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UNITED STATES DISTRICT COURT

CENTRAL DISTRICT OF CALIFORNIA

SOUTHERN DIVISION

VS

NISSAN NORTH AMEzuCA, INC. AND
NISSAN MOTOR CO., LTD.

Defendants.
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COMPLAINT FOR PATENT INFRINGEMENT 

Plaintiff Diamond Coating Technologies LLC files this Complaint for patent 

infringement against Nissan Motor Co., Ltd. and Nissan North America, Inc. 

(collectively, “Defendants”).  Plaintiff Diamond Coating Technologies LLC 

alleges: 

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, Yokohama-shi, Kanagawa 

220-8623, Japan, and global headquarters at 1-1, Takashima 1-chome, Nishi-ku, 

Yokohama-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. §§ 

1331 and 1338(a) because this action arises under the patent laws of the United 

States, 35 U.S.C. §§ 1 et seq.   

6. Venue is proper in this federal district pursuant to 28 U.S.C. §§ 

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. 

9. 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 is informed 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, MRA8DE, 

QR25DE, VQ35DE, VQ37VHR, VR48DETT.  DCT expressly also accuses all 

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. 
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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 is informed 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, MRA8DE, 

QR25DE, VQ35DE, VQ37VHR, VR48DETT.  DCT expressly also accuses all 

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.  
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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 is informed 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, MRA8DE, 

QR25DE, VQ35DE, VQ37VHR, VR48DETT.  DCT expressly also accuses all 

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. 

Case 8:13-cv-01481-JVS-JPR   Document 1   Filed 09/23/13   Page 5 of 135   Page ID #:5



1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

 
 
  
 
 
 
  

5 
COMPLAINT FOR PATENT INFRINGEMENT

 
2859604v1/013643 

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 is informed 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, MRA8DE, 

QR25DE, VQ35DE, VQ37VHR, VR48DETT.  DCT expressly also accuses all 

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 

all of the above-named patents is willful and deliberate, entitling DCT to increased 
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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 demands a trial 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; 

c) 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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For such other costs and further relief as the Court may deem just and proper. 

 

 

 
 

Dated:  September 23, 2013 KATHRYN P. HOEK 
OLEG ELKHUNOVICH 
JOSEPH S. GRINSTEIN  
SUSMAN GODFREY L.L.P. 
 
 

By:
Kathryn P. Hoek 
Attorneys for Plaintiff DCT 
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[57] ABSTRACT 

A hard-carbon-?lm-coated substrate includes in stacked 
sequence a substrate, an intermediate layer, and a hard 
carbon ?lm. 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 
?lm in the same vacuum chamber. 

29 Claims, 11 Drawing Sheets 
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5,629,086 
1 

HARD-CARBON-FILM-COATED SUBSTRATE 
AND APPARATUS FOR FORMING THE 

SAME 

CROSS-REFERENCE TO RELATED 
APPLICATION 

This is a DIVISIONAL of US. patent application Ser. No. 
08/259,480, ?led Jun. 14, 1994. 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 

The present invention relates to a substrate coated with a 
hard carbon ?lm which is applicable to a cutter such as an 
electric shaver or a thin-?lm 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 ?lm, it has generally been proposed to form an 
intermediate layer between the substrate and the diamond 
like carbon ?lm. Japanese Patent Laying-Open No. 
1-31719‘7 (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 ?lm 
on the intermediate layer. The intermediate layer improves 
the adhesion of the diamond-like carbon ?lm to the substrate 
as compared with the case of directly forming a diamond 
]ike carbon ?hn on a substrate. 

However, no studies have been conducted relating to the 
formation of an intermediate layer between a diamond-like 
carbon ?lm 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 ?lm by plasma CVD. This apparatus 
is adapted to form a diamond-like carbon ?lm, which is a 
hard carbon ?lm, 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 ?lm. 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 ?eld generator 6 is 
provided around the plasma generation chamber 4. Due to 
the action of a high-frequency magnetic ?eld which is 
formed by the microwave and a magnetic ?eld generated by 
the plasma magnetic ?eld 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 ?eld diverged by the 
plasma magnetic ?eld generator 6. 
The vacuum chamber 8 is provided therein with a reaction 

gas inlet pipe 9 for introducing methane (CH4) 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 
?lm. Ahigh-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 

15 
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2 
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 
de?ection during application of the RF voltage. Thus, alarge 
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 ?lm 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 ?lm. Thus, this apparatus can treat 
only one substrate, or two substrates at the most, in a single 
?lm 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 ?lm. 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-?lm-coated substrate comprising a substrate of a 
metal or an alloy which is mainly composed of Ni or Al, or 
stainless steel, and a hard carbon ?lm provided thereon, with 
excellent adhesion between the substrate and the hard car 
bon ?lm. 

Another object of the present invention is to provide a 
hard carbon ?lm 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 ?lms on the substrates. 
The concept of the hard carbon ?lm according to the 

present invention also includes a crystalline carbon ?lm or 
amorphous diamond-like carbon ?lm. 
A hard-carbon-?lm-coated substrate according to a ?rst 

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 ?lm formed 
on the intermediate layer. 

According to the ?rst aspect of the present invention, the 
intermediate layer mainly composed of Ru is provided 
between the substrate and the hard carbon ?lm. Adhesion 
between the substrate and the hard carbon ?lm 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 
?lm. 
Amethod of forming the diamond-like carbon ?lm coated 

substrate according to the ?rst 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 ?lm on the intermediate layer. 
A hard-carbon-?lm-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 ?rst 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 ?lm on the intermediate 
layer. 
A hard-carbon-?lm-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 ?lm 
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 
?lm. Adhesion between the substrate and the diamond-like 
carbon ?lm 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-?lm-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-?hn-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 fm'ther improvement in 
the adhesion is achieved if the thickness is increased beyond 
the aforementioned range. 
A method of forming the hard-carbon-?lm-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 vacuum 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 ?lm 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 ?lm on the intermediate layer. 

According to this method, it is possible to form an 
intermediate layer having a graded structure. 
A hard-carbon-?lm-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 ?lm 
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 ?lm. 
Adhesion between the substrate and the diamond-like car 
bon ?lm is improved by such an intermediate layer. 
When the hard-carbon-?lm-coated substrate comprising a 

carbon thin ?lm as the intermediate layer is used for an inner 
blade of an electric shaver, the carbon thin ?lm 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-?lm-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. 

Ahard-carbon-?lm-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 ?lm 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 
?lm 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 CH4 gas. Such Ar gas 
and CH4 gas are preferably supplied at partial pressures of 
at least 1.0><10'4 Torr and not more than 20.0><l0“4 Torr. 
A hard carbon ?lm forming apparatus according to a ?fth 

aspect of the present invention is adapted to form a hard 
carbon ?lm 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 ?lm 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 ?lm on the intermediate layer, and comprises a 
vacuum chamber, a substrate holder which is rotatably 
provided in the vacuum chamber, a shielding cover having 
?rst 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 ?rst 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 
1/10 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 one of carbon, nitrogen and oxygen, for 
example, and the hard carbon ?lm 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 ?lm 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 ?lm, thereby sup 
pressing a temperature increase of the substrate. 
A method of forming the hard-carbon-?lm-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 fonning a plasma and emitting the plasma 
toward the intermediate layer thereby forming a hard carbon 
?lm 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 ?lm with a single evacuation. 
Further, it is possible to control the formation of the hard 
carbon ?lm and that of the intermediate layer independently 
of each other. Thus, it is possible to form the hard carbon 
?lm 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 ?lm by plasma CVD 
through the ?rst 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 
?lm toward the hard carbon ?lm 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 ?lm. 

In the apparatus according to the ?fth 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 ?lm. Thus, it is possible to 
form the ?lm 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 
?lms by the plasma generation means and by the interme 
diate layer forming means and changing the respective thin 
?lm 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 ?lm. 

Case 8:13-cv-01481-JVS-JPR   Document 1   Filed 09/23/13   Page 24 of 135   Page ID #:24



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 ?lm forming apparatus in an embodiment according 
to the ?fth 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 ?lm 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 ?lm forming apparatus in an embodiment according 
to the seventh aspect of the present invention; 

FIG. 5 illustrates the relation between a ?hn forming time 
and a CH4 ?ow 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 ?hn 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 ?lm forming apparatus in an embodiment according 
to the eighth aspect of the present invention; 

FIG. 8 illustrates the relation between a ?lm forming time 
and a CH4 ?ow 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 ?lm 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 ?lm 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 ?lm 
formed thereon according to another example of the present 
invention; 

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

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

FIG. 14 illustrates the relation between a self-bias devel 
oped in a substrate and ?lm hardness in the method of 
forming a hard carbon ?lm 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 ?lm according to 
the present invention. Refening 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 ?eld 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 ?eld formed by the microwave and a 
magnetic ?eld generated by the plasma magnetic ?eld 
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 ?lm formation and the vacuum chamber 8 caused by the 
RF voltage that is applied to the substrate holder 12 in 
formation of the ?lms. 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 ?eld 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 1/10 
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 1/10 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 
16a for introducing CH4 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 CH4 gas which is 
introduced from the gas inlet part 16a is substantially 
uniformly discharged from the respective holes 21. 
An example for forming diamond-like carbon ?lms serv 

ing as hard carbon ?lms on nickel substrates through the 
apparatus shown in FIG. 1 is now described. I 

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‘5 to 10-7 Torr, 
and the substrate holder 12 was rotated at a speed of about 
10 rpm. Then, Ar gas was supplied from the dischar e gas 
inlet pipe 5 of an ECR plasma generator at 5.7><10>< 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. CH4 gas was supplied from the reaction gas inlet 
pipe 16 at 13x10‘3 Torr. The CH4 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 ?lm of 1200 A in 
thickness on the surface of each substrate 13. FIG. 10 is a 
sectional view showing a diamond-like carbon ?lm formed 
on each substrate 13 in the aforementioned manner. Refer 
ring to FIG. 10, a diamond-like carbon ?lm 21 is formed on 
the substrate 13. 

FIG. 3 illustrates the relation between a ?lm 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 ?lms were formed similarly to Example 1 except that 
the substrate holder was not rotated, and a comparative 
example 2 in which diamond-like carbon ?lms 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 ?lm 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 ?lms. 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 CH4 gas was supplied from the 
reaction gas inlet pipe at partial pressures of 3.0Xl0‘4 Torr, 
1.0><10_3 Torr and 13x10‘3 Torr respectively, for investi 
gating the relations between the partial pressures and values 
of hardness of the resulting diamond-like carbon ?lms 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 ?lms, which were measured on the basis of HS 
G0202. 
As shown in FIG. 13. the values of hardness of the ?lms 

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 CH4 
gas were changed. Thus, it is understood to be possible to 
form diamond-like carbon ?lms having prescribed values of 
?lm hardness on substrates regardless of the partial pres 
sures for supplying Ar gas and CH4 gas. 

Then, the Ar gas and the CH4 gas were supplied at partial 
pressures of 5.7><10~4 Torr and 10x10‘3 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 ?lm hardness of the diamond-like 
carbon ?lm as formed. 

As shown in FIG. 14, the ?lm hardness was at a low value 
of about 500 Hv when the self-bias developed in each 
substrate was 0 V. The ?lm 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 ?lm hardness 
was at a high value of about 3000 Hv when the self-bias was 
~20 V. This ?lm 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 ?lms 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 CH4 gas. 

Aresult similar to that shown in FIG. 14 was obtained also 
when the partial pressures for supplying Ar gas and CH4 gas 
were varied in a range of l.0><10_4 to 20.O><10'4 Torr. 

Another embodiment, for forming intermediate layers on 
substrates and then forming diamond-like carbon ?lms serv 
ing as hard carbon ?lms 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 ?lm 21 
formed on this intermediate layer 22. 

FIG. 4 is a schematic sectional view showing a hard 
carbon ?lm 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 ?rst and second openings 45 and 43. Accord 
ing to this embodiment, the ?rst and second openings 45 and 
43 are formed in substantially opposite positions. The ?rst 
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 ?rst 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 ?lms 
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 10-5 to 10‘7 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/cm2. 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 ?lm 
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 
5.7><10'4 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 CH4 was supplied from a reaction gas inlet 
pipe 16 at 13x10‘3 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 ?lm of 1200 A in 
thickness on the intermediate layer that had been formed on 
each substrate 13. 
As a result of the aforementioned two steps, a layered thin 

?lm including the intermediate layer 22 of Ru formed on the 
surface of each substrate 13 and the diamond-like carbon 
?lm 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 ?lm 21, thereby improving the adhesion between the 
substrate 13 and the diamond-like carbon ?lm 21. The stress 
in the diamond-like carbon ?lm 21 can be relaxed conceiv 
ably because it is possible to relax thermal stress caused by 
a difference in thermal expansion coef?cients between the 
substrate 13 and the diamond-like carbon ?lm 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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12 
diamond-like carbon ?lms 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 10-5 to 10‘7 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 5.7><lO_4 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 CH4 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 CH4 gas was gradually increased with 
time as shown in FIG. 5, to be 100 sccm, i.e., 1.3><l0'3 Torr, 
after a lapse of 5 minutes. 

Simultaneously with the aforementioned ?lm 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 Ar ions were set at an acceleration voltage of 400 eV and 
ion current density of 0.3 mA/cm2. Further, the Ru evapo 
ration rate was gradually reduced with time from 420 A/min. 
in terms of a ?lm forming rate on each substrate 13 to reach 
0 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 ?lm formation by 

plasma CVD and Ru evaporation were simultaneously car 
ried out in the ?rst 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. 5 and 6, the evaporation volume of Ru was reduced 
and the amount of carbon ?lm 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 ?lm was formed on each 
intermediate layer. CH4 gas was supplied from the reaction 
gas inlet pipe 16 at a constant partial pressure of 1.3><l0'3 
Torr, to continuously carry out ?lm 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 ?lm of 1200 A in thickness on the intermediate layer 
that had been formed on each substrate 13. 

As a result, a layered ?lm including an intermediate layer 
consisting of Ru and C having a graded structure and a 
diamond-like carbon ?lm 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 ?lm 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 ?lms formed by the apparatus of the 
aforementioned embodiment. Samples were prepared by 
directly forming diamond-like carbon ?lms on Ni substrates 
(Example 1), by forming intermediate layers consisting of 

Case 8:13-cv-01481-JVS-JPR   Document 1   Filed 09/23/13   Page 27 of 135   Page ID #:27



5,629,086 
13 

Ru on Ni substrates and then forming diamond-like carbon 
?lms 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 ?lms 
on the intermediate layers (Example 3), and by employing 
an Si evaporation source for fonning intermediate layers 
consisting of Si on Ni substrates and then forming diamond 
like carbon ?lms on the intermediate layers (Example 4). 
Adhesion was evaluated by an indentation test with constant 
loads (1 kg) employing Vrckers indenters. 50 samples were 
prepared for each Example, and the numbers of those 
causing separation of the diamond-like carbon ?lms 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 ?lms 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 ?lms 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 ?lm 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 ?rst 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 ?rst 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 ions 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-?lm 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-?lm 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-?lm 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 ?lms 
thereon. 

Similarly to the above described Example 1, 24 thin-?lm 
heads 48 were mounted on a peripheral surface of the 

10 

20 

25 

30 

35 

50 

55 

65 

14 
substrate holder 12 at regular intervals. The vacuum cham 
ber 8 was evacuated to 1075 to 10‘7 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/cm2. 
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-?lm 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_4 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-?lm 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 CH4 
gas was supplied from a reaction gas inlet pipe 16 at 
1.3><10*3 Torr, so that a self-bias of -20 V was developed in 
each thin-?lm head 48. 
The aforementioned step was carried out for about 2.5 

minutes, to form a diamond-like carbon ?lm of 200 A in 
thickness on the intermediate layer that had been formed on 
each thin-?lm head 48. 
As a result of the aforementioned two steps, a layered thin 

?lm was formed on the surface of each thin-?lm head 48, 
including the intermediate layer of Si and the diamond-like 
carbon ?lm formed thereon. Due to such formation of an 
intermediate layer, it is possible to relax stress in a diamond 
like carbon ?lm. thereby improving the adhesion between a 
substrate and the diamond-like carbon ?lm. The stress in the 
diamond-like carbon ?lm can be relaxed conceivably 
because it is possible to relax the thermal stress caused by 
the ditference in thermal expansion coef?cients between the 
substrate and the diamond-like carbon ?lm, 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-?lm 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 ?lms thereon. Also in this example, an 
apparatus similar to that shown in FIG. 7 was employed. 

First, 24 thin-?lm heads 48 were mounted on the periph 
eral surface of the substrate holder 12 at regular intervals. 
The vacuum chamber 8 was evacuated to 10-5 to 10-7 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 5.7><10'4 Torr while 
a microwave of 2.45 GHz frequency and 100 W power was 
supplied ?'om the microwave supply means 1, to emit an Ar 
plasma formed in the plasma generation chamber 4 to the 
surface of each thin-?lm 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 CH4 gas was supplied from the reaction gas inlet pipe 
16, so that a self-bias of —20 V was developed in each 
thin-?lm head 48. At this time, the supply quantity of the 
CH4 gas was gradually increased with time to reach 100 
sccm, i.e., 1.3><10_3 Torr, after a lapse of 3 minutes, as 
shown in FIG. 8. 

Simultaneously, with the ?lm 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/cm2. The ion current density was gradu 
ally reduced with time to reach 0 mA/cm2 after a lapse of 3 
minutes, as shown in FIG. 9. 

As hereinabove described, carbon ?lm formation by 
plasma CVD and Si sputtering were simultaneously carried 
out in the ?rst 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-?lm head 48. As shown in FIGS. 8 and 9, the quantity 
of Si was reduced and the amount of carbon ?lm 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 content was 
gradually increased as the distance from the sln‘face of each 
thin-?lm head 48 increased. 

Then, a diamond-like carbon ?lm was formed on each 
intermediate layer. CH4 gas was supplied from the reaction 
gas inlet pipe 16 at a constant partial pressure of 13x10‘3 
Torr, to continuously carry out ?lm 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 ?lm of 200 A in thickness on the intermediate layer 
of each thin-?lm head 48. 

As a result, a layered ?lm including the intermediate layer 
of Si and C having a graded structure and the diamond-like 
carbon ?lm 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 ?lm as compared with the aforemen 
tioned intennediate 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 ?lms 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 10-5 to 10-7 
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/cm2, 
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 iptermediate layerscformed on the 
Ni substrates to 30 A, 50 A, 100 A and 500 A (Example 5). 

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

An evaluation test for adhesion was carried out on the 
diamond-like carbon ?lms 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 503. 100A 500A 

Number of Samples 43 16 0 0 0 
Causing Separation 

As clearly understood from Table 2, the diamond-like 
carbon ?lms 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 su?'icient range for the thickness of 
the intermediate layer is up to about 5000 A when the 
hard-carbon-?lm-coated substrate according to the present 
invention is applied to an outer blade of an electric shaver. 
The adhesion is not further improved even if the thickness 
exceeds 5000 A. Therefore, it is conceivable that a thickness 
of about 4000 A is su?icient for an intennediate layer that 
is mainly composed of Si in the present invention. It is also 
conceivable that a thickness of about 5000 A is su?icient for 
the diamond-like carbon ?lm. If the thickness of the 
diamond-like carbon ?lm 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. 
Mixed 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 ?lms were formed on the intermediate layers to a 
thickness of 1200 A. Adhesion of the diamond-like carbon 
?lms was evaluated in the samples obtained in the afore 
mentioned manner, similarly to the above. 

Table 3 shows the results. 

TABLE3 

ExampleG 

Examplel 303. 50.3. 100A 500A 

Number of Samples 43 14 0 0 0 
Causing Separation 

As clearly understood from Table 3, the diamond-like 
carbon ?lms were generally separated when the intermediate 
layers of SiC were less than 50 A in thickness, while no such 
separation was recognized when the ?lm thicknesses 
exceeded 50 A. Thus, the intermediate layer is preferably at 
least 50 A in thiclmess, 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 l.8><l0_4 Torr. Diamond-like 
carbon ?lms 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 ?lms 
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FIG. 9 
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FIG. 10 
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FIG. 12 

(°C) (1) O i’ 

400— Substrate Temperature 
0 5 ‘0 15 2o 

Film-Forming Time (Min.) 

Case 8:13-cv-01481-JVS-JPR   Document 1   Filed 09/23/13   Page 42 of 135   Page ID #:42



U.S. Patent May 23, 2000 Sheet 9 0f 15 6,066,399 

FIG. 13 
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FIG. 15 
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FIG. 17 
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FIG. 19 
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FIG. 21 
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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 ?lm 
and a method of forming the hard carbon thin ?lm. 

Description of Related Art 

Hard carbon thin ?lms exhibit excellent hardness, 
resistivity, chemical stability and the others, and have gath 
ered expectations for their applications to functional thin 
?lms 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 ?lm 
layers of solar cells, protective coatings on thin ?lm mag 
netic heads, and protective coatings on SAW devices. 

In the above applications, poor adhesion of the hard 
carbon thin ?lm 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 ?lm (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 ?lm from the 
underlying layer is disadvantageously occasioned When 
in?uenced by the internal stress of the hard carbon thin ?lm 
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 ?lm Which is capable of exhibiting an 
improved adherence to an underlying layer such as a sub 
strate. 

A crystalline hard carbon thin ?lm, as generally called a 
diamond thin ?lm, is typically formed through thermal 
decomposition of a material gas such as methane using a hot 
?lament. 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 ?lm 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 ?lm mainly consisting of non 
crystalline or amorphous components has also been knoWn 
as illustrative of the hard carbon thin ?lm. Such a diamond 
like thin ?lm 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 ?lm thus formed is superior in surface 
smoothness but is generally inferior in surface hardness to 
the diamond thin ?lm. 

Accordingly, there remain a need for a technique Which is 
capable of forming diamond thin ?lms having smaller 
surface irregularities at reduced substrate temperatures, and 
another need for a technique Which is capable of forming 
diamond-like thin ?lms 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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2 
ties of the diamond and diamond-like thin ?lms to form hard 
carbon thin ?lms 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 ?lm 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 ?lm. 

It is another object of the present invention to provide a 
method for forming a hard carbon thin ?lm Which can 
control a proportion of crystalline and non-crystalline com 
ponents in the thin ?lm as Well as its ?lm properties such as 
hardness and surface smoothness. 
A hard carbon thin ?lm in accordance With a ?rst aspect 

of the present invention characteristically has a graded 
structure in Which a ratio of sp2 to sp3 carbon-carbon 
bonding (hereinafter referred to as “sp2/sp3 ratio”) in the thin 
?lm decreases in its thickness direction from a ?lm/ 
underlayer interface toWard a surface of the thin ?lm. 
A hard carbon thin ?lm in accordance With a second 

aspect of the present invention comprises tWo or more layers 
having respective individual sp2/sp3 ratios different from 
each other, so that the sp2/sp3 ratio in the thin ?lm decreases 
in a stepWise manner in its thickness direction from a 
?lm/underlayer interface toWard a surface of the thin ?lm. 
A hard carbon thin ?lm in accordance With a second 

aspect of the present invention characteristically has a 
graded structure in Which the sp2/sp3 ratio in the thin ?lm in 
its thickness direction decreases from a ?lm/underlayer 
interface to a minimum and increases therefrom toWard a 
surface of the thin ?lm. 
A hard carbon thin ?lm in accordance With a fourth aspect 

of the present invention characteristically comprises three or 
more layers having respective individual sp2/sp3 ratios dif 
ferent from each other, so that the sp2/sp3 ratio in the thin 
?lm decreases in a stepWise manner in its thickness direction 
from a ?lm/underlayer interface to a minimum and increases 
therefrom in a stepWise manner toWard a surface of the thin 
?lm. 
The sp2 and sp3 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 ?lm is predominantly sp3 While that in a 
graphite is predominantly sp2. It is also knoWn that an 
amorphous diamond-like carbon thin ?lm, as Well as a 
partially crystalline diamond-like carbon thin ?lm, may have 
a structure in Which both sp2 and sp3 carbon-carbon bond 
ings are distributed therethrough. In the present invention, 
such a sp2/sp3 ratio is characteristically varied in a ?lm 
thickness direction as described earlier. 

In the present invention, the sp2/sp3 ratio is varied pref 
erably in the range of 0—3. Accordingly, the present inven 
tion is intended to include the case Where the sp2/sp3 ratio is 
Zero, i.e., the carbon-carbon bonding in the thin ?lm is 
essentially devoid of sp2 and predominantly of sp3. 

In general, the increased sp2/sp3 ratio, accordingly the 
increased proportion of sp2 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 sp2/sp3 ratio, accordingly the increased propor 
tion of sp3 carbon-carbon bonding tends to produce a ?lm 
With increased hardness and internal stress. 

The sp2/sp3 ratio as speci?ed 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 ?lm is 
contemplated to include a crystalline diamond carbon thin 
?lm, an amorphous diamond-like carbon thin ?lm, and a 
diamond-like carbon thin ?lm having a partial crystalline 
structure. Accordingly, the change of sp2/sp3 ratio in a 
thickness direction of a thin ?lm may be accompanied by the 
change in proportion of crystalline and non-crystalline com 
ponents in the thickness direction of the ?lm. 

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

The hard carbon thin ?lm 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. 

A?rst method for forming the hard carbon thin ?lm of the 
present invention using a plasma CVD technique is charac 
teriZed in that ion species, associated With formation of the 
thin ?lm, in a plasma are varied in kinetic energy With 
?lm-forming time, so that the sp2/sp3 ratio in the hard carbon 
thin ?lm 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. 
Asecond method for forming the hard carbon thin ?lm 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 ?lm 
forming time, so that the sp2/sp3 ratio in the thin ?lm is 
varied in its thickness. 
A third method for forming the hard carbon thin ?lm of 

the present invention using a plasma CVD technique is 
characteriZed in that a substrate temperature is varied With 
?lm-forming time, so that the sp2/sp3 ratio in the thin ?lm 
formed on the substrate is varied in its thickness direction. 
A fourth method for forming the hard carbon thin ?lm of 

the present invention using a plasma CVD technique is 
characteriZed in that the proportion of ion species associated 
With formation of the thin ?lm is varied With ?lm-forming 
time, so that the sp2/sp3 ratio in the thin ?lm is varied in its 
thickness direction. Those ion species associated With for 
mation of the thin ?lm include CH3+ and CH2", for example. 
The sp2/sp3 ratio in the thin ?lm can be varied in its 
thickness direction by varying the proportion of those ion 
species With ?lm-forming time. 

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

Furthermore, the hard carbon thin ?lm of the present 
invention can be formed using a technique in accordance 
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With a ?fth aspect of the present invention Which Will be 
described hereinafter. 
The ?lm-forming method of the present invention char 

acteristically utiliZes a plasma CVD process in varying the 
ion species associated With formation of the thin ?lm to 
thereby varying the composition or structure of the thin ?lm 
in its thickness direction. The composition or structural 
gradient in a thickness direction of the thin ?lm can be 
produced such as by varying the sp2/sp3 ratio in a thickness 
direction of the thin ?lm, e.g., by varying the ion species, 
such as CH3+ and CH2+ as described above as being 
associated With formation of the thin ?lm, With ?lm-forming 
time. 

In accordance With a ?fth aspect of the present invention, 
a method is provided for forming a hard carbon thin ?lm 
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 ?lm properties of the resulting hard 
carbon thin ?lm can be controlled. 

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

Illustrative of the thermal decomposition technique is a 
technique Which thermally decomposes the material gas by 
exposing them to heat from a hot ?lament disposed above a 
substrate on Which the hard carbon thin ?lm is to be 
deposited. 

Exemplary techniques of forming the hard carbon thin 
?lms 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 ?lms. 

In one embodiment practicing the method in accordance 
With the ?fth aspect of the present invention, the ?lm 
formation through the thermal decomposition of the material 
gas is folloWed by the additional ?lm 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 ?lm having a 
higher degree of crystallinity. The succeeding ?lm formation 
thereon using the plasma-assisted decomposition technique 
is affected by the higher degree of crystallinity of the 
underlying hard carbon thin ?lm to result in formation of the 
additional hard carbon thin ?lm having an increased degree 
of crystallinity or hardness as a Whole. 

In another embodiment practicing the method in accor 
dance With the ?fth aspect of the present invention, the ?lm 
formation through the thermal decomposition of the material 
gas is effected While the ?lm 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 ?lm 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 ?fth aspect of the present invention, Whether the 
hard carbon thin ?lm formed has a crystalline diamond 
nature or an amorphous diamond-like nature depends upon 
the ?lm-forming conditions respectively through the thermal 
decomposition and plasma-assisted decomposition of the 
raW material gas. Accordingly, the suitable control of these 
?lm-forming conditions results in formation of the hard 
carbon thin ?lm having tailored ?lm properties. 

Also, Whether the hard carbon thin ?lm 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 ?lm comprises a ?rst 
step and a subsequent second step. In the ?rst step, a hard 
carbon thin ?lm is formed using a ?rst technique incorpo 
rating at least a ?lm-forming technique through thermal 
decomposition of a material gas. The ?rst step is folloWed by 
the second step in Which an additional hard carbon thin ?lm 
is formed thereon using a second technique incorporating at 
least a ?lm-forming technique through decomposition of the 
material gas by a plasma. 

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

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

Since in the ?rst step, the hard carbon thin ?lm is formed 
by using the ?rst technique incorporating at least the ?lm 
forming technique through thermal decomposition of the 
material gas, a relatively high degree of crystallinity can be 
imparted to the resulting hard carbon thin ?lm. In the second 
step, the second technique is used to form the additional hard 
carbon thin ?lm on the hard carbon thin ?lm having the 
higher degree of crystallinity resulting from the ?rst step, so 
that the relatively high degree of crystallinity of the under 
lying hard carbon thin ?lm favorably affects the succeeding 
formation of the additional hard carbon thin ?lm in the 
second step. Therefore, the hard carbon thin ?lm 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 ?lm-forming technique through 
plasma-assisted decomposition of the material gas, amor 
phous components may be produced in the overlying hard 
carbon thin ?lm formed by using the second technique, 
thereby imparting a relatively good surface smoothness, 
approaching at best to that of the diamond-like thin ?lm, to 
the resulting hard carbon thin ?lm. 
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In accordance With the present aspect, the second tech 

nique incorporating at least the ?lm-forming technique 
through plasma-assisted decomposition of the material gas 
at a relatively loW temperature, When practiced subsequent 
to the ?rst technique incorporating at least the ?lm-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 ?lm. 

In the ?fth 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 ?lm prop 
erties of the resulting hard carbon thin ?lms. Introduction of 
the hydrogen gas contributes to removal of graphite com 
ponents to permit selective formation of diamond thin ?lms 
Which have higher degrees of crystallinity and hardness. 

Also in the ?fth aspect of the present invention, a hard 
carbon thin ?lm is formed on a substrate through an inter 
layer provided therebetWeen. The formation of the hard 
carbon thin ?lm through the interlayer improves its 
characteristics, eg adhesion or adherence to the substrate. 
The interlayer may be comprised of a thin ?lm of Si, Ti, Zr, 
Ge, or oXides or nitrides thereof. The ?lm thickness of the 
interlayer is not particularly speci?ed, 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 ?lm 
thereon, and/or the hard carbon thin ?lm 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 speci?ed, but generally at 
an ion current density of 0.01—5 mA/cm2, an acceleration 
voltage of 20—10,000 eV, and an inert gas partial pressure of 
1><10_6—1><10_1 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 1><10_2—1><101 
A/cm2. The laser beam may be emitted under a typical 
poWer density condition of 1><10_3—1><108 W/cm2. Laser 
beam sources include eXcimer, argon, YAG, CO2, 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 ?lm 
forming process from the start of coating formation. 

For the method for forming an amorphous carbon ?lm in 
accordance With the sixth aspect of the present invention, 
applicable ?lm-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-?lament 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 
hms not exceeding one ?fth of a thickness thereof. Under a 
selected cleaning condition, an amorphous carbon coating 
may be formed Which exhibit a surface roughness hrms 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 hms not exceeding one ?fth, 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 ?lm in accordance With a ?rst 
aspect of the present invention; 

FIG. 2 is a graph shoWing a varied sp2/sp3 ratio in a 
thickness direction of the hard carbon thin ?lm shoWn in 
FIG. 1; 

FIG. 3 is a schematic cross-sectional vieW of one embodi 
ment of a hard carbon thin ?lm in accordance With a second 
aspect of the present invention; 

FIG. 4 is a graph shoWing a varied sp2/sp3 ratio in a 
thickness direction of the hard carbon thin ?lm shoWn in 
FIG. 3; 

FIG. 5 is a graph shoWing a varied sp2/sp3 ratio in a 
thickness direction of one embodiment of a hard carbon thin 
?lm in accordance With a third aspect of the present inven 
tion; 

FIG. 6 is a graph shoWing a varied sp2/sp3 ratio in a 
thickness direction of one embodiment of a hard carbon thin 
?lm 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 
?lms in accordance With the present invention; 

FIG. 8 is a graph shoWing a ?rst exemplary pattern of an 
acceleration voltage varied With ?lm-forming time for appli 
cation to a grid in accordance With one embodiment of the 
present invention; 

FIG. 9 is a graph shoWing a ?rst exemplary pattern of a 
supply pressure, varied With ?lm-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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8 
FIG. 10 is a graph shoWing a second exemplary pattern of 

an acceleration voltage varied With ?lm-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 ?lm-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 ?lm-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 ?lm-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 ?lm-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 ?lm-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 ?lm-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 ?lm-forming apparatus for embodying a method in 
accordance With a ?fth 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 ?lm-forming apparatus for embodying the 
method in accordance With the ?fth 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 ?lm in accordance With a ?rst 
aspect of the present invention. Formed on a substrate 1 is 
a hard carbon thin ?lm 2. 

FIG. 2 is a graph shoWing the changes of sp2/sp3 ratio in 
a thickness direction of the hard carbon thin ?lm 2 of FIG. 
1. As shoWn in FIG. 2, the sp2/sp3 ratio decreases in the 
thickness direction of the ?lm, i.e., toWard its surface from 
a ?lm/substrate interface. It folloWs that the hard carbon thin 
?lm 2 has an increased sp2/sp3 ratio and accordingly a 
reduced internal stress in the vicinity of the ?lm/substrate 
interface, and has good adhesion to the substrate 1. Also, the 
hard carbon thin ?lm 2 has a decreased sp2/sp3 ratio and 
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JS 44 Rsvc¡so (Rw. l2l12)

INSTRUCTIONS FOR ATTORNEYS COMPLETING CTYIL COVER SHEET FORM JS 44

Authority For Civil Cover Sheet

The JS 44 civil cover sheet and tho information contained herein neither replaces nor supplements the filings and service ofpleading or other papeß as

rcquired by law, oxcept as providcd by local rules ofoourt. This form, approved by the ludicial Conforcnce ofthe United States in Septembor 1974, ís
required for ths use of the Clerk of Court for the purpose of initiating the civil docket sheet, Consequently, a civil cover sheËt is submitted to the Clerk of
Cou¡t for each civil complaint filed, The attomey filing a case should complete the form as follows:

I(a) Plalntlffs-Defendants. Enter names (last, first, middle initial) of plaintiff and dcfendant. If the plaintiff or defendant is a government agency, use

only the fr¡ll name or standard ¡bb¡eviations. If the plaintilïor dcfondant is an official within a government agenoy, idontify first the agency and
then thc offioial, giving both name and title.

(b) CountyofRcsldence. Foroachciviloasefiled,exceptU,S,plaintiffcases,entcrthenameofthccountywhcrothcfnstlistcdplaintiffresidosatthe
timeoffìling. InU.S.plaintiffcases,enterthenameofthccounþinwhiohthefirstlisteddefendantrosidosatthctimooffiling. (NOTE:Inland
condemnation cases, the county ofresidence ofthe "defendant" is the location ofthe Eact of land involved,)

(c) Attorneyr. Enter thc firm narne, address, teþhone number, and attomey of record. If there atp sovorrl attomeys, list them on an attachmon! noting
in this section "(see attaohment)".

il. Jurisdiction. The basis ofjurisdiction is set forth under Rule 8(a), F,R,Cv.P,, which requires that jwisdictions be shown in pleadings. Place an "X"
in one of the boxes. If there is more than one basis ofjurisdiotion, precedence is given in the order shown below,
United States plaintiff. (l) Jurisdiction bæed on 28 U.S.C. 1345 and 1348, Suits by agencies and ofücers ofthe United States are includcd hcre.
United States defendant, (2) When the plaintiff is suing tho United States, íts offtcers or agonoies, place an "Xn in this box.
Federal question, (3) This refers to suits under 28 U,S.C. 1331, wherejurisdiotion arises under the Constitution ofthe United States, an amendment
to the Constitution, an aot of Congress or a t¡eaty of the United States. In cases where thc U.S. is ô pûrty, thc U.S. plaintiffor defendant code takes
precedenoe, and box I or 2 should be marked,
Diversity of oitizenship. (4) This refers to suits undcr 28 U.S.C. 1332, wherc parties are citizens of different states. When Box 4 is checked, the
citizenship ofthe different partios must be ohecked. (Sce Section III below; NOTE¡ fedcr¡l qrest¡on ¡ctions t¡kc preccdcnce over d¡vcrslty
ceses.)

Residence (cltizenship) of Principal Prrtles. This section of the JS ,14 is to be completed if divenity of citizenship was indioated above, Mark this
section for each principal party.

ry. NaturcofSuit. PlaceanuXuintheappropriatebox, Ifthcnatureofzuitcannotbedetermined,besurethecauseofaction,inSectionVlbelow,is
sufficient to enable the deputy olerk or the statistioal clerk(s) in the Adminístr¿tive Ofüce to determine ttre nature of suit. If the cause fits more tha¡
one nature of suil seloct the most definitivo,

Vr Orlgin. Placo a¡r "X' in one of the six boxes.
Original Proceedings. (1) Cases which originarc in the Unitcd Statcs distict cor¡rts.

Romoved ûom State Court. (2) Proceedings initiated in st¿te courts may be removed to the dishict oourts under Title 28 U,S,C., Section l,l4l,
rJVhen the petition foÌ removal is granted, chcck this box,
Remanded from Appellate Court, (3) Cheok thls box for oæes remanded to the dislrict court for further action, Use the date of rernand a.s the filing
dato,
Reinstated or Reopened, (4) Check this box for cases reinstated or reopened in the district court. Use the reopening date as the filing date.

Transfened ûom A¡other Distriot. (5) For cæes t¡ansfened under Title 28 U.S,C. Section 1404(a). Do not use this for within dístrict ûansfers or
multidistrict litigation transfors,

MùttidisbíctLitigation. (QCheokthisboxwhenamultidist¡iotcæeishansfeÍedintothedistictùrderauthorityofTitle2SU.S.C,Sectionl40T,
\ilhen this box is cheoked, do not check (5) above.

VI. C¡uscofAction, Reportthecivilstatutedircctlyrelatedtothecauseofactionandgiveabriefdesøiptionofthecause. Donotcitejurisdictlonal
ståtutca unlcæ diversity. Example: U.S. Civil Statute: 47 USC 553 Brief Descriptlon: Unauthorized reception of cable service

VII, Requestcd in Compleint Class Action. Place an "X" in this box if you are filing a class action under Rule 23, F.R.Cv,P,
Domand. In this spacc cnter the actual dollar amount being demanded or indicate otlrer demand, such as a preliminary i4junction,
Iury Demand, Cheok the appropriate box to indicate whether or not ajury is being demanded,

V[I. Rel¡tcd Cnscs. This section ofthe JS 44 is used to ¡eference related pending cases, if any, Ifthere are related pending cases, insert the docket
numbers and the conesponding judge names lor such cases.

D¡te ¡nd Àttorney Signature. Dtte and sign the civil cove¡ sheet,
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