart thereto
adequate hardness and chemical stability. Since the hard
carbon film can be well adhered to the vane, roller or
cylinder channel, a rotary compressor incorporating such
components can be operated for a prolonged period of time
without producing an appreciable amount of sludge. This
prevents the occurrence of its blocking the supply of refrig-
erant carrier through a capillary tube and performs a pro-
tective effect by which a critical damage to the rotary
compressor can be avoided.

FIG. 9 is schematic perspective view showing one
embodiment in accordance with a first aspect of the present
invention. A hard carbon film 64 is formed on a main body
of a member in accordance with the present invention, i.e. a
vane 6 to define an interface therebetween. A mixed layer 63
is formed in a thickness region of the vane 6 adjacent to the
interface.

FIG. 10 is an enlarged schematic cross-sectional view
showing the vane 6 of FIG. 9 and its vicinities. As illustrated
in FIG. 10, the mixed layer 63 is formed in the thickness
region of the vane 6 adjacent to the interface. The mixed
layer 63 is formed of carbon and an constituent element of
the vane 6, e.g. Fe. A carbon content in a thickness portion
63b of the mixed layer 63 closer to the interface is made
higher than in a thickness portion 63a of the mixed layer 63
remoter from the interface to define a carbon content gra-
dient in a thickness direction of the mixed layer 63. Such a
mixed layer 63 can be formed by introducing carbon into the
thickness region of the vane 6 adjacent to the interface. The
introduction of carbon can be accomplished, for example, by
operating the above-described ECR plasma CVD apparatus
to cause the vane 6 to produce a negative self-bias voltage
at an early stage of film formation.

The hard carbon film 64, such as a diamond-like carbon
film is formed on the mixed layer 63. Preferably, the hard
carbon film has a hydrogen content gradient in its thickness
direction so that a hydrogen content in a thickness portion
64b thereof remoter from an outer surface of the hard carbon
film is higher than in a thickness portion 64a thereof closer
to the outer surface of the hard carbon film.

The thickness of the mixed layer 63 is preferably not less
than 5 A, more preferably in the range of 10-200 A.

The apparatus of FIG. 4 was employed to form a hard
carbon film. The self-bias voltage produced in the vane was
maintained at =50 V during a first one-minute period from
the start of the film formation. As shown in FIG. 11, the
self-bias voltage was subsequently dropped to 0 V and
varied immediately thereafter such that it increased gradu-
ally from 0 V to reach =50 V at the completion of film
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formation. During the first one-minute period when the
self-bias voltage was maintained at =50 V, the mixed layer
is formed within the vane adjacent to an outer surface of the
vane. As a result, the hard carbon film was formed on the
vane which had a thickness of 5000 A and a Vickers
hardness of 3000 Hv.

The hard carbon film thus formed was subjected to a
scratch test for adherence evaluation. A diamond stylus was
employed to conduct the test at a scratching speed of 100
mm/min. The maximum load was 500 g. Fifty samples of
hard carbon film were tested, and the number of samples
which showed delamination was counted as being indicative
of a level of adherence of the hard carbon film. No sample
was observed to experience delamination.

For comparative purposes, a RF power is applied so that
the self-bias voltage produced in the vane was varied from
0V at the start of film formation to =50 V at the completion
of film formation when 15 minutes passed from the start, as
shown in FIG. 5. The comparative hard carbon film thus
formed revealed a thickness of 5000 A and a Vickers
hardness of 3000 Hv. The number of samples which expe-
rienced delamination was ten out of fifty.

As will be recognized from the above results, the adher-
ence of the hard carbon film to a substrate, such as the vane,
can be enhanced by forming an effective thickness of mixed
layer in the surface layer of the substrate.

FIG. 12 is a schematic cross-sectional view showing
another embodiment in accordance with the first aspect of
the present invention. A mixed layer 33 is formed within a
roller 3 adjacent to an outer surface of the roller 3. Again, a
carbon content in a thickness portion of the mixed layer 33
closer to its outer surface is higher than in a thickness
portion remoter from its outer surface to define a carbon
content gradient in the thickness direction of the mixed layer
33, as analogous to the embodiment shown in FIG. 11. The
mixed layer 33 can be formed in the same manner as in the
embodiment of FIG. 11. A hard carbon film 34 is formed
upon the mixed layer 33.

The formation of the mixed layer 33 adjacent to an outer
surface of the roller 3 results in improved adherence of the
hard carbon film 34 to the roller 3.

FIG. 13 is a schematic cross-sectional view showing still
another embodiment in accordance with the first aspect of
the present invention. A mixed layer 53 is formed in an inner
wall of a cylinder channel § adjacent to an inner surface of
the cylinder channel. As analogous to the embodiment
shown in FIG. 11, the mixed layer 53 has a carbon content
gradient in its thickness direction such that a carbon content
in a thickness portion of the mixed layer 53 closer to its outer
surface is higher than in a thickness portion of the mixed
layer 53 remoter from its outer surface. The mixed layer 53
can be formed in the same manner as in the embodiment of
FIG. 11. A hard carbon film 54 is formed on the mixed layer
53.

The formation of the mixed layer 53 adjacent to the inner
surface of the cylinder channel 5 results in improved adher-
ence of the hard carbon film 34 to the inner surface of the
cylinder channel 5.

FIG. 14 is a partly sectioned, schematic perspective view
showing an embodiment in accordance with the second
aspect of the present invention. Formed upon a vane 6 is an
interlayer 65. A mixed layer 66 is formed within the inter-
layer 66 adjacent to an outer surface of the interlayer 66. The
mixed layer 66 is formed of carbon and a constituent
element of the interlayer 65. A hard carbon film 67 is formed
upon the interlayer 65.
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FIG. 15 is an enlarged schematic cross-sectional view
showing the vane 6 of FIG. 14 and its vicinities. As
illustrated in FIG. 15, the mixed layer 66 has a carbon
content gradient in its thickness direction such that a carbon
content in a thickness portion 66b of the mixed layer 63
closer to the outer surface of the mixed layer 66 is higher
than in a thickness portion 66a of the mixed layer 63 remoter
from the outer surface of the mixed layer 63. Such a mixed
layer 66 can be formed in the same manner as the mixed
layer 63 of FIG. 10 is formed, i.e., by introducing carbon
into the thickness region of the vane 6 adjacent to the outer
surface of the interlayer 65. The introduction of carbon can
be accomplished, for example, by operating the above-
described ECR plasma CVD apparatus to cause a substrate
such as the vane 6 to produce a negative self-bias voltage at
an early stage of film formation.

A hard carbon film 67 is formed on the mixed layer 66.
The presence of the mixed layer 66 contributes to the
improved adherence of the hard carbon film 67 to the
interlayer 65.

In this second aspect, if the mixed layer is desired to be
made thicker than the interlayer, the mixed layer may also be
formed in the underlying substrate adjacent to its surface so
that it extends through the interlayer into the substrate.

FIG. 16 is a graph showing a composition gradient in a
thickness direction of the mixed layer formed within the
interlayer. In this particular embodiment, the interlayer
consists of Si. A RF power was applied to a substrate holder
so that the self-bias voltage produced in a substrate was set
at =50 V in an early stage of film formation. Otherwise
analogously to the manner as employed in the above
embodiment, a hard carbon film was formed on the Si
interlayer.

As shown in FIG. 16, the carbon content reaches to zero
at a depth of 50 A from a surface of the mixed layer. The
thickness of the mixed layer is about 50 A. The mixed layer
exhibits a maximum carbon content of about 70 atomic
percent at a site A which is located at a depth of about 35%
of a whole thickness of the mixed layer from the outer
surface of the mixed layer. As also shown in FIG. 16, the
mixed layer has a mixed layer portion within which a carbon
content in a thickness portion closer to the mixed layer
surface is higher than in a thickness portion remoter from the
mixed layer surface to define a carbon content gradient B.
The mixed layer has another mixed layer portion extending
from its outer surface to the site A within which a carbon
content in a thickness portion closer to the outer surface of
the mixed layer is slightly decreasing to define a carbon
content gradient A. The improved adhesion of the hard
carbon film to the mixed layer is assured by establishing
such a carbon content gradient within the mixed layer that a
carbon content in a thickness portion adjacent or closer to
the outer surface of the mixed layer is higher than in a
thickness portion opposite to or remoter from the outer
surface of the mixed layer.

The thickness of the mixed layer can be controlled such
as by varying the self-bias voltage produced in the substrate.
For example, in case of the Si interlayer, if the self-bias
voltage across the substrate is controlled at -1 KV in an
early stage of film formation, the mixed layer can be formed
to a thickness of about 130 A.

ASi interlayer was formed on a vane to a thickness of 100
A. A hard carbon film was subsequently formed on the Si
interlayer. A self-bias voltage was varied during film for-
mation in the manner as illustrated in FIG. 11. The resulting
hard carbon film had a thickness of 5000 A and a Vickers
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hardness of 3000 Hv. The hard carbon films formed were
subjected to a scratch test for adherence evaluation. No
sample thereof showed delamination.

Next, a hard carbon film was formed which contained an
additive element. Such an hard carbon film containing the
additive element was formed through an apparatus shown in
FIG. 17. Referring to FIG. 17, in addition to having an
opening 115 in the shield cover 114, the apparatus has a
second opening 117 spaced from the opening 115. A target
118 is disposed to face toward the second opening 117. An
ion beam gun 119 is disposed in such a location that the
target 118 can be irradiated with an ion beam from the ion
beam gun 119. The other constructions are analogous to
respective ones of the apparatus of FIG. 4.

The target materials included Si, Ta, Cr and B. The hard
carbon films containing any of those additive elements were
formed using the apparatus shown in FIG. 17. The vane
holder 112 was rotated during film formation, so that the
carbon and additive element were deposited on each vane
113 through the opening 115 and the second opening 117,
respectively. As a result, the hard carbon film containing the
additive element was formed on each vane 113. The vane
113 had been precoated with an interlayer (100 A thick)
prior to film formation.

The target 118 was not employed when introducing N or
F into a hard carbon film. Instead, a N, or CF, gas was
introduced into a film formation atmosphere. More
specifically, the CH, gas and a N, or CF, gas were supplied
at respective partial pressures of 1.3x10™> and 1.0x107>
Torr.

The resulting hard carbon films were transferred to a
surface characteristic tester for measurement of their friction
coefficients and depths of wear. The friction coefficient was
measured for Si, Ta and F while the depth of wear was
measured for N, Cr and B. For comparative purposes, vanes
carrying thereon neither the interlayer nor the hard carbon
film, and vanes coated with the hard carbon film not con-
taining the additive element were respectively prepared for
measurement of their friction coefficients and depths of
wear. For the depth of wear, a relative evaluation was made
with respect to the hard carbon film not containing the
additive element. The results are given in the following
Table 2. For measurement, an aluminum ball indenter was
employed which slidingly reciprocated two thousand times.

TABLE 2
Friction Wear Depth

Additive Element Coefficient (Relative Value)
Type Si 0.1 —
Ta 0.13 —
F 0.12 —
N — 0.6
Cr — 0.8
B — 0.7
None 0.18 1
‘W/O Hard Carbon 0.5 4

Film and Interlayer

As apparent from Table 2, the inclusion of additive
elements in the resulting hard carbon films impart thereto
improved friction coefficients and wear depths.

The content of the additive element may be made higher
in a thickness portion of the hard carbon film closer to its
outer surface than in a thickness portion thereof remoter
from its outer surface. The provision of such a content
gradient of the additive element improves the adherence of
the resulting hard carbon film.
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FIG. 18 is a partly cutaway schematic cross-sectional
view showing another embodiment in accordance with the
second aspect of the present invention. An interlayer 35 is
formed on a roller 3. A mixed layer 36 is formed within the
interlayer 35 adjacent to an outer surface of the interlayer 35.
A hard carbon film 37 is formed on the interlayer 35. The
mixed layer 36 can be formed in the interlayer 35 analo-
gously to the embodiment of FIG. 14. The formation of the
mixed layer 36 in the interlayer 35 enhances its adhesion to
the hard carbon film 37.

FIG. 19 is a partly cutaway schematic cross-sectional
view showing still another embodiment in accordance with
the second aspect of the present invention. An interlayer 55
is formed on an inner surface of a cylinder channel 5. A
mixed layer 56 is formed within the interlayer 55 adjacent to
an outer surface of the interlayer 55. A hard carbon film 57
is formed on the interlayer 35. The mixed layer 56 can be
formed in the interlayer 35 analogously to the embodiment
of FIG. 14. The formation of the mixed layer 56 in the
interlayer 55 enhances its adhesion to the hard carbon film
57.

In the above embodiments, the series of interlayer and
hard carbon film was formed on an extensive surface area of
the vane. However, they may be formed only on the surface
area of a leading end of the vane.

Although the rotary compressor components were exem-
plarily used in the above embodiments to explain the mem-
bers having a sliding contact surface in accordance with the
present invention, the present invention is not limited to
those rotary compressor components. The present invention
is applicable to a cylinder or piston of a reciprocating
compressor, further to an outer surface of an 0-ring mounted
to the piston, for example.

FIG. 20 is a perspective view of a scroll for use in a scroll
compressor. The present invention is applicable to such a
scroll 70. A lapped portion 71 and a mirror plate 70 of the
scroll 70 provide sliding contact surfaces respectively.

Also, the member having a sliding contact surface in
accordance with the present invention is not limited to
compressor components, and is applicable to a variety of
members which includes a sliding contact surface. For
example, the present invention may be applied to such a
member as an inner or outer blade edge of an electric shaver.
Furthermore, the present invention is applicable to a sliding
portion of a thin layer magnetic head for use in hard disk
drives, VIR cylinders, and outer surfaces of optical mag-
netic disks.

What is claimed is:

1. A member comprising:

a main body having a sliding contact surface;

a hard carbon film provided on said sliding contact
surface of the main body, wherein said hard carbon film
comprises a diamond thin film, a film having a mixed
diamond and amorphous structure or an amorphous
carbon thin film;

a mixed layer formed within a thickness region of said
main body adjacent to said sliding contact surface
thereof and containing carbon and a constituent ele-
ment of said thickness region of the main body; and

said mixed layer having a carbon content gradient in its
thickness direction so that a carbon content in a thick-
ness portion thereof closer to an outer surface of the
mixed layer is higher than in a thickness portion thereof
remoter from the outer surface of the mixed layer,
wherein said mixed layer is formed by introducing the
carbon into said thickness region of the main body
adjacent to the sliding contact surface thereof.
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2. The member of claim 1, wherein a thickness of said
mixed layer is at least 5 A.

3. The member of claim 1, wherein said hard carbon film
has a hydrogen content gradient in its thickness direction so
that a hydrogen content in a thickness portion thereof
remoter from an outer surface of the hard carbon film is
higher than in a thickness portion thereof closer to the outer
surface of the hard carbon film.

4. The member of claim 1, wherein said mixed layer
includes a concentrated portion having a maximum carbon
content of at least 20 atomic percent.

5. The member of claim 4, wherein said concentrated
portion is present within a thickness region which covers
50% or less of a whole thickness of the mixed layer from the
outer surface of mixed layer.

6. The member of claim 1, wherein said hard carbon film
contains at least one additive element selected from the
group consisting of Si, N, Ta, Cr, F and B.

7. The member of claim 6, wherein said hard carbon film
has a content gradient of said additive element in its thick-
ness direction so that an additive element content in a
thickness portion thereof closer to the outer surface of the
hard carbon film is higher than in a thickness portion thereof
remoter from the outer surface of the hard carbon film.

8. A compressor incorporating the member of claim 1.

9. A rotary compressor comprising:

a roller mounted eccentric to a rotatable crank shaft and
having an outer periphery;

a hollow cylinder for accommodating said roller therein,
said hollow cylinder having an inner surface in sliding
contact with said outer periphery of the roller; and

a vane received in a channel provided on said inner
surface of the cylinder and having a leading end in
sliding contact with said outer periphery of the roller,
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wherein said vane is said main body of the member of
claim 1 and at least said leading end or a side portion
of the vane constitutes said sliding contact surface.

10. A rotary compressor comprising:

a roller mounted eccentric to a rotatable crank shaft and
having an outer periphery;

a hollow cylinder for accommodating said roller therein,
said hollow cylinder having an inner surface in sliding
contact with said outer periphery of the roller; and

a vane received in a channel provided on said inner
surface of the cylinder and having a leading end in
sliding contact with said outer periphery of the roller,

wherein said roller is said main body of the member of
claim 1 and said outer periphery of the roller constitutes
said sliding contact surface.

11. A rotary compressor comprising:

a roller mounted eccentric to a rotatable crank shaft and
having an outer periphery;

a hollow cylinder for accommodating said roller therein,
said hollow cylinder having an inner surface in sliding
contact with said outer periphery of the roller; and

a vane received in a channel provided on said inner
surface of the cylinder and having a leading end in
sliding contact with said outer periphery of the roller,

wherein said hollow cylinder is said main body of the
member of claim 1 and said inner surface of the hollow
cylinder constitutes said sliding contact surface.

#* #* #* #* #*
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SLIDING MEMBER, INNER AND OUTER
BLADES OF AN ELECTRIC SHAVER AND
FILM-FORMING METHOD

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to sliding members having
a sliding surface for sliding contact with a cooperative
member, such as inner and outer blades of an electric shaver,
compressor parts, VIR parts and thin film magnetic heads.
The present invention further relates to a method of forming
a film on a substrate by utilizing a CVD method.

2. Description of Related Art

Investigations have been made as to the formation of a
protective film, such as a nitride or diamond-like carbon
film, on a skin-contacting, outer surface of an outer blade of
an electric shaver, which can impart improved wear-
resistance thereto. However, the formation of protective film
on an inner surface of the outer blade, which is brought into
contact with an inner blade of the electric shaver, has not
been put into general practice up to date. Likewise, the
formation of protective film on an sliding surface of a distal
edge of the inner blade of electric shaver, which is brought
into contact with the outer blade, has not been put into
general practice up to date.

The inventors of the present application have investigated
to what extent wear-resistance can be improved by provid-
ing a protective film, such as a diamond-like carbon film, on
a sliding surface of an inner or outer blade of an electric
shaver, and found that such formation of protective film on
the sliding surface results in delamination thereof from the
sliding surface or in cutout thereof at the edges of sliding
surface, which causes wear of the sliding surface.

Such occurrence of delamination or cutout of the protec-
tive film is not limited to the cases where it is applied to the
inner or outer blade of an electric shaver, and can also be
found in the cases where it is applied onto sliding surfaces,
such as of sliding parts of compressor, sliding members of
VTR and thin film magnetic heads.

For these sliding members, a protective film is sought
which exhibits reduced amount of wear and excellent sliding
characteristics.

Aplasma CVD method, which deposits a film by decom-
posing a source gas in a plasma, has been widely used as a
measure of forming a film at a relatively low temperature,
and is capable of forming films having various compositions
by suitably selecting the source gas. Such a CVD method
can be utilized to form various films, such as diamond-like
carbon films having high degrees of hardness, carbon nitride
(CN) and carbon silicide (CSi) films respectively having low
levels of friction coefficient.

For example, a diamond-like carbon film, when formed
on a silicon substrate, shows a good adhesion to the silicon
substrate. However, when attempted to form a carbon nitride
or carbon silicide film on the silicon substrate by using
conventional film-forming techniques, there arises a prob-
lem of poor adhesion therebetween.

SUMMARY OF THE INVENTION

A first object of the present invention is to prevent
delamination or cutout of a protective film provided on a
sliding surface of a sliding member.

A second object of the present invention is to provide a
sliding member carrying on its sliding surface a protective
film which exhibits a reduced level of wear and is excellent
in sliding characteristics.
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A third object of the present invention is to provide a
method of forming a film which is as highly functional as a
carbon nitride or carbon silicide film and which exhibits
good adhesion to a substrate by utilizing a plasma CVD
method.

A sliding member in accordance with a first aspect of the
present invention is the sliding member having a sliding
surface for sliding contact with a cooperative member. A
protective film is deposited over the sliding surface and a
surface region immediately adjacent the sliding surface in
such a characteristic manner that a ratio d1/d2 is controlled
to be less than 1, wherein d1 is a thickness of the protective
film overlying the sliding surface and d2 is a thickness of the
protective film overlying the surface region immediately
adjacent the sliding surface.

In a first preferred embodiment according to the first
aspect of the present invention, the sliding member is an
inner blade of an electric shaver. That is, the electric shaver
inner blade of this embodiment has at its distal end a sliding
surface for sliding contact with an outer blade of the electric
shaver. A protective film is deposited not only on the sliding
surface but also on side regions of the inner blade immedi-
ately adjacent the sliding surface, in such a characteristic
manner that a ratio d1/d2 is controlled to be not less than 1,
wherein d1 is a thickness of the protective film overlying the
sliding surface and d2 is a thickness of the protective film
overlying the side regions.

In a second preferred embodiment according to the first
aspect of the present invention, the sliding member is an
outer blade of an electric shaver. That is, the electric shaver
outer blade of this embodiment defines a sliding surface,
which is brought into sliding contact with an electric shaver
inner blade, on its inner surface region around a hole for
catching the beard. The outer blade carries the protective
film not only on its sliding surface but also on an outer
surface region around the hole in such a characteristic
manner that a ratio d1/d2 is controlled to be not less than 1,
wherein d1 is a thickness of the protective film overlying the
sliding surface and d2 is a thickness of the protective film
overlying the outer surface region.

In the first aspect of the present invention, the region
immediately adjacent the sliding surface refers to the region
which extends from an edge of the sliding surface at least a
distance corresponding in dimension to the thickness of the
protective film overlying the sliding surface.

In the first aspect of the present invention, the aforemen-
tioned thickness ratio d1/d2 is not less than 1, as specified
above, preferably in the range of 1.05~5.0, more preferably
in the range of 1.1~3.3.

The deposition of the protective film not only on the
sliding surface but also on the region immediately adjacent
the sliding surface, in accordance with the first aspect of the
present invention, effectively prevents the occurrence of
delamination or cutout of the protective film. If the thickness
d2 of protective film, either deposited on the side regions
immediately adjacent the sliding surface of the electric
shaver inner blade, or deposited on the outer surface region
of the electric shaver outer blade around the hole for
catching the beard, is controlled to fall within the above-
specified range, the delamination or cutout of the protective
film on the sliding surface of either member can be
prevented, while either member can maintain its function as
a sliding member.

In the first aspect of the present invention, the thickness
ratio d1/d2 of the protective films is controlled to fall within
the range as specified above. The thickness d1 of protective
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film on the sliding surface is suitably selected depending on
the particular uses of sliding members, but is generally
preferred to fall within the approximate range of 50 A~10
um.

In the first aspect of the present invention, the hardness of
protective film is preferably not less than 1000 Hv, more
preferably not less than 1500 Hv.

Asliding member in accordance with the second aspect of
the present invention is the sliding member having a sliding
surface for sliding contact with a cooperative member. The
sliding member carries a protective film at least on its sliding
surface. Characteristically, the protective film is varied in
thickness to have projected and depressed portions which
together define an irregular surface profile.

In the second aspect of the present invention, the pro-
jected and depressed portions of the protective film may be
arranged in either regular or irregular pattern. For example,
the projected and depressed portions of the protective film
may be alternatingly arranged to provide a striped pattern on
the surface of the protective film.

In the second aspect of the present invention, the differ-
ence in height between the neighboring projected and
depressed portions is not particularly specified, but may be
in the range of 100~1000 Alna particular case where the
electric shaver outer blade is selected as the sliding member,
a center distance between the neighboring projected and
depressed portions of the protective film may be about 1~3
mm, for example.

In the second aspect of the present invention, the different
color tones can be imparted to the projected and depressed
portions of the protective film by using as the protective film
a transparent film which, due to optical interference,
assumes different color tones depending on its thickness.
The wear of protective film generally progresses at its
projected portions brought into direct contact with a coop-
erative member. As these projected portions wear to get
thinner, their color tone is caused to change. Accordingly,
the degree of wear of the protective film can be identified by
visually observing the change in color tone of such projected
portions. This helps us to find the time to replace the sliding
member, for example.

The second aspect of the present invention may incorpo-
rate the first aspect of the present invention. That is, when
the protective film is deposited not only on the sliding
surface but also on the region immediately adjacent the
sliding surface, the thickness ratio d1/d2 may be controlled
to be not less than 1 wherein d1 is the thickness of the
protective film on the sliding surface and d2 is the thickness
of the protective film on the region immediately adjacent the
sliding surface. In this instance, the irregular surface profile
may be imparted at least to the protective film on the sliding
surface.

In the following description, the matters common to the
first and second aspects of the present invention may be
referred to as those of “the present invention™.

Exemplary of the protective film are hard carbon films
comprised of diamond and/or amorphous carbon having a
diamond structure, and ceramic films.

Specific examples of the hard carbon films include a
crystalline diamond film, an amorphous diamond-like car-
bon film and a diamond-like carbon film partly containing a
crystalline structure. The hard carbon film of the present
invention may contain the other elements, such as nitrogen
and Si, in a mixed fashion.

Examples of the ceramics for use in the protective film of
the present invention include oxides, nitrides and carbides of
Zr, Ti, Cr, Hf, B, C, Ta, Al and Si.
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Other than the aforementioned hard carbon films and
ceramic films, metal films such as of Cr and Ni can also be
used for the protective film. Such metal films can be formed
by plating, for example.

The protective film of the present invention can be formed
as by an ECR plasma CVD method and an ion beam
deposition method. Other applicable methods include sput-
tering methods, the other types of PVD and CVD methods,
and plating.

The protective film of the present invention may be
deposited on an interlayer which has been deposited to cover
the sliding surface and the surface region immediately
adjacent the sliding surface of the sliding member. The
thickness of the interlayer on the sliding surface is prefer-
ably made about comparable to that on the surface region
immediately adjacent the sliding surface. However, they
may be differentiated from each other. The thickness of the
interlayer is preferably in the approximate range of 50
A~8000 A.

The sliding member of the present invention is illustrated
as the electric shaver inner blade in the first embodiment and
as the electric shaver outer blade in the second embodiment.
However, the sliding member of the present invention can
also be applied to the other sliding members, e.g., parts of a
compressor such as a rotary compressor. Specifically, the
present invention can be applied to rotary compressor parts
including a roller, cylinder, vane, and a member having
channels for receiving the cylinder. The present invention is
also applicable to sliding parts of a VIR, and a thin film
magnetic head for use in a hard disk drive (HDD). The
present invention is further applicable to a sliding member
such as a mask screen which is used to locate a solder at a
target position when electronic parts are mounted on a
printed circuit board.

The material type of the sliding member in the present
invention is not particularly limited, and may be stainless
steel, iron-based alloys, cast irons (Mo—Ni—Cr cast iron),
steel (high-speed tool steel), aluminum alloys, carbons
(aluminum-impregnated carbons), ceramics (oxides,
nitrides, or carbides of Ti, Al, Zr, Si, W and Mo), Ni alloys,
Ti alloys, or super hard alloys (WC, TiC, or BN), for
example.

A method in accordance with a third aspect of the present
invention is the method which deposits a film having a
thickness varied in a manner to define an irregular surface by
using a CVD technique. This method is characterized as
comprising the steps of providing a distribution of lines of
magnetic force above the substrate, and depositing the film
on the substrate so that the film is varied in thickness in a
pattern corresponding to the distribution of lines of magnetic
force to define said irregular surface.

Although not intended to limit the scope of the present
invention, the method in accordance with the third aspect of
the present invention may be employed to form the protec-
tive film of the sliding member in accordance with the
second aspect of the present invention.

In the third aspect of the present invention, the distribu-
tion of lines of magnetic force can be produced above the
substrate by using various techniques. For example, it can be
produced by placing a magnet beneath the substrate. In this
instance, the substrate, if magnetic, can be fixed in position
by the magnet.

A method in accordance with a fourth aspect of the
present invention is also the method which deposits a film
having a thickness varied in a manner to define an irregular
surface by using a CVD technique. This method is charac-
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terized as comprising the steps of depositing a first film on
selected regions of a substrate, and depositing a second film
over an entire surface of the substrate carrying the first film
so that a film comprising the first and second films can be
produced which is varied in thickness to have relatively
thick portions corresponding in location to said selected
regions for defining said irregular surface.

Although not intended to limit the scope of the present
invention, the method in accordance with the fourth aspect
of the present invention may be employed to form the
protective film of the sliding member in accordance with the
second aspect of the present invention.

In the fourth aspect of the present invention, the deposi-
tion of first film on the selected-regions of the substrate can
be accomplished, for example, by using a mask which
functions to confine the deposition of first film on the
selected regions of the substrate.

Examples of the film deposited in accordance with the
third and fourth aspects of the present invention include hard
carbon films comprised of diamond and/or amorphous car-
bon having a diamond structure, and ceramic films.

A method in accordance with a fifth aspect of the present
invention is the method which deposit a film on a substrate
by a CVD technique utilizing a plasma. The method includes
the steps of decomposing a source gas in a plasma to deposit
a first film layer on the substrate, and directing ions or
radicals onto the substrate, while decomposing the source
gas in the plasma, to deposit a second film layer on the first
film layer to thereby provide the film on the substrate.

In the fifth aspect of the present invention, the ions or
radicals for use in the deposition of the second film layer
may generally be of an element different in type from a
principal constituent element of the source gas. If contem-
plated forming the first and second film layers respectively
from a carbon film and a carbon nitride or carbon silicide
film, for example, a gas comprised principally of carbon,
such as a CH, gas, may generally be used as the source gas
and the ions or radicals of silicon or nitrogen may be
directed onto the substrate. However, the ions or radicals for
use in the deposition of the second film layer may be of the
same element as principally constituting the source gas.

In the fifth aspect of the present invention, the applicable
source gases, other than the gas comprised principally of
carbon, include the gases which, as a principal component,
contains silicon, titanium, zirconium, boron, hafnium, or
aluminum. The applicable ions or radicals for use in the
deposition of the second film layer, other than the afore-
mentioned ions or radicals of silicon and nitrogen, include
those of carbon, oxygen and hydrogen.

In accordance with the fifth aspect of the present
invention, the first film layer may be made from a film which
is well-adherent to the substrate, and the second film layer
may be made from a film, such as a carbon nitride or carbon
silicide film, which is poorly-adherent to the substrate but
has desired functions. Accordingly, the deposition of such a
functional, second film layer on the substrate, through the
first film layer, results in the formation of a functional film
showing good adhesion to the substrate.

In the film-forming method in accordance with the fifth
aspect of the present invention, during the formation of the
second film layer, the irradiation energy and dose of ions or
radicals may be varied with film-forming time. Such varia-
tions in irradiation energy and dose of ions or radicals are
effective to cause the distribution of the ion or radical
component introduced into the second film layer to be varied
in a thickness direction of the second film layer.
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By reducing the irradiation energy of ions or radicals with
film-forming time and increasing the irradiation dose of ions
or radicals with film-forming time, a concentration of the ion
or radical component introduced into the second film layer
can be increased toward its surface so that a concentration
gradient of the component is produced in the thickness
direction of the second film layer.

The introduction of such a concentration gradient of the
component into the second film layer imparts the improved
function to the surface of the second film layer. The second
film layer, if made from a carbon nitride or carbon silicide
film, exhibits the reduced coefficient of friction toward its
surface. The provision of the concentration gradient also
results in the formation of a film which exhibits the
improved adhesion to a substrate and is imparted thereto the
satisfactory functions.

A film-forming method in accordance with a sixth aspect
of the present invention is the method of depositing a film on
a substrate by a CVD technique utilizing a plasma, and
includes the steps of decomposing a source gas in a plasma
to thereby deposit a first film layer on a substrate; and
applying a radio-frequency power to the substrate for pro-
ducing a substrate bias voltage (self-bias voltage) and con-
currently irradiating the substrate with ions or radicals,
while the source gas is decomposed in the plasma, to thereby
deposit a second film layer on the first film layer.

In the sixth aspect of the present invention, the ions or
radicals for use in the deposition of the second film layer
may generally be of an element different in type from a
principal constituent element of the source gas. If contem-
plated forming the first and second film layers respectively
from a carbon film and a carbon nitride or carbon silicide
film, for example, a gas comprised principally of carbon,
such as a CH, gas, may generally be used as the source gas
and the ions or radicals of silicon or nitrogen may be
directed onto the substrate. However, the ions or radicals for
use in the deposition of the second film layer may be of the
same element as principally constituting the source gas.

In the sixth aspect of the present invention, the applicable
source gases, other than the gas comprised principally of
carbon, include the gases which contains, as a principal
component, silicon, titanium, zirconium, boron, hafnium, or
aluminum. The applicable ions or radicals for use in the
deposition of the second film layer, other than the afore-
mentioned ions or radicals of silicon and nitrogen, include
those of carbon, oxygen and hydrogen.

In accordance with the sixth aspect of the present
invention, the first film layer may be made from a film which
is well-adherent to the substrate, and the second film may be
made from a film, such as a carbon nitride or carbon silicide
film, which is poorly-adherent to the substrate but has
desired functions. Accordingly, the deposition of such a
functional, second film on the substrate, through the first
film, results in the formation of a functional film showing
good adhesion to the substrate.

Also in the film-forming method in accordance with the
sixth aspect of the present invention, during the formation of
the second film layer, the irradiation energy and dose of ions
or radicals, as well as the substrate bias voltage, may be
varied with film-forming time. Such variations in irradiation
energy of ions or radicals and the others are effective to
cause the distribution of the ion or radical component
introduced into the second film layer to be varied in a
thickness direction of the second film layer.

By reducing the irradiation energy of ions or radicals and
the substrate bias voltage with film-forming time and
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increasing the irradiation dose of ions or radicals with
film-forming time, a concentration of the ion or radical
component introduced into the second film layer can be
increased toward its surface so that a concentration gradient
of the component is produced in the thickness direction of
the second film layer.

The introduction of such a concentration gradient of the
component into the second film layer imparts the improved
function to the surface of the second film layer. The second
film layer, if made from a carbon nitride or carbon silicide
film, exhibits the reduced coefficient of friction toward its
surface. The provision of the concentration gradient also
results in the formation of a film which exhibits the
improved adhesion to a substrate and is imparted thereto the
satisfactory functions.

In the sixth aspect of the present invention, the application
of radio-frequency power to the substrate causes the pro-
duction of negative bias voltage in the substrate, as stated
above. Such a negative bias voltage, if produced, generally
acts to attract positive ions to the substrate so that they are
preferentially introduced into the second film layer.
Accordingly, in the sixth aspect of the present invention,
those positive ions, if directed onto the substrate during the
deposition of second film layer, are preferentially incorpo-
rated into the second film layer.

Also in the sixth aspect of the present invention, the
radio-frequency power may be applied to the substrate to
produce the substrate bias voltage during the deposition of
first film layer on the substrate.

A film-forming method in accordance with a seventh
aspect of the present invention is the method of depositing
a film on a substrate by a CVD technique utilizing a plasma,
and includes the steps of decomposing a source gas in a
plasma to thereby deposit a first film layer on a substrate, and
decomposing the source gas, as well as a second source gas
which contains an element different in type from a principal
constituent element of the source gas, in the plasma to
thereby deposit a second film layer on the first film layer.

In the seventh aspect of the present invention, the second
film layer can be formed which contains the element differ-
ent in type from the constituent component of the first film
layer, by decomposing the source gas and the second source
gas in the plasma. It accordingly becomes possible, for
example, to form a carbon-based film as the first film layer
and subsequently form a film containing an element other
than carbon, such as a carbon nitride or carbon silicide film,
as the second film layer. In this exemplary case, the second
source gas contains nitrogen or silicon.

In the seventh aspect of the present invention, the source
gas may be varied in amount with film-forming time. Such
a variation in amount of the second source gas with film-
forming time leads to the varied distribution in concentration
of the element contained in the second source gas in a
thickness direction of the second film layer. For example, the
increase in amount of the second source gas results in the
formation of the second film layer which has an increased
concentration of the element contained in the second source
gas toward its surface so that a concentration gradient
thereof is produced in the thickness direction of the second
film layer.

The films of the present invention can be formed by using
the film-forming methods in accordance with the aforemen-
tioned fifth, sixth and seventh aspects of the present inven-
tion. That is, the film of the present invention includes the
first film layer comprised of a hard carbon film, and the
second film layer deposited on the first film layer and
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containing nitrogen or silicon as well as the constituent
component of the first film layer.

In the aforementioned fifth, sixth and seventh aspects of
the present invention, the film of the present invention can
be obtained by forming a hard carbon film as the first film
layer and subsequently forming a carbon film containing
nitrogen or silicon as the second film layer.

In forming the film of the present invention, a carbon-
containing gas, such as a methane gas, may be used. In the
fifth and sixth aspects of the present invention, ions or
radicals of nitrogen or silicon may be directed onto the
substrate. In the seventh aspect of the present invention, a
gas containing nitrogen or silicon may be used as the second
source gas.

In the present invention, the hard carbon film for consti-
tuting the first film layer may be a crystalline diamond film,
an amorphous diamond-like carbon film, or a diamond-like
carbon film partly having a crystalline structure.

In the film of the present invention, the thicknesses of the
first and second film layers are not particularly specified.
Although not limiting, the thickness of the first film layer is
generally in the range of 20 A~3000 A, and the thickness of
the second film layer is generally in the range of 30 A~4 um
(40,000 A).

The nitrogen or silicon content of the second film layer is
preferably in the approximate range of 5~40 atomic %.

The concentration of nitrogen or silicon in the second film
layer may be graded in a thickness direction thereof. In the
preferred embodiment, the second film layer has such a
concentration gradient in its thickness direction that the
concentration of nitrogen or silicon is increased toward a
surface of the second film layer.

The films formed by using the film-forming methods in
accordance with the fifth through seventh aspects of the
present invention, as well as the films in accordance with the
present invention, may further have an interlayer interposed
between the first film layer and the substrate. Such an
interlayer may be formed of Si, Ti, Zr, W, Mo, Ru or Ge, or
an oxide, nitride or carbide of any of thereof, for example.
The interlayer can be formed by using generally-employed
film-forming techniques. A magnetron RF sputtering
technique, for example, can be utilized to form the inter-
layer. Such a sputtering technique generally uses the afore-
mentioned metal element as a target which is sputtered by
ions in argon plasmas to deposit a film. The sputtering, if
accompanied by the introduction of an oxygen or nitrogen
gas into a chamber, can deposit an oxide or nitride of the
metal element as the interlayer. The sputtering, if accompa-
nied by the introduction of a carbon-containing gas, such as
a CH, gas, into the chamber, can deposit a carbide of the
metal element as the interlayer.

The thickness of the interlayer may be in the approximate
range of 20 A~3000 A, for example.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a sectional view of one embodiment of an
electric shaver outer blade in accordance with the first aspect
of the present invention;

FIG. 2 is a sectional view of one embodiment of an
electric shaver inner blade in accordance with the first aspect
of the present invention;

FIG. 3 is a sectional view showing a set of the electric
shaver outer blade shown in FIG. 1 and the electric shaver
inner blade shown in FIG. 2.

FIG. 4 is a plan view showing the shape of a hole provided
in the electric shaver outer blade shown in FIG. 1;
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FIG. § is a side view showing the side of the electric
shaver inner blade;

FIG. 6 is a sectional view of another embodiment of an
electric shaver outer blade in accordance with the first aspect
of the present invention;

FIG. 7 is a sectional view of another embodiment of an
electric shaver inner blade in accordance with the present
invention;

FIG. 8 is a side view showing a number of outer blades
placed in position for film deposition on their respective
sliding surfaces;

FIG. 9 is a side view showing a number of inner blades
placed in position for film deposition on their respective
sides;

FIG. 10 is a schematic block diagram showing one
example of an ECR plasma CVD apparatus;

FIG. 11 is a schematic block diagram showing an appa-
ratus for vacuum evaporation and ion implantation, for use
in the formation of a ZrN film;

FIG. 12 is a graph showing the level of occurrence of
delamination or cutout of a protective film and the level of
cutting quality in relation to d1/d2 as varied in one embodi-
ment in accordance with the first aspect of the present
invention;

FIG. 13 is a graph showing the level of occurrence of
delamination or cutout of a protective film and the level of
cutting quality in relation to d1/d2 as varied in another
embodiment in accordance with the first aspect of the
present invention;

FIG. 14 is a graph showing the level of occurrence of
delamination or cutout of a protective film and the level of
cutting quality in relation to d1/d2 as varied in a still another
embodiment in accordance with the first aspect of the
present invention;

FIG. 15 is a plan view showing one embodiment of a
protective film deposited on a sliding member in accordance
with a second aspect of the present invention;

FIG. 16 is a sectional view showing the protective film of
FIG. 15,

FIG. 17 is a plan view showing one example of magnet for
use in a third aspect of the present invention;

FIG. 18 is a sectional view showing the magnet of FIG.
17,

FIG. 19 is a plan view showing another example of
magnet for use in the third aspect of the present invention;

FIG. 20 is a sectional view showing one embodiment for
practicing a film-forming method in accordance with the
third aspect of the present invention;

FIGS. 21 through 23 are sectional views showing one
embodiment for practicing a film-forming method in accor-
dance with a fourth aspect of the present invention;

FIG. 24 is a perspective view showing inner and outer
blades of an electric shaver for use in one embodiment in
accordance with the second aspect of the present invention;

FIG. 25 is a schematic sectional view showing an exem-
plary ECR plasma CVD apparatus for use in an embodiment
for practicing the method in accordance with a fifth aspect
of the present invention;

FIG. 26 is a graph showing the variations of ion energy
and ion current density with film-forming time, during the
deposition of a second film layer, in an embodiment for
practicing the method in accordance with the fifth aspect of
the present invention;

FIG. 27 is a sectional view showing a film embodiment in
accordance with the present invention;
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FIG. 28 is a graph showing a distribution of nitrogen
concentration in a thickness direction of a second film layer
incorporated in the film embodiment in accordance with the
present invention;

FIG. 29 is a schematic sectional view showing an exem-
plary ECR plasma CVD apparatus for use in an embodiment
for practicing the method in accordance with a sixth aspect
of the present invention;

FIG. 30 is a graph showing the variations of ion energy
and ion current density with film-forming time, during the
deposition of the second film layer, in the embodiment for
practicing the method in accordance with the sixth aspect of
the present invention;

FIG. 31 is a graph showing the variation of substrate bias
voltage with film-forming time, during the deposition of the
second film layer, in the embodiment for practicing the
method in accordance with the sixth aspect of the present
invention;

FIG. 32 is a graph showing the variation of nitrogen
amount with film-forming time, during the deposition of a
second film layer, in an embodiment for practicing the
method in accordance with a seventh aspect of the present
invention;

FIG. 33 is a graph showing the variations of ion energy
and ion current density with film-forming time, during the
deposition of the second film layer, in another embodiment
for practicing the method in accordance with the fifth aspect
of the present invention; and

FIG. 34 is a graph showing a distribution of Si concen-
tration in a thickness direction of a second film layer
incorporated in another film embodiment in accordance with
the present invention.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

FIGS. 1 through 3 are sectional views showing inner and
outer blades of an electric shaver, each as a sliding member
in accordance with the first aspect of the present invention.
FIG. 1 shows the electric shaver outer blade and FIG. 2
shows the electric shaver inner blade. FIG. 3 is a sectional
view showing the positional arrangement of the electric
shaver outer blade relative to the electric shaver inner blade.
As shown in FIG. 3, the electric shaver inner blade 11 is
disposed inwardly of the electric shaver outer blade 1. The
electric shaver inner blade 11, when operated to move to and
fro in the direction indicated by the arrows in FIG. 3, cuts off
the beard caught in a hole 6 of the electric shaver outer blade
1. As also shown in FIG. 3, an inner surface portion of the
outer blade 1 that extends to surround the hole 6 defines a
sliding surface 2 for sliding contact with the electric shaver
inner blade 11. A distal end of the electric shaver inner blade
11 also defines a sliding surface 12. The beard caught in the
hole 6 of the electric shaver outer blade 1 is cut off by a shear
force produced between an edge of the sliding surface 2 of
the electric shaver outer blade 1 and an edge of the sliding
surface 12 of the electric shaver inner blade 11.

FIG. 4 is a plan view showing the shape of the holes 6
provided in the electric shaver outer blade 1. FIG. 5 is a side
view showing the shape of one side of the electric shaver
inner blade 11. As shown in FIG. 4, a number of holes 6 is
provided in the electric shaver outer blade 1 for catching the
beard. Also, the electric shaver outer blade 1 is formed from
a soft material so that it can slidably receive the distal end,
i.e., the sliding surface 12 of the electric shaver inner blade
11 shown in FIG. §.

FIG. 1 is an enlarged sectional view of the electric shaver
outer blade 1. As shown in FIG. 1, a protective film 5b is
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provided on an outer surface 3 of the electric shaver outer
blade 1. Another protective film 5a is provided on an inner
surface 4, including the sliding surface 2, of the electric
shaver outer blade 1. As can be seen from FIG. 1, a thickness
of the protective film 5b provided on the outer surface 3 is
denoted by d2. A thickness of the protective film 5a provided
on the inner surface 4 is denoted by d1. In the first aspect of
the present invention, the protective films Sa and 5b are
respectively provided such that the ratio d1/d2 is not less
than 1, preferably in the range of 1.05~5.0, more preferably
in the range of 1.1~3.3.

FIG. 2 is an enlarged sectional view of the electric shaver
inner blade. As shown in FIG. 2, a protective film 154 is
provided on a distal end, i.e., a sliding surface 12 of the
electric shaver inner blade 11. The electric shaver inner
blade 11 further carries protective films 15b on its sides 13
and 14. In this particular embodiment, the protective film
15b is deposited on opposing parallel sides 13 and 14 of the
inner blade, which respectively cross a sliding direction
therecof. As can be seen from FIG. 2, a thickness of the
protective film 15a provided on the sliding surface 12 is
denoted by d1, and a thickness of the protective film 15b
provided on each of the sides 13 and 14 is denoted by d2. In
the first aspect of the present invention, the protective films
15a and 15b are respectively provided such that the ratio
d1/d2 is not less than 1, preferably in the range of 1.05~5.0,
more preferably in the range of 1.1~3.3.

In the first aspect of the present invention, the protective
film 5b may be provided to overly at least a limited region
of the outer surface immediately adjacent or neighboring the
sliding surface 2, although shown in FIG. 1 as being
provided over an entire region of the outer surface 3.
Accordingly, it should be understood that the protective film
5b may be provided only on the limited region of the outer
surface 3 immediately adjacent the hole 6 shown in FIG. 3,
for the electric shaver outer blade shown in FIG. 1.

Also in the first aspect of the present invention, its is
necessary that the protective film 5a be provided to cover at
least the sliding surface 2, although shown to cover an entire
region of the inner surface 4 of the electric shaver outer
blade 1 in the embodiment shown in FIGS. 1 and 3.

Further in the first aspect of the present invention, it is
necessary that the protective film 15b be provided on the
electric shaver inner blade 1 to cover at least a limited region
of each side 13, 14 thereof that immediately neighbors the
sliding surface 12, although shown to cover an entire region
of each side 13, 14 in the embodiment shown in FIGS. 2 and
3. Accordingly, the protective film 15b may be provided to
cover each side region that extends inwardly from the edge
15a a distance not smaller in dimension than the thickness
dl1 of the protective film 15a.

FIGS. 6 and 7 are sectional views respectively showing
further embodiments of outer and inner blades of an electric
shaver in accordance with the first aspect of the present
invention. FIG. 6 shows the electric shaver outer blade and
FIG. 7 shows the electric shaver inner blade. In this par-
ticular embodiment, the electric shaver outer blade 1 carries
thereon an interlayer 6 on which protective films 5a and 5b
are formed, as shown in FIG. 6. Even in the case where the
interlayer 6 is such provided, the thickness d1 of the
protective film 5a provided on the sliding surface 2, as well
as the thickness d2 of the protective film 5b provided on the
region of outer surface 3 immediately adjacent the sliding
surface 2, are adjusted to fall within the ranges specified in
the first aspect of the present invention.

Likewise, the electric shaver inner blade 11 carries
thereon an interlayer 16 on which protective films 154 and
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15b, are provided, as shown in FIG. 7. Again, for this electric
shaver inner blade, the thickness d1 of the protective film
15a provided on the sliding surface 12, as well as the
thickness d2 of the protective film 15b provided on the
region of each side 13 and 14 immediately neighboring the
sliding surface 12, are adjusted to fall within the ranges
specified in the first aspect of the present invention.

FIGS. 15 and 16 are views showing a protective film
provided on a sliding surface of a sliding member in
accordance with the second aspect of the present invention.
FIGS. 15 and 16 are a plan view and a sectional view,
respectively. As shown in FIG. 16, a protective film 52 is
deposited on a sliding surface 51a of a sliding member 51.
The protective film 52 includes relatively thick, projected
portions 52a and relatively thin, depressed portions 52b,
arranged in alternating and continuous fashions. As shown
in FIG. 15, the projected portions 52a (indicated by
crosshatching) and depressed portions 52b are such arranged
to define a striped pattern.

The projected portions 52a of the protective film 52
shown in FIG. 16 are those portions that will be brought into
sliding contact with a cooperative member. Such construc-
tion serves to reduce a contact area of the protective film
with the cooperative member and is thus effective in reduc-
ing a frictional resistance and accordingly improving its
wear resistance. Also, the progress of wear can be detected
from change in color tone of the protective film 52, if it is
formed from a transparent film which, due to optical
interference, assumes different color tones depending on its
thickness. That is, a degree of wear of the protective film 52
can be identified by visually observing the change of color
tone at the projected portions 52a which, when contacted
with a cooperative member, wears and reduces its thickness.
For example, if the projected portions 52a present a color
tone different from that of the depressed portions 52b, a
striped pattern shown in FIG. 15 appears. As the wear
progresses at the projected portions 52a to such an extent
that they approximate in thickness to the depressed regions
52b, their respective color tones come closer to each other
so that the striped pattern comes to disappear. Thus, the wear
degree of the protective film 52 can be identified by visually
observing such disappearance of the striped pattern. This
suggests a timing for replacement of a sliding member, for
example. Exemplary of the transparent film which, due to
optical interference, assumes different color tones depending
on its thickness is a diamond-like carbon film. As the
diamond-like carbon film is gradually reduced in thickness,
its color tone changes periodically in the sequence of
“yellow”, “red”, “violet”, “blue”, “blue-green”, “green” and
“yellow”.

The second aspect of the present invention may incorpo-
rate the aforementioned, first aspect of the present invention.
In determining the thickness d1 of protective film on the
sliding surface and of the thickness d2 of protective film on
the region neighboring the sliding surface, the irregularities
of the protective film are then averaged to obtain an average
film thickness.

The protective film shown in FIGS. 15 and 16 as having
a varying thickness can be formed, for example, by using the
film-forming methods in accordance with the third and
fourth aspects of the present invention.

FIGS. 17 and 18 are views showing one example of a
magnet which is employed in the film-forming method
according to the third aspect of the present invention for
providing a distribution of lines of magnetic force above a
substrate. FIGS. 17 and 18 are a plan view and a sectional
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view, respectively. As shown in FIG. 18, a magnet 53 is
magnetized to produce discrete regions wherein N- and
S-poles of the discrete region are reversed in position in the
neighboring discrete region. Accordingly, a set of the N-pole
53a and S-pole 53b is arranged in a repeated fashion on
either side of the magnet to define a striped pattern, as shown
in FIG. 17. The use of such a magnet 53 results in the
formation of the protective film which includes relatively
thick portions corresponding in location to the N-poles or
S-poles and relatively thin portions corresponding in loca-
tion to boundaries of the neighboring N- and S- poles. A
plastic magnet may be employed as the aforementioned
magnet 53, for example. Alternatively, a plurality of magnets
or electromagnets may suitably be arranged to constitute the
magnet 53.

FIG. 19 is a plan view showing another example of the
magnet. In this magnet 54, N-poles 54a (or S-poles) are
dispersed like islands within an S-pole 54b (or N-pole). The
use of such a magnet enables formation of the protective film
in which either the relative thick, projected portions or
relatively thin, depressed portions are dispersed like islands.

The suitable positional arrangement of the N- and
S-poles, in the manner as stated above, to make a desired
design, pattern or character results in formation of the
protective film having projected or depressed portions
arranged in accordance with the desired design or the other.

FIG. 20 is a sectional view showing one embodiment for
practicing a film-forming method in accordance with the
third aspect of the present invention. As shown in FIG. 20,
the magnet 51 is placed beneath a substrate, i.e., beneath the
sliding member 51 to provide a desired distribution of lines
of magnetic force above the substrate 51. When the protec-
tive film 52 is subsequently deposited on the substrate 51,
irregularities are given thereto in a pattern corresponding to
the distribution of lines of magnetic force. The protective
film 52 can be formed which includes projected portions 52a
and depressed portions 52b arranged in a striped pattern as
shown in FIGS. 15 and 16, by utilizing the magnet having
a surface on which N-poles and S-poles are distributed in a
striped pattern, as shown in FIGS. 17 and 18. Specifically,
the projected portions 52a can be formed corresponding in
location to the N-poles or S-poles, while the depressed
portions 52b can be formed corresponding in location to
boundaries of the neighboring N- and S-poles.

FIGS. 21 through 23 are sectional views showing one
embodiment for practicing the film-forming method in
accordance with the fourth aspect of the present invention.

Referring to FIG. 21, an interlayer 56 is deposited on a
sliding surface 55a of a sliding member or substrate 55.
Such an interlayer 56 can be formed of at least one type of
material selected from Si, Zr, Ti, Ru, Ge and oxides, carbides
and nitrides thereof. The interlayer can be interposed
between the protective film and the sliding surface of sliding
member, in the first and second aspects of the present
invention. Also in the aforementioned third aspect of the
present invention, the interlayer can be deposited on the
substrate for subsequent provision of the protective film on
the interlayer. The provision of the interlayer serves to
improve adherence of the protective film to the sliding
surface.

FIG. 21 shows a mask 49 disposed above the interlayer
56. The mask 49 has openings 49a provided at predeter-
mined locations. A first protective film is to be deposited on
the interlayer 56 through the mask 49.

FIG. 22 shows the first protective film 57 such deposited
on the interlayer 56 through the mask 49.
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A second protective film 58 is then deposited over an
entire upper surface of the substrate 55. The first protective
film 57 and the second protective film 58, formed in the
manner as described above, together constitute a protective
film 59. The protective film 59 has relatively thick, projected
portions 59a at locations where the first protective films 57
reside, and relatively thin, depressed portions 59b at loca-
tions where the first protective films 57 are devoid.
Accordingly, a protective film can be formed which has
projected and depressed portions arranged in a striped
pattern, analogous to the protective film 52 shown in FIGS.
15 and 16, for example, by providing a striped pattern of the
first protective film 57. Also, a desired design, pattern or
character can be given on the protective film, by providing
the first protective film 57 at locations where relatively thick,
projected portions are desired to be formed. Furthermore,
such a design or the other can be given by different color
tones, by using as the protective film a particular film which,
due to optical interference, presents different color tones
depending on its thickness.

A specific example of depositing a protective film on a
sliding member in accordance with the first aspect of the
present invention is described below.

Example of Depositing a Hard Carbon Film on an
Electric Shaver Inner Blade

First, an Si interlayer was deposited on an electric shaver
inner blade made of a stainless steel (SUS) by using a CVD
method. In depositing a film on the sliding surface 12 of the
electric shaver inner blade 11, the following procedure was
followed. As shown in FIG. 8, plural electric shaver inner
blades 11, arranged side by side on a holder 20, were flanked
by a pair of jigs 21 and 22. Then, a film was deposited to
cover all of the respective sliding surfaces 12 of the electric
shaver inner blades.

In depositing a film on a side of the electric shaver inner
blade 11, the following procedure was followed. The plural
electric shaver inner blades 11 were arranged end to end on
a holder 23 so as for one side 13 of each electric shaver inner
blade 11 to face upward. Then, a film was deposited to cover
all of the respective sides 13 of the electric shaver inner
blades 11.

The Si interlayer was deposited on each of the sliding
surface 12 and sides 13, 14 to a thickness of 500 A.

Thereafter, a diamond-like carbon film was deposited on
the interlayer of the electric shaver inner blade. The
diamond-like carbon film was deposited, through the
interlayer, not only on the sliding surface in the manner as
shown in FIG. 8, but also on each side in the manner as
shown in FIG. 9.

FIG. 10 is a schematic sectional view showing an exem-
plary ECR plasma CVD apparatus for use in the formation
of a diamond-like carbon film. Referring to FIG. 10, a
vacuum chamber 38 has a plasma generation chamber 34 to
which one end of a waveguide 32 is connected. Another end
of the waveguide 32 is mounted to a microwave supplying
means 31. A microwave generated in the microwave sup-
plying means 31 passes through the waveguide 12 and a
microwave inlet window 33 to be guide into the plasma
generation chamber 34. The plasma generation chamber 34
is provided with a gas inlet line 35 for introducing a
discharge gas such as an argon (Ar) gas thereinto. Also, a
number of plasma magnetic field generators 36 is mounted
around the plasma generation chamber 34. A high-density
ECR plasma can be generated within the plasma generation
chamber 34 through the interaction of a radio-frequency
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magnetic field produced by the microwave and a magnetic
field produced by the plasma magnetic field generators 36.

The vacuum chamber 38 houses a holder 37 on which a
sample piece 30 is placed for coverage with a diamond-like
carbon film. The holder 37 is electrically connected to a
radio-frequency power source 40. The application of an RF
power from the radio-frequency power source 40 to the
holder 37 causes the sample piece to generate a self-bias
voltage. The vacuum chamber 38 is also provided with a
source gas inlet line 39 for introducing thereinto a source
gas, such as methane (CH,) or hydrogen (H,). The source
gas, when introduced from the source gas inlet line 39, is
decomposed by the action of a plasma from the plasma
generation chamber 34, resulting in the deposition of a
diamond-like carbon film on the sample piece 30.

The following film-forming conditions were employed:
Ar gas partial pressure of 5.7x10~* Torr., CH4 gas partial
pressure of 1.3x107> Torr., microwave frequency of 2.45
GHz, and microwave power of 100 W. A 13.56 MHZ RF
power from the radio-frequency power source 40 was
applied to the holder in a controlled fashion so that a
self-bias voltage of —50 V was generated at the sample piece
30.

First, a sample of electric shaver inner blade was fabri-
cated which had a 2000 A thick, diamond-like carbon film
solely on its sliding surface 12. The sample inner blade of
electric shaver was combined with an electric shaver outer
blade, made of SUS, to set an electric shaver which was
continuously operated for two weeks. Thereafter, the electric
shaver inner blade was observed for a degree of wear. As a
result, delamination or partial cutout of the diamond-like
carbon film, as a protective film, was noticed at the edges
12a (see FIGS. 2 and 7) of the electric shaver inner blade 12
where its sliding surface 12 met respective sides 13 and 14.

Next, a protective film, i.e., a diamond-like film was
deposited on each of a sliding surface and both sides of an
electric shaver inner blade. In depositing the diamond-like
carbon film on each side, its thickness was altered at 1000
A, 2000 A, and 3000 A. As a result, three types of sample
inner blades were fabricated. In the same manner as
described above, each sample inner blade thus obtained was
combined with an electric shaver outer blade, made of SUS,
to set an electric shaver which was continuously operated for
two weeks. Thereafter, the electric shaver inner blade was
observed for a degree of wear. For those inner blades having
different thicknesses, neither delamination of the diamond-
like carbon film nor partial cutout thereof at the edges 124
was noticed. The delamination of the protective film or
partial cutout thereof at the edges can be prevented by
depositing the protective film not only on the sliding surface
but also on the region(s) immediately adjacent the sliding
surface.

Then, these shavers were used to cut acrylic, artificial
hairs. The cut surfaces of hairs were observed to count the
proportion thereof that exhibited good cut surfaces. The
electric shaver inner blades respectively carrying 1000 A,
2000 A and 3000 A thick, protective films on their sides
gave the results of 95%, 80% and 65%, respectively.

It has been found from these results that the cutting
quality of electric shaver is reduced as the thickness (3000
A) of protective film on cach side exceeds the thickness
(2000 A) on the sliding surface, i.e., as the ratio d1/d2 falls
below 1. This reduced cutting quality of electric shaver is
believed likely due to the increased thickness of protective
film on the sides relative to the protective film on the sliding
surface, which reduces the sharpness of the inner blade
edges.
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In the same manner as described above, the sample inner
blades of electric shaver were fabricated. A diamond-like
carbon film was deposited on a sliding surface of each
sample inner blade to a thickness of 2000 A. Also, a
diamond-like carbon film was deposited on respective 51des
of the sample inner blades to the following different thick-
nesses; 200 A (d1/d2=10.0), 400 A (d1/d2=5.0), 600 A
(d1/d2=3.3), 1000A(d1/d2 2.0), 1800 A (d1/d2=1.1), 1900
A (d1/d2=1.05), 2000 A (d1/d2=1.0) and 3000 A (d1/d2=
0.7). These sample inner blades were observed for occur-
rence of delamination of protective film or partial cutout
thereof at the edges of sliding surface, and were also
evaluated for cutting qualities thereof in the same manner as
described above. The results are given in FIG. 12. In FIG.
12, O indicates the degree of occurrence of delamination or
partial cutout of the protective film. Fifty samples were
prepared for each sample inner blade, and evaluation was
made by counting the number of samples, out of fifty
samples, that exhibited neither delamination of the protec-
tive film nor partial cutout thereof at the edges of sliding
surface and determining the rate. Accordingly, 100% indi-
cates that neither delamination of the protective film nor
partial cutout thereof at the edges of sliding surface was
noticed.

Also, A indicates the level of cutting quality. In the same
manner as above, fifty samples were prepared for each
sample inner blade. After cutting of acrylic, artificial hairs
by using those samples, evaluation was made by counting
the number of samples, out of fifty samples, that imparted
good cut surfaces to the respective hairs and determining the
rate.

As can be appreciated from FIG. 12, the electric shaver
inner blade, if its d1/d2 falls within the range of 1.05~5.0,
more preferably within the range of 1.1~3.3, exhibits
reduced occurrence of delamination or partial cutout of the
protective film, as well as an increased level of cutting
quality.

Example of Depositing a Hard Carbon Film on an
Electric Shaver Outer Blade

Next, a diamond-like carbon film, as a protective film,
was formed on an electric shaver outer blade made of Ni. In
the same manner as in the above Example, an Si interlayer
was formed on each of outer and inner surfaces of the
electric shaver outer blade to a thickness of 500 A. Also in
the same manner as described above, the ECR plasma CVD
apparatus was employed to form the diamond-like carbon
film, through the interlayer, exclusively on the inner surface
(1nclud1ng the sliding surface 2) shown in FIG. 6 to a
thickness of 2000 A.

This sample outer blade having the outer surface left
uncovered by a diamond-like carbon film was combined
with an electric shaver inner blade, made of SUS, to set an
electric shaver which was then operated continuously for
two weeks. The inner surface of outer blade was subse-
quently observed for degree of wear. The partial cutouts of
the diamond-like carbon film, as the protective film, were
noticed at the edges of the sliding surface.

Sample outer blades were then fabricated carrying a
diamond-like carbon film not only on the inner surface but
also on the outer surface 3 shown in FIG. 6. However, those
sample outer blades had 1000 A, 2000 A and 3000 A thick,
diamond-like carbon films on their respective outer surfaces.

Each of the sample outer blades thus obtained was com-
bined with an inner blade made of SUS to set an electric
shaver for continuous operation, in the same manner as
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described above. The sample outer blades were observed for
degree of wear. None of those sample outer blades showed
cutout of protective film at the edges of sliding surface. This
demonstrates that the deposition of protective film not only
on the sliding surface but also on its adjacent surface regions
of the electric shaver outer blade effectively prevents
delamination of the protective film, as well as cutout of the
protective film at the edges of sliding surface.

The sample outer blades were then subjected to the
aforementioned cutting test usmg artificial hairs. The sample
outer blades respectively carrying 1000 A, 2000 A and 3000
A thick protective films on their respective outer surfaces
gave the results of 95%, 80% and 65%, respectively. It has
been found from these results that as the thickness d2 of
protective film on the outer surface exceeds the thickness d1
on the sliding surface within the inner surface, i.e., as the
ratio d1/d2 falls below 1, the sharpness of the outer blade is
reduced at its edges, resulting in reduced cutting quality of
the electric shaver incorporating such an outer blade.

Pursuant to the aforementioned procedures, the outer
blade of electric shaver was fabricated. A diamond-like
carbon film was deposited on an inner surface of the outer
blade to a thickness of 2000 A. Also, a diamond-like carbon
film was deposited on an outer surface of the outer blade to
the following different thicknesses; 200 A (d1/d2=10.0), 400
A (d1/d2=5.0), 600 A (d1/d2=3.3), 1000 A (d1/d2=2.0),
1800 A (d1/d2=1.1), 1900 A (d1/d2=1.05), 2000 A (d1/d2=
1.0) and 3000 A (d1/d2=0.7). The sample outer blades thus
obtained were observed for occurrence of delamination of
the protective film or partial cutout at the edges of sliding
surface, and were also evaluated for a level of cutting quality
in the same manner as described above. The results are given
in FIG. 13. In FIG. 13, O indicates the degree of occurrence
of delamination or partial cutout of the protective film. Fifty
samples were prepared for each sample outer blade, and
evaluation was made by counting the number of samples,
out of fifty samples, that exhibited neither delamination of
protective film nor partial cutout thereof at the edges of
sliding surface and determining the rate. Accordingly, 100%
indicates that neither delamination of the protective film nor
partial cutout thereof at the edges of sliding surface film was
noticed.

Also, A indicates the level of cutting quality. In the same
manner as above, fifty samples were prepared for each
sample outer blade. After cutting of acrylic, artificial hairs
by using the samples, evaluation was made by counting the
number of samples, out of fifty samples, that imparted good
cut surfaces to the respective hairs and determining the rate.

As can be appreciated from FIG. 13, the electric shaver
outer blade, if its d1/d2 falls within the range of 1.05~5.0,
more preferably within the range of 1.1~3.3, exhibits
reduced occurrence of delamination or partial cutout of its
protective film, as well as increased level of cutting quality.

Example of Depositing a Zirconium Nitride (ZrN)
Film on an Electric Shaver Outer Blade

A ZiN film, as a protective film, was deposited on an
electric shaver outer blade made of Ni. In this Example, the
ZrN film was deposited directly on the electric shaver outer
blade.

FIG. 11 shows an apparatus for vacuum deposition and
ion implantation, for use in the formation of the ZrN film. A
vacuum chamber 41 houses a holder 42 which is rotatable in
the direction of the shown arrow at a rate of 10~20 rpm. The
holder 42 mounts a sample piece 30 thereon. The vacuum
chamber 41 is provided with an evaporation source 43 which
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evaporates zirconium (Zr) atoms for direction onto the
sample piece 30. The vacuum chamber is further provided
with an assist ion gun 44 which is operable to either emit
nitrogen ions (N*) or supply a nitrogen gas (N,,) toward the
sample piece 30. This ion gun 44, while emitting N* ions,
may also emit nitrogen atoms (N), although slight in
amount, which have failed to become ions.

The interior of vacuum chamber 41 is evacuated to a
pressure of 10~°~1077 Torr., followed by supply of an N, gas
into the assist ion gun 44 which emits N* ions toward a
surface of the sample piece 30. The acceleration voltage and
ion current density of N* ions are set at 700 eV and 0.38
mA/cm?, respectively.

Concurrently with the emission of N* ions by the assist
ion gun, the evaporation source 43 is driven to evaporate Zr
atoms for direction onto the surface of sample piece 30. The
evaporation rate of Zr is controlled to measure 650 A/min
when converted to a film-forming rate on the sample piece
30.

In the procedure as stated above, a ZrN film was first
formed solely on an inner surface of an electric shaver outer
blade to a thickness of 2000 A. The sample outer blade thus
obtained was combined with an inner blade made of SUS to
set an electric shaver for continuous operation, in the same
manner as described above. The sample outer blade was
observed for degree of wear of protective film provided on
a sliding surface within its inner surface. The partial cutout
of the protective film were noticed at the edges of sliding
surface of the sample outer blade.

Next, a protective film, i.e., a ZrN film was deposited not
only on the inner surface but also on an outer surface of the
electric shaver outer blade. However, the ZrN film was
deposited on the outer surface to different thicknesses; 1000
A, 2000 A and 3000 A.

In the same manner as described above, each sample outer
blade thus obtained was combined with an electric shaver
inner blade to set an electric shaver for continuous operation.
Thereafter, the sample outer blades were observed for
degrees of wear at their respective sliding surfaces. None of
them showed cutout of protective film at the edges of sliding
surface. This demonstrates that the delamination of the
protective film or partial cutout of the protective film at the
edges of sliding surface can be prevented by depositing a
protective film not only on the sliding surface but also on its
adjacent, outer surface region around the opening.

Next, the shavers incorporating these sample outer blades
were subjected to the cutting test using artificial hairs. The
cutting qualities thereof were observed by counting the
proportion of hairs which exhibited good cut surfaces. The
electric shaver outer blades respectively carrying 1000 A,
2000 A and 3000 A thick, protective films gave the results
of 95%, 80% and 65%, respectively.

It has been found from these results that as the thickness
d2 of protective film on the outer surface region adjacent the
sliding surface is controlled to exceed the thickness dl
thereof on the sliding surface, i.e., as the ratio d1/d2 is
controlled to fall below 1, the sharpness of outer blade is
reduced at the edges of its sliding surface to result in the
reduced cutting quality thereof.

In the same manner as described above, a ZrN film was
deposited on an inner surface of an electric shaver outer
blade to a thickness of 2000 A. Another ZrN film was
formed on an outer surface of the outer blade to the
following different thicknesses: 200 A (d1/d2=10.0), 400 A

d1/d2=5.0), 600 A (d1/d2=3.3), 1000 A (d1/d2=2.0), 1800
A (d1/d2=1.1), 1900 A (d1/d2=1.05), 2000 A (d1/d2=1.0)
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and 3000 A (d1/d2=0.7). In the same manner as described
above, the sample outer blades obtained were observed for
occurrence of delamination of protective film or partial
cutout thereof at the edges of sliding surface, and were also
evaluated for cutting quality. The results are given in FIG.
14. In FIG. 14, O indicates the degree of occurrence of
delamination of protective film or partial cutout thereof at
the edges of sliding surface. Fifty samples were prepared for
each sample outer blade, and evaluation was made by
counting the number of samples, out of fifty samples, which
exhibited neither delamination of protective film nor partial
cutout thereof at the edges of sliding surface and determin-
ing the rate. Accordingly, 100% indicates that neither
delamination of protective film nor partial cutout thereof at
the edges of sliding surface was noticed.

Also, A indicates the level of cutting quality. In the same
manner as described above, fifty samples were prepared for
each sample outer blade. After cutting of acrylic, artificial
hairs by using the samples, evaluation was made by counting
the number of samples, out of fifty samples, which imparted
good cut surfaces to the respective hairs and determining the
rate.

As can be appreciated from FIG. 14, the electric shaver
outer blade, if its d1/d2 falls within the range of 1.05~5.0,
more preferably within the range of 1.1~3.3, exhibits the
reduced occurrence of delamination or partial cutout of its
protective film, as well as increased cutting quality.

The specific examples will be below described which
deposit a protective film on an electric shaver outer blade in
accordance with the second through fourth aspects of the
present invention.

EXAMPLE 1

In this Example, a diamond-like carbon film 61, as a
protective film, was deposited on an inner surface of an
electric shaver outer blade 60 made of Ni, as shown in FIG.
24. The openings provided in the electric shaver outer blade
60 for catching the beard was not shown in FIG. 24. The
electric shaver outer blade 60 shown in FIG. 24 assumes the
configuration after subjected to bending processing. The
protective film was deposited on the inner surface of the
electric shaver outer blade 60 while in a plate form. First, a
CVD method was employed, analogously to the above
Examples, to deposit an Si interlayer on the inner surface of
the plate-form, electric shaver outer blade to a thickness of
500 A.

The plate-form, electric shaver outer blade carrying the
interlayer thereon was then placed on a magnet, as shown in
FIGS. 17 and 18, which produced a distribution of lines of
magnetic force above a surface on which a film is to be
deposited. While they were maintained under such a
condition, a diamond-like carbon film was deposited on the
interlayer by employing the ECR plasma CVD apparatus.
The positional arrangement of the electric shaver outer blade
was adjusted so that a striped pattern consisting of projected
and depressed portions of the deposited protective film 61
extends in the sliding direction of an electric shaver inner
blade 62, as shown in FIG. 24. The projected portions of the
protective film 61 are indicated by crosshatching in FIG. 24.
Since the electric shaver outer blade is formed from a
magnetic material, it can be fixed on the magnet 53 by the
action of magnetic force.

The protective film provided in the manner as_ stated
above measured an average thickness of 2000 A. The
thinnest depressed portion measured a thickness of 1750 A.
The thickest projected portion measured a thickness of 2250
A. Accordingly, the difference in height between such pro-
jected and depressed portions was 500 A. A center distance
between the depressed and projected portions was about 2
mm.
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EXAMPLE 2

In the same manner as in Example, an Si interlayer was
formed on an inner surface of the plate-form outer blade of
electric shaver to a thickness of 500 A. A diamond-like
carbon film, as a protective film, was further deposited on
the 1nter1ayer by using the method shown in FIGS. 21
through 23. A 500 A thick, diamond-like carbon film was
deposited to provide a first protective film 57 shown in FIG.
22. A center distance between the neighboring first protec-
tive films 57 was controlled at about 4 mm. Another
diamond-like carbon film was deposited to provide a second
protective film 58 shown in FIG. 23 having a thickness of
about 1750 A. Accordingly, the thickest projected portion
59a of the protective film §9 shown in FIG. 23 measured a
thickness of about 2250 A, while the thinnest depressed
portion 59b thereof measured a thickness of 1750 A. A
center distance between the neighboring projected and
depressed portions was about 2 mm.

Comparative Example 1

In the same manner as in Example 1, an Si interlayer was
formed on an inner surface of the plate form outer blade of
electric shaver to a thickness of 500 A. Thereafter, the ECR
plasma CVD apparatus was employed to deposit a 2000 A
thick, diamond-like carbon film on the interlayer. This
diamond-like carbon film was a film substantially uniform in
thickness.

The electric shaver outer blades obtained from Examples
1 and 2 and Comparative Example 1 were then subjected to
bending processing to impart the shape shown in FIG. 24
thereto. Each electric shaver outer blade was arranged to
receive an electric shaver inner blade 62 inside thereof for
evaluation of wearability. For comparative purposes, an
electric shaver outer blade, carrying neither interlayer nor
protective film on its inner surface, was also subjected to the
evaluation of wearability (Comparative Example 2).

Aload current of a motor when driving the electric shaver
inner blade was measured. The evaluation in wearability of
the outer blades was given by using relative values when the
load current measured in Comparative Example 2 was taken
as 1. Also, after the electric shaver inner blade was driven for
50 hours, the respective electric shaver outer blade was
removed to visually observe any presence of scratches
thereon for evaluation of scratch resistance.

The rating O indicates that no scratch was noticed, or
scratches were noticed in a limited surface region of the
outer blade. The rating A indicates that scratches were
noticed over an entire surface of the outer blade. The rating
x indicates that the outer blade was ultimately fractured.

The evaluation results are given in Table 1.

TABLE 1

EX- EX-

AM- AM-  COMPAR- COMPAR-

PLE PLE ATIVE ATIVE

1 2 EXAMPLE1  EXAMPLE 2

LOAD CURRENT 07 0.7 0.8 1.0
(RELATIVE VALUE)
SCRATCH o o A X

RESISTANCE

As can be appreciated from the results given in Table 1,
the use of electric shaver outer blades of Examples 1 and 2,
respectively irregularly-surfaced according to the second
aspect of the present invention, results in the reduced load
current to the motor, reduced frictional resistance and
improved wear resistance. It can also be appreciated that the
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respective inner surfaces of the electric shaver outer blades
of Examples 1 and 2 were imparted thereto excellent scratch
resistances.

Initially, the respective inner surfaces of the electric
shaver outer blades of Examples 1 and 2 were visually
observed as defining a striped pattern reflecting the varied
film thickness. However, as the sliding movement of the
inner blade continued for a prolonged period, the progres-
sive wear of the protective film on the inner surface was
observed which caused the striped pattern to gradually
disappear. Accordingly, the observation of such a striped
pattern can be helpful in finding the time to replace the outer
blade of electric shaver.

Although the above Examples, according to the second
aspect of the present invention, describe the deposition of
irregularly-surfaced protective film on the inner surface of
the electric shaver outer blade, such an irregularly-surfaced
protective film may be deposited on an outer surface of the
electric shaver outer blade. In this instance, the outer surface
is a sliding surface for contact with a human skin.

In the above Examples according to the first and second
aspects of the present invention, the present invention is
illustrated as being applied to the inner and outer blades of
electric shaver. However, the present invention is not limited
to such applications, and can also be applied to sliding parts
of a compressor such as a rotary compressor, sliding parts of
VTR, thin-film magnetic heads, mask screens and the others.

ECR Plasma CVD Apparatus in Accordance with
the Fifth Aspect of the Present Invention

FIG. 25 is a schematic sectional view showing an ECR
plasma CVD apparatus in accordance with the fifth aspect of
the present invention. Referring to FIG. 25, a vacuum
chamber 78 is provided with a plasma generation chamber
74 to which one end of a waveguide 72 is connected.
Another end of the waveguide 72 is mounted to a microwave
supplying means 71. A microwave generated in the micro-
wave supplying means 71 passes through the waveguide 72
and a microwave inlet window 73 to be guide into the
plasma generation chamber 74. The plasma generation
chamber 74 is provided with a gas inlet line 75 for intro-
ducing a discharge gas such as an argon (Ar) gas into the
plasma generation chamber 74. The vacuum chamber 78 is
further provided with a gas inlet line 82 for introducing a
source gas, such as methane (CH,), thereinto. A high density
ECR plasma can be produced within the plasma generation
chamber 74 through the interaction of a radio-frequency
magnetic field produced by the microwave and a magnetic
field produced by plasma magnetic field generators 76. The
vacuum chamber 78 encloses a substrate holder 77 on which
a substrate is placed. An ion gun 80 is disposed in a suitable
position for emission of an ion beam toward the substrate 79.
Connected to this ion gun 80 is a gas inlet line 81 for
introducing thereinto a source gas which is to be converted
to ions.

EXAMPLE 3

In this Example, the apparatus shown in FIG. 25 is
employed to form a diamond-like carbon film, as a first
protective film, on which a carbon nitride film is subse-
quently deposited as a second protective film, in accordance
with the fifth aspect of the present invention.

A diamond-like carbon film was first deposited on a
substrate by using the ECR plasma CVD method. While the
interior of vacuum chamber 78 was evacuated to a pressure
of 1073~107" Torr., an Ar gas was introduced into the plasma
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generation chamber 74 at a pressure of 2.5x10™* Torr. for
conversion to an Ar plasma within the plasma generation
chamber 74. A source gas, i.c., a CH, gas at a pressure of
3.0x10™* Torr. was supplied to the vacuum chamber 78 in
which the CH, gas was decomposed by the Ar plasma to
result in the formation of the diamond-like carbon film on
the substrate 79. An Si substrate was employed for the
substrate 79. The film-forming rate and film thickness were
800 A/min and 1200 A, respectively.

Next, a nitrogen gas at a pressure of 2x10~* Torr. from the
gas inlet line 81 was delivered to the ion gun 80 which
subsequently emitted nitrogen ions onto the substrate 79,
concurrently with the above-described formation of
diamond-like carbon film by means of the ECR plasma CVD
method. During the emission of nitrogen ions, the ion energy
and ion current density were both varied with film-forming
time, as shown in FIG. 26. Specifically, the ion energy was
decreasingly varied from 2 keV to 0 keV with film-forming
time of the second film layer, and the ion current density was
increasingly varied from 0 to 0.5 mA/cm? with film-forming
time of the second film layer. In this manner, the formation
of second film layer was continued for 0.5 minutes to
provide the second film layer having a thickness of 400 A.
As a result, a film was formed including the first and second
film layers. The thickness of the film thus totaled 1600 A.

FIG. 27 is a sectional view showing the film obtained in
the manner as described above. As shown in FIG. 27, the
first film layer 91, consisting of the diamond-like carbon
film, is deposited on the substrate 79, and the second film
layer 92, consisting of the carbon nitride (CN) film, is
deposited on the first film layer 91.

FIG. 28 is a graph showing the analytical results of the
second film layer 92 when subjected to the secondary mass
ion spectrometry (SIMS). As can be appreciated from FIG.
28, the second film layer has an increased nitrogen content
toward its surface so that a concentration gradient of nitro-
gen is produced in its thickness direction.

The samples obtained were then evaluated for adherence.
In evaluating the adherence, a constant load (2 kg) inden-
tation test was conducted using a Vickers penetrator. Fifty
samples were subjected to the test, and the number of
samples that showed delamination of the film from the
respective substrata was counted as indicating the level of
adherence. For comparative purposes, an N, gas at 4x10™*
Torr., together with a CH, gas, were simultaneously intro-
duced from the gas inlet line 82. The ECR plasma CVD
method was exclusively utilized to deposit a carbon nitride
film on a substrate to a thickness of 1600 A (Comparative
Example 3-1). The samples obtained in Comparative
Example 3-1 were likewise subjected to the indentation test
using a Vickers penetrator for evaluation of adherence.

As a result, the number of samples that showed delami-
nation amounted to 0 in Example 3 but to 40 in Comparative
Example 3-1. These results demonstrate that the formation
of carbon nitride film, i.e. the second film layer, on the
diamond-like carbon film, i.e. the first film layer, improves
adherence of the resulting film to the substrate.

Next, the films respectively obtained in Example 3 and
Comparative Example 3-1 were measured for hardness. For
comparative purposes, only the above procedure to form the
first film layer was followed to solely form a diamond-like
carbon film on a substrate to a thickness of 1600 A
(Comparative Example 3-2). Like the above, the film
obtained in Comparative Example 3-2 was measured for
hardness.

The hardness of the film obtained in Comparative
Example 3-1, i.e., the hardness of the amorphous carbon
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nitride film measured about 2500 Hv, while that of the film
obtained in Example 3 measured 3400 Hv. The hardness of
the film obtained in Comparative Example 3-2 measured
3500 Hv. These measurement results demonstrate that a
film, if constructed by depositing the carbon nitride film, as
the second film layer, on the diamond-like carbon film, as
the first film layer, is capable of exhibiting the level of
hardness almost comparable to that of the diamond-like film.

Next, the films respectively obtained in Example 3 and
Comparative Example 3-2 were measured for coefficient of
friction. The film of Comparative Example 3-2, a surface of
which was defined by the diamond-like carbon film, exhib-
ited a frictional coefficient of 0.18, while the film of
Example 3 exhibited a noticeably reduced frictional coeffi-
cient of 0.13.

ECR Plasma CVD Apparatus in Accordance with
the Sixth Aspect of the Present Invention

FIG. 29 is a schematic sectional view showing an ECR
plasma CVD apparatus in accordance with the sixth aspect
of the present invention. This apparatus is analogous in
construction to the apparatus shown in FIG. 25, with the
exception that a radio-frequency power source 83 is elec-
trically connected to the substrate holder 77 for applying a
radio-frequency power to the substrate holder 77.
Accordingly, the detailed discussion of the present apparatus
is omitted.

EXAMPLE 4

In this Example, the apparatus shown in FIG. 29 is
employed to form a diamond-like carbon film, as a first film
layer, on which a carbon nitride film is subsequently formed
as a second film layer.

First, the interior of vacuum chamber 78 was evacuated to
a pressure of 10~°~10"7 Torr. Then, an Ar gas at a pressure
of 2.5x10™* Torr. was introduced into the plasma generation
chamber 74 to produce an Ar plasma within the plasma
generation chamber 74. A source gas, i.e., a CH, gas at a
pressure of 3.0x10~* Torr. was supplied to the vacuum
chamber 78 in which the CH,, gas was subsequently decom-
posed by the Ar plasma to result in the formation of the
diamond-like carbon film on the substrate 79. While the
formation of first film layer was continued for 1.5 minutes,
a 13.56 MHZ radio-frequency power from the radio-
frequency power source 83 was applied to the substrate
holder so that a substrate was maintained at a bias voltage of
-50 V. The film-forming rate was 800 A/min and the
thickness of first film layer was 1200 A.

Next, a nitrogen gas at a pressure of 2.5x107* Torr. from
the gas inlet line 81 was delivered to the ion gun 80 which
emitted nitrogen ions onto the substrate 79, concurrently
with the above-described formation of diamond-like carbon
film. The formation of second film layer was continued for
0.5 minutes to provide the second film layer, i.e., the carbon
nitride film having a thickness of 400 A. As a result, a film
was formed including the first and second film layers. The
thickness of the film thus totaled 1600 A. During the
formation of second film layer, the ion energy was decreas-
ingly varied from 1 keV to 0 keV while the ion current
density was increasingly varied from 0 to 0.5 mA/cm?, as
shown in FIG. 30. Concurrently, a substrate bias voltage was
varied from -1 kV to 0 kV, as shown in FIG. 31. This
resulted in the formation of second film layer which, analo-
gous to the second film layer formed in Example 3, had an
increased nitrogen content toward its surface so that a
concentration gradient of nitrogen was produced in its
thickness direction.
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The samples obtained were then evaluated for adherence.
In evaluating the adherence, a constant load (2 kg) inden-
tation test was conducted using a Vickers penetrator. Fifty
samples were subjected to the test and the number of
samples that showed delamination of the film from the
respective substrata was counted as indicating the level of
adherence. For comparative purposes, an N, gas at 4x10™*
Torr., as well as a CH, gas, were simultaneously introduced
from the gas inlet line 82. The ECR plasma CVD method
was exclusively utilized to form a carbon nitride film on a
substrate to a thickness of 1600 A (Comparative Example
4-1). The samples obtained in Comparative Example 4-1
were likewise subjected to the indentation test using a
Vickers penetrator for evaluation of adherence.

As a result, the number of samples that showed delami-
nation amounted to 0 in Example 4 but to 40 in Comparative
Example 4-1. These results demonstrate that the deposition
of carbon nitride film, as the second film layer, on the
diamond-like carbon film, as the first film layer, improves
the adherence of the resulting film to the substrate.

Next, the films respectively obtained in Example 4 and
Comparative Example 4-1 were measured for hardness. For
comparative purposes, only the aforementioned procedure to
form the first film layer was followed to solely form a
diamond-like carbon film on a substrate to a thickness of
1600 A (Comparative Example 4-2). The film obtained in
Comparative Example 4-2 was likewise measured for hard-
ness.

The hardness of the film obtained in Comparative
Example 4-1, i.e., the hardness of the amorphous carbon
nitride film measured about 2500 Hv, while that of the film
obtained in Example 4 measured 3400 Hv. The hardness of
the film obtained in Comparative Example 4-2 measured
3500 Hv. These measurement results demonstrate that a
film, if constructed by depositing the carbon nitride film, as
the second film layer, on the diamond-like carbon film, as
the first film layer, is capable of exhibiting the level of
hardness almost comparable to that of the diamond-like film.

Next, the films respectively obtained in Example 4 and
Comparative Example 4-2 were measured for coefficient of
friction. The film of Comparative Example 4-2, a surface of
which was defined by the diamond-like carbon film, exhib-
ited a frictional coefficient of 0.18, while the film of
Example 4 exhibited a noticeably reduced frictional coeffi-
cient of 0.13.

EXAMPLE 5

The apparatus shown in FIG. 29 is employed to form a
diamond-like carbon film, as a first film layer, on which a
carbon nitride film is subsequently formed as a second film
layer, in accordance with the seventh aspect of the present
invention. In the present Example, the ion gun 80 in the
apparatus shown in FIG. 29 is unemployed.

First, the interior of vacuum chamber 78 was evacuated to
a pressure of 10°~10"7 Torr. Then, an Ar gas at a pressure
of 2.5x10~* Torr. was introduced into the plasma generation
chamber 74 to produce an Ar plasma within the plasma
generation chamber 74. A source gas, i.e., a CH, gas at
3.0x10~* Torr. was supplied to the vacuum chamber 78
within which the CH,, gas was decomposed by the Ar plasma
to result in the formation of the diamond-like carbon film on
the substrate 79. While the formation of first film layer was
continued for 1.5 minutes, a radio-frequency power from the
radio-frequency power source 83 was applied to the sub-
strate holder 77 so that a substrate was maintained at a bias
voltage of =50 V. In the manner as described above, the first
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film layer was formed af a film-forming rate of 800 A/min
to a thickness of 1200 A.

A nitrogen gas as a second source gas, together with a
CH, gas, were delivered to the vacuum chamber from the
gas inlet line 82. A second film layer, i.e., a carbon nitride
film was deposited on the above-formed first film layer by
the ECR plasma CVD technique using the mixed gas
composed of CH, and nitrogen gases. The formation of
second film layer was continued for 0.5 minutes to provide
the carbon nitride film having a thickness of 400 A. As a
result, a film was formed including the first and second film
layers. The thickness of the film thus totaled 1600 A. During
the formation of second film layer, the supply pressure of
nitrogen gas, as the second source gas, was controlled to
gradually increase from 0 to 4x10~* Torr., as shown in FIG.
32

This resulted in the formation of second film layer which,
analogous to the second film layers respectively formed in
Examples 3 and 4, exhibited an increased nitrogen content
toward its surface so that a concentration gradient of nitro-
gen was produced in its thickness direction.

The samples obtained were then evaluated for adherence.
In evaluating the adherence, a constant load (2 kg) inden-
tation test was conducted using a Vickers penetrator. Fifty
samples were subjected to the test and the number of
samples that showed delamination of the film from the
substrata was counted as indicating the level of adherence.
For comparative purposes, an N, gas at 4x10™* Torr.,
together with a CH, gas, were simultaneously introduced
from the gas inlet line 82. The ECR plasma CVD method
was exclusively utilized to deposit a carbon nitride film on
a substrate to a thickness of 1600 A (Comparative Example
5-1). The samples obtained in Comparative Example 5-1
were likewise subjected to the indentation test using a
Vickers penetrator for evaluation of adherence.

As a result, the number of samples that showed delami-
nation amounted to 0 in Example 5 but to 40 in Comparative
Example 5-1. These results demonstrate that the deposition
of carbon nitride film, as the second film layer, on the
diamond-like carbon film, as the first film layer, improves
the adherence of the resulting film to the substrate.

Next, the films respectively obtained in Example 5 and
Comparative Example 5-1 were measured for hardness. For
comparative purposes, only the aforementioned procedure to
form the first film layer was followed to solely form a
diamond-like carbon film on a substrate to a thickness of
1600 A (Comparative Example 5-2). The film obtained in
Comparative Example 5-2 was likewise measured for hard-
ness.

The hardness of the film obtained in Comparative
Example 5-1, ie., the hardness of the amorphous carbon
nitride film measured about 2000 Hv, while that of the film
obtained in Example 5 measured 3200 Hv. The hardness of
the film obtained in Comparative Example 5-2 measured
3500 Hv. These measurement results demonstrate that a
film, if constructed according to the present invention, i.c.,
by depositing the carbon nitride film, as the second film
layer, on the diamond-like carbon film, as the first film layer,
is capable of exhibiting the level of hardness almost com-
parable to that of the diamond-like film.

Next, the films respectively obtained in Example 5 and
Comparative Example 5-2 were measured for coefficient of
friction. The film of Comparative Example 5-2, a surface of
which was defined by the diamond-like carbon film, exhib-
ited a frictional coefficient of 0.18, while the film of
Example 5 exhibited a noticeably reduced frictional coeffi-
cient of 0.14.
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EXAMPLE 6

In this Example, the apparatus shown in FIG. 25 is
employed to form a diamond-like carbon film, as a first
protective film, on which a carbon nitride film is subse-
quently deposited as a second protective film, in accordance
with the fifth aspect of the present invention.

In the same manner as in Example 3, a first film layer, i.e.,
a diamond-like carbon film was first formed to a thickness
of 1200 A.

Next, a silane gas at a pressure of 2x10™* Torr. from the
gas inlet line 81 was delivered to the ion gun 80, resulting
in the deposition of a carbon silicide film, as a second film
layer, on the first film layer. During the formation of second
film layer, the ion energy was decreasingly varied while the
ion current density was increasingly varied, respectively
with film-forming time, as shown in FIG. 33. In this manner,
the formation of second film layer was continued for 0.5
minutes to provide the carbon silicide film having a thick-
ness of 400 A. As a result, a film was formed including the
first and second film layers. The thickness of the film thus
totaled 1600 A.

In the same manner as in Example 3, the second film layer
of each sample obtained was analyzed by using the second-
ary mass ion spectrometry (SIMS). As can be appreciated
from FIG. 34, the second film layer had an increased Si
content toward its surface so that a concentration gradient of
Si was produced in its thickness direction.

The samples obtained were then evaluated for adherence.
In evaluating the adherence, a constant load (2 kg) inden-
tation test was conducted using a Vickers penetrator. Fifty
samples were subjected to the test and the number of
samples that showed delamination of the film from the
respective substrata was counted as indicating the level of
adherence. For comparative purposes, a silane gas at 1.0x
10~* Torr., together with a CH, gas, were introduced from
the gas inlet line 82. The ECR plasma CVD method was
exclusively utilized to deposit a carbon silicide film on a
substrate to a thickness of 1600 A (Comparative Example
6-1). Likewise, the samples obtained in Comparative
Example 6-1 were subjected to the indentation test using a
Vickers penetrator for evaluation of adherence.

As a result, the number of samples that showed delami-
nation amounted to 0 in Example 6 but to 40 min Compara-
tive Example 6-1. These results demonstrate that the depo-
sition of the carbon silicide film, as the second film layer, on
the diamond-like carbon film, as the first film layer, in
accordance with the present invention, improves the adher-
ence of the resulting film to the substrate.

Next, the films respectively obtained in Example 6 and
Comparative Example 6-1 were measured for hardness. For
comparative purposes, only the above procedure to form the
first film layer was followed to solely form a diamond-like
carbon film on a substrate to a thickness of 1600 A
(Comparative Example 6-2). Like the above, the film
obtained in Comparative Example 3-2 was measured for
hardness.

The hardness of the film obtained in Comparative
Example 6-1, i.e., the hardness of the amorphous carbon
silicide film measured about 2400 Hv, while that of the film
obtained in Example 6 measured 3400 Hv. The hardness of
the film obtained in Comparative Example 6-2 measured
3500 Hv. These measurement results demonstrate that a
film, if constructed by depositing the carbon silicide film, as
the second film layer, on the diamond-like carbon film, as
the first film layer, is capable of exhibiting the level of
hardness almost comparable to that of the diamond-like film.
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Next, the films respectively obtained in Example 6 and
Comparative Example 6-2 were measured for coefficient of
friction. The film of Comparative Example 6-2, a surface of
which was defined by the diamond-like carbon film, exhib-
ited a frictional coefficient of 0.18, while the film of
Example 6 exhibited a noticeably reduced frictional coeffi-
cient of 0.10.

As stated above, a film, if constructed by depositing the
carbon nitride or carbon silicide film, as the second film
layer, on the diamond-like carbon film as the first film layer,
can be functional to exhibit an improved adhesion to the
substrate, a higher degree of hardness and a reduced coef-
ficient of friction.

In the above Examples, the CH4 gas is used as a source
gas to form the a diamond-like carbon film which constitutes
the first film layer. In depositing the second film layer, the
nitrogen and silicon ions are further directed onto the first
film layer to deposit the carbon nitride or carbon silicide film
thereon. It has been found, however, that the same effect can
be obtained by directing a carbon gas onto the first film layer
to deposit the second film layer thereon. That is, another
diamond-like carbon film can be deposited as the second
film layer, which has an increased level of hardness com-
pared to the first film layer.

Also, in depositing the second film layer, the mixed ions,
composed of nitrogen and oxygen ions, may be directed onto
the first film layer to deposit thereon an oxygen-containing
carbon nitride film which also exhibits an increased level of
hardness and a reduced coefficient of friction.

Although the ion irradiation is used in the above
Examples to deposit the second film layer, a radical irradia-
tion may alternatively be used to obtain the same effect. The
radical irradiation can be effected by using a radical gun, for
example.

The films of the present invention, including those formed
by using the film-forming methods in accordance with the
fifth through seventh aspects of the present invention, can be
employed to constitute protective films for sliding parts such
as inner and outer blades of an electric shaver, and for
sliding parts such as of a VIR and a compressor including
a rotary compressor. They are also applicable for a protec-
tive film as a constituent layer of an solar cell, a protective
film for sliding parts of a film magnetic head, a propagation
film of an SAW device, or a film for a sensor.

The delamination or cutout of the protective film on the
sliding surface can be prevented if the value d1/d2, which is
the ratio of the thickness dl of protective film overlying the
sliding surface to the thickness d2 of protective film over-
lying the surface region immediately adjacent the sliding
surface, is controlled to be 1 or greater in accordance with
the first aspect of the present invention.

In accordance with the second aspect of the present
invention, a reduced coefficient of friction and an improved
wear-resistance can be imparted to the protective film.

In accordance with the third and fourth aspects of the
present invention, the irregularly-surfaced protective film
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according to the second aspect of the present invention can
be formed efficiently.

In accordance with the fifth through seventh aspects of the
present invention, the film having the desired functions and
adhering well to the substrate can be formed by using the
plasma CVD method.

What is claimed is:

1. An electric shaver outer blade having at least one bore
formed therein defining a hole for catching a beard, and a
sliding surface for sliding contact with an electric shaver
inner blade on an inner surface region around said hole for
catching the beard, said sliding surface projecting toward
said inner blade and having a protective film deposited not
only on said sliding surface but also on an outer surface
region around said hole in such a manner that d1/d2 is
controlled to be within a range of 1.1-3.3 where dl is a
thickness of the protective film deposited on the sliding
surface and d2 is a thickness of the protective film deposited
on said outer surface region, the protective film comprising
a hard carbon film formed of a diamond and/or amorphous
carbon containing a diamond structure and wherein the
protective film having a thickness d1 is disposed across the
entire sliding surface of the outer blade during operation,
said entire sliding surface being flat.

2. An electric shaver inner blade having at a distal end a
sliding surface for sliding contact with an electric shaver
outer blade, said inner blade having a protective film depos-
ited not only on said sliding surface but also on a side region
immediately adjacent said sliding surface in such a manner
that d1/d2 is controlled to be within a range of 1.1-3.3,
where d1 is a thickness of the protective film deposited on
the sliding surface and d2 is a thickness of the protective film
deposited on the side region immediately adjacent the slid-
ing surface, the protective film comprising a hard carbon
film formed of diamond and/or amorphous carbon contain-
ing a diamond structure and wherein the protective film
having a thickness d1 is disposed across the entire sliding
surface of the inner blade during a shaving operation.

3. A sliding member having a sliding surface for sliding
contact with a cooperative member, said sliding member
having a protective film deposited not only on said sliding
surface but also on a surface region immediately adjacent
the sliding surface in such a manner that d1/d2 is controlled
to be within a range of 1.1-3.3, where d1 is a thickness of
the protective film deposited on the sliding surface and d2 is
a thickness of the protective film deposited on the surface
region immediately adjacent the sliding surface, the protec-
tive film comprising a hard carbon film formed of diamond
and/or amorphous carbon containing a diamond structure
and wherein the protective film having a thickness dl is
disposed across the entire sliding surface of the sliding
member during a sliding operation.

4. The sliding member of claim 3, wherein said protective
film has a hardness of not less than 1000 Hv.

5. The sliding member of claim 3, wherein said surface
region adjacent the sliding surface is on a surface angularly
oriented with respect to the sliding surface.
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