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IN THE UNITED STATES DISTRICT COURT FOR
THE EASTERN DISTRICT OF TEXAS

1. CARL B. COLLINS, an individual, and
2. FARZIN DAVANLOQO, an individual,

Plaintiffs, CIVIL ACTION NO. -/) %j
\'A

DEMAND FOR JURY TRIAL

1. THE GILLETTE COMPANY ., a Delaware
Corporation,

Defendant.

COMPLAINT FOR DAMAGES AND INJUNCTIVE RELIEF
FOR PATENT INFRINGEMENT

Plaintiffs Carl B. Collins and Farzin Davanloo (collectively “Plaintiffs”) complain of

defendant The Gillette Company (“Gillette) as follows:
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JURISDICTION AND VENUE

1. This is an action for patent infringement arising under the Patent Laws of the United
States, 35 U.S.C. §§ 100, et. seq. This Court has subject matter jurisdiction over this action
under 28 U.S.C §§ 1331 and 1338(a).
2. Gillette resides in this judicial district within the meaning of 28 U.S.C. §§ 1391(b) and (¢)
and §§ 1391(c) and 1400(b).
3. Gillette has offered to sell and has sold, and is offering to sell and is selling, to persons
within this judicial district, razor products hereinafter alleged to infringe Plaintiffs’ patents. For
example, Gillette has offered and offers over the Internet to sell to persons within this judicial
district, and such persons can purchase directly from Gillette over the Internet, razor products
hereinafter alleged to infringe Plaintiffs’ patents.
4. Gillette has knowingly and actively induced, and is knoWingly and actively inducing,
others, such as retailers in this judicial district, to offer to sell and sell, to persons within this
judicial district, razor products hereinafter alleged to infringe Plaintiffs’ patents.
5. Gillette has delivered, and is delivering, razor products hereinafter alleged to infringe
Plaintiffs’ patents into the stream of commerce with the expectation that they will be purchased
by others within this judicial district and Gillette has sought and obtained a substantial benefit
from such sales.

THE PLAINTIFES
6. Plaintiff Carl B. Collins, Ph.D. is a natural person residing at 1216 Glen Cove Drive,
Richardson, Texas, and is a Professor at the University of Texas at Dallas.
7. Plaintiff Farzin Davanloo, Ph.D. is a natural person residing at 18333 Roehampton Drive,
Apt. 122, Dallas, Collin County, Texas, in the Eastern District of Texas, and is a Research

Scientist at the University of Texas at Dallas.



Case 2:04-cv-00038-TJW Document1 Filed 02/05/04 Page 3 of 38 PagelD #: 3

8. Plaintiffs are the inventors of the inventions claimed, and own all rights, title and interest
(including all rights to sue for past, present and future infringement), in United States Patent Nos.
5,411,797 and 5,478,650 (the “’797 patent” and “’650 patent” respectively), copies of which are
attached hereto as Exhibits A and B respectively.

THE DEFENDANT

9. Plaintiffs are informed and believe and, based thereon, allege that Gillette is a corporation
organized and existing under the laws of the State of Delaware, and that Gillette has its principal
executive offices at Prudential Tower Building, Boston, Massachusetts.

FIRST CLAIM FOR RELIEF
(Infringement of U.S. Patent No. 5,411,797)

10.  Plaintiffs’ incorporate by reference the allegations of paragraphs 1 through 9.

11. Gillette, at times after issuance of the 797 patent and without authorization, has made,
used, offered for sale and sold in, and may have imported into, the United States articles
(including, but not limited to, razor products such as the Gillette Mach3 shaving system and the
Gillette for Women Venus shaving system) covered by the ’797 patent (including, but not
limited to, Claim 1 thereof), and Gillette has knowing and actively induced others to commit
such acts of direct infringement.

12.  Plaintiffs are informed and believe and, based thereon, allege that Gillette had knowledge
of the 797 patent prior to the commencement of this action and, to the extent Gillette has failed
to abide by its duty of care to avoid infringement, Gillette’s infringement has been and continues
to be willful and deliberate.

13.  Plaintiffs have suffered damages as a result of Gillette’s infringement and will continue

to suffer damages as a result of Gillette’s continued infringement.
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14.  Gillette has caused and will, until enjoined, continue to cause irreparable injury to

Plaintiffs for which there is no adequate remedy at law.

SECOND CLAIM FOR RELIEF
(Infringement of U.S. Patent No. 5.478,650)

15.  Plaintiffs’ incorporate by reference the allegations of paragraphs 1 through 9.

16. Gillette, at times after issuance of the 650 patent and without authorization, has made,
used, offered for sale and sold in, and may have imported into, the United States articles
(including, but not limited to, razor products such as the Gillette Mach3 shaving system and the
Gillette for Women Venus shaving system) covered by the *650 patent (including, but not
limited to, Claim 1 thereof), and Gillette has knowing and actively induced others to commit
such acts of direct infringement.

17.  Plaintiffs are informed and believe and, based thereon, allege that Gillette had knowledge
of the *650 patent prior to the commencement of this action and, to the extent Gillette has failed
to abide by its duty of care to avoid infringement, Gillette’s infringément has been and continues
to be willful and deliberate.

18.  Plaintiffs have suffered damages as a result of Gillette’s infringement and will continue
to suffer damages as a result of Gillette’s continued infringement.

19.  Gillette has caused and will, until enjoined, continue to cause irreparable injury to
Plaintiffs for which there is no adequate remedy at law.

PRAYER FOR RELIEF

WHEREFORE, Plaintiffs pray for judgment as follows:

(a) that Gillette has infringed the 797 and *650 patents;
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(b)  that an injunction be issued against further infringement of the *797 and ’650
patents by Gillette and its officers, agents, servants, employees, attorneys and all persons
in active concert or participation with them;

(¢ that Gillette account and pay actual damages (but no less than a reasonable
royalty) to Plaintiffs to compensate them for Gillette’s infringement of the >797 and 650
patents as provided by 35 U.S.C. §284;

(d) that Gillette pay interest and costs to Plaintiffs as provided for by 35 U.S.C. §284;
(e) that Gillette pay treble damages to Plaintiffs as provided by 35 U.S.C. §284;

63) that this case is exceptional within the meaning of 35 U.S.C. §285 and, therefore,
that Gillette pay Plaintiffs their reasonable attorney fees; and

(g) that Plaintiffs be granted such other and further relief as the Court deems just and

equitable.
Respectfully submitted,
/( }1 %m« & L !
William B. Dawson, Attorney in Charge Zﬁ&
WILLIAM B. DAWSON (State Bar No. 05606300) DAVID E. KILLOUGH (State Bar No. 24030903)
VINSON & ELKINS L.L.P. VINSON & ELKINS L.L.P.
3700 Trammell Crow Center The Terrace 7
2001 Ross Avenue 2801 Via Fortuna, Suite 100
Dallas, Texas 75201-2975 Austin, Texas 78746-7568
tel: (214) 220-7926 tel: (512) 542-8428
fax: (214) 999-7926 fax: (512) 236-3253

ATTORNEYS FOR PLAINTIFFS
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DEMAND FOR JURY TRIAL

Pursuant to Federal Rule of Civil Procedure 38, Plaintiff demands a jury trial on all issues

triable of right by a jury.

Respectfully submitted,

()bl 5%

William B. Dawson, Attorney in Charge
WILLIAM B. DAWSON (State Bar No. 05606300) DAvVID E. KILLOUGH (State Bar No. 24030903)
VINSON & ELKINS L.L.P. VINSON & ELKINS L.L.P.
3700 Trammell Crow Center The Terrace 7
2001 Ross Avenue 2801 Via Fortuna, Suite 100
Dallas, Texas 75201-2975 Austin, Texas 78746-7568
tel: (214) 220-7926 tel: (512) 542-8428
fax: (214) 999-7926 fax: (512) 236-3253

ATTORNEYS FOR PLAINTIFFS
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1
NANOPHASE DIAMOND FILMS

This application is a continuation-in-part of Ser. No.
602,155, now pending which is 2 continuation-in-part of
Ser. No. 521,694, filed May 9, 1990, now U.S. Pat. No.
5,098,737, which is a continuation-in-part of Ser. No.
264,224, filed Oct. 28, 1988, abandoned, which was a
continuation-in-part of Ser. No. 183,022, filed Apr. 18,
1988, now U.S. Pat. No. 4,987,007. This is also a con-
tinuation-in-part of Ser. No. 821,642, now pending
which is a divisional of Ser. No. 521,694, filed May 9,
1990, now U.S. Pat. No. 5,098,737.

BACKGROUND OF THE INVENTION

This invention relates to an amorphous or ultra fine-
grained, diamond-like material that is substantially free
of graphite and hydrogen, and is deposited in 2 film on
a substrate in the form of nanometer-sized, tightly
packed nodules of sp3-bonded carbon, hereinafter re-
ferred to as “nanophase diamond.” In one method of
preparing the material of the present invention, a laser
beam is directed onto the substrate before and/cr dur-
ing deposition of diamond-like particles on the substrate
to substantially eliminate graphite particles thereon.
Laser energy focused on the substrate is helpful for
preventing substantial build-up of graphite. Further-
more, laser energy on the substrate is also useful for
preconditioning the substrate to facilitate bonding of
diamond-like particles to the substrate.

In recent years, there has been great interest in pro-
ducing a diamond-like carbon coating for a variety of
reasons. First, diamond-like carbon has an extremely
hard surface nearly impervious to physical abuse (abra-
sive or chemical) and is therefore quite useful as a pro-
tective surface. Diamond-like carbon is optically trans-
parent (in, e.g., the infrared spectrum), and is therefore
believed to be useful in a variety of optics applications
such as protecting sensor optical circuits, quantum
wells, etc. In addition, diamond-like carbon has been
found to have a high electrical resistivity as well as high
thermal conductivity—an unusual combination. Dia-
mond-like carbon, when doped, can act as a semicon-
ductor, thereby forming the basis of technology for
microcircuitry that can operate under hostile conditions
of high temperatures and high radiation levels. There-
fore, great interest has been shown in developing tech-
niques for obtaining diamond-like carbon films in com-
mercial quantities for possible use in the semiconductor
industry.

‘While natural diamond is a generally well defined
substance, so-called “diamond-like carbon™ films are
not well defined, possibly because of the many different
methods of preparation which contribute unique as-
pects to the product. From a structural viewpoint, six
allotropes of carbon have been identified two for each
of the numbers of dimensions through which the carbon
atoms may bond. The two most important carbon allo-
tropes of interest in the optics and semiconductor indus-
tries are the two dimensional sp2 bonding characteristic
of graphite, and the three dimensional sp3 tetrahedral
bonding which gives natuaral diamond its anique proper-
ties. The article Low Pressure, Metastable Growth of
Diamond and Diamondlike Phases, by John C. Angus
and Cliff C. Hayman, 41 Science pp. 1913-21 (August
1988), describes different types of diamond-like phases,
methods of production, and possible uses, the disclosure
of which is expressly incorporated herein by reference.
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Natural diamond has the highest hardness and elastic
modulus of any natural material. Diamond is the least
compressible patural substance known, bas the highest
thermal conductivity, and also has a low thermal expan-
sion coefficient. Further, diamond is a wide band gap
semiconductor, having a high breakdown voltage (107
V/cm) in a saturation velocity (2.7X 107 em/s) greater
than silicon, gallium arsenide, or indium phosphide.
Thus, diamond-like carbon films are potentially useful
in the electronics industry as a protective, resistive coat-
ing with extremely desirable heat sink properties.

Several different kinds of thin films having some of
the properties of diamond can be made from pure car-
bon. Preferably prepared emtirely without hydrogen,
fluorine or any other catalysts, these materials can be
distinguished by their internal structures. Three forms
have been reported: (1) defected graphite, (2) i-C, and
(3) “amorphic” diamond. See Collins et al., “The Bond-
ing of Protective Films of Amorphic Diamond to Tita-
niam,” 71 J. App. Phys. 3260 (1992), the disclosure of
which is herein incorporated by reference. The term
“amorphic™ derives from a combination of the terms
“amorphous™ and “ceramic,” and has become a term of
art to describe a material comprising amorphous carbon
having diamond-like properties. In the first type of
carbon-based material, diamond-like properties seem to
accrue from a high density of defects in otherwise or-
derly graphite that trap electrons and shorten bonds to
increase both strength and transparency. The other two
materials, i-C and “amorphic” diamond, derive their
enhanced characteristics from an abundance of carbon
atoms linked by the sp3 bonds of diamond.

Currently, four major methods are being investigated
for producing so-called “diamond-like” carbon films:
(1) ion beam deposition; (2) chemical vapor deposition;
(3) plasma enhanced chemical vapor depositions; and
(4) sputter deposition.

The ion beam deposition method typically involves
producing carbon ions by heating a filament and accel-
erating carbon ions to selected energies for deposit on a
substrate in a high vacuum environment. Ion beam
systems use differential pumping and mass separation
techniques to reduce the level of impurities in the car-
bon ion fluence to the growing film. While films of
diamond-like carbon having desirable properties can be
obtained with such ion beam techniques, the films are
expensive to produce and are achievable only at very
slow rates of growth on the order of 50 angstroms per
day to perhaps as high as a few hundred angstroms per
day.

The chemical vapor deposition and plasma enhanced
chemical vapor deposition methods are similar in opera-
tion and have associated problems. Both methods use
the dissociation of organic vapors (such as CH3OH,
CzHa, and CH3OHCH3) to produce both carbon ions
and neutral atoms of carbon for deposit on a substrate.
Unfortunately, the collateral products of dissociation
frequently contaminate the growing film. While both
chemical vapor deposition and plasma enhanced chemi-
cal vapor deposition achieve film growth rates of prac-
tical levels, such films are of poor optical quality and
unsuitable for most commercial uses. For example, if
the films are amorphous, the internal stress is too high to
permit growth to useful thickness; if crystalline, there is
no bonding to the substrate. Further, epitaxial growth is
simply not possible using chemical vapor deposition
techniques.



Case 2:04-cv-00038-TJW. Document 1 Filed 02/05/04 Page 15 of 38 PagelD #: 15

5,411,797

3

Sputtering deposition usually includes two ion
sources, one for sputtering carbon from a graphite
source onto a substrate, and amother ion source for
breaking the unwanted graphite bonds in the growing
film. In the typical sputtering method, an argon ion
sputtering gun sputters pure carbon atoms off of a
graphite target within a vacuum chamber, and the car-
bon atoms are condensed onto a substrate. Simulta-
neously, another argon ion source bombards the sub-
strate to enhance the breakdown of the graphite bond-
ing in favor of a diamond-like sp> tetrahedral bond in
the growing carbon film. The poor vacuum and rela-
tively high pressure (10—3 to 10—4 torr) in sputtering
deposition is cumbersome and tends to introduce con-
tamination of the film on a level comparable to those
encountered in chemical vapor deposition and plasma
enhanced chemical vapor deposition.

Therefore, while many attempts have been made to
obtain high quality diamond-like carbon at commercial
levels of production, the results have thus far been dis-
appointing. The known methods recited above are defi-
cient in many respects. While the ion beam deposition
method produces a good quality film, its slow growth
rates are impractical. The chemical vapor dcposrnon

and sputter methods are prone to contamination, yield- 25

ing an unacceptable film io most circumstances. Addi-
tionally, the chemical vapor deposition technique cre-
ates a growth environment that is too hostile for fragile
substrates. Indeed, the aggressive chemical environ-
ment characteristic of chemical vapor deposition could
result in destruction of the very substrate that the dia-
mond-like film is intended to protect. Moreover, all
known methods require elevated temperatures, which
often prove impractical if coating an optical substrate is
desired. The known methods also involve complex and
cumbersome devices to implement.

Chemical vapor deposition techniques have been
useful in obtaining diamond-like carbon material de-
noted “a-C:H,” which is an amorphic carbon structure

30

35

containing a significant amount of hydrogen. In fact, it 40

is believed that hydrogen is necessary for permitting
realistic growth of the metastable diamond-like material
and that a reduction in the amount of hydrogen below
about 20% degrades the film towards graphite. Of

course the amount of hydrogen correlates with the 45

proportions of sp3 to sp? bonding and the correlation of
diamond-like properties to graphite-like properties.

It appears that some ion-sputter techniques have been
successful in producing a diamond-like carbon material
without hydrogen—so-called “a-C” film. (See, Low
Pressure, Metastable Growth of Diamond and Diamond-
like Phases, page 920, supra). Such a-C diamond-like
carbon is interesting in that the ratio of sp3 to sp? bond-
ing is believed to be high, with a corresponding increase
in diamond-like properties. Unfortunately, the growth
rates of such 2a-C materials are extremely slow and not
commercially viable. In addition, internal stresses are
too high to permit growth to useful thicknesses. Fur-
ther, ion energies are too low to permit bonding with

the substrates. Apparently, attempts to increase growth 60

rates using increased power densities in such ion sputter
techniques resulted in a decrease in the ratio of sp3 to
sp? bonding.

Producing diamond-] hkecarbonlsjustoneexampleof

the general problem of producing a layer of material 65

having desirable physical properties where the material
is extremely difficult to handle or manipulate. Examples
of other such materials include semiconductors, such as

50
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silicon, germanijum, gallium arsenide, and recently dis-
covered superconducting materials which might be
generally characterized as difficult to handle ceramics
(e.g., yttrium-bariam compounds). Therefore, it would
be a significant advance to achieve a method and appa-
ratus which could produce an optical quality diamond-
like layer baving an abundance of sp* bonding (and
therefore diamond-like qualities) in commercial quanti-
ties. Further, it would be significant if such method and
apparatus were useful in producing layers of other types
of materials which, using conventional technology, are
difficult to handle or produce.

SUMMARY OF THE INVENTION
The present invention represents a mnanophase
diamond film which has extremely desirable properties
such as physical hardness, electrical strength, high ther-
mal conductivity, and optical transparency. An exem-
plary method and apparatus for preparing a nanophase

20 diamond film are also disclosed herein. The following

pateats also disclose apparatus and methods suitable for
producing nanophase diamond, the disclosures of
which are herein i ted by reference: U.S. Pat.
No. 4,987,007 to Wagel et al,, issued Jan. 22, 1991; and
U.S. Pat. No. 5,098,737 to Collins et al., issued Mar. 24,
1992,

The basic unit of construction of the nanophase
diamond of the present invention is the spi-bonded
nodule. Typically, these nodules range in size from 100
to 1000 angstroms in diameter and contribute the prop-
erties of diamond found in the finished films. The nod-
ules lack coherent ordering, probably because they
contain a random alteination of the cubic and hexagonal
polytypes of diamond. With electron diffraction, they
appear amorphous. Moreover, the na.nophase diamond
films of the present invention lack the internal ordering
necessary to display the Raman line of diamond. How-
ever, estimates supported by measurements of mass
densities and soft x-ray (ka) emission spectra suggest
that the sp? content within the nodules is less than 5%
and perhaps even as low as 2%, indicating a “diamond-
like” material. Between the nodules is found an amor-
phous mixture of carbons and void.

Nanophase diamond is perhaps a limiting form of i-C.
Both materials are comprised of diamond nodules, but
only in nanophase diamond have the nodules been re-
ported to be densely packed thronghout the volume of
the film. The typical appearance of a nanophase
diamond film as shown by transmission electron micros-
copy (TEM) is seen in FIG. 6.

‘While the real parts of the indices of refraction of the
nanophase diamond film of the present invention are
mteresungmthatdwyapproaehthevalueofnamral
diamond (2.42), the greatest dia, i lies
in the imaginary parts of the indices of refraction (lossy
part). Measurement of these optical qualities is particu-
larly useful at the wavelength of the Helium-Neon laser,
or 632.8 nm. It is belicved that a small value (less than -
1.0) of the imaginary part of the indices of refraction is
attributable to the fraction of sp? bonding within the
nanophase diamond film (provided the real part is rea-
sonably constant). Natural diamond will approach an
imaginary index of refraction of zero, indicating almost
pure sp3 bonding. Advantageously, the- nandphase
diamond films of the present invention have an imagi-
nary index of refraction less than 1.0, and preferably less
than 0.5, indicating a preponderance of sp? bonding.
Indeed, the proportion of sp? bonding within the nano-
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phase diamond films of the present invention has been
found to be generally less than 25%, and as low as 2%,
depending on the manufacturing process.

The optical quality of nanophase diamond layers
hereof have been produced at high growth rates ex-
ceeding 0.5 microns per hour over large areas (e.g., 20
square centimeters) in thicknesses of about 5 nm to
about 5000 nm. As high growth rates are maintained, a
substantially graphite-free deposition of nanophase
diamond material is achieved by providing a laser beam
directly onto the deposition area (on the substrate), in
addition to a laser beam on the graphite target and
through the plume. The laser beam placed on the sub-
strate reduces accumulation of undigested graphite ma-
terial on the substrate. Furthermore, laser energy
placed on the substrate helps facilitate bonding (prefera-
bly sp? bonding) of deposited nanometer-scale particles,
forming nanophase diamond nodules on the substrate.

The target includes a moving, hardened graphite foil

fed past the point of laser ablation and accumulated on 20

a take-up reel. The tight bonding of each carbon atom
into planar hexagonal nets in this type of graphite foil
reduces the ejection of macroscopic particles (i.e., parti-
cles having dimensions greater than 1 micron or dimen-

6
substrate conditions. First, by using an essentially pure
graphite target arranged in a hardened fcil configura-
tion, ablation and ejection of macroscopic graphite
particles toward the substrate are minimized. Second,
by focusing a laser beam onto the substrate surface,
graphite particles which happen to somehow make it
onto the substrate are evaporated by the laser beam
energy. The laser beam placed on the substrate can be
obtained by reflecting 2 portion of the ionizing laser

10 beam or by directing another laser beam source, inde-

15

sions greater than the wavelengths of light being used in 25

the particular optical application), and thereby prevents
uneven deposition. Moreover, high growth rates are
achieved by trailing electrons inherently attracted to
the ions as the ions are placed upon the substrate. Not

only do the trailing electrons improve growth rate, they 30

also may collide with the ions to increase the energy of
the ion path.

An electrode can be incorporated within the laser
beam path to accelerate ions and trailing electrons away
from the graphite foil target and toward the substrate.
In addition, the electrode provides deceleration of the
ions and trailing electrons at a point just before the ions
and electrons are deposited upon the substrate. Acceler-
ation and deceleration are achieved by electrical fields

35

between the target and an electrode and between the 40

electrode and substrate, respectively. Furthermore, a
secondary electrode can be placed within the ion path
and charged relative to the substrate so that the parti-

cles can be selectively placed at specific locations upon .

the substrate. Selective placement of particles provides 45

in situ etching of the substrate during the deposition of
the early layers of particles, increasing the strength of
the bond of the nanophase diamond film with the sub-
strate.

Broadly speaking, an apparatus for producing nano- 50

phase diamond films in accordance with the present
invention includes 2 laser means directed within a vac-
uum chamber to impinge upon a continuous sheet of
moving target material made of graphite foil placed
within the chamber. The laser beam is focused npon the
target material to ablate and eject a plume of carbon
vapor whereby the plume is partially ionized by the
laser beam. Ionization energies are achieved by focusing
the laser beam upon the target material with sufficient

energy, preferably greater than 133 1010 W/cm?, to 60

both ablate and ionize carbon jons. A substrate is dis-
posed within the chamber, to collect the ions and trail-
ing electrons and to produce a layer of dehydrogenated
nanophase diamond nodules upon the surface of the
substrate.

For producing a nanophase diamond film substan-
tially void of ejected graphite particles, it is important
to (1) control the target material and/or (2) control the

55
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pendent of the ionizing laser beam source, onto the
substrate.

Given sufficient power density upon the graphite foil
target, optical quality namophesse diamond films de-
scribed herein can be produced. Preferably, the laser
beam traverses the ejected plume to enhance the plume
temperature. In a preferred configuration, a primary
electrode is positioned within the laser beam path to
discharge through the plume to further increase the
plume temperature by Joule heating. Furthermore, a
secondary electrode is charged relative to the substrate
to accelerate and then decelerate ions and trailing elec-
trons in their path from the target toward the substrate.
As the ions and electrons approach the substrate, they
can then be directed and placed at specific locations
upon the substrate.

A method of producing a film of nanophase diamond
material in accordance with the present invention
broadly comprises the steps of positioning a moving
sheet of hardened graphite foil in a vacuum chamber,
evacuating the chamber and directing a laser beam atan
angle upon the grephite foil to obtain a plume of carbon
substantially void of macroscopic particles having di-
mensions generally greater than 1 micron. The method
farther involves the steps of positioning a substrate in
the chamber and positioning an electrical field disposed
within the path of the laser beam between the substrate
and the target, and then collecting a portion of the
plume at selective points upon the substrate in accor-
dance with the electrical field at a deposition rate
greater than 0.1 microns per hour, and more typically
about 0.5 microns per hour. The nanophase diamond
material is substantially void of hydrogen and ap-
proaches the levels of hydrogen found in dehydroge-
nated natural diamond. Therefore, an advantage of the
present invention is its ability to produce nanophase
diamond layers having less than about 20% hydrogen
(and preferably less than about 2% hydrogen) uni-
formly deposited across a substrate and substantially
void of macroscopic particles.

In the present application, the term “layer” has gen-
erally been used synonymously with coating or film,
and connotes material deposited or grown on a sub-
strate. The layer may include an interfacial layer in
which the nanophase diamond film is chemically
bonded to the substrate. Also, it should be understood
that the substrate is not necessarily a different material
than the layer, but merely serves as a collection source
for material. Thus, the substrate might comprise
diamond or nanophase diamond on which a layer of
nanophase dismond is received to produce a homogene-
ous part of uniform physical properties. Furthermore, it
is understood that the nanophase diamond film com-
prises substantially dehydrogenated nodules of sp-
bonded carbon (i.e., fine-grained clusters having dimen-
sions of 100-1000 angstroms and preferably less than
500 angstroms).
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In the present application “nanophase diamond” has
been used as a generic term for a material having some
of the physical characteristics of diamond. In view of
the physical properties of the materials produced in
accordance with the present invention, the layer might
alternatively be called diamond or “amorphic”
diamond. The term nanophase diamond generally may
include nodules of diamond-bonded carbon containing
anywhere from zero to 20% hydrogen concentration
(although the nanophase diamond of the present inven-
tion is generally dehydrogenated at less than 5%). In
addition, the films contain only insignificant amounts
(preferably less than about 25%) of graphite (sp2-
bonded carbon) in the voids between the nodules. Thus,
it is understood that the form of the material or the use
of the term “nancphase diamond” indicates more than a
specific type of composition (e.g., such as percentage of
hydrogen or other impurities in interstitial sites in grain
boundaries). The term “nanophase diamond” refers to

15
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portant parameter in obtaining the best layer of mate-
rial. It is believed that focusing lens 20 is an important
ingredient in achieving the desired power density out-
put of laser beam 12.

Chamber 14 includes a cylindrical shell of sufficient
rigidity to withstand vacuum forces when chamber 14 is
evacuated to about 1 10—6 Torr. It is noted that re-
flecting mirror 18, focusing mechanism 20, substrate 24,
target 22, etc. are all rigidly secured within chamber 14
via structure 21

Reflecting mirror 18 includes a highly reflective,
smooth surface for redirecting the path of travel of laser
beam 12 in chamber 14. The illustrated mirror is prefer-

- ably a 45° reflector, Part No. Y1-15-45 made by CV1

Laser Corporation of Albuguerque, N. Mex, Focusing
lens 20 includes a lens which receives the directed laser
beam and focuses the beam to a focal point on target 22.
The illustrated lens is 2 plano-convex lens, Part No.
PLCX25.4/38.6 made by CVI Laser Corporation. The

any type of structure having nanometer-scale nodules of 20 spot size of the arrangement illustrated in FIG. 2 is

diamond-bonded carbon displaying characteristics simi-
lar to that of diamond.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1is a schematic, fragmentary, sectional view of 25

apparatus for producing nanophase diamond in accor-
dance with the present invention.

FIG. 2 is a schematic, fragmentary, sectional view of
an alternative apparatus for producing nanophase
diamond in accordance with the present invention.

FIG. 3 is a plot showing real indices of refraction of
varions samples of nanophase diamond film produced in
accordance with the present invention.

FIG. 4 is a plot showing imaginary indices of refrac-

30

tion of various samples of a nanophase diamond film 35

produced in accordance with the present invention.

FIG. §is a plot showing experimental results of a coil
placed along the laser beam path of an apparatus for
producing nanophase diamond in accordance with the
present invention.

FIG. 6isa photograph of diamond nodules shown by
transmission electron microscopy of a gold-coated rep-
lica of a film of nanophase diamond in accordance with
the present invention.

DETAILED DESCRIPTION

Turping to the drawings, an apparatus for producing
nanophase diamond in accordance with the present
invention is illustrated. Broadly speaking, apparatus 10
shown in FIGS. 1 and 2 includes laser beam 12 which
enters sealed chamber 14 via one or more windows 16.
Windows 16 include a glass seal 17, which permits beam
12 to pass from laser source 19 into chamber 14. Glass
seal 17 also prevents loss of evacuation in chamber 14,
Reflecting mirror 18 disposed within chamber 14 is used
to reflect incoming beam 12 toward focusing lens 20.
Both lens 20 and mirror 18 are securely held in position
by stationary structure 21 positioned within chamber
14. Lens 20 functions to focus beam 12 onto target 22.
Substrate 24 is sitnated within chamber 14 to collect a
layer of material produced by apparatus 10.

In the illustrated embodiments shown in FIGS. 1 and
2, laser source 19 is preferably a Nd-Yag laser config-
ured to deliver anywhere from 250 to 1000 millijoules in
a Q-switch mode at the focus point with a repetition
rate of 10 Hz. A Molectron MY34-10 laser has been
satisfactorily used. The present invention postulates
that the power density delivered to target 22 is an im-
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believed to be on the order of 75 microns. However, it
is believed desirable to use further optical improve-
ments to achicve a smaller spot size, which of course
would significantly enhance the power density of the
encrgy delivered to target 22.

A shield mechanism 25 may be provided within the
beam path and between lens 20 and substrate 24 to
shield or reduce the contamination of mirror 18 and lens
20 from particles. Shield 25 may be rotatably coupled to
motor 27 to provide a continuous fresh supply of shield
material to the laser beam path.

Connected to each substrate 24 is a rotating means 23,
or motor which rotates substrate 24 so that growth of
nanophase diamond is placed uniformly over the sur-
face of substrate 24.

An important aspect of the present apparatus is sec-
ondary discharge electrode 26 configured within the
beam path and below substrate 24. Electrode 26 main-
tains a predetermined charge relstive to substrate 24,
wherein charged electrode 26 functions to form an
electrical field between electrode 26 and substrate 24.
The field is used to selectively place ions and trailing
electrons upon the bottom surface of substrate 24 in
accordance with the field. Thus, the present invention
provides an electrical discharge between clectrode 26
and substrate 24 in order to provide in situ etching of
the substrate during the deposition of the early layers of
particles. Nanophase diamond layers are selectively
grown upon substrate 24 depending upon the magni-
tude and direction of field. Substrate 24 can be a uni-
form wafer of silicon (100). However, it will be under-
stood that a selection of the substrate material is depen-
dent upon the type of bonding desired with the film to
be deposited. For example, it is believed that a substrate
of Ni (110) permits a degree of epitaxial growth. Fur-
thermore, substrate starting materials can be nanophase
diamond material whereby diamond-like deposition will
provide a homogeneous material. Still further, substrate
starting material may thereby include materials such as
Si, Ge, ZnS, Cu, stainless steel, quartz, glass and plastic.
On the above substrate materials, films have been
grown to a thickness of 5 microns at rates of 0.5 microns
per hour over 100 cm? areas.

As illustrated in FIG. 1, substrate’24 may be rotated
about a central axis arranged paralle]l with reflected
beam 12. As previously mentioned, a rotary means 23
may be provided to enable rotating uniform deposition
of particles upon the underneath side of substrate 24. A
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thin layer of particles are placed upon the substrate
during each revolution such that numerous revolutions
provide optical quality, uniform growth of nanophase
diamond material.

Disposed below substrate 24 and electrode 26 is pri-
mary discharge electrode 30 shown in FIG. 2. As canbe
seen in FIG. 2, the distal tip of electrode 30 is disposed
proximate to the laser beam path of travel to discharge
approximately coincidentally with the laser beam path
of travel to target 22. Electrode 30 is charged and
thereby functions to draw ions and free trailing elec-
trons from target 22 toward substrate 24. As the ions
and electrons are withdrawn, they are accelerated
within the laser beam path to increase the energy
thereof necessary for placement upon the substrate 24 in
nanophase diamond form. It is important to note that
because electrode 30 is disposed between target 22 and
substrate 24, ions and trailing free electrons are acceler-
ated and heated as they are withdrawn from target 22
and are decelerated as they approach substrate 24. De-
celeration enables gentle accumulation of nanophase
diamond material upon the surface layer of substrate 24.
Current flowing between secondary electrode 26 and
substrate 24 continuously cleans the substrate and film
as it grows.

As shown in both FIGS. 1 and 2, primary electrode
30 and secondary electrodes 26, can be of either positive
or negative polarity relative to target 38 or substrate 24,
respectfully. A switch (not shown) may be used to place
either a positive or negative polarity charge upon either
electrode. It should be noted that the presence of an
electric field, and not solely the polarity of that electric
field, is an important aspect of the apparatus shown.
The polarity in either case can be selected to provide
optimal growth at selected points upon the substrate 24
without accumulating undesirable macroscopic parti-
cles at those points.

In the illustrated embodiment of FIG. 2, targst 22 is
preferably a tape of graphite foil contatning hardened
pure graphite as might be obtained from Union Carbide
UCAR Carbon Company of Cleveland, Ohio, GTA
Premivm GRAFOIL. Graphite foil, such as found in
pyrolytic graphite foil, shows significant resistance to
fragmentation and is of sufficient hardness to prevent
ejection of macroscopic particles from the target during
ablation and ionization. Thus, the hardened graphic foil
prevents substantial amounts of large macroscopic par-
ticles, which exceed 1 micron in dimension, from being
ejected during ablation. The tape of graphite foil 32 is
continuous and is moving in accordance with rotating
take-up reels 34. By moving graphite foil 32 during
ablation, fresh target material is presented to the laser
beam. Prolonged ablation of the same target location
causes cratering in the material and a reduction in
power density. Take-up reels 34 and holder assembly 36
are preferably made of graphite similar to the composi-
tion of the graphite foil 32. Graphite holder assembly 36
confines and directs the movement of graphite foil 32
through ablation point in a smooth fashion, while the

- graphite take-up reels 34 provide the constant linear 60

speed of foil 32 through the holder. Continuous move-
ment of foil 32 provides fresh target material in 2 con-
stant power density at plume location 38. A heater (not
shown) may be disposed adjacent one side of moving
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foil 32 to provide outgasing and other conditioning of 65

the graphite foil. Conditioning of foil 32 prior to abla-
tion helps maintain structural integrity of the foil and
reduces gjection of macroscopic particles during abla-

10
tion. Conditioning generally refers to the process of
gently evaporating, 1) adsorbed, 2) absorbed, and 3)
bonded impurities such as water vapor which would
otherwise superheat and explode fragments of graphite
during laser ablation.

An important aspect of the apparatus shown is the
angle at which laser beam 12 strikes target 22. As shown
in FIG. 2, the angle can be adjusted such that ablated
macroscopic material can be ejected perpendicular to
the surface of the target and thus at an angle away from
substrate 24. As is commonly shown in conventional
devices, the planar target is fixed perpendicular to the
laser beam. In such a configuration, ejected macro-
scopic particles have a tendency to follow the laser
beam path and electrical field directly back cnto the
substrate. By placing the longitudinal axis of target 22 at
an angle, non-perpendicular to the laser beam path,
substantial amounts of macroscopic particles can be
ejected perpendicular to the surface of the target and
thus away from the field and laser beam path. Thus,
fewer macroscopic particles are placed upon the sub-

‘strate when target 22 is disposed at an angle, non-per-

pendicular to the laser beam path 12. Even though angle
adjustment provides a reduction in macroscopic deposi-
tion, non-macroscopic deposition rates remain fairly
constant over broad adjustment angles. Fairly constant
deposition rates of non-macroscopic particles are
achieved independent of angle of adjustment since non-
macroscopic particles (particles less than 1 micron in
dimension) are postulated to be more susceptible to
being guided toward substrate 24 than are larger macro-
scopic particles. Angle adjustment of target 22 is
achieved by simply adjusting the angle of graphite
holder assembly 36.

In use, chamber 14 is evacuated to about 1X10-—6
Torr and laser beam 12 is shown in FI1G. 1 as entering
chamber 14 through window 16. Laser beam 12 is pref-
erably generated from a Nd-Yag laser which preferably
delivers approximately 250-1000 millijoules at a repeti-
tion rate of 10 Hz in about 15 nanosecond pulses. Beam
12 is focused by focusing lens 20 such that it produces
about 5 101! watts per squere centimeter on target 22.
When pulsed, laser beam 12 impinges upon target 22
and ejects a plume 38 containing carbon ions and small
amounts of trailing electrons from the surface of target
22 approximately perpendicular to the surface of target
22. That is, plume 38 can be adjusted at various angles
from the travel path of impinging beam 12. If holder
assembly 36 is adjusted in a horizontal position, then
plume 38 will be collinear with impinging beam 12.
However, by arranging target 22 at an angle from hori-
zontal, plume 38 will not be collinear with beam 12. A
non-collinear arrangement will decrease the amount of
macroscopic particles accelerated towards substrate 24.
Non-collinear arrangement thereby provides extraction
of substantial quantities of undesirable macroscopic
particles in a direction away from substrate 24. As
shown in FIG. 2, when holder assembly 36 is config-
ured at an angle relative to horizontal position, plume
38 becomes non-collinear with impinging beam 12. The
plume is schematically illustrated as about a 30° cone,
but it should be understood that the density of material
in the plume is more concentrated in a cone about sev-
eral degrees in diameter.

An important aspect of the apparatus shown is that
either a portion of beam 12 or a separate beam 42 can be
focused upon the substrate 24 either before, during or
after the deposition of plume thereof. By illuminating
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the area of growth with laser radiation, graphitic bond-
ing is destroyed and graphite particles are evaporated.
Thus, placing of laser energy upon substrate 24 prefer-
entially attacks and removes any condensation of un-
wanted graphite placed on the growing film. By usinga
partially silvered mirror 44, portions of laser beam 12
are reflected from the surface of mirror 44 and impinge
upon the growing surface of substrate 24. FIG. 1 illus-
trates mirror 44, and partially reflected laser beam 12.
As an alternative to using mirror 44, a separate laser
beam 42 and reflecting mirror 45, as shown in FIG. 2,
can be used to provide laser energy on the growing
substrate surface. Leser beam 42 is generated from a
separate laser source 19 as shown. Either the embodi-
ment shown in FIG. 1 or the embodiment shown in
FIG. 2 provides sufficient energy upon the substrate to
digest or evaporate feedstock graphite material placed
upon substrate 24 from plume 38. Although, it is appre-
ciated that the hardened graphite material of the present

invention substantially prevents macroscopic particles 20

of graphite from being ejected toward substrate 24,
focusing laser energy onto the growing surface of sub-
strate 24 further enhances the quality of the resulting
film by more completely eliminating graphite particles

on the substrate. Thus, 2 combination of hardened 25

graphite foil 32 (either placed horizontally or at an
angle) and the focusing of laser energy upon the grow-
ing surface is one acceptable means for providing sub-
stantial elimination of graphitic material from the nano-
phase diamond material of the present invention.
Without being bound by theory, it is believed that
total energy delivered to the plume of ejected target
matma]:scnucaltotheptoductmnofopucalquahty
nanophase diamond in accordance with the present

30

invention. For this reason, it is believed desirable to 35

have laser beam 12 traverse at least a part of plume 38.
Contrary to current belief, it is postulated that an in-
crease in power density delivered to target material 22
yields a more desirable nanophase diamond material.
Thus, it is believed that substitution of a laser mecha-
nism capable of larger laser pulse energy would im-
prove the quality—increase the proportion of sp3 bon-
ding—of the nanophase diamond produced, as well as
possibly increasing deposition rate. Further, a focusing
lens 20 with a smaller spot size is expected to increase
the quality of the nanophase diamond material pro-
duced, because a tighter focus gives a higher tempera-
ture to a smaller amount of carbon material in the plume
38. However, it is expected that a tighter focus would
give a smaller growth rate.

Electrode 30 has been found to provide a relatively
inexpensive opportunity to further increase the power
density in plume 38. As can be seen in FIG. 2, the dispo-
sition of the tip of electrode 30 is provided proximate to
the laser beam path of travel, with the discharge desir-
ably traversing the plume. Thus, with the laser beam
ionizing carbon particles in the plume, the discharge of
electrode 30 most readily occurs through the ionized
plume. This auxiliary discharge further increases plume

plasma temperature by Joule heating in the relatively 60

small volume of the ablation plume.

‘While electrode 30 provides Joule heating of the
plume, it also provides a guide for jons and trailing
clectrons to follow in their path from target 22 to sub-

mteﬂ.Asholdetassanbly%routesatanangleﬁ

about the horizontal, macroscopic particles eject gener-
ally perpendicular to target 22 whereas plume 38, con-
taining ions and trailing electrons, tends to eject toward
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electrode 30 along the beam path of travel. Thus, elec-
trical discharge of electrode 38 aids in drawing desir-
able non-macroscopic particles toward substrate 24. It is
thereby postulated that plume angle of ejection is there-
fore between the perpendicular ejection angle of macro-
scopic particles and the laser beam path when holder 36
is at an angle as shown in FIG. 2. Further, electrode 26
operates to provide additional direction or guidance of
ions and trailing electrons upon substrate 24. Charging
electrode 26 will provide electrical discharge between
electrode 26 and substrate 24. Discharge of electrode 26
will then place ions and treiling electrons upon substrate
24 at precise locations during the rotation of substrate
by rotary system 23. Selective placement will effectu-

"ally provide in sitn etching of the substrate during the

deposition of the early Iayers of particles.

Of major importance in the production of optical
quality nanophase diamond films is the type of target or
feedstock used in gencrating the carbon particles. The
present invention utilizes a novel feedstock or target 22
which inclndes a tape of hardened graphite foil such as
pyrolytic graphite. The advantages in using hardened
graphite foil rather than conventional graphite, is that
ejection of macroscopic materials is minimized. Also, a
foil is advantageous in that it is resistant to fragmenta-
tion. A heater may be provided to provide thermal
outgasing and general conditioning of the foil before the
movingfoilisstruckbybeale.Outgasingisadesired
outcome for removing impurities such as water vapor
prior to being received by beam 12.

Operation of apparatus 10 provides deposits of an

optical quality nanophase diamond layer on substrate
24. The layer of nanophase diamond film may be grown
at rates of about 0.5 microns per hour in a 100 square
centimeter area. In FIG. 1, the substrate is about 5.5
centimeters from target 22 and the radial expansion of
the ejected material in the plame produces a domed
profile thickness on substrate 24. Thicknesses of the
nanophase diamond films vary from about 5 nm to
about 5000 nm.

FIG. 6 shows the nodules of the nanophase diamond
film as captured by transmission electron microscopy
(TEM). As indicated in the photograph, the nodules
typicaily have a diameter of 100-200 angstroms. The
visual appearance of the film at the micron level is of
tightly-packed, yet randomly ordered, diamond nod-
ules.

The optical quality of the nanophase diamond layer is
particularly significant in that it is capable of providing
a visual appearance of Newton’s rings of interference.
The occurrence of Newton’s rings in a film of optical
material can be an especially useful means for distin-
guishing that material from other so-called optical qual-
ity, or “diamond-like” materials. Properties of impor-
tance to the quality of an optical material include quan-
tities such as a high index of refraction, a low coefficient
for absorption of light, a smooth surface finish, and a
nodule or crystal size smaller than a wavelength of the
light of interest. Each of these properties is a necessary
but not sufficient condition to support the appearance of
Newtons® rings. Thus, while two samples might have
the same indices of refraction, or might both be de-
scribed as optically smooth, they may nevertheless be
d:shngmshably different on the basis of other proputm
just listed. Therefore, the appearance of Newton’s rings
is a particularly effective test for the simultaneous oc-
currence of optimal values of all of the figures of merit
for an optical material.
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Particularly where so-called “diamond like” films are
concerned, it cannot be assumed that the film may be
made of sufficient thickness to sustain a visual appear-
ance of Newton’s rings. The film’s absorption of light
could be great enough that in films of sufficient thick-
ness-too much light would be absorbed, frustrating the
constructive interference needed to produce the colors
characteristic of Newton’s rings.

For example, one so-called “diamond-like” carbon
film is describes in Savvides, “Optical Constants and
Associated Functions of Metastable Diamondlike
Amorphous Carbon Films in the Energy Range 0.5-7.3
eV,” 59 J. Appl Phys. 12 (1986). Although the film is
disclosed as having diamond-like qualities, the optical
quality of the film is shown to vary markedly based on
the film’s thickness. For thicknesses greater than 500 nm
(0.5 microns), the film is described as opaque and glossy
black, rendering the existence of Newton’s Rings im-
possible. See Savvides, page 4137. Even for thicknesses
of up to 200 nm, the Savvides film is described as only
“transparent,” and grey to brown in color. In contrast,
the nanophase diamond film of the present invention
retains optical characteristics essential for producing
Newton’s rings even for thickness greater than 2 mi-
crons. Although the Newton’s rings may not be readily
visible in a nanophase diamond film of thicknesses
greater than a few nanometers, the optical quality of the
film can be confirmed by viewing cross-sections of the
film, wherein Newton’s rings will be visible.

Neither can it be assumed that if light absorption is
low, then constructive interference is guaranteed. If the
material contains grain boundaries larger than a wave-
length of light or possesses internal scattering defects, it
can disrupt the phase (coherence) of the light reflections
s0 constructive interference cannot occur; no colors

will thus appear. The best example of such a situation is

ground glass, which is not black (and thus not light-
absorptive), but contains internal light disruptions that
prevent the formation of images and interference. Thus,
Jjust because a material has a few optical qualities (such
as high index of refraction and low light absorption)
does not indicate that it will necessarily display New-
ton’s rings. To display Newton’s rings, all aptical prop-
erties must be optimized.

For example, the Savvides film mentioned above is
described as having a defect microstructure incleding
fibrous columnar growth and microstructural defects
such as voids. See Savvides at p. 4136. Such columnar
growth and voids are the sort of internal disraptions
that would prevent the appearance of Newton’s rings.
The present nanophase diamond film, in contrast, has no
long-range internal ordering of nodules, and thus no
colummnar growth that would disrupt the constructive
interference essential to create Newton’s rings.
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various samples of nanophase diamond film produced in
accordance with the present invention. FIG. 3 shows
the experimental results versus expected values of natu-
ral diamond and graphite. The experimental results
using apparatus 10 of the present invention approaches
the value of 2.42 for natural diamond.

It is believed, however, that the greatest diagnostic
significance lies in the imaginary parts (loss) of the indi-
ces of refraction as shown in FIG. 4. It is believed that

60

at small indices (less than 1.0 for a light waveleagth of 65

632.8) the imaginary parts of the indices of refraction
are approximately proportional to the fraction of sp?
bonding in the film, provided the real parts are reason-

14

ably constant. Purely diamond-like sp3 bonding would
give no loss at these photon energm It is believed that
the curve labeled A in FIG. 4 is identified with an ap-
proximately 25% content of graphitic, sp? bonds. See,
N. Savvides, 58 J. 4dppl Phys, 518 (1985); 59 J. Appl
Phys,, 4133 (1986) (expressly imcorporated herein by
reference). The nanophase diamond films produced by
the present invention are believed to have about 25% or
less sp? bonding, as shown in FIG. 4. Contrary to cur-
rent belief, it is postulated that residual sp? bonds are an
artifact of production and are not necessary for stability
of the remaining diamond-like sp3 bonding. Therefore,
it is believed that a dehydrogenated nanophase diamond
film can be grown by the apparatus of the present inven-
tion in which the sp2bonding is minimal (on the order of
2% or less), resulting in characteristics approaching
that of natural diamond.

Experimentally, a Rogowski coil was placed along
the laser beam path of travel between the electrode 30
and target 22. FIG. 5 illustrates the experimental results.
From the time dependency of the current, it appears
that current flows only when material in the plume is
filling the space between the electrode 30 and target 22,
as would be expected.

The asymmetric voltage/current characteristics
shown in FIG. § is typical of a gas-filled diode with a
“forward” direction with the conduction shown in the
first quadrant being established when the plume is nega-
tive—and thus is able to function as a hot filament. The
selection of either positive or negative voltages gives
the same absolute value of current and generally yields
very similar depositions of the nanophase diamond film
on the substrate 24.

Operation of apparatus 10 appears to be successful
due to high laser intensity in the ablation plume and the
discharge current from electrode 30. In addition, higher
quality films are produced by aspects of the present
invention, including: (1) the improved feedstock or
target material 22, (2) electrode 26, (3) non-collinear
arrangement of plume 38 and beam 12, and (4) elimina-
tion of graphitic material at the growing region on
substrate 24. Improved target material comprising
graphite foil arranged at various angles about the hori-
zontal plane, provides a more uniform and higher qual-
ity nanophase diamond film wpon substrate 24. Further,
electrode 26 discharge provides in sita etching of the
substrate during the deposition process. Still further,
laser energy on the substrate provides a substantial
reduction on graphitic impurities thereon.

Contrary to current belief, it is postulated that the
ablated material in the plume must be travelling as a
largely neutral plasma. That is, the carbon ions existing
in the plume are believed to be transported currently
with trailing electrons. Therefore, it is believed that ion
beam sputtering techniques with very low growth rates
{e.g., 500 angstroms per hour) are fundamentally limited
in their ability to reach high power densities at high
enough values of fluence to be practical. Further, the
imaginary indices of refraction (losses) of the nanophase
diamond film produced in accordance with the present
invention indicates that sp2 bonding can be further re-
duced by using a laser of higher power and a focusing
mechanism or lens to produce a smaller spot size. Mean-
while, the improved target material can withstand laser
beams of higher power and smaller spot size without
producing large amounts of undesirable macroscopic
particles upon substrate 24.
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Nanophase diamond has been prepared with varying the substrate. A number of techniques might be consid-
proportions of sp2-bonded carbon between the nodules  ered, but one of the best is simply to chemically bond
and with different efficiencies of packing them. The  the coating to the material it covers in an interfacial
diamond character has been attested by the agreement layer. One means of accomplishing this is by using the
of structural morphology, density, optical properties, 5 apparatus and method disclosed herein. The keV ener-
xa line energies, minimal hydrogen content, and hard-  gies carried by the carbon ions created by the laser
ness. A range of properties has been found that seems to  plasma source encourage the formation of an intérfacial
correlate with the packing density of the diamond nod-  layer of 100 to 200 angstroms in thickness in which the
ules. The better the packing, the closer the mechanical nanophase diamond film is chemically bonded to the
properties approach those of crystalline diamond. 10 substrate: This enables the superior mechanical strength
Moreover, the diagnostics have agreed in assigning a  of the diamond layer to be used to protect the underly-
composition of at least 75% diamond to the samples ing substrate. In the archetypical case, nanophase
most easily produced with the laser plasma deposition diamond coatings on metal have been shown to provide
system described herein. significant advantages in reducing both friction and

Although dizmond is well known to be the hardest 15 wear.
natural substance, nanophase diamond films have been The existence of a chemical bond to the substrate
prepared that are harder than natural diamond. De-  depends on the material selected for the substrate. In
pending on the quality (and thus the expense) of the some cases, it may not be possible for the nanophase
manufacturing process, nanophase diamond films have  diamond to form a chemical bond with the substrate. In
a hardness range of 30 GPa to 125 GPa. Natural 20 that case, the film will be bonded to the substrate with
diamond has a hardness of about 80 GPa. At the lower  an alloyed layer of a thickness between about 5 and 50
end of the range, the quantity of graphite is as muchas nm.
50%. At the higher end, the nanophase diamond film is
virtually graphite-free. Due to the nature of nanophase EXAMPLE OF USE
diamond films, however, they are not brittle even at 25 An experiment in which titanium was coated with
exceptional hardnesses. The nodule structure provides  nanophase diamond showed that a 2.7 micron thick
flexibility; yet, the bonding between the nodules is very  coating of nanophase diamond increased the lifetime of
strong, characteristic of the strength that accrues from  the titaniom sample by a factor of better than 200. In no
very small atomic structures (such as iron whiskers). case tested was there any flaking, unbonding, or delami-

The nanophase diamong films of the present inven- 30 mation of the nanophase diamond from the titanium
tion are characterized by a very low average internal substrate.
stress, on the order of 1 GPa or less. This is due to the The instant invention has been disclosed in connec-
tight packing of the nodules. tion with specific embodiments. However, it will be

The nanophase diamond films of the present inven-  apparent to those skilled in the art that variations from
tion are also characterized by a very low coefficient of 35 the illustrated embodiments may be undertaken without
friction. In contrast to the very rough surface devel-  departing from the spirit and scope of the invention.
oped by the CVD deposition of polycrystalline  For example, varying quantities of hydrogen and graph-
diamond, nanophase diamond films appear smooth. A ite may be present in a nanophase diamond film pre-
coefficient of friction of about 0.1 has been experimen-  pared in accordance with the present invention. In addi-
tally observed in coatings on a titaniom substrate. 40 tiop, preparation of nanophase diamond films is not

Yet another unique characteristic of the nanophase  necessarily limited to the apparatus and method dis-
films of the present invention is the fact that the ka line closed herein. These and other variations will be appar-
energy of the carbon in the film approaches that of the  ent to those skilled in the art and are within the spirit
carbon in patural diamond. A xa line energy, whichis  and scope of the invention.
measurable with an x-ray spectrometer, results when 45  What is claimed is:
the x-ray spectrum of the carbon in the film is excited 1. A nanophase diamond film, comprising nodules of
with a focused electron beam on the film. The carbon in carbon bonded predominantly in three dimensional sp?
natural diamond has a different characteristic xa line  bonds, said film comprising less than about 20% hydro-
energy than does the carbon in graphite. It bas been  gen, having an imaginary index of refraction less than
found that, due to the high propartion of sp? bonding of 50 0.5 for a light wavelength of about 632.8 nm, and said
the carbon within the film, the xa line energy of the nodules having a diameter of less than about 500 ang-
carbon in the film is closer to that of the carbon in  stroms.
natural diamond than it is to that of the carbon in graph- 2. The nanophase diamond film of claim 1, said nod-
ite; in other words, the ka line energy for the carbonin  ules having a diameter lsss than about 200 angstroms.
the nanophase diamond film of the present invention 55 3. The nanophase diamond film of claim 1, wherein
“approaches™ that of the carbon in natural diamond.  the hydrogen content of said film is less than about 2%.
This is yet another indicator that the nanophase 4. The nanophase diamond film of c¢laim 1, wherein
diamond film of the present invention is “diamond-  said film has an optical quality capable of providing 2
like.” Moreover, only one «a line energy is measurable.  visual appearance of Newtons® rings of interference,
This is contrary to what would be expected if the film 60 5. The nanophase diamond film of claim 4, wherein
were simply a combination of diamond and graphite  said film is greater than about 2 microns in thickness.
particles, which would result in two ka lines energies, 6. The nanophase diamond film of claim 1, wherein
each one corresponding to the carbon in each sub-  said film has a hardness exceeding 30 GPa.
stance, - 7. The nanophase diamond film of claim 6, wherein

The effect of compressive stress in a film is to gener- 65 said film has a hardness exceeding 80 GPa.
ate a force tending to “pop” it off the surface to which 8. The nanophase diamond film of claim 1, wherein
it is applied. To produce a successful coating, a greater  said film has a coefficient of friction of less than about
opposing force must be developed to hold the filmonto  0.2.
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?. The nanophase diamond film of claim 1, wherein under conditions to reduce the presence of graph-
said nodules are packed closely enoungh so that an aver- ite, if any, in the deposition area.
age internal stress of the film is less then about 1 GPa. 12. The nanophase diamond film of claim 11, wherein
10. The nanophase diamond film of claim 1, wherein  the first and second beams of energy are laser beams.

a Ka line energy of the carbon in the film approaches 5 13. The nano : ; ;

2 . . 3 phase diamond film of claim 11, wherein

thaltlot:he xz.;me ex;rgyoc;lgcarbm;m natm;lg;a:::nd. the first energy beam focuses on the hardened graphite
comm. 5 lms: e diamond film preparab O with an energy greater than 1x 1010 W/cm2.

focusing a first beam of energy on a moving sheet of 14. The nanophase dia.m_ond film of claim 1.1 : w!lerein
hardened graphite in an cvacuated chamber to 10 the process further comprises the step of positioning an
obtain a plume of ions and trailing free electrons; electrical field between the hardened graphite and the

directing said ions and electrons onto a substrate substrate s0 as to accelerate the ions and trailing elec-
within said evacuated chamber so as to deposit the  trons away from the hardened graphite and toward the
directed ions and electrons on the substrate; and substrate, and to decelerate the jons and trailing elec-

focusing a second beam of energy upon said substrate, 15 trons just before their deposition on the substrate.
before or during said deposit of ions and electrons, ¥ %k 3 x
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1
NANOPHASE DIAMOND FILMS

This is a division application of Ser. No. 08/042,104 filed
Apr. 1, 1993 now U.S. Pat. No. 5,411,797, which is a
continuation-in-part of Ser. No. 602,155 filed Oct. 22, 1990,
which is a continuation-in-part of Ser. No. 521,694, filed
May 9, 1990 (now U.S. Pat. No. 5,098,737), which is a
continuation-in-part of Ser. No. 264,224, filed Oct. 28, 1988
(abandoned), which was a continuation-in-part of Ser. No,
183,022, filed Apr. 18, 1988 (now U.S. Pat. No. 4,987,007).
This is also a continuation-in-part of Sex. No. 821,642, filed
Jan. 16, 1992, which is a divisional of Ser. No. 521,694, filed
May 9, 1990 (now U.S. Pat. No. 5,098,737).

BACKGROUND OF THE INVENTION

This invention relates to an amorphous or ultra fine-
grained, diamond-like material that is substantially free of
graphite and hydrogen, and is deposited in a film on a
substrate in the form of nanometer-sized, tightly packed
nodules of sp>-bonded carbon, hereinafter referred to as
“nanophase diamond.” In one mcthod of preparing the
material of thc present invention, a lascr beam is directed
onto the- substrate before and/or during deposition of dia-
mond-like particles on the substrate to substantially elimi-
nate graphite particles thercon. Laser energy focused on the
substrate is helpful for preventing substantial build-up of
graphite. Forthermore, laser energy on the substrate is also
useful for preconditioning the substrate to facilitate bonding
of diamond-like particles to the substrate.

In recent years, there has been great interest in producing
a diamond-like carbon coating for a variety of reasons. First,
diamond-like carbon has an extremely hard surface pearly
impervious to physical abuse (abrasive or chemical) and is
therefore quite useful as a protective surface. Diamond-like
carbon is optically transparent (in, e.g., the infrared- spec-
trum), and is therefore believed to be useful in a variety of
optics applications such as protecting sensor optical circuits,
quantum wells, etc. In addition, diamond-like carbon has
been found to have a high electrical resistivity as well as
high thermal conductivity—an unusual combination, Dia-
mond-like carbon, when doped, can act as a semiconductor,
thercby forming the basis of technology for microcircuitry
that can operate under hostile conditions of high tempera-
tures and high radiation levels. Therefore, great interest has
been shown in developing techniques for obtaining dia-
mond-like carbon films in commercial quantities for pos-
sible use in the semiconductor industry.

While natural diamond is a gencrally well defined sub-
stance, so-called “diamond-like carbon” films are not well
defined, possibly because of the many different methods of
Ppreparation which contribute unique aspects to the product.
From 2 structural viewpoint, six allotropes of carbon have
been identified—two for each of the numbers of dimensions
through which the carbon atoms may bond. The two most
important carbon allgtropes of interest in the optics and
semiconductor industries are the two dimensional sp? bond-
ing characteristic of graphite, and the three dimensional sp®
tetrahedral bonding which gives natural diamond its uniquc
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properties. The article Low Pressure, Metastable Growth of ¢

Diamond and Diamondlike Phases, by John C. Angus and
Cliff C. Hayman, 41 Science pp. 1913-21 (August 1988),
describes different types of diamond-like phases, methods of
production, and possible uses, the disclosure of which is
expressly incorporated herein by reference.

Natural diamond has the highest hardness and elastic
modulus of any natural material. Diamond is the least
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compressible natural substance known, has the highest ther-
mal conductivity, and also has a low therma! expansion
coefficient. Further, diamond is a wide band gap semicon-
ductor, having a high breakdown voltage (10°V/cm) in 2
saturation velocity (2.7x107 cm/s) greater than silicon, gal-
lium arsenide, or indium phosphide. Thus, diamond-like
carbon films are potentially useful in the electronics industry
as a protective, resistive coating with extremely desirable
heat sink properties.

Several different kinds of thin films having some of the
properties of diamond can be made from pure carbon.
Preferably prepared entirely without hydrogen, fiuorine or
any other catalysts, these materials can be distinguished by
their internal structures. Three forms have been reported: (1)
defected graphite, (2) i-C, and (3) “amorphic” diamond. See
Collins et al., “The Bonding of Protective Films of Amor-
phic Diamond to Titanium,” 71 J. App. Phys. 3260 (1992),
the disclosure of which is herein incorporated by reference.
The term “amorphic” derives from a combination of the
terms “amorphous” and “ceramic,” and has become 4 term
of art to describe a material comprising amorphous carbon
having -diamond-like properties. In the first type of carbon-
based material, diamond-like properties seem to accrue from
2 high density of defects in otherwise ordery graphite that
trap electrons and shorten bonds to increase both strength
and transparency. The other two materials, i-C and “amor-
phic” diamond, derive their enhanced characteristics from
an abundance of carbon atoms linked by the sp® bonds of
diamond.

Currently, four major methods are being investigated for
producing so-called “diamond-like” carbon films: (1) ion
beam deposition; (2) chemical vapor deposition; (3) plasma
enhanced chemical vapor depositions; and (4) sputter depo-
sition.

The ion beam deposition method typically involves pro-
ducing carbon ions by heating a filament and accelerating
carbon ions to selected energies for deposit on a substrate in
a high vacuum environment. Jon beam systems use differ-
ential pumping and mass separation techniques to reduce the -
level of impurities in the carbon ion flucncc to the growing
fitm. While films of diamond-like carbon having desirable
propertics can be obtained with such jon beam techniques,
the films are expensive to produce and are achievable only
at very slow rates of growth on the order of 50 angstroms per
day 1o perhaps as high as a few hundred angstroms per day.

The chemical vapor deposition and plasma enhanced
chemical vapor deposition methods are similar in operation
and have associated problems. Both methods use the disso-
ciation of organic vapors (such as CH,OH, C,H,, and
CH,0HCH,) to procuce both carbon ions and neutral atoms
of carbon for deposit on a substraie. Unfortunately, the
collateral products of dissociation frequently contaminate
the growing film. While both chemical vapor deposition and
plasma enhanced chemical vapor deposition achieve film
growth rates of practical levels, such films are of poor
optical quality and unsnitable for most commercial uses. For
example, if the films are amorphous, the intcrnal stress is too
high to permit growth to useful thickness; if crystalline,
there is no bonding to the substrate. Further, epitaxial growth
is simply not possible using chemical vapor deposition:
techniques.

Sputtering deposition usnally includes two ion sources,
one for sputtering carbon from a graphite source onto a
substratc, and another ion source for breaking the unwanted
graphite bonds in the growing film. In the typical sputtering
method, an argon ion sputtering gun sputters pure carbon
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atoms off of a graphite target within a vacuum chamber, and
the carbon atoms are condensed onto a substrate. Simulta-
neously, another argon ion source bombards the substrate to
enhance the breakdown of the graphite bonding in favor of
a diamond-like sp® tetrahedral bond in the growing carbon
film, The poor vacuum and relatively high pressure (1075 to
10" torr) in sputtering deposition is cumbersome and tends
to introduce contamination of the film on a level comparable
to those encountered in chemical vapor deposition and
plasma enhanced chemical vapor deposition,

Therefore, while many attempts have been made to obtain
high quality diamond-like carbon at commercial levels of
production, the results have thus far been disappointing. The
known methods recited above are deficient in many respects.
While the ion beam deposition method produces a good
quality flm, its slow growth rates are impractical. The
chemical vapor deposition and sputier methods are prone to
contaminalion, yielding an unacceptable film in most cir-
cumstances. Additionally, the chemical vapor deposition
technique creates a growth environment that is too hostile
for fragile substrates. Indeed, the aggressive chemical envi-
ronment characteristic of chemical vapor deposition could
result in destruction of the very substrate that the diamond-
like film is intended to protect. Moreover, all known meth-
ods require elevated temperatures, which often prove
impractical if coating an optical substratc is desired. The
known mcthods also involve complex and cumbersome
devices to implement.

Chemical vapor deposition techniques have been useful in
obtaining diamond-like carbon material denoted “a-C:H,”
which is an amorphic carbon structure containing a signifi-
cant amount of hydrogen. In fact, it is belicved that hydrogen
is necessary for permitting realistic growth of the metastable
diamond-like material and that a reduction in the amount of
hydrogen below about 20% degrades the film towards
graphite. Of course the amount of hydrogen correlates with
the proportions of sp> to sp? bonding and the correlation of
diamond-like properties to graphite-like properties. -

It appears that somc ion-sputter techniques have been
succcssful in producing a diamond-like carbon material
without hydrogen—so-called “a-C” film. (See, Low Pres-
sure, Metastable Growth of Diamond and Diamondlike
Phases, page 920, supra). Such a-C diamond-like carbon is
interesting in that the ratio of sp? to sp? bonding is believed
to be high, with a carresponding increase in diamond-like
properties. Unfortunately, the growth rates of such a-C
materials are extremely slow and not commercially viable.
In addition, internal stresses are too high to permit growth to
useful thicknesses. Further, ion energies are too low to
permit bonding with the substrates. Apparently, attempts to
increase growth rates using increased power densities in
such ion sputter techniques resulted in a decrease in the ratio
of sp® to sp? bonding.

Producing diamond-like carbon is just one example of the
general problem of producing a layer of material having
desirable physical properties where the material is extremely
difficult to handle or manipulate. Examples of other such
materials include semiconductors, such as silicon, germa-
nium, gallium arsenide, and recently discovered supercon-
ducting materials which might be generally characterized as
difficult to handle ceramics (e.g., yttrium-barium com-
pounds). Therefore, it would be a significant advance to
achieve a method and apparatus which could produce an
optical quality diamond-like layer having an abundance of
sp® bonding (and therefore diamond-like qualities) in com-
merciel quantitics. Further, it would be significant if such
method and apparatus were useful in producing layers of
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other types of materials which, using conventional technol-
ogy, are difficult to handle or produce.

SUMMARY OF THE INVENTION

The present invention represents a nanophase diamond
film which has extremely desirable properties such as physi-
cal hardness, electrical strength, high thermal conductivity, |
and optical transparency. An exemplary method and appa-
ratus for preparing a nanophase diamond film are also
disclosed herein. The following patents also disclose appa-
ratus and methods suitable for producing nanophase dia-
mond, the disclosures of which are herein incorporated by
reference: U.S. Pat. No. 4,987,007 to Wagel et al., issued
Jan, 22, 1991; and U.S. Pat. No. 5,098,737 to Collins et al.,
issued Mar. 24, 1992.

The basic unit of construction of the nanophase diamond
of the present invention is the sp®-bonded nodule. Typically,
these nodules range in size from 100 to 1000 angstroms in
diameter and contribute the properties of diamond found in
the finished films. The nodules lack coherent ordering,
probably because they contain a random alternation of the
cubic and hexagonal polytypes of diamond. With electron
diffraction, thcy appear amorphous. Morcover, the
nanophase diamond films of the present invention lack the
internal ordering necessary to display the Raman line of
diamond. However, cstimates supported by measurcments
of mass densities and soft x-ray (Ka) emission spectra
suggest that the sp? content within the nodules is less than
5% and perhaps even as low as 2%, indicating a “diamond-
like” material. Between the nodules is found an amorphous
mixture of carbons and void.

Nanophase diamond is perhaps a limiting form of i-C.
Both materials are comprised of diamond nodules, but only
in nanophase diamord have the nodules been reported to be
densely packed throughout the volumme of the film. The
typical appearance of a nanophase diamond film as shown
by transmission electron microscopy (TEM) is seen in FIG.
6.

While the real parts of the indices of refraction of the
nanophase diamond film of the present invention are inter-
esting in that they approach the value of natural diamond
(2.42), the greatest diagnostic significance lies in the imagi-
nary parts of the indices of refraction (lossy part) Measure-
ment of these optical qualities is particularly useful at the
wavelength of the Helium-Neon laser, or 632.8 nm. It is
believed that a small value (less than 1.0) of the imaginary
part of the indices of refraction is attributable to the fraction
of sp? bonding within the nanophase diamond film (provided
the real part is reasonably constant). Naral diamond will
approach an imaginary index of refraction of zero, indicating
almost pure sp> bonding. Advantageously, the nanophase
diamond films of the present invention have an imaginary
index of refraction less than 1.0, and Sx.n'cf(:mhly less than 0.5,
indicating & derance of sp” bonding. Indeed, the
proportion of sp® bonding within the nanophasc diamond
films of the present invention has been found to be generally
less than 25%, and as low as 2%, depending on the manu-
factiring process.

‘The optical quality of nanophase diamond layers hercof
have been produced at high growth rates exceeding 0.5
microns per hour over large areas (e.g., 20 square ceatime-
ters) in thicknesses of about 5 nm to about 5000 nm. As high
growth rates are maintained, a substantially graphite-free
deposition of nanophase diamond material is achieved by
providing a laser beam directly onto the deposition area (on
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the substrate), in addition to a laser beam on the graphite

target and through the plume. The laser beam placed on the
substrate reduces accumulation of undigested graphite mate-
rial on the substrate. Furthermore, laser energy placed on the
substrate helps facilitate bonding (preferably sp* bonding) of
deposited nanometer-scale particles, forming nanophase dia-
mond nodules on the substrate.

The target includes a moving, hardened graphite foil fed
past the point of laser ablation and accumulated on a takc-up
reel. The tight bonding of each carbon atom into planar
hexagonal nets in this type of graphite foil reduces the
ejection of macroscopic particles (.e., particles having
dimensions greater than 1 micron or dimensions greater than
the wavelengths of light being used in the particular optical
application), and thereby prevents uneven deposition. More-
over, high growth rates are achieved by trailing electrons
inherently attracted to the ions as the ions are placed upon
the substrate. Not only do the trailing electrons improve
growth rate, they also may collide with the ions to increase
the energy of the ion path.

An electrode can be incorporated within the laser beam
path to accelerate ions and trailing electrons away from the
graphite foil target and toward the substrate. In addition, the
electrode provides deceleration of the ions and trailing
electrons at a point just before the ions and electrons are
deposited upon the substrate. Acceleration and deceleration
arc achicved by electrical ficlds between the target and an
electrode and between the elecirode and substrate, respec-
tively. Furthermore, a secondary electrode can be placed
within the ion path and charged relative to the substrate so
that the particles can be selectively placed at specific loca-
tions upon the substrate. Selective placement of particles
provides in situ etching of the substrate during the deposi-
tion of the early layers of particles, increasing the strength
of the bond of the nanophase diamond film with the sub-
strate.

Broadly speaking, an apparatus for producing nanophase
diamond films in accordance with the present invention
includes a laser means directed within a vacuum chamber to
impinge upon a continuous sheet of moving target material
made of graphite foil placed within the chamber. The laser

beam is focused upon the target material to ablate and eject -

a plume of carbon vapor whereby the plume is partially
‘ionized by the laser beam. Ionization energies are achieved
by focusing the laser beam upon the target material with
sufficient energy, preferably greater than 1x10'® Wiem?, to
both ablate and ionize carbon ions. A substrate is disposed
within the chamber, to collect the ions and trailing electrons
and to produce a layer of dehydrogenated nanophase dia-
mond nodules upon the surface of the substrate.

For producing a nanophase diamond film substantially
void of ejected graphite particles, it is important to (1)
control the target material and/or (2) control the substrate
conditions. First, by using an essentially pure graphite target
arranged in a hardened foil configuration, ablation and
ejection of macroscopic graphite particles toward the sub-
strate are minimized. Second, by focusing a laser beam onto
the substrate surface, graphite particles which happen to
somehow make it onto the substrate are evaporated by the
laser beam energy. The laser beam placed on the substrate
can be obtained by reflecting a portion of the ionizing laser
beam or by directing another laser beam source, independent
of the ionizing laser beam source, onto the substrate.

Given sufficient power density upon the graphite foil
target, optical quality nanophase diamond films described
herein can be produced. Preferably, the laser beam traverses
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the ejected plume to enhance the plume temperature. In a
preferred configuration, a primary electrode is positioned
within the laser beam path to discharge through the plume to
further increase the plume temperature by Joule heating.
Furthermore, a secondary electrode is charged relative to the
substrate to accelerate and then decelerale ions and trailing
electrons in their path from the target toward the substrate.
As the ions and electrons approach the substrate, they can
then be directed and placed at specific locations upon the
substrate.

A method of producing a film of nanophase diamond
material in accordance with the present invention broadly
comprises the steps of positioning a moving sheet of hard-
ened graphite foil in a vacuom chamber, evacuating the
chamber and directing a laser beam at an angle upon the
graphite foil to obtain a plume of carbon substantially void
of macroscopic particles having dimensions generally
greater than 1 micron. The method further involves the steps
of positioning a substrate in the chamber and positioning an
clectrical ficld disposed within the path of the laser beam
between the substrate and the target, and then collecting a
portion of the plume at selective points upon the substrate in
accardance with the electrical field at a deposition rate
greater than 0.1 microns per hour, and more typically about
0.5 microns per hour. The nanophase diamond material is
substantially void of hydrogen and approaches the levels of
hydrogen found in dehydrogenated natural diamond. There-
fore, an advantage of the present invention is its ability to
produce nanophase diamond layers having less than about
209% hydrogen (and preferably less than about 2% hydrogen)
uniformly deposited across a substrate and substantially void
of macroscopic particles.

In the present application, the term “layer” has generally
been used synonymously with coating or film, and connotes
material deposited or grown on a substrate. The layer may
include an interfacial layer in which the nanophase diamond
film is chemically bonded to the substrate. Also, it should be
understood that the substrate is not necessarily a different
matcrial than the layer, but merely serves as a collection
source for material. Thus, the substrate might comprise
diamond or nanophase diamond on which a layer of
nanophase diamond is received to produce a homogeneous
part of uniform physical properties. Furthermore, it is under-
stood that the nanophase diamond film comprises substan-
tislly dehydrogenated nodules of sp®-bonded carbon (i.e.,
fine-grained clusters having dimensions of 100-1000 ang-
stroms and preferably less than 500 angstroms).

In the present application “nanophase diamond” has been
used as a generic term for a material having some of the
physical characteristics of diamond. In view of the physical
properties of the materials produced in accordance with the
present invention, the layer might alternatively be called
diamond or “amorphic” diamond. The term nanophase dia-
mond generally may include nodules of diamond-bonded
carbon contzining anywhere from zero to 20% hydrogen
concentration (althongh the nanophasc diamond of the
present invention is generally dchydrogenated at less than
5%). In addition, the films contain only insignificant
amounts (preferably less than about 25%) of graphite (sp*-
bonded carbon) in the voids between the nodules. Thus, it is
understood that the form of the material or the use of the
term “nanophase diamond” indicates more than a specific
type of composition (e.g., such as percentage of hydrogen or
aother impurities in interstitial sites in grain boundaries). The
term “nanophase diamond” refers to any type of structure
having nanometer-scale nodules of diamond-bonded carbon
displaying characteristics similar to that of diamond.
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BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic, fragmentary, sectional view of
apparatus for producing nanophase diamond in accordance
with the present invention.

FIG. 2 is a schematic, fragmentary, sectional view of an
alternative apparatus for producing nanophase diamond in
accordance with the present invention.

FIG. 3 is a plot showing rea! indices of refraction of
various samples of nanophase diemond film produced in
accordance with the present invention.

FIG. 4 is a plot showing imaginary indices of refraction
of various samples of a nanophase diamond film produced in
accordance with the present invention, .

FIG. 5 is a plot showing experimental results of a coil
placed alang the laser beam path of an apparatus for pro-
ducing nanophase diamond in accordance with the present
invention.

FIG. 6 is a photograph of diamond nodules shown by
transmission electron microscopy of a gold-coated replica of
a film of nanophase diamond in accordance with the present
invention.

DETAILED DESCRIPTION

Turning to the drawings, an apparatus for producing
nanophase diamond in accordancc with the present inven-
tion is illustrated. Broadly speaking, apparatus 10 shown in
FIGS. 1 and 2 includes laser beam 12 which enters sealed
chamber 14 via one or more windows 16. Windows 16
include a glass seal 17, which permits beam 12 to pass from
laser source 19 into chamber 14. Glass seal 17 also prevents
loss of evacuation in chamber 14. Reflecling mimor 18
disposed within chamber 14 is used to reflect incoming
beam 12 toward focusing lens 20. Both lens 20 and mirror
18 are securely held in position by stationary structure 21
positioned within chamber 14. Lens 20 functions to focus
beam 12 onto target 22. Substrate 24 is simated within
chamber 14 1o collect a layer of material produced by
apparatus 10,

In the illustrated embodiments shown in FIGS. 1 and 2,
laser source 19 is preferably a Nd-Yag laser configured to
deliver anywhere from 250 to 1000 millijoules in a Q-switch
mode at the focus point with a repetition rate of 10 Hz. A
Molectron MY34-10 laser has been satisfactorily used. The
present invention postulates that the power density delivered
to target 22 is an important parameter in obtaining the best
layer of material. It is believed that focusing lens 20 is an
important ingredient in achieving the desired power density
output of laser beam 12.

Chamber 14 includes a cylindrical shell of sufficient
rigidity to withstand vacuum forces when chamber 14 is
evacuated to about 1x 1075 Torr. It is noted that refiecting
mirror 18, focusing mechanism 20, substrate 24, target 22,
etc. are all rigidly secured within chamber 14 via structure
21.

Reflecting mirror 18 includes a highly reflective, smooth
surface for redirecting the path of travel of laser beam 12 in
chamber 14. The illustrated mirror is preferably a 45°
reflector, Part No. Y1-15-45 made by CVI Laser Corpora-
tion of Albuquerque, N. Mex. Focusing lens 20 includes a
lens which receives the directed laser beam and focuses the
beam to a focal point on target 22. The illustrated lens is a
plano-convex lens, Part No. PLCX-25.4/38.6 made by CVI
Laser Corporation. The spot size of the arrangement illus-
trated in FIG. 2 is believed to be on the order of 75 microns.
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However, it is believed desirable to use further optical
improvements to achieve a smaller spot size, which of
course would significantly enhance the power density of the
encrgy delivered to target 22.

A shield mechanism 25 may be provided within the beam
path and between lens 20 and substrate 24 to shield or reduce
the contamination of mirror 18 and lens 20 from particles.
Shield 25 may be rotatably coupled to motor 27 to provide
a continuous fresh supply of shield material to the laser
beam path,

Connected to each substrate 24 is a rotating means 23, or
motor which rotates substrate 24 so that growth of
nanophase diamond is placed uniformly over the surface of
substrate 24.

An important aspect of the present apparatus is
discharge electrode 26 configured within the beam path and
below substrate 24. Electrode 26 maintains a predetermined
charge relative to substrate 24, wherein charged electrode 26
functions to form an electrical field between electrode 26
and substrate 24. The field is used to selectively place ions
and trailing electrons upon the bottom surface of substrate
24 in accordance with the field. Thus, the present invention
provides an electrical discharge between electrode 26 and
substrate 24 in order to provide in situ etching of the
substrate during the deposition of the early layers of par-
ticles. Nanophase diamond layers are selectively grown
upon substrate 24 depending upon the magnitude and direc-
tion of field. Substrate 24 can be a uniform wafer of silicon
(100). However, it will be understood that a selection of the
substrate material is dependent upon the type of bonding
desired with the film to be deposited. For example, it is
belicved that a substrate of Ni (110) permits a degree of
cpitaxial growth. Furthermore, substrate starting materials
can be nanophase diamond material whereby diamond-like
deposition will provide a homogeneovs material. Still for-
ther, substrate starting material may thereby include mate-
rials such as Si, Ge, ZaS, Cu, stainless steel, quartz, glass
and plastic. On the above substrate materials, films have
been grown to a thickness of 5 microns at rates of 0.5
microns per hour over 100 cm? areas,

As illustrated in FIG. 1, substrate 24 may be rotated about
a central axis arranged parallel with reflected beam 12. As
previously mentioned, a rotary means 23 may be provided to
enable rotating uniform deposition of particles upon the
underneath side of substrate 24. A thin layer of particles are
placed upon the substrate during each revolution such that
numerous revolutions provide optical quality, uniform
growth of nanophase diamond material,

Disposed below substrate 24 and electrode 26 is primary
discharge electrode 30 shown in FIG. 2. As can be seen in
FIG. 2, the distal tip of electrode 30 is disposed proximate

. to the laser beam path of travel to discharge approximately
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coincidentally with the laser beam path of travel to target 22.
Electrode 30 is charged and thereby functions to draw ions
and free trailing electrons from target 22 toward substrate
24, As the jons and electrons are withdrawn, they are
accelerated within the laser beam path to increase the energy
thereof necessary for placement upon the substrate 24 in
nanophase diamond form. It is important to note that
because electrode 30 is disposed betwecn target 22 and
substrate 24, ions and trailing free electrons are accelerated
and heatcd as they are withdrawn from target 22 and are
decelerated as they approach substrate 24. Deceleration
enables gentle accumulation of nanophase diamond material
upon the surface layer of substrate 24. Current flowing
between sccondary electrode 26 and substrate 24 continu-
ously cleans the substrate and film as it grows.
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As shown in both FIGS. 1 and 2, primary electrode 30 and
secondary electrodes 26, can be of either positive or negative
polarity relative to target 38 or substraie 24, respectfully. A
switch (not shown) may be used to place either a positive or
negative polarity charge upon either electrode. It should be
noted thal the presence of an electric field, and not solely the
polarity of that electric field, is an important aspect of the
apparatus shown. The polarity in either case can be selected
to provide optimal growth at selected points upon the
substrate 24 without accumulating undesirable macroscopic
particles at those points.

In the illustrated embodiment of FIG. 2, target 22 is
preferably a tape of graphite foil containing hardened pure
graphite as might be obtained from Union Carbide UCAR
Carbon Company of Cleveland, Ohio, GTA Premium
GRAFOIL. Graphite foil, such as found in pyrolyric graph-
ite foil, shows significant resistance to fragmentation and is
of sufficient hardness to prevent ejection of macroscopic
particles- from the target during ablation and ionization.
Thus, the hardened graphic foil prevents substantial amounts
of large macroscopic particles, which exceed 1 micron in
dimension, from being ejected during ablation. The tape of
graphite foil 32 is continuous and is moving in accordance
with rotating take-up reels 34. By moving graphite foil 32
during ablation, fresh target material is preseated to the laser
beam. Prolonged ablation of the same target location causes
cratering in the material and a redoction in power density.
Take-up reels 34 and holder assembly 36 are preferably
made of graphite similar to the composition of the graphite
foil 32. Graphite holder assembly 36 confines and directs the
movement of graphite foil 32 through ablation point in a
smooth fashion, while the graphite take-up reels 34 provide
the constant linear speed of foil 32 through the holder
Continuous movement of foil 32 provides fresh target mate-
rial in a constant power density at plume location 38. A
heater (not shown) may be disposed adjacent one side of
moving foil 32-to provide outgasing and other conditioning
of the graphitc foil. Conditioning of foil 32 prior to ablation
helps maintain structoral integrity of the foil and reduces
ejection of macroscopic particles during ablation. Condi-
tioning gencrally refers to the process of gently evapaorating,
1) adsarbed, 2) absorbed, and 3) bonded impurities such as
water vapor which would otherwise superheat and explode
fragments of graphite during laser ablation.

An important aspect of the apparatus shown is the angle
at which laser beam 12 strikes target 22. As shown in FIG,
2, the angle can be adjusted such that ablated macroscopic
material can be ejected perpendicular to the surface of the
target and thus at an angle away from substrate 24. As is
commonly shown in conventional devices, the planar target
is fixed perpendicular to the laser beam. In such a configu-
ration, ejected macroscopic particles have a tendency to
follow the laser beam path and electrical field directly back
onto the substrate. By placing the longitudinal axis of target
22 at an angle, non-perpendicular to the laser beam path,
substantial amounts of macroscopic particles can be ejected
perpendicular to the surface of the target and thus away from
the field and laser beam path. Thus, fewer macroseopic
particles are placed upon the substrate when target 22 is
disposed at an angle, non-perpendicular to the laser beam
path 12. Even though angle adjustment provides a reduction
in macroscopic deposition, non-macroscopic deposition
rates remain fairly constant over broad adjustment angles.
Fairly constant' deposition rates of non-macroscopic par-
ticles are achieved independent of angle of adjustment since
non-macroscopic particles (particles less than 1 micron in
dimension) are postulated to be more susceptible to being
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guided toward substrate 24 than are larger macroscopic
particles, Angle adjustment of target 22 is achieved by
simply adjusting the angle of graphite holder assembly 36.

In use, chamber 14 is evacuated to about 1x10™° Torr and
laser beam 12 is shown in FIG. 1 as entering chamber 14
through window 16. Laser beam 12 is preferably generated
from a Nd-Yag laser which preferably delivers approxi-
matcly 250-1000 millijoules at a repetition rate of 10 Hz in
about 15 nanosecond pulses. Beam 12 is focused by focus-
ing lens 20 such that it produces about 5x 10'' watts per
square centimeter on target 22. When pulsed, laser beam 12
impinges upon target 22 and ejects & plume 38 containing
carbon ions and small amounts of trailing electrons from the
surface of target 22 approximately perpendicular to the
surface of target 22. That is, plume 38 can be adjusted at
various angles from the travel path of impinging beam 12.
If holder assembly 36 is adjusted in a horizontal position,
then plume 38 will be collinear with impinging beam 12.
However, by arranging target 22 at an angle from horizontal,
plume 38 will not be collinear with beam 12. A non-collinear
arrangement will decrease the amount of macroscopic par-
ticles accelerated towards substrate 24. Non-collinear
arrangement lhereby provides extraction of substantial
quantities of undesirable macroscopic particles in a direction
away from substrate 24. As shown in FIG. 2, when holder -
assembly 36 is configured at an angle relative to horizontal
position, plume 38 becomes non-collinear with impinging
beam 12. The plume is schematically illustrated as about a
30° cone, but it should be understood that the density of
material in the plume is morc concentrated in a cone about
several degrees in diamcter.

An important aspect of the apparatus shown is that either
a portion of beam 12 or a separate beam 42 can be focused
upon the substrate 24 either before, during or after the
deposition of plume thereof. By illuminating the area of
growth with laser radiation, graphitic bonding is destroyed
and graphite particles are evaporated. Thus, placing of laser
cnergy upon substrate 24 preferentially attacks and removes
any condensation of unwanted graphite placed on the grow-
ing film. By using a partially silvered mirror 44, portions of
laser beam 12 are refiected from the surface of mirror 44 and
impinge upon the growing surface of substrate 24. FIG. 1
illustrates mirror 44, and partially reflected laser beam 12.
As an alternative to using mimor 44, a separate laser beam
42 and reflecting mirror 48, as shown in FIG. 2, can be used
to provide laser energy on the growing substrate surface,
Laser beam 42 is generated from a separate laser source 19
as shown. Either the embodiment shown in FIG. 1 or the
cmbodiment shown in FIG. 2 provides sufficient energy
upon the substrate to digest or evaporate feedstock graphite
material placed upon substrate 24 from plume 38. Although,
it is appreciated that the hardened graphite material of the
present invention substantially prevents macroscopic par-
ticles of graphite from being ejecied toward substrate 24,
focusing laser energy onto the growing surface of substrate
24 further enhances the quality of the resulting film by more
completely eliminating graphite particles on the substrate.
Thus, a combination of hardened graphite foil 32 (either
placed horizontally or at an angle) and the focusing of laser
energy upon the growing surface is one acceptable means for
providing substantial elimination of graphitic material from
the nanophase diamond material of the present invention.

‘Without being bound by theory, it is believed that total
energy delivered to the plume of ejected target material is
critical to the production of optical quality nanophase dia-
mond in accordance with the present invention. For this
reason, it is believed desirable to have laser beam 12 traverse
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at least a part of plume 38. Contrary to current belief, it is
postulated that an increase in power density delivered to
target material 22 yields a more desirable nanophase dia-
mond material. Thus, it is believed that substitution of a laser
mechanism capable of larger laser pulsc cnergy would
improve the quality—increase the proportion of sp* bond-
ing—of the nanophase diamond produced, as well as pos-
sibly increasing deposition rate. Further, a focusing lens 20
with a smaller spot size is expected to increase the quality of
the nanophase diamond material produced, because a tighter
focus gives a higher temperature to a smaller amount of
carbon material in the plume 38. However, it is expected that
a tighter focus would give a smaller growth rate.

Electrode 30 has been found to provide a relatively
inexpensive opportunity to further increase the power den-
sity in plume 38. As can be seen in FIG. 2, the disposition
of the tip of electrode 30 is provided proximate to the laser
beam path of travel, with the discharge desirably traversing
the plume. Thus, with the laser beam ionizing carbon
particles in the plume, the discharge of electrode 30 most
readily occurs through the ionized plume. This auxiliary
discharge further increases plume plasma temperature by
Joule heating in the relatively small volumc of the ablation
plume.

While electrode 30 provides Joule heating of the plume,
it also provides a puide for ions and trailing electrons to
follow in their path from target 22 to substrate 24. As holder
assembly 36 rotates at an angle about the horizontal, mac-
roscopic particles eject generally perpendicular to target 22
whereas plume 38, containing ions and trailing electrons,
tends to eject toward electrode 30 along the beam path of
travel. Thus, electrical discharge of electrode 30 aids in
drawing desirable non-macroscopic particles toward sub-
strate 24. It is thereby postulated that plume angle of ejection
is therefore between the perpendicular ejection angle of
macroscopic particles and the laser beam path when holder
36 is at an angle as shown in FIG. 2. Further, electrode 26
operates to provide additional direction or guidance of ions
and trailing electrons upon substrate 24. Charging electrode
26 will provide electrical discharge between electrode 26
and substrate 24. Discharge of electrode 26 will then place
jons and trailing electrons upon substrate 24 at precise
locations during the rotation of substrate by rotary system
23. Selective placement will effectually provide in situ
etching of the substrate during the deposition of the early
layers of particles.

Of major importance in the production of optical quality
nanophase diamond films is the type of target or feedstock
used in generating the carbon particles. The present inven-
tion utilizes a novel feedstock or target 22 which includes a
tape of hardened graphite foil such as pyrolytic graphite. The
advantages in vsing hardened graphite foil rather than con-
ventional graphite, is that ejection of macroscopic materials
is minimized. Also, a foil is advantageous in that it is
resistant to fragmentation. A heater may be provided to
provide thermal outgasing and general conditioning of the
foil before the moving foil is struck by beam 12. Outgasing
is a desired outcome for removing impuritics such as water
vapor prior to being received by beam 12.

Operation of apparatus 10 provides deposits of an optical
quality nanophase diamond layer on substrate 24, The layer
of nanophase diamond film may be grown at rates of about
0.5 microns per hour in a 100 square centimeter area. In FIG.,
1, the substrate is about 5.5 centimeters from target 22 and
the radial expansion of the ejected material in the plume
produces a domed profile thickness on substrate 24. Thick-
nesses of the nanophase diamond films vary from about 5
nm to about 5000 nm.
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FIG. 6 shows the nodules of the nanophase diamond film
as captured by transmission electron microscopy (TEM). As
indicated in the photograph, the nodules typically have a
diameter of 100-200 angstroms. The visual appearance of
the film at the micron level is of tightly-packed, yet ran-
domly ordered, diamond nodules.

The optical quality of the nanophase diamond layer is
particularly significant in that it is capable of providing a
visual appearance of Newton’s rings of interference. The
occurrence of Newton’s rings in a film of optical material
can be an especially useful means for distinguishing that
material from other so-called optical quality, or “diamond-
like” materials. Properties of importance to the quality of an
optical material include quantities such as a high index of
refraction, a low coefficient for absorption of light, a smooth
surface finish, and a nodule or crystal size smaller than 2
wavelength of the light of interest. Each of these properties
is a mecessary but not sufficient condition to support the
appearance of Newton’s rings. Thus, while two samples
might have the same indices of refraction, or might both be
described as optically smooth, they may nevertheless be
distinguishably different on the hasis of other properties just
listed. Thercfore, the of Newton’s rings is a
particularly effective test for the simultaneous occurrence of
optimal values of all of the figures of merit for an optical
material

Particularly where so-called “diamond like” films are
concemed, it cannot be assumed that the film may be made
of sufficient thickness to sustain a visual appearance of
Newton’s rings. The film’s absorption of light could be great
enough that in films of sufficicnt thickness too much light
would be absorbed, frustrating the constructive interference
needed to produce the colors characteristic of Newton’s
rings.

For cxample, one so-called “diamond-like” carbon film is
describes in Savvides, “Optical Constants and Associated
Functions of Metastable Diamondlike Amorphous Carbon
Films in the Enctgy Range 0.5-7.3 eV,” 59 J. Appl. Phys. 12
(1986). Although the film is disclosed as having diamond-
like qualities, the optical quality of the film is shown to vary
markedly hased on the film’s thickness. For thicknesses
greater than 500 nm (0.5 microns), the film is described as
opaque and glossy black, rendering the existence of New-
ton’s Rings impossible. See Savvides, page 4137. Even for
thicknesses of up to0 200 nm, the Sawides film is described
as only “transparent,” and grey to brown in color. In con-
trast, the nanophase diamond film of the present invention
retains optical characteristics essential for producing New-
ton’s rings even for thickness greater than 2 microns.
Although the Newton's rings may not be readily visible in’
a nanophase diamond film of thicknesses preater than a few
nanometers, the optical quality of the film can be confirmed
by viewing cross-sections of the film, wherein Newton's
rings will be visible.

Neither can it be assumed that if light absorption is low,
then constructive interference is guaranteed. If the material
contains grain boundaries larger than a wavelength of light
or possesses internal scattering defects, it can disrupt the
phase (coherence) of the light refiections so constructive
interference cannot occur; no colors will thus appear. The
best example of such a situation is ground glass, which is not
black (and thus not light-absorptive), but contains internal
light disruptions that prevent thc formation of images and
interference. Thus, just because a material has a few optical
qualities (such as high index of refraction and low light
absorption) does not indicate that it will necessarily display
Newton’s rings. To display Newton’s rings, all optical
propestics must be optimized.
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For example, -the Savvides film mentioned above is
described- as having a defect microstructure including
fibrous columnar growth and microstructural defects such as
voids. See Savvides at p. 4136. Such columnar growth and
voids are the sort of internal disruptions that would prevent
the appearance of Newton’s rings. The present nanophase
diamond film, in contrast, has no long-rangc intcrnal order-
ing of nodules, and thus no columnar growth that would
disrupt the constructive interference essential to create New-
ton’s rings. ‘

FIG. 3 is a plot of the real indices of refraction of various
samples of nanophase diamond film produced in accordance
with the prescnt invention. FIG. 3 shows the experimental
results versus expected values of namral diamond and
graphite. The experimental results using apparatus 10 of the
present invention approaches the value of 2.42 for natural
diamond.

It is believed, however, that the greatest diagnostic sig-
nificance lies in the imaginary parts (loss) of the indices of
refraction as shown in FIG. 4. Tt is believed that at small
indices (less than 1.0 for a ight wavelength of 632.8) the
imaginary parts of the indices of refraction are approxi-
mately proportional to the fraction of sp® bonding in the
film, provided the real parts are reasonably constant. Purely
diamond-like sp®> bonding would givc no loss at these
photon energies. It is believed that the curve labeled A in
FIG. 4 is identified with an approximately 25% content of
graphitic, sp? bonds. Sce, N. Savvides, 58 J. Appl Phys., 518
(1985); 59 J. Appl. Phys., 4133 (1986) (expressly incorpo-
rated herein by reference). The nanophase diamond films
produced by the present invention are believed to have about
25% or less sp? bonding, as shown in FIG. 4. Contrary to
current belief, it is postulated that residual sp” bonds arc an
artifact of production and are not necessary for stability of
the remaining diamond-like sp® bonding. Therefore, it is
believed that a dehydrogenated nanophase diamond film can
be grown by the apparatus of the present invention in which
tbe sp® bonding is minimal {on the arder of 2% or less),
resulting in characteristics approaching that of natural dia-
mond.

Experimentally, a Rogowski coil was placed along the
laser beam path of travel between the electrode 30 and target
22. FIG. § illustrates the experimental results. From the time
dependency of the current, it appears that current flows only
when material in the plume is filling the space between the
electrode 30 and target 22, as would be expected.

The asymmetric voltage/current characteristics shown in
FIG. § is typical of a gas-filled diode with a “forward”
direction with the conduction shown in the first quadrant
being established when the plume is negative—and thus is
able to function as a hot filament. The selection of either
positive or negative voltages gives the same absolute value
of current and generally yvields very similar depositions of
the nanophase diamond film on the substrate 24.

Operation of apparatus 10 appears to be successful due to
high laser intensity in the ablation plume and the discharge
current from electrodc 30. In addition, higher quality films
are produced by aspects of the present invention, including:
(1) the improved feedstock or target material 22, (2) elec-
trode 26, (3) non-collinear arrangement of plume 38 and
beam 12, and (4) elimination of graphitic material at the
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growing region on substrate 24. Improved target material
comprising graphite foil arranged at various angles about the
horizontal plane, provides a more uniform and higher qual-
ity nanophase diamond film upon substrate 24. Further,
electrode 26 discharge provides in situ etching of the sub-
strate during the deposition process. Still further, laser
energy on the substrate provides a substantial reduction on
graphitic impurities thereon.

Contrary to current belief, it is postulated that the ablated
material in the plume must be travelling as a largely neutral
plasma. That is, the carbon ions existing in the plume are
believed to be transported currently with trailing electrons.
Therefore, it is believed that ion beam sputtering techniques
with very low growth rates (e.g., 500 angstroms per hour)
are fundamentally limited in their ability to reach high
power densities at high enough values of fluence to be
practical. Further, thc imaginary indices of refraction
(losses) of the nanophase diamond film produced in accor-
dance with the present invention indicates that sp® bonding
can be further reduced by using a laser of higher power and
a focusing mechanism or lens to produce a smaller spot size.
Meanwhile, the improved target material can withstand laser
beams of higher power and smaller spot size without pro-
ducing large amounts of undesirable macroscopic particles
upon substrate 24.

Nanophase diamond has been prepared with varying
proportions of sp>-bonded carbon between the nodules and
with different efficiencies of packing them. The diamond
character has been attested by the agreement of structural
morphology, density, optical propertics, Ko line energies,
minimal hydrogen content, and hardness. A range of prop-
erties has been found that seems to corrclate with the
packing density of the diamond nodules. The better the
packing, the closer the mechanical properties approach those
of crystalline diamond. Moreover, the diagnostics have
agreed in assigning a composition of at least 75% diamond
to the samples most easily produced with the laser plasma
deposition system dcscribed herein.

Although diamond is well known to be the hardest natural
substance, nanophase diamond films have been prepared
that are harder than natural diamond. Depending on the
quality (and thus the expense) of the manufacturing process,
nanophase diamond films have a hardness range of 30 GPa
to 125 GPa. Natural diamond has a hardness of about 80
GPa. At the lower end of the range, the quantity of graphite
is as much as 50%. At the higher end, the nanophase
diamond film is virtually graphite-free. Due to the nature of
nanophase diamond films, however, they are not brittle even
at exceptional hardnesses. The nodule structure provides
flexibility; yet, the bonding between the nodules is very
strong, characteristic of the strength that accrues from very
small atomic structures (such as iron whiskers).

The nanophase diamond films of the present invention are
characterized by a very low average intemal stress, on the
order of 1 GPa or less. This is due to the tight packing of the
nodules.

The nanophase diamond films of the present invention are
also characterized by a very low coefficient of friction. In
contrast to the very rough surface developed by the CVD
deposition of polycrystalline diamond, nanophase diamond
films appear smooth. A coefficient of friction of about 0.1
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has been expetimentally observed in coatings on a titanium
substrate.

Yet another unique characteristic of thc nanophasc films
of the present invention is the fact that the Ka line energy
of the carbon in the film approaches that of the carbon in
natural diamond. A Ka line energy, which is measurable
with an x-ray spectrometer, results when the x-ray spectrum
of the carbon in the film is excited with a focused electron
beam on the film. The carbon in patural diamond has a
different characteristic Kot line energy than does the carbon
in graphite. It has been found that, due to the high proportion
of sp® bonding of the carbon within the film, the Ko line
energy of the carbon in the film is closer to that of the carbon
in natural diamond than it is to that of the carbon in graphite;
in other words, the Ko line energy for the carbon in the
nanophase diamond film of the present invention
“approaches™ that of the carbon in natural diamond. This is
yet another indicator that the nanophase diamond film of the
present invention is “diamond-like.” Moreover, only one Kot
line energy is measurable. This is contrary to what would be
expected if the film were simply a combination of diamond
and graphite particles, which would result in two Ko lincs
energies, each one camesponding to the carbon in each
substance.

The effect of compressive stress in a film is 1o generate a
force tcnding to “pop” it off the surface to which it is
applied. To produce a successful coating, a greater opposing
force must be developed to hold the film onto the substrate.
A number of techniques might be considered, but one of the
best is simply to chemically bond the coating to the material
it covers in an interfacial layer. One means of accomplishing
this is by using the apparatus and method disclosed herein.
The keV energies carried by the carbon ions created by the
laser plasma source encourage the formation of an interfa-
cial layer of 100 to 200 angstroms in thickness in which the
nanophase diamond film is chemically bonded to the sub-
strate. This enables the superior mechanical strength of the
diamond layer to be used to protect the underlying substrate.
In the archetypical case, nanophase diamond coatings on

- metal have been shown to provide significant advantages in
reducing both friction and wear. ’

The existence of a chemical bond to the substrate depends
on the material selected for the subsirate. In some cases, it
may not be possible for the nanophase diamond to form a
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chemical bond with the substrate. In that case, the film will
be bonded to the substrate with an alloyed layer of a
thickness between about 5 and 50 nm.

EXAMPLE OF USE

An experiment in which titanium was coated with
nanophase diamond showed that a 2.7 micron thick coating
of nanophase diamond increased the lifetime of the titanium
sample by a factor of better than 200. In no case tested was
there any flaking, unbonding, or delamination of the
nanophase diamond from the titanium substrate.

The instant invention has been disclosed in connection
with specific embodiments. However, it will be apparent to
those skilled in the art that variations from the illustrated
embodiments may be undertaken without departing from the
spirit and scope of the invention. For example, varying
quantities of hydrogen and graphite may be present in a
nanophase diamond film prepared in accordance with the
present inveation. In addition, preparation of nanophase
diamond films is not necessarily limited to the apparatus and
method disclosed herein. These and other variations will be
apparent to those skilled in the art and are within the spirit
and scope of the invention.

‘What is claimed is:

1. A nanophase diamond film, comprising nodules of
carbon bonded predominantly in three dimensional sp®
bonds, said film comprising less than about 20% bydrogen,
having an imaginary index of refraction less than 0.5 for a
light wavelength of about 632.8 nm, and said nodules having
a diameter of less than about 500 angstroms, wherein said
film is chemically bonded with a substrate.

2. The nanophase diamond film of claim 1, wherein said
film is bonded to a substrate with an alloyed layer.

3. The nznophase diamond film of claim 2, wherein said
alloyed layer has a thickness between about 5 nm to about
50 om.

4. A nanophase diamond film forming a layer npon a
surface of a substrate, comprising nodules of carbon bonded
predominantly in three dimensional sp® bonds, said film
comprising less than about 20% hydrogen, having an imagi-
nary index of refraction less than 0.5 for a light wavelength
of about 632.8 nm, and said nodules having a diameter of
less than. i
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