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PRODUCTION OF CAREON AWD CAREBON-BASED MATERTIALS

FIELD OF THE INVENTION

The present invention relates to the production of

carbon and carbon-based materials, and, particularly, but

not exclusively, to a method and apparatus for deposition

of hard carbon £ilmes and carbon-based films.

BACEGROUND OF INVENTION

Hard carbon filmg and carbon-baged films are used in

geveral industrial applicationa to enhance performance of

coated cbhijects. For example, coating ovbjects with a hard

carkben £ilm or a metal-carhide film can gilive improvad

resistance to wear. These fiims may have extrene hardness

and & very low coefficient of frictiom. The films may

alzc have enhanced field emission characteristics so they

can be usaed with such products as field emission cathaodes

in flat panel displavs.

Exigting technologies for depcsiting hard carbon

films include chemical vapour deposition (CVD) processes

and filtered arc syetems.

The COVD process uses a low presgure, low current

electrical discharge. In CVD systems, chemical compounds

containing the carbon o be deposited are introduced inta

the szystem in the gas phass. CVD systems are quite

1imited because of this gas phase intreduction

requirement, and alzo becanse of a limited deposition

area.

In filtered arc systems, the carbon criginates from a

graphite cathode, together with mecroscopic graphite

particles. Carbon lone are driven through a curved duct

{magnetic filter) and then deposited ontc a substrate to

form a hard carbon film.

A problem with filtered arc

JP 2004-503680 A 2004.2.5
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systems is that the rate of production of the ions from
the arc, because it is a filtered arc, is small and
therefore deposition is slow and limibed.

For the deposition of other carkon-based films, such
as carbide films, existing technologies include alsoc CVD
and arc systems. .

In CVD systems, all precursor elements to the £ilm,
including carbon, are introduced 1n a gaseoug phase uging
chemical compounds cenbaining the reguired slements. This
has the same problems as for the preparation of hard
carbon films ky CVD.

In cathedic arc systems, carbon may originate from
the electreode,. but other compounds need to be introduced
in the gas phase using chemical compounds. Further,
deposition ig slow bscause of the problems discussed above

{glow rate of production of ions).

SUMMARY OF INVENTION

The pressant invention provides a method of producing
carbon or a carbon-based waterial. comprising the steps of
operating an arc system including an electrode irom which
carbon precursar material or carbon-hased precursor
material is produced, and centrolling the arc attachment
area cn the slectrode.

Material powder or flakes {carbon or carbon-based
material} may be produced by this method. The powder or
flakes may be produced by first of all depositing the
carbon material or carben-based material as a layer on a
substrate and then scraping the substrate off to form the
powder or the flakes. The scraping may occur at the end
af the deposition process of depositing the layer or
during operation for continucus production of powder or

flakes. Further, usually when a film becomes too thick ik

JP 2004-503680 A 2004.2.5



L T e T e T e T e T e T e T e T T e T e T s O s O s O e TR s T e O e, T s T e, O e, T e, O e T e TR e O e, IO e T e T s R |

(19)

WO 0TG5S PUT/AUDIAORGY

10

15

20

30

-3 -
may disintegrate into Flakes.

In an alternative embodinent, the method of the
present invention is used for coating a substrate with
carbon or a carbon-based material, to provide carbon or
carbon-based coatings on any object (substrate).

The method may alss he ueed to deposit rhick and very
thick lavers, to produce carbon or carbon-based bulk
materials.

The precursor material is preferakly carbon ions
and/or carbon atoms. Preferably, the electrode is of
carbon and is preferably graphite.

The arc attachment to the slectrode ig preferably
conbrolled by being restricted to a particular region of
the electrode, and the arc attachment area to the
electrode is preferably minimised.

The applicants have found that minimising the size of
the arc-slectrode attachment region increases the energy
density at the surface of the electrode which results in
the production of mere precurscr material {lons and/or
atoms}. This advantageously results in a higher rate of
production of materials for deposit on a substrate. There
is more precursor material and the material components
[ions and/or atoms! hawve higher welocities (because they
are more energised), resulting in higher rates of
deposition and also enhanced film properties.

The area of the arc attachment may be adjusted, to
contral the plasma properties and the rate of production
of the precursor material to ohtaln desired properties for
coating, and/or to vary the coating preopertiss [or powder
or flake properties where powder or flakes are being
produced} .

Control of the arc attachment may be achisved by

selection of the materials of which the electrode is

JP 2004-503680 A 2004.2.5
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compoged. Preferably, in crder to minimige arc attaclonent
to the electrode, the electrode will have material
propertica of high electrical conductivity, high thermal
conductivity and low vapour pressure. To increase the arc
attachment area, these material propertiss need to be
selected accordingly {(i.e. lower electrical conductivity
and thermal conductivity and increased vapour prassura) .
Where the electrede is graphite, for exampla, different
types of graphite have different material properties and
can be selected accordingly for contrcl of the arc
attachment area.

Controcl of the arc attachment may alsc be implemented
by confining the arc by shielding the electrode. For
example, if the slectrode is an elongate, rod-like
electrode, & nozzle can be placed about the elongate
electrode to confine the arc attachment area to the tip of
the electrode. Adjuztment of the nozzle backwardly or
forwardiy along the electrode can result in variation of
the arc attachment area.

The arc attachment arxea may also be contrelled by
passing gas over or about the electrode. The gas is
chogen to have an ionisation energy higher or lower than
the precurscor material. Depending upon the ionisation
energy of the gas, the arc attachment area may be large
(spread broadly over the slectrodes surface) or amaller.

Control of kthe arc attachment area may alsc be
achieved usging magnetic confinement, e.g. a magnetic coil
or macgnet placed proximate the electrode. Adjusting the
proximity of the magnetic coil or magnet to the electrode
{or otherwise varying the magnetic field) preferably
results in varying the arc attachment area.

Control of the arc attachment area may alse be

achieved through varying the arc current. For example,

JP 2004-503680 A 2004.2.5
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the size of the arc-electrode attachment region may
decrease when the arc current increases.

Control of the are attachment may also be achieved by
increasing the cooling of the electrode. For example, the
size of the arc attachiment decdreases, where the slectrode
iz a xod electrode, if the length of the rod electrode
{between where it is held in an electrode holder and the
electrode tip) iz decreased.

The electrode is preferably an ancde and the arc
system preferably comprises an anode and cathode.

Where Che electrode ls an anode apd the arc system
conprises an ancde and a cathode, control of the arc
attachment to the anode may alsc be achieved from use of
different cathode materxials. For exempls, wusing copper as
a material for the cathcde and graphite az a material for
the anode [(with a rod-like anode} the are-ancde attachment
region may be reduced. Using a graphite cathode will
cause the arc-anode attachment region to spread over a
larger area of the anode surface.

A combination of any or all the above control
processes may be usad to control arc attachment area.

The arc system iz preferably mounted in an evacuated
chamber which alse mounts subskbrabes, which may be
objects, to he coated with the carbon or carbon bhased
£ilm.

The present invention further provides an apparatns
for producing carbeon or a carbon hased material,
compriging an are system including an elactrode arranged
to haye an arc applied thereto, and being arranged to
produce therefrom a carbon precursor material or carbon-
based precursor material as a result of application of the
arc. and control means for controlling the are azttachment

area to the electrode.

JP 2004-503680 A 2004.2.5
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The apparakus may produce carbon powder or carbon
flakesz, as discussed above in relation te the method
azpsct of this invention. Alternatively, the apparatus
may be arranged to produce a carbon coating or carbon-
based coating on a substrate, such as an object to be
coated. Further, the apparatus may be arranged to preduge
z thick layer of bulk carbon material or carbon-based
naterial.

The carbon precursor meterial or carbon-based coating
precursar material may be carben atoms orx carbon ions.

The electrode is preferably of carbon and ig preferably of
graphite.

The control means may control the arc attachment area
to minimise the arc attachment area to the electrede. It
may algc be arranged to adjust the arc attachment area to
the electrode.

The ¢ontrol means may comprise the material of which
the electrode is composed. As discussed zbove, malterial
properties can determine the extent of the arc atbachment
area.

The control means may cowmprise a shield for confining
the arc attachment area, such as a nozzle.

The control means may comprise means for passing a
gas about the electrode.

The control means may comprise means arranged to
apply a magnetic force, such as a magnetic coil or a
magnet, ln order te confine the arc attachment.

The contrcl means may comprise means for introducing
gasses to the arc system to influence the size of the arc
attachment.

The contrel means may comprise means for adjusting
the arc current 2o as o influepce the size of the arc

attachment to the electrods.

JP 2004-503680 A 2004.2.5
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The electrede is preferably an znode and the arc
gystem preferably includes a cathode elactrode.

The control means may comprise a material of which
the cathode is composed. As discussed above, the use of
different cathode materials c¢an influence the size of the
are attachment to the anode.

A comblnation of eny or all the above control means
may be applied.

The system preferably further comprises a chamber
mounting the electrode and arranged to mount a substrate,
such as an cbjech to be coated.

The present invention further provides an acparatus
for producing carbon or a carbon-bhased material
comprising an arc system, including an anode and a
cathode, the anode being arranged to produce carbon-based
precurcsor material or carbon precursor material when an
arc ie applied between the ancde and the cathode.
Preferably, the apparatus is arranged to be cperated in
the absence of hydrogen.

Preferably, the anode is of carbon, and is preferably
of graphite.

The apparatus may include any or all of the features
in the apparatus discussed above in relation te the first
apparatus aspect of this invention.

The present invention yet further provides a method
of producing carben or a carbon-based material, comprising
the steps of operating an arc system including an ancde
and a cathode, so that the anode produces a carbon
precurser material or carbon-based precurscr material, for
coatiné the substrate.

Preferably, the ancde is of carbon, and is preferakly
of graphite.

Preferably, the method includes the furthsr step of

JP 2004-503680 A 2004.2.5
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operating the arc system im the absence of hydrogen.

The method of this aspect of the ilnvention may
include any or all of the features of the method of the
first method aspect of the inventicn, discussed above.

The present invention provides a method of producing
a carbon-based material comprising the steps of operating
an arc system including an electrode from which carbon
precursor materizl or carbon-based precurser material is
produced, and feeding selid precursor materials into the
arc to produce species for preoduction of the carbon-based
material.

The sclid precurscr materials may be metals or any
cther substances and may be fed inte the arc in rod form.
Preferably, the solid orecurscr material enables the
production of carbon-bagsed materials in the form of
carbides.

The method of this aspect of the invention may
include any or all of the features of the method aspects
of the invention discussed abaove.

From a further aspect, the prasent Invention provides
an epparatus for producing a carbon based material,
comprising an arc system including an electrode from which
carkon precursor material or carbon-kased precursor
material is produced, and a means for feeding solid
precursor materials into the are to produce species for
the producticn of ¢arbop-based materials.

Preferably, the solld precursor material is in rod-
form and is preferably fed into the arc at the tip of the
glectrode 5o that it melts and provides species for the
carbon-based material. Preferably, the scolid precursor
material is arrangsd to interact with the arc and the

electrode to produce carbides.
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HRIEF DESCRIPTION OF DRAWING

Features and advantages <of the present invention will
become apparent from the following descriptioen of an
ambadiment therecf, by way of example only, with reference
to the accompanying drawings. in which:

Figure 1 is a schematic diagram of an apparatus in
accordance with an embodiment of the present invention;

Figure 2 iz a magnified view of a surface of a film
produced in accordance with an embodiment of the present
invention;

Figure 3 is an atomic Force micrograph of the film
surface; and

Figure 4 is a graph showing 2 comparison of Raman

spectra of the carkbon and graphite ancde material.

DESCRIPTION OF PREFERRED BEMECODIMENT

Referring to the drawing, an arc system. generally
degignated by reference numeral 20, is shown, for
producing carbon or carbon-based material for depeositing
on & substrate., In this embodiment, the substrate i= an
object 5. The object § may be any object an which it is
desired to deposit a carbon £ilm or carbon-based film, in
order to provide it with specific properties, e.g.
conductivity, hardness, a low friction surface, roughness.

The arc system 20 includes an electrode 2, from which
a rarbon hased coalting precursor material or carbon
agating precursor material is produced when an arc 1 is
applied to the eiectrode 2. In thig embodiment, the
electrode 2 is a graphite anode.

2 contral means for controlling an arc attachment
area, (indicated by curved line 14), to the electrode 2 is
a2leo provided. The control means in this embodiment

includes a movable shield 2 (of boron nitrate), the
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composition of the material of the electrode 2 and aleoc &
magnetic coil 16.

In more detail, a cathode 3 18 also provided and the
arc discharge 1 is operated between the ancde 2 and
cathoade 3. As discussed above, the positively charged arc
anode is a rod of graphite. The negatively biased cathode
3 {elactrical circuitry for charging the anod=s 2 and
cathode 2 is not shown but will be present in operation,
as will be vnderstcod by the skilled person! is a disc
also of graphite, The anode rod 2 is positioned so that
its longitudinal axis coincides with the axis of symmetry
of the catheode disc 3.

A ghield 4 is vositionsd about the cathode 3 to
prevent particles which may be ejected from the cathode 3
surface from reaching the objects 5 Lo be ¢oated. Shield
4 ig cylindrical {it will ke appreciated that it could be
otherr shapes). The line of sight between the tip 15 of
the anode rod 2 and the obkjects 5 to be ceated must nat
intergect with the shield 4.

Electrical circuit means {(not shown) are provided to
apply a blasing voltage to the cbiscts 5 to be coated, so
a8 to draw ions from the plasma produced by the arc 1. A
shutter § is placed in front of the objects to be coated,
so that coasbting of the objects 5 can be controlled. 2
film may be deposited on the objects 5 only when the
shutter 6 is open.

Note that a ias veltage may or may not be applied,
and when bias voltage ig applied it may be a DT bias or an
AC bias, depending on the objects 5 material, and alsoc on
the resistivity of the coating (and on the reguired
guality of the coating).

The ars syastem 20 is mounted in & vessel 7 within

which the arc system 20 and objecta § te be coated are
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placed. A vacuum pumping arrangement {not shown) is=
provided to keep the pressure in the vessel low. The
preassure should be below 0.01 toxr.

The arc 1 current depends upon the physical
dimensions of the graphite rod ancde 2. For an anode of
grm diameter, the preferred range of arc current is
between 100A and 500A.

The arc 1 may be triggered using an auxliliary rod
anode 8. The auxiliary snode 8 ié removad or insulated
after the arc 1 is fired. Alternatively, an arrangement
may be provided so that the ancde 2 and/or the cathode 3
are maved together to establish an initial contact betwsen
them, and then slowly separated as the arc 1 leg triggered.
Such arrangements are known foxr arc systems,

In operation, the tip of the rod anode 2 in the arc-
ancde attachment region 12 is heated due to condensation
on its surface of elecktrons carryving the are current from
the plasma. The temperature of the surface in this region
of the anode 2 reaches a temperature above 3000K and
carbon vapour (being in thiz smbodiment the precursor
material for the carbon film or carbon-based film} is then
omitted due to sublimation or evaporation. An anode xod
feeding mechanism 10 continuwally moves the rod anode 2
towards the cathode 3 so as to compensate for losses from
the tip 15 of the rod anode 2 due to sublimation or
evaporation, and to maintain a constant are length for
uniform operaticon. The feeding mechanism 10 may he any
suitable mechanism. In this embodiment it includes a
grepper motor (which can be controlled appropriately by
computer or micro-processaor) and a water cooled stainlese
steel holder for holding the rod 2. In the method and
apparatug ©f this embodiment of the present invention, the

arc attachment 14 te the anods 2 is controlled, and in
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thie embodiment it may preferably be minimised. This is
done by placing the anode rod so that its axis is
gsymmetrical relative ta the cathede 3 surface (which helps
minimise the size of the arc ancde attachment region 15).
Furthermore a shield, in this embodinent in the form of
nozzle & of boron nitride is placed over an aresa of the
anode rod 2 in order to confine the arec attachment area
14. The nozzle 2, kelng placed around the anode rod 2,
halps prevent the arc from spreading over the anode
surface. The size of the nozzle exit 11 and its position
relative to the ancde rod 7 may be adjusted so that both
the plasma properties and the avaporation rate from the
anode rod 2 are convenient to obtain optimum f£ilm
gualities. & coil 16 is placed around the nozzle 3. A
current of a few Amperes passing through the coil produces
a magnetic field that helps confine the arc-ancde
attachment to the extreme tip of the anode rod.
Minimising the arc-anode attachment area 15 increases the
electron number density in front of the anode 2. The
resulting increase in the collision frequency between the
electrons and the neutral carbon speciles emanating from
the ancde due Lo evaporation help increage the ionisation
degree vf the plasma. The bias veltage applied to the
objects & to be coared drives carbon iones from the plasma
towards substrate 5, which may enhance £ilm cualities.
Alss, the increased evaporation from the ancde tip
together with the compounding effects of the high plasma
temperatnre in front of the anode tip resuwlt in an
inereased pressure in front of the tip, and as a result
atomic species from gas phase would have a high kinetic
energy which iz necessary for deposition of hydrogen free
amorphoug carbon., Numerical gimulations of the process

for the arc and electrade configuration in Figure 1 show
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that the carbon species emanating from the high pressure
zone in front of the anode tip can have velocities in
excess of 50 km/s, ceorresponding te more than 25 ov. It
is usually consldered that energies of more than 20 eV ars
needed for deposition of hydrogen free amorphous carbon
{McRenzie, D.R., Rep,. Prog. Phys ., 59 (1896}, 1611)

The nozzle 9 can be moved forwardly or backwardly
[down or up in the diagram] about the anode 2 in order to
adjust the arc attachment region 15 and vaxy the rate of
deposition of the film or the quality of the film being
deposited.

Alseo current through a ceoil surrounding the nozzle
can be varied as the chenge the resulting magnetic field
and hence change the size of the arc-anode attachment
regicn 15 and vary the rate of deposition of the £ilm ox
the quality of the film being Jdeposgited.

Furthermore, in this smbodiment, the material of the
anode 2 is chosen for properties which result in
minimisatien of the arc attachment area 14. These
properties include high electrical conductivity, high
thermal conductivity and low vapour pressure. Graphites
with ddfferent values for these properties can be chosgen
as the ancde material 2 ain oxrder to wary the arc
attachment area 14. In one embodiment, the nozzle 9 can
be dispensed with and the control of the sirze of the are
attachment area 14 may be dependent totally on the
selection of material of the anade 2. In an alternative
embodiment, the choice of the cathode material can be used
to influence the size of the arc attachment te the anode.
The material may be a certain type of graphite, or may not
be graphite at all. For exawnple, copper may be used as
the cathode material.

Furthermore, gas may be fed into the wvessel 7 through
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the nozzle % surrocunding the ancde 2, and out through exit
11. The gas material can be chosen so as to have
ionisation energy higher or lower than carbon. For a gas
that has higher ionisaticn energy. the arc attachment area
14 spreads over a larger part of the anode 2 surface. For
a ga® with an iomisation energy lower than carbon, the are
attachment area to the anode is constricted. The choice
of gas cuality and gas flow may be determined empirically
kv experimentation. This methed of controlling the arc
attachment area 14 can be used In conjunctioen with the
nozzle ¢ and choice of material of the anode 2, or as the
sole contrel means for contrelling the arc attachment area
14, Note that the gas may zlso include reactive
components, such as one or more of the precursor elements
of the coating to be coated on the objects 5. (where the
coating is nat simply 2 hard carbon coating, but a carben-
pased coating such a metal carbide coating, for example).

Another way of contrelling the arc atbachment area 14
ig by using magnetic confinenent as discussed above. For
example, a magnetic coil or a magnet 16 may be placed in
the veggel proximate the anode 2 20 that the are
attachment 14 to the anode 2 is confined to a region
towards the end of the anode rod 2, facing the cathode 3.
Arc confinement may be waried by warying the strength of
the magnetic field which may be done by varying the
proximity of the magnet or magnetic coil 16 to the anode 2
or by charging the current in the ceil. Bgain, this way
of controlling the arc attachment area 14 may be used
separately or in cenjunctiecn with one or more of the other
metheds, discussed abeve.

Other metheds of controlling the arc attachment to
the aneode include controlling the arc current, controlling

the length of the electrode (in order to ¢ontrol the
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cooling of the electrode). These may ba used in
conjunction with the control means discussed above, or
independently.

Precursor materials other than carbon (e.g. for
prodqucing metal carbide films) may be introduced inte the
svetem in the farm of solid precursor material for
evaporation in the arc 1. A materials feeding mechanism
12, which may be a tube, or may be a wire or a rod of the
precursor material, is fed onte the graphite rod anode 2,
zither at the tip of the rod 2 (a2 shown in the diagram)
or elsewhere on the lateral surface. As the sclid
precursor material 12 contacts the hot graphite 2, it
melts, resulting in the fexrmation of a layer of molten
precursor materlal {metal, in the case where a metal
carbide £ilm is being constructed) over the whole or over
part ¢f the graphite rod 2. The area of the anode 2
surface to be covered hky the molten materials depends on
the required composition of the coating 2. Evaporation
from the molten materials and alsc from the graphite 2
provides the precursor elements for the film. Other
precursor elements may alzo be introduced in a gasg phase
through exit 11 around the nozzle 5, as discussed above.

Other seclid precursor materials may also be
intreduced in the form of cathode materials. Vapour from
the cathode surface can be made te reach the film, hence
contributing to the film composition.

The use of solid precurscer materials in arc systems
for producing carbon, such as this svystem, for example, is
novel.

In the drewing, only a2 single ar¢ unit including an
anode 2 and a cathods 3 is shown. The wvessel may contadin
a plurality of arc units. Objects 5 may be placed

anywhere in the vessel where they will be coated.
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For deposition of a hard carbon film, the materials
feeding mechanism 12 is removed or disabled, so that only
carbon will be deposited on the objects 5.

The shutter & may be cloged during the are triggering
phase. After the arc is started, the shutter 6 may be
open and then carbon gpecies from the anode, which may
have heen excited in the plasma may reach the cbjects 5.
As discussed above, a bias voltage may he applied to the
objects 5.

The system of this ambodiment may be uged to deposit
a multi-layer ceating on the objects 5. For example,
after starting the arc using the triggering agent 8 with
the shutter & shislding the cobjects 5, the materials
feeding mechanism 132 can deposit materials onto the tip of
the rod anode Z. Also, if reguired, resctive gases may be
fed through the nozzle 5 surrounding the anode 2 through
exit 11. As the fed solid materials contact the tip of
the ancde 2, they melt, resulting in the formation of &
droplet or a film at the tip of the rod anode 2. Heat
transfer from the arc causes the precursdr material {which
may be a3 metal, for example, for Iormation of a metal
carbide} to evaporate, to subseguently form a first layer
on the surface of the okiects 5 to be coated. The laver
may contain carbon evaporated from the anode 2. The
carbon content may be pradstermined by the amount of
material deposited on The rod anode 2 using feeding
mechanism 12. When the layer is sufficiently thick, the
maetaerials feeding mechanism 12 iz disabled or is
withdrawn, the shutter & is closed and the arc is left to
operate until the molten makterials are removed from the
anode rod 2 surface. Then cther solid matarials may be
fed vsing the mechanism 12 employing the same methodology

described above. A wlurality of feeding mechanismas
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similar to mechanism 12 may alsc be used. When a layer of
hard carben is required, then no solid precursor material
is fed onto the anode rod 2, the shutter ¢ is opened and a
hard carbon layer is deposited.

Figures 2, 2 and 4 show results of an implementation
of an embodiment of the present invention utilising the
arrangement of Fligure 1 and uaing the coil 16 to control
the arc-anaode attachment. The coil produces a magnetic
field of 40 Gaugs on its axis. The arc current is 175
Aamps and the anode is RWIT Ringsdorff rod of graphite with
a 6.4 mm diameter. The arc length is kept at arcund 10
om.

Figure 2 shows a magnified view of a carbon film
depezited on a silicon substrate (as cbject 5}

corregpending to a surface of &0 pn x 100 un.

Figure 3 shaws an atomic force micrograph taken using

an atomic forge microscope for the film. It is seen that
irregularities in the £ilm surface are small gt less than
a few tens of pnanonetres. For this exampie, nano-
indentation measurements indicate a film hardness in
excess of 30 GPa.

Figure 4 compares Reman spectra for the a-C film in
Figure 3 and for the graphite materizls of the anode rod.
It iz seen that for the filwm, there is a broad peak

ventering around 1488 om*

, Eypical for amorphous diamend.
As seen in Figures 4 graphite has two distinct peaks
corregponding te the G and D bands. Furthexmere, the sp3
content of the film has been determined using Electron
Energy Loss measurements (EELS) Lor a film deposited on a
Kill crystal. The measurements indicate an sp3 content

around 50%.

The phvsical characteristics of the process descriked

here have b2én investigated through numerical simelation
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of the arc and electrode configuration shown in Figurs 1.

For the experimental conditions mentionad above, we
find that the pressure in the region immediately in front
of the ancde tip increases to more than 0.5 atm, due to
the compounded effects of large evaporaticn frem the ancde
tip, ohmic heating the plasma by the arc curreat and the
effects of the magnetic pinch force due to the magnetic
field generated by the arc current. Because of the
rasulting very steep pressure gradients between the region
near the anode fip and the outer regions of the arc, the
plasma velocities calculated in the region near the anods
tip exceeds 50 km/s in the vertical direction and more
than 30 km/s in the radial direction. As the ocuter region
of the arc and the chanber are at a very low pressurs, it
would be expacted that the velocities of the plasma
species would be conserved as they travel towards the
internal walls of the chamber. The vaelocities calculated
above corresponds to translational kinetic energies of
more than 25 eV, which may explain the high sp3 content
mentioned above.

It the plasma effects were eliminated we calculate
velocitiass of around 2 km/s, correspeonding to an ensrgy of
around 0.25 V. For this caze without the effects of the
plasma, the physical conditlions would be equivalent to
thoese for conventiconal evaporstion of for an arc with a
wide arc-anode attachment region. The energy of 0.25 &V
calculated here ig consistent with emperimental
observations showing that conventional carbon evaporation
is inadequate for depositicn of amorphous carbon £ilms.

It will bhe appreciated that the invention is not
limited to using an arc system with an electrode
configuration discussed above in the preferred embodiment.

gther configurations may be used.
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It will be appreciated by persons skilled in the art that
numerous variations and/or modifications may be made to the
invention as shown in the specific embodiments without

departing from the spirit or scope of the inventlion as

5 broadly described. The present embodiments are, therefore,

to be considered in all respects as illustrative and not

restrictive.
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THE CLAIMS DEFINING THE INVENTICN ARE AS FOLLOWS:

1. A methed of producing carbomn oxr a carbon-based
material, comprising the steps of operating an are aystem
including an electrode Ixom which carbon precursor
naterial or carbon-based pracursor material is produced,
and controlling the arc attachment area on the electrode,
2. A method in accordance with claim 1, comprising the
step of producing a carbon ceating or carbon-based
coating.

3. A method in accordance with claim 1, comprising the
step of producing carbon flakes or carbon powder.

4. A method in aceordance with clazim 1, comprising the
step of producing carbon bulk materials.

5. A method in accordance with any one of the precsding
¢laime, wherein the slectrode ls of carbon.

a. A method in accordance with claim 5, wherein the
electrade is of graphite.

7. A method in accordance with any one of the preceding
claims, wherein the step of controlling the are attachment
area includes rhe step of minimising the arec attachment
area.

8. A method in accordance with any one of the preceding
clains, wherein the step of controlling the arc attachment
area includes the step of adiusting the arc attachment
area.

9. A method in accordence with any one of the preceding
claims, wherein the step of contrelling the arc attachment
area includes the step of selecting the materizl
properties of the electrode in order to control the arc
attachment area.

10. A& method in accordance with any one of the preceding

claime, wherein the method of controliing the arc

JP 2004-503680

A 2004.2.5



L T e T e T e T e T e T e T e T T e T e T s O s O s O e TR s T e O e, T s T e, O e, T e, O e T e TR e O e, IO e T e T s R |

Q7

WO 0TG5S PUT/AUDIAORGY

10

15

20

b

30

- 21 -
attachment area includes the step of shielding the
electrode with a shield.
11. A method in zccordance with any cne of the precsding
claims, wherein the step of controlling the arc attachment
area includss the step of passing a gas over or about the
electrode.
12, A method in accerdance with any one of the preceding
claims, wherein the step of contrelliing the arc attachment
area includes the step of utilising a magnetic field.
13. A mathod in azccordance with any one cf the preceding
claims, wherein the step of contrelling the are attachment
area includes the step of controlling the ceoling of the
electrode.
14. A method in accordance with any one of the preceding
claims, wherein the step of comtrolling the arc attachment
area includes the step of controlling the ars current.
15. A method in accordance with any one of the preceding
claims, wherein the slectrode is an anode electrode.
14. A method in accordance with «laim 15, wherein the arc
system also includes a cathode electrode, and the cathode
electrode ig of the zame material as the ancde electrode.
i7. A method in accordance with ¢laim 15 or claim 16
wherein the arc system also includes a cathode electrode,
and the step of controlling the arc attachment area
includes the step of selecting the materxial properties of
the cathode electrode in order to control the arc
attachment area.
i8. A method in accordance with any cne of the preceding
claims, comprising the further step of feeding solid
precursor materials to the arc system, which are melted in
the are, whereby to produce carbon-based coatings.
19. A method in accordance with claim 18, wherein the

solid precursor material is fed to the slectrode, and
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melts to form a layer or a droplet of precursor material
on the alectrode, which subsequently vaporises.
20, An apparatus for producing carbon or a carbon-based
material, comprising an arc system including an electrode
arranged to have an arce applied thereto, and being
arranged to produce therefrom a carbon precurscor material
ox <arbon-based precurser material as a result of
application of the arc, and control means for contrelling
the arc attachment area to the electrode.
21, An apparatus in accerdance with claim 20, being
arranged to produce a carben coating or carbon-hased
coating.
22. An apparatus in accordance with claim 20, being
arranged to produce carbon flakes or carbon powder.
23. An apparatus in accordance with claim 20, being
arranged to produce ¢arbon bulk materials.
24. An apparatus in accordance with any one of claims 20
to 23, wherein the electrode is of carbon.
a5. An apparatug in accordance with claim 24, wherein the
electrode is eof graphite.
26. An apparatus in accordance with any one of claims 20
to 25, wherein the control mesns is arrenged te minimise
the arc attachment area.
27. An spparatus in accordance with any one of claims 20
te 26, wherein the control means is arranged to enable
adjustment of the arc attachment area,
28. 2An apparatus in accordance with any one of clailms 20
ta 27, whersin the control means ig the material
composition of the electrode.
29. An apparatus in accordance with any -ne of claims 20
to 26, wherein the control mezns compriges a ghisld for
shielding the arc attachment area.

30. An apparatus in accordance with any one of claims 20
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to 2% wherein the control meens includes means [er passing
a gas over or about the electrode.
31. An apparatus in accordance with any one of claims 20
to 30, wherein the control means includes means arranged
to apply a magnetic field.
32. An apparatug in accordance with any one of alaims 20
to 31, wherein the control means ingludes means arranged
to control the arc cuzmrent.
33. An apparatus in accordance with any one of claims 20
ta 32, wherein the control means includes means arranged
to contrel the cooling of the electrede.
34. Arn apparatus in accordance with any one of claims 20
to 13, wherein the electrode is an anode electrode.
35. Bn apparatus in accordance with claim 34, wherein the
arc system includes a cathode zlectrode and the cathode
electrode is of the same material as the anode electrode.
36. An apparatus in accordance with claim 34 or claim 35,
wherein the arc system includes an cathode electreode, and
the contrel means iz the material composzition of the
cathode electrede.
37. An apparatus in accordance with any one of claims 20
ta 36, further including feeding means for feeding solid
precursor materials te the are system, for melting in the
arc, whereby to produce carbon-based costings.
- An apparatus in accordance with claim 37, wherein tha
feeding means is arranged Lo feed the solid precursor
material onkto the electrode, so that it melts to farm a
molten droplet or layer on the electrode.
3. A methed of producing carbon or a carbon-based
material, comprising the steps of operating am arc system
including an ancde and a cathode, =o that the ancde
produces a carbon precursar material or carbon-based

precursoer material .
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40, A method in accordance with claim 35, including the
step of producing a carbon ceating or carbon-based
coating.

41. A method in accordance with claim 39 or claim 40,
wherein the anode is of carben.

4z. A method in accordance with claim 32, 40 or 41,
wherein the arce gystem is operated In the absence of
hydraogen .

a3, An apparatus for producing carbon or a carbon-based
material, comprising ap are system including an anode and
a cathode, the anode being arranged to produce a carbon
precursor marterial or carbon-based precursor material when
the arc is applied to it.

44. An apperatus in accordasnce with olaim 43, being
arranged to produce a carbon coating or carbon-kased
coating. )

45. An apparatus in accordance with claim 43 or claim 44,
wherein the anode is of carbon.

a4, An apparabus in accordance with claim 43, 44 or 45,
and being arranged to be operated in the absence of
hydrogen.

47 . A method of producing a carbon-hased material
comprising the steps of operating an are system including
an electrode from which carbon precurscr or carkon-based
precursor material ils produced, and feeding solid
orecursor materials inte the arc to produce species for
the production of carbon-based materials.

48. An apparatus for producing carbon-based material,
comprising an arc system, including an electrode fraom
which carben precursor material or carbon-based precursor
matertal may be preoduced, and means for feading solid
precursor materials into the arc to produce species for

the production of carbon-based materials.
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